
US 20050238810A1 

(12) Patent Application Publication (10) Pub. No.: US 2005/0238810 A1 
(19) United States 

Scaringe et al. (43) Pub. Date: Oct. 27, 2005 

(54) NANOTUBE/METAL SUBSTRATE 
COMPOSITES AND METHODS FOR 
PRODUCING SUCH COMPOSITES 

(75) Inventors: Robert P. Scaringe, Rockledge, FL 
(US); Dwight D. Back, Pembroke 
Pines, FL (US); John A. Meyer, Palm 
Bay, FL (US); Russell A. Davis, 
Melbourne, FL (US); Gregory S. Cole, 
Melbourne, FL (US) 

Correspondence Address: 
CROWELL & MORING LLP 
INTELLECTUAL PROPERTY GROUP 
P.O. BOX 14300 
WASHINGTON, DC 20044-4300 (US) 

(73) Assignee: Mainstream Engineering Corp., Rock 
ledge, FL 

(21) Appl. No.: 10/831,157 

(22) Filed: Apr. 26, 2004 

Publication Classi?cation 

(51) Int. Cl.7 ...................................................... .. D01F 9/12 

(52) US. Cl. .................. .. 427/2491; 423/447.3; 148/537 

(57) ABSTRACT 
Carbon nanotubes are groWn directly on metal substrates 
using chemical vapor deposition. Metal substrates are com 
prised of catalysts Which facilitate or promote the growth of 
carbon nanotubes. The nanotube coated metal substrates 
have applications including, but not limited to, heat transfer 
and thermal control, hydrogen storage, fuel cell catalytic 
reformers, electronics and semiconductors, implantable 
medical devices or prostheses, and tribological Wear and 
protective coatings. 
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Figure 2 
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Figure 4 
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Figure 5 



Patent Application Publication Oct. 27, 2005 Sheet 6 0f 16 US 2005/0238810 A1 



Patent Application Publication Oct. 27, 2005 Sheet 7 0f 16 US 2005/0238810 A1 



Patent Application Publication Oct. 27, 2005 Sheet 8 0f 16 US 2005/0238810 A1 

LAP. . 

lmg 1 0w @5000 200 Onm 

u _ . . . V .. W114i]; 3 i 

g. y . . . t. t 

1 . 



Patent Application Publication Oct. 27, 2005 Sheet 9 0f 16 US 2005/0238810 A1 

1?... .: 



Patent Application Publication Oct. 27, 2005 Sheet 10 0f 16 US 2005/0238810 A1 

Fi ure 10 

I; /- Nanotube layer 



Patent Application Publication Oct. 27, 2005 Sheet 11 0f 16 US 2005/0238810 A1 

Figure 11 
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Figure 12 
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Figure 13 
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Figure 14 
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Figure 15 
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NANOTUBE/METAL SUBSTRATE COMPOSITES 
AND METHODS FOR PRODUCING SUCH 

COMPOSITES 

BACKGROUND OF THE INVENTION 

[0001] One of the most signi?cant spin-off products of 
fullerene research, Which lead to the discovery of the C60 
“buckyball” by the 1996 Nobel PriZe laureates Curl, Kroto, 
and Smalley, are nanotubes based on carbon or other ele 
ments. Carbon nanotubes are fullerene-related structures 
Which consist of graphene cylinders closed at either end With 
caps containing pentagonal rings. A carbon nanotube is 
essentially a seamless honeycomb graphite lattice rolled into 
a cylinder. The single-Walled nanotube (SWNT) diameter is 
about 1-3 nm, With lengths of 100’s to 1000’s nanometers. 
The multi-Walled nanotube is comprised of about 10-100 
concentric tubes With an internal diameter of about 1-10 nm 
and an outer diameter of up to about 50 nm. The density of 
carbon nanotubes is about 1.3-1.4 g/cm3 and the surface 
areas are typically on the order of 103 m2/g. 

[0002] Carbon nanotubes (CNT’s) have been demon 
strated for use in various electronic and chemical-mechani 
cal devices functional on the molecular scale used alone or 
in combination With other materials. With regard to elec 
tronics applications, carbon nanotubes can function as either 
a conductor or semiconductor, depending on the rolled shape 
and the diameter of the helical tubes. Among these devices 
are chemical force sensors, ?eld emission displays, molecu 
lar Wires, diodes, FET’s, single-electron transistors, and 
rechargeable batteries. CNT’s have also shoWn great prom 
ise for gas storage (e.g., hydrogen) and in fuel cells. With 
regard to thermal and energy applications nanotubes can 6 
be used, for eXample for hydrogen storage, fuel cells and 
catalytic reformers for fuel cells, heat sinks, heat pipes, and 
other heat transfer or eXchange devices. 

