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(57) ABSTRACT 

The present disclosure describes carbon nanotube arrays hav
ing carbon nanotubes grown directly on a substrate and meth
ods for making such carbon nanotube arrays. In various 
embodiments, the carbon nanotubes may be covalently 
bonded to the substrate by nanotube carbon-substrate cova
lent bonds. The present carbon nanotube arrays may be grown 
on substrates that are not typically conducive to carbon nano
tube growth by conventional carbon nanotube growth meth
ods. For example, the carbon nanotube arrays of the present 
disclosure may be grown on carbon substrates including car
bon foil, carbon fibers and diamond. Methods for growing 
carbon nanotubes include a) providing a substrate, b) depos
iting a catalyst layer on the substrate, c) depositing an insu
lating layer on the catalyst layer, and d) growing carbon 
nanotubes on the substrate. Various uses for the carbon nano
tube arrays are contemplated herein including, for example, 
electronic device and polymer composite applications. 

9 Claims, 5 Drawing Sheets 
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STRONGLY BOUND CARBON NANOTUBE 
ARRAYS DIRECTLY GROWN ON 

SUBSTRATES AND METHODS FOR 
PRODUCTION THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
substrates such as, for example, carbon substrates and metal 
substrates, which are of interest in a number of potential 
carbon nanotube applications. 

SUMMARY 

In various embodiments, carbon nanotube arrays are 
described herein. The carbon nanotube arrays include a sub
strate and carbon nanotubes grown on the substrate. The This application claims priority to U.S. provisional patent 

application 61/121,609, filed Dec. 11, 2008, which is incor
porated by reference herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

10 carbon nanotubes are covalently bonded to the substrate by a 
plurality of nanotube carbon-substrate covalent bonds. In 
some embodiments, the arrays may be included in an elec
tronic device or a polymer composite. 

This invention was made with Govermnent support under 
Grant Number FA8650-05-D-5807, awarded by the U.S. 
Department ofDefense. The Govermnent has certain rights in 
the invention. 

In other various embodiments, carbon nanotube arrays 
15 include a carbon substrate and carbon nanotubes grown on the 

carbon substrate. The carbon substrate may be, for example, 
a carbon foil, carbon fibers or diamond. 

BACKGROUND 

In still other various embodiments, methods for growing 
carbon nanotubes are described herein. The methods include 

20 providing a substrate, depositing a catalyst layer on the sub
strate, depositing an insulating layer on the catalyst layer and 
growing carbon nanotubes on the substrate. 

The discovery that carbon nanotubes can be grown in 
dense, aligned arrays has inspired the conceptualization of 
their use in a number of unique applications. For example, 
aligned carbon nanotube arrays have been proposed for use in 
supercapacitors, field emitters, transparent and aligned con
ductive films, adhesive tapes, membrane filters, and speaker 
devices. 

The foregoing has outlined rather broadly the features of 
the present disclosure in order that the detailed description 

25 that follows may be better understood. Additional features 
and advantages of the disclosure will be described hereinaf
ter, which form the subject of the claims. 

30 

Although aligned carbon nanotube arrays have drawn sig
nificant research interest, there exists a potential drawback for 
their implementation in the above applications and others. 
Conventionally-prepared carbon nanotube arrays are pre
pared by depositing a thin, insulating oxide layer upon a 35 

substrate, followed by deposition of a catalyst layer upon the 
oxide layer. The oxide layer supports the catalyst, maintains 
its activity and promotes the growth of carbonnanotubes. The 
general requirement of an intervening oxide layer between 
the substrate and the catalyst prevents the carbon nanotubes 40 

from becoming bonded directly to the substrate. Although 
simple techniques have been developed to transfer aligned 
carbon nanotubes from a growth substrate to a desired sub
strate, direct growth on a desired substrate would be a far 
more efficient process. 45 

Furthermore, the oxide layer is not compatible with anum
ber of substrates, so there is a process limitation on the types 
of substrates upon which carbon nanotubes can be grown. As 
a result, for a number of interesting substrates, direct carbon 
nanotube growth is not possible by conventional growth pro- 50 

cesses. For example, direct growth of dense arrays of carbon 
nanotubes on a carbon surface (e.g., graphite, carbon fibers or 
foil, or diamond) or a conducting surface such as, for 
example, a metal is not possible by conventional growth 
methods. Carbon fibers are a substrate of particular interest 55 

due to their well-established use in the aerospace and polymer 
composite industries. Direct growth of carbon nanotubes on 
carbon surfaces according to conventional growth methods 
typically results in low carbonnanotube yields, sparse growth 
and potential damage to the carbon surface by the catalyst. 60 

