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STRUCTURAL ENERGY STORAGE
ASSEMBLIES AND METHODS FOR
PRODUCTION THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority under
35U.S.C. §119 from U.S. Provisional Patent Application Ser.
No. 61/378,378, filed Aug. 30, 2010, which is incorporated
herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.

FIELD OF THE INVENTION

[0003] The present invention generally relates to energy
storage, and, more specifically, energy storage within a struc-
tural energy storage assembly.

BACKGROUND

[0004] Multi-functional composite materials have been the
subject of considerable research interest as a result of steadily
increasing demand for consumer, industrial and military
products having improved performance and functionality.
Specifically, composite materials having at least one special-
ized function, in addition to providing simple structural sup-
port and/or mechanical strength, have been particularly
sought out by the engineering community in order to address
the foregoing demand for high performance products. One
particularly desirable multi-functional composite material
that has been the subject of intense research is an assembly
that provides both an energy storage medium and significant
structural support. Although various approaches have been
applied toward development of such multi-functional com-
posite materials having energy storage capabilities, research
efforts to date have failed to realize an adequate combination
of strength, charge storage capacity and/or charge storage
density, and manufacturing ease.

[0005] Certain high performance materials, including car-
bon nanotubes, have been proposed for use in multi-func-
tional composite materials due to their high mechanical
strength, large effective surface area, and electrical conduc-
tivity. Although carbon nanotubes offer significant potential
for developing multi-functional composite materials,
research efforts to date have failed to deliver on the promise
offered by these entities. In a like manner, carbon nanotubes
can offer the potential to significantly enhance the properties
of electrical storage devices such as, for example, batteries
and supercapacitors. In this regard, carbon nanotubes can be
used to replace carbon black and/or electrode materials of
conventional electrical storage devices in order to lessen their
weight and/or to improve their charge storage properties.
[0006] In view of the foregoing, multi-functional compos-
ite materials that provide both good structural support and
energy storage capabilities would be of significant benefit in
the art. The present invention satisfies this need and provides
related advantages as well.

SUMMARY

[0007] In some embodiments, energy storage assemblies
are described herein. The energy storage assemblies contain
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at least one energy storage layer that contains an insulating
layer having a plurality of openings arranged in a spaced apart
manner, and a plurality of energy storage devices, where each
energy storage device is contained within one of the openings.
The plurality of energy storage devices are electrically con-
nected to one another.

[0008] In some embodiments, the energy storage assem-
blies described herein contain at least two stress carrying
layers and at least one energy storage layer disposed between
the at least two stress carrying layers. The at least one energy
storage layer contains a support material, an insulating layer
having a plurality of openings arranged in a spaced apart
manner, and a plurality of energy storage devices, where each
energy storage device is contained within one of the openings.
[0009] In some embodiments, methods described herein
include disposing a plurality of energy storage devices on a
support material in a spaced apart manner, and disposing an
insulator layer around the plurality of energy storage devices
on the support material, thereby forming an energy storage
layer.

[0010] The foregoing has outlined rather broadly the fea-
tures of the present disclosure in order that the detailed
description that follows can be better understood. Additional
features and advantages of the disclosure will be described
hereinafter, which form the subject of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a more complete understanding of the present
disclosure, and the advantages thereof, reference is now made
to the following descriptions to be taken in conjunction with
the accompanying drawings describing specific embodi-
ments of the disclosure, wherein:

[0012] FIG. 1 shows an illustrative schematic of a beam
under a load;
[0013] FIG. 2 shows an illustrative isometric schematic of a

traditional layered composite material containing an insulat-
ing layer and two stress carrying layers;

[0014] FIG. 3A shows an illustrative isometric schematic
of an insulating layer in which a plurality of holes have been
opened therein; FIG. 3B shows an illustrative isometric sche-
matic of an insulating layer in which a plurality of depressions
have been opened therein;

[0015] FIG. 4A shows an illustrative schematic of a printed
circuit board having series electrical connections and parallel
electrical connections printed thereon; FIG. 4B shows an
illustrative schematic of the printed circuit board of FIG. 4A
after depositing a plurality of energy storage devices thereon;
FIG. 4C shows an illustrative schematic of the printed circuit
board of F1G. 4B after depositing an insulating layer about the
energy storage devices;

[0016] FIG. 5 shows an illustrative schematic of an energy
storage assembly having multiple single-row energy storage
layers laid alongside one another; and

[0017] FIG. 6 shows an illustrative side view schematic of
an energy storage layer in which energy storage device cas-
ings form the insulating layer.

DETAILED DESCRIPTION

[0018] The present disclosure is directed, in part, to struc-
tural energy storage assemblies such as, for example, multi-
functional composite materials. The present disclosure is also
directed, in part, to methods for making structural energy
storage assemblies. Traditional energy storage devices such
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as, for example, batteries and capacitors can be used in the
energy storage assemblies described herein. Optionally, the
energy storage assemblies can make use of energy storage
devices that have been enhanced with carbon nanotubes.
[0019] Embodiments described herein take advantage of
simple beam theory, a brief discussion of which follows. It is
to be recognized that the following discussion of simple beam
theory should not be considered mechanistically limiting. As
used herein, the term “beam” refers to a substantially rigid
structural member that is supported on at least its ends and is
subject to a transverse shear force that results in tension/
compression stress in the beam that is perpendicular to the
applied shear force. Although the term “beam” can refer to
structural members having a large aspect ratio, it is to be
recognized that the term “beam” should be more broadly
construed herein to represent any rigid structural member that
bears a transverse shear force.

[0020] FIG.1 shows anillustrative schematic ofabeam 100
under a load. According to simple beam theory, the interior of
beam 100 near neutral axis 101 is under shear stress from load
105, but not under appreciable tension/compression stress
107 and 108, which arises from bending forces 106. In con-
trast, exterior faces 102 of beam 100 experience considerable
tension/compression stress 107 and 108 when placed under a
load.

[0021] Inview of the foregoing, it has been advantageously
recognized according to the present invention that at least a
portion of the interior of a beam can be replaced with a
material that is primarily functional rather than primarily
structural. Since the interior of a beam is subject to minimal
tension/compression stress, the replacement material needs
only to be capable of bearing a shear load in order to maintain
structural integrity comparable to that of an unmodified
beam. According to the present embodiments, an energy stor-
age assembly can replace at least a portion of the interior of a
beam in order to produce a multi-functional composite mate-
rial that is capable of storing electrical charge while main-
taining significant resistance to tension/compression stress.
In addition, by replacing at least a portion of the interior of a
beam with a replacement material, the overall weight of the
beam can be maintained or reduced relative to that of an
unmodified beam, according to some embodiments, while
maintaining comparable structural integrity and gaining
advantageous functional properties. Although not preferred,
if the replacement material is heavier than the beam material,
the overall weight of the beam will be increased.

[0022] Replacement of the interior of a beam can be par-
ticularly advantageous and facile for layered composite mate-
rials (e.g., sandwich-type structures), containing an energy
storage assembly located between at two stress carrying lay-
ers. As used herein, the term “stress carrying layers” will refer
to a material that is capable of bearing significant tension/
compression stress, particularly when used as the exterior
layer(s) of a layered composite material.

[0023] A particular advantage of composite materials con-
taining the present energy storage assemblies is that an article
formed therefrom can exhibit enhanced performance relative
to an article lacking an energy storage assembly, while not
significantly altering the weight or mechanical properties of
the original article. That is, articles can be constructed using
the present energy storage assemblies that have a comparable
or reduced weight and like mechanical properties relative to a
like article lacking an energy storage assembly. Accordingly,
articles produced in accordance with the present embodi-
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ments can make use of the functional energy storage capacity
therein so as to have longer operating times relative to com-
parable articles lacking an energy storage assembly. Other
operational advantages in articles containing an energy stor-
age assembly can be realized as well.

[0024] A further advantage of the present energy storage
assemblies is that they are highly compatible with traditional
manufacturing techniques and materials used for preparing
layered composite materials. Furthermore, the energy storage
assemblies described herein are compatible with common
energy storage devices such as, for example, traditional bat-
teries (e.g., Li-ion batteries) and capacitors, a number of
configurations for which are known to one having ordinary
skill in the art. Although the energy storage devices used in
the present embodiments can be further enhanced (e.g., by
incorporation of carbon nanotubes therein), there is no spe-
cific manufacturing requirement to do so.

[0025] Still further, the energy storage assemblies
described herein are not particularly limited in scale and can
be used to form articles having a wide breadth of sizes. Ulti-
mately, the size of the energy storage devices in an energy
storage assembly determines its thickness. As a number of
energy storage device sizes and configurations are available
to one having ordinary skill in the art, a wide array of energy
storage assembly sizes and configurations can be prepared.
Accordingly, articles that are a less than about one millimeter
thick to tens or hundreds of centimeters thick can be fabri-
cated from the energy storage assemblies. In addition, by
stacking the energy storage assemblies, even thicker articles
can be prepared, if desired.

[0026] The energy storage assemblies described herein can
advantageously distribute electric charge storage capacity
throughout an article formed therefrom. That is, the present
embodiments can allow an energy storage medium to be
spread throughout an article, as opposed to a like article
having a single concentrated energy storage site such as, for
example, a large centralized battery or like energy storage
device. By electrically connecting decentralized, smaller
energy storage devices in series and/or parallel in the present
embodiments, electrical storage properties comparable to
those of a larger energy storage device can be realized.
Although articles containing the present energy storage
assemblies can also contain one or more centralized energy
storage devices, the distribution of electric charge storage
capacity can represent a particular advantage for certain
articles.

[0027] A number of articles can potentially make use of the
present energy storage assemblies. For example, unmanned
aerial vehicles (UAVs), airplanes, satellites and hybrid gas-
electric vehicles containing the present energy storage assem-
blies could exhibit extended operating times without having
their operational integrity significantly impacted. In general,
any article that makes use of a power supply, particularly
those that are formed by composite processing techniques,
can make advantageous use of the present energy storage
assemblies. However, articles that do not conventionally draw
or use electric charge themselves can also make use of the
present energy storage assemblies. For example, structural
articles such as, for example, pipelines, electrical towers,
bridges and buildings can have energy storage assemblies
incorporated therein. These structural articles can then be
used to acquire and store electricity (e.g., through solar
energy collection) until the energy is needed elsewhere.
Therefore, the present energy storage assemblies can be used
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to supplement traditional electrical grid applications. Like-
wise, they can be utilized in numerous applications more
traditionally associated with energy collection including, for
example, solar energy collection, hydroelectric energy col-
lection, wind farm energy collection, and the like.

