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CARBON NANOTUBE FOAM AND METHOD
OF MAKING AND USING THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Divisional of U.S. application
Ser. No. 11/005,474, filed Dec. 7, 2004, which claims priority
from U.S. Provisional Application No. 60/528,709, filed Dec.
12, 2003. The entire contents of each of the aforementioned
applications are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

[0002] The U.S. government may have certain rights in this
invention pursuant to grant number DMR-0408745 from the
National Science Foundation and the NSEC.

BACKGROUND OF THE INVENTION

[0003] The presentinventionrelates generally to the field of
carbon nanotubes and specifically to carbon nanotube foams.
[0004] Multi-walled carbon nanotubes (MWNTs) have
been produced by several different methods, including
chemical vapor deposition (CVD) and laser ablation. These
nanotubes are either grown as a layer of aligned nanotubes or
as intertwined, randomly oriented bundles of nanotubes.
[0005] Carbon nanotubes have many potential applications
due to their mechanical, electrical and electronic properties.
However, the difficulty in assembling the nanotubes into
desired complex architectures and patterns hinder some of
these applications.

SUMMARY OF THE INVENTION

[0006] One embodiment of the invention relates to a com-
position of matter comprising of carbon nanotube foam,
wherein the nanotubes are extremely compacted.

[0007] Another embodiment of the invention relates to a
method of making a carbon nanotube structure, comprising of
an array of substantially aligned carbon nanotubes, wetting
the array with a liquid, and evaporating the liquid to form the
carbon nanotube structure having a pattern in the carbon
nanotube array.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIGS.1A,1B,1Cand 1D are SEM images of nano-
tube patterns according to the embodiments of the present
invention. FIG. 1A shows a substrate-grown substantially
vertically aligned MWNT arrays with an average nanotube
diameter of about 30 nm. FIG. 1B is a scanning electron
microscopy (SEM) image showing a side-view of cellular
structures formed by the evaporation of water from plasma-
oxidized substantially vertically aligned MWNTs. The arrow
depicts the width of a cell. FIGS. 1C and 1D are higher
magnification micrographs showing the cellular structures.
The micrograph in FIG. 1D illustrates a “crack” along the
floor of a nanotube canyon or depression as well as the bend-
ing of nanotubes that gives rise to the open cellular structures.
“Bent” nanotubes occupy the floor of the depression in
regions surrounding the crack. The inset in FIG. 1D shows the
wall of a cell. It can be seen that the alignment of nanotubes
has been preserved.

[0009] FIGS.2A,2B,2C and 2D are schematic illustrations
of the evolution of formation of cellular structures in carbon
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nanotube films according to the embodiments of the present
invention. FIG. 2A shows a film composed of substantially
vertically aligned carbon nanotubes. FIG. 2B shows the for-
mation of cracks during the evaporation of liquid from the
nanotube film. FIG. 2C shows a later stage in the process
where the shrinkage of the array and the bending of nanotubes
has resulted in the formation of open cellular structures. FI1G.
2D is a schematic illustrating the final cellular structure.
[0010] FIGS.3A, 3B and 3C are optical micrographs illus-
trating the morphological evolution over time of cellular
structures during the evaporation of water from a carbon
nanotube film according to the embodiments of the present
invention. FIG. 3A is an optical micrograph during the early
stages of structure formation, showing the appearance of
cracks. FIGS. 3B and 3C are optical micrographs of the same
region at later stages of structure formation. The micrographs
demonstrate that cell growth occurs via compaction and
bending of the nanotubes. The cell dimensions are governed
primarily by the initial crack length and spacing. False color-
ing has been used for clarity.

[0011] FIGS. 4A, 4B, 4C, 4D, 4E, 4F and 4G are SEM
images of nanotube patterns where control of structure shape
and orientation is accomplished using patterned carbon nano-
tube films according to the embodiments of the present inven-
tion. FIGS. 4A and 4G show wine-glass structures obtained
by the evaporation of liquids from cylindrical MWNT arrays.
FIGS. 4B-4E show the formation of directional cells in pat-
terned nanotube films. FIG. 4F shows the formation of a
two-dimensional carbon nanotube foam by the drying of a
patterned MWNT array. The inset in FIG. 4F is a schematic
illustrating the formation of the foam from a patterned array,
consisting of spatially periodic circular holes, 100 microns in
diameter. The structure can be separated from the substrate
forming a monolithic carbon nanotube foam.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0012] In a first preferred embodiment, the present inven-
tors have discovered that the carbon nanotubes may be
formed into a foam by evaporation of a liquid from nanotubes.
Asused herein, a nanotube foam comprises a material having
a cellular structure. The carbon nanotubes self assemble into
the cellular structure pattern due the step of evaporating the
liquid from the nanotubes.

