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(57) ABSTRACT

A dispersible nanocomposite comprising nanotubes associ-
ated with nanoplatelets. A method for creating an exfoliated
nanotubes solution, aligning nanotubes and depositing them
on a substrate or in matrix. In one embodiment, the method
includes a nanocomposite of at least one nanotube electro-
statically associated with at least one nanoplatelet. The nano-
platelets may be removed from the suspension by altering the
ionic strength to create an exfoliated nanotube solution. The
exfoliated nanotube solution for injection into microchannel
templates and aligned deposition.
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DISPERSION, ALIGNMENT AND
DEPOSITION OF NANOTUBES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. provisional
application No. 60/953,618 filed Aug. 2, 2007, entitled
“Novel Method to De-Rope and Disperse Nanotubes in
Organic and Inorganic Media” which is hereby incorporated
herein by reference in its entirety for all purposes. This appli-
cation also claims benefit of U.S. provisional application No.
61/015,474 filed Dec. 20, 2007, entitled “Nanotube Align-
ment and Placement” which is hereby incorporated herein by
reference in its entirety for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.
BACKGROUND
[0003] 1. Field of the Invention
[0004] This invention relates generally to the methods of

manipulating nanotubes. More specifically, the invention
relates to a method of dispersing nanotubes in solution for
deposition.

[0005] 2. Background of the Invention

[0006] Nanotubes are a novel class of nanostructures that
exhibit remarkable mechanical, electrical, and thermal prop-
erties, thus having potential applications such as nanoscale
probe devices, energy storage components, sensors, flame
retardant materials, and electrical conductors in the aero-
space, automotive, micro-electric, photovoltaic, and energy
transmission industries. In addition, nanotubes may be con-
structed of a variety of different materials, including carbon,
silicon, metal-oxide and other inorganic compounds. Nano-
tubes may be classified as multi-walled nanotubes (MWNT),
few walled nanotubes (FWNT) and single walled nanotubes
(SWNT).

[0007] Specifically, after synthesis SWNT nanotubes dem-
onstrate an affinity for forming into roped, bundled or
entangled configurations. The aggregated nanotube bundles
do not yield the expected advantageous properties. The tech-
nical advantage of dispersing nanotubes for use in organic
and inorganic media has implications in creating material
with uniform nanotube distribution acting as a structural,
mechanical, conductive or thermal component of the mate-
rial.

[0008] Aggregation and bundling of nanotubes represents a
constraint for implementation of these structures to maximize
their advantageous properties in nanoscale applications. Fur-
thermore, the homogeneous incorporation of nanotubes in
compositions is restricted. Due to the difficulty in completely
dispersing nanotube bundles, the differential control over the
location and orientation of the individual nanotubes represent
an additional hurdle to commercial applications. Methods
utilizing high temperatures and lasers for post-deposition
alignment have been academically tested. However, these
methods are impractical for fabricating polymer nanocom-
posites and microelectronics with nanotubes, as the tech-
niques ablate, damage, or alter the supporting substrate irre-
versibly.

[0009] Consequently, there is a need for a composition
suitable for dispersing and manipulating nanotubes for the
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placement, alignment with high precision and order on a
substrate or embedded therein.

BRIEF SUMMARY

[0010] These and other needs in the art are addressed in an
embodiment by a nanocomposite comprising at least one
nanotube electrostatically associated with at least one nano-
platelet. The nanocomposite creates a physical barrier to re-
aggregation of the nanotubes. The nanocomposite further
comprises exfoliated nanotubes and exfoliated nanoplatelets
in a reversible association.

[0011] A nanocomposite prepared by oxidizing the nano-
tubes in solution, exfoliating the nanoplatelets in solution,
and mixing solutions to create a nanocomposite solution. The
nanocomposite further comprising exfoliated nanotubes.
[0012] A dispersed nanotube solution prepared by oxidiz-
ing the nanotubes in acid solution, exfoliating the nanoplate-
lets in base solution, and mixing solutions to create a nano-
composite solution. The nanocomposite solution further
comprising at least one exfoliated nanotube associated with at
least one exfoliated nanoplatelet. The dispersed solution pre-
pared by removing nanoplatelets from solution ionically, and
homogeneously re-dispersing the nanotubes in other media.
[0013] A method for creating the nanocomposite and using
the nanocomposite to create aligned nanotube structures. The
method comprising oxidizing the nanotubes in solution, exfo-
liating the nanoplatelets in solution, and mixing the solutions
to create a nanocomposite solution. The nanocomposite solu-
tion further comprising an exfoliated nanotube solution. The
method further comprising injecting the solution into a tem-
plate, removing the liquid from the solution to deposit the
nanotube film, and removing the template.

[0014] A method for placing at least one nanotube in a
specific location on a substrate. The method comprising alter-
ing the surface of the substrate, positioning a template, inject-
ing a nanotube suspension, and allowing the nanotube to
associate with the substrate. The surface of the substrate
altered to incorporate a nanotube receptor.

[0015] A method of preventing nanotube aggregation in
solution. The method comprising oxidizing the nanotubes in
acid solution, exfoliating the nanoplatelets in solution. Fur-
ther mixing the nanotube solution and the nanoplatelet solu-
tion to create a nanocomposite solution.

[0016] The foregoing has outlined rather broadly the fea-
tures and technical advantages of the invention in order that
the detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter that form the subject
of the claims of the invention. It should be appreciated by
those skilled in the art that the conception and the specific
embodiments disclosed may be readily utilized as a basis for
modifying or designing other structures for carrying out the
same purposes of the invention. It should also be realized by
those skilled in the art that such equivalent constructions do
not depart from the spirit and scope of the invention as set
forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] For a detailed description of the preferred embodi-
ments of the invention, reference will now be made to the
accompanying drawings in which:
[0018] FIG. 1 is a transmission electron micrograph of
oxidized carbon nanotube bundles.
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[0019] FIG. 2 is a conceptual schematic of the interaction
between carbon nanotubes and nanoplatelets according to an
embodiment of the invention.

[0020] FIG. 3 illustrates deposition of nanotubes in an
aligned manner according to an embodiment of the invention.
[0021] FIG. 4 illustrates a schematic for manufacturing
deposition templates according to an embodiment of the
invention.

[0022] FIG. 5 illustrates an embodiment of deposition of
aligned nanotubes in thin films according to an embodiment
of the invention.

[0023] FIG. 6 illustrates manufacturing a complex matrix
of aligned nanotubes with in a substrate material according to
an embodiment of the invention.

[0024] FIG. 7 illustrates site specific deposition of nano-
tubes from an exfoliated nanotube solution according to an
embodiment of the invention.

[0025] FIG. 8 is a photographic comparison of aqueous
carbon nanotube dispersions.

[0026] FIG. 9 is a series of transmission electron micro-
graphs illustrating the dispersion of carbon nanotubes with
nanoplatelets.

[0027] FIG.101is a graph ofthe X-ray diffraction pattern on
carbon nanotube/nanoplatelet nanocomposite in a weight
ratio dependent intensity signal.

[0028] FIG. 11 shows graphs of the X-ray photoelectron
spectroscopy (A) and the absorption spectrum data (B) for
oxidized CNTs.

[0029] FIG. 12 is a series of images of (A) aqueous disper-
sion, (B) dried powders, and (C) aqueous re-dispersion of the
nanocomposite at different nanotube to nanoplatelet weight
ratios according to embodiments of the disclosed invention.

[0030] FIG. 13 is a series of photographs of the aqueous
re-dispersions of carbon nanotubes and nanoplatelets at dif-
ferent nanotube to nanoplatelet weight ratios according to
embodiments of the disclosed invention.

[0031] FIG. 14 photographically illustrates the five month
stability of single walled carbon nanotubes in aqueous solu-
tion without nanoplatelets, with nanoplatelets and multi-
walled carbon nanotubes with nanoplatelets.

[0032] FIG.15is atransmission electron micrograph series
of MWNTs dispersed according to an embodiment of the
invention.

[0033] FIG. 16 illustrates carbon nanotube re-dispersion in
acetone (A) and toluene (B) according to embodiments of the
disclosed invention.

[0034] FIG. 17 is a transmission electron micrograph com-
parison of un-dispersed (A) and dispersed (B) nanotubes in
polyvinyl alcohol according to embodiments of the disclosed
invention.

[0035] FIG. 18 is a transmission electron micrograph com-
parison of bundled (A) and dispersed (B) nanotubes in epoxy.
[0036] FIG. 19 is a high magnification transmission elec-
tron micrograph showing dispersed carbon nanotubes in
epoxy with visible cross sections and lateral views according
to embodiments of the disclosed invention.

[0037] FIG. 20 is a conductivity verses SWNT wt % analy-
sis curve in inorganic clay according to an embodiment of the
invention.

[0038] FIG. 21 is a transmission electron micrograph of
SWNT matrix in inorganic clay and a photograph illustrating
the increased flexibility.

[0039] FIG. 22 is an optical absorption spectrum compar-
ing oxidized CNTs (A) and dispersed CNTs (B).
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[0040] FIG. 23 is a schematic and a microphotograph of a
two layer separation system for nanotubes.

[0041] FIG. 24 illustrates carbon nanotube matrix reorga-
nization schematic.

[0042] FIG. 25 is a transmission electron micrograph cross
section of an aligned nanotube bundle array after matrix
reorganization, and an inset diagram thereof.

[0043] FIG. 26 is schematic and photograph for a micro-
electric device created by aligned nanotube deposition
according to an embodiment of the invention.

[0044] FIG. 27 illustrates a graph of current density in
relation to applied voltage in aligned carbon nanotubes com-
pared to copper wires.

[0045] FIG. 28 illustrates a manufacturing process for
application according to an embodiment of the invention.

NOTATION AND NOMENCLATURE

[0046] Certain terms are used throughout the following
descriptions and claims to refer to particular system compo-
nents. This document does not intend to distinguish between
components that differ in name but not function.

[0047] As used herein, the term “nanotube(s)” or NT(s)
refers to any cylindrical atomic allotrope or polyatomic mol-
ecule with a diameter of about at least about 0.7 nm, a length
greater than about 30 nm, an aspect ratio (length to diameter
ratio) of at least about 10 and outer walls comprising one or
more layers.

[0048] Asused herein the term “single walled nanotube(s)”
or “SWNT(s)” refers to any nanotube with outer walls com-
prising one layer. Additionally, the term “multi-walled nano-
tube(s)” or “MWNT(s)” refers to any nanotube with outer
walls comprising at least 2 layers, as used herein.

[0049] As used herein, the term “carbon nanotube(s)” or
CNT(S) refers to any cylindrical carbon allotrope, with a
diameter of about 0.7 nm, and outer walls comprising one or
more graphene layers.

[0050] Also, as used herein, the terms “disperse”, “de-
rope” or “de-bundle” refer to the substantial separation or
disentanglement of individual nanotubes from a bundle, rope,
aggregate, clump, intertwined, or similar conformation com-
promising one or more nanotubes in association with each
other.

