
(19) United States 
US 2004O150312A1 

(12) Patent Application Publication (10) Pub. No.: US 2004/0150312 A1 
McElrath et al. (43) Pub. Date: Aug. 5, 2004 

(54) CARBON NANOTUBE PARTICULATE 
ELECTRON EMITTERS 

(76) Inventors: Kenneth O. McElrath, Houston, TX 
(US); Yuemei Yang, Houston, TX (US); 
Kenneth A. Smith, Houston, TX (US) 

Correspondence Address: 
Kenneth D. Goodman 
Williams, Morgan & Amerson, P.C. 
Suite 1100 
10333 Richmond 
Houston, TX 77042 (US) 

(21) Appl. No.: 10/719,693 

(22) Filed: Nov. 21, 2003 

Related U.S. Application Data 

(60) Provisional application No. 60/429,233, filed on Nov. 
26, 2002. Provisional application No. 60/429,264, 
filed on Nov. 26, 2002. 

Publication Classification 

(51) Int. Cl." ........................................................ H01J 1100 
(52) U.S. Cl. .............................................................. 313/310 

(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 field and can be used in a 
variety of field emission devices. 
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CARBON NANOTUBE PARTICULATE ELECTRON 
EMITTERS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims priority from U.S. provi 
sional application, Serial Nos. 60/429,233 and 60/429.264, 
both filed 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 

0.003 Carbon nanotubes are a novel form of carbon. 
Single-wall carbon nanotubes are hollow, tubular fullerene 
molecules consisting essentially of Sp-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-flexible 
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 mm. 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/cm and about 0.5 g/cm. 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 
m/g and about 1000 m/g, and is preferably between 100 
m°/g and about 1000 m /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/um. 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 attemperatures 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 field 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 
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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 magnification. 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 
fication 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 purified 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 5000x magnification. 

0.019 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 purification 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 purified nanotube material. 

0021 FIG. 3 is a SEM of the carbon nanotube material 
at 25,000x magnification after purification 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 50,000x 
magnification of acid-purified 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 (-700,000x 
magnification) of acid-purified 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 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 flow 10 SScm at a temperature 
ramp rate of 10 C./min. 

0031 FIG. 10 shows a plot of field emission current 
Versus electric field 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 purified 
HIPCO.(R) single-wall carbon nanotube material and by 
sample curve 105 for purified and annealed HIPCO(R) single 
wall carbon nanotube material. Per curves 101 and 102, the 
present invention establishes electron emission at the lowest 
threshold electric fields. 

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 definitions 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. 

0.035 “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. 

0.036 “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. 
0.038. 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 Sufficient 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 

. 

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 Sulfite, 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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defined 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 (AlO), Silica (SiO2), magnesia (MgO), 
Zirconia (ZrO2), and combinations thereof. The catalytic 
metal can comprise one or a combination of metals from 
Group VIB transition metals, (chromium (Cr), molybdenum 
(Mo), tungsten (W)), 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, filtration, centrifugation or com 
binations thereof. The separated Solids can be treated by 
heating in air or another gaseous environment to create the 
final catalyst composition. This final 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 filtered 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. 

0.045. 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 Fe,MgO, where O<x<1, and 
O<nk4. 

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. 

0.048. 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 flow of gas, direct Spraying of 
the Solution through a nozzle, electrostatic Spraying, dis 
persing the Solution from the Surface of a rotating fixture, 
and combinations thereof. In another embodiment, the cata 
lyst precursors are combusted by putting the Solution of 
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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 flakers, wiped-film 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 configuration Selected. 
For Some reactors, the preferred cross-sectional dimension 
of the catalyst particle is less than about 1000 microns, for 
other reactor configurations, the preferred catalyst particle 
size will be less than about 100 microns; for yet other reactor 
configurations, 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/cm, and preferably less 
than about 0.1 g/cm. 
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 Sulfide, mercaptains 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 
flow, the catalyst can be fluidized with the upward flowing 
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 flow of nitrogen or inert gas to pass through a Sulfur 



US 2004/O150312 A1 

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. 

0.052) 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% H 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 Specific 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 flow, 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-modified 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 specific 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 Modification 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 configu 
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 
configuration 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 flow rate 
of the gas through the reactor and the reactor configuration. 
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 profile, 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 modifications 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 modification of the nano 
tubes, physical modification of the nanotubes, blending or 
mixing the nanotubes with other materials, and combina 
tions thereof. 

0.066 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 flow, the catalyst 
particles are made into Sufficiently finely-divided particles of 
a size that can be transported in a gas flow 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 filter 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 flowing 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 fluidized bed or 
fluidized 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 configured 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 flowing gas, maintain a clear path for the flow 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, flow 
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 flow 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 fluidized bed reactor So 
that gas flows uniformly through the fluidized 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 fluidize 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 final nanotube product by treatment with a mild 
acid. The catalyst remaining after the reaction process, 
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including magnesium oxide and catalytic metals, can be 
removed by treating or mixing the carbon product compris 
ing Small-diameter carbon nanotubes and residual catalyst 
with an acid, Such as, but not limited to, citric acid, acetic 
acid, nitric acid, Sulfuric acid, hydrochloric acid, hydrofluo 
ric acid and combinations thereof. Modest concentrations of 
these acids are effective in removing the magnesium oxide 
and much of the catalytic metal. Other acids of higher 
Strength may be used at higher dilution. Suitable acids are 
citric acid, Such as about 20 wt % aqueous citric acid, nitric 
acid and hydrochloric acid, of which, hydrochloric acid is 
preferred. 
0.072 After mixing with acid to remove the particulate 
Support, Such as magnesium oxide, and catalytic metals, the 
carbon product is washed repeatedly with water. After 
Washing, the purified Small-diameter carbon nanotube prod 
uct can be dried. 