[0013] Preferably but not necessarily, the carbon nanotube
foam comprises of a cellular film containing an open cellular
structure. In other words, the foam preferably comprises a
“two-dimensional”, open celled foam film whose height or
thickness in the third dimension is less than, but determined
by the height of the initially formed carbon nanotubes. Of
course, if desired, plural “two-dimensional” foams may be
stacked on top of each other to form a “three-dimensional”
structure.

[0014] FIGS. 1B-1D show exemplary formation of cellular
patterns by the evaporation of liquids from substantially ver-
tically aligned carbon nanotube film shown in FIG. 1A. In a
preferred embodiment of the present invention shown in FI1G.
1B, the cellular structure of the cellular film 1 comprises a
plurality of rims or borders 3 with depressions or canyons 5
located between the rims. Thus, each open cell comprises a
depression surrounded by a rim. Adjacent depressions or cells
are separated by a common rim or border. The rims and
depressions are preferably, but not necessarily, elongated in
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random or common directions, as shown in FIG. 1B. Prefer-
ably, the depressions are elongated in the direction of the
elongation of the rims.

[0015] The rims comprise of compacted carbon nanotubes
substantially aligned in the original or first direction. The
depressions comprise carbon nanotubes substantially aligned
in a direction substantially perpendicular to the rim elonga-
tion direction and substantially perpendicular to the first
direction. In other words, when the cellular foam film 1 is
oriented horizontally as shown in FIG. 1B, the carbon nano-
tubes in the rims are substantially aligned in a substantially
vertical direction and the carbon nanotubes in the depressions
are substantially aligned in a substantially horizontal direc-
tion.

[0016] The term “substantially aligned” means that at least
50%, preferably at least 75%, most preferably at least 90% of
the carbon nanotubes in a particular structure, such as a rim or
depression, are aligned in the same direction. For example, as
shown in FIGS. 1C and 1D, while the majority of the carbon
nanotubes in each rim and depression are oriented in the same
direction (i.e., vertical or horizontal), some nanotubes deviate
from the common orientation. The terms “substantially ver-
tical” and “substantially horizontal” mean a primary direction
that is vertical or horizontal. However, as shown in FIGS. 1C
and 1D, some rims are not exactly vertical, but are inclined by
less than 20 degrees, such as less than 10 degrees from the
vertical direction. [ikewise, some depressions are not exactly
horizontal, but are inclined by less than 20 degrees, such as
less than 10 degrees from the horizontal direction. Further-
more, portions of the rims and depressions are curved, and
deviate from the vertical and horizontal directions, respec-
tively. For example, the bottom portions of the rims adjacent
to the depressions are sloped from the substantially vertical
direction of the middle portions of the rims, while the top
portions of the rims are bent away from the substantially
vertical direction of the middle portions of the rims. Likewise,
edge portions of the depressions adjacent to the rims are
sloped upwards from the substantially horizontal direction of
the middle portions of the depressions, as shown in FIG. 1D.
[0017] The carbon nanotubes in the foam are preferably but
not necessarily separated from adjacent carbon nanotubes by
less than 10 nm, such as a few nanometers. The rim width
depends on the initial density of nanotube array and cell width
depends on the initial height of the nanotubes. The rim width
can be varied by changing the density of the array. Thus, the
foam rims and depressions may have any suitable dimen-
sions. The following exemplary dimensions should not be
considered limiting on the scope of the invention. Preferably,
but not necessarily, a majority, and preferably at least 75% of
the rims have an average length of 50 to 2000 microns and an
average width of less than 5 microns. Preferably, but not
necessarily, a majority, and preferably at least 75% of the
depressions have an average length of 50 to 2000 microns and
an average width of 30 to 300 microns.

