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CARBON NANOTUBE STRUCTURES AND METHODS FOR PRODUCTION
THEREOF

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application Serial No.
62/111,290, filed February 3, 2015, the disclosure of which is hereby incorporated herein by

reference in its entirety.

GOVERNMENT SUPPORT
[0002] This invention is supported, in whole or in part, by U.S. Government under

Contract No. FA8650-11-2-5505. The government has certain rights in the invention.

TECHNICAL FIELD
[0003] The present invention relates to nano-material and more particularly to
methods for providing carbon nanotube material having high tensile modulus, high strength,

and high electrical conductivity.

BACKGROUND ART

[0004] Carbon nanotubes are known to have extraordinary tensile strength, including
high strain-to-failure and relatively high tensile modulus, as well as good electrical
conductivity. Carbon nanotubes may also be highly resistant to fatigue, radiation damage,
and heat. To this end, carbon nanotube materials can be used for their tensile strength and
electrical conductivity properties.

[0005] Due to their high electrical and thermal conductivity, CNT materials are being
used in a wide variety of electrical applications, including batteries, capacitors and cables.
The high tensile strength and modulus of CNT materials allow them to be used as multi-

functional system that integrate electrical applications with structural elements.

SUMMARY OF THE INVENTION

[0006] Aspects of the present invention provides a method for treating nanofibrous
macrostructure and removing impurities, such as carbonaceous contaminant, hydrocarbon,
catalyst, and any combination of the foregoing. In some embodiments, the method of treating

can remove iron catalysts.
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[0007] According to some aspects, the method can comprise providing a nanofibrous
macrostructure, the nanofibrous macrostructure being defined by a plurality of nanotubes,
exposing the nanotubes within the nanofibrous macrostructure to an anodic electrochemical
treatment, and removing impurities from the nanofibrous macrostructure via the anodic

electrochemical treatment. In some embodiments, the impurities can be washed away.

[0008] In some embodiments, the nanofibrous macrostructure can be defined by a
plurality of substantially non-aligned nanotubes and the method further comprises de-
bundling and stretching the nanofibrous macrostructure, so as to substantially re-bundle and

align the nanotubes relative to one another within the stretched nanofibrous macrostructure.

[0009] In some embodiments, the nanofibrous macrostructure is a non-woven sheet or
ayarn. In some embodiments, the nanofibrous macrostructure is buckypaper. In some
embodiments, the nanotubes include one of carbon nanotubes, boron nanotubes, boron nitride
nanotubes or a combination thereof. For example, the nanotubes can include single wall

nanotubes, dual wall nanotubes, multiwall nanotubes, or a combination thereof.

[00010] In some embodiments, the nanotubes within the nanofibrous macrostructure
are exposed to an anodic electrochemical treatment. In some embodiments, the anodic
electrochemical treatment is in an electrical cell, at a positive electro-potential. In some
embodiments, the nanofibrous macrostructure are exposed to an anodic electrochemical

treatment in presence of an organic electrolyte solution.

[00011] In some embodiments, the nanofibrous macrostructure can be recovered and
optionally further processed. In some embodiments, the nanofibrous macrostructure can be
exposed to an acid and subjected to stretching. In some embodiments, any acid having a
value of less than -12 on the Hammett acidity function scale (Hy) can be used. In some
embodiments, any agent that has a value of less than -12.5 on the Hammett acidity function

scale (Hy) can be used.

[00012] In other embodiments, the nanotubes within the nanofibrous macrostructure
can be first subjected to stretching before being exposed to an anodic electrochemical

treatment.
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[00013] In some embodiments, the acid is a super acid. In some embodiments, the
super acid can comprise one of chlorosulfonic acid triflic acid, fluorosulfuric acid,

fluoroantimonic acid, fuming sulfuric acid, or any combinations of the foregoing.

[00014] In some embodiments, the nanofibrous macrostructure can be subjected to
post-processing, such as by solution/acid washing, cathodic treatment, further anodic

treatment, incorporation of polymer, or any combination thereof.

[00015] Some aspects of the invention relate to a method for treating nanofibrous
macrostructure, comprising providing a nanofibrous macrostructure, the nanofibrous
macrostructure being defined by a plurality of nanotubes, and doping the nanotubes within
the nanofibrous macrostructure using an anodic electrochemical treatment. In some
embodiments, the resulting nanofibrous macrostructure has improved electrical conductivity

properties.

[00016] In some embodiments, the nanofibrous macrostructure can be post-processed
by solution/acid washing, cathodic treatment, further anodic treatment, incorporation of

polymer, or any combination thereof.

[00017] Other aspects of the invention relate to a system for treating a nanofibrous
macrostructure. In some embodiments, the system comprises an electrochemical cell
comprising an electrode, a counter electrode and an electrolyte solution and optionally a

separator between the electrode and the counter electrode.
BRIEF DESCRIPTION OF DRAWINGS

[00018] FIG. 1A illustrates a system for generating nanotubes and collecting the

nanotubes as a non-woven sheet.

[00019] FIG. 1B illustrates a schematic of one embodiment of the yarn collection
system.
[00020] FIG. 2A illustrates a SEM of a carbon nanotube material treated

electrochemically using a negative potential.

[00021] FIG. 2B illustrates a SEM of a carbon nanotube material treated

electrochemically using a positive potential.
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[00022] FIG. 2C illustrates a TGA plot of a carbon nanotube material treated

electrochemically using a negative potential.

[00023] FIG. 2D illustrates a TGA plot of a carbon nanotube material treated

electrochemically using a positive potential.

[00024] FIG. 3A illustrates iron content by EDX relative to carbon content in weight
percent as a function of anodic treatment in connection with one embodiment of the present

invention.

[00025] FIG. 3B illustrates the electrical conductivity enhanced with anodic treatment

of the carbon nanotube material in connection with one embodiment of the present invention.
DESCRIPTION OF SPECIFIC EMBODIMENTS

[00026] In the following description, certain details are set forth such as specific
quantities, sizes, etc. so as to provide a thorough understanding of the present embodiments
disclosed herein. However, it will be evident to those of ordinary skill in the art that the
present disclosure may be practiced without such specific details. In many cases, details
concerning such considerations and the like have been omitted inasmuch as such details are
not necessary to obtain a complete understanding of the present disclosure and are within the

skills of persons of ordinary skill in the relevant art.

[00027] Aspects of the invention are not limited in application to the details of
construction and the arrangement of components set forth in the following description or
illustrated in the drawings. Aspects of the invention are capable of other embodiments and of
being practiced or of being carried out in various ways. In addition, aspects of the invention
may be used alone and/or in any suitable combination with any other aspect(s) of the

invention.

