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pressure aeross the porous membrane such 
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used with the carbon vapor process. 
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1 
CONTINUOUS GROWTH OF SINGLE-WALL 
CARBON NA:'II'OTUBES USING CHE:\i[lCAL 

VAPOR DEPOSITION 

CROSS-REFERENCE TO RI \I./\TI \]) 
APPLlC/I:TION 

This claims from u.s. Ser. No. 60/422. 
860, filed Nov. 1. 2002, and U.S. Ser. No. 60/444,979, filed 
Feb. 5, 2003. and are herein 

reference in their 
The United States Government has in this invention 

under Contract No. CRD-98-076 between the United States 
of and the National Renewable 

Research Institute. 

FIELD OF INVENTION 

The 

is contacted a 
U"'_V~H!y'V"OU in the presence of the 
grow SvVNT material. The invention also relates to an appa
ratus used with the CVD process. 

BACKGROUND 

Fullerenes were discovered in 1985 Curl, Kroto, and 
and carbon nanotubes discovered lew 

Sumio in I I. See Kroto. I I. W., I 
O'Brien. S. c.. Curl, R. F. and R. E. "C 60: Buckmin-

318, 162-163 and 
TrUIlI"'llC Carbon ", Nature 

much research has 
andchemi-

the upstream side from the to 
heat the carbon rod and evaporate Carbon nanotubes are 
then collected on the downstream side of the quartz tube. 
Laser ablation of a heated target is in Thess. A. et al.. 

electrodes in an 
100 Torr. SWNT grow on 

Chemical 

metal 
carbon atoms 

2 

273.483-487 where a is used to vapor- 60 

ize carbon target that has been treated with a 
metal such as nickel. cobalt. iron, or mixtures thereof. 

Thus, what is needed in the art 
65 tion of SWNT that allows SvVNT 

sense SWNT can grow 
of time without the need to 
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such a need. 

SUMMARY 

One aspect of this invention relates to a chemical 
nrc,n:Jratlon of a 

and wherein thin 

the 
side 

porous membrane. 
A second aspect of tills invention relates to a chemical 

a "~U"'''-W''H 
A third aspect of this invention relates to an apparatus for 

second tube, and the first tu be ha s 
a first a second The first 

faces the interior of the second tube and the second 

trated in the Ul,"WlH1~'. 

and a pressure 
wherein pressure on one 

on the other side of the membrane. 

invention. 

apparatus 

a 

DESCRIPTION OF TI DRAWINGS 

orthe apparatus shown in FIG. 1 
view to show inside the outer tube. 

line 3-3 in FIG. 2. 

4 
DETAILED DESCRIPTION 

This invention relates to a chemical vapor pro-
the of carbon 

a 
a pressure differential 

invention, SWNT is 
gas with a 
On the first 

11) sueh that the pressure porous mem-
brane is lower than that on the first side. The carbon-contain-

presence 0 f the 
Porous Membrane 

not react or cata-
used in the CVD process. 

The porous membrane must be strong withstand 
the pressure differentials and temperatures of 
carbon minimum, the mem-
brane must be able to of C. 
pressure diflerentials of 50 Torr for 

of use. 
The membrane 

SWNT to grow 
to 

that it becomes 
30 ineflective 

40 

45 

ineflective when the pores are 
will be unable to sustain its 

be less than about 2 micron in diameter; less than 
1 micron; more than 500 11m; and most 

less than 250 nm. 
porous membrane should not react the 

gas SWNT materiaL or cata-
used in the CVD, inert 

material, such alumina, stainless steeL or a ceramic. 
U'-Hu,-auy reactive materials, such as nickel, 

or cobalt should not be used because these materials 
with either or gas 

Stainless steel exhibits stronger 
alumina (it docs 
available in a pore 
mina, while not strong as stainless steel, is 

50 available in the levels. Therefore, U<OIY"'.~U'H)'; 
on the reaction conditions, if the desired pore size is greater 
than I micron, stainless steel is the membrane; on 
the other hand, It IS to the invention that the 

of the membrane than 1 micron, alumina is 
"",tp·rrc·r1 membrane. However. both alumina and stain

less steel are suitable for 
furthermore, as set forth 

the 

60 processes of this invention, 
react with the or 
sition. 

be any 
65 known to those of skill in the art that is 

chemical vapor 
systems on page 
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can be a metal 

thereot; a 
tures thereof, VII metal. such l'vl11, or Re, 

Co, Ni, Ru, Pd, Os, Ir, Pt, and mixtures 
or the lanthanides, such as Ce, Ell, Er, or Yb <md mixtures 
thereot; or transition metals such as Zn, Cd. Sc, Y. 

