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(57) ABSTRACT 

A system for synthesizing nanostructures using chemical 
vapor deposition (CVD) is provided. The system includes a 
housing, a porous substrate Within the housing, and on a 
downstream surface of the substrate, a plurality of catalyst 
particles from Which nanostructures can be synthesized upon 
interaction With a reaction gas moving through the porous 
substrate. Electrodes may be provided to generate an electric 
?eld to support the nanostructures during groWth. A method 
for synthesizing extended length nanostructures is also pro 
vided. The nano structures are useful as heat conductors, heat 
sinks, Windings for electric motors, solenoid, transformers, 
for making fabric, protective armor, as Well as other appli 
catins. 
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SYSTEMS AND METHODS OF SYNTHESIS OF 
EXTENDED LENGTH NANOSTRUCTURES 

RELATED U.S. APPLICATION(S) 

[0001] This application claims priority to Provisional 
Application Ser. No. 60/536,767, ?led Jan. 15, 2004, Which 
application is hereby incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the synthesis of 
nanostructures, and more particularly, to the use of chemical 
vapor deposition (CVD) for the synthesis of such nanostruc 
tures. 

RELATED ART 

[0003] Carbon nanotubes have been knoWn for some time. 
Examples of literature disclosing carbon nanotubes include, 
J. Catalysis, 37, 101 (1975); Journal ofCrystal Growth 32, 
35 (1976); “Formation of Filamentous Carbon”, Chemistry 
of Physics of Carbon, ed. Philip L. Walker, Jr. and Peter 
ThroWer, Vol. 14, Marcel Dekker, Inc, NeW York and Basel, 
1978; and US. Pat. No. 4,663,230, issued Dec. 6, 1984. 
More recent interest in carbon ?lamentary material Was 
stimulated by a paper by Sumio Iijima in Nature 354, 56 
(1991) describing a similar material. These early studies and 
the Work that has developed from these studies resulted in a 
material With remarkable mechanical and electronic prop 
erties. HoWever, the nanotubes that these studies produced 
have been short and are limited for composite material 
reinforcement, Where longer tubes may be necessary to get 
good load transfer from tube to tube. 

[0004] Some reports of long carbon nanotubes have 
appeared in the literature, Whereby the nanotubes are groWn 
via chemical-vapor deposition (CVD) processes. There are 
typically tWo groWth modes using CVD. In “tip groWth”, 
nanotubes may be groWn from catalytic particles suspended 
in a reaction gas, Which serves as a feedstock for carbon. In 

this approach, if the nanotube is bonded to a substrate, the 
catalyst particle moves farther from the substrate as the 
nanotube groWs. Alternatively, a catalyst particle may be 
embedded in a nanotube ?ber that groWs in tWo directions 
from the particle. In a second mode, “base groWth”, the 
catalyst particle itself is bonded to a substrate, and the 
nanotube ?ber that groWs from this particle increases in 
length. Base groWth is typically performed on solid, non 
porous substrates. Thus, diifusion of feedstock gas to the 
catalytic particle can become limited as a forest of nanotube 
?bers groWs from a collection of catalytic particles on the 
substrate. The groWing forest of ?bers can create an obstruc 
tion of gas ?oW to the catalyst base, and can eventually limit 
the length of the nanotubes. Lengths of nanotubes groWn 
With these techniques are typically about 100 microns to 500 
microns long. 

[0005] In addition, unlike carbon nanotubes, little is 
knoWn about the groWth of periodic or aperiodic (carbon) 
prismatic structures. Carbon structures resembling “homs”, 
Which likely have been patterned by odd-shaped regions of 
catalyst, have been observed in SEM images. Nevertheless, 
it is believed that synthesis of prismatic structures having 
continuous graphene Walls from a designed pattern has not 
been possible. 

Jan. 17, 2008 

[0006] Accordingly, it Would be desirable to synthesiZe 
extended length nanostructures Whereby there is minimal 
contamination to the nanostructures, Whereby there is sub 
stantially no limit to the length of the nanostructures, and 
Whereby the shape of the nanostructures can be speci?cally 
patterned. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides, in an embodiment, 
a system for synthesiZing nanostructures. The system 
includes a housing having a ?rst end, an opposite second 
end, and a passageWay extending betWeen the ?rst and 
second end. The system also includes a porous substrate 
situated Within the passageWay of the housing, and having 
an upstream surface and a doWnstream surface. A plurality 
of catalyst particles can be provided on the doWnstream 
surface of the substrate, and from Which nanostructures can 
be synthesiZed upon interaction With a reaction gas. A 
heating mechanism may be placed circumferentially about 
the substrate for generating energy su?icient to maintain an 
environment Within Which nanostructures can be synthe 
siZed. A pair of ?anges may be provided, each capping one 
end of the housing. An inlet may be positioned across the 
?ange capping the ?rst end of the housing for introducing 
reaction gas to the porous substrate. An exhaust port may be 
provided across the ?ange capping the second end of the 
housing for exhausting the reaction Waste product. In one 
embodiment, a tube may be provided Within the passageWay 
of the housing to accommodate the porous substrate. In 
addition, a pair of electrodes may be provided, such that the 
substrate is situated therebetWeen to generate an electric 
?eld to support the nanostructures during groWth. Altema 
tively, one electrode may be provided to accommodate the 
substrate concentrically therein. In this embodiment, the 
substrate may act as a second electrode. A mechanism may 
also be provided for collecting the groWn nanostructures. 

[0008] The present invention also provides, in one 
embodiment, a substrate for the synthesis of nanostructures. 
The substrate includes a porous body having an upstream 
surface and a doWnstream surface. The substrate further 
includes a plurality of catalyst particles deposited on the 
doWnstream surface of the substrate, and from Which nano 
structures may be synthesiZed. The porosity of the body 
provides pathWays through Which a reaction gas can travel 
across the upstream surface and out the doWnstream surface 
to initiate groWth of nanostructures from the catalyst par 
ticles. The substrate, in one embodiment, may be provided 
With pore siZe ranging from about 0.5 nm to about 500 
microns, and a void fraction of from about 10 percent to 
about 95 percent. The catalyst particles on the substrate may 
range from about 1 nm to about 50 nm. 

[0009] The present invention further provides, in one 
embodiment, a method for synthesiZing nanostructures. The 
method includes, providing a porous substrate having an 
upstream surface and a doWnstream surface. Next, a plural 
ity of catalyst particles may be deposited on to the doWn 
stream surface of the substrate. In one embodiment, the 
particles may be deposited directly onto the substrate by one 
of, precipitation of the particles solution, ball milling, sput 
tering, electrochemical reduction, or atomization. In another 
embodiment, the catalyst particles may be provided by 
chemical reduction of metallic salts deposited from solution 
and dried on to the substrate. In a further embodiment, 
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catalyst particles may be provided by reduction of particles 
deposited from suspension and dried on to the substrate. In 
yet another embodiment, the catalyst particles may be pro 
vided by reduction of metallic salts deposited from solution 
and dried on to the substrate. The deposited catalyst par 
ticles, in an embodiment, may be distributed substantially 
evenly across the doWnstream surface of the substrate. 
Thereafter, a How of reaction gas may be directed across the 
upstream surface and through the doWnstream surface of the 
substrate. The reaction gas may subsequently be permitted to 
decompose about the catalyst particles to generate constitu 
ent atoms. The atoms may then be alloWed to diffuse onto 
the catalyst particles for synthesis of nanostructures there 
from. The method also provides an electric ?eld generated 
from electrodes to support the nanostructures While they are 
groWing, and a supply of evacuation gas to remove reaction 
Waste product. 

[0010] In another embodiment, the present invention pro 
vides a method for synthesizing prismatic structures. The 
method includes, providing a surface upon Which a plurality 
of catalyst lines can be created. Next, catalyst lines can be 
generated on the surface, so as to form a designed pattern 
from Which prismatic structures can be synthesized. There 
after, a How of reaction gas may be directed to the catalyst 
lines in the designed pattern. The reaction gas may subse 
quently be decomposed about the catalyst lines to generate 
constituent atoms. Diffusion of the constituent atoms may 
then be permitted onto the catalyst lines for the synthesis of 
prismatic structures. As dilfusion occurs, planar carbon 
nanostructures (i.e., graphene planes) start to self-assemble 
from the lines of catalyst, in a direction perpendicular to that 
of the surface on Which the catalyst lines are patterned. It 
should be noted that junctions of catalyst lines form junc 
tions betWeen graphene planes, and that continuous groWth 
of the prismatic structure can occur, so long as reagent gas 
is continually supplied to the catalyst lines. 