[00028] Any of the embodiments herein referencing carbon nanotubes may also be
modified within the spirit and scope of the disclosure to substitute other tubular
nanostructures, including, for example, inorganic or mineral nanotubes. Inorganic or mineral
nanotubes include, for example, silicon nanotubes, boron nanotubes, and carbon nanotubes

having heteroatom substitution in the nanotube structure.
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Synthesis of nanotubes

[00029] Nanotubes for use in connection with the present invention may be fabricated
using a variety of approaches. Presently, there exist multiple processes and variations thereof
for growing nanotubes. These include: (1) Chemical Vapor Deposition (CVD), a common
process that can occur at near ambient or at high pressures, and at temperatures above about
400 °C, (2) Arc Discharge, a high temperature process that can give rise to tubes having a
high degree of perfection, and (3) Laser ablation. It should be noted that although reference
is made below to nanotubes synthesized from carbon, other compound(s) may be used in
connection with the synthesis of nanotubes for use with the present invention. Other
methods, such as plasma CVD or the like are also possible. In addition, it is understood that
boron nanotubes may also be grown in a similar environment, but with different chemical

precursors.

[00030] The carbon nanotubes (CNTs) made can be present in a variety of forms
including, for example, sheet, yarn , powder, fibers, slurry and buckypaper. Furthermore, the
bundled carbon nanotubes may be of any length, diameter, number of walls, or chirality. Yet
in some embodiments, the CNTs can have a length greater than about 100 micrometers. For
example, the CNTs can have a length greater about 100 micrometers, greater than about 150
micrometers, greater than about 200 micrometers, greater than about 250 micrometers,
greater than about 300 micrometers, greater than about 350 micrometers, greater than about
400 micrometers, greater than about 450 micrometers or greater than about 500 micrometers.
It should be noted that hereinafter the terms “carbon nanotubes™ or “CNTs” can be used

interchangeably to refer to carbon nanotubes.

[00031] Carbon nanotubes can be made in structures having hierarchical morphologies
of increasing complexity. The general structures formed are, but not limited to, CNT sheets,
yarns, and powders (e.g. bundles, fibers, or other entities). Such nanofibrous macrostructure
can be extendible. As used herein nanofibrous macrostructure, CNTs structure and CNTs

material are used interchangeably.

[00032] In some aspects, the present invention can employ a chemical vapor deposition
(CVD) process or similar gas phase pyrolysis procedures known in the industry to generate

the appropriate nanostructures, including nanotubes.
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[00033] Carbon nanotubes, including single wall (SWNT), double wall (DWNT), and
multiwall (MWNT), may be grown, in some embodiments of the present invention, by
exposing nanoscaled catalyst particles in the presence of reagent carbon-containing gases
(i.e., gaseous carbon source at elevated temperatures). In particular, the nanoscaled catalyst
particles may be introduced into a high heat environment along with the reagent carbon-
containing gases, either by addition of existing particles or by in situ synthesis of the particles
from a metal-organic precursor, or even non-metallic catalysts. Although SWNT, DWNT,
and MWNT may be grown, in certain instances, SWNT may be selected due to their
relatively higher growth rate and tendency to form rope-like structures, which may offer
advantages in handling, thermal conductivity, electronic properties, and strength. Yet in
other embodiments, DWNT or Few Walled Nanotubes may be selected for their strength and

conductivity.

[00034] The strength of the individual nanotubes generated in connection with the
present invention may be about 30 GPa or more. Strength, as should be noted, is generally
sensitive to defects. However, the elastic modulus of individual carbon nanotubes fabricated
in accordance with an embodiment of the present invention may not be sensitive to defects
and can be of about 1 TPa. Moreover, the strain to failure, which generally can be a structure
sensitive parameter, may range from about 10% to about 25% for carbon nanotubes used in

the present invention.

[00035] Furthermore, the nanotubes of the present invention can be provided with
relatively small diameter. In some embodiment of the present invention, the nanotubes
fabricated in the present invention can be provided with a diameter in a range of from about

1 nm to about tens of nm.

[00036] In particular, since growth temperatures for CVD can be comparatively low
ranging, for instance, from about 400° C to about 1400° C, carbon nanotubes, both single wall
(SWNT), dual wall (DWCNT) or multiwall (MWNT), may be grown. These carbon
nanotubes may be grown, in some embodiments, from nanostructural catalyst particles
introduced into reagent carbon-containing gases (i.e., gaseous carbon source), either by

addition of existing particles or by in situ synthesis of the particles from, for instance, a



WO 2016/126818 PCT/US2016/016362

metal-organic precursor, or even non-metallic catalysts. In some embodiments, the catalyst

comprises iron.

[00037] According to some aspects of the invention, a free-flowing cloud or loose
suspension of nanotubes in a gas phase can be produced by chemical vapor deposition.
Nanotubes can self-assemble to form an aggregate. In some embodiments, the CNTs can
grow through a progression of forms from small growing nanotubes, to bundles and can gel
into a mass. The CNTs in the aggregate can be held together by van der Waals forces. In
some embodiments, the nanotubes can be formed in such a manner that the nanotubes can be

caused to deposit either on a moving belt or cylinder or rotating anchor.

[00038] In some embodiments, when deposited onto a moving belt or spinning
cylinder, the nanotubes can consolidate and be matted so as to form a non-woven sheet.
Alternatively, when deposited onto a rotating anchor, the nanotubes can be pulled from the

anchor and spun into a yarn.

[00039] Nanotubes collected as yarns, non-woven sheets, or similar extensible
macrostructures can also be fabricated by other means known in the art. For instance, the
nanotubes can be dispersed in a water, surfactant solution, or solvent system, then caused to
precipitate onto a filter drum or membrane, where they can be subsequently be dried and
removed as a buckypaper. In some embodiments, CNTs can be made in some hierarchical
morphologies (e.g. sheet), and transform the CNTs into another form (e.g., particulate and/or
fiber) using chemical means, physical means or combination of chemical and physical means.
For example, chemical compounds can be used to separate CNTs from their higher order
morphology (such as CNTs aggregate, CNTs mesh or CNTs macrostructures) into much
smaller entities, bundles or even individual tubes. In some embodiments, the chemicals may
be used with mild physical agitation to help dissociating the CNTs. Examples of mechanical
agitation methods that may be used include without limitation shaking, stirring, and/or other
mechanical means. Such an approach is disclosed in U.S. Patent Publication No. US 2014-
0366773 (U.S. Serial Number 14/244,177), which is hereby incorporated herein by reference
in its entirety. This material can then be processed using papermaking techniques known in
the art into, for example, a macroscopic sheet or buckypaper. Similarly, nanotubes collected

as yarns can also be produced from solutions, and using processes known in the art.
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[00040] With reference now to FIG. 1A and 1B, there is illustrated a system 30, similar
to that disclosed in U.S. Patent No. 7,993,620 (incorporated herein by reference), for use in
the fabrication of nanotubes. System 30, in an embodiment, may include a synthesis chamber
31. The synthesis chamber 31, in general, includes an entrance end 311, into which reaction
gases (i.e., gaseous carbon source) may be supplied, a hot zone 312, where synthesis of
nanotubes 313 may occur, and an exit end 314 from which the products of the reaction,
namely a cloud of nanotubes and exhaust gases, may exit and be collected. The synthesis
chamber 31, in an embodiment, may include a quartz tube, a ceramic tube or a FeCrAl tube
315 extending through a furnace 316. The nanotubes generated by system 30, in one
embodiment, may be individual nanotubes, bundles of such nanotubes, and/or intermingled or

intertwined nanotubes, all of which may be referred to hereinafter as “non-woven.”