[0003] Certain metals are already knoWn to catalyZe the 
groWth of carbon nanotubes. These catalysts include Fe, Mo, 
Ni, Y, and Co and are typically deposited onto a support such 
as alumina and silica Which requires a separation step before 
the nanotubes can be deposited or combined With other 
substrates. 

[0004] There are several methods currently employed to 
produce nanotubes. Carbon nanotubes have been produced 
by an arc discharge betWeen tWo graphite rods. Another 
method produces carbon nanotubes at high temperatures by 
irradiating a laser onto graphite or silicon carbide. Yet 
another method involved chemical vapor deposition (CVD) 
and plasma CVD. CatalyZed CVD is probably the most 
practical method for the production of carbon nanotubes. 
CVD is scalable and compatible With integrated circuit and 
MEMS manufacturing processes. CVD alloWs high speci 
?city of single Wall or multi Wall nanotubes through appro 
priate selection of process gasses. Carbon feedstock comes 
from the decomposition of a feed gas such as methane or 
ethylene. Other hydrocarbon feeds such as acetylene, carbon 
monoxide, methanol, ethanol, toluene, Xylene or benZene 
have also been used With the understanding that they have 
been used successfully. 

[0005] Single-Walled nanotubes (SWNT) or multi-Walled 
nanotubes (MWNT) are typically groWn on substrates Which 
contain catalysts to promote their groWth. Typical substrates, 
or support materials, are silica and alumina. In most appli 
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cations these high surface area substrates are used to dis 
perse the catalysts in high concentrations. These groWth 
support materials and catalysts are then typically separated 
from the nanotubes before the nanotubes can be used in any 
application. One method to separate the nanotubes from the 
support material is acid or base digestion. This digestion 
process can sometimes decompose or alter the nanotubes, 
and can be time-intensive and expensive. In many current 
applications the puri?ed nanotubes must then be attached in 
some Way to a substrate. 

[0006] The formation and groWth of carbon nanotubes are 
facilitated by many 9 metals and their oXides. These cata 
lysts function by dissolving the carbon and then re-precipi 
tating it into tubes and other nanoscale carbon structures. 
This process is best facilitated by metals Which form solid 
solutions With the carbon such as Al, Be, Co, Cr, Fe, Hf, Ir, 
Mn, Mo, Nb, Ni, Os, Pb, Pd, Pt, Rh, Ru, Sb, Ta, Ti, V, Y, and 
Zr and oXides thereof. 

[0007] The most common metals currently used in the art 
to produce carbon nanotubes include Fe, Mo, Ni, Y, Zn, Ru, 
and Co. The dif?culty With state-of-the-art nanotube pro 
duction processes is that the metals must ?rst be deposited 
on a high surface area support such as alumina or silica, 
Which must be dissolved to separate the nanotubes. Nano 
tubes have also been groWn on islands of metal catalysts 
deposited onto silicon and silicon oXide substrates but this 
requires a separate metal deposition process and sometimes 
lithographic processes. One common method to produce 
these islands is to deposit a solution containing the catalysts 
on a surface, and then subjects the substrate and deposited 
catalyst to the CVD process. The nanotubes are deposited on 
the surface but are not alWays integrated into the structure of 
the substrate or directly connected to the surface. Another 
method that has been employed is to sputter catalytic metals 
onto a substrate prior to nanotube groWth. 

[0008] A CVD process Which directly groWs carbon nano 
tubes on a metal surface Would have tremendous bene?t to 
many applications. This eliminates the need to perform 
separation of the nanotubes from the catalyst and support, 
does not require a metal deposition step onto a substrate, 
utiliZes metals and alloys already available commercially, 
does not require a separate attachment step of the nanotubes 
to the substrate, is amenable to large scale continuous 
processes, and provides for better contact betWeen the 
substrate and the nanotubes. Better contact betWeen the 
nanotubes and substrate Will have advantages in electrical 
and thermal properties. 