[0051] Additionally, as used herein, the term “exfoliate”
relates to the process of removing a layer from a material.
“Exfoliated” as used herein refers to a nanostructure that has
been stripped to one layer. Alternatively, “exfoliated” as used
herein refers to individually dispersed, or monodisperse
nanotubes.

[0052] In addition, as used herein, the term “nanocompos-
ite” or “hybrid” refers to a combination of, mixture of, or
composite of the materials preceding or proceeding the term
but is not limited to only the included materials.

[0053] Furthermore, as used herein, the term “microchan-
nels” is used to relate to channels within a substrate or bulk
material with a cross sectional diameter of at maximum 1
millimeter.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0054] The nanotubes manipulated in the disclosed inven-
tion are any commercially available. The nanotubes
employed in embodiments of the disclosed method are of any
synthetic classification, as understood by those skilled in the

33

Samsung Ex. 1024

, Page 33 of 45

Samsung Electronics Co., Ltd., et al. v. Molecular Rebar Design, LLC

IPR2025-00357



US 2009/0035469 Al

art. The nanotubes are comprised of any materials such as, but
not limited to carbon, silicon, metals or inorganic com-
pounds. The nanotubes comprise, without limitation, single
walled nanotubes, few walled nanotubes, multi-walled nano-
tubes or combinations there of. The nanotubes have a diam-
eter of between about 1 nm and about 30 nm, preferably
between about 1 nm and about 10 nm. The nanotubes have an
aspect ratio, or length to diameter ratio, of at least about 20,
preferably the nanotubes aspect ratio is at least about 30, and
most preferably the aspect ratio is at least about 1,000.
[0055] The nanotubes are carbon nanotubes. The carbon
nanotubes have a diameter of between about 1 nm and about
20 nm. The carbon nanotube length is at least about 100 nm.
In certain embodiments, the length is at least 1000 nm. The
carbon nanotube aspect ratio is at least 20, in certain embodi-
ments the aspect ratio is at least 1,000. The carbon nanotubes
comprise single walled carbon nanotubes (SWCNTs) or
multi-walled carbon nanotubes (MWCNTs).

[0056] The nanotubes are functionalized nanotubes. Func-
tionalized nanotubes comprise nanotubes that have chemi-
cally treated outer walls to include functional groups. Chemi-
cal treatment comprises exposure to a chemically active
media. In certain embodiments, functionalized nanotubes
comprise oxidized nanotubes. Oxidation of the nanotubes is
at least about 1%, and more preferable at least at about 4%. In
embodiments, one or more nanotubes are admixed in an acid
solution to form oxidized nanotubes. The acid solution com-
prises any acid known to those skilled in the art. Preferably,
the acid solution is a strong acid. Further, the acid solution
comprises a mixture of strong acids. Examples of suitable
acids include without limitation, concentrated sulfuric acid,
concentrated nitric acid and combinations thereof. In certain
embodiments, the strong acid solution comprises a concen-
trated sulfuric acid to concentrated nitric acid in a volume
ratio of about 3:1. The nanotubes are oxidized in the strong
acid solution by mixing the nanotubes using an ultrasonicator
for between about one hour and about five hours, preferably
between about two hours and five about hours, and most
preferably for about two hours to about three hours. The
nanotubes are ultrasonicated at about room temperature.
After sonication in acid, the oxidized nanotube aggregates are
splayed at the ends into negatively charged carboxylic
groups.

[0057] FIG. 1 illustrates a transmission electron micro-
graph of oxidized carbon nanotubes 10. The carbon nano-
tubes remain bundled or roped in aggregates. The oxidized
nanotubes 10 have a negative electrostatic charge on the outer
surface of the nanotube wall. The oxidized nanotubes are
isolated from the acid, for example the nanotubes are isolated
by filtration under vacuum. The isolated nanotubes are re-
suspended in an aqueous solution. The aqueous solution may
be any of those known to one skilled in the art such as,
de-ionized water. The weight percent (wt %) concentration of
nanotubes in aqueous solution ranges from 0.001% to 5%,
more preferably 0.1% to 0.3%, and most preferably from
0.1% to 0.2%.

[0058] Nanoplatelets are nanoparticles having a thin, pla-
nar geometry. The nanoplatelets have a diameter range from
about 10 nm to about 20,000 nm, and preferably the nano-
platelet diameter is between about 100 nm and 1000 nm.
Nanoplatelets have an aspect ratio, diameter to thickness
ratio, of between about 10 to about 20,000; preferably the
aspect ratio is between about 100 and about 4000; and most
preferably between about 100 and 500. Additionally, the
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nanoplatelets may comprise any suitable shape without limi-
tation, such as circular, rectangular, triangular, etc. Further-
more, the nanoplatelets may comprise any suitable material,
as known to one skilled in the art without limitation, such as
clay, nanoclay, graphite, inorganic crystal, organic crystal or
combinations thereof. In certain embodiments nanoplatelets
are comprised of an inorganic crystal; such as alpha-zirco-
nium phosphate (ZrP).

[0059] The nanoplatelets are exfoliated. Exfoliated nano-
platelets are chemically separated into individual crystalline
layers. Exfoliated nanoplatelets have a positive electrostatic
charge on the surface of both sides. Exfoliated nanoplatelets
are created in a chemically active media. The chemically
active media is a basic-aqueous solution. The aqueous solu-
tion may comprise any solution known to those skilled in the
art that will exchange protons. Examples of suitable solutions
that may be used include alcohol-water, amine bases, hydro-
carbon solutions, salt solutions, aqueous base solutions or
combinations thereof. The solution is an aqueous tetra-n-
butylammonium hydroxide (TBA*OH") solution. The aque-
ous solution comprises de-ionized water. The molar weight
ratio of nanoplatelets to base in aqueous solution ranges from
about 1:0.05 to about 1:2, preferably from about 1:0.05 to
about 1:1, and more preferably from about 1:0.07 to about
1:0.09.

[0060] Without being limited by theory, in the exfoliated
nanoplatelet solution, a base (e.g. TBA™) covers the surface of
the platelets and forms highly charged P—O7/TBA* ion
pairs. TBA* ions are bulky with a diameter of around 1 nm,
which is much larger than O~. The positive charge comes
from N* in the center of the molecule. When paired with
P—O~ onthe surface of the platelets, the positive ion does not
come close to the negative charge due to the hindrance of the
butyl chains, thus allowing the plate-like surface to exhibit
strong positive charge. The reaction time and/or concentra-
tions of reactants may be varied to obtain ZrP with the
designed range of aspect ratios.

[0061] Inorderto exfoliate and disperse the oxidized nano-
tubes, the aqueous-oxidized nanotube solution and aqueous-
exfoliated nanoplatelet solution are admixed. The combined
nanotube/nanoplatelet solution is agitated for a period of time
ranging from about 10 minutes to about 60 minutes.
Examples of agitation methods that may be used include
without limitation shaking, stirring, sonication or other
mechanical means; preferably, the mixture is stirred. After
initial mechanical agitation, the mixture is homogenized by
ultra-sonication. The temperature is from about 4° C. to about
80° C., preferably from about 20° C. to about 40° C., and most
preferably from about 20° C. to about 30° C. The solution is
ultrasonicated at approximately room temperature. The solu-
tion is ultrasonicated for about 0.5 hour to about 12 hours,
preferably from about 2 hours to about 12 hours, and most
preferably 2 hours to about 8 hours. In certain embodiments,
the time and temperature are dependent on sonicator power
and bath efficiency. After ultra-sonication the aqueous nano-
tube/nanoplatelet solution is a homogenous solution of dis-
persed nanotubes and associated nanoplatelets.

[0062] The exfoliation and dispersion of nanotubes is
attributed to the presence of the nanoplatelets. Without being
limited by theory, the negatively charged surface of nano-
tubes attracts the positively charged surface of the nanoplate-
lets. By mixing the positively charged nanoplatelets with
negatively-charged bundled nanotubes, the nanoplatelets are
attached onto the nanotube side walls, then entering the
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bundles and forcing nanotube bundles into individual tubes
during ultrasonication. The nanoplatelets are electrostatically
tethered to the nanotubes. After the separation of the nano-
tubes, the nanoplatelets have individual tubes attached on
their surfaces. The nanoplatelets cannot be re-stacked
together to form regular layered structures due to the presence
of nanotubes. Thus each nanoparticle interferes with the re-
aggregation of the other by a steric or physical hindrance
effect. The hindering effect comes from the two-dimensional
heterogeneous shapes of the nanoplatelets interfering with
other nanoplatelets associated with nearby nanotubes. The
surface charge and two-dimensional nature of exfoliated
nanoplatelets disperse the nanotubes and hinder the re-aggre-
gation thereof. The nanotubes dispersed by the nanoplatelets
are exfoliated. The nanotubes and nanoplatelets are electro-
statically associated. The nanotubes associated with the nano-
platelets comprise a nanocomposite.

[0063] In order to resuspend the nanocomposite in other
liquids, the aqueous solution is dried. The solution is dried by
heating in an oven at 100° C. until the water is removed. After
drying the aqueous solution, the nanoplatelets are covered
with individual nanotubes, leaving a hybrid powder. The
hybrid powder comprises a nanocomposite powder. The
nanocomposite powder may be re-suspended in organic, inor-
ganic, polymer, proteinaceous solutions. Solvents include
without limitation water, acetone, and toluene. Polymer solu-
tions include without limitation, thermoplastics, thermosets,
polyvinylics, epoxies, and other polymeric systems known to
those skilled in the art. Proteinaceous solutions may include
nucleic acid solutions, enzyme solutions or other solutions as
known to those skilled in the art.

[0064] Without wishing to be limited by theory, FIG. 2
illustrates a conceptual schematic of the invention for dispers-
ing nanotubes in solution with nanoplatelets. As illustrated in
FIG. 2A, the oxidized nanotubes 10 form bundled aggrega-
tions. The oxidized nanotubes 10 are admixed with exfoliated
nanoplatelets 12 as illustrated in FIG. 2B. The nanoplatelets
12 intercalate into the oxidized nanotube bundles 10 and
begin associating with individual nanotubes 14. In FIGS. 2E
and 2F the electrostatically associated individual nanotubes
14 are pulled from the oxidized nanotube bundles. FIG. 2G
illustrates the nanocomposite 16 comprising the nanotube-
nanoplatelet complex in an exfoliated nanotube solution 18.
[0065] The nanocomposite can be separated by altering the
ionic strength of the solution. Altering the ionic strength of
the solution comprises adding a salt to the solution. In certain
embodiments, the salt is potassium chloride (KCl). The con-
centration of the salt is between about 0.01 mol/L, (moles per
liter) and about 0.10 mol/L, preferably between about 0.01
mol/L and about 0.05 mol/L, and most preferably about 0.01
mol/L. The nanotubes are isolated from the nanoplatelet solu-
tion by centrifugation.