In view of the foregoing, methods for direct growth of 
carbon nanotubes on a substrate in the absence of an inter
vening oxide layer would be desirable in the art. Such direct 
growth methods would facilitate production of carbon nano
tube arrays having the carbonnanotubes strongly bound to the 65 

substrate. Furthermore, such direct growth methods would 
also advantageously facilitate growth on non-conventional 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present disclo
sure, and the advantages thereof, reference is now made to the 
following descriptions to be taken in conjunction with the 
accompanying drawings describing specific embodiments of 
the disclosure, wherein: 

FIG. 1 shows an illustrative schematic demonstrating the 
growth of a carbon nanotube array in which a catalyst layer is 
directly deposited on a substrate, with an insulating layer 
deposited on the catalyst layer; 

FIG. 2A shows an illustrative SEM image of an alumina 
flake tethered to carbon nanotubes during carbon nanotube 
growth conditions; FIG. 2B shows a high-magnification SEM 
image of the alumina flake showing catalyst particles on its 
underside after detachment; 

FIGS. 3A and 3B show illustrative XPS spectra of the 
surface of a carbon nanotube array having a thickness of 
about 30 f.tm; FIG. 3A shows the AI 2p XPS spectrum; FIG. 
3B shows the Fe 2p312 XPS spectrum; 

FIGS. 4A and 4B show illustrative Raman spectra of a 
carbon nanotube array; FIG. 4A shows the D and G bands of 
the carbon nanotubes; FIG. 4B shows the radial breathing 
modes of the carbon nanotubes; 

FIG. 5 shows an illustrative TEM image of a carbon nano
tube array; 

FIG. 6 shows a histogram demonstrating an illustrative 
carbon nanotube diameter distribution in a carbon nanotube 
array; and 

FIGS. 7 A and 7B show illustrative SEM images of a carbon 
nanotube array grown on a carbon fiber substrate at 1.4 torr. 

DETAILED DESCRIPTION 

In the following description, certain details are set forth 
such as specific quantities, sizes, etc. so as to provide a thor
ough understanding of the present embodiments disclosed 
herein. However, it will be evident to those of ordinary skill in 
the art that the present disclosure may be practiced without 



US 8,709,373 B2 
3 

such specific details. In many cases, details concerning such 
considerations and the like have been omitted inasmuch as 
such details are not necessary to obtain a complete under
standing of the present disclosure and are within the skills of 
persons of ordinary skill in the relevant art. 

Referring to the drawings in general, it will be understood 
that the illustrations are for the purpose of describing particu
lar embodiments of the disclosure and are not intended to be 
limiting thereto. Drawings are not necessarily to scale. 

4 
deposited on the catalyst layer. As shown in FIG. 1, a substrate 
100 is coated with a catalyst layer 101, which is then over
coated with an insulating layer 102 of alumina. The catalyst 
layer 101 may be a discontinuous layer containing small, 
discrete catalyst particles, as shown in FIG. 1, or it may be a 
continuous layer in an embodiment. Upon heating in a reduc
ing atmosphere to activate the catalyst layer 101, the insulat
ing layer 102 also cracks to produce a cracked insulating layer 
103, thereby exposing the catalyst layer 101. After reduction, 

While most of the terms used herein will be recognizable to 
those of ordinary skill in the art, it should be understood, 
however, that when not explicitly defined, terms should be 
interpreted as adopting a meaning presently accepted by 
those of ordinary skill in the art. In cases where the construc
tion of a term would render it meaningless or essentially 
meaningless, the definition should be taken from Webster's 
Dictionary, 3rd Edition, 2009. Definitions and/or interpreta
tions should not be incorporated from other patent applica
tions, patents, or publications, related or not, unless specifi
cally stated in this specification or if the incorporation is 
necessary for maintaining validity. 