[0018] The carbon nanotubes in the foam preferably com-
prise multi-walled carbon nanotubes The films comprise of
multiwalled carbon nanotubes grown by chemical vapor
deposition of ferrocene and xylene.

[0019] The preferred method of making carbon nanotube
structures comprises providing an array of substantially
aligned carbon nanotubes, wetting the array with a liquid, and
evaporating the liquid to form the carbon nanotube structure
having a pattern in the carbon nanotube array. Without wish-
ing to be bound by a particular theory, the present inventors
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believe that shrinkage and crack formation in the films due to
strong capillary forces during evaporation, and strong van der
Waals interactions between condensed nanotubes, result in
the formation of visually striking stable cellular patterns and
contiguous foams. Patterns formed by nanotube aggregates
differ significantly from other polygonal crack patterns, due
to the inherent dimensions, strength, and flexibility of the
nanotubes. The monolithic nanotube foams assembled on
substrates can be elastically deformed and manipulated,
transferred to other substrates, and floated out to produce
unique freestanding structures.

[0020] The step of providing the array of substantially
aligned carbon nanotubes preferably comprises growing a
film 7 of multi-walled carbon nanotubes on a surface of a
substrate by in a direction substantially normal to the sub-
strate surface, as shown in FIG. 1A. For example, substan-
tially vertically aligned multi-walled nanotube arrays are
grown on rigid silica substrates using a chemical vapor depo-
sition (CVD) process, as shown in FIG. 1A. The CVD method
that delivers the nanotube-forming carbon source and the
catalyst material (in compound or elemental form) from the
gas phase either simultaneously or sequentially.

[0021] For example, CVD nanotube growth can be stimu-
lated by exposing the substrate to vapor mixtures comprising
xylenes (CgH,,), a nanotube-forming precursor, and fer-
rocene (Fe(CiHy),), a nanotube catalyst, at about 600 to
1100° C., preferably at about 800 to 900° C. However, other
suitable substrates, source gases and temperatures may be
used instead. For example, silicon dioxide, silicon oxynitride,
magnesium oxide, aluminum oxide or indium tin oxide sub-
strates or layers over any suitable substrates may be used to
grow the nanotube films. Ferrocene may be dissolved in
xylenes (which preferably contains different isomers) at con-
centrations of about 0.01 g/ml, the mixture pre-heated, co-
evaporated and fed into the CVD chamber. Ferrocene prefer-
ably comprises 0.001 to 1 percent of the ferrocene/xylenes
mixture. Prolonged growth in the temperature range of 600-
1100° C., produces films of densely packed multiwalled car-
bon nanotubes on the substrate. Uniform, substantially verti-
cally aligned nanotube films having a thickness of a few
microns to several tens of microns to several hundreds of
microns can be produced in few minutes. The nanotubes in
the nanotube films can be about 30 nm diameter multiwalled
carbon nanotubes. The films are preferably oxidized in an
oxygen plasma to remove any surface carbon impurities and
make the surface hydrophilic, though this step is not essential
for foam formation. Alternatively, organic solvents may be
optionally used instead of the plasma oxidation. Character-
ization of the oxidized MWNTs by Raman spectroscopy con-
firms the preservation of their structural integrity.

[0022] The oxidized MWNTs may be wetted by a number
of liquids, including water. The liquid may comprise a single
liquid or a mixture, solution or suspension of liquids. The
evaporation of liquids, such as water, from the interstices of
the ordered nanotubes in the films produces remarkable
results. FIGS. 1B, 1C and 1D show the resulting foam-like
structure produced by the reassembly of nanotubes in the
films during the drying process. Similar structures can be
formed with a variety of liquids including acetone, toluene,
dimethylformahide, tetrahydrofuran, and methanol.

[0023] The cellular structures are stable once formed,
despite the significant deformation of the constituent elastic
nanotubes. Preferably, the patterns of cellular structures are
not affected by annealing the sample in vacuum at 800° C. for
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one hour, or by submersion in water followed by another
round of evaporation. The nanotube foams, once assembled,
are quite elastic and individual cells are elastically deform-
able. The foams can also be floated out of the substrate,
transferred to any other substrate, and are mechanically
stable.

[0024] To further probe the role of the solvent in pattern
formation, the present inventors freeze-dried the wet nano-
tube films. No cellular structures were observed in the freeze-
dried arrays, indicating that pattern formation is formed by
evaporation of a liquid from the MWNT arrays.

