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	In another aspect, multi-walled carbon nanotubes of uniform length and greater than 
90% purity, wherein the nanotubes are vertically aligned and the Raman spectra has an
 Id/Ig ratio of about 0.76 are provided.  
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described herein, for forming carbon nanotubes on a substrate in a reaction 

chamber. 

[00031]  Carbon nanotubes are relatively new materials with exceptional physical  

properties, such as superior current carrying capacity, high thermal conductivity, 

good mechanical strength, and large surface area, which are advantageous in  

several applications.  Carbon nanotubes possess exceptional thermal conductivity 

with a value as high as 3000 W/mK which is only lower than the thermal 

conductivity of diamond.  Carbon nanotubes are mechanically strong, thermally 

stable above 400°C under atmospheric conditions and have reversible mechanical 

flexibility particularly when vertically aligned.  Accordingly, carbon nanotubes 

can mechanically conform to different surface morphologies because of this  

intrinsic flexibility.  Additionally, carbon nanotubes have a low thermal  

expansion coefficient and retain flexibility in confined conditions under elevated 

temperatures.   

[00032]  Economically providing carbon nanotubes, in a controlled manner with  

practical and simple integration and/or packaging is essential for implementing 

many carbon nanotube technologies. Devices and methods which provide large 

quantities of carbon nanotubes of exceptional purity and uniform length are 

provided herein. The CNTs synthesized herein do not require costly post-  

synthesis purification. 

[00033]  Briefly the general feature of the method are as follows. First, a metal  

catalyst is coated on the surface and the substrate is heated at high temperature. 

Then, catalyst is then coated on the surface of the substrate at high temperature to 

provide nanoparticles of catalyst on the substrate, which serve as initiation site  

for CNT synthesis. CNTs are synthesized by supplying a carbon source to the 

catalyst. Accordingly, a mixture of carbon source and carrier gas is flowed into a 

chamber which includes heated substrate coated with catalyst to provide substrate 

with attached CNTs. Finally, synthesized CNTs are extracted from the substrate 

and collected. Optionally, the substrate coated with catalyst is regenerated. 

[00034]  In some embodiments, the catalyst is deposited on the substrate by  

sputtering, evaporation, dip coating, print screening, electrospray, spray pyrolysis 

or ink jet printing. The catalyst may be then chemically etched or thermally 
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annealed to induce catalyst particle nucleation. The choice of catalyst can lead to 

preferential growth of single walled CNTs over multi-walled CNTs. 

[00035]  In some embodiments, the catalyst is deposited on a substrate by 

immersing the substrate in a solution of the catalyst. In other embodiments, the 

concentration of the catalyst solution in aqueous or organic solvents water is 

between about 0.01% and about 20%. In still other embodiments, the 

concentration of the catalyst solution in aqueous or organic solvents water is 

between about 0.1% and about 10%. In still other embodiments, the 

concentration of the catalyst solution in aqueous or organic solvents water is 

between about 1% and about 5%. 

[00036]  The temperature of the chamber where CNTs are made should be a 

temperature lower than the melting temperature of substrate, lower than the 

decomposition temperate of carbon source and higher than the decomposition 

temperature of the catalyst raw material.  The temperature range for growing  

multi-walled carbon nanotubes is between about 600 °C to about 900 °C, while  

the temperature range for growing single walled CNTs is between about 700 °C  

to about 1100 °C. 

[00037]   In some embodiments, CNTs are formed by chemical vapor deposition on a 

substrate containing metal catalysts for the growth of CNTs. It is important to  

note that continuous CNT formation on a constantly moving substrate allows the 

CNTs to have uniform lengths. Typical feedstocks include, but are not limited 

to, carbon monoxide, acetylene, alcohols, ethylene, methane, benzene, etc. Carrier 

gases are inert gases such as for example, argon, helium, or nitrogen, while 

hydrogen is a typical reducing gas. The composition of the gas mixture and 

duration of substrate exposure regulates the length of synthesized CNTs. Other 

methods known to those of skill in the art such as, for example, the physical 

vapor deposition methods described, supra, the method of Nikolaev et al.,  

Chemical Physics Letter, 1999, 105, 10249-10256 and nebulized spray pyrolysis 

(Rao et al., Chem. Eng. Sci. 59, 466, 2004) may be used in the methods and  

devices described herein. Conditions well known to those of skill in the art may 

be used to prepare carbon nanotubes using any of the methods above. 

