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(57) ABSTRACT 

Methods and processes for preparing interconnected carbon 
single-Walled nanotubes (SWNTs) are disclosed. The 
SWNTs soot, synthesized by any one of the art methods, is 
heated to less than about 12500 C. in ?owing dry air using the 
electrical ?eld (E) component of microwave energy. The 
tubes of the SWNTs thus treated. become Welded and inter 
connected. 
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WELDING OF CARBON SINGLE-WALLED 
NANOTUBES BY MICROWAVE TREATMENT 

FIELD OF INVENTION 

[0001] The present invention relates to methods for the 
preparation of carbon single-Walled nanotubes, in particular, 
the synthesis of interconnected nanotubes. 

BACKGROUND 

[0002] Carbon nanotubes are hexagonal netWorks of car 
bon atoms forming seamless tubes With each end capped With 
half of a fullerene molecule. They Were ?rst reported in 1991 
by Sumio Iijima Who produced multi-layer concentric tubes 
or multi-Walled carbon nanotubes by evaporating carbon in 
an arc discharge. In 1993, lijima’s group and an IBM team 
headed by Donald Bethune independently discovered that a 
single-Wall nanotube could be made by vaporiZing carbon 
together With a transition metal such as iron or cobalt in an arc 

generator (see Iijima et al Nature 363:603 (1993); Bethune et 
al., Nature 363: 605 (1993) and US. Pat. No. 5,424,054). The 
original syntheses produced loW yields of non-uniform nano 
tubes mixed With large amounts of soot and metal particles. 
[0003] Presently, there are three main approaches for the 
synthesis of single- and multi-Walled carbon nanotubes. 
These include the electric arc discharge of graphite rod (J our 
net et al. Nature 388: 756 (1997)), the laser ablation ofcarbon 
(Thess et al. Science 273: 483 (1996)), and the chemical 
vapor deposition of hydrocarbons (Ivanov et al. Chem. Phys. 
Lett 223: 329 (1994); Li et al. Science 274: 1701 (1996)). 
Multi-Walled carbon nanotubes can be produced on a com 
mercial scale by catalytic hydrocarbon cracking While single 
Walled carbon nanotubes are still produced on a gram scale. 
[0004] Generally, single-Walled carbon nanotubes are pre 
ferred over multi-Walled carbon nanotubes because they have 
unique mechanical and electronic properties. Defects are less 
likely to occur in single-Walled carbon nanotubes because 
multi-Walled carbon nanotubes can survive occasional 
defects by forming bridges betWeen unsaturated carbon val 
ances, While single-Walled carbon nanotubes have no neigh 
boring Walls to compensate for defects. Defect-free single 
Walled nanotubes are expected to have remarkable 
mechanical, electronic and magnetic properties that could be 
tunable by varying the diameter, number of concentric shells, 
and chirality of the tube. 
[0005] The synthesis of SWNTs by any of the methods 
described above produces individual tubular structures Where 
the carbon atoms comprising the hexagonal rings are sp3 
hybridiZed. For some applications, such as electrical applica 
tions, electrochemical applications, and for applications 
requiring mechanical strength, interconnected SWNTs may 
be preferred. The interconnected SWNTs have large surface 
area Which is advantages for applications, such as for super 
capacitors, high energy density batteries, high density cata 
lyst support applications, and the like. 
[0006] The tubular SWNTs can be joined With “X,” “Y,” 
and/ or “T” type molecular junctions that require the carbon 
atoms at the junction be sp2 hybridized. US. Pat. No. 6,495, 
258 to Chen et al. describes a method of creating a three 
dimensional density distribution of carbon nanotubes, Where 
a substrate having a netWork of randomly oriented ?bers is 
created, and carbon nanotubes are dispersed in the netWork. 
The ?bers are nickel ?bers sintered together at their crossing 
points. Thus, in the method of Chen, the carbon nanotubes are 
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not directly connected With each other; instead, the substrate 
is used to provide the 3-dimensional distribution of nano 
tubes. In another method described by Imholt et al. (2003) 
Chem. Mater. 15: 3969-3970, nanotubes are heated to a tem 
perature of at least 15000 C. using a microWave ?eldthat fuses 
the nanotubes together. A method described by Terrones et al. 
(2002) Phys. Rev. Lett. 89:75505-1 dissolves SWNTs in etha 
nol Which are then subjected to electron irradiation at high 
temperatures in a transmission electron microscope that 
resulting in cross-linking betWeen the tubes. The methods of 
Imholt et al. and Terrones et al. use high temperature to link 
carbon nanotubes. 