0.073 For certain applications, the nanotubes may require 
further purification of the Small-diameter carbon nanotube 
product. Further purification can be done by any known 
means. Procedures for purification of carbon nanotubes are 
related in International Patent Publications “Process for 
Purifying Single-Wall Carbon Nanotubes and Compositions 
Thereof.” WO 02/064,869 published Aug. 22, 2002, and 
“Gas Phase Process for Purifying Single-Wall Carbon Nano 
tubes and Compositions. Thereof.” WO 02/064,868 pub 
lished Aug. 22, 2002, and incorporated herein in their 
entirety by reference. In one embodiment, the nanotubes are 
purified by heating at 250° C. in air saturated with water 
Vapor. The heating is done for a length of time So as to 
oxidize at least Some of the non-nanotube carbon, and, may, 
to Some extent, oxidize the metal impurities. The oxidation 
temperature can be in the range of 200 C. and about 400 
C., preferably about 200° C. to about 300° C. The oxidation 
can be conducted in any gaseous oxidative environment, 
which can comprise oxidative gases, Such as oxygen, air, 
carbon dioxide, water vapor and combinations thereof. The 
choice of Oxidation temperature depends on the particular 
oxidative gas and its concentration. The temperature range 
for oxidative treatment with water vapor and carbon dioxide 
can range from about 200° C. and about 1200° C. The 
concentration of the oxidative gases can be adjusted and 
controlled by blending them with any gas that does not react 
with Small-diameter carbon nanotubes, Such as nitrogen, an 
inert gas, Such as argon, or combinations thereof. The 
duration of the oxidation proceSS can range from a few 
minutes to days, depending on variables, including, but not 
limited to, the Oxidant, its concentration, and the oxidation 
temperature. After heating the nanotubes in an oxidative 
environment, the remaining material comprising Small-di 
ameter carbon nanotubes is treated with acid to remove 
metallic impurities and to form a slurry of nanotubes in the 
acid. The acid can be a mineral acid, an organic acid, or 
combinations thereof. Examples of acids that could be used 
to treat and slurry the nanotubes include, but are not limited 
to, hydrochloric acid, hydrofluoric acid, hydrobromic acid, 
hydroiodic acid, Sulfuric acid, oleum, nitric acid, citric acid, 
Oxalic acid, chloroSulfonic acid, phosphoric acid, trifluo 
romethane Sulfonic acid, glacial acetic acid, monobasic 
organic acids, dibasic organic acids, and combinations 
thereof. The acid used can be a pure acid or diluted with a 
liquid medium, Such as an aqueous and/or organic Solvent. 
Generally, an aqueous Solvent is preferred. Concentrated 
aqueous hydrochloric acid is preferred for removing metallic 
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impurities. After acid treating, the acid and impurities are 
removed from the nanotubes by rinsing. The nanotubes can 
be rinsed with water, an organic Solvent or a combination 
thereof and dried. Drying can be done with or without the 
application of heat, either in a vacuum or a dry gas atmo 
Sphere, Such as, but not limited to, nitrogen or an inert gas, 
Such as argon. 

0074) Removal of the particulate support yields carbon 
nanotube particulates that comprise entangled Small-diam 
eter carbon nanotubes, wherein the carbon nanotube par 
ticulate retains approximately the same shape and size of the 
particulate Support that was used to Support the catalytic 
metal. The entanglement of the nanotubes in the particulates 
appears to be Somewhat random. The size of the carbon 
nanotube particulate can be any size of the particulate 
Support used to make the carbon nanotube particulates. 
Preferably, the particulate Support typically has a croSS 
Sectional dimension in the range of about 0.1 micron to 
about 1000 microns. Preferably, the cross-sectional dimen 
Sion of the particulate Support is less than 1000 microns, 
preferably less than 300 microns, preferably less than 100 
microns, and preferably less than 30 microns. Depending on 
the reactor System used, the cross-sectional dimension of the 
particulate Support can be less than 10 microns, less than 3 
microns or less than 1 micron. For certain applications, even 
Smaller particle sizes of between about 0.1 micron and about 
1 micron may be preferable. 

0075. The desired cross-sectional dimension of the car 
bon nanotube particulate of the present invention is depen 
dent on the particular end-use application. Generally, the 
croSS-Sectional dimension of the carbon nanotube particulate 
will be in the range of about 0.1 micron and about 1000 
microns, typically in the range of about 1 micron and about 
100 microns. Preferably, the cross-sectional dimension of 
the carbon nanotube particulate is less than 1000 microns, 
preferably less than 300 microns, preferably less than 100 
microns, and preferably less than 30 microns. For Some 
applications, the cross-sectional dimension of the carbon 
nanotube particulate is less than 10 microns, less than 3 
microns, or less than 1 micron. For even other applications, 
Such as electrical emitters in field emission applications, the 
preferred cross-sectional dimension of the carbon nanotube 
particulate is in the range of about 0.1 micron and about 3 
microns. 

0076. The particulates of small-diameter carbon nano 
tubes contain little extraneous carbon. In one embodiment, 
at least about 50 wt % of the tubular carbon in the product 
is Small-diameter carbon nanotubes. In another embodiment, 
at least about 80 wt % of the tubular carbon in the product 
is Small-diameter carbon nanotubes. In yet another embodi 
ment, at least about 90 wt % of the tubular carbon in the 
product is Small-diameter carbon nanotubes. In yet another 
embodiment, at least about 95 wt % of the tubular carbon in 
the product is Small-diameter carbon nanotubes. 
0077 Although the carbon nanotube particulates contain 

little extraneous carbon, annealing of the particulates will 
enhance their thermal Stability. The annealing also extends 
their useful lifetime as electron emitters. Annealing of the 
carbon nanotube particulates can be done attemperatures up 
to about 1800° C. For some applications, higher annealing 
temperatures up to about 2000 C. may be used. The 
annealing is generally done in nitrogen or an inert gas Such 



US 2004/O150312 A1 

as argon. Annealing can also be done in non-Oxidizing gases, 
Such as hydrogen or carbon monoxide, diluted with nitrogen 
or an inert gas. The annealing time is dependent on tem 
perature and the annealing gas, but generally is in the range 
of a few Seconds to days, preferably 10 minutes to 1 hour. 
For electron emitter applications, annealed carbon nanotube 
particulates are preferred over unannealed carbon nanotube 
particulates. 

0078. The density of the carbon nanotubes in a carbon 
nanotube particulate is dependent on growth conditions 
used. The bulk density of the carbon nanotube particulates is 
generally in a range of about 0.01 g/cm and about 0.5 
g/cm, and typically in a range of about 0.05 g/cm and 
about 0.5 g/cm. Generally, lower density is correlated with 
higher Surface area. In one embodiment, the carbon nano 
tube particulate has a Surface area in the range between 
about 100 m/g and about 1000 m/g. The carbon nanotube 
Surface area is preferably greater than 100 m/g, preferably 
greater than 300 m/g, and preferably greater than 1000 
m/g. 
0079 The carbon nanotube particulates can also com 
prise ropes of Small-diameter carbon nanotubes wherein the 
nanotubes can be Single-walled, double-walled, triple 
walled, or in Some cases, quadruple walled, Such that the 
diameter of the outer wall of the nanotube is less than about 
3 nm, generally in the range of about 0.5 nm and about 3 nm. 
Generally, the nanotube ropes have a cross-sectional dimen 
Sion up to about 50 nm, depending on the number and size 
of the nanotubes in the rope. Typically, the cross-sectional 
dimension is in the range between about 10 nm and about 50 
nm. The cross-sectional dimension can also be in the range 
between about 10 nm and about 25 nm. In another embodi 
ment, the carbon nanotube particulate can comprise ropes 
with a cross-sectional dimension of less than 10 nm. 