[0009] US. Pat. Nos. 6,522,055 and 6,652,923 teach an 
electron emitting source produced by deposited nanotubes 
on iron substrates in Which metal and metal alloys com 
prised of Fe, Ni and Co are used to groW nanotubes. 
HoWever, this approach did not recogniZe the advantages of 
using copper-based substrates With these and other metals to 
promote nanotube groWth While at the same time maXimiZ 
ing thermal and electrical conductivity by using high ther 
mally and electrically conductive materials. High thermal 
conductivities and loW internal resistances are preferred for 
electronic and thermal control devices. The importance of 
metal grain siZe for groWing single Walled nanotubes, or the 
advantages of using nanotube coated alloys for ultracapaci 
tors, batteries, hydrogen storage, and heat transfer devices 
Was also not recogniZed. Nor did the prior art recogniZe that 
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cleaning preparation of the metal substrates is important to 
providing a reactive nanotube growth site. 

SUMMARY OF THE INVENTION 

[0010] The present invention teaches a method and appa 
ratus to prepare carbon nanotubes on metal substrate in a 
greatly simpli?ed and advantageous manner for loWer cost 
production of such composites. According to the present 
invention, carbon nanotubes (SWNT’s or MWNT’s) can be 
groWn directly on metal substrates to produce metal-carbon 
nanotube composites. Our invention teaches a method for 
preparing the metal substrates and for groWing nanotubes 
directly on the surface using chemical vapor deposition 
(CVD). Other nanotube groWth processes such as laser 
vaporiZation can also utiliZe this technique and are contem 
plated as being Within the scope of our invention. 

[0011] Our invention is based upon the discovery that 
nanotubes can be groWn directly onto metal substrates 
containing these catalysts Which eliminates the need to 
separate the nanotubes prior to deposition or to combine the 
nanotubes With other substrates used in an application. Our 
method does not require the use of other support materials 
such as alumina or silica Which are commonly used. This 
method also does not require the deposition of metal cata 
lysts by solution or other means (e.g., plasma or ion implan 
tation). Furthermore, the groWth of carbon nanotubes 
directly onto metal substrates provides a production cost 
reduction since no additional materials (e.g., catalysts, sup 
ports, and digestion media) are needed. 

[0012] One key aspect of this invention is a recognition of 
the importance of the selection of metals and a surface 
morphology With metal grain boundaries small enough to 
groW nanotube’s. The diameter of nanotubes is directly 
related to the siZe of the metal catalyst grains, and We have 
taken advantage of the fact that metals comprising alloys are 
present in small grain structures on the surface of most metal 
alloys. Many of the alloys Within the scope of this invention 
have individual metal grain siZes of nanometer scale on the 
surface of the material to facilitate groWth of SWNT’s and 
MWNT’s. The SWNT’s or MWNT’s can also be perpen 
dicularly aligned to the metal alloy surface. 

[0013] In order for a metal to facilitate carbon nanotube 
groWth, carbon must form solid solutions With the metal at 
typical CVD nanotube groWth temperatures (approx. 500 C 
to 1200 C). Based on our aforesaid recognition, We have 
noW been able to identify metals Which are suitable for this 
process through analysis of carbon-metal phase diagrams. 
These metals include, but are not limited to: Al, Be, Co, Cr, 
Fe, Hf, Ir, Mn, Mo, Nb, Ni, Os, Pb, Pd, Pt, Rh, Ru, Sb, Ti, 
V, Y, and Zr. Other transition metals can also promote 
nanotube groWth. 

[0014] We have successfully groWn carbon nanotubes on 
several metal alloys Which contain these catalytic metals. 
After pickling these metals (e.g., With inorganic acids), We 
have found that it is possible to groW nanotubes directly on 
the surface of the metals surface. For example, We have 
discovered that metal alloys such as CDA 704 (91% Cu, 
~1.5% Fe, ~5.5% Ni), CDA 706 (88% Cu, ~1.5% Fe, ~10% 
Ni), Hastelloy G-30 (43% Ni, ~30% Cr, ~15% Fe, ~5% Mo), 
Incoloy MA 956 (74% Fe, 5% Al, 20% Cr, 0.5% Y203), and 
Hastelloy C-276 (57% Ni, ~16% Cr, ~6% Fe, 16% Mo) 
provide for direct surface groWth of nanotubes on their 
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surface. We have also groWn carbon nanotubes on the 
surface of metal alloys typically used for hydrogen storage. 
There are numerous other alloys Which contain metals 
knoWn to catalyZe and/or promote the groWth of nanotubes. 
Preferred metal alloy constituents of this invention include 
A1, Co, Cr, Fe, Ir, Mn, Mo, Nb, Ni, Os, Pb, Pd, Pt, Rh, Ru, 
Sb, Ta, Ti, V, Y, and Zr. Metal oxides of these metals are also 
catalysts. We have discovered that these alloys can also be 
oxidiZed and used as a nanotube groWth substrate. 