[00041] System 30, in one embodiment of the present invention, may also include a
housing 32 designed to be substantially fluid (e.g., gas, air, etc.) tight, so as to minimize the
release of potentially hazardous airborne particulates and reaction gasses from within the
synthesis chamber 31 into the environment. The housing 32 may also act to prevent oxygen
from entering into the system 30 and reaching the synthesis chamber 31. In particular, the
presence of oxygen within the synthesis chamber 31 can affect the integrity of the chamber

(i.e. explode) and can compromise the production of the nanotubes 313.

[00042] System 30 may also include a moving belt 320, positioned within housing 32,
designed for collecting synthesized nanotubes 313 generated from within synthesis chamber
31 of system 30. In particular, belt 320 may be used to permit nanotubes collected thereon to
subsequently form a substantially continuous extensible structure 321, for instance, a CNT
sheet. Such a CNT sheet may be generated from substantially non-aligned, non-woven
nanotubes 313, with sufficient structural integrity to be handled as a sheet. Belt 320, in an
embodiment, can be designed to translate back and forth in a direction substantially
perpendicular to the flow of gas from the exit end 314, so as to increase the width of the CNT
sheet 321 being collected on belt 320.

[00043] To collect the fabricated nanotubes 313, belt 320 may be positioned adjacent
the exit end 314 of the synthesis chamber 31 to permit the nanotubes to be deposited on to
belt 320. In one embodiment, belt 320 may be positioned substantially parallel to the flow of
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gas from the exit end 314, as illustrated in FIG. 1A. Alternatively, belt 320 may be positioned
substantially perpendicular to the flow of gas from the exit end 314 and may be porous in
nature to allow the flow of gas carrying the nanomaterials to pass through the belt. In one
embodiment, belt 320 can be designed to translate from side to side in a direction
substantially perpendicular to the flow of gas from the exit end 314, so as to generate a sheet
that is substantially wider than the exit end 314. Belt 320 may also be designed as a
continuous loop, similar to a conventional conveyor belt, such that belt 320 can continuously
rotate about an axis, whereby multiple substantially distinct layers of CNT can be deposited
on belt 320 to form a sheet 321. To that end, belt 320, in an embodiment, may be looped
about opposing rotating elements 322 and may be driven by a mechanical device, such as an
electric motor. In one embodiment, the mechanical device may be controlled through the use
of a control system, such as a computer or microprocessor, so that tension and velocity can be
optimized. The deposition of multiple layers of CNT in formation of sheet 321, in accordance
with one embodiment of the present invention, can result in minimizing interlayer contacts
between nanotubes. Specifically, nanotubes in each distinct layer of sheet 321 tend not to
extend into an adjacent layer of sheet 321. As a result, normal-to-plane thermal conductivity

can be minimized through sheet 321.

[00044] To disengage the CNT sheet 321 of intermingled non-woven nanomaterials
from belt 320 for subsequent removal from housing 32, a blade (not shown) may be provided
adjacent the roller with its edge against surface of belt 320. In this manner, as CNT sheet 321
is rotated on belt 320 past the roller, the blade may act to lift the CNT sheet 321 from surface
of belt 320. In an alternate embodiment, a blade does not have to be in use to remove the
CNT sheet 321. Rather, removal of the CNT sheet may be by hand or by other known
methods in the art.

[00045] Additionally, a spool (not shown) may be provided downstream of blade, so
that the disengaged CNT sheet 321 may subsequently be directed thereonto and wound about
the spool for harvesting. As the CNT sheet 321 is wound about the spool, a plurality of layers
of CNT sheet 321 may be formed. Of course, other mechanisms may be used, so long as the
CNT sheet 321 can be collected for removal from the housing 32 thereafter. The spool, like

belt 320, may be driven, in an embodiment, by a mechanical device, such as an electric
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motor, so that its axis of rotation may be substantially transverse to the direction of

movement of the CNT sheet 321.

[00046] In order to minimize bonding of the CNT sheet 321 to itself as it is being
wound about the spool, a separation material may be applied onto one side of the CNT sheet
321 prior to the sheet being wound about the spool. The separation material for use in
connection with the present invention may be one of various commercially available metal
sheets or polymers that can be supplied in a continuous roll. To that end, the separation
material may be pulled along with the CNT sheet 321 onto the spool as sheet is being wound
about the spool. It should be noted that the polymer comprising the separation material may
be provided in a sheet, liquid, or any other form, so long as it can be applied to one side of
CNT sheet 321. Moreover, since the intermingled nanotubes within the CNT sheet 321 may
contain catalytic nanoparticles of a ferromagnetic material, such as Fe, Co, Ni, etc., the
separation material, in one embodiment, may be a non-magnetic material, e.g., conducting or
otherwise, so as to prevent the CNT sheet from sticking strongly to the separation material. In

an alternate embodiment, a separation material may not be necessary.

[00047] After the CNT sheet 321 is generated, it may be left as a CNT sheet or it may
be cut into smaller segments, such as strips. In an embodiment, a laser may be used to cut the
CNT sheet 321 into strips as the belt 320 or drum rotates and/or simultaneously translates.
The laser beam may, in an embodiment, be situated adjacent the housing 32 such that the
laser may be directed at the CNT sheet 321 as it exits the housing 32. A computer or program
may be employed to control the operation of the laser beam and also the cutting of the strip.
In an alternative embodiment, any mechanical means or other means known in the art may be

used to cut the CNT sheet 321 into strips.

[00048] Alternatively, in another embodiment, instead of a belt, a rigid cylinder, such
as a drum can be positioned to rotate about an axis, whereby multiple substantially distinct

layers of CNTs from a cloud of CNTs can be deposited on drum to form a sheet.