0080 Although the small-diameter carbon nanotubes can 
form ropes Similar to Single-wall carbon nanotubes, the 
ropes of Small-diameter carbon nanotubes comprising nano 
tubes with different numbers of walls are more heteroge 
neous and appear less crystalline (i.e. less ordered and less 
tightly packed) than ropes of exclusively single-wall carbon 
nanotubes. The heterogeneous ropes of Small-diameter car 
bon nanotubes comprising nanotubes with different numbers 
of walls are less well bound by van der Waals forces, 
possibly due, in part to leSS tube-to-tube Surface contact and 
less average flexibility and mobility of each individual tube. 
Such ropes of the Small-diameter carbon nanotubes are 
easier to Separate and disperse than those of pure Single-wall 
carbon nanotubes. 

0.081 Nanotube dispersability is a very desirable prop 
erty, particularly in making Suspensions, Solutions and com 
posites, in order to incorporate the exceptional electrical 
conductivity and high tensile Strength of the carbon nano 
tubes into the composite material comprising nanotubes and 
a matrix material. Single-wall carbon nanotubes theoreti 
cally have much higher electrical conductivity and tensile 
Strength compared to large multi-wall carbon nanotubes. 
However, the Small-diameter carbon nanotubes, having up 
to about 4 walls, generally have very few defects and 
therefore also have very high electrical conductivity and 
high tensile Strength, typically similar to those of Single-wall 
carbon nanotubes. The Small-diameter carbon nanotubes 
having only a few walls also exhibit spectroscopic features 
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that are very similar to those of Single-wall carbon nano 
tubes. Such spectral features include radial breathing mode 
peaks in Raman spectra with Raman Shifts less than about 
400 cm, and a Raman “G” line (at about 1582 cm) that 
exceeds the Raman “D” line (at about 1350 cm) by a factor 
of two or more. These spectroscopic features are, however, 
not observed in large-diameter (i.e. greater than 4 nm) 
multi-wall carbon nanotubes. 

0082 The small-diameter carbon nanotubes have the 
advantage of easier dispersibility without a Significant loSS 
of electrical conductivity or Strength. The high porosity of 
the carbon nanotube particulates enhances the ease of dis 
persion of the particulates in other media. The nanotube 
particulates can be readily dispersed in liquids, Such as, but 
not limited to, aqueous liquids (i.e., with or without Surfac 
tants), organic liquids, Supercritical fluids or combinations 
thereof, to form Suspensions. The nanotube particulates can 
also be dispersed in matrix media to form composites. 
Suitable matrix media include, but are not limited to, ther 
moplastic and thermoset polymers, metals, ceramics, inor 
ganic materials, organic materials or combinations thereof. 
Examples of thermoplastic polymers include, but are not 
limited to, polyolefins, polyesters and polycarbonates. 
Examples of thermoset polymers include, but are not limited 
to, epoxies, phenolics, polysulfides and Silicones. The nano 
tube particulates can be dispersed in the matrix media at a 
concentration in the range of about 0.001 wt % and about 50 
wt %. Methods for dispersion include, but are not limited to, 
Solvent blending, melt blending or a combination thereof. In 
one embodiment of Solvent blending, the nanotube compo 
nent is added to a material, Such as a polymer, that is in 
Solution. After adding the nanotube particulates to material 
Solution, the nanotubes are dispersed by Such means as 
mixing, Sonicating, high-Shear blending, Vibrating, Shaking, 
homogenizing, extruding and combinations thereof. After 
the nanotube component is Sufficiently dispersed, the Solvent 
is removed, resulting in a material containing dispersed 
nanotubes. See International Pat. Publ. WO 03/078317, 
“Composite Materials Comprising Polar Polymers and 
Single-Wall Carbon Nanotubes” published Sep. 25, 2003, 
which is incorporated herein by reference. In melt blending, 
the carbon nanotube material is combined with a polymer 
material and blended together in molten form with heat and 
high-shear mixing Such as is in a Single- or multiple Screw 
extruder. The nanotube material can also be added to a 
molten polymer and blended in extrusion equipment, Such as 
a single- or twin-Screw extruder. 
0083. In another embodiment, the carbon nanotube par 
ticulates may also be used without blending with other 
media. The carbon nanotube particulates may be formed into 
films, mats and papers by pressing or other means of 
compacting. 

0084. In another embodiment of this invention, the car 
bon nanotubes in the carbon nanotube particulates are 
chemically derivatized with a functional group. Procedures 
disclosed in International Pat. Publ. WOOO/17101 “Chemi 
cal Derivatization of Single-wall Carbon Nanotubes', pub 
lished Mar. 30, 2000, and incorporated herein by reference, 
are Suitable for fluorinating and/or derivatizing the Sidewalls 
of the Small carbon nanotubes in the carbon nanotube 
particulates. The carbon nanotubes can be derivatized with 
one or more functional groups. The carbon nanotubes can be 
derivatized on their ends or sides with functional groups, 
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Such as alkyl, acyl, aryl, aralkyl, halogen; Substituted or 
unsubstituted thiol; unsubstituted or Substituted amino; 
hydroxy, and OR' wherein R' is selected from the group 
consisting of alkyl, acyl, aryl aralkyl, unsubstituted or Sub 
Stituted amino; Substituted or unsubstituted thiol, and halo 
gen; and a linear or cyclic carbon chain optionally inter 
rupted with one or more heteroatom, and optionally 
substituted with one or more =O, or =S, hydroxy, an 
aminoalkyl group, an amino acid, or a peptide. Typically, the 
number of carbon atoms in the alkyl, acyl, aryl, aralkyl 
groups is in the range of 1 to about 30, or in Some 
embodiments, in the range of 1 and about 10. 