La and mixtures thereof. of mixture of 

the present invention include Co 
Co Mo, Ni Cr, Ni W, Ni Mo, Ru Cr, 
Ru-Mo. Rh---Cr, Rh-W. R11-Mo. Pd-Cr, 
Pd-Mo, Ir--Cr. Ir-W. Pt-W, and Pt-Mo. 

is iron, cobalt, 
thereof, such as Mo, Co Mo and Ni 
metal or combination of metals selected as the 

be 
W, 

Ru W, 
Pd-W. 

obtain the desired size and diameter 
distribution. 

In 

"H~i~H~U support in the 
discussed above. 

6 

the membrane. but when the 
side ofthe membrane, the S\VNT 
membrane. Thus, the SWNTs can be 
pressure side or the 

the nr,-'Ip'rr"ri 

the 
the entire viable surface area of the 

the carbon 

sites. Since the pores of the membrane 
remain open to grow the S\VNT. more SWNT grows. The 

SvVNT continues to grow when carbon do 
65 their Thus. this aspect of the invention 

of SWNT. While traditional 
from 5 minutes to one hour of 
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The gas flow rate should 
a bout 500 sccm for the inert gas and from about 20 to about 60 
sccm for the and gases. As an 

a chemical vapor process may be run at 
of about 400 sccm for argon, 40 sccm for 

gen. and 40 sccm for methane. one of skill in the art will 
""A'~;H'O;o, the flow rate can be as such 

to generate SWNTs. 

sides of the membrane 
exist. The pressure differential should range from 

a bout 50 to a bout 600 Torr. 150 to 400 Torr and 

should range 

about 200 to 300 'lllIT. On the 
pressure should range about 

about 100 to about 500 
300 to about 400 Torr. 

IS a Irom about 400 to about 750 'lllIT, and most 
30 about 600 to about 700 Torr. 

gases known in the art. sides may be within the above ranges, the low-
such as methane. carbon monoxide. propane and not have a pressure than the 
combinations thereof may be used. the carbon- the diflerence between 

H"AHaH''-. commer-
methane gas, for 99% 
used. 

pressure ranges and differential ranges are used. 
The pressure diflerential may be achieved the 

on second side membrane. Reduc-
40 the pressure on the second ofthe membrane may be 

achieved vacuum on the second side of the 
membrane. 

S WNT Growth 
The formation at loca-

45 tions in relation to the and membrane, each of these 

at a bout 1: 10; the ratio 50 

ranges from about 1:2 to 
from 1:3 to about l :25, and 

inert gas. the ratio among the three gases 
about I: : 1 0 volume. 

111e gas may be introduced at the 
pressure sideofthe porous membrane and then into the 
membrane the pressure differential. The components of 
the that do not react with the 
may be drawn the reaction an gas. 

CVD Process Parameters 
Other conditions present in this chemical vapor 

process, such temperature conditions, may vary in accor-
dance with chemical vapor processes known to 65 

those of skill in art. vapor is 
known in the art, and described in detail in handbooks such 

locations a different embodiment of this inven-
tion. 

In one embodiment, SWNT forms on the 
of the membrane, SvVNT 

a 
apparatus used 

grow the SWNT so as to expose the SWNT; 
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suitable instrument, the SWNT from its attached 
location at the membrane; and collect the 
S\VNT. Other known to those of skill in the art 

also be used. Once harvested. SWNT may be 
in the art to remove 

mr'llr,',,'" collected with the SWNT. 
SWNT when it grows the membrane 

and forms on the side ofthe membrane 
the of the 

10 

and mem
'-'"'.'l'.'''U,'-U in another embodiment of 

SWNT 

may occur at different locations, 
conditions for each embodiment 

to the diffcr-

occurs 30 

and the first side of the porous membrane, and wherein a 
pressure differential exists across the membrane. the 
pressure on the second side less 

When SWNT between the 

art filrm. 
SWNT may occur on the ","J_nrr'~Ol 

membrane between the 
side. The SWNT 

brane and 50% S\VNT 

embodiments of the processes 

SWNT material 
LAaHJLfl"''' of such methods 

surfactants. 
minimize unwanted 

U";;cU'-'H),; of chemical bonds of the 

S\VNT Material 

wall 
carbon 

in thickness and M\VNT are more than one atomic 
65 carbon in thickness. a S\VNT has a diameter 

both 0 f less about 3 nm, 
greater than about 2.5 nm. 
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circular cross-section, but other 
dance with the invention. 

to FIG. 2, the outer tube 12 is nn,lp'r"I,lv 

because it is 
inlet end 16 

into inlet end 16 via a standard gas connection.lmown 
well to those of skill in the art. 