[00049] A system suitable for use in accordance with the present invention is shown in
FIG. 1A. The CNTs material produced by such system can be collected as a non-woven sheet
on a moving belt 320, as shown in FIG. 1A, or a drum, or can be collected as ayam on a

spindle. Such production method can provide, in a CNT sheet or yarn which can be

10
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subsequently used in various applications. The carbon nanotubes, in some embodiments, can
be deposited in multiple distinct layers to form a multilayered structure or morphology in a
single CNT sheet. In some embodiments, the CNT sheet can have a low normal-to-plane or
through-thickness thermal conductivity, which may result from inter-layer and/or inter-tube

resistance.

[00050] A system similar to system 30 may also be used for manufacturing nanotube
yarms. To manufacture yarns, housing 32 can be replaced with an apparatus to receive
nanotubes from the furnace 316 and spin them into yarns. The apparatus may include a
rotating spindle that may collect nanotubes as they exit tube 315. The rotating spindle may
include an intake end into which a plurality of tubes may enter and be spun into a yam. The
direction of spin may be substantially transverse to the direction of movement of the
nanotubes through tube 315. Rotating spindle may also include a pathway along which the
yarn may be guided toward an outlet end of the spindle. The yarn may then be collected on a

spool.

[00051] Although not shown, it should be appreciated that the nanotubes generated
may also be collected as a yarn. Such an approach is disclosed in U.S. Patent No. 7,993,620,
which is hereby incorporated herein by reference in its entirety. The method for making yarn
can include receiving a plurality of synthesized nanotubes moving substantially in one
direction in an airtight environment. Prior to receiving, a vortex flow may be imparted on to
the nanotubes so as to provide an initial twisting. Next, the nanotubes may be twisted
together into a yarn in a direction substantially transverse to the direction of movement of the
nanotubes. Thereafter, the yarn may be moved toward an area for harvesting and
subsequently harvested by winding the yarn about an axis substantially transverse to a

direction of movement of the yarn.

[00052] In some embodiments, a rotating spindle may be designed to extend from
within housing, through inlet, and into synthesis chamber for collection of extended length
nanotubes. In an embodiment, rotating spindle may include an intake end into which a
plurality of nanotubes may enter and be spun into a yamn. In an embodiment, the direction of
spin may be substantially transverse to the direction of movement of the nanotubes. Rotating

spindle may also include a pathway, such as hollow core, along which yarn may be guided

11
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toward outlet end of spindle. The system can further include a guide arm which may be
coupled to the outlet end of rotating spindle to guide and direct yarn toward a spool for

gathering thereon.

[00053] Referring to FIG. 1B, there is illustrated a system for collecting fibrous
structures or materials, such as yarn, from the flow of nanotubes. Referring to FIG. 1B, the
cloud of nanotubes (or roving, 3) exits from the CVD furnace or material conveyor 6. As it
exists, the flow of nanotubes can be redirected by an anchor or rotating feed pulley 5 situated
adjacent to the exit end of the furnace 6 toward a rotating collection tube 7. Once within the
collection tube 7, the flow of nanotubes can be directed and pulled as it goes through tube 7.
In some embodiments, the material can be collected as a loose tow or roving and
subsequently formed into a wire, yarn, tape, etc ..(see U.S. application U.S. Serial Number
14/952,427, filed November 25, 2015, entitled “Hierarchically Structured Carbon Nanotube

Materials and Methods For Production Thereof”, which is incorporated herein in its entirety).

[00054] It should be noted that the CNTs within the CNTs material may contain

catalytic nanoparticles of a ferromagnetic material, such as Fe, Co, Ni, etc...

[00055] It should be noted that the properties of carbon nanotubes (CNTs) or carbon
nanotubes structures can be governed by structural properties of the carbon nanotubes, such
as defects, length, diameter and chirality, and overall tube-bundle alignment and/or
interactions. In some embodiments, alignment of CNT structures can be accomplished after

fabrication.

Post-synthesis processing

[00056] Aspects of the invention are directed to methods for the reduction of catalyst
particles, such as iron, and organic impurities in the CNTs structures or materials. Other
aspects of the invention are directed to CNT materials substantially free of catalyst particles
and/or organic impurities. According to some aspects of the invention, the CNT material has
enhanced electrical properties. In various embodiments, materials made from nanotubes of
the present invention can present significant advantages, such as strength, thermal
conductivity, current capacity, and high frequency performance over certain metallic

conducting members, such as stainless steel, as such materials are electrical conductors.

12
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[00057] In some aspects of the invention, the method comprises subjecting the CNTs
material to an anodic electrochemical process. In some embodiments, the process can take

place is an electrochemical cell.

[00058] In some aspects of the invention, the method allows for the purification,
exfoliation, stretching, alignment and a combination thereof of the material without damaging
the CNTs. In some embodiments, the electrochemical treatment can be used without a super
acid treatment or in conjunction with a treatment with super acids. The methods provided
herein provide a simple, non-damaging means to purify CNTs material without adversely

affecting properties, such as strength and electrical conductivity.

[00059] In some embodiments, the methods described herein can be easily automated
and are amenable to mass production. It should be noted that the methods described herein
involve mild conditions (e.g., ambient temperatures vs. 300-800°C for gas phase

purifications), a simple setup, virtually one-step and continuous operation.

[00060] Due to the presence of catalysts during the growth and fabrication process, the
nanotubes within these yarns, tapes or sheets may include catalysts (i.¢., iron} and
carbonaceous matter {i.e., amorphous and graphitic carbon). For example, the CNTs in the
carbon nanotube material can contain from about 10% to about 30% by weight of iron. The
{NTs in the carbon nanotube material can contain from about 5% to about 25% by weight of
hydrocarbon and non-CNT carbonaceous material. Therefore, the purification of CNTs from
contanunants may be substantially more time consuming and expensive than the actual

production of the carbon nanotubes.

[00061] These impurities can add weight and can negatively impact certain physical
and mechanical properties, such as strength and electrical conductivity. For many
applications, controlling the purity of the CNTs is essential to impart the desired physical and
mechanical properties to the CNT structures or CNT materials. Since certain physical,
chemical and mechanical properties of the CNT structures can be dependent on purity, the
presence of contaminants in the CNT structures can affect the properties of these structures.
Macro-properties such as strength, electrical and thermal conductivity, electrochemical
properties, the thermoelectric Seebeck coefficient and others are not only related to the

properties of the individual tubes or bundles, but also critically to their purity, and/or
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interaction on the nanoscale. Other properties which may be affected include complex index

of refraction, frequency dependency of resistivity, and chemical reactivity.