[0025] Thereal-time collapse and collective morphological
evolution of the nanotubes into cellular structures is shown
using schematics in FIGS. 2A-2D and optical microscope
micrographs in FIGS. 3A-3C. These FIGS. illustrate the mac-
roscale features that develop and change in the films. These
FIGS. illustrate that drying-induced micro-crack formation,
and further in-plane shrinkage of the nanotube arrays accom-
panied by the bending of nanotubes, results in the formation
of the observed cellular structures. While mechanisms based
on Marangoni convection and the nucleation and growth of
holes have been proposed to explain the formation of cellular
networks in dried nanoparticle suspensions, the elongated
polygonal structures seen in FIGS. 1 and 3 are probably
incompatible with these mechanisms, which would be
expected to give rise to regular polygonal networks. In addi-
tion, the substrate-grown nanotubes do not convect, as
required for pattern formation by Marangoni convection.
[0026] The open cellular structures formed by MWNT
arrays are significantly different from other polygonal crack
patterns, such as the shrinkage crack patterns in mud, clay,
and cement, and columnar joints formed in cooling basaltic
lavas. Unlike systems in which cracks tend to propagate until
stopped by other pre-existing cracks, crack propagation in the
MWNT arrays is usually arrested before cracks meet, as
shown in FIG. 3A. Consequently, these structures comprise a
polygonal network of compacted MWNT rims surrounding
discrete depressions, instead of a polygonal network of
cracks. These cellular structures do not evolve via cell divi-
sion or coalescence. While image analysis reveals that the
average crack length is greater than the average cell width, the
growth of an individual crack takes places on a time scale of
seconds, whereas the subsequent shrinkage and bending of
nanotubes (FIGS. 3B and 3C) is much slower, and takes place
on a time scale of minutes.

[0027] Without wishing to be bound by a particular theory,
the present inventors believe that the formation of open cel-
Iular structures by the collapse (bending) and reassembly
(mainly condensation) of nanotubes shown in FIGS. 1-3 is a
result of the remarkable mechanical and structural properties
of the MWNTs, including their alignment, narrow spacing,
high aspect ratios, flexibility, and mechanical strength. While
the evaporative flux during the drying of the nanotube film
tends to reduce the height of liquid in the film, the bending of
the nanotubes ensures that the liquid/vapor interface remains
at the surface of the film. Without wishing to be bound by a
particular theory, the present inventors believe that the narrow
spacing between the MWNTs (on the order of tens of nanom-
eters, such as less than 75 nanometers, for example) results in
large surface tension-induced differences between the pres-
sures of air and solvent. Assuming that MWNTs have an
average spacing of 50 nm, it is estimated the initial pressure
difference to be 6 MPa. The pressure difference is inversely
proportional to the spacing between the nanotubes, and
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increases in magnitude during the consolidation of the nano-
tube film. The pressure difference exerts a bending moment
on the nanotubes.

[0028] Without wishing to be bound by a particular theory,
the present inventors believe that the high aspect ratio of the
MWNT enhances the magnitude of the pressure-induced
deflection. The maximum deflection () of a beam due to a
uniformly distributed load can be expressed as 8=WL>/8EI,
where W(=PDL) is the total force, L is the length, D is the
diameter, E is the bending modulus, P is the pressure differ-
ence, and I (=tD?*/64) is a cross-sectional second moment.
Estimates of the value of the bending modulus for MWNTs,
30 nm in diameter, range from 0.1-1.28 TPa. Assuming a
value of 1 TPa for the bending modulus of a MWNT, which is
similar to the value of the modulus along the basal plane of
highly oriented pyrolytic graphite, it is estimated that a pres-
sure difference of only 1.1 Pa is sufficient to cause a maxi-
mum deflection of 10 um for an MWNT that is 30 nm in
diameter and 100 pm long. Assuming that the value of the
bending modulus remains relatively constant, a pressure dif-
ference of only 5.5 kPa would be sufficient to cause a maxi-
mum deflection of about 50 um for each nanotube in a linear
array consisting of a thousand MWNTs. Capillary forces are
therefore large enough to cause the bending of the MWNTs
seen in FIGS. 1B-1D. It is believed that these large deforma-
tions are possible on account of the extraordinary flexibility
of the MWNTs and their resistance to fracture.