[0066] The nanotubes may be re-suspended in a surfactant
to create an exfoliated nanotube dispersion or an exfoliated
nanotube solution. Examples of suitable surfactants include
polyvinyl pyrrolidone (PVP), sodium dodecyl sulfate (SDS)
and polyoxypropylene-polyethylene block copolymer (Plu-
ronic® F108). The surfactant may be any known to one
skilled in the art for suspending oxidized and exfoliated nano-
tubes. The surfactant is an aqueous 1 wt % sodium dodecyl
sulfate (SDS) solution.

[0067] The exfoliated nanotube dispersion is used in appli-
cations where it is advantageous to have a nanotube solution
for deposition protocols. In particular, the dispersion of nano-
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tubes in solution allows the alignment of nanotubes when the
exfoliated nanotube dispersion is forced through narrow fluid
passages. FIG. 3 illustrates an embodiment of nanotube align-
ment on a substrate surface 20 by microfluidic channels or
microchannels 30. Microchannels 30 comprise fluid vessels
for directing and containing a liquid. Without being limited
by theory, by injecting or forcing a nanotube suspension
through a microchannel 30, the nanotube aligns itself in the
elongate direction of the vessel walls during transportation
into the microchannel. A suspension of one or more nano-
tubes 18 is forced into a vessel with a cross-sectional dimen-
sion wm, which is shorter than the length of the nanotube. The
dimension wm is at greatest about half the length of the
exfoliated nanotubes. Larger channels can diminish the align-
ment within the nanotube suspension 18 during drying due to
Brownian motion, or random motion of the nanotubes, within
the suspension. The smaller cross-section w,, of the micro-
channels physically restrains the nanotubes from motion.
[0068] Referring now to FIGS. 3A and 3B, the microchan-
nels 30 may be in a removable template 40. In an embodi-
ment, the template 40 is placed on the substrate 20. The
substrate 20 may be comprised of polymer sheets, semicon-
ductor wafers, metals, alloys, ceramics, glass or other mate-
rials desirable for supporting nanotube films 32. After inject-
ing the exfoliated nanotube suspension into the microchannel
template 40, the fluid is dried or evaporated so that the aligned
nanotubes are deposited on the substrate as a nanotube film
32. The nanotube film 32 comprises nanotubes that are ori-
ented in the direction of the microchannel 30. Drying can be
conducted at by room temperature, elevated temperature,
under vacuum or other process known to one skilled in the art,
without limitation. After the deposition of the nanotube film
32, the microchannel template 40 may be removed, such that
nanotube films 32 of aligned nanotubes remain on the surface
of the substrate 20.

[0069] FIG. 4A illustrates a template manufacturing tech-
nique for creating a template one or more microchannels 30
for depositing nanotube film 32 using an exfoliated nanotube
solution 18. A cylinder 50 includes a template 52 about the
circumference. The cyclinder 50 and template 52 acts as
Gravure cylinder. The template 52 creates microchannels 30
in a suitable template or substrate material 54 from direc-
tional substrate feed 58. A pressure roller 56 pushes the sub-
strate 54 onto the cylinder 50 so that the substrate conforms
fully to the template 52. The pressure roller 56 further com-
prises a means to heat the substrate 54. The cylinder 50 allows
construction of the microchannel-containing substrate mate-
rial 54 in a continuous fashion. A continuous substrate pro-
duction system is advantageous for reducing cost of produc-
ing a substrate with embedded aligned nanotubes.

[0070] Referring now to FIGS. 4A and B, from the cylinder
50 the substrate 54 may be cut, folded, pressed, or altered in
other manners so as to create internal microchannels 36.
Without being limited by theory, a substrate 54 such as
described herein above is pressed onto a mold and/or template
52 at elevated temperature. Generally, the temperature of the
substrate 54 is raised to above the glass transition tempera-
ture, such that the substrate 54 conforms to the template 52.
After cooling, two such substrates 54 comprising at least one
microchannel 30 may be pressed together, so that the micro-
channels 36 are completely encapsulated within the substrate
matrix.

[0071] Processes to introduce the exfoliated nanotube solu-
tion into the microchannels include substrate immersion,
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micronozzle injection or negative pressure vacuum pumping,
without limitation. In embodiments, after filling the micro-
channels 36 with the exfoliated nanotube solution, the sub-
strate is left to dry. Drying the substrate allows deposition of
the nanotubes along the microchannels 36. Further repeti-
tions of the process of injection and drying may be conducted
to achieve desired thickness of the aligned nanotube film.
Alternatively, higher concentrations of nanotubes in solution
may be used. The substrate may be heated above the glass
transition temperature, and pressurized, such that the remain-
ing airspaces collapse around the nanotubes.

[0072] FIG. 5 illustrates an embodiment of creating single
layered thin films incorporating aligned nanotubes from the
exfoliated nanotube solution. Film 100 is coated onto a sup-
porting substrate 120. Suitable films include polymer films,
metallic films, ceramic films, self assembled monolayers,
biological films, or similar coatings applied to a substrate
surface, without limitation. Portions of the film 100 are
removed by template 140 to create microchannels 130 as
illustrated in FIGS. 5A and 5B. Microchannels 130 may be
created by etching, bleaching, ablation, imprinting or other
techniques as known by one skilled in the art. An additional
substrate cover 142 is placed over the microchannels 130 as in
FIG. 5C. The exfoliated nanotube solution is injected into the
microchannels 130. After deposition of the nanotubes on the
supporting substrate 120, between the strips of the film 100,
the cover 142 is removed. The deposited nanotubes 132 are
aligned in direction a,, on the surface of the substrate 120 due
to the direction of the microchannels 130 in the film 100. The
deposited nanotubes 132 illustrated in FIG. 5D comprise
aligned nanotubes that fill or partially fill the microchannels
130 within the film 100, on the substrate 120.

[0073] Referring now to FIG. 5 and FIG. 6A, the substrate
120 may be covered by a layer 134 of nanotubes by removing
the film 100 from between the deposited nanotubes 132. The
film 100 between deposited nanotubes is removed by etching,
bleaching, ablation, imprinting or other techniques as known
by one skilled in the art. The substrate cover 142 is placed
over the deposited nanotubes 132 and the exfoliated nanotube
solution is injected into microchannels between the deposited
nanotubes 132. In order to maintain nanotube alignment a,,
the cross-sectional dimension d,, between previously depos-
ited nanotube strips is shorter than the length of the nano-
tubes. In certain embodiments, the cross-sectional dimension
d,, is less than about half the length of the nanotubes. Remov-
ing the substrate cover 142 results in a complete layer, sheet
or film 134 of aligned nanotubes as illustrated in FIG. 6A.
[0074] Referring now to FIG. 65, multiple thin film layers
190 with deposited nanotubes 132 within film 100 may be
sequentially assembled upon a substrate 120 to create a
matrix 200 of aligned nanotubes. Without being limited by
theory, transfer bonding between the layers 190 allows mul-
tiple layers to be combined into a matrix 200. The layers 190
may be attached, associated, or bonded together by any means
known to one skilled in the art, in order to assemble a matrix
200 of aligned nanotubes. The number of film layers 190 may
be any desired as known to assemble a matrix 200. Further-
more, the direction of the nanotubes 132 in the layers 190 of
the matrix 200 may be in any direction, orientation and/or
relationship compared to the nanotubes 132 in adjacent lay-
ers.

[0075] Without being limited by theory, the aligned nano-
tubes 132 deposited in the layers 190 from the exfoliated
solution allow a polymer-nanotube composite film to be con-
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structed to include pre-designed conductivity anisotropy. The
film 100 maybe removed to create an aligned structure con-
sisting of nanotubes or scaffold 135. The scaffold 135 as
illustrated in FIG. 6C, comprises aligned nanotubes 132 to
create a porous structure. Furthermore, other materials such
as metal, dielectrics, and functional materials can be inserted
into the scaffold to form novel nanocomposites. It may also be
used as a light weight material that has good thermal and
electrical properties. For example, this material can be used as
heat dissipater. The aligned nanotube structure can draw heat
away from the source and the porous structure allows air or
water to quickly remove the heat. Control over the direction,
sequence, depth and alignment of the nanotube deposition is
advantageous for further control the thermal and electrical
conductivity of the scaffold 135.

[0076] The deposited nanotubes 132 are oriented between
layers 191 as illustrated in FIG. 6D. The exfoliated nanotube
solution can be deposited running vertically between layers
with vertical via holes 136. Without being limited by theory,
via holes 136 in the film 100 may be created by differential
deposition of film layers. Alternatively, the film 100 is
removed by etching, bleaching, ablation, imprinting or other
techniques as known by one skilled in the art to create via
holes 136. The via holes 136 are microchannels that are
oriented in at least two planes. Without being limited by
theory, the exfoliated nanotube solution is deposited in the via
holes 136 before or after the nanotubes are deposited in the
microchannels 130.

[0077] Itcan be envisioned that the steps described herein-
above can be repeated as necessary to create interconnected
vertical and in-plane microchannels within the matrix 200.
The exfoliated nanotube solution may be injected, vacuum
pulled, or forced by another means into the microchannels
130 or via holes 136 in any sequence. The microchannels 130
and via holes 136 increase the achievable deposited nanotube
132 patterns embedded within the substrate matrix. The depo-
sition of nanotubes within a substrate or film may, without
limitation, enhance conductivity, increase tensile strength,
increase shear resistance or improve other mechanical prop-
erties as known to one skilled in the art.

[0078] Referring now to FIG. 7, precision placement of
nanotubes in specific locations is advantageous in the design
of certain microelectronic devices and circuits. In embodi-
ments, chemical etching, electron-beam lithography, ion-
beam lithography, high-resolution photolithography,
nanoimprint lithography or other methods can be used to alter
a support structure or substrate 220 to create a nanotube
receptor 260. In certain embodiments the substrate is altered
to create at least one receptor 260 for containing at least one
nanotube. The receptor 260 may be a trough, a channel, slotor
a binding site as known to one skilled in the art. The nanotube
receptor 260 may be oriented in any direction, or configura-
tion as known to one skilled in the art. A plurality of nanotube
receptors 260 may be created on the surface of a substrate.
Further, the plurality of receptors 260 may comprise a com-
plex pattern. In certain embodiments, the receptors 260
denote a circuit or other pathway for electrical transmission.
[0079] The exfoliated nanotube solution is introduced over
the receptor 260 by utilizing a removable template 240 as
illustrated in FIG. 7B. The removable template 240 is con-
structed to include microfiuidic channels or microchannels
230. Without being limited by theory, by injecting or forcing
the solution through a microchannel 230, the nanotube aligns
itself in the elongate direction of the vessel walls during
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transportation into the microchannel 230. The microchannel
230 is oriented parallel to the direction of the receptor 260 on
the substrate 220. Once aligned at least one nanotube 270, the
exfoliated nanotube solution is flowed over the receptor 260.
Deposition of a nanotube may be in or on the receptor 260 on
the substrate 220 as illustrated in FIG. 7C.