10 exposure to carbon nanotube growth conditions results in 
growth of carbon nanotubes 104 between substrate 100 and 
cracked insulating layer 103. In the process of growing car
bon nanotubes 104, the cracked insulating layer 103 and the 
catalyst layer 101 separate from the substrate 100 to accom-

15 modate the growth of the carbon nanotubes 104. 
The cracked insulating layer 103 is generally in flake form 

after separating from substrate 100, and each flake generally 
contains many thousands of catalyst particles on the under
side of the flake. As a result, in an embodiment, carbon 

As used herein, the term "multi-wall carbon nanotubes" 
will refer to carbon nanotubes having more than one wall. 
According to the present definition of multi-wall carbon 
nanotubes, double- and triple-wall carbon nanotubes will be 
considered to be multi-wall carbon nanotubes. 

20 nanotubes 104 become directly bound to the substrate 100, 
and further growth and lengthening of the carbon nanotubes 
104 is supported by the catalyst particles on the underside of 
the insulating layer flakes. Prior to breaking away from the 
substrate 100, the catalyst layer 101 contacts the substrate 

As used herein, the term "carbon nanotube array" will refer 
to an assembly of carbon nanotubes attached to a substrate. 

As used herein, the term "catalyst" will refer to a substance 
capable of catalyzing the formation of carbon nanotubes. 

25 surface. While in contact with the substrate 100, the catalyst 
layer 101 can catalyze the formation of carbon-substrate 
bonds to covalently bond the growing carbon nanotubes 104 
to the substrate. After breaking away from substrate 100, 
however, the catalyst contributes to the lengthening of the 

Aligned carbon nanotube arrays have been actively pur
sued by a number of researchers in order to take advantage of 
the desirable mechanical properties of these materials. Align
ment generally enhances the electrical, thermal and mechani-

30 covalently bound carbon nanotubes. The strong bonding 
between the carbon nanotubes 104 and substrate 100 further 

cal properties of the carbon nanotubes relative to their 35 

unaligned counterparts. Aligned carbon nanotube arrays are 
conventionally prepared by coating a growth substrate (e.g., a 
silicon wafer) with a thin insulating layer of alumina (-10 
nm), followed by coating of the alumina layer with a thin Fe 
catalyst layer ( -0.5 nm). Upon reduction of the Fe catalyst 40 

layer, the Fe typically breaks apart to form point sources of 
high density nucleation sites operable for forming carbon 
nanotubes in the presence of a feedstock gas (e.g., C2H2 , 

C2 H4 , CH4 ). In this well-established growth technique, the 
catalyst is supported by the alumina layer and resides at the 45 

base of the growing carbon nanotube array next to the sub
strate. The catalyst particles absorb carbon from the gas phase 
and provide it at the particle interface to form the growing 
carbon nanotubes. As a result, bonding to the substrate occurs 
through the metal catalyst particle. This type of carbon-metal 50 

bond is air sensitive and breaks upon exposure to air. There
fore, conventionally-prepared carbon nanotube arrays are 
easily detached from their growth substrate. 

Embodiments of the present disclosure are distinguished 
over existing carbon nanotube growth methods in that the 55 

catalyst layer is deposited directly on a substrate, and the 
catalyst layer is then overcoated with an insulating layer. 
Embodiments of the present disclosure are advantageous over 
conventional carbon nanotube growth methods in facilitating 
carbon nanotube growth on substrates that do not support 60 

conventional growth techniques. Furthermore, the growth 
techniques of the present disclosure are advantageous in 
forming carbon nanotube arrays in which the carbon nano
tubes are strongly bound to the substrate. 

FIG. 1 shows an illustrative schematic demonstrating the 65 

growth of a carbon nanotube array in which a catalyst layer is 
directly deposited on a substrate, with an insulating layer 

distinguishes the carbon nanotube arrays of the present dis
closure over those prepared by conventional carbon nanotube 
growth methods. 

In various embodiments, carbon nanotube arrays are 
described herein. The carbon nanotube arrays include a sub
strate and carbon nanotubes grown on the substrate. The 
carbon nanotubes are covalently bonded to the substrate by a 
plurality of nanotube carbon-substrate covalent bonds. In 
some embodiments, the carbon nanotubes are aligned in the 
arrays. 

The substrates upon which the carbon nanotube arrays may 
be grown are not particularly limited. In fact, the embodi
ments described in the present disclosure allow carbon nano
tube arrays to be grown on a far wider range of substrates than 
is possible using conventional carbon nanotube growth tech
niques. In some embodiments, the substrate is an electrical 
conductor. In some embodiments, the substrate is a carbon 
substrate such as, for example, a carbon foil, carbon fibers, 
diamond or nano-diamond. Carbon foils include, for 
example, GRAFOIL, a flexible graphite foil commonly used 
in making gaskets. In some embodiments, the substrate may 
include, for example, carbon, carbon fibers, carbon foil, 
graphite, diamond, nano-diamond, diamond-like carbon, 
glassy carbon, silicon, quartz, silicon carbide, non-metal car
bides, metal carbides, binary carbides and metals. In various 
embodiments, the substrate may be a metal such as, for 
example, copper, stainless steel, tantalum or molybdendum. 
Other metal substrates also lie within the spirit and scope of 
the present disclosure. 