[0011] A method is further provided, in accordance With 
one embodiment of the present invention, for collecting 
nanostructures. The method includes, providing a cylindri 
cal surface around Which the nanostructures can be col 
lected. As the cylindrical surface rotates, the speed at Which 
it moves may be controlled to match the speed of the sloW 
groWing nanostructures. Next, the nanostructures groWing 
from the substrate are caused to oscillate in parallel to an 
axis of the cylindrical surface With an amplitude suf?ciently 
large to accommodate fast groWing nanostructures on a 
sinuous path upon the cylindrical surface. Thereafter, the 
sloW groWing nanostructures may be laid doWn on circum 
ferential loci of the cylindrical surface, While the fast groW 
ing nanostructures may be laid doWn on a sinuous locus of 
maximum amplitude. 

[0012] The present invention also provides a material 
comprising at least one prismatic structure formed from a 
plurality of joined graphene planes, and the utilization of 
nanostructures and prismatic structures in various commer 
cial applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 illustrates, in accordance With one embodi 
ment of the present invention, a system for the synthesis of 
extended length nanostructures. 

[0014] FIG. 2 illustrates an area Within the system shoWn 
in FIG. 1 for groWing extended length nanostructures. 
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[0015] FIG. 3 illustrates a variation in the location of the 
heating mechanism for use in connection With the system 
illustrated in FIG. 1. 

[0016] FIGS. 4A and B illustrate, in accordance With 
another embodiment of the present invention, a system for 
the synthesis of extended length nanostructures. 

[0017] FIG. 5 illustrates a How chart depicting, in accor 
dance With one embodiment of the present invention, a 
process for synthesizing extended length nanostructures. 

[0018] FIG. 6 illustrates a micrograph, obtained via trans 
mission electron microscopy, of a nanotube synthesized in 
accordance With an embodiment of the present invention. 

[0019] FIG. 7 illustrates a process for creating a template 
for synthesizing prismatic structures, in accordance With an 
embodiment of the present invention. 

[0020] FIG. 8A illustrates a top vieW of a substrate having 
catalyst line patterns for synthesizing prismatic structures in 
accordance With one embodiment of the present invention. 

[0021] FIG. 8B illustrates a perspective vieW of the sub 
strate and catalyst line patterns shoWn in FIG. 8A. 

[0022] FIG. 8C illustrates a substrate having a prismatic 
structure groWn from the catalyst line pattern shoWn in 
FIGS. 8A and 8B. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

[0023] The present invention, in one embodiment, is 
directed to the synthesis of nanostructures through the use of 
chemical vapor deposition (CVD). In particular, a carbon 
containing gas may be directed through one surface of a 
porous substrate on to catalyst nanoparticles deposited on an 
opposite surface of the substrate to continuously groW 
nanostructures of extended length from the catalyst nano 
particles. 

[0024] Referring noW to FIG. 1, there is shoWn a system 
10 for the synthesis of nanostructures of extended length. 
The system 10, in one embodiment, includes housing 11 
having opposite ends 111 and 112 and a passageWay 113 
extending betWeen ends 111 and 112. A tube 12, Within 
Which extended length nanostructures may be generated, 
may be situated Within the passageWay 113 of housing 11. 
As shoWn in FIG. 1, one end 121 of tube 12 may be 
positioned in alignment With end 111 of housing 11, While an 
opposing end 122 of tube 12 extends toWard end 112 of 
housing 11. As the housing 11 and tube 12 must Withstand 
variations in temperature, gas-reactive environments, and 
other groWth conditions, housing 11 and tube 12 may be 
manufactured from a strong, substantially gas-impermeable 
material that is substantially resistant to corrosion. In an 
embodiment, the housing 11 and tube 12 may be made from 
quartz. Of course, other materials may be used, so long as 
the housing 11 and tube 12 can remain impermeable to gas 
and maintain their non-reactive character. Also, although 
illustrated as being cylindrical in shape, housing 11 and tube 
12 may be provided With any geometric cross-section. 

[0025] The system 10 further includes a porous substrate 
13. As illustrated in FIG. 2, substrate 13 may have deposited 
thereon catalyst particles 21, (e.g, spherical or elongated in 
shape), or for the synthesis of extended length nanostruc 
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tures 22. The porous substrate 13, in one embodiment, may 
be positioned Within tube 12 towards end 122, such that a 
carbon-containing gas (i.e., reaction gas) may be directed 
across an upstream surface 131 of the substrate 13 and out 
through a doWnstream surface 132 during the synthesis of 
extended length nanostructures 22. Accordingly, the sub 
strate 13 may be made from a material su?iciently porous, 
so that a pressure difference betWeen the upstream surface 
131 and the doWnstream surface 132 can be substantially 
loW, so as to maintain the structural integrity of the substrate 
13 during the synthesis process. In one embodiment, sub 
strate 13 may be cylindrical in shape to complement the 
interior of tube 12, and may be provided With pore siZe 
ranging from about 0.5 nm (nanometers) to about 500 
microns, and preferably betWeen about 20 nm and about 
2000 nm. In addition, substrate 13 may have a void fraction 
of from about 10 percent to about 95 percent, and preferably 
of from about 50 percent to about 90 percent. Substrate 13 
may alternatively be of any geometric shape, so long as it 
can be retained Within tube 12 for the synthesis of extended 
length nanostructures 22. 

[0026] It should be appreciated that although the discus 
sion provided hereinafter relates to the use of tube 12 With 
substrate 13 situated therein, the system 10 may be imple 
mented Without the use of tube 12. In such a system 30, as 
illustrated in FIG. 3, substrate 31 may be situated Within the 
passageWay 32 of housing 33. 

[0027] As substrate 13 may provide a surface, e.g., doWn 
stream surface 132, on Which catalyst particles 21 can be 
deposited, substrate 13 may preferably be made from a 
material that Will permit the catalyst particles to securely 
bond thereto. Examples of such materials include carbon 
foams, glassy carbon foams, porous silica, porous alumina 
coated With silica, porous Zirconia, Zeolites, sintered tita 
nium poWder, or a combination thereof. Alternatively, the 
substrate material may include Wool made from steel, iron, 
or cobalt, felts or foams made from silica, alumina, yttria, 
Zirconia and the like, iron foil, ?bers, cloth, or porous 
alumina formed from anodiZed aluminum. 

[0028] The porous substrate 13, in another embodiment of 
the present invention, may also be a plate (not shoWn) 
containing micro and/or nanoscale channels through Which 
the reaction gas may be directed. Such a plate may be 
composed of a catalytic metal, such as Ni, Fe, Co, or a 
combination thereof, With channels milled through the plate 
by methods knoWn in the art, for instance, electrochemistry 
or electrical discharge milling. In one embodiment, such a 
plate may be coated With an inert material, for example, Cu, 
Ti, Si, alumina, or silica, on the upstream surface and the 
doWnstream surface, so that the only chemically active 
surfaces are the channels of catalytic material. Alternatively, 
the plate may itself be an inert material, for instance, Cu, Ti, 
Si, alumina, or silica, and a thin layer of a catalytically active 
material, for example, Fe, Ni, or Co, may line the channels 
via electrochemical interactions, physical vapor deposition, 
or sputtering. 

[0029] The substrate 13, in a further embodiment, may be 
an array of needles made from Fe, Ni, Co, or a combination 
thereof. 

[0030] For certain combinations of catalyst particles and 
substrate materials, for example, iron on alumina, a bonding 
agent, such as sulfur, may be used to promote the bonding 
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of the catalyst particles to the substrate 13. To this end, a 
compound such as iron ammonium sulfate may be used as 
a catalyst source that introduces sulfur to the iron-alumina 
system. Similar chemicals, Which contain sulfur combined 
With nickel or cobalt may also be used. 