[00062] In some embodiments, iron as well as hydrocarbon and non-CNT
carbonaceous impurities can be present in unpurified CNT material as a result of iron being
used in the synthesis of such CNTs. The presence of iron and/or other catalysts can be
detrimental to some applications such as, but not limited to, battery electrodes, and wiring

for magnetic resonance imaging machine.

[00063] The hydrocarbon and carbonaceous impurities coating the CNTs can prevent
close contact between the CNTs. This barrier to contact can reduce the electrical contact
between tubes, thus reducing the electrical conductivity of the CNT structures.

[00064] Therefore, aspects of the invention are directed to methods of producing CNT
materials which enable synthesis of commercial quantities of substantially pure CNT
materials.

[00065] Removing the iron and/or other catalysis from the CNT material can be
difficult to accomplish without damaging the CNTs. fron catalysts at growth teruperature in
the furnace may be saturated with carbon. Upon cooling, excess carbon can precipitate onto
the surface of the iron catalvsts, resulting in several layers of graphene. Graphene layers can
be seen in transrssion electron macroscopy {(TEM) which s used to charactenize
qualitatively the CNTs produced. The graphene coating can prevent the simple dissolution of
the tron in acidic solution. The tron can be effectively removed from the CNT material by
heating it in air for about an hour (o temperatures of about 3007C to S00°C, or superior fo
aboui 300°C, followed by washing in an acidic solution. However, one of skill in the art will
appreciate that the heat freatment can damage the CNTs thereby reducing the strength and
electrical conductivity of the matenal. Heating above 300°C i air can vaporize some non-
{NT carbonaceosus contaminants. However, one of skill in the art will appreciate that the
teraperature at which the non~-CNT carbonaceous contanunants bum can affect the integrity
of the CNTs. These aggressive processes typically result in severe damage to, and loss of,
CNTs that can outweigh any benefils. Additionally, these methods are often limited to small
batch vields, low vields, and/or low purity. Consequently, an efficient industnal scale
purification process to remove these impurities 1s essential, as many of the applications of

{NTs require highly-purified CNTs.
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[00066] In some aspects of the invention, the CNTs are submitted to an
electrochemical treatment at positive (i.e. anodic electrochemical treatment) potential to
release the graphene layers. In some embodiments, the electrochemical treatment is
performed at room temperature. Release of the graphene layers allows for the iron to be
exposed and oxidized (e.g. Fe**, Fe *") and be readily dissolved into solution. In some
embodiments, anodic electrochemical treatment results in a CNT material having less than
about 5%, less than about 4%, less than about 3%, less than about 2%, less than about 1% by
weight of iron. In some embodiments, anodic electrochemical treatment results in a CNT

material that is substantially free of iron.

[00067] In some embodiments, anodic electrochemical treatment can cause many
contaminants to be displaced from the CNTs through electrostatic forces. In some
embodiments, the anodic electrochemical treatment of the CNT material can resultin a CNT
material that is substantially free of contaminants such as, but not limited to, iron and non-

CNT carbonaceous contaminanis (see FIG. 2A-2B).

[00068] In some embodiments, anodic electrochemical treatment can allow for the
exfoliation and expansion of the CNTs material. In some embodiments, treatment can be

done under tension such that stretching and alignment of the material can occur.

[00069] In some embodiments, the CNT material can be first stretched and the
stretched CNT material can be subjected to anodic electrochemical treatment. CNT material

can be stretched with using any appropriate process known in the art.

[00070] In some embodiments, once the electrical charge is allowed to dissipate, and
the solvent or solution to evaporate, the aligned material can bundle and densify resulting in a

stronger and more electrically conductive material (see FIG. 3B).

[00071] Some aspects of the invention relates to a method for doping CNT material to
improve electrical conductivity. In some embodiments, the anodic electrochemical treatment
allows for the insertion of anions into the CNT material (i.e. electron doping of CNT
material). In some embodiments, such anodic electrochemical treatment can enhance

electrical conductivity.

[00072] In some embodiments, electrostatic exfoliation and stretching can be

accomplished with super acids because of extensive protonation. In some embodiments, the
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anodic electrochemical treatment can be controlled by controlling the electrochemical

potential or the duration of the treatment for example.

[00073] In some embodiments, the anodic electrochemical treatment may work
synergistically with super acids treatment. In some aspects of the invention, a protonation
agent can be used as a stretching agent, and allow for the stretching and/or alignment of the
CNTs. In particular, superacids, such as chlorosulfonic acid, triflic acid, fluorosulfuric acid
and fluoroantimonic acid or a combination thereof can be used. In some embodiments,
fuming sulfuric acid can be used. In some embodiments, fuming sulfuric acid and a
superacid, such as chlorosulfonic acid, triflic acid, fluorosulfuric acid and fluoroantimonic
acid or a combination thereof, can be used. In some embodiments, any agent that has a value
of less than -12 on the Hammett acidity function scale (Hy) can be used. In some
embodiments, any agent that has a value of less than -12.5 on the Hammett acidity function

scale (Ho) can be used.

[00074] In some embodiments, the CNTs material (e.g. yarn, sheet, etc...) can be
drawn through an organic electrolyte solution, and a positive voltage can be applied relative
to an electrode in close proximity to the material. In some embodiments, the electrolyte can
consist of a polar organic solvent. For example, the organic solvent can be acetonitrile, with
~ 0.1 M dissolved organic salt, such as tetrabutyl ammonium hexafluorophosphate, tetrabutyl
ammonium tetra fluoroborate, tetra butyl ammonium perchlorate, or tetra ethyl ammonium
perchlorate or combination thereof. A positive voltage of from about 2 V to about 15 V can
be applied relative to a counter electrode. In some embodiments, the CNT material
electrochemically is treated with a positive voltage and the resulting treated CNT material is
substantially free of contamination or foreign material as shown on scanning electron
microscopy (SEM) image. The counter electrode may be copper, or carbon, or some other
electrode material known in the art. In some embodiments, a separator can be positioned
between the CNT material being treated and the counter electrode. In some embodiments,
the separator can be a piece of filter paper, a porous polymer membrane, or some other
porous, non-conducting material known in the art. In some embodiments, the degree of
treatment can be quantified as the total amps x treatment time per gram of material being

treated. In some embodiments, the degree of treatment can be controlled by the interaction
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length (e.g. distance that the yarn is in close proximity to the counter electrode) and the speed

that the yarn passes through the treatment zone, as well as the applied voltage.

[00075] According to some embodiments, the iron content of the treated CNT material
can be reduced by at least half by the anodic electrochemical treatment. In some
embodiments, the anodic electrochemical treatment can result is enhancement of electrical
conductivity of the material. In some embodiments, anodic treatment can enhance
conductivity of the CNT material by at least a factor of 2, at least a factor of 3, at least a

factor of 4, at least a factor of 5, or greater.