0085. The following definitions are used herein. 
0.086 The term “alkyl” as employed herein includes both 
Straight and branched chain radicals; for example methyl, 
ethyl, propyl, isopropyl, butyl, t-butyl, isobutyl, pentyl, 
hexyl, isohexyl, heptyl, 4,4-dimethylpentyl, octyl, 2,2,4- 
trimethylpentyl, nonyl, decyl, undecyl, dodecyl, the various 
branched chain isomers thereof. The chain may be linear or 
cyclic, Saturated or unsaturated, containing, for example, 
double and triple bonds. The alkyl chain may be interrupted 
or Substituted with, for example, one or more halogen, 
oxygen, hydroxy, Sillyl, amino, or other acceptable Substitu 
entS. 

0087. The term “acyl” as used herein refers to carbonyl 
groups of the formula -COR wherein R may be any 
Suitable Substituent Such as, for example, alkyl, aryl, aralkyl, 
halogen; Substituted or unsubstituted thiol, unsubstituted or 
Substituted amino, unsubstituted or Substituted oxygen, 
hydroxy, or hydrogen. 

0088. The term “aryl” as employed herein refers to 
monocyclic, bicyclic or tricyclic aromatic groups containing 
from 6 to 14 carbons in the ring portion, Such as phenyl, 
naphthyl Substituted phenyl, or Substituted naphthyl, 
wherein the Substituent on either the phenyl or naphthyl may 
be for example C alkyl, halogen, Calkoxy, hydroxy or 
nitro. 

0089. The term “aralkyl” as used herein refers to alkyl 
groups as discussed above having an aryl Substituent, Such 
as benzyl, p-nitrobenzyl, phenylethyl, diphenylmethyl and 
triphenylmethyl. 

0090 The term “aromatic or non-aromatic ring” as used 
herein are preferably 5-8 membered aromatic and non 
aromatic rings uninterrupted or interrupted with one or more 
heteroatom, for example O, SO, SO, and N, or the ring may 
be unsubstituted or Substituted with, for example, halogen, 
alkyl, acyl, hydroxy, aryl, and amino, Said heteroatom and 
Substituent may also be Substituted with, for example, alkyl, 
acyl, aryl, or aralkyl. 

0091. The term “linear or cyclic” when used herein 
includes, for example, a linear chain which may optionally 
be interrupted by an aromatic or non-aromatic ring. Cyclic 
chain includes, for example, an aromatic or non-aromatic 
ring which may be connected to, for example, a carbon chain 
which either precedes or follows the ring. 

0092. The term “substituted amino” as used herein refers 
to an amino which may be Substituted with one or more 
Substituents, for example, alkyl, acyl, aryl, aralkyl, hydroxy, 
and hydrogen. 
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0093. The term “substituted thiol” as used herein refers to 
a thiol which may be substituted with one or more substitu 
ents, for example, alkyl, acyl, aryl, aralkyl, hydroxy, and 
hydrogen. 

0094. In another embodiment of this invention, the car 
bon nanotube particulates wherein the carbon nanotubes 
have been chemically derivatized with a functional group 
can be readily dispersed in liquids, Such as, but not limited 
to, aqueous liquids (i.e., with or without Surfactants), organic 
liquids, Supercritical fluids or combinations thereof, to form 
Suspensions. The nanotube particulates wherein the carbon 
nanotubes have been chemically derivatized can also be 
dispersed in matrix media to form composites. Suitable 
matrix media include, but are not limited to, thermoplastic 
and thermoset polymers, metals, ceramics, inorganic mate 
rials, organic materials or combinations thereof. The nano 
tube particulates wherein the carbon nanotubes have been 
chemically derivatized can be dispersed in the matrix media 
at a concentration in the range of about 0.001 wt % and 
about 50 wt %. Methods for dispersion include, but are not 
limited to, Solvent blending, melt blending or a combination 
thereof. 

0095 The carbon nanotube particulates are also particu 
larly effective in electron field emission applications, Such as 
cathode components or as cathodes in an electron tube. Such 
electron tubes may be amplifiers, oscillators, mixers, micro 
wave components, discharge initiators, laser tubes, Spark 
gaps, controlled discharge tubes, directed energy devices, 
display tubes, flat-panel displayS and combinations thereof. 
In one embodiment of the present invention, the catalyst 
Support and at least Some of the metal catalyst has been 
Separated from the carbon nanotube particulates. Preparation 
of field-emission materials with the particulates may, option 
ally, include dispersing the particulates in a Viscous medium 
to form a carbon nanotube paste which can be deposited on 
a Surface in a controlled manner. The depositing can be by 
Screen printing, electrophoretic deposition, casting, ink-jet 
printing, Spraying, offset printing, or combinations thereof. 
The ease of dispersibility of the carbon nanotube particulates 
enables the formation of robust vacuum-compatible films. 
These deposited films serve as field-emitters of electrons 
when an appropriate electric field is applied to the Surface 
comprising the particulates. 

0096 Enhancement of field emission properties of a 
cathode comprising the material of this invention can be 
achieved by “activation' procedures after it is placed on the 
cathode Support Surface. Such activation procedures include 
etching. The etching can be by chemical means, electro 
chemical means, physical means or a combination thereof. 
Chemical etching by Strong acids or bases is effective. The 
acids or bases may be in the form of liquids or gases. 
Oxidative etching may be achieved by exposure of the 
cathode Surface to an oxidizing gas Such as OZone, atomic 
oxygen, at any temperature or molecular oxygen, carbon 
dioxide, water vapor, peroxides, or a combination thereof at 
elevated temperatures. The etching may also be performed 
by Sputtering, reactive ion etching, plasma etching, and 
other methods known to those in the art of Surface treatment. 

0097. In field emission, emission uniformity is critical. 
Precise control of carbon nanotube particulate size improves 
emission uniformity. The size range of the catalyst particle 
may be Selected by grinding or milling the carbon nanotube 
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particulates after they have been produced and Screening the 
particulates to the particular desired size range. Effective 
methods to achieve Substantial particulate uniformity of the 
carbon nanotube product and effectiveness in field emission 
characteristics includes ball milling of the carbon nanotube 
product and roll-milling a Suspension of the product. 

0098. The following examples are included to demon 
strate preferred embodiments of the invention. It should be 
appreciated by those of Skill in the art that the techniques 
disclosed in the examples which follow represent techniques 
discovered by the inventors to function well in the practice 
of the invention, and thus can be considered to constitute 
preferred modes for its practice. However, those of skill in 
the art should, in light of the present disclosure, appreciate 
that many changes can be made in the Specific embodiments 
which are disclosed and still obtain a like or similar result 
without departing from the Spirit and Scope of the invention. 

EXAMPLE 1. 