[0029] Without wishing to be bound by a particular theory,
the present inventors believe that while the deformation of
nanotubes and the resulting formation of open cells can be
attributed to the magnitude of the capillary forces, FIG. 1B
also suggests that there is a length scale associated with these
cellular structures. Real space image analysis reveals that the
distribution of cell widths in the cellular structures is nar-
rower than the distribution of crack lengths. The average cell
width varies linearly with the length of the nanotubes in the
array (i.e. with the height of the nanotube film). Without
wishing to be bound by a particular theory, the present inven-
tors believe that this linearity can be explained by theoretical
studies of crack pattern formation using spring-block models.
The adhesion between the nanotube film and the substrate
hinders the contraction of the film at its base. Inhomogeneous
shrinkage results in the accumulation of stress in the film. The
length scale associated with the pattern (and hence the aver-
age cell width inthe MWNT cells) would be expected to vary
linearly with the film height if crack formation occurs due to
a critical stress criterion. FIGS. 3A-C indicate that the cell
width is, to a large extent, governed by the initial pattern of
cracks. The length scale associated with the initial crack
pattern (FIG. 3A), and the slow and uniform widening of the
cracks (FIGS. 3B and 3C), results in the formation of cells
having substantially uniform widths.

[0030] The present inventors also tested the effect of the
rate of evaporation of the solvent (water) on pattern formation
by allowing the structures to form under different ambient
humidity conditions at room temperature. A lower value of
the relative humidity (RH), i.e. a faster rate of evaporation,
favors crack formation and results in a decrease in the average
cell width. The average cell width increases linearly with
increasing relative humidity, in the range of humidity values
tested (RH between 50 and 80%). Thus, at least one of a size
and a shape of the cellular pattern may be controlled by
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controlling at least one of the carbon nanotube length, a rate
of evaporation of the liquid and a geometry of the carbon
nanotube film.

[0031] While the results described above illustrate the abil-
ity to control the pattern length scale by varying experimental
parameters, the use of patterned MWNT arrays provides
striking control over the orientation and shape of the struc-
tures, as shown in FIGS. 4A-G.

[0032] FIGS. 4A and 4G shows structures formed by the
evaporation of liquids from spatially periodic cylindrical
MWNT arrays. The cylindrical MWNT arrays may be
formed by any suitable method. For example, these arrays
may be formed by selective CVD growth on circular template
material, such as silicon oxide template material on a silicon
substrate, as described in United States published application
US-2003-0165418-A1, incorporated herein by reference in
its entirety or by patterning a monolithic array of nanotubes.
After plasma oxidation (and/or organic solvent treatment),
wetting with liquid and evaporation of the liquid, the cylin-
drical MWNT arrays are compacted near their base to a third
of their original diameter, forming “wine-glass™ structures.
This degree of compaction is consistent with MWNTs, ini-
tially separated by about 50 nm, coming in close contact. This
consolidation, and the strong van der Waals interactions
between condensed nanotubes, explains the stability of the
cellular structures despite the extensive deformation of the
constituent nanotubes.

[0033] FIGS. 4B-4E provide another example of the con-
trol of structure formation. The samples in FIGS. 4B-4E
(consisting of aligned MWNTs having a length of about 60
um) were plasma oxidized, immersed in acetone, and dried
under ambient conditions. Without being bound by a particu-
lar theory, the present inventors believe that rectangular
MWNT patterns having an aspect ratio (i.e. a ratio of width to
height) smaller than a critical value give rise to unidirectional
cracks and that the resulting cellular structures would also be
directional.

[0034] FIG. 4B-4E show cellular structures formed in pat-
terned MWNT arrays located in different regions on the same
substrate, and therefore having the same film height. The
array width influences the direction of crack growth. The
micrographs also reveal the inward bending of the nanotubes
dueto capillary forces. While wider MWNT arrays show cells
oriented in multiple directions, unidirectional cells are seen
below a certain width as shown in FIG. 4B. More complex
behavior was observed on further decreasing the width of the
patterned arrays shown in FIGS. 4C-4E. A transition region,
consisting of cells oriented both perpendicular and parallel to
the length of the pattern, were seen for arrays having an initial
width of 200 pum, as shown in FIG. 4C. For arrays with smaller
widths shown in FIG. 4D, cells were unidirectional, but ori-
ented parallel to the length of the pattern, whereas cell for-
mation was not observed in arrays having widths smaller than
100 pm, as shown in FIG. 4E. FIG. 4E reveals a significant
compaction of the array due to capillary forces. Inward bend-
ing of the nanotubes at the edges of the pattern is also seen in
the wider MWNT arrays (FIGS. 4B-4D).