[00076] In some embodiments, tension can be applied to the material as it is being
treated in order to improve CNT alignment in the material, and improve properties in the final

result.

[00077] In some embodiments, after electrochemical treatment, the material can be
washed to remove electrolyte salts, adsorbed impurities, and further dissolve iron. Washing
can be accomplished by dipping through various combinations of solutions, which can
include, for example, acetonitrile, acetone, citric acid in water, concentrated or dilute
hydrochloric acid, other acid in water, and/or pure water. The material can then be dried and
used without further processing. Yet in other embodiments, the material can be wet-
processed with a cross-linking agent, a binder, or a cross-linking agent and a binder to further
enhance the desired properties. In some embodiments, super acids, such as chlorosulfonic

acid, can be used before or after electrochemical treatment to further enhance properties.

[00078] In some embodiments, after anodic treatment, the material may be treated
cathodically (negative voltage relative to the counter electrode) in an electrolyte solution to
remove negative ions. The electrolyte solution can be the same or another electrolyte
solution. For example, treatment at -1.1 V in aqueous sodium hydroxide solution can drive
the phosphate anions that might be left within the material after anodic treatment out of the
material, replacing them with hydroxide ions. Subsequent dipping through acidic solution
can neutralize the hydroxide ions leaving only water that can be dried out of the material

later.

[00079] In some embodiments, charging the CNT material to a positive voltage in an

organic electrochemical cell can expose and dissolve the iron catalyst particles, clean some or
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most of the non-CNT carbonaceous impurities from CNT material, exfoliate the CNT
bundles allowing for stretching and alignment of the material or any combinations of the
foregoing. Such electrochemical treatment can result is enhancement of strength and

electrical conductivity of the material.

[00080] In some embodiments, the electrochemical treatment can prepare the material
for further processing. In some embodiments, the electrochemically treated material can bind
better to polymers. One of skill in the art will appreciate that addition of polymers in the
conventional technology can adversely affect electrical conductivity and heat conduction.
Some embodiments relate to CNTs conductive-polymer composite. In some embodiments,
the CNTs are subjected to anodic electrochemical treatment and are subsequently post-
processed by addition of polymers to enhance mechanical properties (e.g. strength) while

minimizing reduction in electrical conductivity.

[00081] In some embodiments, the CNTs are subjected to anodic electrochemical
treatment and are subsequently post-processed by solution/acid washing, cathodic treatment,
further anodic treatment, incorporation of polymer, or any combination thereof. Washing can
be accomplished by dipping through various combinations of solutions, which can include,
for example, acetonitrile, acetone, citric acid in water, concentrated or dilute hydrochloric

acid, other acid in water, and/or pure water.

Processing of electrochemically treated CN'Ts material

[00082] In accordance with some embodiments of the present invention, prior to
stretching, the extensible macrostructure may be exposed to a stretching agent. In some
embodiments, the macrostructure can be a sheet, a yarn, buckypaper, etc...In some
embodiments, the stretching agent can be a protonation agent. In some embodiments, the
stretching agent can be a super acid. For example, the super acid can be chlorosulfonic acid
(CSA), triflic acid, fluorosulfuric acid and fluoroantimonic acid or a combination thereof. In
some embodiments, the stretching agent is fuming sulfuric acid. In some embodiments,
fuming sulfuric acid and a superacid, such as chlorosulfonic acid, triflic acid, fluorosulfuric

acid and fluoroantimonic acid or a combination thereof, can be used.

[00083] It should be appreciated that the use of chlorosulfonic acid requires highly

specialized operating conditions as chlorosulfonic acid is very reactive to other chemicals

18



WO 2016/126818 PCT/US2016/016362

(e.g., water). After treatment, the superacids, like chlorosulfonic acid, can be washed away
as they may leave a residue and can be incompatible with other components when the

processed material is combined in a product formulation.

[00084] In some embodiments, the stretching agent can be applied by spray, drip, bath,
flood, waterfall or any other appropriate process known in the art. In some embodiments, the
super acid is CSA at a concentration of about 30% to about 100%. In some embodiments, the
super acid is CSA at a concentration of about 30%, about 40%, about 50%, about 60%, about
70%, about 80%, about 90% or about 100% in a solvent. In some embodiments, the solvent
is chloroform, acetone, 1,2 dichloroethane, pyrridine, acetonitrile, carbon tetrachloride,
trichloroethylene, tetrachloroethylene. Dilution agent can also be dilute acids such as sulfuric

acid, at a concentration from about 10% to about 90%.

[00085] In some embodiments, the stretching agent allows for the breaking of the
electrostatic bonds that held the material together. In some embodiments, the stretching
agent allows for the wetting of the structure, so that sufficient stretching can subsequently be
applied to the structure. In some embodiments, the extensible structure can be wetted or
immersed in a liquid solution prior to being subjected to stretching. In some embodiments,
the extensible structure may be first mounted in the post-processing system, then
subsequently sprayed with or immersed in a solution containing super acids until the structure
can be sufficiently wetted. In accordance with some embodiments, the extensible structure
can remain substantially wet over an appropriate period of time. The period of time can
controlled, for example, by the process speed. In some embodiments, whereupon a yarn may
be treated, such a yarn may be treated over an appropriate period of time depending on the
yarn tex (linear density in grams/kilometer) value. For example, the superacid can be applied
for from about 1 s to about 30 s. In some embodiments, the super acid can be applied for
from about 1 s to about 5 s, for from about 1s to about 10 s, for from about 1 s to about 20 s,
for from about 5 s to about 10 s, for from about 10 s to about 20 s , for from about 10 s to
about 30 s. Super acid can be applied for from about 3 s to about 10 s for yarns of varying
tex, such as 10 to 40 tex and for greater lengths of time for strips, sheets and other larger bulk

macrostructures.
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[00086] Once sufficiently wetted, the extensible macrostructure may be subjected to
elongation (i.e., stretching) in order to cause the intermingled and substantially non-aligned
nanotubes to substantially align along the direction of the stretching. Stretching, in
accordance with some embodiments of the present invention, allows the intermingled and
substantially non-aligned nanotubes, bundles of nanotubes, and/or ropes of nanotubes within
the extensible structure to be pulled into substantial alignment. In addition, stretching may
pull adjacent nanotubes into contact with one another, and can enhance and/or increase the
points of contact between adjacent nanotubes, bundles of nanotubes, and/or ropes of
nanotubes. The enhanced contact between adjacent nanotubes, in some embodiments, can
lead to increased conductivity (e.g., electrical and/or thermal), as well as tensile strength of
the extensible macrostructure, in comparison to that of an extensible macrostructure with

substantially non-aligned nanotubes.