[0031] Catalyst particles 21, on the other hand, may be 
made from materials such as iron, iron alloy, nickel or 
cobalt, their oxides, their alloys, or compounds With other 
metals or ceramics. Alternatively, the catalyst particles may 
be made from metal oxides, such as Fe3O4, Fe2O4, or FeO, 
or similar oxides of cobalt or nickel, or a combination 
thereof. 

[0032] In accordance With one embodiment of the present 
invention, metal catalyst particles ranging from betWeen 
about 1 nm and about 50 nm may be deposited directly on 
the substrate 13 by precipitation of the particles from 
solution, from ball milling, sputtering, electrochemical 
reduction, atomiZation, or other similar metal particle fab 
rication technologies knoWn in the art. 

[0033] Alternatively, metal catalyst particles ranging from 
about 1 nm to about 50 nm may be generated by chemical 
reduction of metal salts deposited from solution and dried on 
to the substrate 13. Metal salts such as iron chloride, iron 
sulfate (FeSO4), iron sulfamate (FeNH2SO3), ferrous 
ammonium sulfate and similar salts With nickel or cobalt 
may be used. 

[0034] In another embodiment of the present invention, 
particles ranging from 1 nm to about 50 nm, may be 
generated by reduction of particles deposited from suspen 
sion on to the substrate 13. Examples of such particles 
include nano-particulate oxides, such as FeO, Fe2O3, and 
Fe3O4. 

[0035] In a further embodiment, thermal reduction (i.e., 
calcinations) may be used to cause metallic salts, for 
instance, iron acetate, iron citrate, iron oxalate, and the like, 
to decompose at high temperatures to leave behind metal 
catalyst particles. These salts may also be deposited from 
aqueous solution, dried, then thermally treated. 

[0036] In connection With each of the above embodiments, 
if the catalyst particles Were to be formed from deposition of 
ferromagnetic particles, such as Fe, Ni, Co, or Fe3O4, the 
application of a magnetic ?eld greater than about 0.5 T in 
strength in the direction normal to the doWnstream surface 
132 of the porous substrate 13 can be used to space the 
ferromagnetic particles 21 substantially evenly across the 
porous substrate 13. Once the catalyst particles have been 
substantially evenly distributed on the substrate 13, it may 
be necessary to bond the particles 21 to the substrate 13 to 
prevent further motion of the catalytic particles 21. 

[0037] Referring again to FIG. 1, the system 10 further 
includes, Within tube 12, electrode 14 upstream of the 
substrate 13 and electrode 15 doWnstream of the substrate 
13. Upstream electrode 14 and doWnstream electrode 15 are 
positioned in such a manner so that an electric ?eld may be 
generated to support the nanostructures being groWn from 
the substrate 13, and to control and maintain the direction of 
groWth of the nanostructures as they extend in length from 
the substrate 13. It should be appreciated that although the 
present invention contemplates the use of electrodes 14 and 
15 as a physical support mechanism to the groWing nano 
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structures, the system 10 may operate Without these elec 
trodes in the synthesis of extended length nanostructures. 

[0038] The upstream electrode 14, in one embodiment, 
may be tubular in shape for placement along an interior 
surface of tube 12, and may extend from end 121 to substrate 
13. The doWnstream electrode 15, on the other hand, may be 
cylindrical in shape to complement the interior of tube 12, 
and may be spatially positioned doWnstream of substrate 13 
adjacent end 122. DoWnstream electrode 15 may also be 
porous, so as to permit the reaction gas exiting from the 
substrate 13 to pass through the electrode 15 and out of tube 
12. In one embodiment, doWnstream electrode 15 may 
include a pore concentration of about 100 pores per inch. 
Moreover, similar to substrate 13, electrode 15 may be 
provided With any geometric shape, so long as it can be 
maintained Within tube 12. 

[0039] As electrodes 14 and 15 are used for generating an 
electric ?eld, these electrodes may be made from an elec 
trically conductive material. In addition, the material from 
Which the electrodes may be made should be non-reactive 
and resistant to nanostructure groWth to concentrate carbon 
deposition from the gas, and subsequent nanostructure 
groWth at the catalyst particles, on the porous substrate. In 
particular, groWth of nanostructures on the electrodes 14 and 
15 can reduce the yield amount from the substrate 13 and 
can interfere With the optimal condition for synthesiZing the 
nanostructures. To that end, the material from Which elec 
trodes 14 and 15 may be made can be graphite, copper, 
titanium, vitreous carbon or a combination thereof, or other 
conductors that are not catalytic to carbon nanostructure 
formation. 

[0040] DoWnstream electrode 15, along With substrate 13, 
may be secured in place Within tube 12 by holder 16. Holder 
16, in one embodiment, may be inserted through end 122 of 
tube 12 and, from the perspective of FIG. 1, over electrode 
15 and substrate 13. It should be appreciated that regardless 
of the design of the holder 16, holder 16 should be capable 
of permitting the reaction gas to exit through end 122 from 
tube 12. In an embodiment of the present invention, holder 
16 may be made from an alumina (alumina)-silica ceramic 
material. HoWever, any strong material that is substantially 
resistant to corrosion Will be su?icient. 

[0041] The system 10 further includes a heating mecha 
nism 17 for maintaining the environment for generating the 
nanostructures Within a speci?c temperature range (i.e., 
groWth environment). The heating mechanism 17, in one 
embodiment, may be placed circumferentially about the tube 
12 and over the doWnstream surface 132 of substrate 13 
from Which the nanostructures may be groWn. Although 
illustrated in FIG. 1 as being positioned substantially over 
substrate 13, it should be appreciated that the heating 
mechanism 17 may be placed anyWhere along the length of 
tube 12, so long as it is situated substantially over the 
doWnstream surface 132 of the substrate 13. The heating 
mechanism 17, in one embodiment, may deliver thermal 
energy to the groWth environment. Accordingly, the heating 
mechanism 17, in an embodiment, may be made from NiCr 
Wires, and in one contemplated embodiment, may be made 
from 26 gauge NiCr Wires or Wires of similar siZe. Of 
course, any other commercially available heating mecha 
nism may be used in placed of the NiCr Wires. Moreover, 
other than thermal energy, mechanisms that can generate, for 

Jan. 17, 2008 

instance, frictional energy, visible light photons or other 
types of electromagnetic radiation, chemical energy, elec 
trical energy, or electrochemical energy, microWave radia 
tion, eddy currents, ultrasound shock Waves or compression, 
to the groWth environment may also be used. 

[0042] As the heating mechanism 17 must maintain the 
temperature environment Within tube 12 to Within a speci 
?ed range during the synthesis of the nanostructures, 
although not illustrated, the system 10 may be provided With 
a thermocouple, for instance, on the exterior of tube 12 near 
the heating mechanism 17, to monitor the temperature 
environment adjacent the doWnstream surface 132 of sub 
strate 13. In an embodiment, the maintenance of temperature 
environment Within tube 12 adjacent substrate 13 may be 
further optimiZed by the use of an insulating structure 18 
about the heating mechanism 17. The placement of insulat 
ing structure 18 thereat may also assist in the securing of the 
heating mechanism 17 about the tube 12. The insulating 
structure, in one embodiment, may be made from, for 
example, Zirconia ceramic ?bers. Other insulating materials 
may, of course, also be used. 

[0043] Still referring to FIG. 1, the system 10 may be 
provided With caps, such as ?ange 191 for sealing end 111 
of housing 11 and ?ange 192 sealing end 112 of housing 11. 
Capping ?ange 191, in one embodiment, provides a surface 
to Which end 121 of tube 12 and upstream electrode 14 may 
attach. The placement of ?ange 191 at end 112 further 
permits ?ange 191 to act as an electrical ground for upstream 
electrode 14. As illustrated in FIG. 1, capping ?ange 191 
includes inlets 193 and 194, While capping ?ange 192 
includes an exhaust port 195 and port 196. Because these 
?anges can be exposed to various gases and a range of 
temperatures during the synthesis process, the ?anges, in an 
embodiment, may be made from a strong, substantially 
gas-impermeable, solid material, for instance, stainless steel, 
that can Withstand variations in temperature, While remain 
ing substantially resistant to corrosion. 