[0028] Asusedherein, the term “opening” refers to a vacant
space within an insulating layer. In some embodiments, an
opening can be a hole that extends through the insulating
layer. In other embodiments, an opening can be a depression
or void that does not extend completely through the insulating
layer.

[0029] As used herein, the term “flexible” refers to the
condition of being able to be bent without breaking.

[0030] As used herein, the terms “fiber,” “fiber material,” or
“filament” equivalently refer to any material thathas a fibrous
component as a basic structural feature. As used herein, the
term “continuous fibers” refers to spoolable lengths of fiber
materials such as individual filaments, yarns, rovings, tows,
tapes, ribbons, woven and non-woven fabrics, plies, mats, and
the like.

[0031] As used herein, the term “infused” refers to being
bonded and “infusion” refers to the process of bonding. As
used herein, the terms “carbon nanotube-infused fiber,” “car-
bon nanotube-infused fiber material,” or “fibers that are
infused with carbon nanotubes” equivalently refer to a fiber
material that has carbon nanotubes bonded thereto. Such
bonding of carbon nanotubes to a fiber material can involve
mechanical attachment, covalent bonding, ionic bonding, pi-
pi interactions (pi-stacking interactions), and/or van der
Waals force-mediated physisorption. In some embodiments,
the carbon nanotubes can be directly bonded to the fiber
material. In other embodiments, the carbon nanotubes can be
indirectly bonded to the fiber material via a barrier coating
and/or catalytic nanoparticles used to mediate growth of the
carbon nanotubes. The particular manner in which the carbon
nanotubes are infused to the fiber material can be referred to
as the bonding motif.

[0032] As used herein, the terms “spoolable lengths™ or
“spoolable dimensions” equivalently refer to a fiber material
that has at least one dimension that is not limited in length,
thereby allowing the fiber material to be stored on a spool or
mandrel. A fiber material of “spoolable lengths” or “spool-
able dimensions” has at least one dimension that indicates the
use of either batch or continuous processing for carbon nano-
tube infusion thereon.

[0033] As used herein, the term “nanoparticle” refers to
particles having a diameter between about 0.1 nm and about
100 nm in equivalent spherical diameter, although nanopar-
ticles need not necessarily be spherical in shape. As used
herein, the term “catalytic nanoparticle” refers to a nanopar-
ticle that possesses catalytic activity for mediating carbon
nanotube growth.

[0034] As used herein, the term “transition metal” refers to
any element or alloy of elements in the d-block of the periodic
table (Groups 3 through 12), and the term “transition metal
salt” refers to any transition metal compound such as, for
example, transition metal oxides, carbides, nitrides, nitrates,
sulfides, sulfates, phosphates, halides (e.g., fluorides, chlo-
rides, bromides, and iodides), acetates, citrates and the like.
Illustrative transition metals that can form catalytic nanopar-
ticles suitable for synthesizing carbon nanotubes include, for
example, Ni, Fe, Co, Mo, Cu, Pt, Au, Ag, alloys thereof, salts
thereof, and mixtures thereof.
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[0035] Asusedherein, the terms “sizing agent,” or “sizing,”
collectively refer to materials used in the manufacture of fiber
materials as a coating to protect the integrity of the fiber
material, to provide enhanced interfacial interactions
between the fiber material and a matrix material, and/or to
alter and/or to enhance certain physical properties of the fiber
material.

[0036] As used herein, the term “uniform in length” refers
to a condition in which carbon nanotubes have lengths with
tolerances of plus or minus about 20% or less of the total
carbon nanotube length, for carbon nanotube lengths ranging
from about 1 pum to about 500 um. At very short carbon
nanotube lengths (e.g., about 1 pm to about 4 um), the toler-
ance can be plus or minus about 1 um, that is, somewhat more
than about 20% of the total carbon nanotube length.

[0037] As used herein, the term “uniform in density distri-
bution” refers to a condition in which the carbon nanotube
coverage density on a fiber material has a tolerance of plus or
minus about 10% over the fiber material surface area that is
covered with carbon nanotubes.

[0038] Embodiments described herein make use of at least
one energy storage layer. Such energy storage layers contain
at least 1) an insulating layer that has a plurality of openings
arranged in a spaced apart manner, and 2) a plurality of energy
storage devices, where each energy storage device is con-
tained within one of the openings. Although the energy stor-
age devices can be accessed separately, if desired, it is gen-
erally the case that the energy storage devices are electrically
connected to one another.

[0039] According to the present embodiments, the insulat-
ing layer of the at least one energy storage layer can provide
the shear strength needed to successfully replace the interior
portions of a beam. That is, in a traditional layered composite
material, the at least one energy storage layer can make up at
least a portion of the interior of the composite material. FIG.
2 shows an illustrative isometric schematic of a traditional
layered composite material 200 containing interior layer 201
and stress carrying layers 202. It has been surprisingly dis-
covered that a plurality of openings can be disposed within
interior layer 201 without significantly impacting the layer’s
shear strength, as discussed in more detail hereinbelow. In
addition to maintaining the shear strength, the disposition of
openings within the insulating layer can improve the flexibil-
ity of interior layer 201, which can be further advantageous in
the present embodiments. According to the present embodi-
ments, interior layer 201 can be an electrically insulating
layer (e.g., a dielectric material). By placing an energy stor-
age device in each of the openings within the insulating layer,
a multi-functional composite material can be created that is
both structurally sound and capable of energy storage.
[0040] Insomeembodiments, the openings within the insu-
lating layer can be a plurality of holes. FIG. 3A shows an
illustrative isometric schematic of an insulating layer 300 in
which a plurality of holes 301 have been opened therein. The
holes extend through the insulating layer. In other embodi-
ments, the openings within the insulating layer can be a
plurality of depressions. FIG. 3B shows an illustrative iso-
metric schematic of an insulating layer 302 in which a plu-
rality of depressions 303 have been opened therein. The
depressions extend incompletely through the insulating layer.
Since the incorporation of openings in the insulating layer can
result in a negligible impact on its shear strength, energy
storage devices can be incorporated within the openings in
order to instill functionality into what would otherwise con-
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stitute dead weight in a composite material. Although the
energy storage devices can enhance shear strength or another
mechanical property of the insulating layer, if desired, there is
no requirement for them to do so.

[0041] To demonstrate that openings within the interior
layer of a composite material may not significantly impact its
shear strength, preliminary modeling studies were conducted
using an isotropic beam material made from aluminum. Mod-
eling studies were conducted with Pro Engineer Mechanica
software by Parametric Technology Corporation. As a con-
trol, a 0.07" thick beam was modeled to determine its weight
and maximum stress. For such a beam, the weight was 0.0142
pounds, and the maximum stress was 1.25 ksi. Next, a 0.08"
thick beam having 0.03"x0.043"x0.43" openings (depres-
sions) every 0.5" was modeled to determine its weight and
maximum stress. In this case, the weight was 0.012 pounds,
and the maximum stress was only reduced to 1.11 ksi. Thus,
for only a slightly larger beam, the weight was reduced by
~15% and the maximum stress was reduced by only ~10%.
The 15% weight loss can be replaced with energy storage
devices according to the present embodiments to produce a
beam that is only marginally thicker and weaker than the
original beam. It should be noted that the foregoing analysis
presents only a preliminary showing demonstrating that the
maximum stress of an insulating layer can be largely main-
tained with openings disposed therein. It is in no manner
suggested that the foregoing dimensions of the openings or
the placement thereof represents an optimum arrangement for
maintaining stress within an insulating layer.

[0042] Ultimately, the height of the energy storage devices
determines the minimum height of the insulating layer. In
various embodiments, the height of the insulating layer can be
at least that of the energy storage devices. In some embodi-
ments, the height of the insulating layer can be substantially
the same as that of the energy storage devices. In such
embodiments, the openings in the insulating layer constitute
holes, since the insulating layer does not overcoat the energy
storage devices if they are substantially the same height. In
other embodiments, the height of the insulating layer can be
greater than that of the energy storage devices. In such
embodiments, the openings in the insulating layer can be in
the form of either holes or depressions. For example, if the
insulating layer height exceeds the height of the energy stor-
age devices but does not overcoat them, then the openings can
be in the form of holes, with the energy storage devices not
completely filling the volume of the holes. However, if the
insulating layer height exceeds the height of the energy stor-
age devices and overcoats them, then the openings can be in
the form of depressions or voids. In the such embodiments,
the energy storage devices can either completely fill or
incompletely fill the volume of the depressions.

[0043] In some embodiments, energy storage assemblies
described herein can contain at least one energy storage layer
that comprises an insulating layer having a plurality of open-
ings arranged in a spaced apart manner, and a plurality of
energy storage devices, each being contained within one of
the openings. In the energy storage assemblies, the plurality
of'energy storage devices can be electrically connected to one
another. In some embodiments, the openings can be depres-
sions that extend partially through the insulating layer. In
other embodiments, the openings can be holes that extend
completely through the insulating layer.

[0044] In general, the insulating layer of the present
embodiments can be a polymer or a fiber-reinforced polymer
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composite. As noted above, the insulating layer can provide
structural integrity and shear support to the energy storage
layer. In some embodiments, the fiber reinforced polymer
composite can be a fiberglass composite. In some embodi-
ments, a suitable polymer for the insulating layer can be a
polycarbonate. Other thermoplastic and thermosetting poly-
mers can be envisioned by one having ordinary skill in the art.
[0045] In some embodiments, the energy storage layer can
further contain a support material upon which the plurality of
energy storage devices and the insulating layer are disposed.
In general, such support materials can maintain some degree
offlexibility such that the energy storage layer also is flexible.
Such support materials can have at least sufficient structural
integrity to support the plurality of energy storage devices and
the insulating layer.

[0046] In general, the support material can be relatively
thin in comparison to the height of the energy storage devices
and the insulating layer. That is, in such embodiments, the
support material is thinner than the energy storage device or
the insulating layer. In some embodiments, the support mate-
rial can be in the form of a structure such as, for example, a
flexible wafer or membrane. In some embodiments, the sup-
port material can be in the form of a flexible ribbon material.
In some embodiments, the support material can be a polymer
such as, for example, a thermoplastic or thermosetting poly-
mer (e.g., an epoxy). In some embodiments, the support mate-
rial can be a printed circuit board substrate. In such embodi-
ments, the electrical connections between the plurality of
energy storage devices can be on the support material. Illus-
trative printed circuit board substrates can include, for
example, dielectric materials that are laminated together with
an epoxy resin. A number of printed circuit board substrates
are known to one having ordinary skill in the art, any of which
can be chosen to suit a particular implementation of the
present embodiments.