[0035] Thus, in FIG. 4B, the cellular nanotube film com-
prises a film having a predetermined width (i.e., the film width
is selected from a first range) such that the elongation direc-
tion of the depressions is substantially perpendicular to the
film width (i.e., at least 75% of the depressions are elongated
perpendicular to the film width). In contrast, in FIG. 4D, the
cellular nanotube film comprises a film having a predeter-
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mined width (i.e., the film width is selected from a different
second range which is less than the first range) such that the
elongation direction of the depressions is substantially paral-
lel to the film width (i.e., at least 75% of the depressions are
elongated parallel to the film width).

[0036] Without being bound by a particular theory, the
present inventors believe that this inward bending suppresses
crack formation perpendicular to the length of the pattern
(FIG. 4D) and parallel to the length of the pattern for the
narrower patterns (FIG. 4E). Furthermore, without being
bound by a particular theory, the present inventors believe that
the actual value of the critical array width to obtain cell
directionality varies with different array and process vari-
ables, such as nanotube height and spacing, for example.
[0037] FIG. 4F shows the formation of a two-dimensional
carbon nanotube foam with a predetermined, controlled two
dimensional cellular pattern by the drying of a patterned
MWNT array. In other words, the pattern of cells may be
controlled to have a desired or predetermined shape of each
cell and layout of the cells in the pattern rather than a random
or uncontrolled cell shape and layout. Each cell may have a
polygonal, circular, oval or complex (i.e., non-polygonal,
non-circular and non-oval) shape and the cell layout may be
ordered and/or geometric (i.e., an ordered pattern of polygo-
nal cells, for example) or disordered, if a disordered pattern is
desired.

[0038] For example, by selectively growing or patterning
nanotubes on a template material having spatially periodic
circular holes, 100 microns in diameter (shown in the inset to
FIG. 4F) results in a consolidation of the rims during the
drying of the patterned MWNT array and results in the for-
mation of a two-dimensional foam consisting of mainly
square and octagonal cells. Thus, as shown in FIG. 4F, the
cellular structure comprises a plurality of different predeter-
mined cellular patterns (alternating square and octagonal
cells arrangements).

[0039] The structures shown in FIGS. 4A and 4E are
examples of bundles of carbon nanotubes aligned in a same
direction (i.e., vertically). In both cases a base of the bundle
has a width that is less than a top of the bundle. The top of the
bundle is located above the base of the bundle. The base ofthe
bundles is located in contact with a surface of a substrate, such
as the CVD template material, which promotes growth of
carbon nanotubes in a direction normal to the substrate. The
bundle shown in FIG. 4A comprises a circular or oval bundle
having a smaller base diameter than a corresponding top
diameter. The bundle shown in FIG. 4E comprises a polygo-
nal or a substantially two dimensional (i.e., linear) bundle.
Other bundle configurations may be formed depending in the
shape of the nanotubes that are subjected to wetting and
evaporation.

[0040] The cellular films or bundles described above grown
on the substrate can be separated from the substrate forming
amonolithic, free standing carbon nanotube structure, such as
free standing foam or free standing bundles. The free standing
structure can then be attached to a different substrate or
placed into a desired device. A monolithic freestanding car-
bon nanotube structure, such a foam is readily obtained by
separating the structure from the substrate by immersion into
aqueous hydrofluoric acid or other selective etching media
which selectively etch away the substrate or etches away a
release layer located between the substrate and the nanotube
selective growth template layer. Thus, a free standing mono-
lithic carbon nanotube structure which does not require an
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adhesive substance nor a supporting substrate to maintain the
structure shape (i.e., to maintain the nanotubes attached to
each other) can be formed. Preferably, this structure com-
prises MWNTs and has a shape of a sheet, free standing
membrane or film. This structure may be placed onto a sup-
port or incorporated into a suitable device, such as a filter.
[0041] The above described ability to control structure for-
mation in the MWNT arrays and the remarkable properties of
the constituent nanotubes provides the ability to produce
various carbon nanotube based articles of manufacture, such
as devices and materials. The method of making nanotube
foams and structures described above can be used in fabrica-
tion of macroscopic two-dimensional foams having cells of a
variety of shapes, and lateral extent of macro-scale dimen-
sions. The capillarity-induced nanotube consolidation, and
the resulting strong inter-tube interaction, can be used for
fabricating lightweight carbon nanotube foams having excep-
tional mechanical properties.