[0007] These methods either do not directly connect the 
nanotubes or employ harsh conditions and are expensive for 
application to large scale synthesis of interconnected 
SWNTs. Thus, there is a need for simple and reliable methods 
for producing interconnected SWNTs. Accordingly, the 
present invention provides methods and processes for joining 
carbon nanotubes. 

SUMMARY 

[0008] The present invention provides methods and pro 
cesses for Welding single-Walled carbon nanotubes 
(SWNTs). SWNTs can be synthesiZed by any one of the art 
methods, and can be ?bers, bundles, or soot. The SWNTs are 
exposed to the electrical ?eld (E) component of microWave 
energy Which heats the SWNTs to about 12000 C., thereby 
Welding together the SWNTs. 
[0009] In one aspect, the present invention provides meth 
ods for producing interconnected single-Walled carbon nano 
tubes (SWNTs) Wherein a sample of SWNTs is placed in a 
microWave cavity Wherein the electric ?eld is near maximum; 
and the sample is then exposed to microWave ?eld at a tem 
perature less than about 14000 C. The microWave ?eld has a 
frequency betWeen 1 GHZ and about 5 GHZ, preferably a 
frequency betWeen about 2 GHZ and about 3 GHZ, and poWer 
betWeen about 100 Watts and about 450 Watts. The sample can 
be heated to a temperature betWeen about 10000 C. and about 
14000 C., preferably betWeen about 10000 C. and about 12000 
C 

[0010] In another aspect, the methods for producing inter 
connected single-Walled carbon nanotubes (SWNTs) involve 
placing a sample of SWNTs in a microWave cavity Wherein 
the electric ?eld is near maximum; and exposing the sample 
to microWave ?eld at a temperature less than about 14000 C., 
Wherein the microWave ?eld has a frequency betWeen 1 GHZ 
and about 3 GHZ, and poWer betWeen about 150 Watts and 
about 400 Watts. The SWNTs are interconnected by a “X,” 
“Y,” or “T” type junction. 
[0011] These and other aspects of the present invention Will 
become evident upon reference to the folloWing detailed 
description. In addition, various references are set forth 
herein Which describe in more detail certain procedures or 
compositions, and are therefore incorporated by reference in 
their entirety. 

BRIEF DESCRIPTION OF DRAWINGS 

[0012] FIG. 1 illustrates an apparatus for carrying out the 
present invention. 
[0013] FIG. 2 illustrates the variation of the electric and 
magnetic ?elds Within a microWave chamber. 
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[0014] FIG. 3 depicts TEM images of welded SWNTs after 
microwave treatment. 

DETAILED DESCRIPTION 

I. De?nitions 

[0015] Unless otherwise stated, the following terms used in 
this application, including the speci?cation and claims, have 
the de?nitions given below. It must be noted that, as used in 
the speci?cation and the appended claims, the singular forms 
“a,” “an” and “the” include plural referents unless the context 
clearly dictates otherwise. De?nition of standard chemistry 
terms may be found in reference works, including Carey and 
Sundberg (1992) “Advanced Organic Chemistry 3rd Ed.” 
Vols. A and B, Plenum Press, New York, and Cotton et al. 
(1999) “Advanced Inorganic Chemistry 6”’ Ed.” Wiley, NY 
[0016] The terms “single-walled carbon nanotube” or 
“one-dimensional carbon nanotube” are used interchange 
able and refer to cylindrically shaped thin sheet of carbon 
atoms having a wall consisting essentially of a single layer of 
carbon atoms, and arranged in an hexagonal crystalline struc 
ture with a graphitic type of bonding. 
[0017] The term “multi-walled carbon nanotube” as used 
herein refers to a nanotube composed of more than one con 
centric tubes. 
[0018] The terms “metalorganic” or “organometallic” are 
used interchangeably and refer to co-ordination compounds 
of organic compounds and a metal, a transition metal or metal 
halide. 