[0047] When disposed on a support material, the energy
storage devices can be arranged in single row in some
embodiments. In alternative embodiments, multiple rows of
the energy storage devices can be arrayed on the support
material (e.g., a grid structure). In some embodiments, the
energy storage devices within the energy storage layer can be
in the form of a grid structure. In forming an energy storage
assembly, multiple rows of the energy storage devices can be
arrayed in a grid structure by initially forming the energy
storage layer on a support material having multiple rows of
energy storage devices, or by laying multiple rows of single-
row energy storage layers alongside one another (see FIG. 5).
[0048] In general, any energy storage device of a suitable
size can be used in the present embodiments. In some
embodiments, the energy storage devices can be batteries. In
some embodiments, a suitable battery can be a lithium-ion
battery. In other embodiments, the energy storage devices can
be capacitors or supercapacitors. In some embodiments, the
energy storage devices can be further enhanced with carbon
nanotubes.

[0049] Electrical connections between the energy storage
devices can be established through any means known to one
having ordinary skill in the art. In some embodiments, at least
some of the energy storage devices are connected in parallel.
In some embodiments, at least some of the energy storage
devices are connected in series. In some embodiments, at
least some of the energy storage devices are connected in
series and in parallel. One of ordinary skill in the art will
recognize that any combination of series and parallel electri-
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cal connections can be used to establish a desired voltage and
current for the energy storage layer in the present energy
storage assemblies.

[0050] In some embodiments, electrical connections
between the energy storage devices can be established
through electrical connections on a printed circuit board sub-
strate, which serves as a support material for the energy
storage layer. FIG. 4A shows an illustrative schematic of a
printed circuit board substrate 400 having series electrical
connections 401 and parallel electrical connections 402
printed thereon. FIG. 4B shows an illustrative schematic of
the printed circuit board substrate of FIG. 4A after depositing
a plurality of energy storage devices 404a-404f thereon. As
shown in FIGS. 4A and 4B, energy storage devices 404a-404f
are connected to one another in parallel, where every three
energy storage devices are also connected to one another in
series in order to step up the voltage. It should be recognized
that the arrangement shown in FIGS. 4A and 4B should be
considered illustrative in nature only, and any series/parallel
arrangement of the energy storage devices can be used in the
present embodiments. Particularly, the connection of every
three energy storage device in series should not be considered
limiting. FIG. 4C shows an illustrative schematic of the
printed circuit board substrate of FIG. 4B after depositing an
insulating layer 405 about energy storage devices 404a-404f
to form energy storage layer 406.

[0051] As previously noted, the energy storage layers can
be used in layered composite materials to form an energy
storage assembly having good tension/compression stress
properties. In such embodiments, the exterior stress carrying
layers of the energy storage assemblies can bear tension/
compression stress, and the interior energy storage layer(s)
can bear shear stress, in addition to conveying electrical stor-
age capabilities.

[0052] In some embodiments, at least one stress carrying
layer can be in contact with the at least one energy storage
layer. In some embodiments, the at least one energy storage
layer can be disposed between at least two stress carrying
layers. In such embodiments, the energy storage assemblies
resemble layered composite 200 depicted in FIG. 2, except
that insulating layer 201 is replaced by insulating layer 300 or
302 depicted in FIG. 3A or 3B, respectively, in which energy
storage devices are located in the openings therein. In some
embodiments, a suitable stress carrying layer can be a fiber
reinforced polymer composite.

[0053] In some embodiments, the present energy storage
assemblies can have their plurality of energy storage devices
arranged in a grid structure in the at least one energy storage
layer. As noted above, the energy storage layer(s) can be
constructed such that multiple rows of energy storage devices
are contained therein. Alternately, multiple single-row energy
storage layers can be laid alongside each other to form a larger
energy storage layer within the energy storage assemblies.
FIG. 5 shows an illustrative schematic of an energy storage
assembly having multiple single-row energy storage layers
501 laid alongside one another. In FIG. 5, the stress carrying
layers have not been shown for purposes of clarity.

[0054] In some embodiments, the energy storage assem-
blies can contain multiple energy storage layers stacked upon
one another and disposed between two or more stress carrying
layers. That is, the energy storage layers can be built up to
attain a desired height in an article containing the energy
storage assemblies. Likewise, multiple stress carrying layers
can be used to achieve a desired thickness or strength.

11

Mar. 1, 2012

[0055] Since tension/compression stress can be substan-
tially borne by the stress carrying layers in the present energy
storage assemblies, the thickness of the at least one energy
storage layer can be a significant fraction of the thickness of
the energy storage assemblies without comprising their struc-
tural integrity. In some embodiments, a thickness of the at
least one energy storage layer can be up to about 50% of the
thickness of the energy storage assembly. In some embodi-
ments, a thickness of the at least one energy storage layer can
be up to about 60% of the thickness of the energy storage
assembly. In some embodiments, a thickness of the at least
one energy storage layer can be up to about 70% of the
thickness of the energy storage assembly. In some embodi-
ments, a thickness of the at least one energy storage layer can
be up to about 80% of the thickness of the energy storage
assembly. In some embodiments, a thickness of the at least
one energy storage layer can be up to about 90% of the
thickness of the energy storage assembly.

[0056] In some alternative embodiments, the insulator
layer can be derived from a casing enveloping the energy
storage devices. In such embodiments, the casing of the
energy storage device can both support and protect the energy
storage device, while also providing resistance against shear
forces in an energy storage assembly. FIG. 6 shows an illus-
trative side view schematic of an energy storage layer 600 in
which energy storage device casings form the insulating
layer. As shown in FIG. 6, energy storage devices 601 pro-
tected by casing 602 are butted against one another on support
material 603. The resulting energy storage layer 600
resembles a compression watch band, where the individual
energy storage devices 601 and their associated casing 602
represent links in the watch band. As will be evident to one
having ordinary skill in the art, such an arrangement of the
energy storage devices 601 and casings 602 will maintain
considerable flexibility, as further provided for by support
material 603. It should be pointed out that energy storage
layer 600 still contains the energy storage devices 601 in a
spaced apart manner, since the associated casings 602 are not
part of the energy storage devices themselves. In the embodi-
ment shown in FIG. 6, the energy storage devices 601 are
present in a depression within the insulating layer, as defined
by casing 602. As shown in FIG. 6, the energy storage devices
601 do not completely fill the void within each casing 602.
However, it should be recognized that the energy storage
devices 601 can completely or incompletely fill the casings
602, depending on the design of both the energy storage
devices and casing.

[0057] In some embodiments, energy storage assemblies
described herein can contain at least two stress carrying layers
and at least one energy storage layer disposed between the at
least two stress carrying layers. The at least one energy stor-
age layer can contain a support material, an insulating layer
having a plurality of openings arranged in a spaced apart
manner, and a plurality of energy storage devices, where each
energy storage device is contained within one of the openings.

[0058] In some embodiments, methods for forming the
present energy storage assemblies are described herein. In
some embodiments, the methods can include disposing a
plurality of energy storage devices on a support material in a
spaced apart manner, and then disposing an insulating layer
around the plurality of energy storage devices on the support
material to form an energy storage layer. In some embodi-
ments, the methods can further include forming a plurality of
electrical connections on the support material, and then elec-
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trically connecting the plurality of energy storage devices
using the plurality of electrical connections. In alternative
embodiments, the methods can involve forming direct elec-
trical connections (e.g., wires and the like) between the
energy storage devices.

[0059] In some embodiments, the insulating layer of the
energy storage layer can be preformed before being placed
around the energy storage devices. That is, in such embodi-
ments, the insulating layer can be preformed with a plurality
of spaced apart openings that match the spacing of the plu-
rality of energy storage devices on the support material. Pat-
terning of a polymeric or like insulating layer with a plurality
of'spaced apart openings can be accomplished by a number of
fabrication techniques that are well known to one having
ordinary skill in the art. After formation of the patterned
insulating layer, the insulating layer can be laid around the
energy storage devices to form the energy storage layer.
[0060] Insome embodiments, the present methods can fur-
ther include placing at least one of the energy storage layers
between at least two stress carrying layers. In an embodiment,
each stress carrying layer can be a fiber-reinforced polymer
composite. In some embodiments, a single energy storage
layer can be placed between the stress carrying layers. In
other embodiments, multiple single-row energy storage lay-
ers can be laid alongside one another when being placed
between the stress carrying layers. In still other embodiments,
multiple energy storage layers can be stacked upon one
another when being placed between the stress carrying layers.
[0061] In some embodiments, placing the at least one
energy storage layer between the stress carrying layers can
involve a laying up process. In some embodiments, such a
laying up process can involve simply cutting strips of the
energy storage layer to a desired length and then placing a
desired number of strips between the stress carrying layers. It
should be noted than when cutting the energy storage layers,
it can happen that an energy storage device is severed during
the cutting process. Although it is not particularly desirable to
cut an energy storage device, it is not imperative that all
energy storage devices remain functional in order for the
energy storage layers to function satisfactorily. That is, the
loss of one energy storage device will not significantly
degrade the electrical performance.

[0062] In some embodiments, placing the at least one
energy storage layer between the stress carrying layers can
involve a filament winding process. Such processes can
involve winding the energy storage layer over a male mould
and are known to one having ordinary skill in the art. Filament
winding can be used to form energy storage assemblies hav-
ing a tubular structure such as, for example, a pipe.

[0063] Insomeembodiments, the energy storage devices of
the present energy storage assemblies can contain carbon
nanotubes. As noted previously, inclusion of carbon nano-
tubes in energy storage devices can enhance their electrical
properties without increasing their weight. The inclusion of
carbon nanotubes in the energy storage devices can allow a
greater energy density per unit weight to be realized. For
example, replacement of carbon black in a traditional lithium-
ion battery with carbon nanotubes can allow approximately a
15-25 percent increase in power density to be realized.
Replacement of metal electrodes in an energy storage device
with carbon nanotube composite materials can allow still
greater increases in power density to be attained. By replace-
ment of metal electrodes with carbon nanotube composite
materials, significant reductions in weight can also be real-
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ized, since electrode materials in traditional batteries and
capacitors can make up to about 60% of the gross weight of
the cell.

[0064] Illustrative but non-limiting examples of carbon
nanotube-enhanced energy storage devices include those
described in commonly assigned, co-pending U.S. patent
application Ser. Nos. 13/039,025 and 13/039,028, each filed
on Mar. 2, 2011, and Ser. Nos. 13/117,071, filed on May 26,
2011, each of which is incorporated herein by reference in its
entirety. When incorporated in an energy storage device, the
carbon nanotubes can replace any part of the energy storage
device. Specifically, the carbon nanotubes can replace acti-
vated carbon or electrode materials, in some embodiments. In
other embodiments, energy storage devices containing car-
bon nanotubes that incorporate more non-traditional design
paradigms can also be used in the energy storage assemblies
of the present disclosure. Further disclosure concerning
supercapacitors containing carbon nanotubes is set forth
below.