[0015] Applications for nanotube-coated metals include 
various electronic and chemical-mechanical devices func 
tional on the molecular scale used alone or in combination 
With other materials. With regard to electronics applications, 
carbon nanotube coated metals can function as either a 

conductor or semiconductor, depending on the rolled shape 
and the diameter of the helical tubes. Among these devices, 
but not limited thereto, are chemical sensors, ?eld emission 
displays, molecular Wires, diodes, FET’s, single-electron 
transistors, ultracapacitors and rechargeable batteries. 

[0016] We have discovered bene?ts With regard to carbon 
nanotube coated electrodes used in batteries and ultracapaci 
tors. In particular, We have found much higher than expected 
speci?c energy capacities for carbon nanotubes directly 
groWn on metal substrates compared to solution-deposited 
carbon nanotubes. The method of our invention does not 
require puri?cation, separation, or dispersion steps involv 
ing acids and sonication Which can damage and poison the 
nanotubes, reducing their intercalation stoichiometric on the 
carbon electrode. Another unexpected discovery of this 
invention is that the carbon nanotubes deposited as 
described herein do not need to be 100% pure on the surface 
of the metal substrate to achieve the surprising bene?ts in 
speci?c energy capacity. The deposited carbon coating on 
the metal substrate Will contain varying quantities of 
SWNT’s, MWNT’s, “bucky onions,” and other ordered 
carbon structures, as Well as amorphous carbon, depending 
on the speci?c CVD production parameters (e.g., gases, 
temperatures, and times) used. Whereas the prior art has 
focused intensely on purifying the carbon nanotubes prior to 
solution-depositing onto a substrate, We have found that this 
puri?cation step is unnecessary. Our invention thus provides 
additional bene?ts in producing carbon nanotube coated 
electrodes in a single-step process Which is faster and less 
costly than those methods taught in the prior art. 

[0017] Solution-deposited carbon nanotubes Will also be 
dif?cult to align perpendicularly to a surface because these 
nanotubes Were not groWn from, or attached to, the metal 
substrate. Directly groWing the nanotubes onto a battery 
electrode provides bene?ts With respect to electron How and 
internal battery resistance since these is no discontinuity 
betWeen the carbon nanotube and the metal substrate. 
Directly attached carbon nanotubes Will also provide a 
bene?t of extended life inasmuchas the coating Will be less 
easily Worn off compared to carbon nanotubes Which are 
solution deposited. This unexpected bene?t also has utility 
in the ?eld of sensors Which noW preferably Will not have to 
be made With nanotubes that Will Wear off or degrade With 
time. 

[0018] CNT’s have also shoWn great promise for gas 
storage (e.g., hydrogen) and in fuel cells. With regard to 
thermal applications, We have also discovered that nano 
tube-coated substrates can be used in applications such as 
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hydrogen storage, heat sinks, heat pipes, heat exchangers, 
spray cooling surfaces, and other heat transfer devices Which 
function to exchange heat betWeen a surface and a gas or 
liquid. In particular, We have discovered that the nanotube 
coated surfaces display improved single-phase and tWo 
phase convective heat transfer characteristics making them 
ideal surface treatments for cold plates, heat exchangers, 
heat pipe surfaces and heat pipe Wick materials, micro 
channel cooling passages, and both liquid-jet and saturated 
spray-cooling surfaces. Nanotube coated surfaces also dis 
play reduced thermal interface resistance. 

[0019] We have also discovered that there are unexpected 
and multiple bene?ts by enhancing a metal substrate surface 
With carbon nanotubes. Heat transfer betWeen tWo phases 
(e.g., betWeen a gas or liquid (“?uid”) and a solid surface) 
depends on a series of “resistances” including natural or 
forced convention heat transfer, and conduction through a 
material (e.g., the carbon nanotube coating an underlying 
metal substrate). In order to enhance the net heat transfer 
rate, all of these resistances must be altered; otherWise the 
limiting “resistance” Will dictate the net heat transfer rate. 
For example, if the conductivity of heat through a coating is 
very loW, yet the heat transfer rate to this coating surface 
from the bulk ?uid is high, the net heat transfer rate Will still 
be loW and limited by the conductivity through the coating. 
Therefore, We attribute the improvements to heat transfer 
that We have discovered by the methods of this invention to 
enhancement in all of these resistances. The unexpected 
enhancements to heat transfer resulting from coating metal 
substrates With nanotubes can be attributed to increases in 
convective heat and mass transfer rates due to the alteration 
of he hydrodynamic boundary layer, increases in surface 
area, an increase in the number of nucleation sites and 
decrease of nucleation site siZe for boiling ?uids, changes in 
surface tension as a result of the nanodimensions of the 
coating, the pumping action of nanotubes and nanotube 
netWorks on the surface, the intimate thermal contact of the 
nanotubes With the metal substrate, and the combination of 
high thermal conductivity metals With the carbon nanotubes. 