[0080] The substrate 220 may have a protective film. With-
out being limited by theory microelectronics, semiconductors
and similar devices may include protective films over the
substrate to prevent oxidation, degradation or other undesir-
able effects of exposure and contamination. The device can be
treated to create a window, a hole or an aperture in a protective
film covering a microelectronic device. In certain embodi-
ments, the hole may be considered a nanotube trap, or a
nanotube receptor.

[0081] Without being limited by theory, certain chemicals
modify the surface of the nanotubes. Selective modification
of the surface of nanotubes in suspension aid in creating
bonding or interaction between the substrate and the nano-
tube. Once the substrate and the nanotube form bonds, the
bonds function as anchors to hold the nanotube in place. In
alternative embodiments the substrate surface and film can
physically constrain the nanotube in place. In embodiments,
the nanotube may be held in place by the flaps of film, nodes
of substrate, or other structural characters. The physical inter-
action between the nanotube and the substrate function to
hold the nanotube in place.

[0082] To further illustrate various illustrative embodi-
ments of the present invention, the following examples are
provided.

EXAMPLE

Materials and Methods
[0083] The ZrP nanoplatelets herein described were syn-
thesized according to the following protocol:

Approach I (Refluxing Method).

[0084] A sample of 10.0 g ZrOCl,-8H,0 was refluxed with
100.0 mL 3.0/6.0/9.0/12.0 M H;PO,, in a Pyrex glass flask at
100° C. for 24 hr. The final products were identified as ZrP
(3M), ZrP(6M), ZrP(9M), and ZrP(12M), respectively. After
the reaction, the products were washed and collected by cen-
trifugation three times. Then, the ZrP was dried at 65° C. for
24 hr. The dried ZrP was ground with a mortar and pestle into
fine powders.

Approach II (hydrothermal method).

[0085] A sample of 4.0 g ZrOCI2.8H20 was mixed with
40.0mL 3.0/6.0/9.0/12.0 M H3PO4 and sealed into a Teflon-
lined pressure vessel and heated at 200° C. for 5 hr and 24 hr,
respectively. The final products were identified as ZrP(3M-
200C-5h), ZrP(6M-200C-5h), ZrP(O9M-200C-5h), ZrP(12M-
200C-5h), and ZrP(3M-200C-24h), ZrP(6M-200C-24h), ZrP
(9M-200C-24h), ZrP (12M-200C-24h), respectively. After
the reaction, the products were treated by the same proce-
dures as described in Approach 1.

Approach ITI (HF method).

[0086] A sample of 10.0 g ZrOC, ,.8H,0O was mixed with
100.0 mL. 3.0 M H,PO, in a Teflon flask. Corresponding
amounts of HF solution (5.0 M) were added to reach a molar
ratio of F-/Zr**=1, 2, 3, and 4. The mixture was refluxed
within a Teflon flask coupled with a Teflon condenser at 100°
C. for 24 hr. The final products were identified as ZrP(HF1),
ZrP(HF2), ZrP(HF3), and ZrP(HF4), respectively. After the
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reaction, the products were treated by the same procedures as
described in Approach 1. However, the samples from this
approach can be easily collected after they are dried, no
grinding is necessary. The average diameter of the nanoplate-
lets used are around 100 nm.

[0087] Carbon nanotubes or CNTs (XD grade and HiPco
SWNTs) were as obtained from Carbon Nanotechnologies,
Inc. MWNTs were purchased from Aldrich. Tetra-n-butylam-
monium hydroxide (TBA*OH™) with a concentration of 1
mol/L in methanol was purchased from Aldrich.

Exfoliation of ZrP Nanoplatelets and Oxidation of CNT

[0088] ZrP nanoplatelets were fully exfoliated by TBA™
OH~ in water with a molar ratio of ZrP:TBA=1:0.8. CNTs
were first oxidized in a mixture of concentrated sulfuric acid
and concentrated nitric acid with a volume ratio of 3:1 by
ultrasonication in a sonicator bath (Branson 2510) for 3
hours. Then, de-ionized water was added to dilute the acids
and the mixture was sonicated for another three hours. After
the above process, the oxidized CNT were isolated by using a
PVDF filter membrane (Millipore, 0.45 pm pore size) under
vacuum. The CNT were washed several times with de-ion-
ized water during filtration to remove the acid residue. The
CNT collected were then re-dispersed in water by 3 hours of
sonication.

Mixing of CNT and ZrP Nanoplatelets

[0089] Two aqueous solutions containing oxidized CNT
and fully exfoliated ZrP nanoplatelets were directly mixed.
The weight ratios of SWNTs to ZrP nanoplatelets were
adjusted from 1:1 to 1:10. After mixing, the mixtures were
agitated by magnetic stirring for 30 minutes and further
homogenized by exposing to ultrasonication at 30~40° C. for
30 minutes. An aqueous solution containing only oxidized
CNT was also prepared for comparison purposes.

[0090] CNT and CNT/ZrP powders were prepared by dry-
ing the aqueous mixtures in an oven at 100° C. for several
hours until all water was removed. The dried CNT and hybrid
powders were then redispersed in water, acetone, and toluene
by mechanical shaking and ultrasonication.

Dispersion of SWNTs in Polymers

[0091] Polyvinyl alcohol (Fluka, Mw=61,000) was dis-
solved into the aqueous solution containing CNT and ZrP
with weight ratio of 1:0 and 1:10. The final concentration of
CNT is 0.2 wt-%. The mixtures were then cast onto glass
slides and dried at 60° C. overnight to make polymer nano-
composite films.

[0092] Theredispersed CNT/ZrP with weight ratio of 1:5in
acetone were mixed with epoxy monomer (EPIKOTE™ 862
resin) to achieve a finial CNT concentration of 0.1 wt-% in
epoxy nanocomposites (denoted as epoxy/CNT/ZrP). The
solvent was then removed via rotary evaporation in a water
bath at 70° C. and curing agent (EPIKURE™ W) was added
at a stoichiometric ratio. The mixture was then degassed and
cast in a preheated glass mold and cured in an oven at 100° C.
for 2 hours, followed by 2 hours of post-cure at 150° C. For
comparison purposes, a neat epoxy sample (Neat Epoxy) and
an epoxy sample with CNT (epoxy/CNT) of 0.1 wt-% CNT
loading were also prepared.

Characterization

[0093] HR-TEM was performed using a JEOL 2010 high-
resolution transmission electron microscope, operated at 200
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kV. The solution samples were coated onto carbon grids and
were then dried at room temperature. A Reichert-Jung
Ultracut-E microtome was utilized to prepare thin sections of
nanocomposites with thickness of 70-100 nm for HR-TEM
imaging. X-ray diffraction (XRD) patterns were recorded
using a Bruker D8 Advanced Powder X-ray Diffractometer
with Cu-K, incident radiation (A=1.5418 A).

[0094] X-ray photoelectron spectroscopy (XPS) data of the
oxidized CNTs were obtained using a Kratos Axis Ultra
X-ray photoelectron spectrometer. Non-monochromatic Mg
K, photons were used for the measurement. The atomic com-
position of the sample surface was calculated using the high
resolution peak areas for the main core XPS line of each
element in conjunction with the empirical sensitivity factors
provided by the instrument manufacturer and the application
of a Shirley-type background correction. The binding energy
of the C(1s) was set at 284.5 eV as the reference for calibra-
tion. The absorption spectra of the CNTs in water were
recorded on a Hitachi (model U-4100) UV-vis-NIR spectro-
photometer. The reference spectrum for the measurements
was de-ionized water.

Bundled CNTs

[0095] CNTs are formed as aggregated bundles,. The
aggregation of CNTs is mainly caused by van der Waals
forces between tubes. The bundled CNTs are normally not
dispersed in any solvent and will precipitate at the bottom of
a solution. Slight oxidation of the CNT surface can improve
their dispersion, but still shows poor suspension property. For
illustration, TEM image of aggregated large CNT bundles in
aqueous solution even after 3-hour of oxidation is shown in
FIG. 1.

Dispersion and De-Roping of CNTs Using ZrP Nanoplatelets

[0096] The dispersion was performed by directly mixing
ZrP nanoplatelets and SWNT in aqueous solution. FIG. 8
compares the visual appearance of the aqueous solutions
containing SWNT and ZrP nanoplatelets with weight ratios
1:0 (A), 1:1 (B), 1:3 (C), 1:5 (D) and 1:10 (E). FIG. 8F
demonstrates the portion of a glass pipet the solution was
contained in for the comparison photos. The concentration of
SWNT in all cases is 0.017 wt %. As the ZrP nanoplatelet
concentration increases, the homogeneity of the solution
increases. Particulate aggregates of oxidized nanotubes are
dispersed.

[0097] After adding ZrP nanoplatelets, the aqueous CNT
dispersion becomes dramatically improved in homogeneity
of suspension color and stability. The higher the weight ratio
of ZrP nanoplatelets to CNTs, the better the dispersion of
CNT is in water. The solutions become homogeneous with
presence of some small CNT particles when the mixing ratios
of CNT/ZrP nanoplatelets are 1:1 (B) and 1:3 (C). Upon
increasing the weight ratios to 1:5 (D) and 1:10 (E), the
solutions become completely homogeneous without any vis-
ible CNT aggregates.

[0098] FIG. 9 shows TEM images of CN'T/ZrP nanoplate-
lets with different weight ratios. When the weight ratio of
SWNT to ZrP nanoplatelets is 1:1, both individual SWNT
and SWNT bundles are found, as shown in FIG. 9A, indicat-
ing that a small amount of platelet-like structure can partially
de-bundle the CNT. When the weight ratio of CNT/ZrP nano-
platelets increases to 1:3, CNT bundles become significantly
de-roped into individual tubes with a diameter of around 1
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nm, and all individual tubes are straight and attached to the
surrounding ZrP nanoplatelets as shown in FIG. 9B. Upon
increasing the CNT/ZrP ratio to 1:5, as observed in TEM
image such as FIG. 9C, CNT bundles appear to have fully
de-roped into individual tubes that are straight.

[0099] It should be noted that for FIG. 9, intercalated ZrP
nanoplatelets are also observed (i.e., the dark plate-like struc-
ture), while in the case of CNT/ZrP=1:1, shown in FIG. 9A,
nanoplatelets are all randomly dispersed and exfoliated. The
XRD patterns in FIG. 10 show that at the ratio of 1:5 and 1:10,
strong diffraction peaks with a d-spacing of 17.6 A are
observed, indicating the presence of TBA-intercalated ZrP.
However, when the ratio decreases to 1:1, no X-ray diffrac-
tion peak is found, demonstrating full exfoliation of the plate-
lets.