In some embodiments, carbon nanotube arrays of the 
present disclosure include a carbon substrate and carbon 
nanotubes grown on the carbon substrate. The carbon sub
strate may be, for example, a carbon foil, carbon fibers, or 
diamond. 

In various embodiments of the present disclosure, there is 
no catalyst immobilized on the substrate. In contrast, conven-
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tionally-grown carbon nanotube arrays have a non-mobile 
catalyst secured to the substrate through an intervening oxide 
layer (e.g., alumina). 

6 
or catalyst precursor particles during the deposition step as a 
result of the balance between catalyst-surface interfacial 
interactions relative to intra-particle atomic interactions. In 
other words, an initially deposited catalyst layer may coalesce 
into discrete catalyst particles due to the energetics of particle 
interaction. In embodiments having a discontinuous catalyst 
layer, the insulating layer may contact both the catalyst layer 
and the substrate. 

The carbon nanotube arrays of the present disclosure are 
advantageous over those prepared by conventional carbon 
nanotube growth methods in that the carbon nanotubes are 
strongly bound to the substrate. In an embodiment, the carbon 
nanotubes are directly grown on the substrate and are 
covalently bonded to the substrate by a plurality of nanotube 
carbon-substrate covalent bonds. The nanotube carbons may 
be bonded by sp3 or sp2 bonding in an embodiment. The 
carbon nanotube arrays of the present disclosure are grown 
without an intervening oxide layer supporting a metal cata
lyst, which permits the direct growth on the substrate and 
strong bonding to occur. 

In various embodiments, the catalyst layer is between 
10 about 1 nm and about 5 nm in thickness. In other various 

embodiments, the catalyst layer is between about 0.5 nm and 
about 5 nm in thickness. In still other various embodiments, 
the catalyst layer is between about 0.5 nm and about 3 nm in 
thickness. In some embodiments, the catalyst layer is 

15 between about 2 nm and about 5 nm in thickness. In some 
In some embodiments of the present disclosure, the carbon 

nanotube arrays include single-wall carbon nanotubes. In 
other embodiments, the carbon nanotube arrays include a 
mixture of single-wall carbon nanotubes and multi-wall car
bon nanotubes. In various embodiments, the carbon nano- 20 

tubes have diameters ranging between about 0. 7 nm and about 

embodiments, the catalyst layer is less than about 2 nm in 
thickness. 

In some embodiments, growing of carbon nanotubes takes 
place by chemical vapor deposition. In some embodiments of 
the methods, the carbon nanotubes are single-wall carbon 
nanotubes. However, in other embodiments of the methods, a 
mixture of single-wall carbon nanotubes and multi-wall car
bon nanotubes may be produced. In general, single-wall car
bon nanotubes are grown by flowing 400 standard cubic cen-

6 nm. In some embodiments, the carbon nanotubes have 
diameters less than about 3 nm. In some embodiments, the 
carbon nanotubes have a diameter distribution range centered 
at about 3.1 nm. 

In other various embodiments, methods for growing car
bon nanotubes are described herein. The methods include 
providing a substrate, depositing a catalyst layer on the sub
strate, depositing an insulating layer on the catalyst layer and 
growing carbon nanotubes on the substrate. 

25 timeters per minute (seem) of H2 , 2 seem H2 0 and 2 seem 
C2H2 through a reaction zone held at 7 50° C. and 1.4 torr. One 
of ordinary skill in the art will recognize that these reaction 
conditions are intended to be illustrative, and routine varia
tion of the composition, flow rates, pressure and temperature 

30 may be conducted to achieve an identical or like result. At 
higher pressures (e.g., 25 torr), a mixture of single-wall car
bon nanotubes and multi-wall carbon nanotubes may be pro
duced in an embodiment. Higher pressures also generally 