II. Overview 

[0019] The present invention discloses methods and pro 
cesses for producing interconnected single-walled carbon 
nanotubes (SWNTs). The SWNTs can be produced by any of 
the known methods, and then subjected to microwave heating 
at about 12000 C. The microwave can be any commercially 
available model, such as 1.5 kW operating at 2.45 GHZ, where 
the power output can be varied from about 150 W to about 400 
W. The SWNTs are placed in a microwave cavity where the 
electrical ?eld (E) component of the microwave is near the 
maximum. The methods produce SWNTs that become 
welded by forming “X,” “Y,” or “T” type junctions between 
adjacent tubes. 

III. Synthesis of Carbon Nanotubes 

[0020] The SWNTs can be fabricated according to a num 
ber of different techniques familiar to those in the art. For 
example, the SWNTs can be fabricated by the laser ablation 
method ofU.S. Pat. No. 6,280,697, the arc discharge method 
of Joumet et al. Nature 388: 756 (1997), the chemical vapor 
deposition method where supported metal nanoparticles can 
be contacted with the carbon source at the reaction tempera 
tures according to the literature methods described in Haru 
tyunyan et al., NanoLetters 2, 525 (2002), and the like. Pref 
erably, the SWNTs are produced by the chemical vapor 
deposition method. 
[0021] The chemical vapor deposition (CVD) method for 
the synthesis of carbon nanotubes uses carbon precursors, 
such as carbon containing gases. In general, any carbon con 
taining gas that does not pyroliZe at temperatures up to 8000 
C. to 10000 C. can be used. Examples of suitable carbon 
containing gases include carbon monoxide, aliphatic hydro 
carbons, both saturated and unsaturated, such as methane, 
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ethane, propane, butane, pentane, hexane, ethylene, acetylene 
and propylene; oxygenated hydrocarbons such as acetone, 
and methanol; aromatic hydrocarbons such as benZene, tolu 
ene, and naphthalene; and mixtures of the above, for. example 
carbon monoxide and methane. In general, the use of acety 
lene promotes formation of multi-walled carbon nanotubes, 
while CO and methane are preferred feed gases for formation 
of single-walled carbon nanotubes. The carbon-containing 
gas may optionally be mixed with a diluent gas such as 
hydrogen, helium, argon, neon, krypton and xenon or a mix 
ture thereof. 

[0022] The catalyst composition for use in CVD can be any 
catalyst composition known to those of skill in the art. Con 
veniently, the particles will be of a magnetic metal or alloy, 
such as, for example, iron, iron oxide, or a ferrite such as 
cobalt, nickel, chromium, yttrium, hafnium or manganese. 
The particles useful according to the invention will preferably 
have an average overall particle siZe of up to 50 nm to about 
1 um, although, in general, the particle siZes for individual 
particles can be from about 400 nm to about 1 pm. 