RESULTS

Exfoliation of ZrP Nanoplatelets and Oxidation of CNTs
[0100] Pristine ZrP crystals have regular layered structure
consisting of Zr(HPO,), platelets in stacks. The average
dimension of the single layer used in this study is estimated to
be around 100x100x1 nm>. The surface of each platelet is
covered by hydroxyl functionality. In our previous work,
complete exfoliation of stacked ZrP nanoplatelets in water
was achieved by using bulky TBA*OH™ molecules. The inter-
calation-exfoliation mechanisms involve the acid-base reac-
tion between surface hydroxyl groups and TBA*OH™. After
exfoliation, each free platelet is covered by TBA™. Due to the
presence of intensive ionic charge characteristic, the TBA-
exfoliated ZrP nanoplatelets are capable of retaining stable
exfoliation in aqueous solution. The nanoplatelets exhibit
specific two-dimensional geometry and high aspect ratio.
Thin ZrP nanoplatelets with high ionic charges on the surface
can be used as a novel inorganic dispersant.

[0101] It has been shown that short time exposure of oxi-
dizing acids at room temperature mainly opens the ends of
CNTs into negatively charged carboxylic groups, and only
causes minor oxidation of the CNT side walls. Therefore, the
oxidation of CNTs performed in this study (i.e., room tem-
perature for 3 hours) should not significantly damage CNT
side-walls. Thus, CNT physical properties should be retained.
X-Ray Photoelectron Spectroscopy (XPS) revealed that after
such oxidation treatment, only less than 4% of carbon atoms
were oxidized as illustrated in FIG. 11A. Considering that the
original CNTs have an oxidation level of ~2% after synthesis,
the oxidization treatment performed here only introduces a
small amount of additional oxidative groups on the nanotubes
surfaces. Furthermore, optical absorption spectra in FIG. 11B
shows the original and oxidized CNTs are similar, indicating
that the electronic structure of the tube side walls is retained
after the oxidizing treatment

CNT/ZrP Nanocomposites and Re-dispersion of CNTs

[0102] The XRD patterns and TEM images indicate that
after drying the aqueous systems, the de-roped CNT and ZrP
nanoplatelets actually interact with each other and form a new
material, CN'T/ZrP nanocomposites. The dried nanocompos-
ite powders can also be re-dispersed into solvents through
ultrasonication.

[0103] FIG. 12 shows the visual images of the aqueous
solutions containing CNT and ZrP nanoplatelets at different
weight ratios 0of 1:0, 1:1, 1:3, 1:5, and 1:10, the corresponding
dried CNT/ZrP hybrids, and the corresponding redispersed
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CNT/ZrP hybrids in water by mechanical shaking. After dry-
ing in an oven at 100° C., aqueous solutions containing CNT
and a mixture of CNT and ZrP nanoplatelets form as dry
powders. After adding water and hand-shaking, an increase in
dispersion of CNT is observed as increasing quantities of ZrP
nanoplatelets are added. In the case of the aqueous solution
containing only CNT, large black aggregates are observed,
indicating the high hydrophobicity of CNT after drying and
re-dispersion. In the case of CNT/ZrP nanocomposites, all the
samples show progressively better dispersion than the system
containing only CNT, but only for the system containing a
weight ratio of CNT:ZrP=1:10 can homogeneous dispersion
of CNT be observed. After sonication, the dispersion
improves.

[0104] FIG. 13 shows visual images of the solution after
re-dispersion through sonication. CNT particles are still seen
if no ZrP nanoplatelets are added as illustrated in FIG. 13A.
When the weight ratios of CNT to ZrP nanoplatelets are 1:1
(FIG. 13B) and 1:3 (FIG. 13C), only a few CNT particles can
be seen after sonication. When the weight ratios increase to
1:5 (FIG. 13D) and 1:10 (FIG. 13E), the CNT in water are
homogeneously re-dispersed in water. It appears that the
effectiveness of CNT re-dispersion in water is a function of
ZrP concentration. All the samples still contain CNT in a
concentration of 0.017 wt-%.

[0105] It should be noted that the aqueous solutions pre-
pared are stable and even after 5 months of storage and the
concentration of SWNTs in water can reach as high as 1000
ppm. FIG. 14A shows the visual images of oxidized SWNTs
and CNTs/ZrP with the weight ratio of 1:5 in water after
S-month dispersion. The SWNTs alone form large aggregates
and precipitate, while the SWNTs with ZrP maintain a homo-
geneous dispersion.

[0106] The same approach can also be applied to disperse
MWNTs. The image in FIG. 14B is an aqueous solution
containing dispersed MWNTs with ZrP after 5 months of
dispersion. FIG. 15 illustrates the dispersion of MWNTs via
exfoliated ZrP nanoplatelets. Before dispersion, in FIG. 15A,
MWNTs are long but curved and highly entangled. However,
after mixing with exfoliated ZrP nanoplatelets, MWNTs are
disentangled and well dispersed as shown in FIG. 15B. TEM
images in FIG. 15A of'the original MWNTs, and FIG. 15B of
the MWNTs dispersed via exfoliated ZrP nanoplatelets. The
TEM image in FIG. 15C shows a single straight MWNT with
around 3 um in length.

[0107] The concentration of MWNTs in the solution can
also reach as high as 1000 ppm with a stable dispersion. It
should be noted that after dispersion, MWNTs become
straight, indicating that our dispersion approach does not
cause significant damage the side walls of CNTs. This also
ensures that through our approach the dispersed CNTs pre-
serve their superior physical and mechanical properties.
[0108] The dried CNT/ZrP nanocomposites can also be
re-dispersed into non-aqueous solutions. FIG. 16 shows
visual images of the re-dispersed CN'T/ZrP nanocomposites
having a weight ratio of 1:10 in acetone (A) and toluene (B)
after sonication. It is evident that CNT are homogeneously
dispersed in both solvents.

Dispersion of CNTs in Polymers and Clays

[0109] FIG. 17 shows the visual images of PVA/CNT and
PVA/CNT/ZrP films for comparison of homogeneity of dis-
persion. Without addition of ZrP, CNT form large aggregates
in PVA as illustrated in FIG. 17A. After adding ZrP, the

39

Feb. 5, 2009

dispersion becomes homogeneous and the aggregates are
indistinguishable from the polymer as illustrated in FIG. 17B.
[0110] FIGS. 18A and 18B are high magnification com-
parison TEM images of epoxy/CNT (FIG. 18A) and epoxy/
CNT/ZrP nanocomposites (FIG. 18B). As illustrated in FIG.
18A without the addition of ZrP, CNT bundles are curved,
entangled with each other and form large aggregates 300 in
epoxy. However, as illustrated in the presence of exfoliated
ZxP nanoplatelets, highly de-roped CNT tubes are well dis-
persed in epoxy. They cannot be easily observed in the thin
section of only 70-100 nm in thickness through TEM.
Straight de-roped tubes 302 with a diameter of only around 1
nm are seen in epoxy.

[0111] At a higher magnification, as shown in FIG. 19, the
individual de-roped tubes can be observed laterally 302 and
as tube cross-sections 303 with diameter of around 1 nm. The
TEM evidence demonstrates that CNT have been highly de-
roped and well dispersed in epoxy. The nanoplatelets 305 are
randomly exfoliated in epoxy.

[0112] The de-roped and dispersed CNTs were directly
mixed with clay in an aqueous solution. The concentrations of
CNTs in the clay hybrids were controlled from 0.01 wt % to
0.5 wt %. After mixing, the mixtures were agitated by mag-
netic stirring for 30 minutes and further homogenized by
exposing to ultrasonication at room temperature for 2-3
hours. Subsequently, the hybrid solution was cast on a Petri-
dish and dried in an oven at 50° C. for a day and inorganic
films were obtained.

[0113] FIG. 20 shows the conductivities of the inorganic
hybrid films with different CNT concentrations correspond-
ing to Table 1. When the concentration of CNTs is 0.01 wt. %,
the conductivity is approximately 0.004 S/cm, indicating an
electrical percolation at a low CNT loading.

TABLE 1

CNT concentration (wt %) Conductivity (S/cm)

0.01 41x1073
0.05 6.4x 1073
0.1 9.2x 1073
0.5 1.5x 1072

[0114] As shown in FIG. 21A de-roped CNTs form highly
interconnected network at the concentration of 0.5 wt. %,
which corresponds to the observed conductivity improve-
ments of the hybrid inorganic films. FIG. 21B illustrates the
inorganic hybrid films exhibit great flexiblity compared to the
pure clay films due to the presence of well-dispersed CNTs.
Separation and Stabilization of CNTs from CNT/ZrP Nano-
composite

[0115] Upon exfoliation of CNTs in the solution, the ZrP
and CNT can be separated by altering the ionic strength ofthe
aqueous solution. A complete coagulation of the de-roped
CNTs is observed after 0.01 mol/L. KCl is added into the
aqueous solution. Afterwards, centrifugation was used to col-
lect the coagulated carbon nanotubes without sedimentation
of the exfoliated ZrP nanoplatelets. After being washed with
de-ionized water twice, the CNTs were easily redispersed
into 1 wt. % of sodium dodecyl sulfate (SDS) aqueous solu-
tion at a neutral pH value. The supernatant was also dried and
weighed, it was confirmed that virtually all the nanoplatelets
were removed from the nanotubes. FIG. 22 shows the optical
absorption spectra of oxidized-CNTs with SDS (A) and the
SDS-stabilized de-roped CNTs separated from the nanoplate-
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lets in water (B). The pronounced absorbance of the blue-
shifted peaks observed from the pure de-roped CNTs strongly
suggest the dominant presence of exfoliated CNT because
any presence of bundles or aggregation would have caused
red-shifting and broadening of the absorption spectrum. The
absorption spectra also demonstrate that the electronic struc-
tures on the sidewalls of CNTs have been preserved. Polyvi-
nyl pyrrolidone (PVP) and piperidine were also used to suc-
cessfully disperse and stabilize the de-roped CNTs after
removal of nanoplatelets. It is also worth noting that, besides
the surfactants used above, many other types of surfactants,
polymers, proteins, and DNAs, which have been utilized to
stabilize and disperse carbon nanotubes reported in the litera-
ture, can also be applied to achieve individually dispersed
nanotubes prepared through the current approach for various
applications.

Conductivity of Dispersed Carbon Nanotubes

[0116] Table 2 below demonstrates the wt-% dependent
conductivity of dispersed single walled carbon nanotubes.

TABLE 2

Concentration of SWNT (wt-%) Conductivity (S/m)

0.01 045
0.1 0.79
0.5 1.33

[0117] The electrical properties of the deposited CNT
stripes depend on the type of constituent CNTs. Highly con-
ductive CNT stripes made of metallic SWNT or MWNT can
be used for applications such as interconnects for microelec-
tronics chips, or wire grids to render highly conductive sur-
faces on polymer composites for advanced applications. On
the other hand, stripes made of dominantly semi-conducting
CNTs can find attractive applications in nanoelectronics and
sensors. One distinctive advantage of using semi-conducting
CNT stripes as active materials for solid-state devices, such as
field-effect transistors and chemical sensors, is that multiple
CNTs are organized in parallel in those devices. The parallel
configuration can greatly reduce the total contact resistance,
which is one of the major factors that limit the usefulness of
current CNT devices for real-world applications. Electronic
devices based on parallel CNTs are gaining increasing atten-
tions in recent years as a practical solution for high-frequency
field-effect transistors for advanced communication applica-
tions. The semi-conducting CNT stripes also make it possible
to fabricate integrated circuits based on CNTs. Multiple CNT
stripes can be deposited in an array on a substrate. Using
conventional microelectronic fabrication processes, the
stripes can be cut into segments on which transistors can be
made. Integrated circuits can then be constructed by wiring
those transistors by metal interconnects. The ability to deposit
semi-conducting CNT stripes may lead to a significant
advancement in developing CNT-based microelectronic
devices and circuits.