In various embodiments, the catalyst layer includes a 
metal, such as, for example, a low-valent or zero-valentmetal. 
Such metal catalysts for forming carbon nanotubes are well 
known to those of ordinary skill in the art. In some embodi
ments, the methods further include reducing the catalyst 35 

layer. Reduction of the catalyst layer may produce a low
valent or zero-valent metal in the catalyst layer. In some 
embodiments, the reduction is conducted with hydrogen. In 
some embodiments, the reduction takes place at a tempera
ture greater than about 2000° C. 

result in faster carbon nanotube growth rates. 
In various embodiments, the insulating layer is a metal 

oxide or non-metal oxide. In some embodiments, the insulat
ing layer is alumina. In some embodiments, the insulating 
layer is silicon oxide. In some embodiments, the insulating 
layer is magnesium oxide. In some embodiments, the insu-

40 lating layer is between about 1 nm and about 100 nm in 
thickness. In other embodiments, the insulating layer is 
between about 1 nm and about 50 nm in thickness. In still 
other embodiments, the insulating layer is between about 5 

In some embodiments, the metal of the catalyst layer may 
be, for example, iron, nickel, cobalt, or combinations thereof 
Variations in catalyst composition and density may be per
formed by alloying various metals together. Such alloyed 
catalysts may not only influence the properties of the carbon 45 

nanotubes grown, but also affect the interaction of the insu
lating layer with the substrate and the catalyst layer and 
dictate the ease with which it detaches from the substrate. 

nm and about 50 nm in thickness. In still other embodiments, 
the insulating layer is between about 1 nm and about 40 nm in 
thickness. 

In some embodiments of the methods, the catalyst layer 
and the insulating layer detach from the substrate during 
growing the carbon nanotubes. Accordingly, in some embodi-In some embodiments, the catalyst layer is deposited by 

electron beam deposition. As electron beam deposition is a 
line-of-sight deposition technique, electron beam deposition 
is typically used for coating a single side of a substrate with a 
catalyst layer. However, by simply flipping or rotating the 
substrate after an initial deposition, subsequent depositions 

50 ments, the carbonnanotubes are between the substrate and the 
insulating layer after the insulating layer detaches from the 
substrate. In certain embodiments, the carbon nanotubes 
between the substrate and the insulating layer are covalently 
bonded to the substrate. 

by electron beam deposition may be performed as many times 55 

as desired. 
In some embodiments, the catalyst layer is deposited by 

atomic layer deposition. Atomic layer deposition is advanta
geous in being a three-dimensional deposition technique. 
Furthermore, with atomic layer deposition, pre-made catalyst 60 

particles may be spin coated on to a substrate without a 
separate catalyst reduction step being performed after depo
sition. In still other various embodiments, the catalyst layer 
may be deposited by a dip coating technique. 

In various embodiments, the catalyst layer is discontinu- 65 

ous. In embodiments having a discontinuous catalyst layer, 
catalyst deposition results in the formation of small catalyst 

In some embodiments of the methods, the carbon nano-
tubes are covalently bonded to the substrate. For example, in 
some embodiments, the carbon nanotubes are covalently 
bonded to the substrate by a plurality of nanotube carbon
substrate covalent bonds. In embodiments where the sub-
strate is a carbon substrate, nanotube carbon-substrate carbon 
covalent bonds are formed, and when the substrate is a metal, 
nanotube carbon-substrate metal covalent bonds are formed. 
Bonding to the nanotube carbons may be of either the sp3 or 
sp2 type in various embodiments. 

In various embodiments, the carbon nanotube arrays of the 
present disclosure may be included in polymer composites. 
Aligned carbon nanotube arrays strongly bound to a substrate 
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surface may allow for a high surface area adhesion layer to be 
formed in such polymer composites. Accordingly, polymer 
composites employing the carbon nanotube arrays of the 
present disclosure may efficiently transfer an applied load to 
the substrate due to the strong bonding between the carbon 
nanotubes and the substrate, thereby strengthening the poly
mer composites. For example, carbon fibers coated with 
covalently-bound carbon nanotubes, as described in the 
embodiments herein, may more efficiently strengthen a poly
mer composite than either uncoated carbon fibers alone or 10 

carbon fibers coated with covalently-bound carbon nanotubes 
prepared by other methods that do not contain a nanotube 
carbon-carbon fiber carbon covalent bond. Strengthening of 
the polymer composites may occur, for example, due to the 
significant increase in surface area of the carbon fibers that 15 

occurs upon their being coated with the covalently-bound 
carbon nanotubes. 