'111e inner tube 14 is of stainless steel and 
has an inlet end 22 andan outlet end 24. The inner tube 14 may 
also be made of alumina quartz, other inert 
metals lmown to those of skill in the art. Stainless steel is 
IYHOHOH~U because it be at inlet end 22, 

12 and the outlet end 24 is 
12. Other materials known 

the porous membrane 
cU'I""'~U in the outer tuber 

of skill in the art may be 
o I' the outer and inner tubes. 

have the temperature and 
sure conditions associated with chemical vapor riP,n,,,,,t,,,n 

nprtr,rnlprl in accordance with the of the invention. 
to the 

12 
direction ofinlet end 16 of outer tube 12 and is eoated with the 

30. A process used to coat the membrane 28 
30 is described above in detail. Pref-

tion of the surface area that 
inncr tube 14. covcragc and thickness of the 

30 may vary in accordance with the 
invention described above. The 

before the membrane 28 is m""c,.cu 
11) 22. 

The outlet end 24 of inner tube 14 is a vacuum 
pump shown) create vacuum low pressure inside 
inner tube 14. pressure can be used such that it is suffi-
cient to draw gases 20 the closed end 26 and in 
accordance with pressures are described above. 

functions as a tool of SWNT 
III a direction. As "'O.~U'''''' 

above in detaiL a novel method of SWNT has been 
and 

non-nanotube carbons. 
In the membrane 28 

inlet end 22 of inner tube 14 
to a VaCULUl1, a pressure differential is 

30 created on the of the membrane. as described above. 
When the pressure is pressure in 
inner tube 14 will be different than the pressure that inside 
the outer tube 12. Because, as shown. the inner tube 14 is 
CU'I""'CU within least a of the outer tube 12. when 

as ilIus-

occurs as described above in detail. 
Other constructions and of this 

can be used to carry out the 
45 described herein. as 

create a pressure rlii·lplrpl1,ti 

coated porous membrane. 
All the articles and other documents dis-

cussed or herein mr·nnnm·~t,'d rderence. 
50 

The claimed invention 
1. A chemical vapor process for the nrc'n~rqt'nn 

of a carbon nanotube. ~Vl<HjJ'HOH'!O' 

cO.mr'OSltJCHl or the cata - 60 

the bond can the process con(li-
tions, such the temperatures and pressure di±1erential. The 
porous membrane 28 as shown may have the of a flat 
disc and can be used Membrane 28 has 
two sides 32. 34. Side 32 faces in thedirectionofthe 65 

outlet end 18 of outer tube 12, toward the interior orthe 
inner tube 14 and the other side 34 faces in the 

in molar 
about I, and Fe:Mo in molar 
about 1 :2: and 

nanotube, 

U~,.V"""'j0~ said carbon-con
prEosellce of said thin 

> III "",-w <II 1 carbon 



wherein a pressure differential exists across the 
membrane. the pressure on the second side 
than that on the first 

2. claiml. wherein said 
carbon nanotube 

second side of 
3. 

aClcolrdlng to claim 1, wherein said thin 

... V.HalHH'!:\ gas cO.mr'OSltJCHl 
and an inert gas. 

7.'Ihe 
is argon gas. 

on the first side of said porous 

carbon-
methane gas. 

5. wherein said carbon
methane . 

claim 6, said 

8. The process U,"',"V""U", to claim 1. wherein said porous 
membrane has size less than about 2 micron. 

14 
9. The to claim 8, wherein porous 

membrane less than about 500 Illl!. 
10. The process claim 1. wherein said porous 

membrane is selected from the group of: alumina 
and stainless steel. 

11. The process w. .. , .. U.'UHI'n 

difterential ranges from about 50 to about 500 Torr. 
15. The process a,",,,v"C>HJ'n 

sure difTerential 
16. 

of about 9: 1: 

* * * * * 