[0065] When used in an energy storage device, carbon
nanotubes can be employed in any suitable form. In some
embodiments, the carbon nanotubes can be dispersed as indi-
vidual carbon nanotubes. In some embodiments, the carbon
nanotubes can be incorporated in the energy storage device in
the form of carbon nanotube-infused fibers. Such carbon
nanotube-infused fibers are described in commonly assigned,
co-pending U.S. patent application Ser. Nos. 12/611,073,
12/611,101, and 12/611,103, all filed on Nov. 2, 2009, and
Ser. No. 12/938,328, filed on Nov. 2, 2010, each of which is
incorporated herein by reference in its entirety. The fiber
material of such carbon nanotube-infused fibers can generally
vary without limitation and can include, for example, glass
fibers, carbon fibers, metal fibers, ceramic fibers, and organic
fibers (e.g., aramid fibers) for example. Such carbon nano-
tube-infused fibers can be readily prepared in spoolable
lengths from commercially available continuous fibers or
continuous fiber forms (e.g., fiber tows or fiber tapes). In
addition, the carbon nanotubes’ lengths, diameters, and cov-
erage density can readily be varied by the above-referenced
methods.

[0066] Depending on their growth conditions and subse-
quent processing, the carbon nanotubes of the carbon nano-
tube-infused fibers can also be oriented such that they are
substantially perpendicular to the surface of the fiber material
or such that they are substantially parallel to the longitudinal
axis of the fiber material. In the present embodiments, by
using carbon nanotube-infused fibers having substantially
perpendicular carbon nanotubes, a better presentation of the
carbon nanotube surface area can be realized (e.g., to an
electrolyte). This is particularly true when the carbon nano-
tubes are present in a substantially unbundled state. The
above-referenced methods for preparing carbon nanotube-
infused fibers are particularly adept at achieving a substan-
tially perpendicular orientation and a substantially unbundled
state, thereby providing carbon nanotube-infused fibers hav-
ing a high effective surface area for use in the present embodi-
ments. Additional details concerning the carbon nanotube-
infused fibers and methods for production thereof are set forth
hereinafter.

[0067] The types of carbon nanotubes infused to the con-
tinuous fibers can generally vary without limitation. In vari-
ous embodiments, the carbon nanotubes infused to the con-
tinuous fibers can be, for example, any of a number of
cylindrically-shaped carbon allotropes of the fullerene family
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including single-wall carbon nanotubes, double-wall carbon
nanotubes, multi-wall carbon nanotubes, and any combina-
tion thereof. In some embodiments, the carbon nanotubes can
be capped with a fullerene-like structure. Stated another way,
the carbon nanotubes have closed ends in such embodiments.
However, in other embodiments, the carbon nanotubes can
remain open-ended. In some embodiments, closed carbon
nanotube ends can be opened through treatment with an
appropriate oxidizing agent (e.g., HNO;/H,SO,). In some
embodiments, the carbon nanotubes can encapsulate other
materials. In some embodiments, the carbon nanotubes can
be covalently functionalized after becoming infused to the
fiber material. In some embodiments, a plasma process can be
used to promote functionalization of the carbon nanotubes. In
some embodiments, the carbon nanotubes can be at least
partially coated with another material when infused to the
continuous fibers.

[0068] Carbon nanotubes can be metallic, semimetallic or
semiconducting depending on their chirality. An established
system of nomenclature for designating a carbon nanotube’s
chirality is recognized by one having ordinary skill in the art
and is distinguished by a double index (n,m), where n and m
are integers that describe the cut and wrapping of hexagonal
graphite when formed into a tubular structure. In addition to
chirality, a carbon nanotube’s diameter also influences its
electrical conductivity and the related property of thermal
conductivity. In the synthesis of carbon nanotubes, the carbon
nanotubes’ diameters can be controlled by using catalytic
nanoparticles of a given size. Typically, a carbon nanotube’s
diameter is approximately that of the catalytic nanoparticle
that catalyzes its formation. Therefore, carbon nanotubes’
properties can be controlled in one respect by adjusting the
size of the catalytic nanoparticles used in their synthesis, for
example. By way of non-limiting example, catalytic nanopar-
ticles having a diameter of about 1 nm can be used to infuse a
fiber material with single-wall carbon nanotubes. Larger cata-
Iytic nanoparticles can be used to prepare predominantly
multi-wall carbon nanotubes, which have larger diameters
because of their multiple nanotube layers, or mixtures of
single-wall and multi-wall carbon nanotubes. Multi-wall car-
bon nanotubes typically have a more complex conductivity
profile than do single-wall carbon nanotubes due to interwall
reactions that can occur between the individual nanotube
layers and redistribute current non-uniformly. By contrast,
there is no change in current across different portions of a
single-wall carbon nanotube.

[0069] In general, the carbon nanotubes infused to the con-
tinuous fibers can be of any length. Longer carbon nanotubes
are generally more advantageous in the present embodiments,
since they can have a higher effective surface area. In various
embodiments, the carbon nanotubes can have a length rang-
ing between about 1 um and about 1000 um or between about
1 um and about 500 pm. In some embodiments, the carbon
nanotubes can have a length ranging between about 100 pm
and about 500 pm. In other embodiments, the carbon nano-
tubes can have a length ranging between about 1 um and about
50 um or between about 10 um and about 25 pm. In some
embodiments, the carbon nanotubes can be substantially uni-
form in length.

[0070] Insomeembodiments, an average length of the car-
bon nanotubes can range between about 1 um and about 500
um, including about 1 um, about 2 pum, about 3 pum, about 4
um, about 5 um, about 6 pm, about 7 um, about 8 um, about 9
pm, about 10 um, about 15 pm, about 20 pm, about 25 pm,
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about 30 pum, about 35 pum, about 40 um, about 45 um, about
50 pm, about 60 pum, about 70 pm, about 80 um, about 90 um,
about 100 um, about 150 pum, about 200 um, about 250 pm,
about 300 um, about 350 pum, about 400 um, about 450 pm,
about 500 pm, and all values and subranges therebetween. In
some embodiments, an average length of the carbon nano-
tubes can be less than about 1 pm, including about 0.5 pm, for
example, and all values and subranges therebetween. In some
embodiments, an average length of the carbon nanotubes can
range between about 1 um and about 10 pum, including, for
example, about 1 um, about 2 um, about 3 um, about 4 pm,
about 5 um, about 6 um, about 7 um, about 8 um, about 9 pm,
about 10 pm, and all values and subranges therebetween. In
still other embodiments, an average length of the carbon
nanotubes can be greater than about 500 pum, including, for
example, about 510 pm, about 520 um, about 550 um, about
600 um, about 700 um, and all values and subranges therebe-
tween.

[0071] The average length of the carbon nanotubes can be
one factor that determines the weight percentage of carbon
nanotubes infused to the continuous fiber. In general, the
carbon nanotube-infused fibers described in the above-refer-
enced, co-pending patent applications have much higher car-
bon nanotube loading percentages than can be obtained by
other methods. For example, carbon nanotube-infused fibers
can contain between about 1% to about 30% or even about
40% to about 50% infused carbon nanotubes by weight. In the
present embodiments, the chosen carbon nanotube weight
percentage can be dictated by a desired electrical property
(e.g., a desired capacitance for a supercapacitor).

[0072] The carbon nanotube coverage density on the con-
tinuous fibers can be another factor that determines the weight
percentage of infused carbon nanotubes. In some embodi-
ments, the carbon nanotubes infused to the fiber material are
generally uniform in density distribution, referring to the
uniformity of the carbon nanotube density that is infused to
the fiber material. As defined above, the tolerance for a uni-
form density distribution is plus or minus about 10% over the
fiber material surface area that is infused with carbon nano-
tubes. By way of non-limiting example, this tolerance is
equivalent to about 1500 carbon nanotubes/ym? for a carbon
nanotube having a diameter of 8 nm and 5 walls. Such a figure
assumes that the space inside the carbon nanotube is fillable.
In some embodiments, the maximum carbon nanotube den-
sity, expressed as a percent coverage of the fiber material (i.e.,
the percentage of the fiber material surface area that is cov-
ered with carbon nanotubes) can be as high as about 55%,
again assuming a carbon nanotube having an 8 nm diameter,
5 walls and fillable space within. 55% surface area coverage
is equivalent to about 15,000 carbon nanotubes/um® for a
carbon nanotube having the referenced dimensions. In some
embodiments, the density of coverage is up to about 15,000
carbon nanotubes/ym?. One of ordinary skill in the art will
recognize that a wide range of carbon nanotube density dis-
tributions can be attained by varying the disposition of the
catalytic nanoparticles on the surface of the fiber material, the
exposure time of the fiber material to carbon nanotube growth
conditions, and the actual growth conditions themselves used
to infuse the carbon nanotubes to the fiber material.

[0073] Insome embodiments, the carbon nanotubes grown
on a fiber material can be present as individual carbon nano-
tubes. That is, the carbon nanotubes can be present in a
substantially non-bundled state. In some embodiments, the
carbon nanotubes grown on the fiber material can be present
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as a carbon nanostructure containing interlinked carbon
nanotubes. In such embodiments, substantially non-bundled
carbon nanotubes can be present as an interlinked network of
carbon nanotubes. In some embodiments, the interlinked net-
work can contain carbon nanotubes that branch in a dendrim-
eric fashion from other carbon nanotubes. In some embodi-
ments, the interlinked network can also contain carbon
nanotubes that bridge between carbon nanotubes. In some
embodiments, the interlinked network can also contain car-
bon nanotubes that have a least a portion of their sidewalls
shared with other carbon nanotubes.

[0074] In some embodiments, graphene or other carbon
nanomaterials can be grown on a fiber material by appropriate
modifications to the growth conditions. Such modifications
will be evident to one having ordinary skill in the art. It should
be recognized that any embodiment herein referencing car-
bon nanotubes can also utilize graphene or other carbon nano-
materials while still residing within the spirit and scope of the
present disclosure.

[0075] In various embodiments, individual continuous
fibers (i.e., individual filaments) can have a diameter ranging
between about 1 pm and about 100 um. Continuous length
fibers having diameters in this range are readily available
from a variety of commercial sources.

[0076] Ingeneral, the continuous fibers are used in a higher
order fiber form in the present embodiments, rather than
being used as individual filaments. Such higher order fiber
forms vary widely in structure and are considered in further
detail immediately hereinafter. In some embodiments, the
fiber form of the continuous fibers can be, for example, a fiber
tow, a fiber tape, and/or a fiber ribbon. In other embodiments,
the fiber form can be, for example, a fiber roving, a yarn, a
fiber braid, a woven or non-woven fabric, a fiber ply, and/or a
fiber mat.