[00087] It should be appreciated that the extensible macrostructure may be stretched to
permit nanotube alignment using any type of apparatus that produces a local stretching. The
stretching, for example, may be done over a large amount of extensible structure material.
However, the risk of the material elongating at a weak area or defect, in such an approach,
can be higher than if the stretching apparatus were designed to stretch the material
incrementally over a relatively smaller length (i.e. local stretching). In some embodiments,
the stretching procedure can be incremental over a relatively smaller distance. For example,
the rate of elongation can be from about 0.001 percent per minute to about 10 percent per
minute. For example, the rate of elongation can be about from about 1 percent per minute
(based on 65% * (.(75m/min) / .5m) to about 3 percent per minute. Sufficiently good results

can be obtained with the rate of elongation being about 0.3 percent per minute.

[00088] In some embodiments, whereupon a yarn may be stretched, such a yarn may be
stretched to a point where its tenacity is increased by at least 2 times, at least 3 times, at least
4 times or more the original tenacity of the yarn before treatment. For example, while
untreated yarn has a breaking tensile stress value of about 0.5 N/tex, the CSA treated yam,
according to some embodiments, has a breaking tensile stress value of about 1.84 N/tex or
about 2 N/tex which correspond to a 3.7 to 4 times improvement. The N/tex unit is the
breaking stress or breaking force in Newtons divided by the linear density of the tested

material in grams/kilometer).
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[00089] In some embodiments, whereupon a yarn may be stretched, such a yarn may be
treated to a point where its resistivity is decreased by at least 7 times the original resistivity of
the yarn before treatment. In some embodiments, improvement is about 5 to about 9 times.
For example, a resistivity of about 3 x 10™ Q-cm can be improved to about 4.25 10 Q-cm

which corresponds to a 7 times improvement.

[00090] Upon sufficient stretching, substantial alignment of the nanotubes within
extensible structure can be achieved. This alignment, in some embodiments, may be
proportional to the degree of stretching, as described above by the change in the resistivity
with the degree of stretch, and with the increase in the mechanical properties with the degree
of stretch. In addition, stretching may also enhance other properties of the extensible
structure. Specifically, contacts between adjacent nanotubes, bundles of nanotubes, and/or
ropes of nanotubes, can be enhanced, which can result in increased conductivity (e.g.,

electrical and/or thermal) as well as tensile strength of the extensible structure.

[00091] According to some aspects of the invention., stretching CNT macrostructure or
material in the presence of superacids, such as CSA, under tensile load can dramatically
improves the tensile strength and electrical conductivity of the material. These property
improvements are much greater than those achievable through other treatments known in the
art. Without being bound by the theory, it is likely that superacids, such as CSA, can
accomplish such improvements on the CNT macrostructures through one or more of the

following effects:
1. Cleaning the CNTs at the molecular level within the macrostructure by exfoliating or
disengaging impurities.

2. Exfoliating/debundling the CNTs within the macrostructure. As used herein,
“exfoliation” refers to a the process wherein carbon nanotube agglomerates, bundles, ropes,
or aggregates primarily held together by van der Waals forces, are disengaged from each
other so that they can move. In some embodiments, the CSA functionalizes the nanotubes

and the nanotubes are exfoliated/debundled through protonation and/or sulfonation.

3. Lubricating the CNTs within the macrostructure thereby allowing for further

stretching and alignment.

4. Cross-linking the CNTs through the creation of bridging sulfate bonds. Cross-linking
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can, in some embodiments, enhance load and electron transfer.
5. Densification through evaporation of a very high surface tension liquid.

[00092] It should be appreciated that protonation can cause the CNT macrostructure or

CNTs to exfoliate and the CNTs or bundles to repel from each other.

[00093] In some embodiments, the superacid, such as CSA, can act as a lubricant
which can infiltrate between the bundles and allows for the slippage of the bundles between
one another while also exfoliating impurities between the bundles and washing them away.
In some embodiments, the impurities can be amorphous carbon and/or polyaromatic

hydrocarbons.

[00094] As tensile forces are applied to the CNT material, the bundles slip past one
another. The bundles can then straighten and align. The greater the amount the stretch, the

higher the degree of macro/micro scale alignment of nanotube bundles.

[00095] It should be appreciated that the CNT macrostructure can only be stretched to a
certain limit before voids are produced and where any further stretch is more likely to cause
failure of the material structure. Assuming that the standard nanofiber (i.e. bundle) curvature

of 180 degrees, the length increase of the structure after stretching the nanofiber straight is :

AB (straight)/AB (curve) = L/(2L/n) = w/2 or 1.57 longer, which is a 57%
stretch.

Voids are likely to occur as the stretches are greater than this length of stretch. Accordingly,
in some embodiments, stretching of the CNT macrostructure is performed such that no voids

are created.

[00096] Once the CNT macrostructure has been stretched, the CS A can be neutralized
and removed. Once removed, through solvent washes and heating, van der Waals forces take
over and the density of the CNT macrostructure increases which has been shown to increase
tube to tube interactions. In addition to alignment, the superacids, such as CSA, can
functionalize the surface of the CNTs, creating bonding bridges between bundles. The
physical/property benefits of stretching CNT macrostructure in superacids, such as CSA,
include increased tensile properties (such as modulus, tenacity), improved electrical

properties and/or a cleaner functionalized structure that can be ready to form composites.
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[00097] In general, the acid and impurities can be removed from the exfoliated carbon
nanotubes by rinsing with water, organic solvents or combinations thereof. In some
embodiments, supercritical fluids such as, for example, highly compressed CO, or
hydrocarbons such as, for example, propane or butane, may also be employed to remove
impurities from the exfoliated carbon nanotubes.

[00098] In some embodiments, following the elongation or stretching procedure, the
extensible macrostructure may be washed in an appropriate solvent. The extensible structure
may be washed in 100% solvent. In some embodiments, the solvent can be Chloroform,
Dichloromethane, 1,2-Dichloroethane, Acetonitrile, Acetone, Ethanol, water; Carbon

Tetrachloride, Tetrachloroethylene, Trichloroethylene or any combination thereof.

[00099] Thereafter, the stretched structure may be surface dried in an oven. In some
embodiments, the stretched structure may be surface dried in N, or other dried environment

at temperatures that may range between about 150 °C to about 400 °C.

[000100] The washing and drying procedure can, in some embodiments, be effective in

removing the super acids used in the stretching process.

[000101] The clean structure can then, in some embodiments, be washed in water. In
some embodiments, the structure can be washed or boiled in water for about 1 h, or less, to
about 24 h, or more. The structure can then be vacuum oven dried. For example, the
structure can be dried at 30 mmHg at about 200 °C for about 1 h, or less, to about 24 h, or

more.

