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	In another aspect, graphene nanoribbons of greater than 99% purity and a I2D/IG 
ratio of 0.6 are provided.   
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[00023]  Fig. 8 schematically illustrates a horizontal view of a rectangular quartz 

chamber, that includes multiple substrates, which may be used in the nanotube 

synthesis module. 

[00024]  Fig. 9 illustrates a perspective view of a rectangular quartz chamber, that 

includes multiple substrates, which may be used in the nanotube synthesis module. 

[00025]  Fig. 10 illustrates TGA results which show greater than 99.4% purity for 

MWCNTs produced by the methods and apparatus described herein. 

[00026] Fig. 11 illustrates Raman spectra which shows that MWCNTs produced by  

the methods and apparatus described herein are highly crystalline when compared 

to industrial grade samples. 

[00027]  Fig. 12 illustrates Raman spectra which shows that graphene nanoribbons 

produced by the methods described herein are highly crystalline when compared to 

industrial grade samples. 

[00028]  Fig. 13 illustrates  TGA results which show greater than 99% purity for 

graphene nanoribbons produced by the methods described herein. 

[00029]  Fig. 14 illustrates an electron micrograph of high purity graphene 

nanoribbons. 

[00030]  Fig. 15 illustrates an electron micrograph of a mixture of high purity 

graphene nanoribbons with graphene nanoplatelets. 

[00031]  Fig. 16 illustrates an electron micrograph of high purity graphene 

nanoplatelets. 

[00032]  Fig. 17 illustrates how increasing the concentration of graphene 

(Nadditive-GlOO) in base oil reduces the friction coefficient and scar diameter in 

the four ball testing parameter. 

DETAILED DESCRIPTION 

Definitions 

[00033]  Unless defined otherwise, all technical and scientific terms used herein have 

the same meaning as is commonly understood by one of ordinary skill in the art to which 

this invention belongs. If there is a plurality of definitions for a term herein, those in this 

section prevail unless stated otherwise.





 

7 

 

[00040]  As used herein "chemical vapor deposition" refers to plasma-enhanced 

chemical vapor deposition, thermal chemical vapor deposition, alcohol catalytic 

CVD, vapor phase growth, aerogel supported CVD and lase assisted CVD 

[00041]  As used herein "plasma-enhanced chemical vapor deposition" refers to the 

use of plasma (e.g., glow discharge) to transform a hydrocarbon gas mixture into 

excited species which deposit carbon nanotubes on a surface. 

[00042]  As used herein "thermal chemical vapor deposition" refers to the thermal 

decomposition of hydrocarbon vapor in the presence of a catalyst which may be 

used to deposit carbon nanotubes on a surface. 

[00043]  As used herein "physical vapor deposition" refers to vacuum deposition 

methods used to deposit thin films by condensation of a vaporized of desired film 

material onto film materials and includes techniques such as cathodic arc 

deposition, electron beam deposition, evaporative deposition, pulsed laser 

deposition and sputter deposition. 

[00044]  As used herein "forming carbon nanotubes" refers to any vapor deposition 

process, including the chemical and physical vapor deposition methods described 

herein, for forming carbon nanotubes on a substrate in a reaction chamber. 

[00045]  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 a 

number of 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.   

[00046]  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 
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provided herein. The CNTs synthesized herein do not require costly post- synthesis 

purification. 

[00047]  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 included 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. 

[00048]  In some embodiments, the catalyst is deposited on the substrate by 

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

or inkjet printing. The catalyst may be then chemically etched or thermally 

annealed to induce catalyst particle nucleation. The choice of catalyst can lead to 

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

[00049]  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%. 

[00050]  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. 
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about 5 mm. In still other embodiments, the thickness of the metal foil is between 

about 0.05 mm and about 1 mm. In still other embodiments, the thickness of the 

metal foil is between about 0.05 mm and about 0.5 mm. In still other embodiments, 

the thickness of the metal foil is between about 0.5 mm and about 1 mm. In still 

other embodiments, the thickness of the metal foil is between about 1 mm and 

about 2.5 mm. In still other embodiments, the thickness of the metal foil is between 

about 2.5 mm and about 5 mm. In still other embodiments, the thickness of the 

metal foil is between about 100 μΜ and about 5 mm. In still other embodiments, 

the thickness of the metal foil is between about 10 μΜ and about 5 mm. In still 

other embodiments, the thickness of the metal foil is greater than 100 μΜ. In still 

other embodiments, the thickness of the metal foil is less than 100 μΜ. 

[00059]  In some embodiments, the metal foil includes iron, nickel, aluminum, 

cobalt, copper, chromium, gold, silver, platinum, palladium or combinations 

thereof. In other embodiments, the metal foil includes iron, nickel, cobalt, copper, 

gold or combinations thereof. In some embodiments, the metal foil may be coated 

with organometallocenes, such as, for example, ferrocene, cobaltocene or 

nickelocene. 

[00060]  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. 

[00061]  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. 

[00062]  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.  
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[00063]  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. 

[00064] 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.  

[00065]  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. 

[00066]  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. 

[00067]  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% 
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[00072]  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. 

 [00073]  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. 

[00074]  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. 

[00075]  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 aboutlO μΜ, about 20 μΜ, 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. 

[00076]  In some embodiments, the tensile strength of the carbon nanotubes is 

between about 11 GPa and about 63 GPa. In other embodiments, the tensile 

strength of the carbon nanotubes is between about 20 GPa and about 63 GPa. In 

still other embodiments, the tensile strength of the carbon nanotubes is between 

about 30 GPa and about 63 GPa. In still other embodiments, the tensile strength of 

the carbon nanotubes is between about 40 GPa and about 63 GPa. In still other 

embodiments, the tensile strength of the carbon nanotubes is between about 50 GPa 

and about 63 GPa. In still other embodiments, the tensile strength of the carbon 

nanotubes is between about 20 GPa and about 45 GPa. 