0099 0.40 g iron (III) nitrate nonahydrate, 
(Fe(NO).9HO) (Mol. Wt. 404,02), 0.0365 g ammonium 
heptamolybdate tetrahydrate ((NH4)Mo.O.4H2O), 10 g 
magnesium nitrate hexahydrate (Mg(NO)6H2O), and 4g 
anhydrous citric acid were dissolved in a 500-ml beaker with 
10 mls deionized water. AS Soon as a clear Solution was 
formed, the beaker was placed in a high temperature furnace 
preheated at 650 C. A sudden drop in furnace temperature 
was observed. In a few minutes the Solution foamed and a 
large quantity of light yellow fluffy flakes filled the beaker. 
The furnace temperature was reduced to 550° C. and the 
catalyst was held at 550° C. for 60 minutes. The catalyst was 
removed from the furnace and placed in a desiccator. With 
aid of a blender, the catalyst flakes were readily ground to 
fine flowing powder. The physical characteristics of the 
catalyst powder were Small primary particle size (<5 um) 
and very low bulk density (-0.1 g/cm). The chemical 
composition of the resulting catalyst was: 3.5 wt % Fe and 
1.3 wt % Mo. In an ambient environment, the catalyst can 
absorb gases, Such as carbon dioxide (CO) and moisture. 
The catalyst can lose up to about 8 wt % when heated up to 
about 800° C. in air. 

0100 0.25 g catalyst was placed in quartz tube fitted with 
a quartz frit in the middle to hold the catalyst in place and 
operate the reactor as a fluidized bed reactor. The reactor was 
placed vertically in a high temperature tubular furnace. Agas 
control System Supplied various gases from the bottom of the 
reactor tube. The reactor was first purged with argon gas 
(flow rate: 150 sccm) and the temperature increased at a rate 
of 20° C./min to 900° C. At 900° C., methane (CH) was 
turned on for 30 seconds and then turned off. The reactor 
was cooled to room temperature under an argon purge. The 
resulting material retrieved from the reactor was dark black 
powder. The growth of SWNT, as measured by TGA ramped 
to 800° C. in air, was 20.6 wt % with respect to the catalyst 
weight. The product was examined by Scanning electron 
microscopy (SEM). FIGS. 1A and 2A give the SEM images 
at 500x and 5,000x magnifications, respectively. 

0101 The as-grown product was first oxidized in air at 
300 C. for 1 hour, and then thoroughly mixed with excess 
of 20 wt % citric acid to remove catalyst. The citric 
acid-treated product was washed with water and acetone 
repeatedly and oven-dried at 100° C. to produce a purified 
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product. The purified product, as analyzed by TGA, con 
tained less than 3 wt % catalyst residue. FIGS. 1B, 2B, 3 and 
4B give SEM images of the purified product at 500x, 
5,000x, 25,000x and 50,000x magnifications, respectively. 
0102) A few milligrams of the purified product were 
Suspended in ethanol with ultrasonic aid. A few drops of the 
Suspension were deposited on a lacey carbon copper grid. 
After the ethanol was dried, the product was examined by 
transmission electron microscope (JEOL, JEM2010) up to 
100 kV. A TEM image is shown in FIG. 4A at 50,000x 
magnification. Ropes of SWNT are clearly seen. Image 
analysis indicated that diameter of the SWNT was about 1 

. 

EXAMPLE 2 

0103) This example demonstrates the production of 
Small-diameter carbon nanotubes using the catalyst of 
Example 1 treated with a Sulfur-containing compound. 
0.104) 1 g catalyst, as prepared in Example 1, was placed 
in a fluidized bed reactor. The reactor was purged with argon 
gas (flow rate: 150 Scem) and the temperature was increased 
at a rate of 20° C./min to 500° C. At 500° C., thiophene 
(CHS, Acros) was introduced to the catalyst by passing the 
argon through thiophene held at room temperature for 10 
minutes. After thiophene treatment, the reactor temperature 
was raised to 850 C. under an argon purge. At 850 C., the 
argon was turned off and methane (CH, Matheson) was 
introduced for 10 minutes to grow nanotubes. After the 10 
minutes of growth reaction, the methane was turned off and 
argon was turned on. The reactor was cooled to room 
temperature under an argon purge. The resulting material 
retrieved from the reactor was dark black powder. The 
growth of SWNT, as measured by TGA ramped to 800° C. 
in air, was 32.3 wt % with respect to the catalyst weight. 
0105 Scanning electron microscopy (SEM) was used to 
examine the as-produced material. ImageS clearly show the 
ropes of nanotubes on the Surface and in the porous structure 
of catalyst Support. 
0106 The as-grown product was thoroughly mixed with 
exceSS 20 wt % aqueous citric acid. Citric acid Solutions of 
different concentrations, as low as about 2 wt %, were also 
found to be effective in removing catalyst Support. The citric 
acid-treated product was washed with water and acetone 
repeatedly and oven-dried at 100° C. to give a purified 
carbon nanotube product, which was analyzed by TGA to 
contain about 4 wt % catalyst residue. 
0107 The purified small-diameter carbon nanotube prod 
uct was examined by SEM and TEM. A TEM image of the 
purified Small-diameter carbon nanotube product is shown in 
FIG. 5A at about 700,000x magnification. TEM image 
analysis indicated that the diameter of the Single-wall carbon 
nanotubes was about 1 nm. 

EXAMPLE 3 

0108. This example demonstrates the growth of small 
diameter carbon nanotubes using a catalyst with a different 
iron and molybdenum composition. 1.1 g iron nitrate non 
ahydrate (Fe(NO).9HO), 0.028 gammonium heptamo 
lybdate tetrahydrate ((NH4)Mo,O2.4H2O), 20 g magne 
sium nitrate hexahydrate (Mg(NO-)-.6H2O), and 6 g 
anhydrous citric acid were dissolved in 20 ml deionized 
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water in a 500-ml beaker. The rest of the preparation 
procedure was identical to Example 1. The catalyst metal 
composition of the resulting catalyst was 4.8 wt % Fe and 
0.48 wt % Mo. The physical properties were similar those of 
the catalyst in Example 1. 
0109 1 g catalyst was placed in a fixed fluidized bed 
reactor. The reactor was first purged with argon gas (flow 
rate: 150 Scem) and the temperature was increased at a rate 
of 20° C./min to 850° C. At 850° C., the argon was turned 
off and methane (CH) was turned on for 10 minutes and 
then turned off. The reactor was cooled to room temperature 
under an argon purge. The resulting material retrieved from 
the reactor was dark black powder. The growth of SWNT, as 
measured by TGA ramped to 800° C. in air, was 15.4 wt % 
with respect to the catalyst weight. 