[0023] The function of the catalyst when used in the carbon 
nanotube growth process is to decompose the carbon precur 
sors and aid the deposition of ordered carbon. The methods 
and processes of the present invention preferably use metal 
nanoparticles as the metallic catalyst. The metal or combina 
tion of metals selected as the catalyst can be processed to 
obtain the desired particle siZe and diameter distribution, and 
can be separated by being supported on a material suitable for 
use as a support during synthesis of carbon nanotubes. As 
known in the art, the support can be used to separate the 
catalyst particles from each other thereby providing the cata 
lyst materials with greater surface area in the catalyst com 
position. Such support materials include powders of crystal 
line silicon, polysilicon, silicon nitride, tungsten, 
magnesium, aluminum and their oxides, preferably alumi 
num oxide, silicon oxide, magnesium oxide, or titanium diox 
ide, or combination thereof, optionally modi?ed by addition 
elements, are used as support powders. Silica, alumina and 
other materials known in the art may be used as support, 
preferably alumina is used as the support. 
[0024] The metal catalyst can be selected from a Group V 
metal, such as V or Nb, and mixtures thereof, a Group VI 
metal including Cr, W, or Mo, and mixtures thereof, VII 
metal, such as, Mn, or Re, Group VIII metal including Co, Ni, 
Ru, Rh, Pd, Os, Ir, Pt, and mixtures thereof, or the lanthanides, 
such as Ce, Eu, Er, orYb and mixtures thereof, or transition 
metals such as Cu, Ag, Au, Zn, Cd, Sc, Y, or La and mixtures 
thereof. Speci?c examples of mixture of catalysts, such as 
bimetallic catalysts, which may be employed by the present 
invention include Co4Cr, CoiW, CoiMo, NiiCr, 
NiiW, NiiMo, RuiCr, RuiW, RuiMo, RhiCr, 
RhiW, RhiMo, Pd4Cr, PdiW, PdiMo, IriCr, 
PtiCr, PtiW, and PtiMo. Preferably, the metal catalyst is 
iron, cobalt, nickel, molybdeum, or a mixture thereof, such as 
FeiMo, CoiMo and NiiFeiMo. 
[0025] The metal, bimetal, or combination of metals are 
used to prepare metal nanoparticles having de?ned particle 
siZe and diameter distribution. The catalyst nanoparticles can 
be prepared by thermal decomposition of the corresponding 
metal salt added to a pas sivating solvent, and the temperature 
of the solvent adjusted to provide the metal nanoparticles, as 
described in the co-pending and co-owned US. patent appli 
cation Ser. No. 10/ 304,3 1 6, or by any other method known in 
the art. The particle siZe and diameter of the metal nanopar 
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ticles can be controlled by using the appropriate concentra 
tion of metal in the passivating solvent and by controlling the 
length of time the reaction is allowed to proceed at the thermal 
decomposition temperature. The metal salt can be any salt of 
the metal, and can be selected such that the salt is soluble in 
the solvent and/or the melting point of the metal salt is loWer 
than the boiling point of the passivating solvent. Thus, the 
metal salt contains the metal ion and a counter ion, Where the 
counter ion can be nitrate, nitrite, nitride, perchlorate, sulfate, 
sul?de, acetate, halide, oxide, such as methoxide or ethoxide, 
acetylacetonate, and the like. For example, the metal salt can 
be iron acetate (FeAcZ), nickel acetate (NiAcZ), palladium 
acetate (PdAc2), molybdenum acetate (MoAc3), and the like, 
and combinations thereof. The melting point of the metal salt 
is preferably about 5° C. to 50° C. loWer than the boiling 
point, more preferably about 5° C. to about 20° C. loWer than 
the boiling point of the passivating solvent. The solvent can be 
an ether, such as a glycol ether, 2-(2 -butoxyethoxy)ethanol, 
H(OCH2CH2)2O(CH2)3 CH3, Which Will be referred to beloW 
using the common name dietheylene glycol mono-n-butyl 
ether, and the like. 
[0026] Preferably, the support material is added to the reac 
tion mixture containing the metal salt. The support material 
can be added as a solid, or it can be ?rst dissolved in the 
passivating solvent and then added to the solution containing 
the metal salt. The solid support can be silica, alumina, 
MCM-41, MgO, ZrO2, aluminum-stabilized magnesium 
oxide, Zeolites, or other supports known in the art, and com 
binations thereof. For example, Al2O3iSiO2 hybrid support 
could be used. Preferably, the support material is soluble in 
the passivating solvent. In one aspect, the counterion of the 
metal salt and the support material is the same, thus, for 
example, nitrites can be the counterion in the metal salt and in 
the support material. Thus, the support material contains the 
element of the support material and a counter ion, Where the 
counter ion can be nitrate, nitrite, nitride, perchlorate, sulfate, 
sul?de, acetate, halide, oxide, such as methoxide or ethoxide, 
acetylacetonate, and the like. Thus, for example, nitrites can 
be the counterion in metal ions (ferrous nitrite) and in the 
support material (aluminum nitrite), or the support can be 
aluminum oxide (A1203) or silica (SiOZ). The support mate 
rial can be poWdered thereby providing small particle siZes 
and large surface areas. The poWdered support material can 
preferably have a particle siZe betWeen about 0.01 pm to 
about 100 pm, more preferably about 0.1 pm to about 10 um, 
even more preferably about 0.5 pm to about 5 pm, and most 
preferably about 1 um to about 2 um. The poWdered support 
material can have a surface area of about 50 to about 1000 
m2/g, more preferably a surface area of about 200 to about 
800 m2/ g. The poWdered oxide can be freshly prepared or 
commercially available. For example, a suitable A1203 poW 
der With 1-2 pm particle siZe and having a surface area of 
300-500 m2/g is commercially available from Alfa Aesar of 
Ward Hill, Mass., or Degussa, N.J. PoWdered oxide can be 
added to achieve a desiredWeight ratio betWeen the poWdered 
oxide and the initial amount of metal used to form the metal 
nanoparticles. Typically, the Weight ratio can be betWeen 
about 10:1 and about 15:1. For example, if 100 mg of iron 
acetate is used as the starting material, then about 320 to 480 
mg of poWdered oxide can be introduced into the solution. 
The Weight ratio of metal nanoparticles to poWdered oxide 
can be betWeen about 1:1 and 1:10, such as, for example, 1 :1, 
2:3, 1:4, 3:4, 1:5, and the like. 
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[0027] After forming a homogenous mixture, metal nano 
particles are formed during the thermal decomposition. The 
thermal decomposition reaction is started by heating the con 
tents of the reaction vessel to a temperature above the melting 
point of at least one metal salt in the reaction vessel. The 
average particle siZe of the metal nanoparticles can be con 
trolled by adjusting the length of the thermal decomposition. 
Typical reaction times range from about 20 minutes to about 
2400 minutes, depending on the desired nanoparticle siZe. 
Metal nanoparticles having an average particle siZe of about 
0.01 nm to about 20 nm, more preferably about 0.1 nm to 
about 3 nm and most preferably about 0.3 nm to 2 nm can be 
prepared. The metal nanoparticles can thus have a particle 
siZe of0. 1, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nm, and up to about 
20 nm. In another aspect, the metal nanoparticles can have a 
range of particle siZe, or diameter distribution. For example, 
the metal nanoparticles can have particle siZes in the range of 
about 0.1 nm and about 5 nm in siZe, about 3 nm and about 1 
nm in siZe, or about 5 nm and about 11 nm in siZe. 