In other various embodiments, the carbon nanotube arrays 

8 
was deposited on the catalyst layer. Imaging of the catalyst 
layer showed that instead of a continuous catalyst layer being 
formed, a discontinuous layer of discrete catalyst particles 
was instead formed, likely due to the balance of catalyst
substrate interfacial interactions compared to intra-particle 
atomic interactions. As a result, the insulating overlayer of 
alumina interacted not only with the discontinuous catalyst 
layer, but also the substrate. 

Carbon nanotube growth was performed on the above sub
strate using low-pressure (1.4 torr) water-assisted growth 
conditions with atomic hydrogen catalyst activation. In brief, 
the catalyst- and alumina-coated substrate was exposed to 
atomic hydrogen via a tungsten hot filament (30 s in the 
presence of H2 ) prior to rapid insertion into a pre-heated 
furnace. Single-wall carbon nanotube arrays were grown at a 
flow rate of 400 standard cubic centimeters per minute (seem) 
H2 , 2 seem H20, and 2 seem C2 H2 at a temperature of7 50° C. 
At an elevated growth pressure of25 Torr, the growth rate was 
increased, but some multi-wall carbon nanotubes were 

20 formed in the array. At the lower pressure conditions favoring 
growth of single-wall carbon nanotubes, carbon nanotubes of 
about 100 f.Ull in length and greater were routinely produced. 

of the present disclosure may be included in electronic 
devices. Electronic devices include, for example, superca
pacitors, field emitters, high power transistors and conductive 
films. In some embodiments, the carbon nanotube arrays 
included in the electronic devices may be grown on an elec
trically-conducting metal substrate. In such embodiments, 
the carbon nanotubes may form nanotube carbon-metal 
bonds to the substrate, ensuring a good electrical contact 
between the carbon nanotubes and the electrically-conduct
ing metal substrate. The carbon nanotube arrays are advanta
geous in bonding the carbon nanotubes directly to the sub
strate without needing to further functionalize the carbon 
nanotubes, which may maintain the carbon nanotubes' desir
able electrical conductivity. In conventionally grown carbon 
nanotube arrays, the presence of an insulating layer between 
the carbon nanotubes and the substrate eliminates the possi
bility of making direct electrical contact between the carbon 
nanotubes and an electrically conducting substrate. In the 
present carbon nanotube array embodiments, however, elec
trical contact between the electrically-conducting metal sub
strate and electrically-conducting carbon nanotubes is facili
tated by the presence of a covalent bond between the two. 40 

Furthermore, the carbon nanotube arrays described herein are 
advantageous in electronic device applications because no 
further processing or transfer of the carbon nanotubes is nee-
essary. 

EXPERIMENTAL EXAMPLES 

The following examples are provided to more fully illus
trate some of the embodiments disclosed hereinabove. It 
should be appreciated by those of ordinary skill in the art that 
the techniques disclosed in the examples that follow repre
sents techniques that constitute illustrative modes for practice 
of the disclosure. Those of ordinary skill in the art should, in 
light of the present disclosure, appreciate that many changes 
can be made in the specific embodiments that are disclosed 
and still obtain a like or similar result without departing from 
the spirit and scope of the disclosure. 

Example 1 

Catalyst Deposition and Carbon Nanotube Growth 
on a Carbon Foil 

Upon rapid insertion into the hot furnace, the alumina 
overlayer cracked into small flakes. As a result, the catalyst 

25 layer was exposed to the feedstock gases at the exposed edges 
of the cracked alumina overlayer. During carbon nanotube 
growth, the alumina overlayer detached from the substrate 
due to the instability of the alumina-carbon interface (C-O 
bond) in the presence of hydrogen, taking the catalyst layer 

30 with it. Single-wall carbon nanotube nucleation likely 
occurred while the catalyst layer was still at the carbon sur
face, leaving the first carbon deposits "molded" by the carbon 
surface and likely allowing some carbon-carbon covalent 
bond formation to occur between the growing single-wall 

35 carbonnanotubes and the carbon surface. After detachment of 
the alumina overlayer, the catalyst layer was carried along 
with the alumina flakes, and carbon nanotube growth and 
lengthening was supported by the mobile catalyst particles 
supported on the alumina flakes. 