[0044] Inlet 193, in one embodiment, may be substantially 
aligned With tube 12, so as to provide a pathWay through 
Which a ?oW of reaction gas may be introduced into the 
interior of tube 12 to substrate 13. The reaction gas, Which 
Will be discussed hereinafter in further detail, may be a 
mixture of H2 and an inert gas, for instance, He, Ar, etc., to 
Which a carbon-containing source, such as ethanol, methane, 
or acetylene, may be added at a controlled rate prior to being 
introduced into tube 12. 

[0045] Inlet 194, on the other hand, provides a pathWay 
through Which a supply of an evacuation gas may be 
introduced into the passageWay 113 of housing 11. The 
evacuation gas, in one embodiment, may be a mixture of H2 
and an inert gas, such as He, Ar, etc. The introduction an 
evacuation gas into housing 11 can act to displace and 
remove oxygen from Within the housing 11. It should be 
appreciated that the presence of signi?cant amounts of 
oxygen Within the system 10 can decrease the productivity 
of the system. The introduction of evacuation gas into the 
housing 11 can also act to displace and remove, through 
exhaust port 195, reaction Waste product ?oWing from the 
substrate 13 exiting from tube 12. 

[0046] Exhaust port 195, in accordance With one embodi 
ment of the present invention, may be connected to an 
exhaust pipe (not shoWn) that is ?tted With a check valve 
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(i.e., one-Way valve) to prevent gases exhausting through 
port 195 from ?owing back into housing 11. 

[0047] Additional ports can be provided in ?ange 191 in 
order to create passages through Which electrical Wires may 
be fed to poWer the heating mechanism 17 and the thermo 
couple (not shoWn). Port 196, similarly, provides a passage 
through Which electrical Wire 197 may extend to the doWn 
stream electrode 15. Electrical Wires extending through the 
additional ports in ?ange 191, as Well as through port 196, 
in one embodiment, can include su?icient insulation to seal 
the ports and to prevent any leakage of gases therethrough. 
The Wire insulation may also act to prevent the electrical 
Wires from making an electrical connection With ?anges 191 
and 192. 

[0048] Looking noW at FIGS. 4A and B, there is illus 
trated, in accordance With another embodiment of the 
present invention, a system 40 for the synthesis of extended 
length nanostructures. System 40, as shoWn, is substantially 
similar to system 10 With the exception of porous substrate 
43, Which may act as an electrode. Substrate 43, along With 
counter-electrode 44, can act to generate an electrostatic 
?eld therebetWeen for physical support of the extended 
length nanostructures 45 during groWth. Furthermore, 
Whereas system 10 provides a linear arrangement betWeen 
the substrate 13 and the electrodes 14 and 15, system 40 
provides a concentric arrangement betWeen the substrate 43 
and the electrode 44. 

[0049] In this embodiment, porous substrate 43, rather 
than being positioned Within the interior of tube 42, i.e., the 
reaction gas passageWay, may be tubular in shape so that it 
can be circumferentially positioned about an exterior surface 
of tube 42 toWards end 422. Substrate 43 includes a ?rst end 
431 into Which the end 422 of tube 42 may be placed. 
Substrate 43 also includes an opposite second end 432 to 
Which a plug 434 may be provided. Although illustrated as 
tubular in shape, substrate 43 may be designed to have any 
geometric shape, so long as it can remain about the exterior 
of the tube 42. In connection With the design shoWn in FIGS. 
4A and B, the reaction gas may exit from tube 42, across end 
422, and in the presence of plug 434 at the second end 432 
of substrate 43, be directed across an interior surface 435 of 
the substrate 43 and out through an exterior surface 436 
during the synthesis of nanostructures 45. To that end, 
substrate 43 may be designed to be su?iciently porous, so 
that a pressure differential betWeen the interior surface 435 
and the exterior surface 436 can be substantially loW so as 
to maintain the structural integrity of the substrate 43. In one 
embodiment, substrate 43 and may be provided With pore 
siZe ranging from about 0.5 nm to about 500 microns, and 
preferably betWeen about 20 nm and about 2000 nm. 

[0050] In addition, as substrate 43 may also act as an 
electrode While permitting catalyst particles 46 to be depos 
ited there on, substrate 43 may be made from an electrically 
conductive material, for example, copper, glassy carbon 
foams, porous titania, porous Zirconia, iron carbide, sintered 
titanium poWder, and the like. Alternatively, a conducting 
material may be placed behind the substrate 43. The sub 
strate 43 may further be an inert material, such as porous 
alumina or silica, coated With a thin layer of an electrically 
conductive material, for instance, copper, tin oxide, titania, 
or titanium, and the like. 

[0051] Counter-electrode 44, as illustrated in FIGS. 4A 
and B, may be tubular in shape and may include an open end 
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441 and a closed end 442. Electrode 44, in an embodiment, 
may be su?iciently siZed so as to concentrically accommo 
date the substrate 43 through its open end 441. Electrode 44 
may also include a stem 443 extending from the closed end 
442. The stem 443 may be coupled to a motorized mecha 
nism for rotating the electrode 44, While retracting the 
electrode 44, from the perspective of FIGS. 4A and B, from 
left to right. Stem 443 may also act as a guide for the 
retraction of electrode 44. 

[0052] As electrode 44 may be used along With substrate 
43 for generating an electric ?eld, electrode 44 may be made 
from an electrically conductive material. To that end, the 
material from Which electrode 44 may be made can be 
graphite, copper, titanium, titania, vitreous carbon or a 
combination thereof. 

[0053] Still referring to FIGS. 4A and B, a plurality of 
cylindrical rings 46 may be positioned circumferentially 
about substrate 43 betWeen electrode 44 and substrate 43. 
The cylindrical rings 46, in one embodiment, may be 
provided to act as guides during the groWth of the extended 
length nanostructures 45. In particular, as the nanostructures 
45 groW from the exterior surface 436 of substrate 43 and 
become attracted to counter-electrode 44 Within the gener 
ated electrostatic ?eld, retraction of the counter-electrode 44 
tends to pull the nanostructures 45 over the cylindrical rings. 
By bending as they move past the rings 46, nanostructures 
can continue to groW, at their proximal portion (i.e., portion 
closest to the substrate), in a direction perpendicular to the 
surface of the substrate 43, While their distal portion is 
draWn aWay from the porous substrate 43. To minimiZe any 
interference With the groWth of the extended length nano 
structures 45 from the substrate 43, it should be noted that 
the cylindrical rings 46 may be spatially positioned above 
the substrate 43, rather than directly on the substrate 43. 

[0054] With reference noW to a process for synthesiZing 
nanostructures, the present invention provides, in one 
embodiment, a process for generating nanotubes of extended 
length. 

EXAMPLE I 

[0055] Prior to initiating the synthesis process, a porous 
substrate needs to be provided on Which there can be 
deposited a concentration of catalyst particles for groWing 
extended length nanotubes of extended length. 

Substrate and Formation of Catalyst Particles 

[0056] The substrate, in one embodiment, may be a porous 
alumina foam having approximately 50 micron to 200 
micron pores and an approximately 50% to 90% void 
fraction. It should be noted that the substrate may be formed 
from various different materials, so long as the substrate can 
be provided With pores siZe ranging betWeen 5 nm and 500 
microns, and void fractions ranging betWeen 10% and 95%. 
The alumina foam may initially be cut to ?t into a holder, 
such as holder 16 in FIG. 1. Next, catalyst particles may be 
deposited onto the doWnstream surface of the substrate. 

[0057] In one embodiment, approximately 0.05 grams of 
commercially available Ni nanoparticles, about 5 nm in 
diameter, may initially be dispersed in about 10 mL H2O to 
make an aqueous suspension of the metal nanoparticles. The 
porous substrate may thereafter be soaked in this solution, 
and alloWed to dry, With the doWnstream surface of the 
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substrate facing upwards, for about 30 minutes at 110° C. It 
should be appreciated that the drying time may range from 
about 10 minutes to about 60 minutes at temperatures 
ranging from about 10° C. to about 200° C. Next, the 
substrate may be sealed Within a tube, such as tube 12 in 
FIG. 1, into Which reaction gas may be introduced during the 
synthesis process. 