[0028] The supported metal nanoparticles can be aero 
soliZed by any of the art knoWn methods. In one method, the 
supported metal nanoparticles are aerosoliZed using an inert 
gas, such as helium, neon, argon, krypton, xenon, or radon. 
Preferably argon is used. Typically, argon, or any other gas, is 
forced through a particle injector, and into the reactor. The 
particle injector can be any vessel that is capable of contain 
ing the supported metal nanoparticles and that has a means of 
agitating the supported metal nanoparticles. Thus, the cata 
lyst deposited on a poWdered porous oxide substrate can be 
placed in a beaker that has a mechanical stirrer attached to it. 
The supported metal nanoparticles can be stirred or mixed in 
order to assist the entrainment of the catalyst in the transporter 
gas, such as argon. 

[0029] Thus, the nanotube synthesis generally occurs as 
described in the co-pending and cooWned application U.S. 
Ser. No. 10/727,707, ?led on Dec. 3, 2003. An inert trans 
porter gas, preferably argon gas, is generally passed through 
a particle injector. The particle injector can be a beaker or 
other vessel containing the groWth catalyst supported on a 
poWdered porous oxide substrate. The poWdered porous 
oxide substrate in the particle injector can be stirred or mixed 
in order to assist the entrainment of the poWdered porous 
oxide substrate in the argon gas ?oW. Optionally, the inert gas 
can be passed through a drying system to dry the gas. The 
argon gas, With the entrained poWdered porous oxide, can 
then be passed through a pre-heater to raise the temperature of 
this gas How to about 400° C. to about 500° C. The entrained 
poWdered porous oxide is then delivered to the reaction cham 
ber. A How of methane or another carbon source gas and 
hydrogen is also delivered to the reaction chamber. The typi 
cal ?oW rates can be 500 sccm for argon, 400 sccm for 
methane, and 100 sccm for He. Additionally, 500 sccm of 
argon can be directed into the helical ?oW inlets to reduce 
deposition of carbon products on the Wall of the reaction 
chamber. The reaction chamber can be heated to betWeen 
about 300° C. and 900° C. during reaction using heaters. The 
temperature is preferably kept beloW the decomposition tem 
perature of the carbon precursor gas. For example, at tem 
peratures above 1000° C., methane is knoWn to break doWn 
directly into soot rather than forming carbon nanostructures 
With the metal groWth catalyst. Carbon nanotubes and other 
carbon nanostructures synthesiZed in reaction chamber can 
then be collected and characterized. 
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[0030] In one aspect of the invention, the diameter distri 
bution of the synthesized SWNTs is substantially uniform. 
Thus, about 90% of the SWNTs have a diameter Within about 
25% of the mean diameter, more preferably, Within about 
20% of the mean diameter, and even more preferably, Within 
about 15% of the mean diameter. Thus, the diameter distri 
bution of the synthesized SWNTs can be about 10% to about 
25% Within the mean diameter, more preferably about 10% to 
about 20% of the mean diameter, and even more preferably 
about 10% to about 15% of the mean diameter. 
[0031] In one aspect, the prepared nanotube sample can be 
composed of a mixture of metallic-type carbon SWNTs and 
semiconducting-type carbon SWNTs. The nanotube sample 
may be of any size that is convenient for processing Within the 
microWave cavity. In an embodiment, the prepared nanotube 
sample Weighs approximately 100 mg. In another embodi 
ment, the prepared nanotube sample Weighs betWeen about 
10 milligrams and 10 grams. 
[0032] In another aspect, the prepared carbon nanotube 
sample can contain additional materials formed during syn 
thesis of the carbon nanotubes, such as amorphous carbon 
created as a reaction byproduct during synthesis of carbon 
nanotubes by CVD or laser vaporization. Further, the SWNTs 
can contain materials added to facilitate carbon nanotube 
synthesis, such as metal nanoparticles used as a groWth cata 
lyst. In still another embodiment, the prepared carbon nano 
tube sample may contain loW levels of additional materials, 
such as trace levels of metals or other impurities. 
[0033] In another aspect, the SWNTs can be optionally 
further treated to remove additional conductive or ferromag 
netic materials. For example, SWNTs synthesized by CVD 
groWth on a groWth catalyst composed of metal nanoparticles 
can optionally be treated With an acid to remove the metal 
nanoparticles. The treatment removes the conductive or fer 
romagnetic materials that are present in su?icient amount to 
interact With microWave energy and produce signi?cant heat 
ing. 