[0077] Rovings include soft strands of continuous fiber that
have been twisted, attenuated and freed of foreign matter.
[0078] Fiber tows are generally compactly associated
bundles of continuous fibers, which can be twisted together to
give yarns in some embodiments. Yarns include closely asso-
ciated bundles of twisted fibers, wherein each fiber diameter
in the yarn is relatively uniform. Yarns have varying weights
described by their ‘tex,” (expressed as weight in grams per
1000 linear meters), or ‘denier’ (expressed as weight in
pounds per 10,000 yards). For yarns, a typical tex range is
usually between about 200 and about 2000.

[0079] Fiber braids are rope-like structures of densely
packed continuous fibers. Such rope-like structures can be
assembled from yarns, for example. Braided structures can
optionally include a hollow portion. Alternately, a braided
structure can be assembled about another core material.
[0080] Fiber tows can also include associated bundles of
untwisted continuous fibers. Thus, fiber tows are a convenient
form for manipulating large quantities of substantially paral-
lel fibers in a single operation. As in yarns, the individual fiber
diameters in a fiber tow are generally uniform. Fiber tows also
have varying weights and a tex range that is usually between
about 200 and 2000. In addition, fiber tows are frequently
characterized by the number of thousands of individual fibers
in the fiber tow, such as, for example, a 12K tow, a 24K tow,
a 48K tow, and the like.

[0081] Tapes and ribbons contain continuous fibers that can
be assembled as weaves or as non-woven flattened fiber tows,
for example. Tapes can vary in width and are generally two-
sided structures similar to a ribbon. In a tape or ribbon, carbon
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nanotubes can be infused on one or both sides thereof. Fur-
ther, carbon nanotubes of different types, diameters or lengths
can be grown on each side of a tape or a ribbon.

[0082] In some embodiments, the continuous fibers can be
organized into fabric or sheet-like structures. These include,
for example, woven fabrics, non-woven fabrics, non-woven
fiber mats and fiber plies, in addition to the tapes described
above. Such higher ordered structures can be assembled from
parent continuous fibers, fiber tows, yarns, or the like.

[0083] In supercapacitors containing carbon nanotube-in-
fused fibers, the capacitance is generally at least about 1
Farad/gram of continuous fibers. In some embodiments, the
capacitance can range between about 1 Farad/gram and about
100 Farad/gram of continuous fibers. In other embodiments,
the capacitance can range between about 1 Farad/gram and
about 50 Farad/gram of continuous fibers or between about 1
Farad/gram and about 40 Farad/gram of continuous fibers,
including all subranges therebetween.

[0084] According to more particular embodiments
described herein, the infused carbon nanotubes of an energy
storage device can be at least partially covered with a coating.
When used in a supercapacitor, such a coating can increase
the supercapacitor’s capacitance. In certain instances, the
increase in capacitance can be an order of magnitude or more
(e.g., at least about 10-fold greater) relative to a like superca-
pacitor lacking the coating on the infused carbon nanotubes.
In such embodiments, the capacitance can be at least about 10
Farad/gram of continuous fibers. In some embodiments,
supercapacitors having coated carbon nanotubes can have a
capacitance ranging between about 10 Farad/gram and about
100 Farad/gram of continuous fibers.

[0085] Suitable materials for coating carbon nanotubes in
order to increase capacitance of a supercapacitor can include,
for example, conducting polymers, main group metal com-
pounds, transition metal compounds, and combinations
thereof. In some embodiments, the carbon nanotubes can be
completely coated with the coating material. In other embodi-
ments, the carbon nanotubes can be partially coated with the
coating material. In some embodiments, a portion of the
carbon nanotubes can be completely coated with the coating
material and another portion of the carbon nanotubes can
remain partially coated or uncoated. In some embodiments,
carbon nanotube coatings can include materials such as, for
example, polypyrrole, MnO,, RuO,, or various combinations
thereof.

[0086] When used, the carbon nanotube coating can gener-
ally be present in an amount ranging between about 1 percent
and about 90 percent by weight of the carbon nanotube-
infused fibers. In more particular embodiments, an amount of
the carbon nanotube coating can range between about 2.5
percent and about 70 percent, or between about 5 percent and
about 50 percent by weight of the carbon nanotube-infused
fibers.

[0087] Whenused, a thickness of'the carbon nanotube coat-
ing can generally range between about 0.0001 microns and
about 10 microns. In more particular embodiments, a thick-
ness of the carbon nanotube coating can range between about
0.001 microns and 1 microns, or between about 0.005
microns and about 0.5 microns.

[0088] Embodiments disclosed herein utilize carbon nano-
tube-infused fibers that can be readily prepared by methods
described in commonly-owned, co-pending U.S. patent
application Ser. Nos. 12/611,073, 12/611,101, 12/611,103,
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and 12/938,328 each of which is incorporated by reference
herein in its entirety. A brief description of the processes
described therein follows.

[0089] To infuse carbon nanotubes to a fiber material, the
carbon nanotubes are synthesized directly on the fiber mate-
rial. In some embodiments, this is accomplished by first dis-
posing a carbon nanotube-forming catalyst (e.g., catalytic
nanoparticles) on the fiber material. A number of preparatory
processes can be performed prior to this catalyst deposition.

[0090] In some embodiments, the fiber material can be
optionally treated with a plasma to prepare the fiber surface to
accept the catalyst. For example, a plasma treated glass fiber
material can provide a roughened glass fiber surface in which
the carbon nanotube-forming catalyst can be deposited. In
some embodiments, the plasma also serves to “clean” the
fiber surface. The plasma process for “roughing” the fiber
surface thus facilitates catalyst deposition. The roughness is
typically on the scale of nanometers. In the plasma treatment
process craters or depressions are formed that are nanometers
deep and nanometers in diameter. Such surface modification
can be achieved using a plasma of any one or more of a variety
of different gases, including, without limitation, argon,
helium, oxygen, ammonia, nitrogen and hydrogen. In addi-
tion, the plasma treatment of the fiber surface can add func-
tional groups thereto that can be useful in some embodiments.

[0091] Insome embodiments, where a fiber material being
employed has a sizing material associated with it, such sizing
can be optionally removed prior to catalyst deposition.
Optionally, the sizing material can be removed after catalyst
deposition. In some embodiments, sizing material removal
can be accomplished during carbon nanotube synthesis or just
prior to carbon nanotube synthesis in a pre-heat step. In other
embodiments, some sizing materials can remain throughout
the entire carbon nanotube synthesis process.

[0092] Yet another optional step prior to or concomitant
with deposition of the carbon nanotube-forming catalyst (i.e.,
catalytic nanoparticles) is application of a barrier coating on
the fiber material. Barrier coatings are materials designed to
protect the integrity of sensitive fiber materials, such as car-
bon fibers, organic fibers, glass fibers, metal fibers, and the
like. Such a barrier coating can include, for example, an
alkoxysilane, an alumoxane, alumina nanoparticles, spin on
glass and glass nanoparticles. For example, in an embodiment
the barrier coating is Accuglass T-11 Spin-On Glass (Honey-
well International Inc., Morristown, N.J.). The carbon nano-
tube-forming catalyst can be added to the uncured barrier
coating material and then applied to the fiber material
together, in one embodiment. In other embodiments, the bar-
rier coating material can be added to the fiber material prior to
deposition of the carbon nanotube-forming catalyst. In such
embodiments, the barrier coating can be partially cured prior
to catalyst deposition. The barrier coating material can be of
a sufficiently thin thickness to allow exposure of the carbon
nanotube-forming catalyst to the carbon feedstock gas for
subsequent CVD- or like carbon nanotube growth. In some
embodiments, the barrier coating thickness is less than or
about equal to the effective diameter of the carbon nanotube-
forming catalyst. Once the carbon nanotube-forming catalyst
and the barrier coating are in place, the barrier coating can be
fully cured. In some embodiments, the thickness of the barrier
coating can be greater than the effective diameter of the
carbon nanotube-forming catalyst so long as it still permits
access of carbon nanotube feedstock gases to the sites of the
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catalyst. Such barrier coatings can be sufficiently porous to
allow access of carbon feedstock gases to the carbon nano-
tube-forming catalyst.

[0093] In some embodiments, the thickness of the barrier
coating ranges between about 10 nm and about 100 nm. In
other embodiments, the thickness of the barrier coating
ranges between about 10 nm and about 50 nm, including 40
nm. In some embodiments, the thickness of the barrier coat-
ing is less than about 10 nm, including about 1 nm, about 2
nm, about 3 nm, about 4 nm, about 5 nm, about 6 nm, about 7
nm, about 8 nm, about 9 nm, and about 10 nm, including all
values and subranges therebetween.

[0094] Without being bound by theory, the barrier coating
can serve as an intermediate layer between the fiber material
and the carbon nanotubes and mechanically infuses the car-
bon nanotubes to the fiber material. Such mechanical infusion
via a barrier coating provides a robust system for carbon
nanotube growth in which the fiber material serves as a plat-
form for organizing the carbon nanotubes, while still allow-
ing the beneficial carbon nanotube properties to be conveyed
to the fiber material. Moreover, benefits of including a barrier
coating can include, for example, protection of the fiber mate-
rial from chemical damage due to moisture exposure and/or
thermal damage at the elevated temperatures used to promote
carbon nanotube growth.

[0095] As described further below, the carbon nanotube-
forming catalyst can be prepared as a liquid solution that
contains the carbon nanotube-forming catalyst as transition
metal catalytic nanoparticles. The diameters of the synthe-
sized carbon nanotubes are related to the size of the transition
metal catalytic nanoparticles as described above.

[0096] Carbonnanotube synthesis can be based on a chemi-
cal vapor deposition (CVD) process or related carbon nano-
tube growth process which occurs at elevated temperatures.
In some embodiments, the CVD-based growth process can be
plasma-enhanced by providing an electric field during the
growth process such that the carbon nanotube growth follows
the direction of the electric field. Other illustrative carbon
nanotube growth processes include, for example, micro-cav-
ity, laser ablation, flame synthesis, arc discharge, and high
pressure carbon monoxide (HiPCO) synthesis. The specific
temperature is a function of catalyst choice, but can typically
be in a range of about 500° C. to about 1000° C. Accordingly,
carbon nanotube synthesis involves heating the fiber material
to a temperature in the aforementioned range to support car-
bon nanotube growth.