[0058] Speci?cally, the porous substrate may ?rst be 
sealed in place in the holder. An adhesive capable of 
Withstanding temperatures up to 1100° C., for instance, an 
alumina-based or Zirconia-based ceramic cement, may be 
used. By using such a sealant, reaction gas may be prevented 
from leaking through betWeen the perimeter of the substrate 
and the holder, and instead forced to pass through the 
upstream and doWnstream surfaces of the substrate. The 
holder and the substrate may then be placed Within the tube, 
and the tube sealed circumferentially about the holder and 
substrate to prevent leakage of reaction gas. A doWnstream 
electrode, such as electrode 15 in FIG. 1, may be inserted 
Within the holder and spatially situated doWnstream of the 
doWnstream surface of the porous substrate. 

[0059] This assembled system may thereafter be exposed 
to hydrogen at approximately 850° C. to remove any 
residual oxidation that may reside on the surface of the 
deposited metal particles. This Will ensure that a clean 
metallic catalyst surface Will be provided before the nano 
tube groWth reaction is alloWed to proceed. Although 850° 
C. is used, temperature Within a range of from about 350° C. 
to that near the melting point of the catalyst may be applied. 

[0060] In a second embodiment, a 0.1 g/L to about 20 g/L, 
preferably 1 g/L, aqueous solution of FeCl2, or a 0.01 N to 
about 1.0 N, preferably about 0.1 N, aqueous solution of 
ferrous ammonium sulfate (Fe(NH4)2(SO4)2) may be per 
meated through the porous substrate. The solution may then 
be alloWed to dry, With the doWnstream surface of the 
substrate facing upWards, for about 30 minutes at 110° C. 
Again, the drying time may range from about 10 minutes to 
about 60 minutes at temperatures ranging from about 10° C. 
to about 200° C. As the salt solution dries, nanocrystallites 
of the solute may form on the surface of the porous substrate. 
The substrate may thereafter be sealed to provide the 
assembled system, as provided above, and exposed to hydro 
gen at approximately 850° C. for about 30 minutes to 
chemically reduce the salt nanocrystallites to metal nano 
particles. Although 850° C. is used, temperature Within a 
range of from about 350° C. to about 1000° C. may be 
applied. 

[0061] In a third embodiment, pre-formed nanoparticles of 
Fe2O3 may be used to de?ne the desired catalyst particle 
siZe. Speci?cally, an amount of dry Fe2O3 nanoparticles, 
approximately 2 nm to 3 nm in diameter may be dispersed 
in H2O to form an aqueous saturated suspension. The 
suspension may then be sonicated With ultrasound for about 
20 minutes to disperse the solid grains Within the suspen 
sion. A surfactant may be used to enhance suspension of the 
particles in solution. After alloWing the suspension to rest for 
about 20 minutes, so that large grains, i.e., >100 nm, may 
settle from the suspension, the suspension may be deposited 
onto the porous substrate by soaking and drying as described 
above for the second embodiment. The suspension may 
thereafter be alloWed to dry, With the doWnstream surface of 
the substrate facing upWards, for about 30 minutes at 110° 
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C. An advantage of using an oxide rather than, for instance, 
a chloride is that the ?nal metal particle siZe is typically 
determined by the initial metal oxide particle siZe. Whereas, 
With the chemical reduction approach, the particles of, for 
instance, iron chloride melt before being reduced. As noted 
above, the drying time may range from about 10 minutes to 
about 60 minutes at temperatures ranging from about 10° C. 
to about 200° C. The substrate may thereafter be sealed to 
provide the assembled system, as provided above, and 
exposed to hydrogen at approximately 850° C. for about 30 
minutes to chemically reduce the nanocrystallites to metal 
nanoparticles. Although 850° C. is used, temperature Within 
a range of from about 350° C. to about 1000° C. may be 
applied. 

[0062] In a fourth embodiment, a salt solution from 
organic salts, such as ferrous oxalate (FeC2O4), may be 
provided and deposited on to the substrate With methods and 
concentrations similar to those described for the second 
embodiment. For example, a 0.1 N aqueous solution of 
ferrous oxalate may be soaked into a porous substrate then 
alloWed to dry, With the doWnstream surface facing upWard, 
for 30 minutes at 100° C. Because this embodiment uses 
salts Which can spontaneously decompose at elevated tem 
peratures, the solvent should be evaporated from the sub 
strate at temperatures betWeen 0° C. and 120° C., and 
preferably at 100° C. The metal salt in this case does not 
require the presence of hydrogen to form the pure metal at 
elevated temperatures. In particular, metal particles can be 
spontaneously formed from salt particles, as the salt can 
spontaneously decompose to CO2, H2O, CO or similar gases 
upon heating the particles in a non-oxidiZing atmosphere, 
usually to temperatures in a range betWeen 100° C. and 500° 
C. The substrate may next be sealed to provide the 
assembled system, as provided above. Adding some hydro 
gen to the gas mixture may thereafter be used to remove any 
oxygen that may have leaked into the system. The catalyst 
particles are formed from the deposited salt particles by 
heating the porous substrate in hydrogen at 500° C. for about 
30 minutes before the reaction is alloWed to proceed. 

[0063] It should be noted that some metal salts, such as 
sulfates and nitrates, also undergo spontaneous decomposi 
tion upon heating to elevated temperatures. HoWever, these 
salts decompose to form metal oxides unless in the presence 
of a reducing atmosphere such as hydrogen. Accordingly, 
the use of chemicals such as ferrous sulfate and ferrous 
ammonium sulfate, may be implemented in accordance With 
the protocol set forth in the second embodiment rather than 
the protocol set forth in the fourth embodiment for catalyst 
particle formation. 

[0064] Optimal nanostructure groWth from the catalytic 
nanoparticles can be expected When gaseous supply of 
carbon can match the uptake of carbon by the catalytic 
nanoparticles. Accordingly, to enhance the uptake of carbon 
by the catalytic nanoparticles, for each of the embodiments 
set forth above, the concentration of nanoparticles provided 
across the doWnstream surface of the substrate should be 
such that suf?cient spacing may be provided betWeen the 
catalytic nanoparticles for effective diffusion of the gas 
betWeen the nanoparticles. 

[0065] To the extent that ferromagnetic catalyst nanopar 
ticles, such as Fe, Ni, Co, or Fe304, are used, the application 
of a magnetic ?eld greater than about 0.5 T in strength in the 
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direction normal to the downstream surface of the porous 
substrate can be used to space the metallic particles sub 
stantially evenly across the porous substrate. Application of 
the magnetic ?eld, in one embodiment, can induce a ferro 
magnetic alignment of the magnetic domains of each par 
ticle. The magnetic ?eld from each particle can then exert a 
repulsive force on its neighboring particles to substantially 
evenly space and distribute the particles on the substrate. 

Reaction Gas Supply 

[0066] Referring noW to FIG. 5, there is illustrated a How 
chart of a process (50) for synthesizing nanotubes of 
extended length, in accordance With one embodiment of the 
present invention. For ease of discussion, reference Will also 
be made to FIG. 1. Initially, a stream of reaction gas may be 
introduced into the system 10 by injecting the reaction gas 
through inlet 193 into tube 12, approximately 0.6 inches in 
diameter. To generate the reaction gas, in an embodiment, a 
mixture of approximately 19 mL/min of H2 and 190 mL/min 
of an inert gas, such as He or Ar, may be introduced, at 
standard temperature and pressure, into a supply line feeding 
to the inlet 193. In addition, as the groWth of carbon 
nanotubes requires that the reaction gas transport carbon to 
the groWth site on the substrate, a carbon-containing source 
may also be injected into the supply line at a controlled rate 
and alloWed to mix (51) With the H2 and inert gas mixture, 
prior to being directed through the inlet 193. 

[0067] Examples of suitable carbon-containing source 
include, ethanol, methane, methanol, acetylene, ethylene, 
xylene, carbon monoxide, toluene, and the like. Table I 
beloW lists the free energy of formation for some of these 
sources, Which provides an index of stability. 