IV. Welding of Carbon Nanotubes 

[0034] The SWNTs synthesized above can be connected 
With “X,” “Y,” and/or “T” type molecular junctions by expos 
ing the SWNTs to microWave radiation. FIG. 1 depicts an 
apparatus suitable for exposing a carbon nanotube sample to 
microWave energy. A SWNT sample 20 is placed inside 
microWave cavity 100. Any conventional microWave cavity 
capable of supporting a standing Wave can be used, such as a 
tunable TE 103 single mode cavity. MicroWave cavity 100 
includes a microWave source (not shoWn) for generating 
microWave energy of a desired frequency. Suitable micro 
Wave sources are available from Toshiba Corp. of Tokyo, 
Japan, such the 2.45 GHz microWave source capable of a 
maximum poWer of 1.2 kilowatts. 
[0035] In an embodiment, a sample ofSWNTs 20 is placed 
in a quartz boat (not shoWn) or other treatment vessel that can 
be inserted into quartz tube, and then is inserted into micro 
Wave cavity 100. In an embodiment, the position of nanotube 
sample 20 can be adjusted by changing the location of the 
treatment vessel. In another embodiment, the sample position 
may be changed by adjusting the position of quartz tube 120. 
Dry air and argon are introduced into microWave cavity 100 
and quartz tube 120 via inlet 130. The temperature of a carbon 
sample 20 may be measured using an infrared optical pyrom 
eter 150, such as the Mikron M90BT available from Mikron, 
Inc. of Oakland, N.J. 
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[0036] In one aspect, microWave cavity 100 includes cavity 
tuning Wall 140 for adjusting the resonance properties of the 
cavity. The position of cavity tuning Wall 140 determines 
What frequencies can produce a stationary Wave (or standing 
Wave) Within the microWave cavity 100 as Well as the loca 
tions of maxima and minima of the electric and magnetic ?eld 
components of the stationary Wave. 
[0037] The SWNT sample is positioned Within the micro 
Wave cavity at a location corresponding to a maximum in the 
electric ?eld for a stationary Wave of a desired frequency. In a 
microWave cavity or other type of resonance chamber, the 
chamber may be tuned to produce a stationary Wave at a 
particular frequency. Once a stationary Wave is established, 
the amplitudes of the electric and magnetic ?elds Will not vary 
as a function of location. Thus, any maxima and minima in the 
electric and magnetic ?elds Will occur at ?xed locations 
Within the chamber. 
[0038] FIG. 2 depicts an example of the electric and mag 
netic ?eld amplitudes for a stationary Wave in a microWave 
cavity 100 according to an aspect of the invention. MicroWave 
cavity has a length ‘L’ along the propagation axis of the 
stationary Wave. Plots 310 and 320 shoW the variation in the 
electric and magnetic ?elds for the stationary Wave as a func 
tion of distance along the propagation axis. Plot 310 shoWs 
that the electric ?eld is at a maximum in the center of the 
chamber While plot 320 shoWs a corresponding minimum for 
the magnetic ?eld vector. Those skilled in the art Will recog 
nize that stationary Waves With other patterns of maxima and 
minima may be constructed by varying such factors as the 
frequency of the electromagnetic Wave or the size and shape 
of the chamber. These variations can be used to create sta 
tionary Waves of a desired microWave frequency that have 
maxima in the electric ?eld amplitude in one or more conve 
nient locations Within a microWave cavity. 
[0039] The sample of SWNTs can be placed in a location 
corresponding to a maximum in the electric ?eld amplitude 
for a stationary Wave of a desired frequency. In an embodi 
ment, positioning 220 comprises placing a prepared nanotube 
sample at a maximum in the electric ?eld amplitude that 
occurs in the center of a microWave cavity. In another embodi 
ment, positioning 220 comprises placing a plurality of pre 
pared nanotube samples at positions Within a microWave cav 
ity corresponding to a series of maxima in the electric ?eld 
amplitude of a stationary Wave. Other embodiments Will be 
apparent to those of skill in the art. 