[00038]  Referring now to Fig. 1, a method for synthesizing carbon nanotubes is  

provided. The method may be performed in discrete steps, as illustrated in Fig. 1.
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be coated with organometallocenes, such as, for example, ferrocene, cobaltocene 

or nickelocene. 

[00046]  In some embodiments, the metal foil is an alloy of two or more of iron, 

nickel, cobalt, copper, chromium, aluminum, gold or combinations thereof. In  

other embodiments, the metal foil is an alloy of two or more of iron, nickel,  

cobalt, copper, gold or combinations thereof, 

[00047] In some embodiments, the metal foil is high temperature metal alloy. In 

other embodiments, the metal foil is stainless steel. In still other embodiments,  

the metal foil is a high temperature metal alloy on which a catalyst is deposited  

for growing carbon nanotubes. In still other embodiments, the metal foil is  

stainless steel on which a catalyst is deposited for growing carbon nanotubes. 

[00048] In some embodiments, the metal foil is a metal or combination of metals 

which are thermally stable at greater than 400 °C.  In other embodiments, the  

metal foil is a metal or combination of metals which are thermally stable at  

greater than 500 °C, greater than 600 °C, greater than 700 °C or greater than 

1000 °C.  In some of the above embodiments, the combination of metals is  

stainless steel.  

[00049]  In some embodiments, the metal foil has a thickness of less than about 

100 μΜ and a surface root mean square roughness of less than about 250 nm. In 

some embodiments, the metal foil has a thickness of greater than about 100 μΜ  

and a surface root mean square roughness of less than about 250 nm. In still  

other embodiments, the metal foil has a thickness of less than about 100 μΜ and  

a surface root mean square roughness of less than about 250 nm and includes  

iron, nickel, cobalt, copper, gold or combinations thereof. In still other 

embodiments, the metal foil has a thickness of greater than about 100 μΜ and a 

surface root mean square roughness of less than about 250 nm and includes iron, 

nickel, cobalt, copper, gold or combinations thereof. In still other embodiments,  

the metal foil has a thickness of less than about 100 μΜ and a surface root mean 

square roughness of less than about 250 nm and includes a catalyst film. In still 

other embodiments, the metal foil has a thickness of greater than about 100 μΜ  

and a surface root mean square roughness of less than about 250 nm and includes  

a catalyst film. In some of the above embodiments, the root mean square  

roughness is less than about 100 nm. 
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[00050]  In some embodiments, the substrate continuously advances through the 

steps of the above methods at a rate greater than 0.1 cm/minute.  In other 

embodiments, the substrate continuously advances through the steps of the above 

methods at a rate greater than 0.05 cm/minute.  In sill other embodiments, the 

substrate continuously advances through the steps of the above methods at a rate 

greater than 0.01 cm/minute.  In still other embodiments, the substrate is cycled 

through the deposition, forming, separating and collecting steps more than 10 

times, 50 times, more than 1,000 times or more than 100,0000 times.  

[00051]  In some embodiments, the substrate is wider than about 1 cm. In other 

embodiments, the substrate has a length greater than 1 m, 10 m, 100 m, 1,000 m  

or 10,000 m. In some of these embodiments, the substrate is a metal foil. 

[00052]  In some embodiments, carbon nanotubes are formed on all sides of the 

substrate. In other embodiments, carbon nanotubes are formed on both sides of  

the metal foil. 

[00053]  In some embodiments, the concentration of catalyst deposited on the 

substrate is between about 0.001% and about 25%. In other embodiments, the 

concentration of catalyst deposited on the substrate is between about 0.1% and 

about 1%. In still other embodiments, the concentration of catalyst deposited on  

the substrate is between about 0.5% and about 20%. 

[00054]  In some embodiments, the concentration of carbon nanotube on the 

substrate is between about 1 nanotube per μΜ and about 50 nanotubes per μΜ.  

In other embodiments, the concentration of carbon nanotube on the substrate is 

between about 10 nanotubes per μΜ and about 500 nanotubes per μΜ. 