[0042] For example, in one embodiment of the invention,
the nanotube foam comprises or is incorporated into a com-
posite shock absorbing material, such as a shock-absorbent
structural reinforcement. Since the cellular structures are
deformable and elastic as well as light-weight, they are attrac-
tive for impact energy absorption. If desired, a polymer mate-
rial may be impregnated into the foam to form the shock-
absorbent material. The shock absorbent material may be
incorporated into any device or structure which requires
shock absorbency, such as a vehicle or an aircraft.

[0043] In another embodiment of the invention, the nano-
tube foam comprises or is incorporated into an acoustic
damping material. The acoustic damping material may be
incorporated into any suitable device or structure, such as
sensitive testing and measuring apparatus.

[0044] In another embodiment of the invention, the foams
with pre-defined porosities and wall-thickness can be used as
elastic membranes and fabrics. In other words, the free stand-
ing nanotube film can be used as an elastic membrane for
various devices which require such membranes. The nano-
tube foam can also be sheet shaped and used instead of fabric
for clothes, drapes, blankets and other articles incorporating
traditional fabrics. Alternatively, the nanotube foam can be
incorporated into or attached to at least one side of a tradi-
tional fabric as an electrically conductive layer.

[0045] In another embodiment of the invention, the carbon
nanotube foam is incorporated into a composite material
comprising the carbon nanotube foam and a non-carbon
nanotube material. The non-carbon nanotube material may be
selected from polymer, ceramic, metal and other suitable
materials. The composite foam may comprise of non-carbon
nanotube material reinforced by the nanotube structure.
[0046] In another embodiment of the invention, the carbon
nanotube foam is incorporated into a filter. The foam is
formed with pores having a size less than 10 nanometers. The
filter may comprise a free standing nanotube foam film or the
foam film may be placed over other porous material and/or
attached to a handle. The filter may be used in a method of
filtering any suitable medium, such as a liquid biological
medium, which comprises passing the medium through the
carbon nanotube foam filter. The foam cell size may be
selected to match those of biological cells to use the horizon-
tally aligned nanotubes in the depressions as a cell filter or
separator.

[0047] In another embodiment of the invention, the nano-
tube foam may be used as a biological cell growth matrix. In
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this embodiment, cells are grown in the carbon nanotube
foam. In another embodiment of the invention, the nanotube
foam may be used as a therapeutic agent matrix. For example,
the foam may be used as a matrix which stores any suitable
therapeutic agent, such as a gene, protein or molecular phar-
maceutical substance, in the depressions of the foam. The
therapeutic agent may be any substance that provides a thera-
peutic effect to treat a condition in a mammal. Thus, the foam
may be used as a controlled release matrix from which the
therapeutic agent is controllably released over time, such as
after the matrix is provided into a body of a mammal (i.e.,
animal or human). For example, the matrix may be provided
orally or via injection to the mammal in need thereof.
[0048] Inanother embodiment of the invention, the carbon
nanotube foam is incorporated into an electrochemical stor-
age device electrode. Various electrochemical devices, such
as fuel cells, batteries, such as Li-ion batteries and hydrogen
storage batteries, and supercapacitors (also known as electro-
chemical capacitors) contain carbon nanotubes located in a
conductive foam, such as foam metals, including nickel
foams. The carbon nanotube foam described above may be
used as the electrode of the electrochemical device or in
combination with another conductive material, such as a
nickel sheet, rod or foam as the electrode. If desired, a current
collector may also be placed in contact with the electrode.
[0049] Furthermore, ceramic and metallic foams are often
formed by forming a polymer foam template and then form-
ing a ceramic or metal foam on the template by any suitable
process such as dip coating or electrolytic deposition. The
carbon nanotube foam may be used as a template for the
formation of metal or ceramic foams by dip coating the tem-
plate with a ceramic precursor slurry or electrolytically
depositing a metal onto the template. The template may then
be removed or incorporated into a composite nanotube/metal
or ceramic foam. The nanotube foam is advantageous com-
pared to the polymer foam because the cell structure and
pattern in the nanotube foam may be designed and controlled
with a high degree of precision, as described above.
[0050] The above described structures also provide an
interesting example of the spontaneous generation of com-
plex patterns from highly ordered media. The ability to con-
trol the length scale, orientation, and shape of the structures,
and the simplicity of the structure-formation process makes
this a particularly attractive system for studying pattern for-
mation.
[0051] The foregoing description of the invention has been
presented for purposes of illustration and description. It is not
intended to be exhaustive or to limit the invention to the
precise form disclosed, and modifications and variations are
possible in light of the above teachings or may be acquired
from practice of the invention. The description was chosen in
order to explain the principles of the invention and its practi-
cal application. It is intended that the scope of the invention be
defined by the claims appended hereto, and their equivalents.
What is claimed is:
1. A bundle of carbon nanotubes aligned in a same direc-
tion, wherein a base of the bundle has a width that is less than
a top of the bundle.
2. The bundle of claim 1, wherein:
the base of the bundle is located in contact with a first
surface of a substrate which promotes growth of carbon
nanotubes in a first direction normal to the first substrate;