[0040] After positioning 220 the nanotube sample, the 
nanotube sample is exposed to microWave energy 230 at a 
selected frequency. The microWave frequency can be any 
frequency, such as from 1 GHz to 300 GHz, preferably from 
1 GGHz to about 10 GHz, more preferably from 1 GHz to 
about 4 GHz, such as 2 GHz, 2.3 GHz, 2.4 GHz, 2.45 GHz, 
2.5 GHz, 2.55 GHz, 2.6 GHz, andthe like. For example, a 100 
g nanotube sample can be exposed to a 2.45 GHz stationary 
Wave With a poWer of 150 Watts While ?oWing dry air through 
the microWave cavity at 100 standard cubic centimeters 
(sccm). The SWNTs can be exposed to microWaves for about 
1 min. to about 1000 min., preferably from about 5 min. to 
about 60 min. 

[0041] The amount of poWer used during exposure of a 
nanotube sample to microWave energy depends on the size of 
the nanotube sample. In one aspect of the invention, the 
nanotube sample can be heated to a temperature less than 
about 14500 C., as measured by a pyrometer. Thus, the SWNT 
sample can be heated to a temperature betWeen about 4500 C. 



US 2009/0255799 A1 

and about 14000 C., preferably about 10000 C. and about 
13000 C., such as equal to or less than about 12000 C. Those 
skilled in the art Will recognize that the amount of poWer 
required to achieve a temperature Will depend on the mass of 
the nanotube sample. Thus, the poWer supply can be a vari 
able poWer supply allowing for selection of a poWer betWeen 
about 50 Watts and about 2 kilowatts, preferably betWeen 
about 100 Watts and about 300 Watts. It is generally preferred 
to maintain the temperature of the nanotube sample beloW 
about 14000 C. to prevent excessive damage to the semicon 
ducting-type nanotubes. The methods and processes 
described above are advantages in that large amounts of 
SWNTs can be processed, and less microWave poWer can be 
used since the nanotubes are heated using only the E-compo 
nent of the microWave. 
[0042] The carbon nanotubes and nanostructures produced 
by the methods and processes described above can be used in 
applications that include Field Emission Devices, Memory 
devices (high-density memory arrays, memory logic sWitch 
ing arrays), Nano-MEMs, AFM imaging probes, distributed 
diagnostics sensors, and strain sensors. Other key applica 
tions include: thermal control materials, super strength and 
light Weight reinforcement and nanocomposites, EMl shield 
ing materials, catalytic support, gas storage materials, high 
surface area electrodes, and light Weight conductor cable and 
Wires, and the like. 

EXAMPLES 

[0043] BeloW are examples of speci?c embodiments for 
carrying out the present invention. The examples are offered 
for illustrative purposes only, and are not intended to limit the 
scope of the present invention in any Way. Efforts have been 
made to ensure accuracy With respect to numbers used (e.g., 
amounts, temperatures, etc.), but some experimental error 
and deviation should, of course, be alloWed for. 