[0097] In some embodiments, CVD-promoted carbon
nanotube growth on the catalyst-laden fiber material is per-
formed. The CVD process can be promoted by, for example,
a carbon-containing feedstock gas such as acetylene, ethyl-
ene, and/or methane. The carbon nanotube growth processes
also generally use an inert gas (e.g., nitrogen, argon, and/or
helium) as a primary carrier gas. The carbon-containing feed-
stock gas is typically provided in a range from between about
0% to about 15% of the total mixture. A substantially inert
environment for CVD growth can be prepared by removal of
moisture and oxygen from the growth chamber.

[0098] In the carbon nanotube growth process, carbon
nanotubes grow at the sites of transition metal catalytic nano-
particles that are operable for carbon nanotube growth. The
presence of a strong plasma-creating electric field can be
optionally employed to affect carbon nanotube growth. That
is, the growth tends to follow the direction of the electric field.
By properly adjusting the geometry of the plasma spray and
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electric field, vertically aligned carbon nanotubes (i.e., per-
pendicular to the surface of the fiber material) can be synthe-
sized. Under certain conditions, even in the absence of a
plasma, closely-spaced carbon nanotubes can maintain a sub-
stantially vertical growth direction resulting in a dense array
of carbon nanotubes resembling a carpet or forest. In some
embodiments, an interlinked carbon nanotube network can be
produced.

[0099] Returning to the catalyst deposition process, a car-
bon nanotube-forming catalyst is deposited to provide a layer
(typically no more than a monolayer) of catalytic nanopar-
ticles on the fiber material for the purpose of growing carbon
nanotubes thereon. The operation of depositing catalytic
nanoparticles on the fiber material can be accomplished by a
number of techniques including, for example, spraying or dip
coating a solution of catalytic nanoparticles or by gas phase
deposition, which can occur by a plasma process. Thus, in
some embodiments, after forming a catalyst solution in a
solvent, the catalyst can be applied by spraying or dip coating
the fiber material with the solution, or combinations of spray-
ing and dip coating. Either technique, used alone or in com-
bination, can be employed once, twice, thrice, four times, up
to any number of times to provide a fiber material that is
sufficiently uniformly coated with catalytic nanoparticles that
are operable for formation of carbon nanotubes. When dip
coating is employed, for example, a fiber material can be
placed in a first dip bath for a first residence time in the first
dip bath. When employing a second dip bath, the fiber mate-
rial can be placed in the second dip bath for a second resi-
dence time. For example, fiber materials can be subjected to a
solution of carbon nanotube-forming catalyst for between
about 3 seconds to about 90 seconds depending on the dip
configuration and linespeed. Employing spraying or dip coat-
ing processes, a fiber material with a catalyst surface density
of less than about 5% surface coverage to as high as about
80% surface coverage can be obtained. At higher surface
densities (e.g., about 80%), the carbon nanotube-forming
catalyst nanoparticles are nearly a monolayer. In some
embodiments, the process of coating the carbon nanotube-
forming catalyst on the fiber material produces no more than
amonolayer. For example, carbon nanotube growth on a stack
of carbon nanotube-forming catalyst can erode the degree of
infusion ofthe carbon nanotubes to the fiber material. In other
embodiments, transition metal catalytic nanoparticles can be
deposited on the fiber material using evaporation techniques,
electrolytic deposition techniques, and other processes
known to those of ordinary skill in the art, such as addition of
the transition metal catalyst to a plasma feedstock gas as a
metal organic, metal salt or other composition promoting gas
phase transport.

[0100] Because processes to manufacture carbon nano-
tube-infused fibers are designed to be continuous, a spoolable
fiber material can be dip-coated in a series of baths where dip
coating baths are spatially separated. In a continuous process
in which nascent fibers are being generated de novo, such as
newly formed glass fibers from a furnace, dip bath or spraying
of a carbon nanotube-forming catalyst can be the first step
after sufficiently cooling the newly formed fiber material. In
some embodiments, cooling of newly formed glass fibers can
be accomplished with a cooling jet of water which has the
carbon nanotube-forming catalyst particles dispersed therein.
[0101] In some embodiments, application of a carbon
nanotube-forming catalyst can be performed in lieu of appli-
cation of a sizing when generating a fiber and infusing it with
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carbon nanotubes in a continuous process. In other embodi-
ments, the carbon nanotube-forming catalyst can be applied
to newly formed fiber materials in the presence of other sizing
agents. Such simultaneous application of a carbon nanotube-
forming catalyst and other sizing agents can provide the car-
bon nanotube-forming catalyst in surface contact with the
fiber material to insure carbon nanotube infusion. In yet fur-
ther embodiments, the carbon nanotube-forming catalyst can
be applied to nascent fibers by spray or dip coating while the
fiber material is in a sufficiently softened state, for example,
near or below the annealing temperature, such that the carbon
nanotube-forming catalyst is slightly embedded in the surface
of the fiber material. When depositing the carbon nanotube-
forming catalyst on hot glass fiber materials, for example,
care should be given to not exceed the melting point of the
carbon nanotube-forming catalyst, thereby causing nanopar-
ticle fusion and loss of control of the carbon nanotube char-
acteristics (e.g., diameter) as a result.

[0102] Carbon nanotubes infused to a fiber material can
serve to protect the fiber material from conditions including,
for example, moisture, oxidation, abrasion, compression and/
or other environmental conditions. In this case, the carbon
nanotubes themselves can act as a sizing agent. Such a carbon
nanotube-based sizing agent can be applied to a fiber material
in lieu of or in addition to conventional sizing agents. When
present, conventional sizing agents can be applied before or
after the infusion and growth of carbon nanotubes on the fiber
material. Conventional sizing agents vary widely in type and
function and include, for example, surfactants, anti-static
agents, lubricants, siloxanes, alkoxysilanes, aminosilanes,
silanes, silanols, polyvinyl alcohol, starch, and mixtures
thereof. Such conventional sizing agents can be used to pro-
tect the carbon nanotubes themselves from various conditions
orto convey further properties to the fiber material that are not
imparted by the carbon nanotubes. In some embodiments, a
conventional sizing agent can be removed from the fiber
material prior to carbon nanotube growth. Optionally, a con-
ventional sizing agent can be replaced with another conven-
tional sizing agent that is more compatible with the carbon
nanotubes or the carbon nanotube growth conditions.

[0103] The carbon nanotube-forming catalyst solution can
be a transition metal nanoparticle solution of any d-block
transition metal. In addition, the nanoparticles can include
alloys and non-alloy mixtures of d-block metals in elemental
form, in salt form, and mixtures thereof. Such salt forms
include, without limitation, oxides, carbides, nitrides,
nitrates, sulfides, sulfates, phosphates, halides (e.g., fluorides,
chlorides, bromides, and iodides), acetates, citrates and the
like. Non-limiting illustrative transition metal nanoparticles
include, for example, Ni, Fe, Co, Mo, Cu, Pt, Au, and Ag, salts
thereof and mixtures thereof. Many transition metal nanopar-
ticle catalysts are readily commercially available from a vari-
ety of suppliers, including, for example, Ferrotec Corporation
(Bedford, N.H.).

[0104] Catalyst solutions used for applying the carbon
nanotube-forming catalyst to the fiber material can be in any
common solvent that allows the carbon nanotube-forming
catalyst to be uniformly dispersed throughout. Such solvents
can include, without limitation, water, acetone, hexane, iso-
propyl alcohol, toluene, ethanol, methanol, tetrahydrofuran
(THF), cyclohexane or any other solvent with controlled
polarity to create an appropriate dispersion of the carbon
nanotube-forming catalytic nanoparticles therein. Concen-
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trations of carbon nanotube-forming catalyst in the catalyst
solution can be in a range from about 1:1 to about 1:10,000
catalyst to solvent.

[0105] In some embodiments, after applying the carbon
nanotube-forming catalyst to the fiber material, the fiber
material can be optionally heated to a softening temperature.
This step can aid in embedding the carbon nanotube-forming
catalyst in the surface of the fiber material to encourage
seeded growth and prevent tip growth where the catalyst
floats at the tip of the leading edge a growing carbon nano-
tube. In some embodiments heating of the fiber material after
disposing the carbon nanotube-forming catalyst on the fiber
material can be at a temperature between about 500° C. and
about 1000° C. Heating to such temperatures, which can be
used for carbon nanotube growth, can serve to remove any
pre-existing sizing agents on the fiber material allowing depo-
sition of the carbon nanotube-forming catalyst directly on the
fiber material. In some embodiments, the carbon nanotube-
forming catalyst can also be placed on the surface of a sizing
coating prior to heating. The heating step can be used to
remove sizing material while leaving the carbon nanotube-
forming catalyst disposed on the surface of the fiber material.
Heating at these temperatures can be performed prior to or
substantially simultaneously with introduction of a carbon-
containing feedstock gas for carbon nanotube growth.

[0106] In some embodiments, the process of infusing car-
bon nanotubes to a fiber material can include removing sizing
agents from the fiber material, applying a carbon nanotube-
forming catalyst to the fiber material after sizing removal,
heating the fiber material to at least about 500° C., and syn-
thesizing carbon nanotubes on the fiber material. In some
embodiments, operations of the carbon nanotube infusion
process can include removing sizing from a fiber material,
applying a carbon nanotube-forming catalyst to the fiber
material, heating the fiber material to a temperature operable
for carbon nanotube synthesis and spraying a carbon plasma
onto the catalyst-laden fiber material. Thus, where commer-
cial fiber materials are employed, processes for constructing
carbon nanotube-infused fibers can include a discrete step of
removing sizing from the fiber material before disposing the
catalytic nanoparticles on the fiber material. Some commer-
cial sizing materials, if present, can prevent surface contact of
the carbon nanotube-forming catalyst with the fiber material
and inhibit carbon nanotube infusion to the fiber material. In
some embodiments, where sizing removal is assured under
carbon nanotube growth conditions, sizing removal can be
performed after deposition of the carbon nanotube-forming
catalyst but just prior to or during providing a carbon-con-
taining feedstock gas.

[0107] The step of synthesizing carbon nanotubes can
include numerous techniques for forming carbon nanotubes,
including, without limitation, micro-cavity, thermal or
plasma-enhanced CVD techniques, laser ablation, arc dis-
charge, flame synthesis, and high pressure carbon monoxide
(HiPCO). During CVD, in particular, a sized fiber material
with carbon nanotube-forming catalyst disposed thereon, can
be used directly. In some embodiments, any conventional
sizing agents can be removed during carbon nanotube syn-
thesis. In some embodiments other sizing agents are not
removed, but do not hinder carbon nanotube synthesis and
infusion to the fiber material due to the diffusion of the car-
bon-containing feedstock gas through the sizing. In some
embodiments, acetylene gas can be ionized to create a jet of
cold carbon plasma for carbon nanotube synthesis. The
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plasma is directed toward the catalyst-laden fiber material.
Thus, in some embodiments synthesizing carbon nanotubes
on a fiber material can include (a) forming a carbon plasma;
and (b) directing the carbon plasma onto the catalyst disposed
on the fiber material. The diameters of the carbon nanotubes
that are grown are dictated by the size of the carbon nanotube-
forming catalyst. In some embodiments, a sized fiber material
can be heated to between about 550° C. and about 800° C. to
facilitate carbon nanotube growth. To initiate the growth of
carbon nanotubes, two or more gases are bled into the reactor:
an inert carrier gas (e.g., argon, helium, or nitrogen) and a
carbon-containing feedstock gas (e.g., acetylene, ethylene,
ethanol or methane). Carbon nanotubes grow at the sites of
the carbon nanotube-forming catalyst.