TABLE I 

Gases are ordered from most stable 
at top to most unstable at bottom 

AG at 400 AG at 1300 

Gas Type Formula Decomposition T (K)* K (kJ/mol) K (kJ/mol) 

Carbon CO Stable at —146 —235 
Monoxide 400 < T < 1300 

Methanol CH4O 1350 —149 —8 
Ethanol C2H6O 950 —144 89 
Methane CH4 850 —42 52 
Acetylene C2H2 Unstable at 204 154 

400 < T < 1300 

Benzene C6H6 Unstable at 147 319 
400 < T < 1300 

*De?ned here as the temperature Where Gibbs’ Free Energy (AG) transi 
tions from negative to positive. 

[0068] For the groWth of extended length carbon nano 
tubes, the carbon-containing reaction gas must permeate 
through the porous substrate to reach the catalyst particles. 
Accordingly, the carbon-containing reactant introduced into 
the H2 and inert gas mixture preferably selectively decom 
poses on the catalyst surface of the substrate, rather than in 
the gas phase. In one embodiment, if the carbon-containing 
source is in liquid form, the injection rate into the supply line 
may be controlled at approximately 10 mL/hour, While 
temperature at the point of injection may be maintained in a 
range of from about 50° C. to about 150° C. su?icient to 
vaporiZe the liquid source into a gas. 

[0069] From Table I, carbon monoxide, methanol, ethanol 
and methane are particularly stable and lend themselves to 
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catalytic decomposition on the substrates rather than in the 
gas phase. HoWever, With safety issues associated With the 
use of carbon monoxide, it may be more desirable to use 
ethanol, methanol, or methane, even though they may be 
someWhat more unstable than carbon monoxide. Carbon 
containing gases from loWer doWn on the Table I, such as 
acetylene, on the other hand, tend to decompose in the gas 
phase. Decomposition in the gas phase, although potentially 
able to lead to the generation of carbon nanotubes, can also 
result in a signi?cant amount of amorphous carbon depos 
ited on the substrate and incorporated into the nanotubes 
during groWth. Such a result can also lead to contamination 
of the groWth sites. 

[0070] In addition to the reaction gas, a mixture of evacu 
ation gas may also be supplied to housing 11, approximately 
1.75 inches in diameter and approximately 12 inches in 
length, of the system 10. To generate the evacuation gas, a 
mixture of H2 and an inert gas, such as He or Ar, may be 
introduced, at standard temperature and pressure, into a 
supply line feeding to the inlet 194. In one embodiment, the 
evacuation gas may be introduced at a How rate of from 
about 300 mL/min to about 500 mL/min into the housing 11 
through inlet 194. The introduction an evacuation gas into 
housing 11 can act to displace and remove oxygen from 
Within the housing 11. The introduction of evacuation gas 
into the housing 11 can also act to displace and remove, 
through exhaust port 195, reaction Waste product exiting 
from tube 12. Accordingly, the How rate of the evacuation 
gas should be su?icient greater than that of the reaction gas 
to carry the reaction gas toWard exhaust port 195. 

Energy Supply 

[0071] Still referring to FIG. 5, once the carbon-containing 
gas has been directed through the inlet 193 and travels along 
tube 12 to the substrate 13, energy is required to decompose 
carbon-bearing molecules to constituent atoms and to enable 
diffusion of the carbon atoms to the catalyst particles and 
thereon. In one embodiment, thermal energy may be pro 
vided (52), at temperatures betWeen about 500° C. and about 
1400° C., by heating mechanism 17. Other mechanisms, 
including those that can supply conduction or convection 
radiation, frictional energy, visible light photons or other 
types of electromagnetic radiation, chemical energy, elec 
trical energy, or electrochemical energy, microWave radia 
tion, eddy currents, ultrasound shock Waves or compression, 
directly or indirectly to the catalyst, the substrate, or the gas 
may also be used. 

[0072] Examples of various approaches to supplying 
energy for decomposition and diffusion of the carbon atoms 
to the catalyst particles and thereon include: 

[0073] (1) thermally heating entire reaction chamber 
(i.e., tube 12), or only the catalyst particles, or just the 
porous substrate; 

[0074] (2) using electromagnetic radiation to heat the 
catalyst particles via eddy currents, or tuning the elec 
tromagnetic radiation to the resonance frequency of the 
reacting gas to decompose the gas; 

[0075] (3) directing ultrasound or pressure Waves at the 
catalyst to provide energy; or 

[0076] (4) creating heat energy by chemical reactions at 
or near the catalyst particles, for example, a fraction of 
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the supplied carbon can react locally to heat the sub 
strate and/or the catalyst particles. 

Reaction at Catalyst 

[0077] When gas molecules pass close to a catalyst par 
ticle residing on the porous substrate, there exists an attrac 
tive force betWeen the catalyst surface and the gas mol 
ecules. When the temperature is sufficiently high, >500o C., 
then the gas Will thermally decompose (53). For example, 
for acetylene: 

[0078] The atomic hydrogen, H°, resulting from this reac 
tion may then react With another hydrogen atom to form H2, 
or may di?‘use on to the catalyst particle. At typical groWth 
temperatures, hydride formation is not favored. The carbon 
molecule also may diffuse to the catalyst particle and sub 
sequently thereon to a groWth site. Because the diameter of 
the nanotubes approximately corresponds to the siZe of the 
particle, it is believed that after the particle becomes satu 
rated, surface dilfusion rather than bulk di?‘usion plays the 
more important role in nanotube groWth. Since these catalyst 
particles are typically small, they may be single crystals or, 
at most, have only a feW grains. Grain boundary diffusion of 
carbon in substrates With catalyst particles therefore may 
also be important in nanotube groWth. 

Nanostructure Formation and GroWth 

[0079] Surface diffusion proceeds, in the system of the 
present invention, until a carbon atom encounters other 
carbon atoms to form a cap on the catalyst particle surface 
(54). GroWth can then proceed With neW carbon atoms 
pushing this cap aWay from the particle and attaching rings 
of carbon to the cap until, for instance, a single Wall carbon 
nanotube is formed. Single Wall nanotubes tend to form on 
particles smaller than about 2 nm, Whereas multiWall carbon 
nanotubes groW on larger particles, up to about 100 nm. A 
number of concentric sheaths can be built up to form a 
multiWall carbon nanotube Whose length may be inherently 
limited only by the continued activity of the catalyst and 
mass transport of carbon. To continuously groW nanotubes 
during the synthesis process, the catalyst particles, in one 
embodiment, can be continuously exposed to the carbon 
containing gas supply (55) so as to generate continuous 
?bers of nanotubes. 

Means for Nanotube Support 

[0080] As the nanotubes groW from the catalyst particles, 
the present invention provides, in one embodiment, physical 
support (56) to the nanotubes, Which can contribute to the 
straightness of the nanotubes and to the ease of collection of 
the nanotubes subsequently. Physical support of groWing 
nanotubes can be provided by the present invention through 
one or more of the folloWing: forces from gas ?oW, electric 
?elds, or magnetic ?elds. 

[0081] In general, the How of reaction gas through the 
substrate and past the groWing nanotubes can provide 
mechanical support to the groWing nanotubes by ?uid drag. 
Speci?cally, the ?uid drag from the gas How can pull on the 
nanotubes to align the tubes substantially parallel to the 
direction of the gas How. 

[0082] In addition to this gas dynamic support, the nano 
tubes can be further supported during groWth by an electro 
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static ?eld. Because, by nature, nanotubes are electrically 
conductive materials, they can develop a polarization When 
placed Within an electric ?eld. This polarization, as a result, 
can force alignment of the nanotubes in parallel to the 
electric ?eld. 

[0083] In connection With one embodiment of the present 
invention, a charge on an electrode upstream of substrate 13, 
such as electrode 14 in FIG. 1, and a second electrode 
doWnstream of substrate 12, such as electrode 15 in FIG. 1, 
may be implemented to create an electrostatic ?eld. In 
particular, the doWnstream electrode closest to the groWth 
surface of the substrate may be made positive, and a DC 
potential of from about 250V to about 5000V, and preferably 
about —465V, may be placed betWeen the tWo electrodes. 
The magnitude of the ?eld generated may be betWeen about 
5 kV/m and about 1000 kV/m, and typically 10 kV/m, 
depending on the pressure and concentration of the reaction 
gas. In some instances, the electrode closest to the groWth 
surface may generate electrical discharges to the carbon 
nanotubes. These discharges may have the effect of enhanc 
ing groWth, or alloWing groWth of uncapped nanotubes by 
ablation or etching of the nanotubes’ hemispherical ends, 
thereby providing a site for the deposition of carbon radicals 
from the reaction gas. If, hoWever, neither electrode is in 
contact With the carbon nanotubes, a reduced probability of 
electrical discharge due to ?eld effects at highly curved 
surfaces, like the tips of the nanotubes, can alloW stronger 
electric ?elds to be reached, thereby enhancing the robust 
ness of the electric ?eld support. 