Example 1 

Preparation of the Supported Catalyst 

[0044] Catalysts Were prepared by impregnating support 
materials in metal salt solutions. In a typical procedure, 
Fe(NO2)2 Was used at a molar ratio of Fe:Al of 1 :2. Under a 
nitrogen atmosphere, Fe(NO2)2 Was added to Water in the 
molar ratio of 1 mM:20 mM. Then aluminum nitrite Was 
added to the metal salt containing aqueous solution. The 
reaction mixture Was mixed using a mechanical stirrer under 
the nitrogen atmosphere, and heated under re?ux for 90 min 
utes. The reaction Was cooled to about 60° C. While ?oWing a 
stream of N2 over the mixture to remove the solvent. A black 
?lm formed on the Walls of the reaction ?ask. The black ?lm 
Was collected and ground With an agate mortar to obtain a ?ne 
black poWder. 

Example 2 

Synthesis of Carbon Nanotubes 

[0045] Carbon nanotubes Were synthesiZed by using the 
experimental setup described in Harutyunyan et al., Nano 
Letters 2, 525 (2002). CVD groWth of bulk SWNTs used the 
catalysts prepared in Example 1 and methane as a carbon 
source (T:800o C., methane gas ?oW rate 60 sccm). The 
carbon SWNTs Were successfully synthesiZed With a yield of 
about 40 Wt % (Wt % carbon relative to the iron/alumina 
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catalyst). Analysis of transmission electron microscopy 
(TEM) images of SWNTs produced shoWed bundles Were 
produced. Raman spectra of carbon SWNTs produced using 
produced by the method above Were obtained using X:532 
nm and 7F785 nm laser excitation. 

Example 3 

Weldings of Carbon Nanotubes 

[0046] Carbon nanotubes synthesiZed in Example 2 (50 g), 
Was placed in a quartZ tube, and the quartZ tube Was placed in 
the cavity Where the component of the electric ?eld Was the 
maximum. The microWave Welding of the SWNT soot Was 
conducted at about 12000 C. in dry air ?oWing at 100 sccm 
using tuned TE 103 single mode cavity driven by a 1.5 kW and 
2.45 GHZ poWer supply. The poWer Was varied from about 
150 W to about 400 W, and the induced effective temperature 
in the sample Was measured by an infrared optical pyrometer 
With an accuracy of 15° C. The SWNTs thus treated Were 
analyZed by TEM, and the TEM image in FIG. 3 shoWs the 
formation of junctions betWeen single-Walled carbon nano 
tubes. 
[0047] While the invention has beenparticularly shoWn and 
described With reference to a preferred embodiment and vari 
ous alternate embodiments, it Will be understood by persons 
skilled in the relevant art that various changes in form and 
details can be made therein Without departing from the spirit 
and scope of the invention. All printed patents and publica 
tions referred to in this application are hereby incorporated 
herein in their entirety by this reference. 

The status of the claims is as folloWs: 
1. A method for producing interconnected single-Walled 

carbon nanotubes (SWNTs), the method comprising: 
placing a sample of SWNTs in a microWave cavity Wherein 

the electric ?eld is maximum; and 
exposing the sample to microWave ?eld at a temperature 

betWeen about 10000 C. and about 14000 C. 
2. The method of claim 1, Wherein the microWave ?eld has 

a frequency betWeen 1 GHZ and about 5 GHZ. 
3. The method of claim 2, Wherein the microWave ?eld has 

a frequency betWeen 1 GHZ and about 3 GHZ. 
4. The method of claim 3, Wherein the microWave ?eld has 

a frequency betWeen about 2 GHZ and about 3 GHZ. 
5. The method of claim 1, Wherein the microWave ?eld has 

a poWer betWeen about 100 Watts and about 450 Watts. 

6. (canceled) 
7. The method of claim 1, Wherein the temperature is 

betWeen about 10000 C. and about 12000 C. 
8. A method for producing interconnected single-Walled 

carbon nanotubes (SWNTs), the method comprising: 
placing a sample of SWNTs in a microWave cavity Wherein 

the electric ?eld is maximum; and 
exposing the sample to microWave ?eld at a temperature 

betWeen about 10000 C. and about 14000 C., Wherein the 
microWave ?eld has a frequency betWeen 1 GHZ and 
about 3 GHZ, and poWer betWeen about 150 Watts and 
about 400 Watts. 

9. (canceled) 
10. The method of claim 8, Wherein the temperature is 

betWeen about 10000 C. and about 12000 C. 
11. The method of claim 8, Wherein the SWNTs are inter 

connected by a “X,” “Y,” or “T” type junction. 

* * * * * 