45 

Example 2 

Characterization of the Carbon NanotubeArrays 
Grown on a Carbon Foil 

FIG. 2A shows an illustrative SEM image of an alumina 
flake tethered to carbon nanotubes during carbon nanotube 
growth conditions. FIG. 2B shows a high-magnification SEM 
image of the alumina flake showing catalyst particles on its 

50 underside after detachment. The alumina flakes are optically 
transparent up to at least 40 nm in thickness, which allows 
imaging of the catalyst particles on the underside of the flake 
to take place. 

FIGS. 3A and 3B show illustrative XPS spectra of the 
55 surface of a carbon nanotube array having a thickness of 

about 30 f.tm. FIG. 3A shows the AI 2p XPS spectrum. FIG. 
3B shows the Fe 2p312 XPS spectrum. Since the penetration 
depth of electrons in XPS is about 10 nm from the surface, the 
fact the both AI and Fe are detected by XPS further demon-

60 strates that both the alumina and the Fe catalyst are detached 
from the substrate surface during carbon nanotube growth. 
The Fe XPS signal strength indicated that at least a substantial 
amount of the Fe catalyst was detached from the substrate 
surface. A catalyst layer (Fe) 1 nm in thickness was deposited 

directly on the carbon foil surface via electron beam deposi- 65 

tion. Directly following the deposition of the catalyst layer, an 
insulating overlayer of alumina (Al2 0 3 ) 5 nm in thickness 

Evidence that the carbon nanotubes were covalently bound 
to the carbon substrate was provided by employing tech
niques that are typically used to transfer carbon nanotube 
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arrays from a host surface to a desired substrate. For example, 
carbon nanotubes grown according to conventional growth 
techniques may be easily detached from a host surface by 
contact with an adhesive (Scotch tape method). However, 
when a dense carbon nanotube array containing no exposed 
carbon substrate surface was contacted with an adhesive, 
removal of the adhesive not only detached the carbon nano
tubes from the substrate but also removed layers of the carbon 
substrate as well. Such substrate layer removal does not occur 

10 
This diameter distribution is similar to that obtained by con
ventional carbon nanotube growth methods. 

Example 3 

Carbon Nanotube Growth on Carbon Fibers 

For growth on carbon fibers, catalyst deposition and carbon 
nanotube growth were performed similarly to that described 
in Example 1. For growth on carbon fibers, the catalyst layer 
and the alumina overlayer were deposited on to a weave of 
carbon fiber mesh material. As a result of the carbon fiber 
weave, some portions of the carbon fibers were coated as 
described above, whereas other sections under the weave 

15 remained uncoated. Growth of the carbon nanotubes occurred 

in conventionally-grown carbon nanotube arrays. Further- 10 

more, when the carbon nanotube array surface was wetted 
with ethanol solvent and dried, capillary force-induced dry
ing of the carbon nanotubes did not appear to disturb the 
interaction between the carbon nanotubes and the carbon 
substrate surface. Although carbon nanotube fibril densifica
tion and mechanical stress were increased upon solvent 
removal, the unchanged interaction between the carbon nano
tubes and the carbon substrate surface is indicative of a strong 
bond between the two. 

in a similar fashion to that described in Example 1 for carbon 
foil. FIGS. 7A and 7B show illustrative SEM images of a 
carbon nanotube array grown on a carbon fiber substrate at 1.4 
torr. Region 701 in FIG. 7A having no coating of carbon 

FIGS. 4A and 4B show illustrative Raman spectra of a 
carbon nanotube array. FIG. 4A shows the D and G bands of 
the carbon nanotubes. FIG. 4B shows the radial breathing 
modes of the carbon nanotubes. The Raman spectroscopy 
data showed a relatively low intensity of the D band with 
respect to that of the G band that is typically evident during 

20 nanotubes occurred as a result of this region of the carbon 
fiber being covered by the weave of the carbon fiber mesh 
when the catalyst and alumina layers were being coated. 
Furthermore, the SEM images showed that there was no 
residual alumina on the carbon fibers themselves, as evi-

25 denced by the lack of bright spots on the carbon fiber surface 
From the foregoing description, one of ordinary skill in the 

art can easily ascertain the essential characteristics of this 
disclosure, and without departing from the spirit and scope 
thereof, can make various changes and modifications to adapt 

S WNT growth (see FIG. 4A). The G/D ratio was -7 at 514 nm 
excitation, -10.8 at 633 run excitation, and -3.5 at 785 nm 
excitation. The higher D-band intensity at the lower excita
tion energy is likely due to the presence of some amorphous 
carbon in the arrays. 