[00077]  In some embodiments, the elastic modulus of the carbon nanotubes is 

between about 1.3 TPa and about 5 TPa. In other embodiments, the elastic modulus 

of the carbon nanotubes is between about 1.7 TPa and about 2.5 TPa. In still other 

embodiments, the elastic modulus of the carbon nanotubes is between about 2.7 

TPa and about 3.8 TPa. 
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minutes to uniformly disperse CNTs in the suspension since a thin layer of CNTs is 

required for Raman spectra. The suspension was then spread over Si substrate to 

form a thin layer. The coated Si substrate was then placed in an oven for 10 

minutes at 130 °C to vaporize the dispersing agent from the sample. Raman spectra 

were then recorded with a Thermos Nicolet Dispersive XR Raman Microscope 

with a laser radiation of 532 nm, integration of 50s, 10X objective and a laser of 

24mW. The ratio of D and G band intensities is often used as a diagnostic tool to 

verify the structural perfection of CNTs. 

[000109]  Fig. 11 illustrates Raman spectra of multi-walled carbon nanotubes made by 

the methods and devices described herein (solid line) and commercially available 

CNTs (dashed line). The ID/IG and the IG/IG' ratio of the multi-walled carbon 

nanotubes made by the methods and devices described herein are 0.76 and 0.44 

respectively, while the same ratios for commercially available CNTs are 1.27 and 

0.4, respectively. The above demonstrates, the greater crystallinity of the multi-

walled carbon nanotubes made by the methods and devices described herein over 

those produced by other methods and is in accord with the thermal stability data. 

 

Example 3: Thermogravimetric Analysis of Multi alled GNRs 

 

[000110]  The carbon purity and thermal stability of CNTs were tested using a 

Thermogravimetric Analyzer (TGA), TA instruments, Q500. The samples were 

heated under air atmosphere (Praxair AI NDK) from temperature to 900 °C at a rate 

of 10 °C/min and held at 900 °C for 10 minutes before cooling. Carbon purity is 

defined as (weight of all carbonaceous material)/( weight of all carbonaceous 

materials + weight of catalyst). The inflection point is the temperature at which 

thermal degradation reaches its maximum value. The onset point is the temperature 

at which about 10% of the material degrades owing to high temperature. Fig. 13 

illustrates thermal stability data for GNRs made by the methods described herein. 

The GNRs made have a customizable length of between 10 μΜ and 200 μΜ. In the 

region below 400 °C is where amorphous carbon and carbonaceous materials with 

poor thermal resistance were degraded. 

As can be seen from the graph there is almost no amorphous carbon and 

carbonaceous materials in the GNRs made by the methods and devices described  
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herein. The inflection point is 690 °C and the carbon purity is greater than 99.4%. 

 

Example 4: Raman Analysis of GNRs` 

 

[000111]  10 mg of CNTs were suspended in about 100 mL of methanol to form a 

blackish solution. The resulting suspension was then sonicated for about 10 

minutes to uniformly disperse CNTs in the suspension since a thin layer of CNTs is 

required for Raman spectra. The suspension was then spread over Si substrate to 

form a thin layer. The coated Si substrate was then placed in an oven for 10 

minutes at 130 °C to vaporize the dispersing agent from the sample. Raman spectra 

were then recorded with a Thermos Nicolet Dispersive XR Raman Microscope 

with a laser radiation of 532 nm, integration of 50s, 10X objective and a laser of 

24mW. The ratio of D and G band intensities is often used as a diagnostic tool to 

verify the structural perfection of CNTs. 

[000112]  Fig. 12 illustrates Raman spectra of GNRs made by the methods 

described herein (solid line). The I2D/IG and ID/IG of the GNRs made by the 

methods described herein are 0.6 and 0.75 respectively, which demonstrates the 

standard graphene signature and illustrates minimal defects from the chemical 

unzipping process. 

 

Example 5: Frictional Coefficient and Scar Test Results for Graphene 

Based Engine Oil Nanofluids 

 

[000113]  A standard four ball testing machine was used to measure the effect of 

increasing concentration of Nadditive-GlOO (about 70% nanoplatelets and about 

30% graphene nanoribbons) with purity of greater than 99% in motor oil SN 5W- 

40. The tester was operated with one steel ball under load rotating against three 

steel balls held stationary in a cradle. The rotating speed was 1200 RPM at 75 °C 

under a constant load of 40 Kg/F for a duration of 60 minutes. The results are show 

in Fig. 17, which demonstrates that increasing amounts of N- additive- G 100 in 

motor oil significantly reduces the coefficient of friction and scar diameter. 

 

Example 6: Vehicle Testing of Graphene Based Engine Oil 

Nanofluids 
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Claims 

1.  Graphene nanoribbons of greater than 99% purity and a I2D/IG ratio of 0.6.    

 

2. The graphene nanoribbons of Claim 1, wherein the purity is greater than 99.5%.  

 

3. The graphene nanoribbons of Claim 1, wherein the length of the graphene 

nanoribbon is about 50 µm. 

 

4. The graphene nanoribbons of Claim 1, wherein the length of the graphene 

nanoribbon is about 100 µm. 

 

5. The graphene nanoribbons of Claim 1, wherein the length of the graphene 

nanoribbon is about 150 µm. 

 

6. The graphene nanoribbons of Claim 1, wherein the length of the graphene 

nanoribbon is about 200 µm. 

 

JAY
Typewritten text
27