the nanotubes in the bundle are aligned and extend in the
first direction; and

the top of the bundle is located above the base of the bundle.
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3. The bundle of claim 1, wherein the base of the bundle is
removed from a growth substrate.

4. The bundle of claim 1, wherein the bundle comprises a
circular or oval bundle having a smaller base diameter than a
corresponding top diameter.

5. The bundle of claim 1, wherein the bundle comprises a
polygonal or a substantially two dimensional bundle.

6. A method of making a carbon nanotube structure, com-
prising:

providing an array of substantially aligned carbon nano-

tubes;

wetting the array with a liquid; and

evaporating the liquid to form the carbon nanotube struc-

ture having a pattern in the carbon nanotube array.

7. The method of claim 6, wherein the step of providing the
array of substantially aligned carbon nanotubes comprises
growing multiwalled carbon nanotubes on a surface of a
substrate by chemical vapor deposition in a direction substan-
tially normal to the substrate surface.

8. The method of claim 6, wherein the step of wetting the
array with a liquid comprises wetting the array with at least
one of water, acetone, toluene, dimethylformahide, tetrahy-
drofuran and methanol.

9. The method of claim 8, where the liquid comprises
water.

10. The method of claim 6, wherein the carbon nanotube
structure comprises a carbon nanotube foam formed on a
substrate.

11. The method of claim 10, wherein the carbon nanotube
foam comprises a cellular film containing an open cellular
structure pattern.

12. The method of claim 6, wherein the step of providing
the array of substantially aligned carbon nanotubes comprises
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growing multiwalled carbon nanotubes on a template pattern
on surface of a substrate by chemical vapor deposition in a
direction substantially normal to the substrate surface to form
a patterned array of carbon nanotubes.

13. The method of claim 12, wherein the step of evaporat-
ing the liquid forms a plurality of different predetermined
cellular patterns.

14. The method of claim 12, wherein:

the patterned array of carbon nanotubes comprises bundle

of carbon nanotubes aligned perpendicular to the tem-
plate pattern; and

the step of evaporating the liquid forms a bundle of carbon

nanotubes which has a width that is less than a top.

15. The method of claim 6, further comprising removing
the carbon nanotube structure from the substrate.

16. The method of claim 10, further comprising incorpo-
rating the carbon nanotube foam into a composite material
containing a non-carbon nanotube material.

17. The method of claim 16, further comprising incorpo-
rating a polymer material into the carbon nanotube foam to
form the composite material.

18. The method of claim 16, further comprising growing a
metal or ceramic foam on the carbon nanotube foam using the
carbon nanotube foam as a template.

19. The method of claim 10, wherein the carbon nanotube
foam is incorporated into at least one of a flexible membrane,
a filter, a shock absorbing material, an acoustic damping
material, a matrix as a reinforcing material, a fabric, an elec-
trochemical storage device electrode and a cell growth
matrix.