EXAMPLE 4 

0110. The procedure of Example 3 was repeated except 
that the 10-minute growth was conducted at a temperature of 
900° C. The carbon gain was 15.9 wt % with respect to 
catalyst weight. AS-grown material was analyzed by TEM 
and Raman Spectroscopy. 
0111. A high resolution TEM of carbon nanotube material 
made according to this example is shown in FIG. 5B. The 
micrograph clearly shows "ropes of Small-diameter nano 
tubes comprising nanotubes with one and multiple walls. 
The scale bar length is 7.5 nm, and the diameters of the 
nanotubes in the ropes shown are less than about 3 nanom 
eters. This image was taken at the edge of a carbon nanotube 
particulate, wherein a portion of the rope shown lies parallel 
to the electron beam in the TEM. The focal plane of the TEM 
lies in a croSS-Section of the rope, and the image shown 
appears to be a croSS Section of the rope. 
0112 A Raman spectrum of the RBM shifts of the 
Small-diameter carbon nanotubes in the as-grown product is 
shown in FIG. 6A. A Raman spectrum of the tangential 
mode shifts of the Small-diameter carbon nanotubes in the 
as-grown product is shown in FIG. 6B. 

EXAMPLE 5 

0113. This example demonstrates the preparation small 
diameter carbon nanotubes with a Supported iron catalyst. 
0.225 g iron nitrate nonahydrate (Fe(NO).9HO), 20 g 
magnesium nitrate hexahydrate (Mg(NO-)-.6H2O), and 6 g 
anhydrous citric acid were dissolved in 20 mls deionized 
water in a 500-ml beaker. The rest of the preparation 
procedure was identical to Example 1. The iron content of 
the resulting catalyst was 1.0 wt % Fe on MgO. The physical 
properties of the catalyst were similar to those of the catalyst 
in Example 1. 
0114 1 g catalyst was placed in a fluidized bed reactor. 
The reactor was first purged with argon gas (flow rate: 150 
Sccm) and the temperature was increased at a rate of 20 
C./min to 850° C. At 850° C., argon was turned off and 
methane (CH) was turned on for 10 minutes and then turned 
off. The reactor was cooled to room temperature under an 
argon purge. The resulting material retrieved from the reac 
tor was dark black powder. The growth of SWNT, as 
measured by TGA in air up to 800° C., was 7.3% wt with 
respect to the catalyst weight. 
0115 The as-grown SWNT product was analyzed by 
Raman spectroscopy. A Raman spectrum of the RBM shifts 
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of the Small-diameter carbon nanotubes in the as-grown 
product is shown in FIG. 7A. A Raman spectrum of the 
tangential mode shifts of the Small-diameter carbon nano 
tubes in the as-grown product is shown in FIG. 7B. 
0116 Comparison of the radial breathing mode (RBM) 
peaks of FIGS. 6A and 7A indicates substantial differences 
in the diameter distributions produced with different catalyst 
compositions, wherein larger diameter nanotubes are pro 
duced when the catalyst contained a lower concentration of 
catalytic metal. 

EXAMPLE 6 

0117 Carbon nanotubes were prepared by the method of 
Example 1. After the carbon nanotube product was recov 
ered, the product was heated in air at a temperature of about 
300 C. for about one hour. After cooling the sample, the 
catalyst Support and a portion of the catalyst metal was 
removed by mixing with aqueous HCl (about 20 wt % HCl) 
at room temperature for about 30 minutes. The resulting 
sample was rinsed with deionized water and dried. The dried 
Sample was loaded in an alumina boat and placed in the 
center of the high temperature furnace tube. After purging 
with argon at a flow rate of 200 ml/min for 30 minutes at 
room temperature, the furnace temperature was ramped to 
1450° C. at a rate of 15 C/min and held for 3 hours under 
the same argon flow. The Sample was then cooled to room 
temperature under the same gas flow. Raman spectra before 
and after the annealing heat treatment are given in FIG. 8. 
TGA curves of the Sample before and after the annealing 
heat treatment are presented in FIG. 9. The annealing heat 
treatment increased the burn temperature of the carbon 
nanotube sample by about 100° C. compared to the unan 
nealed Sample. 

EXAMPLE 7 

0118. This example compares the direct melt blending of 
carbon nanotube particulateS prepared according to Example 
3 above with HIPCO.(R) single-wall carbon nanotubes 
obtained from Carbon Nanotechnologies, Inc. (HIPCO is a 
trademark registered to Carbon Nanotechnologies, Incorpo 
rated, Houston, Tex.). 5.0 wt % nanotube/polycarbonate 
blends were prepare by blending two grams of each nano 
tube material with 38 g polycarbonate powder (LEXAN(R) 
HFI1110 polycarbonate resin from GE Plastics. LEXAN is 
a registered trademark of the General Electric Company). 
Blending was done for 10 minutes at 275 C. in a Plasti 
corder twin-screw mixer (C. W. Brabender Instruments, 
Inc.). Each nanotube/polycarbonate composite blend was 
pressed into a sheet approximately 0.5 mm thick. The 
electrical conductivity of each sheet was determined using 
4-point probe resistivity/conductivity measurements using a 
Keithley Model 2400 SourceMeter as the current source and 
voltmeter. The conductivity of the HIPCO/polycarbonate 
composite was 0.0452 Siemens/centimeter (S/cm), while the 
conductivity of the composite of the material of the poly 
carbonate composite made with carbon nanotube particu 
lates of this invention was 0.0964 S/cm. 

0119) Subsequently, each of the blended composites was 
mixed with additional polycarbonate in the same twin-Screw 
mixer to produce composites with lower nanotube loadings, 
namely, 1.0 wt % and 0.5 wt % nanotube material in 
polycarbonate. The electrical conductivities of the 1.0 wt % 
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and 0.5 wt % HIPCO/polycarbonate composites were 3.84x 
10' S/cm and 1.46x107 S/cm, respectively. The conduc 
tivities of the polycarbonate composites made with 1 wt % 
and 0.5 wt % carbon nanotube particulates of this invention 
were 5.09x10 S/cm and 8.14x10" S/cm, respectively. The 
results are shown in Table 1. In comparison, the carbon 
nanotube particulates of the present invention showed Sig 
nificantly higher electrical conductivity than Single-wall 
carbon nanotubes at the same nanotube loading levels. The 
higher conductivity is especially pronounced at low loadings 
of less than 1 wt %. 