[0084] Nanotubes synthesiZed from a linear arrangement 
of the electrodes and substrate (FIG. 2), therefore, tend to 
extend substantially perpendicularly to the surface of the 
substrate When an electrostatic ?eld is applied to the nano 
tubes in such a direction. Likewise, nanotubes synthesiZed 
from a concentric arrangement betWeen the electrode and 
substrate (FIG. 4) tend to groW radially relative to tube 42, 
and substantially perpendicularly relative to the surface of 
the substrate, When an electrostatic ?led is applied to the 
nanotubes in such a direction. 

[0085] Nanotubes are also magnetically anisotropic. As 
such, placement of the nanotubes Within a magnetic ?eld can 
cause the tubes to align in parallel to the ?ux lines of the 
?eld. For example, a magnetic ?eld can be created by 
placing, for instance, a magnetic circuit having cobalt pole 
pieces about tube 12 of FIG. 1 adjacent to the substrate 13, 
such that the cobalt pole pieces may be on either side of the 
substrate to direct a magnetic ?eld having a magnitude of 
betWeen 0.1 and 20 T co-axial to the groWth direction of the 
nanotubes. Alternatively, placing cobalt samarium perma 
nent magnets close to the substrate can also create the 
required magnetic ?eld. Use of ferromagnetic material such 
as Fe or Co to complete the magnetic circuit can also 
enhance the magnetic ?eld direct at the substrate. HoWever, 
these ferromagnetic materials should be shielded from con 
tact With the reaction gas, as Well as reaction temperatures 
greater than their Curie points. 

Collection of Nanotubes 

[0086] Once the nanotubes have groWn to a desired length, 
they may be collected (57). Although nanotube groWth may 
generally be in the same direction, the groWth rate of 
nanotubes from the various catalyst particles may not be 
substantially uniform. Non-uniform groWth can, therefore, 
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create a problem When an attempt is made to collect, i.e. 
gather a multitude of nanotubes on a spool, bobbin, or drum, 
because the surface speed of the spool, bobbin or drum is 
approximately constant relative to the growth rate amongst 
the ?bers. In addition, because carbon nanotubes exhibit 
only a feW percent strain before fracture, attempts to stretch 
the sloW-groWing ?bers may be insuf?cient. Accordingly, 
the nanotubes synthesiZed in accordance With the embodi 
ments of the present invention may be collected, in one 
embodiment, as folloWs: 

[0087] Drum surface speed may be controlled to match 
the speed of the sloWest-groWing nanotubes. 

[0088] The bundle of nanotubes emanating from the 
substrate may be caused to Wave in parallel to the drum 
axis With an amplitude su?iciently large to accommo 
date the fastest groWing nanotubes on a sinuous path 
upon the drum surface. In particular, the sloWest nano 
tubes may be laid doWn on circumferential loci, While 
the fastest groWing nanotubes may be laid doWn on a 
sinuous locus of maximum amplitude. Moreover, as 
there may be little friction betWeen the carbon nano 
tubes, there should be minimal entanglement, as the 
nanotubes sort out their appropriate loci. 

[0089] Electrostatic, magnetic, gas-dynamic or contact 
(eg from a Waving de?ector ) forces can also be 
employed individually or in combination to cause the 
bundle of nanotubes to oscillate appropriately. 

[0090] Upon unWinding for use, nanotubes in the result 
ant toW can replicate their original groWth rate, e.g. 
fast-groWth ones Will be sinuous in the toW. Methods 
Well-knoWn to the fabric industry should be able to 
compensate for this effect. 

[0091] In the case Where the groWth may be radial, a 
number of nanotubes ?bers can be grouped together by 
a rotating, screW-like bail (i.e., electrode 44) to form a 
tWisted yarn, as illustrated in FIG. 4. This bail can be 
simultaneously rotated and WithdraWn to lead the yarn 
to an uptake reel. As noted above, in such an embodi 
ment, the nanotubes can be guided by a set of rings on 
their Way to a rotating bail. 

[0092] When a desired amount of extended length nano 
tubes has been synthesiZed, the supply of carbon-containing 
gas may be stopped and the heating mechanism turned off. 
In the present invention, nanotubes having a length of at 
least about 1 cm, and preferably of at least about 1 m can be 
groWn. Of course, nanotubes substantially shorter in length 
can also be generated in accordance With an embodiment of 
the present invention. Once the temperature of the system 
falls to about 100° C., the gas supplies may be shut off. The 
resulting nanotubes can be examined for purity. An example 
of an extended length nanotube synthesiZed in accordance 
With embodiments of the present invention is illustrated in 
FIG. 6. 

EXAMPLE II 

[0093] The present invention provides, in another embodi 
ment, a process for generating extended length prismatic 
structures. Prismatic structures, in on embodiment, can be an 
array of graphene planes joined to form a three dimensional 
lattice. The prismatic structures generated can have similar 
energy and carbon feedstock requirements as the reaction 
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described above for the groWth of carbon nanotubes. As 
such, the gas, energy and reaction conditions described 
above in connection With the groWth of nanotubes also apply 
to the groWth of prismatic carbon structures. 

Catalyst Tiling for Prismatic Structures 

[0094] Prismatic structures arise from the self-assembly of 
carbon on a different pattern of catalytic material than that 
used for formation of nanotubes. In accordance With one 
embodiment of the present invention, the nanotubes can be 
formed as carbon self-assembles around a catalyst ‘particle’ 
on a porous substrate. Prismatic structures, on the other 
hand, can be synthesiZed from formation of catalysts pat 
temed in various shapes on a plate or non-porous surface. 
The patterns can subsequently enable the self-assembly of 
carbon atoms into complex shapes. For instance, if the 
catalyst is patterned in continuous lines that form a space 
?lling tiling across a plane, carbon atoms can be expected to 
assemble, off the catalytic “lattice” lines, into a graphene 
structure With a base pattern matching the catalyst pattern. 
Moreover, if a pattern or grid is created from a catalyst, such 
as iron, nickel or cobalt, so that the Width of the continuous 
lines is relatively small, for instance, from about 0.2 nm to 
about 50 nm, and the distance of line spacing in the pattern 
is also relatively small, for example, from about 20 nm to 
about 500 nm, but preferably from about 2 nm to about 500 
nm, then a prismatic structure may be groWn normal to the 
plane on Which the pattern lies and With the symmetry of the 
pattern. This symmetry can be three-fold (i.e., triangle), 
four-fold (i.e., square), six-fold (i.e., hexagon), rectangular, 
random, or in any of the many periodic or aperiodic tiling 
patterns, such as Kepler tilings or Penrose tilings. 

[0095] The geometry for this type of three dimensional 
grid or pattern can depend on the properties desired. Refer 
ring noW to FIG. 7, there is illustrated, in accordance With 
one embodiment, a process Whereby a template for groWth 
of prismatic structures may be formed from a nickel mem 
brane groWn on copper (e.g., copper foil). Speci?cally, the 
copper 71 can be heavily Work-hardened to make small 
grains 72. Next, a thin nickel foil 73 can be electrodeposited 
epitaxially on the copper 71 to form a substantially comple 
mentary crystal structure and grain boundary pattern 74 to 
the copper 71. The copper foil 71 can then be selectively 
dissolved from the nickel so that only a supporting ring 75 
or structure is left. The nickel foil 73 Will then have grain 
boundaries passing continuously from one side to the other, 
and though Which carbon atoms can be transported prefer 
entially. Carbon atoms may then form a random grain 
boundary-like structure With a similar pattern to that on the 
nickel foil grain boundary 73. Accordingly, by controlling 
the grain structure in the copper substrate, the nickel foil 73 
can be made to pick up similar structure from Which 
prismatic carbon patterns can be formed. 