[0108] In some embodiments, a CVD growth process can
be plasma-enhanced. A plasma can be generated by providing
an electric field during the growth process. Carbon nanotubes
grown under these conditions can follow the direction of the
electric field. Thus, by adjusting the geometry of the reactor,
vertically aligned carbon nanotubes can be grown where the
carbon nanotubes are substantially perpendicular to the sur-
face of the fiber material (i.e., radial growth). In some
embodiments, a plasma is not required for radial growth to
occur about the fiber material. For fiber materials that have
distinct sides such as, for example, tapes, mats, fabrics, plies,
and the like, the carbon nanotube-forming catalyst can be
disposed on one or both sides of the fiber material. Corre-
spondingly, under such conditions, carbon nanotubes can be
grown on one or both sides of the fiber material as well.
[0109] As described above, the carbon nanotube synthesis
is performed at a rate sufficient to provide a continuous pro-
cess for infusing spoolable length fiber materials with carbon
nanotubes. Numerous apparatus configurations facilitate
such a continuous synthesis as exemplified below.

[0110] In some embodiments, carbon nanotube-infused
fiber materials can be prepared in an “all-plasma” process. In
such embodiments, the fiber materials pass through numer-
ous plasma-mediated steps to form the final carbon nanotube-
infused fiber materials. The first of the plasma processes, can
include a step of fiber surface modification. This is a plasma
process for “roughing” the surface of the fiber material to
facilitate catalyst deposition, as described above. Optionally,
a functionalization of the fiber material can also be involved.
As also described above, surface modification can be
achieved using a plasma of any one or more of a variety of
different gases, including, without limitation, argon, helium,
oxygen, ammonia, hydrogen, and nitrogen.

[0111] After surface modification, the fiber material pro-
ceeds to catalyst application. In the present all-plasma pro-
cess, this step is a plasma process for depositing the carbon
nanotube-forming catalyst on the fiber material. The carbon
nanotube-forming catalyst is typically a transition metal as
described above. The transition metal catalyst can be added to
a plasma feedstock gas as a precursor in non-limiting forms
including, for example, a ferrofiuid, a metal organic, a metal
salt, mixtures thereof or any other composition suitable for
promoting gas phase transport. The carbon nanotube-forming
catalyst can be applied at room temperature in ambient envi-
ronment with neither vacuum nor an inert atmosphere being
required. In some embodiments, the fiber material can be
cooled prior to catalyst application.

[0112] Continuing the all-plasma process, carbon nanotube
synthesis occurs in a carbon nanotube-growth reactor. Carbon
nanotube growth can be achieved through the use of plasma-
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enhanced chemical vapor deposition, wherein carbon plasma
is sprayed onto the catalyst-laden fibers. Since carbon nano-
tube growth occurs at elevated temperatures (typically in a
range of about 500° C. to about 1000° C. depending on the
catalyst), the catalyst-laden fibers can be heated prior to being
exposed to the carbon plasma. For the carbon nanotube infu-
sion process, the fiber material can be optionally heated until
softening occurs. After heating, the fiber material is ready to
receive the carbon plasma. The carbon plasma can be gener-
ated, for example, by passing a carbon-containing feedstock
gas such as, for example, acetylene, ethylene, ethanol, and the
like, through an electric field that is capable of ionizing the
gas. This cold carbon plasma is directed, via spray nozzles, to
the fiber material. The fiber material can be in close proximity
to the spray nozzles, such as within about 1 centimeter of the
spray nozzles, to receive the plasma. In some embodiments,
heaters can be disposed above the fiber material at the plasma
sprayers to maintain the elevated temperature of the fiber
material.

[0113] Another configuration for continuous carbon nano-
tube synthesis involves a special rectangular reactor for the
synthesis and growth of carbon nanotubes directly on fiber
materials. The reactor can be designed for use in a continuous
in-line process for producing carbon nanotube-infused fiber
materials. In some embodiments, carbon nanotubes are
grown via a CVD process at atmospheric pressure and an
elevated temperature in the range of about 550° C. and about
800° C. in a multi-zone reactor. The fact that the carbon
nanotube synthesis occurs at atmospheric pressure is one
factor that facilitates the incorporation of the reactor into a
continuous processing line for carbon nanotube infusion to
the fiber materials. Another advantage consistent with in-line
continuous processing using such a zone reactor is that car-
bon nanotube growth occurs in seconds, as opposed to min-
utes (or longer), as in other procedures and apparatus con-
figurations typical in the art.

[0114] Carbon nanotube synthesis reactors in accordance
with the various embodiments include the following features:
[0115] Rectangular Configured Synthesis Reactors: The
cross-section of a typical carbon nanotube synthesis reactor
known in the art is circular. There are a number of reasons for
this including, for example, historical reasons (e.g., cylindri-
cal reactors are often used in laboratories) and convenience
(e.g., flow dynamics are easy to model in cylindrical reactors,
heater systems readily accept circular tubes (e.g., quartz,
etc.), and ease of manufacturing. Departing from the cylin-
drical convention, the present disclosure provides a carbon
nanotube synthesis reactor having a rectangular cross section.
The reasons for the departure include at least the following:
[0116] 1) Inefficient Use of Reactor Volume. Since many
fiber materials that can be processed by the reactor are rela-
tively planar (e.g., flat tapes, sheet-like forms, or spread tows
or rovings), a circular cross-section is an inefficient use of the
reactor volume. This inefficiency results in several drawbacks
for cylindrical carbon nanotube synthesis reactors including,
for example, a) maintaining a sufficient system purge;
increased reactor volume requires increased gas flow rates to
maintain the same level of gas purge, resulting in inefficien-
cies for high volume production of carbon nanotubes in an
open environment; b) increased carbon-containing feedstock
gas flow rates; the relative increase in inert gas flow for system
purge, as per a) above, requires increased carbon-containing
feedstock gas flow rates. Consider that the volume of an
illustrative 12K glass fiber roving is about 2000 times less
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than the total volume of a synthesis reactor having a rectan-
gular cross-section. In an equivalent cylindrical reactor (i.e.,
a cylindrical reactor that has a width that accommodates the
same planarized glass fiber material as the rectangular cross-
section reactor), the volume of the glass fiber material is about
17,500 times less than the volume of the reactor. Although gas
deposition processes, such as CVD, are typically governed by
pressure and temperature alone, volume can have a significant
impact on the efficiency of deposition. With a rectangular
reactor there is a still excess volume, and this excess volume
facilitates unwanted reactions. However, a cylindrical reactor
has about eight times that volume available for facilitating
unwanted reactions. Due to this greater opportunity for com-
peting reactions to occur, the desired reactions effectively
occur more slowly in a cylindrical reactor. Such a slow down
in carbon nanotube growth, is problematic for the develop-
ment of continuous growth processes. Another benefit of a
rectangular reactor configuration is that the reactor volume
can be decreased further still by using a small height for the
rectangular chamber to make the volume ratio better and the
reactions even more efficient. In some embodiments dis-
closed herein, the total volume of a rectangular synthesis
reactor is no more than about 3000 times greater than the total
volume of a fiber material being passed through the synthesis
reactor. In some further embodiments, the total volume ofthe
rectangular synthesis reactor is no more than about 4000
times greater than the total volume of the fiber material being
passed through the synthesis reactor. In some still further
embodiments, the total volume of the rectangular synthesis
reactor is less than about 10,000 times greater than the total
volume of the fiber material being passed through the synthe-
sis reactor. Additionally, it is notable that when using a cylin-
drical reactor, more carbon-containing feedstock gas is
required to provide the same flow percent as compared to
reactors having a rectangular cross section. It should be
appreciated that in some other embodiments, the synthesis
reactor has a cross-section that is described by polygonal
forms that are not rectangular, but are relatively similar
thereto and provide a similar reduction in reactor volume
relative to a reactor having a circular cross section; and c)
problematic temperature distribution; when a relatively
small-diameter reactor is used, the temperature gradient from
the center of the chamber to the walls thereof is minimal, but
with increased reactor size, such as would be used for com-
mercial-scale production, such temperature gradients
increase. Temperature gradients result in product quality
variations across the fiber material (i.e., product quality varies
as a function of radial position). This problem is substantially
avoided when using a reactor having a rectangular cross-
section. In particular, when a planar substrate is used, reactor
height can be maintained constant as the size of the substrate
scales upward. Temperature gradients between the top and
bottom of the reactor are essentially negligible and, as a
consequence, thermal issues and the product-quality varia-
tions that result are avoided.

[0117] 2) Gas introduction. Because tubular furnaces are
normally employed in the art, typical carbon nanotube syn-
thesis reactors introduce gas at one end and draw it through
the reactor to the other end. In some embodiments disclosed
herein, gas can be introduced at the center of the reactor or
within a target growth zone, symmetrically, either through the
sides or through the top and bottom plates of the reactor. This
improves the overall carbon nanotube growth rate because the
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incoming feedstock gas is continuously replenishing at the
hottest portion of the system, which is where carbon nanotube
growth is most active.

[0118] Zoning. Chambers that provide a relatively cool
purge zone extend from both ends of the rectangular synthesis
reactor. Applicants have determined that if a hot gas were to
mix with the external environment (i.e., outside of the rect-
angular reactor), there would be increased degradation of the
fiber material. The cool purge zones provide a buffer between
the internal system and external environments. Carbon nano-
tube synthesis reactor configurations known in the art typi-
cally require that the substrate is carefully (and slowly)
cooled. The cool purge zone at the exit of the present rectan-
gular carbon nanotube growth reactor achieves the cooling in
a short period of time, as required for continuous in-line
processing.