TABLE 1. 

Conductivity of the Composites of Polycarbonate and 
Carbon Nanotubes 

Loading of carbon 
nanotubes in 

Conductivity with carbon 
nanotube particulates Conductivity with 

polycarbonate (wt %) (S/cm) HIPCO SWNT (S/cm) 

0.5 8.14 x 10 1.46 x 107 
1.O 5.09 x 103 3.84 x 10 
5.0 9.64 x 102 4.52 x 102 

EXAMPLE 8 

0120) This example compares carbon FIBRILTM nano 
tubes (FIBRIL is a trademark of Hyperion Catalysis Inter 
national, Cambridge, Mass.) with the carbon nanotube par 
ticulates of the present invention. Carbon FIBRIL nanotubes 
commonly have diameters between 20 and 60 nm and can be 
used as a polymer additive for electrical conductivity. 

0121 The electrical conductivities of compositions con 
taining FIBRIL nanotubes and carbon nanotube particulates 
of the present invention, both prepared according to the 
procedures of Example 7, were determined using 4-point 
probe resistivity/conductivity measurements using a Kei 
thley Model 2400 SourceMeter as the current source and 
Voltmeter. The electrical conductivities are compared in 
Table 2 below. At the same loading levels, the carbon 
nanotube particulates of the present invention provided 
greater electrical conductivity in polycarbonate than FIBRIL 
nanotubes. 

0122) This data shows that carbon nanotube particulates 
of this invention provide higher electrical conductivity for a 
giving loading level. At very low loadings, Such as 0.5 wt %, 
the carbon nanotube particulates of this invention provides 
a measurable conductivity to the polycarbonate composite 
versus no measurable conductivity at the 0.5 wt % loading 
level of carbon FIBRIL nanotubes. 

TABLE 2 

Conductivity of the Composites of Polycarbonate and Carbon 
Nanotubes 

Loading Conductivity with 
of carbon nanotubes carbon nanotube 

in polycarbonate (wt %) particulates (S/cm) 

Conductivity 
with carbon FIBRIL 
nanotubes (S/cm) 

0.5 7.87 x 10 None 
1.O 6.51 x 10 3.96 x 107 
2.5 2.86 x 102 2.08 x 10 
5 9.14 x 102 8.52 x 102 
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EXAMPLE 9 

0123 This example demonstrates the sidewall fluorina 
tion of the Small-diameter carbon nanotubes in the carbon 
nanotube particulates of the present invention. Purified 
carbon nanotubes particulates were exposed to a mixture of 
10% fluorine and 90% argon in a tubular furnace. The 
temperature was increased from 30° C. to 250 C. over 30 
minutes and then maintained at 250 C. for 90 minutes. The 
furnace was cooled to room temperature and the carbon 
nanotube material was removed. The mass of the Sample 
was measured and found to have increased by approximately 
10%, indicating partial sidewall fluorination of the carbon 
nanotube particulates. 

EXAMPLE 10 

0.124 Carbon nanotubes made by different processes and 
Subjected to different treatments were tested as electrical 
emitters. The carbon nanotube Samples included in this 
example are as follows: 
0.125 Sample 101: Carbon nanotube particulates of the 
present invention were made according to procedures given 
in Example 4 and purified by heating in air at 300° C. for 1 
hour followed by mixing in an aqueous solution of 20 wt % 
HCl for 30 min at room temperature. The sample was 
annealed at 1450° C. for 1 hr in argon. Residual metal 
content was 4.5 wt %. 

0.126 Sample 102: Carbon nanotube particulates of the 
present invention were made according to procedures given 
in Example 4 and purified by heating in air at 300° C. for 1 
hour followed by mixing in an aqueous solution of 20 wt % 
HCl for 30 min at room temperature. The sample was not 
annealed. Residual metal content was 3.8 wt %. 

0127 Sample 103: Single-wall carbon nanotubes made 
by the laser oven process. The Single-wall carbon nanotube 
Sample was made by Carbon Nanotechnologies, Inc. using 
procedures given in U.S. Pat. No. 6,183,714, “Method of 
Making Ropes of Single-Wall Carbon Nanotubes', issued 
Feb. 6, 2001. The nanotubes were prepared using a Ni/Co 
catalyst and double Nd:YAG lasers. The sample was used 
"as-prepared' and not purified or annealed. Residual metal 
content was 8.0 wt %. 

0128 Sample 104: HIPCO single-wall carbon nanotubes 
made by Carbon Nanotechnologies, Inc. using procedures 
given in "Gas phase nucleation and growth of Single-wall 
carbon nanotubes from high pressure carbon monoxide’, Int. 
Pat. Publ. WO 00/26138 published May 11, 2000. The 
sample was purified by heating in moist air at 250 C. for 1 
hr followed by mixing in 20 wt % aqueous HCl for 1 hour 
at room temperature. The sample was annealed at 1450 C. 
for 1 hr in argon. Residual metal content was 3.0 wt %. 
0129. Sample 105: HIPCO single-wall carbon nanotubes 
made by Carbon Nanotechnologies, Inc. using procedures 
given in "Gas phase nucleation and growth of Single-wall 
carbon nanotubes from high pressure carbon monoxide’, Int. 
Pat. Publ. WO 00/26138 published May 11, 2000. The 
sample was purified by heating in moist air at 250 C. for 1 
hr followed by mixing in 20 wt % aqueous HCl for 1 hour 
at room temperature. The Sample was not annealed. Residual 
metal content was 10.0 wt %. 

0.130. After preparation and any additional treating pro 
cedures, each nanotube Sample was Sonicated in toluene to 
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form a slurry. Each nanotube slurry was deposited on a 
conducting gold-coated Silicon Substrate and the toluene was 
evaporated to form a nanotube film. The nanotube film 
Samples were tested as electrical emitters according to the 
following test procedures. 
0131) A 1.1-mm-diameter optically smooth platinum 
Sphere was used as the anode and positioned precisely with 
a Scanning tunneling microscopy (STM) system having a 
piezoelectric inch-worm motor. The inch-worm System was 
housed in an ultrahigh vacuum (UHV) chamber. The Pt 
anode and nanotube film Samples were loaded onto the 
inchworm and Sample holder, respectively, and the System 
was operated in STM mode. The gap between the anode and 
the nanotube film was reduced until tunneling occurred at an 
anode-to-sample distance d=0.5-1.0 nm. The anode was then 
retracted to a distance of 250 tim, at which the field emission 
current versus electrical field was measured. 