CNTs Separation and Enrichment Based on Conductivity
Type

[0118] The electrical properties of the deposited CNT
stripes depend on the type of constituent CNTs. Highly con-
ductive CNT stripes made of metallic SWNT or MWNT can
be used for applications such as interconnects for microelec-
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tronics chips, or wire grids to render highly conductive sur-
faces on polymer composites for advanced applications. On
the other hand, stripes made of dominantly semi-conducting
CNTs can find attractive applications in micro- and nanoelec-
tronics and sensors.

[0119] The separation of semi-conducting and metallic
CNTs in a suspension can be achieved by several approaches
such as dielectrophoresis and precipitation of surfactant-
wrapped metallic SWNTs. Combining advanced multilayer
microfluidics with dielectrophoresis achieve efficient separa-
tion of CNT types with improved selectivity. The separation
system comprises two-layer microfluidic channels and a bot-
tom electrode array as illustrated in FIG. 23A. The semi-
conducting and metallic CNT mixture suspension 502 flows
slowly in top channels 510, and the dielectrophoretic force
generated by the underlying electrodes 508 pulls metallic
CNTs into the bottom channels 512, which can be collected
by fluid flow in bottom channels 512. The remaining CNT
suspension 504 in top channels will be enriched in semi-
conducting tubes. The suspensions 504, 506 with purified
CNTs can be used for CNT alignment and placement. Com-
bining electrodes with microfluidic channels make dielectro-
phoresis more effective by enabling a larger actuating voltage
and forcing CNTs in suspension to be in the vicinity of the
electrodes. The separation can be done in a continuous fash-
ion for bulk processing and multiple pass-through of the
suspension can result in better separation. This is highly fea-
sible due to recent progress in fabricating 3-D polymer mul-
tilayer structures illustrated in FIG. 23B.

[0120] One distinctive advantage of using semi-conducting
CNT stripes as active materials for solid-state devices such as
field-effect transistors and chemical sensors is that multiple
CNTs are organized in parallel in those devices. The parallel
configuration can greatly reduce the total contact resistance,
which is one of the major factors that limit the usefulness of
current CNT devices for real-world applications. Electronic
devices based on parallel CNTs are gaining increasing atten-
tions in recent years as a practical solution for high-frequency
field-effect transistors for advanced communication applica-
tions. The semi-conducting CNT stripes also make it possible
to fabricate integrated circuits based on CNTs. Multiple CNT
stripes can be deposited in an array on a substrate. Using
conventional microelectronic fabrication processes, the
stripes can be cut into segments on which transistors can be
made. Integrated circuits can then be constructed by wiring
those transistors by metal interconnects. The ability to deposit
semi-conducting CNT stripes may lead to a significant
advancement in developing CNT-based microelectronic
devices and circuits.

CNT Network Reorganization

[0121] As-grown CNT network usually have the form of
long, curly and entangled ropes 602, in which CNTs form a
partially ordered bundle as illustrated in FIG. 24. The inven-
tion presented here allows for the exfoliation and breakdown
of the CNT ropes into straight individual nanotubes 604 and
reorganization of the de-roped CNTs to form aligned bundles
606 with higher degree of ordering. In those highly ordered
CNT bundles, 606 CNTs are parallel to each other in the rope
to maximize the inter-tube interaction. The enhanced inter-
tube interaction can greatly enhance the electrical, optical and
mechanical properties of the CNT ropes, such as higher elec-
tric conductivity and higher tensile strength. This is analo-
gous to amorphous (randomly entangled) and ordered
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(aligned) chain configuration in polymers such as nylon,
whose mechanical properties are greatly affected by the chain
configuration states. In the preliminary test, the aligned CNT
stripes were embedded in epoxy resin and a thin-section of the
cross-section of the aligned CNT stripes was cut for trans-
mission-electron microscope (TEM) imaging. The TEM
image the cross-section of bundled multi-wall CNTs and a
schematic of the bundle cross-section configuration are
shown in FIG. 25.

Aligned Carbon Nanotubes Stripes in Polymer Composites
for Aircraft Anti-lightning Application

[0122] Aligned carbon nanotubes (CNT) stripes can be
used to enhance the surface and bulk conductivity of polymer
composites. Traditional bulk dispersion of carbon nanotubes
in a polymer matrix can only achieve a conductivity level of
lower than 0.01 S cm™" due to random orientation and distri-
bution of CNTs in a three-dimensional space. Concentrating
CNTs on the polymer surface can greatly enhance the surface
conductivity due to higher local concentration of CNTs. Ifthe
CNTs are aligned in one dimension, the conductivity can be
further enhanced because the effective path for electron con-
duction along the aligned direction is much shorter than that
in a random network.

[0123] Aligned CNT stripes on an insulating substrate have
been achieved using the alignment method disclosed in this
invention. In preliminary experiments, a flat insulating sub-
strate was covered by a template with microchannels. A pres-
sure of 1x10° Pa was applied to ensure intimate contact
between the substrate and the template. Suspension contain-
ing de-roped CNTs was forced through the microfluidic chan-
nels. The trapped suspension solution was then dried to
deposit aligned CNTs on the surface of the insulating sub-
strate.

[0124] The conductivity of the aligned CNT stripes was
measured by a two-probe technique as illustrated in FIG.
26A. After deposition of aligned CNT stripes 802 on the
substrate, gold electrodes 804, 806 were evaporated using a
shadow mask. The current between the two gold electrodes
was measured as a function of voltage. Since in each mea-
surement many CNTs are in parallel, the gold-CNT contact
resistance is small and can be neglected. The conductivity of
the aligned CNT stripe can then be obtained from the follow-
ing simple equation:

L L

o= —=—=—,
RA  RNWr

where L is the distance between the two electrodes, W is the
width of each CNT stripe, R is the measured resistance, N is
the number of CNT stripes, and tis the thickness of each CNT
stripe. As illustrated, V is the voltage source and A is current
measurement to monitor the device. For the sample corre-
sponding to FIG. 24A the values of those parameters are:
L=70 pm, R=40,000 Q (at 40V), NxW=40 um, t=~0.3 pum.
FIG. 26B shows an optical microscope image of a sample
prepared by the above steps. The trapped suspension solution
was then dried to deposit aligned CNTs on the surface of the
insulating substrate.

[0125] A typical measured I-V curve is shown in FIG. 27.
The calculated conductivity is 1.46 S cm™', and the current
density at 40V is around 8,300 A cm~2. The conductivity is
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about two orders of magnitude higher than the highest con-
ductivity of polymer-CNT composite reported in literature.
Those values are expected to be further improved if high
quality CNT suspension is used. This potentially can lead to
preparation of aligned CNT stripes with conductivity higher
than 2000 S cm™ and current density much higher than
10,000 A cm™2. The high conductivity and current carrying
capacity of the aligned CNT stripes will make the present
invention a viable solution for manufacturing of polymer
composites for anti-lightening strike aerospace applications.

Flexible Electronic Applications for Aligned Nanotube
Stripes

[0126] Precision placement of single CNT or multiple
CNTs can enable ultra-compact chemical or biological sen-
sors based on CNTs. After precision placement of CNTs ona
substrate, electrodes can be fabricated on the two ends of the
CNTs. When chemical or biological molecules are attached
on the CNTs, the change of CNT conductivity can be probed
by the change of conductance between the two electrodes.
The invention described here allows for integration of such
sensors with conventional CMOS electronics to acquire and
process signals produced by the nano-sensors. Also, the 3D
CNT scaffold can greatly increase the active surface area of a
sensor device. This can significantly improve the sensitivity
of the sensors based on CNTs.

[0127] Precision placement of multiple CNTs on a sub-
strate also allows for the fabrication of microelectronic cir-
cuits based on CNTs. Owing to the high performance and
ultra-small dimension of CNTs, these circuits can yield inte-
gration-level and performance unmatched by the state-of-the-
art. Crossed CNTs are also proposed for ultra-small memory
device. Precision placement of CNTs allows the fabrication
of highly dense memory chips for future electronic systems.
[0128] The stripes of aligned CNTs formed by the tech-
niques described in this invention can be stripped off from the
substrate after alignment. Due to stronger interaction among
CNTs in an aligned stripe, the mechanical strength of the
stripe is expected to be high. Those stripes can be further
processed to produce larger dimension objects. For example,
braided CNT fibers can be used to produce ultra-strong lami-
nates and textiles.

[0129] Conductive light-weight polymer nanocomposites
containing ordered CNT stripes with greatly improved
mechanical properties. Polymer-CNT nanocomposite films
withaligned CNT stripes (in-plane, out-of-plane, or both) can
also be used for advanced thermal management applications
because of their good thermal conductivity along CNT align-
ment directions. Potential applications include heat dissipa-
tion and temperature control, heat conduction for thermoelec-
tric devices that convert thermal energy into electric energy,
and heat sink for the cooling of microelectronic chips. The
aligned CNT stripe itself may be an interesting material for
thermal-type infrared detector with fast response due to its
high thermal conductivity.

[0130] The aligned CNT stripes can also be used for the
study of biological cell behavior. It has been shown that
substrate micro-textures can significantly affect the behavior
of biological cells placed on those surfaces. In the past, most
textured substrates are polymers or microelectronic materials
such as silicon or silicon dioxide. The CNT stripe network
(lines or grids) can also be used as physical constraints to
study the behavior of cells. Moreover, the conductive CNT
stripes allow electric field or electric current to be applied in
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situ for cell study. One important example is to study how the
neuron cells develop connectivity under external stimuli such
as a static electric field or an electric current. Aligned CNTs
have a potential for biomedical therapy and related device
applications.

[0131] Flexibleelectronics are electric devices that are built
on flexible substrates. The mechanical flexibility and large
surface area enable many attractive applications, such as fold-
able large-area antennas or flexible sensor and actuator arrays
that can be easily mounted on the surface of airplanes. Most
current flexible electronics are based on organic semiconduc-
tors such as poly(3-hexylthiophene) for easy processing.
However, due to its intrinsic material properties, organic
devices and circuits are known to have limited performance.
An alternative approach to circumvent the material issue is to
use traditional inorganic semiconductors with high perfor-
mance. Recently novel techniques of attaching silicon or
GaAs thin stripes on flexible substrate have been developed to
enable flexible electronics with improved performance.
CNTs are known to be superior semi-conducting materials,
and the aligned-CNT stripes obtained from microchannel
alignment of high quality CNT dispersion prevents a feasible
route to realize high performance flexible electronics based
on CNTs.