[0119] Non-contact, hot-walled, metallic reactor. In some
embodiments, a metallic hot-walled reactor (e.g., stainless
steel) is employed. Use of this type of reactor can appear
counterintuitive because metal, and stainless steel in particu-
lar, is more susceptible to carbon deposition (i.e., soot and
by-product formation). Thus, most carbon nanotube synthe-
sis reactors are made from quartz because there is less carbon
deposited, quartz is easier to clean, and quartz facilitates
sample observation. However, Applicants have observed that
the increased soot and carbon deposition on stainless steel
results in more consistent, efficient, faster, and stable carbon
nanotube growth. Without being bound by theory it has been
indicated that, in conjunction with atmospheric operation, the
CVD process occurring in the reactor is diffusion limited.
That is, the carbon nanotube-forming catalyst is “overfed;”
too much carbon is available in the reactor system due to its
relatively higher partial pressure (than if the reactor was oper-
ating under partial vacuum). As a consequence, in an open
system—especially a clean one—too much carbon can
adhere to the particles of carbon nanotube-forming catalyst,
compromising their ability to synthesize carbon nanotubes.
In some embodiments, the rectangular reactor is intentionally
run when the reactor is “dirty,” that is with soot deposited on
the metallic reactor walls. Once carbon deposits to a mono-
layer on the walls of the reactor, carbon will readily deposit
over itself. Since some of the available carbon is “withdrawn”
due to this mechanism, the remaining carbon feedstock, in the
form of radicals, reacts with the carbon nanotube-forming
catalyst at a rate that does not poison the catalyst. Existing
systems run “cleanly” which, if they were open for continu-
ous processing, would produce a much lower yield of carbon
nanotubes at reduced growth rates.

[0120] Although it is generally beneficial to perform car-
bon nanotube synthesis “dirty” as described above, certain
portions of the apparatus (e.g., gas manifolds and inlets) can
nonetheless negatively impact the carbon nanotube growth
process when soot creates blockages. In order to combat this
problem, such areas of the carbon nanotube growth reaction
chamber can be protected with soot inhibiting coatings such
as, for example, silica, alumina, or MgO. In practice, these
portions of the apparatus can be dip-coated in these soot
inhibiting coatings. Metals such as INVAR® can be used with
these coatings as INVAR has a similar CTE (coefficient of
thermal expansion) ensuring proper adhesion of the coating at
higher temperatures, preventing the soot from significantly
building up in critical zones.

[0121] Combined Catalyst Reduction and Carbon Nano-
tube Synthesis. In the carbon nanotube synthesis reactor dis-
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closed herein, both catalyst reduction and carbon nanotube
growth occur within the reactor. This is significant because
the reduction step cannot be accomplished timely enough for
use in a continuous process if performed as a discrete opera-
tion. In a typical process known in the art, a reduction step
typically takes 1-12 hours to perform. Both operations occur
in a reactor in accordance with the present disclosure due, at
least in part, to the fact that carbon-containing feedstock gas
is introduced at the center of the reactor, not the end as would
be typical in the art using cylindrical reactors. The reduction
process occurs as the fiber material enters the heated zone. By
this point, the gas has had time to react with the walls and cool
off prior to reducing the catalyst (via hydrogen radical inter-
actions). It is this transition region where the reduction
occurs. At the hottest isothermal zone in the system, carbon
nanotube growth occurs, with the greatest growth rate occur-
ring proximal to the gas inlets near the center of the reactor.

[0122] In some embodiments, when loosely affiliated fiber
materials including, for example, tows or rovings are
employed (e.g., a glass roving), the continuous process can
include steps that spread out the strands and/or filaments of
the tow or roving. Thus, as a tow or roving is unspooled it can
be spread using a vacuum-based fiber spreading system, for
example. When employing sized glass fiber rovings, for
example, which can be relatively stiff, additional heating can
be employed in order to “soften” the roving to facilitate fiber
spreading. The spread fibers which contain individual fila-
ments can be spread apart sufficiently to expose an entire
surface area of the filaments, thus allowing the roving to more
efficiently react in subsequent process steps. For example, a
spread tow or roving can pass through a surface treatment step
that is composed of a plasma system as described above. The
roughened, spread fibers then can pass through a carbon
nanotube-forming catalyst dip bath. The result is fibers of the
glass roving that have catalyst particles distributed radially on
their surface. The catalyzed-laden fibers of the roving then
enter an appropriate carbon nanotube growth chamber, such
as the rectangular chamber described above, where a flow
through atmospheric pressure CVD or plasma enhanced-
CVD process is used to synthesize carbon nanotubes at rates
as high as several microns per second. The fibers of the
roving, now having radially aligned carbon nanotubes, exit
the carbon nanotube growth reactor.

[0123] It is understood that modifications which do not
substantially affect the activity ofthe various embodiments of
this invention are also included within the definition of the
invention provided herein. Although the invention has been
described with reference to the disclosed embodiments, those
of ordinary skill in the art will readily appreciate that these
embodiments are only illustrative of the invention. It should
be understood that various modifications can be made without
departing from the spirit of the invention. The particular
embodiments disclosed above are illustrative only, as the
present invention may be modified and practiced in different
but equivalent manners apparent to those skilled in the art
having the benefit of the teachings herein. Furthermore, no
limitations are intended to the details of construction or
design herein shown, other than as described in the claims
below. It is therefore evident that the particular illustrative
embodiments disclosed above may be altered, combined, or
modified and all such variations are considered within the
scope and spirit of the present invention. While compositions
and methods are described in terms of “comprising,” “con-
taining,” or “including” various components or steps, the
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compositions and methods can also “consist essentially of”” or
“consist of” the various components and operations. All num-
bers and ranges disclosed above can vary by some amount.
Whenever a numerical range with a lower limit and an upper
limit is disclosed, any number and any subrange falling within
the broader range is specifically disclosed. Also, the terms in
the claims have their plain, ordinary meaning unless other-
wise explicitly and clearly defined by the patentee. If there is
any conflict in the usages of a word or term in this specifica-
tion and one or more patent or other documents that may be
incorporated herein by reference, the definitions that are con-
sistent with this specification should be adopted.

What is claimed is the following:

1. An energy storage assembly comprising:

at least one energy storage layer comprising:

an insulating layer having a plurality of openings
arranged in a spaced apart manner; and
a plurality of energy storage devices, each energy stor-
age device being contained within one of said open-
ings;
wherein the plurality of energy storage devices are
electrically connected to one another.

2. The energy storage assembly of claim 1, wherein the at
least one energy storage layer further comprises a support
material upon which the plurality of energy storage devices
and the insulating layer are disposed.

3. The energy storage assembly of claim 2, wherein the
electrical connections are on the support material.

4. The energy storage assembly of claim 1, wherein at least
some of the energy storage devices are electrically connected
to one another in parallel.

5. The energy storage assembly of claim 4, wherein at least
some of the energy storage devices are electrically connected
to one another in series.

6. The energy storage assembly of claim 1, wherein the
insulating layer comprises a material selected from the group
consisting of a polymer and a fiber-reinforced polymer com-
posite.

7. The energy storage assembly of claim 1, wherein at least
some of the energy storage devices comprise batteries.

8. The energy storage assembly of claim 1, wherein at least
some of the energy storage devices comprise capacitors or
supercapacitors.

9. The energy storage assembly of claim 1, wherein at least
some ofthe energy storage devices contain carbon nanotubes.

10. The energy storage assembly of claim 1, wherein at
least some of the energy storage devices contain carbon nano-
tube-infused fibers.

11. The energy storage assembly of claim 10, wherein the
carbon nanotubes are at least partially covered with a coating
selected from the group consisting of polypyrrole, MnO,,
RuO,, and combinations thereof.

12. The energy storage assembly of claim 1, further com-
prising:

at least one stress carrying layer in contact with the at least

one energy storage layer.

13. The energy storage assembly of claim 12, wherein the
at least one energy storage layer is disposed between at least
two stress carrying layers.

14. The energy storage assembly of claim 13, wherein the
at least two stress carrying layers each comprise a fiber-
reinforced polymer composite.
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15. The energy storage assembly of claim 1, wherein the
plurality of energy storage devices are arranged in a grid
structure in the at least one energy storage layer.

16. The energy storage assembly of claim 1, wherein a
height of the insulating layer is at least that of the energy
storage devices.

17. An energy storage assembly comprising:

at least two stress carrying layers; and

at least one energy storage layer disposed between the at

least two stress carrying layers, the at least one energy

storage layer comprising:

a support material;

an insulating layer having a plurality of openings
arranged in a spaced apart manner; and

a plurality of energy storage devices, each energy stor-
age device being contained within one of said open-
ings.

18. The energy storage assembly of claim 17, wherein the
atleast one energy storage layer comprises up to about 90% of
a thickness of the energy storage assembly.

19. The energy storage assembly of claim 17, wherein the
plurality of energy storage devices are electrically connected
to one another.

20. The energy storage assembly of claim 19, wherein the
electrical connections are on the support material.

21. The energy storage assembly of claim 17, wherein the
insulating layer comprises a material selected from the group
consisting of a polymer and a fiber-reinforced polymer com-
posite.

22. The energy storage assembly of claim 17, wherein each
energy storage device is enveloped with a casing; and

wherein the casing comprises the insulating layer.

23. The energy storage assembly of claim 17, wherein each
of said openings comprise a hole in the insulating layer.

24. The energy storage assembly of claim 17, wherein at
least some of the energy storage devices comprise batteries.

25. The energy storage assembly of claim 17, wherein at
least some of the energy storage devices comprise capacitors
or supercapacitors.

26. The energy storage assembly of claim 17, wherein at
least some ofthe energy storage devices contain carbon nano-
tubes.

27. The energy storage assembly of claim 17, wherein the
plurality of energy storage devices are arranged in a grid
structure in the at least one energy storage layer.

28. A method comprising:

disposing a plurality of energy storage devices on a support

material in a spaced apart manner; and

disposing an insulating layer around the plurality of energy

storage devices on the support material, thereby forming
an energy storage layer.

29. The method of claim 28, wherein, prior to being dis-
posed around the plurality of energy storage devices, the
insulating layer is preformed with a plurality of spaced apart
openings matching the spacing of the plurality of energy
storage devices.

30. The method of claim 28, further comprising:

forming a plurality of electrical connections on the support

material; and

electrically connecting the plurality of energy storage

devices using the plurality of electrical connections.
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31. The method of claim 28, further comprising:
placing at least one energy storage layer between at least
two stress carrying layers, each stress carrying layer
comprising a fiber-reinforced polymer composite.
32. The method of claim 31, wherein placing at least one
energy storage layer comprises a laying up process.
33. The method of claim 31, wherein placing at least one
energy storage layer comprises a filament winding process.
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34. The method of claim 28, wherein at least some of the
energy storage devices comprise batteries.

35. The method of claim 28, wherein at least some of the
energy storage devices comprise capacitors or supercapaci-
tors.

36. The method of claim 28, wherein at least some of the
energy storage devices contain carbon nanotubes.
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