[0020] Materials coated With carbon nanotubes may also 
possess superior tribological properties and frictional heat 
ing dissipation for use in mechanical parts, implantable 
medical devices, or prostheses. Using the methods taught by 
this invention, it is also contemplated that inorganic analogs 
of carbon nanotubes can be groWn directly on metal sub 
strates in a manner previously not deemed to be possible or 
practical. 

[0021] One object of this invention is to provide a method 
for groWing carbon nanotubes directly onto metal substrates. 

[0022] Another object of this invention is to provide a 
method for coating metal surfaces With nanotubes Without 
the need for support materials or catalysts Which must be 
separated from the carbon nanotubes before using the carbon 
nanotubes. 

[0023] Accordingly, still another object of this invention is 
to provide a Way to coat metal substrates that eliminates the 
handling of carbon nanotube poWder or dust Which may be 
harmful to health and the environment. 

[0024] Yet another object of this invention is to use metal 
alloy substrates, containing catalytic metal components, to 
groW nanotubes on their surface. 
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[0025] A further object of this invention is to provide a 
method to produce nanotube coated metal substrates Which 
can be used for a Wide variety of applications, including, but 
not limited to hydrogen storage, heat sinks, heat pipes, heat 
exchangers, Wear coatings, single and tWo-phase heat trans 
fer enhancements, batteries, ultracapacitors, fuel cells, cata 
lytic reformers for fuel cells, solar collectors, chemical 
sensors, and medical devices, or prostheses. 

[0026] One advantage of this invention is that certain 
alloys containing primarily copper, have superior thermal 
and electrical conductivity properties When nanotubes are 
groWn directly on their surface from islands of metals that 
are knoWn to promote and facilitate carbon nanotube 
groWth. 
[0027] A still further object of this invention is to provide 
a Way to coat metal substrates for mass production of parts 
Which can be used in a variety of commercial applications, 
including, but not limited to hydrogen storage, heat sinks, 
heat pipes, heat exchangers, Wear coatings, single and tWo 
phase heat transfer enhancements, batteries, fuel cells, cata 
lytic reformers for fuel cells, ultracapacitors, solar collec 
tors, chemical sensors, and medical devices, or prostheses. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] Other objects, advantages and novel features of the 
present invention Will become apparent from the folloWing 
detailed description of the invention When considered in 
conjunction With the accompanying drawings. 

[0029] FIG. 1 is a schematic cross-sectional vieW of a 
batch coating apparatus for carrying out a process using the 
method of the present invention; 

[0030] FIG. 2 is a schematic cross-sectional vieW of 
continuous coating apparatus for carrying out a process 
using the method of the present invention; 

[0031] FIG. 3 is a simpli?ed schematic cross-sectional 
vieW of a metal-carbon nanotube-polymer composite of the 
present invention. 

[0032] FIG. 4 is a perspective vieW of metal alloy coupons 
before and after coating With carbon in a CVD nanotube 
furnace; 
[0033] FIG. 5 is a 35000>< SEM image of nanotubes 
formed on the surface of a CDA-704 alloy; 

[0034] FIG. 6 is a 35000>< SEM image of nanotubes 
formed on the surface of an Incoloy MA 956 alloy; 

[0035] FIG. 7 is a 3500>< SEM image of nanotubes formed 
on the surface of a CDA-706 alloy; 

[0036] FIG. 8 is a 35000>< SEM image of nanotubes 
formed on the surface of a CDA-706 alloy; 

[0037] FIG. 9 is an X-ray energy dispersive spectropho 
tometer image of a CDA 706 alloy; 

[0038] FIG. 10 is an SEM image of a CDA 704 material 
coated With carbon nanotubes, after being ion milled and 
platinum coated; 
[0039] FIG. 11 shoWs respectively a heat sink side vieW 
(A) and in top vieW 

[0040] FIG. 12 is a perspective vieW shoWing tWo differ 
ent con?gurations of heat pipes; 






