[0132] There are several advantages using the techniques
outlined in this proposal to build flexible electronics. Firstly,
the nonlinear current-voltage characteristics of the aligned-
CNT stripes shown in the preliminary results indicate that the
dispersion contains mainly semiconducting CNTs. After fur-
ther enrichment of semiconducting CNTs, the aligned-CNT
stripes will consist of only semiconducting CNTs. This is
very important for transistor devices because the elimination
ofthe conducting CNTs can result in very low off current and
enhanced gate control on source/drain current, both are essen-
tial for improving circuit performance. Secondly, the aligned-
CNT stripes contain a large number of CNTs in parallel,
which can lead to low contact resistance. Though field-effect
transistors have been made on a single CNT, they have large
contact resistance due to the existence of Schottky barrier at
the contacts, which renders them low performance and not
suitable for high frequency circuit applications. It has been
proposed that a solution to use CNT transistors in high speed
and high frequency circuits is to use multiple CNTs in paral-
lel. The aligned-CNT stripes, containing hundreds to thou-
sands parallel CNTs, are thus ideal for such application.
Lastly, the preparation method is based on solution process-
ing, which is suitable for flexible substrate while traditional
CVD-based deposition techniques cannot be used on plastic
films with low melting point.

[0133] The fabrication of the field-effect transistors based
on the aligned-CNT stripes is depicted in FIG. 28. In FIG.
28A, starting with a plastic substrate 701, photoresist 702 will
be applied on the substrate by spin-coating or dip-coating. For
spin-coating, the flexible substrate can be fixated on a special
chuck in the spin-coater. The chuck has distributed vacuum
holes to flatten and hold the flexible substrate for spin-coat-
ing. The bottom gate electrode 704 and alignment mark 706
patterns will be defined in the photoresist by photolithogra-
phy as in FIG. 28B. Gold thin film is evaporated on the
photoresist and lift-off in acetone will yield gold electrodes
708 on the substrate shown in FIG. 28C. FIG. 28D illustrates
a curable polymeric gate dielectric 710 is then applied on the
substrate by spin- or dip-coating. Polymeric dielectric is used
here instead of deposited inorganic dielectrics for better
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device reliability because bending of the flexible substrate
tends to create cracks in inorganic dielectric thin films. The
aligned-CNT stripes 712 are then deposited on the gate
dielectric using the microchannel template as shown in FIG.
28E. Since the CNT stripes are long, they must be cut into
segments to provide good isolation between devices. To
achieve this, photolithography will be used to open windows
714 where CNT stripes need to be removed. The exposed
portion of the aligned-CNT stripes will be removed by oxy-
gen reactive-ion etching as illustrated in FIGS. 28F and G.
After removing the photoresist, short segments of aligned-
CNT stripes 716 are left on the substrate such that the results
look like FIG. 28H. The source/drain electrode pattern 718
can then be defined by photolithography as shown in FIG.
28I. Finally evaporation of palladium and lift-off in acetone
for source/drain electrodes 720 complete the fabrication pro-
cess. The top source/drain electrode 720 and the choice of
palladium electrode with high work-function and good wet-
ting on CNT will ensure low contact resistance for better
device performance.

Applications for Aligned De-roped Carbon Nanotubes

[0134] The versatile fabrication of polymer composites
containing aligned CNT stripes and the precision placement
of CNT on a substrate can have a broad range of applications.
The following is a list of applications that are enabled by the
invention described herein. This list is not all-inclusive and its
purpose is to show the potential impact of this invention.
Examples of applications in which the disclosed methods
may be useful include without limitation, aerospace applica-
tions (e.g. conductive layers), microelectronics (e.g. actua-
tors), photovoltaic applications (e.g. solar cells), various bio-
logical applications (e.g. biosensors), and other applications
known to those of skill in the art where nanotubes may be
incorporated.

[0135] Polymer sheets and films with good thermal and
electrical conductivity can be used as surface coating for
electrostatic charge dissipation. Highly conductive polymer
sheets and films can be used to dissipate large current for
anti-lightening applications. Polymer nanocomposites can be
used to build the body of an aircraft or a vehicle to lower their
weight for energy efficiency. A typical aircraft or a vehicle
made with polymer composites is susceptible to lightening
strike, which poses grave danger to the passengers inside the
aircraft or vehicle. By applying the aircraft or vehicle with
polymer films or sheets with aligned CNT, the threat of light-
ening strike can be minimized without sacrificing the benefits
brought about by polymer composites.

[0136] Precision placement of single CNT or multiple
CNTs at a designed location of interest can revolutionize the
microelectronic industry. This allows microelectronic
devices to take full advantage of the superior electronic prop-
erties of the CNT such as its high carrier mobility and ultra-
small dimension. Ultra-high speed and ultra-high frequency
transistors and diodes can be made from CNTs to improve the
performance of the next generation microelectronic circuits.
A transistor or adiode can also be made from multiple parallel
CNTs to reduce contact resistance. Those devices are impor-
tant in a variety of high-frequency RF applications.

[0137] While the preferred embodiments of the invention
have been shown and described, modifications thereof can be
made by one skilled in the art without departing from the
spirit and teachings of the invention. The embodiments
described and the examples provided herein are exemplary
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only, and are not intended to be limiting. Many variations,
combinations and modifications of the invention disclosed
herein are possible and are within the scope of the invention.
Accordingly, the scope of protection is not limited by the
description set out above, but is only limited by the claims
which follow, that scope including all equivalents of the sub-
ject matter of the claims.

1. A nanocomposite comprising at least one nanotube;
wherein said nanotube is associated with at least one nano-
platelet.

2. The nanocomposite of claim 1, wherein the at least one
nanotube comprises an exfoliated nanotube.

3. The nanocomposite of claim 1, wherein the at least one
nanotube is selected from the group consisting of carbon
nanotubes, tungsten dioxide nanotubes, silicon nanotubes,
inorganic nanotubes, and combinations thereof.

4. The composite of claim 1, wherein the nanotube com-
prises an aspect ratio of at least about 10.

5. The nanocomposite of claim 1, wherein the at least one
nanoplatelet comprises a material selected from the group
consisting of clay, nanoclay, graphite, inorganic crystal,
organic crystal or combinations thereof.

6. The nanocomposite of claim 5, wherein at least one
nanoplatelet comprises an aspect ratio of at least about 10.

7. The nanocomposite of claim 1, wherein the nanoplatelet
to nanotube mass ratio is in the range of about 0.1 to about 10.

8. The nanocomposite of claim 1, wherein the at least one
nanoplatelet is associated with at least one nanotube by an
attractive interaction.

9. The nanocomposite of claim 8, wherein the at least one
nanotube is reversibly associated with the at least one nano-
platelet.

10. The nanocomposite of claim 9, wherein the at least one
disassociated nanotube comprises a nanotube suspended in a
surfactant.

11. A process for manufacturing the nanocomposite of
claim 1 comprising:

a) adding at least one nanotube to a first solution, wherein

the first solution oxidizes the nanotube;

b) isolating the nanotube from the first solution and resus-
pending the nanotube in aqueous solvent to form an
oxidized nanotube solution;

¢) adding at least one nanoplatelet to a second solution,
wherein the second solution exfoliates the nanoplatelet;

d) isolating the nanoplatlet from the base solution and
resuspending the nanotube in aqueous solvent to form an
exfoliated nanoplatelet solution; and

e) admixing the oxidized nanotube solution and exfoliated
nanoplatelet solution to form a mixture comprising at
least one exfoliated nanotube associated with the at least
one nanoplatelet.

12. The process of claim 11, wherein the at least one
nanotube comprises nanotube is selected from the group con-
sisting of carbon nanotubes, tungsten dioxide nanotubes, sili-
con nanotubes, inorganic nanotubes, and combinations
thereof.

13. The process of claim 11, wherein the first solution
comprises at least one acid.

14. The process of claim 11, wherein said solution is a
mixture, an emulsion or a suspension.

15. The process of claim 11, wherein at least one nanotube
is isolated from the first solution by filtering under vacuum.

16. The process of claim 11, wherein at least one oxidized
nanotube is dispersed in an aqueous solution by sonication.
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17. The process of claim 11, wherein the second solution
comprises at least one base.

18. The process of claim 11 wherein the nanotubes and the
nanoplatelets are admixed at a nanoplatelet to nanotube mass
ratio of at least 1:0.01

19. The process of claim 11, wherein admixing the nano-
platelets and the nanotubes, comprises a nanoplatelets to
nanotubes mass ratio of at least about 1.1 to about 1.

20. The process of claim 11, wherein admixing the nano-
platelet solution and nanotube solution further comprises
mechanical homogenization.

21. An exfoliated nanotube dispersion prepared by a pro-
cess comprising:

a) adding at least one nanotube to a first solution, wherein

the first solution oxidizes the at least one nanotube;

b) isolating the nanotube from the first solution and resus-
pending the at least one nanotube in aqueous solvent to
form an oxidized nanotube solution;

¢) adding at least one nanoplatelet to a second solution,
wherein the second solution exfoliates the at least one
nanoplatelet;

d) isolating the nanoplatelet from the base solution and
re-suspending the at least one nanotube in aqueous solu-
tion to form an exfoliated nanoplatelet solution;

e) admixing the oxidized nanotube solution and exfoliated
nanoplatelet solution to form a nanocomposite compris-
ing at least one exfoliated nanotube associated with the
at least one nanoplatelet;

f) altering the ionic strength of the nanocomposite solution
to remove the at least one nanoplatelet; and

g) resuspending the at least one exfoliated nanotube.

22. The nanotube dispersion of claim 21, wherein the at
least one nanotube is selected from the group consisting of
carbon nanotubes, tungsten dioxide nanotubes, silicon nano-
tubes, inorganic nanotubes, and combinations thereof.

23. The nanotube dispersion of claim 21, wherein the nano-
tube is at least 1% oxidized in said first solution.

24. The nanotube dispersion of claim 21, wherein the dis-
persion is a suspension, a mixture, an emulsion or a solution.

25. The nanotube dispersion of claim 21, wherein at least
one nanotube is isolated from the first solution by filtering
under vacuum.

26. The nanotube dispersion of claim 21, wherein the at
least one oxidized nanotube is dispersed in an aqueous solu-
tion by sonication.

27. The nanotube dispersion of claim 21, wherein the sec-
ond solution comprises at least one surfactant.

28. The nanotube dispersion of claim 21, wherein the nano-
tubes and the nanoplatelets are admixed at a nanotube to
nanoplatelet mass ratio of at least 1:1.

29. The nanotube dispersion of claim 21, wherein admix-
ing the nanoplatelets and the nanotube comprises the nano-
platelets to nanotubes mass ratio of at least about 1.1 to about
1.