30 the disclosure to various usages and conditions. The embodi
ments described hereinabove are meant to be illustrative only 
and should not be taken as limiting of the scope of the disclo
sure, which is defined in the following claims. In addition to the G/D ratio, the broad range of diameter

dependent radial breathing modes (RBM) at all three excita
tion energies demonstrated a wide diameter distribution of 

35 
single-wall carbon nanotubes (see FIG. 4 B). In particular, the 
lowest energy excitations indicated the presence of a family 
of Ell metallic SWNT transitions ( -150 cm- 1 

), and a broad 
range of Ell and E22 semiconducting single-wall carbon 
nanotube transitions (60-130 cm- 1

) that emphasize the pres- 40 

ence diameters greater than 3 nm. Also present was a family 
of small-diameter single-wall carbon nanotubes having diam
eters <1.5 nm, as evidenced by RBM at frequencies greater 
than 190 cm- 1

. Furthermore, excitation at 633 nm (1.96 eV) 
indicated the presence of some very small diameter single- 45 

wall carbon nanotubes having diameters <0.9 nm. 
FIG. 5 shows an illustrative TEM image of a carbon nano

tube array. TEM imaging confirmed the general description 
of carbon nanotube diameter distribution as indicated above 
by Raman spectroscopy. TEM samples were prepared by bath 50 

sonication of the carbon nanotubes in ethanol for 15 minutes, 
and then the samples were drop dried on to a TEM grid. 
Analysis of the TEM image confirmed the presence of a slight 
majority offairly large diameter (2-4 nm) single-wall carbon 

55 
nanotubes, with smaller proportions of smaller (1-2 nm) and 
larger (4-6 nm) diameters as well. FIG. 6 shows a histogram 
demonstrating an illustrative carbon nanotube diameter dis
tribution in a carbon nanotube array. It should be noted that 
the smaller diameter single-wall carbon nanotubes were con- 60 
sistently bundled in the TEM images, resulting in difficulty in 
identifying them amidst their larger diameter counterparts 
that remained unbundled. Although the estimated diameter 
distribution could be significantly impacted by the bundling 
of small-diameter carbon nanotubes, the histogram of carbon 65 

nanotube diameters nonetheless appeared to approximately 
fit a Lorentzian distribution having a peak center at -3.1 nm. 

What is claimed is the following: 
1. A carbon nanotube array, comprising: 
a substrate, wherein there is no catalyst immobilized on the 

substrate; and 
carbon nanotubes directly grown on the substrate without 

an intervening oxide layer between the substrate and a 
catalyst; 
wherein the carbon nanotubes are arranged as a verti

cally aligned carbon nanotube array on the substrate, 
and 

wherein the carbon nanotubes are covalently bonded to 
the substrate by a plurality of direct nanotube carbon
substrate covalent bonds. 

2. The carbon nanotube array of claim 1, wherein the 
substrate is an electrical conductor. 

3. The carbon nanotube array of claim 1, wherein the 
substrate is a carbon substrate. 

4. The carbon nanotube array of claim 3, wherein the 
carbon substrate comprises a carbon foil. 

5. The carbon nanotube array of claim 3, wherein the 
carbon substrate comprises carbon fibers. 

6. The carbon nanotube array of claim 3, wherein the 
carbon substrate comprises diamond. 

7. The carbon nanotube array of claim 1, wherein the 
substrate is selected from the group consisting of carbon, 
carbon fibers, carbon foil, graphite, diamond, nano-diamond, 
diamond-like carbon, glassy carbon, silicon, quartz, silicon 
carbide, non-metal carbides, metal carbides, binary carbides 
and metals. 

8. The carbon nanotube array of claim 1, wherein the 
carbon nanotubes comprise single-wall carbon nanotubes. 

9. A carbon nanotube array, comprising: 
a carbon substrate, wherein there is no catalyst immobi

lized on the carbon substrate; and 
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carbon nanotubes directly grown on the carbon substrate 
without an intervening oxide layer between the carbon 
substrate and a catalyst; 
wherein the carbon nanotubes are arranged as a verti

cally aligned carbon nanotube array on the carbon 
substrate, 

wherein the carbon nanotubes are covalently bonded to 
the carbon substrate by a plurality of direct nanotube 
carbon-carbon substrate covalent bonds, and 

wherein the carbon substrate is selected from the group 10 

consisting of carbon foil, carbon fibers and diamond. 

* * * * * 

12 