[00055]  In some embodiments, the CNTs are separated from the substrate by 

mechanical removal of the CNTs from the surface of the substrate. In other 

embodiments, separation of CNTs from the substrate involves removing the  

CNTs from the surface of the substrate with a mechanical tool (e.g., a blade, an 

abrasive surface, etc.) thus yielding high purity CNTs with little or no metal 

impurities, which do not require any additional purification. In still other 

embodiments, separation of CNTs from the substrate involves chemical methods 

that disrupt adhesion of CNTs to the substrate. In yet other embodiments, 

ultrasonication disrupts adhesion of CNTs to the substrate. In still other 

embodiments, pressurized gas flow disrupts adhesion of CNTs to the substrate. 
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The combination of depositing CNTs on a substrate and separating CNTs from  

the substrate provides CNT products of uniform length free of catalyst and 

amorphous carbon impurities. 

[00056]  The CNTs can be collected in or on any convenient object, such as for 

example, an open vessel, a wire mesh screen, a solid surface, a filtration device, 

etc. The choice of collection device will usually be correlated with the method  

used to disrupt adhesion of CNTs to the substrate. 

[00057]  In some embodiments, the carbon nanotubes are randomly aligned. In  

other embodiments, the carbon nanotubes are vertically aligned. In still other 

embodiments, the uniform length is on average about 50 μΜ, about 100 μΜ,  

about 150 μΜ or about 200 μΜ. In still other embodiments, the uniform length  

can range from 50 μΜ to 2cm. In general, the uniform length is about +/- 10% of 

the stated length. Accordingly, a sample with a uniform length of about 100 μΜ 

will include nanotubes of length between 90 μΜ and 110 μΜ. In still other 

embodiments, carbon nanotubes are vertically aligned and are of uniform length. 

[00058]  In some embodiments, the density of the carbon nanotubes is between  

 about 2 mg/cm2 and about 1 mg/cm2.  In other embodiments, the density of the 

carbon nanotubes between about 2 mg/cm2 and about 0.2 mg/cm2. 

[00059]  In some embodiments, vertically aligned carbon nanotubes have a thermal 

conductivity of greater than about 50 W/mK. In other embodiments, vertically 

aligned carbon nanotubes have a thermal conductivity of greater than about 70 

W/mK. 

[00060]  In some embodiments, the thickness of the vertically aligned carbon 

nanotubes is between than about 100 μm and about 500 μm. In other  

embodiments, the thickness of the vertically aligned carbon nanotubes is less than 

about 100 μm. 

[00061]  In some embodiments, the carbon nanotubes are of greater than 90%, 

95%, 99%, 99.5% or 99.9% purity. In other embodiments, the carbon nanotubes  

are of greater than 90%, 95%, 99%, 99.5% or 99.9% purity and are of uniform 

length of about 50 μΜ, about 100 μΜ, about 150 μΜ or about 200 μΜ. In still 

other embodiments, the carbon nanotubes are vertically aligned, of greater than 

90%, 95%, 99%, 99.5% or 99.9% purity and are of uniform length of about 50  

μΜ, about 100 μΜ, about 150 μΜ or about 200 μΜ. 
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Claims 

1. Multi-walled carbon nanotubes of uniform length and greater than 90% purity, 

wherein the nanotubes are vertically aligned and the Raman spectra has an Id/Ig ratio of about 

0.76.   

2.  The multi-walled carbon nanotubes of Claim 1, wherein the uniform length is 

about 50 µM, about 100 µM, about 150 µM or about 200 µM. 

3. The multi-walled carbon nanotubes of Claim 1, wherein the purity is greater than 

90%, 95%, 99%, 99.5% or 99.9%.  

4.  The multi-walled carbon nanotubes of Claim 1, wherein the purity is greater than 

95%, 99%, 99.5% or 99.9% and the uniform length is about 50 µM, about 100 µM, about 150 

µM or about 200 µM. 

5. The multi-walled carbon nanotubes of Claim 1, wherein the uniform length is 

about 50 µM, about 100 µM, about 150 µM or about 200 µM. 

6. The multi-walled carbon nanotubes of Claim 1, wherein the purity is greater than 

90%, 95%, 99%, 99.5% or 99.9%.  

7.  The multi-walled carbon nanotubes of Claim 1, wherein the purity is greater than 

95%, 99%, 99.5% or 99.9% and the uniform length is about 50 µM, about 100 µM, about 150 

µM or about 200 µM. 
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