30. The nanotube dispersion of claim 21, wherein admix-
ing the nanoplatelet solution and nanotube solution further
comprises mechanical homogenization.

31. The nanotube dispersion of claim 21, wherein the alter-
ing the nanocomposite solution ionic strength comprises
admixing a salt solution with a concentration between about
0.005 mol/L and about 0.50 mol/L.

32. The nanotube dispersion of claim 31, wherein the salt
solution comprises KCI.
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33. The nanotube dispersion of claim 21, wherein altering
the nanocomposite solution ionic strength comprises chang-
ing the pH.

34. The nanotube dispersion of claim 21, further compris-
ing precipitation to remove the at least one nanoplatelet.

35. The nanotube dispersion of claim 21, further compris-
ing centrifugation to remove the at least one nanoplatelet.

36. The nanotube dispersion of claim 21, wherein the iso-
lated at least one nanotube is re-suspended in surfactant.

37. A method of manipulating nanotubes comprising:

a) oxidizing at least one nanotube to form at least one

oxidized nanotube;

b) exfoliating at least one nanoplatelet to form at least one
exfoliated nanoplatelet;

¢) admixing the at least one oxidized nanotubes and the at
least one exfoliated nanoplatelet form a homogenously
dispersed nanotube solution comprising at least one
exfoliated nanotube;

d) injecting the nanotube solution into a template sup-
ported by a substrate, wherein the template comprises at
least one microchannel, causing the alignment of nano-
tubes within said microchannel;

e) removing the liquid from the solution to deposit a nano-
tube film on the substrate; and

f) removing the template from the substrate, such that an
aligned nanotube film is left on the substrate.

38. The method of claim 37, herein at least one nanotube is
selected from the group consisting of carbon nanotubes, tung-
sten dioxide nanotubes, silicon nanotubes, inorganic nano-
tubes, and combinations thereof.

39. The method of claim 37, wherein said solution is a
mixture, an emulsion, a suspension, a colloid, a sol or a gel.

40. The method of claim 37, wherein (a) comprises admix-
ing the nanotubes in an acid solution.

41. The method of claim 40, wherein the acid solution
comprises an oxidative environment.

42. The method of claim 40, wherein vacuum filtering said
acid solution to isolate the at least one nanotube.

43. The method of claim 37, wherein after (a) dispersing
the at least one oxidized nanotube in an aqueous solution by
sonication.

44. The method of claim 37, wherein (b) comprises admix-
ing the nanoplatelets in a basic solution.

45. The method of claim 43, wherein the aqueous solution
comprise active media.

46. The method of claim 37, wherein (¢) comprises admix-
ing an aqueous solution of nanotubes into an aqueous solution
of nanoplatelets.

47. The method of claim 37, wherein (¢) comprises admix-
ing an aqueous solution of nanoplatelets into an aqueous
solution of nanotubes.

48. The method of claim 37, wherein (¢) comprises admix-
ing an aqueous solution of nanoplatelets and an aqueous
solution of nanotubes simultaneously.

49. The method of claim 37, wherein (c¢) comprises of
admixing the nanotubes and the nanoplatelets at a nanotube to
nanoplatelet ratio of at least 1:1.

50. The method of claim 37, wherein (¢) comprises of
admixing the nanoplatelets and the nanotubes, at a nanoplate-
lets to nanotubes ratio greater than about 1.1 to about 1.

51. The method of claim 37, wherein (c) comprises homog-
enizing the mixture at a temperature range from about 30° C.
to about 40° C. for a time period in the range of from about 5
to about 6 hours.
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52. The method of claim 37, wherein step (c) further
includes the steps:

¢") altering the ionic strength of the solution;

¢") separating the dissociated exfoliated nanotubes from

said nanoplatelets in solution, to form said homog-
enously dispersed nanotube solution.

53. The method of claim 37, further comprising drying the
exfoliated nanotubes to form a powder, and re-dispersing the
powder in solvent after step (c).

54. The method of claim 53, wherein drying the exfoliated
nanotubes comprises drying at about 100° C. until the water is
evaporated.

55. The method of claim 53, wherein the solvent is an
organic solvent.

56. The method of claim 53, wherein the solvent is an
inorganic solvent.

57. The method of claim 55, wherein the organic solvent is
selected from acetone, toluene, and combinations thereof.

58. The method of claim 55, further comprising dissolving
polyvinyl alcohol (PVA) into the organic solvent.

59. The method of claim 56, further comprising admixing
epoxy monomer solution into the inorganic solvent.

60. The method of claim 59, further comprising admixing
inorganic solution of dispersed nanotubes into the epoxy
monomer.

61. The method of claim 59, further comprising admixing
epoxy monomer and the inorganic solution of dispersed
nanotubes simultaneously.

62. The method of claim 52, wherein (c¢") comprises stabi-
lizing the dissociated-exfoliated nanotubes in a solution.

63. The method of claim 62, farther comprising suspending
in a solution comprising at least one selected from solvents,
surfactants, polymers, proteins, nucleic acids and combina-
tions there of to stabilize the nanotubes in solution.

64. The method of claim 37, wherein the at least one
microchannel comprises a fluid vessel

65. The method of claim 37, wherein the at least one
microchannel is in the substrate or a bulk material.

66. The method of claim 37, wherein the at least one
microchannel has a cross-sectional dimension that is smaller
than about the length of the nanotubes.

67. The method of claim 37, wherein injecting the nano-
tube suspension into the at least one microchannel aligns the
nanotubes.

68. The method of claim 37, wherein the substrate is
selected from the group consisting of polymers, semiconduc-
tors, metals, alloys, wafers, plastics, glasses, thin films and
combinations thereof.

69. The method of claim 37, wherein the nanotube film
comprises aligned nanotubes.

70. The method of claim 37, wherein injecting the nano-
tube solution comprises applying negative pressure to said
solution.

71. The method of claim 37, wherein injecting the nano-
tube suspension comprises immersing the substrate in said
suspension.

72. The method of claim 37, wherein (d) comprises inject-
ing the nanotube suspension using at least one injection
nozzle.

73. The method of claim 37, wherein removing the solution
to deposit the nanotube film comprises drying the solution.

74. The method of claim 37, wherein removing the solution
to deposit the nanotube film comprises evaporating the solu-
tion.
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75. The method of claim 37, wherein the substrate includes
at least one substrate layer.

76. The method of claim 75, wherein the at least one
substrate layer includes via holes extending between at least
two layers.

77. The method of claim 76, wherein the least two layers
are fused by transfer bonding.

78. The method of claim 76, wherein the via holes are
microchannels between at least two substrate layers.

79. The method of claim 37, wherein the substrate further
comprises previously deposited nanotubes.

80. The method of claim 79, wherein the previously depos-
ited nanotubes are in any orientation.

81. The method of claim 76, wherein the substrate com-
prises aligned nanotubes.

82. The method of claim 37, wherein (a) further comprises
oxidizing the nanotubes in an oxidative environment.

83. The method of claim 82, wherein the nanotubes are
oxidized by dry oxidation, radiation oxidation, plasma oxi-
dation, thermal oxidation, diffusion oxidation or combina-
tions thereof.

84. The method of claim 37, wherein (b) further comprises
exfoliating the nanoplatelets in a chemically active media.

85. A method for placing at least one nanotube in a specific
location comprising:

a) altering the substrate surface to include a nanotube

receptor;

b) positioning a template on the substrate surface over the

nanotube receptor;

¢) injecting an exfoliated nanotube suspension into the

template, wherein the template comprises at least one
microchannel, said microchannel for aligning nano-
tubes; and

d) allowing at least one nanotube to associate with the

nanotube receptor.

86. The method of claim 85, wherein the nanotube suspen-
sion comprises dispersed, de-roped or de-bundled nanotubes
in liquid.

87. The method of claim 85, wherein the substrate selected
from the group consisting of polymers, semiconductor, met-
als, wafers, plastics, glasses, thin films and combinations
thereof.

88. The method of claim 85, wherein the nanotube receptor
is chemically modified.

89. The method of claim 85, wherein the nanotube receptor
is physically modified.

90. The method of claim 85, wherein the as least one
microchannel comprises a fluid vessel.

91. The method of claim 90, wherein the at least one
microchannel has a cross-sectional dimension that is smaller
than about the length of the nanotubes.

92. The method of claim 85, wherein injecting the nano-
tube suspension into the at least one microchannel aligns the
nanotubes with the nanotube receptor.

93. The method of claim 85, wherein the nanotube is
bonded to the nanotube receptor.
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94. The method of claim 85, wherein the nanotube is physi-
cally constrained by the nanotube receptor.

95. A method of preventing aggregation of nanotubes in a
liquid medium, comprising:

forming a dispersion of nanocomposites in said liquid
medium, wherein each said nanocomposite comprises at
least one nanotube associated with at least one nano-
platelet.

96. The method of claim 95, wherein forming the nano-

composite further comprises

a) adding at least one nanotube to an oxidizing solution,
wherein the oxidizing solution oxidizes the at least one
nanotube;

b) isolating the nanotube from the acid solution and resus-
pending the at least one nanotube in aqueous solvent to
form an oxidized nanotube solution;

¢) adding at least one nanoplatelet to a basic solution,
wherein the base solution exfoliates the at least one
nanoplatelet;

d) isolating the at least one nanoplatelet from the base
solution and re-suspending the nanotube in aqueous
solution to form an exfoliated nanoplatelet solution; and

e) admixing the oxidized nanotube solution and exfoliated
nanoplatelet solution to form a nanocomposite compris-
ing at least one nanotube associated with the at least one
nanoplatelet.

97. The method of claim 96, wherein (a) further comprises

oxidizing the nanotubes in an oxidative environment.

98. The method of claim 97, wherein the nanotubes are
oxidized by dry oxidation, radiation oxidation, plasma oxi-
dation, thermal oxidation, diffusion oxidation or combina-
tions thereof.

99. The method of claim 96, wherein (c) further comprises
exfoliating the nanoplatelets in a chemically active media.

100. The method of claim 95, further comprising:

a) altering the ionic strength of the nanocomposite solution
to remove the at least one nanoplatelet; and

b) re-suspending the at least one exfoliated nanotube.

101. The method of claim 100, wherein the altering the
nanocomposite solution ionic strength comprises admixing a
salt solution with a concentration between about 0.005 mol/L
and about 0.50 mol/L.

102. The method of claim 101, wherein the salt solution
comprises KCI.

103. The method of claim 100, wherein altering the nano-
composite solution ionic strength comprises changing the
pH.

104. The method of claim 100, wherein further comprising
centrifugation to remove the at least one nanoplatelet.

105. The method of claim 100, wherein the isolated at least
one nanotube is re-suspended in a solution comprising at least
one selected from solvents, surfactants, polymers, proteins,
nucleic acids and combinations there of.

106. The method of claim 100, where in the at least one
nanotube is re-suspended in a solution to stabilize the
nanotube.
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