0132) Plots of field emission current density versus elec 
trical field are shown in FIG. 10. The annealed carbon 
nanotube particulates of the present invention showed the 
highest emission current density at the lowest “turn-on' 
emission field. The “turn-on' emission field for each differ 

ent nanotube sample at a current density of about 0.1 
lu A/cm current density is given in Table 3. Low “turn-on' 
emission field is desired and was lowest, at about 0.85 V/um 
for the annealed carbon nanotube particulates of the present 
invention. For emitter applications, a carbon nanotube par 
ticulate of a size in the range of about 0.1 micron and about 
3 microns is preferred. 

TABLE 3 

Electrical Emission of Carbon Nanotube Samples 

Residual 
metal 

Sample Sample Description Purification Annealing content 
Number and Treatment conditions conditions (wt %) 

101 Carbon nanotube Heated in dry air at 1450° C. 4.5% 
particulates of the 300° C. for 1 hr for 1 hr in 
present invention - followed by mixing argon 
purified and in 20 wt % HCla 
annealed for 30 min at RT 

102 Carbon nanotube Heated in dry air at Not 3.8% 
particulates of the 300° C. for 1 hr annealed 
present invention - followed by mixing 
purified, not in 20 wt % HCla 
annealed for 30 min at RT 

103 Single-wall carbon Not purified Not 8.0% 
nanotubes by the annealed 
aser oven process 
as-produced 

104 HIPCO single-wall Heated in moist air 1450° C. 3.0% 
carbon nanotubes - at 250 C. for 1 hr for 1 hr in 
purified and followed by mixing argon 
annealed in 20 wt % HCla 

for 1 hr at RT 
105 HIPCO single-wall Heated in moist air Not 10.0% 

at 250 C. for 1 hr 
followed by mixing 
in 20 wt % HCla 
for 1 hr at RT 

carbon nanotubes- annealed 
purified, not 
annealed 

0.133 All of the compositions and methods disclosed and 
claimed herein can be made and executed without undue 
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experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been 
described in terms of preferred embodiments, it will be 
apparent to those of Skill in the art that variations may be 
applied to the compositions and methods and in the Steps or 
in the Sequence of Steps of the method described herein 
without departing from the concept, Spirit and Scope of the 
invention. More specifically, it will be apparent that certain 
agents which are chemically related may be Substituted for 
the agents described herein while the same or Similar results 
would be achieved. All Such similar Substitutes and modi 
fications apparent to those skilled in the art are deemed to be 
within the Spirit, Scope and concept of the invention as 
defined by the appended claims. 
What is claimed is: 

1. An electron emitter comprising a carbon nanotube 
particulate on a Surface wherein the carbon nanotube par 
ticulate comprises entangled Small-diameter carbon nano 
tubes wherein the Small-diameter nanotubes have an outer 
diameter in a range of about 0.5 nm and about 3 nm, wherein 
the carbon nanotube particulate has a cross-sectional dimen 
Sion in a range of about 0.1 micron and about 100 microns. 

2. The electron emitter of claim 1 wherein the particulate 
has a cross-section dimension in the range of about 0.1 
micron and about 3 microns. 

3. The electron emitter of claim 1 wherein 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. 

Turn-on 
Electrical 

Field 
(VIum) 
O.85 

O.98 

1.15 

181 

1.95 

4. The electron emitter of claim 1 wherein the carbon 
nanotube particulate comprises ropes of carbon nanotubes. 
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5. The electron emitter of claim 4 wherein the ropes have 
a cross-sectional dimension in a range of about 10 nm and 
about 50 nm. 

6. The electron emitter of claim 4 wherein the ropes have 
a cross-sectional dimension less than 10 nm. 

7. The electron emitter of claim 4 wherein the carbon 
nanotube particulates comprise Small-diameter carbon nano 
tubes having more than about 10 Small-diameter carbon 
nanotubeS/um Surface area of the carbon nanotube particu 
lates. 

8. The electron emitter of claim 4 wherein the carbon 
nanotube particulate on the Surface has been activated by 
etching. 

9. The electron emitter of claim 4 wherein the electron 
emitter is a component in a cathode of a field emission 
device. 

10. The electron emitter of claim 10 wherein the field 
emission device is Selected from the group consisting of 
electron tubes, amplifiers, oscillators, mixers, microwave 
components, discharge initiators, laser tubes, Spark gaps, 
controlled discharge tubes, directed energy devices, display 
tubes, flat-panel displays and combinations thereof. 

11. A method for making a carbon nanotube electron 
emitter, comprising: 

(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 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, and 

(b) depositing the carbon nanotube particulate on a Sur 
face. 

12. The method of claim 11 wherein the carbon nanotube 
particulate has a cross-sectional dimension in the range of 
about 0.1 and about 3 microns. 

Aug. 5, 2004 

13. The method of claim 11 further comprising activating 
the carbon nanotubes of the carbon nanotube particulate. 

14. The method of claim 13 wherein the activating is done 
by etching means. 

15. The method of claim 14 wherein the etching means is 
Selected from the group consisting of chemical etching, 
electrochemical etching, physical etching and a combination 
thereof. 

16. The method of claim 14 wherein the etching means 
comprises chemical etching. 

17. The method of claim 16 wherein the chemical etching 
is done by a method Selected from the group consisting of 
oxidative etching, etching by Strong acids, etching by Strong 
bases, and a combination thereof. 

18. The method of claim 14 wherein the etching means is 
Selected from the group consisting of Sputtering, reactive ion 
etching, plasma etching and combinations thereof. 

19. The method of claim 11 wherein the carbon nanotube 
particulate is an annealed carbon nanotube particulate. 

20. The method of claim 19 wherein the annealed carbon 
nanotube particulate is prepared by heating the carbon 
nanotube particulate 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. 

21. The method of claim 11 wherein a plurality of carbon 
nanotube particulates is blended with a matrix material 
Selected from the group consisting of thermoplastic poly 
mers, thermoset polymers, metals, ceramics, and combina 
tions thereof. 

22. The method of claim 11 wherein a plurality of carbon 
nanotube particulates are blended with a matrix material 
comprising a polymer. 

23. The method of claim 11 wherein the depositing of the 
carbon nanotube particulate on the Surface is done by 
dispersing the particulate in a Viscous media to form a 
carbon nanotube paste and depositing the paste on a Surface 
by a method Selected from the group consisting of Screen 
printing, electrophoretic deposition, casting, ink-jet printing, 
Spraying, offset printing, and combinations thereof. 