[0096] Another approach to designing geometric patterns 
for synthesis of prismatic structures may be to utiliZe 
self-assembly techniques (eg using biological elements 
such as proteins) to organiZe iron, nickel or cobalt atoms in 
the required patterns. An alternative approach to designing 
aperiodic patterns for formation of aperiodic structures may 
be to use direct atom placement, for instance, through the 
use of atomic force microscope probes. 

GroWth and Support of Prismatic Structures 

[0097] As noted above, the gas, energy and reaction con 
ditions described above in connection With the groWth of 
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nanotubes also apply to the growth of prismatic carbon 
structures. In addition, given that a continuous supply of 
reaction gas and reaction energy can be provided to the 
patterned catalysts, the length of the prismatic structure 
groWn from the catalyst pattern can be continuous. 

[0098] Moreover, as the prismatic structures can be three 
dimensional lattices, these structures can be self-supporting. 
Accordingly, the use of a magnetic or electrostatic ?eld for 
support may not be necessary. 

[0099] Referring noW to FIGS. 8A-C, a substrate 80 
having surface 81 is provided having a plurality of catalyst 
lines 82 forming a continuous designed pattern 83 (FIGS. 
8A-B). It should be noted that a variety of periodic or 
aperiodic tiling arrangements can be used to form designed 
pattern 83. As illustrated, pattern 83 contains a tiling of 
squares across the surface 81. 

[0100] In one embodiment, the substrate 80 may be made 
from a material non-reactive to carbon, such as alumina or 
silica, onto Which lines 82 of catalyst material may be 
deposited in pattern 83. 

[0101] In a second embodiment, the substrate 80 may be 
made from a catalytic material, such as nickel, iron, or 
cobalt, and an inert material, such as copper may mask the 
surface 81 except for the location of the catalyst lines 82. 

[0102] In either case, the substrate 80 and surface 81 may 
be a continuous solid, or they may contain channels or pores 
in the spaces betWeen the catalyst lines. Unlike the system 
described above for nanotube formation, a porous substrate 
is not a requirement for this system. 

[0103] As described above, energy may be supplied to the 
substrate 80 or catalyst lines 82 through a number of 
mechanisms during the synthesis of the prismatic structure. 
If thermal energy is used, the catalyst lines 82 may be heated 
to a temperature betWeen 500° C. and 14000 C. In addition, 
a carbon-containing reaction gas may be directed to the 
catalyst lines 82. In an embodiment Where the surface 81 is 
non-porous, the reaction gas may be directed to the catalyst 
lines from an area above the surface 81. In an embodiment 
Where the surface 81 is gas-permeable or contains pores (not 
shoWn), the reaction gas may be directed to the catalyst lines 
82 through a surface opposite surface 81 of the substrate 80, 
such that the reaction gas exits through the surface 81. 

[0104] Looking noW at FIG. 8C, carbon atoms from the 
reaction gas may self-assemble to form graphene planes 84 
that groW from the catalyst lines 82 of pattern 83 substan 
tially perpendicularly to surface 81. Where catalyst lines 82 
intersect Will lead to the formation of junctions betWeen 
graphene planes 84. An array of joined graphene planes 84 
can groW from the catalyst lines 82 to form a prismatic 
structure 85. 

[0105] In an alternate embodiment, the surface 81 may be 
a nickel membrane, and the designed pattern 83 may include 
boundaries betWeen crystalline grains, such as grain bound 
ary pattern 74 in FIG. 7. In such an embodiment, carbon may 
diffuse preferentially on the grain boundaries from an oppo 
site surface of the nickel membrane, such that the carbon 
exits from surface 81 preferentially via pattern 83. Self 
assembly of graphene planes 84 proceeds as carbon exits 
from the grain boundaries represented by pattern 83, With 
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junctions betWeen the planes 84 assembled at the intersec 
tion betWeen grain boundaries. 

Applications 
[0106] The production of extended length nanotubes and 
other nanostructures enables applications that utiliZe their 
extraordinary mechanical and electronic properties. The 
nanotubes and nanostructures produced by the systems and 
methods of the present invention can be Woven or assembled 
into a ?brous material and treated for use in connection With 
various applications, including heat sinks, electric poWer 
transmission lines Which require strength and conductivity, 
electric motor and solenoid Windings Which require loW 
resistivity and minimum eddy current loss, high strength 
?ber-reinforced composites including carbon-carbon and 
carbon-epoxy, and nanotube-based cables, ?bers, toWs, tex 
tiles, and fabrics. Also included are devices made from these 
nanotubes and nanostructures, and textiles such as armor of 
various types, protective clothing, energy-generating tethers 
and the like. The present invention also contemplates coat 
ing individual nanotubes or groups of nanotubes With either 
a thermoset epoxy or a high-carbon polymer, such as fur 
furyl alcohol or RESOL to act as a composite precursor. 

[0107] Structures formed from carbon have been dis 
cussed herein. HoWever, it should be recogniZed that nano 
structures, including nanotubes, can be formed from other 
materials, including for example, boron nitride, tungsten 
sul?de, vanadium oxide, and boron carbon nitride using 
catalytic processes similar to that described above. Accord 
ingly, the present invention also includes extended length 
nanotubes and prismatic nanostructures formed from inor 
ganic materials such as vanadium oxide and boron nitride, 
and from carbon in combination With other elements, such 
as boron carbon nitride. Although the systems and processes 
of the present invention is capable of making extended 
length nanostructures, the systems and processes of the 
present invention may also be capable of generating nano 
structures of relatively short length. Furthermore, the present 
invention includes the process for making related nanostruc 
tured materials and the structural, thermal, and electrical 
applications described above. 

[0108] While the invention has been described in connec 
tion With the speci?c embodiments thereof, it Will be under 
stood that it is capable of further modi?cation. Furthermore, 
this application is intended to cover any variations, uses, or 
adaptations of the invention, including such departures from 
the present disclosure as come Within knoWn or customary 
practice in the art to Which the invention pertains, and as fall 
Within the scope of the appended claims. 

1-34. (canceled) 
35. A substrate for synthesis of nanostructures, the sub 

strate comprising: 

a porous body having an upstream surface and a doWn 
stream surface; and 

a plurality of catalyst particles, deposited on the doWn 
stream surface of the substrate, and from Which nano 
structures can be synthesiZed; 

Wherein the porous body provides pathWays through 
Which a reaction gas can travel across the upstream 
surface and out the doWnstream surface to initiate 
groWth of nanostructures from the catalyst particles. 
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36. A substrate as set forth in claim 35, wherein the body 
is suf?ciently porous so that a pressure difference between 
the upstream surface and the downstream surface can be 
substantially low, so as to permit the body to maintain its 
structural integrity. 

37. A substrate as set forth in claim 35, wherein the body 
is made from a material provided with pore siZe ranging 
from about 0.5 nm to about 500 microns. 

38. A substrate as set forth in claim 35, wherein the body 
is made from a material having a void fraction of from about 
10 percent to about 95 percent. 

39. A substrate as set forth in claim 35, wherein the body 
is made from a material including carbon foams, glassy 
carbon, silica, alumina, alumina coated with silica, Zirconia, 
Zeolites, sintered titanium, titania, magnesia, yttria, copper, 
iron, iron nickel, iron cobalt, cobalt, steel, iron carbide, or a 
combination thereof. 
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40. A substrate as set forth in claim 35, wherein the 
substrate is one of foam, channel plate, felt, wool, ?bers, 
cloth, or array of needles. 

41. A substrate as set forth in claim 35, wherein the 
catalyst particles are substantially evenly distributed across 
the downstream surface of the substrate. 

42. A substrate as set forth in claim 35, wherein the 
catalyst particles are made from a material including iron, 
nickel, cobalt, iron oxides, nickel oxides, cobalt oxides, 
metal salts with sulfate, metal salts with sulfamates, acetate, 
citrate, oxalates, nitrites, nitrates, or a combination thereof. 

43. A substrate as set forth in claim 35, wherein the 
catalyst particles range from about 1 nm to about 50 nm in 
siZe. 

44-97. (canceled) 