[000102] It should be understood that methods of the invention are not limited to the
post-synthesis processing of yarn and can be applied to the any nanotube macrostructures,

such as sheet, film, tape, fibers etc...
Applications

[000103] Sheets, yarns, and fibers of carbon nanotubes made from the present invention can
have a wide variety of applications, including as an electrical conductor. CNT material
produced in accordance with various embodiments of the present invention can be used in

batteries and in applications that require exclusion of iron.
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[000104] In some embodiments, the CNTs material can be used in a wire, an
electromagnetic shield, a power delivery cable, etc. In some embodiments, a CNT sheet of
the present invention, for example, can be rolled to form the conductor or shield of a coaxial
cable. Additionally, CNT sheets can be layered in order to increase the conductive mass of
the sheet to allow the sheet to carry more current, to increase strength, and/or thermal
conductivity for better ampacity . Similarly, CNT yarns can be used to form cable elements,
such as conductive elements of coaxial cables, twisted pair cables, etc. The CNT yarns can be
twisted or bundled into a larger yarn to increase the amount of conductive mass in the yam
and allow the yarn to carry more current. CNT material of the present invention can also be
used to make electrical connections on circuit boards, such as printed circuit boards (PCB),

etc.

[000105] Examples of specific applications of the CNT material of the present invention
can also include electromagnetic interference shielding (EMI shielding) which may reflect or
absorb EMI radiation and thereby provide electrical shielding. Shielding may be beneficial to
prevent interference from surrounding equipment and may be found in stereo systems,
telephones, mobile phones, televisions, medical devices, computers, and many other
appliances. Shielding may also be beneficial to reduce electromagnetic emissions that radiate
from electronic devices. Reducing such radiated emissions can help the electronic device
meet regulatory EMC requirements. The conductive layer may also be used as a ground

plane or power plane, and may provide a means of creating an electromagnetic mirror.

[000106] While the present invention has been described with reference to certain
embodiments thereof, it should be understood by those skilled in the art that various changes
may be made and equivalents may be substituted without departing from the true spirit and
scope of the invention. In addition, many modifications may be made to adapt to a particular
situation, indication, material and composition of matter, process step or steps, without
departing from the spirit and scope of the present invention. All such modifications are

intended to be within the scope of the claims appended hereto.

[000107] The following examples are provided to demonstrate particular embodiments
of the present invention. It should be appreciated by those of skill in the art that the methods

disclosed in the examples which follow merely represent exemplary embodiments of the
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present invention. However, those of skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific embodiments described and still
obtain a like or similar result without departing from the spirit and scope of the present

invention.
EXAMPLES

Electrochemical treatment of CNT varn and sheet materials

[000108] CNT yarn material was drawn through an organic electrolyte solution, and a
positive voltage was applied relative to an electrode in close proximity to the material. The
electrolyte consists of a polar organic solvent such as acetonitrile, with ~ 0.1 M dissolved
organic salt, such as tetrabutyl ammonium hexafluorophosphate, tetrabutyl ammonium tetra
fluoroborate, tetra butyl ammonium perchlorate, or tetra ethyl ammonium perchlorate. A
positive voltage of ~ 2 V to 15 V was applied relative to a counter electrode. The counter

electrode may be copper, or carbon, or some other electrode material.

[000109] The degree of treatment was quantified as the total amps x treatment time per
gram of material being treated, and was controlled by the interaction length (distance that the
yarn is in close proximity to the counter electrode) and the speed that the yarn passes through

the treatment zone, as well as the applied voltage.

[000110] FIG. 2A shows a scanning electron microscopy (SEM) image of CNT material
treated electrochemically for one minute at -2.4 V, showing a coating of contamination on the
nanotubes. In contrast, FIG. 2B shows an SEM of CNT material treated electrochemically
for one minute at +2.4 V according to the methods described herein, showing nanotubes free
of visible foreign material. The CNT material was subjected to thermogravimetric analysis
(TGA) to determine the mass change of the material as a function of the temperature.
Referring to FIG. 2C, the TGA plot of CNT material treated at -2.4 V shows a large peak at
287 °C corresponding to contaminants. In contrast, referring to FIG. 2D, the TGA plot of
CNT material treated at +2.4 V shows a dramatic reduction in the peak associated with

contaminants.

[000111] Referring to FIG. 3A, the iron content by Energy Dispersive X-Ray (EDX)
relative to carbon content in weight percent is shown as a function of anodic treatment.

Anodic treatment reduces iron content from an iron content of more than 11% by weight to
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an iron conetnt of less than 4% by weight in the CNT yarn. No hydrocarbon weigth was
observed. According to some embodiments, the iron content of the treated CNT material can
be reduced by at least half by the anodic electrochemical treatment. FIG. 3B shows a plot of

the electrical conductivity of a yarn (in S/m) prior and after anodic treatment.

[000112] There may be a separator between the yarn being treated and the counter
electrode, consisting of a piece of filter paper, or porous polymer membrane, or some other

porous, non-conducting material.

[000113] It should be appreciated that tension can be applied to the material as it is
being treated in order to improve CNT alignment in the material, and improve properties in

the final result.

[000114] After electrochemical treatment, the material can be washed to remove
electrolyte salts, adsorbed impurities, and further dissolve iron. This can be accomplished by
dipping through various combinations of solutions, which might include: acetonitrile,
acetone, citric acid in water, concentrated or dilute hydrochloric acid, other acid in water,
and/or pure water. The material can then be dried and used without further processing, or it
can be wet-processed with a cross-linking agent and/or binder to further enhance the desired
properties. CSA can be used before or after electrochemical treatment to further enhance

properties.

[000115] After anodic treatment the material may be treated cathodically (negative
voltage relative to the counter electrode) in fresh, and perhaps different, electrolyte solution
to remove negative ion. For example, treatment at -1.1 V in aqueous sodium hydroxide
solution would drive the phosphate anions that might be left in the material after anodic
treatment out of the material, replacing them with hydroxide ions. Subsequent dipping
through acidic solution would neutralize the hydroxide ions leaving only water that can be

dried out of the material later.

[000116] It should be appreciated that sheet CNT material can also be treated in a

similar fashion.
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INCOPORATION BY REFERENCE

[000117] Reference is made to U.S. patent Nos. 7,993,620 which is hereby incorporated
by reference in its entirety

[000118] All publications, patent applications and patents mentioned herein are hereby
incorporated by reference in their entirety as if each individual publication or patent was

specifically and individually indicated to be incorporated by reference.
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CLAIMS

What 1s claimed is:

L.

A method for treating nanofibrous macrostructure, the method comprising:

(a) providing a nanofibrous macrostructure, the nanofibrous macrostructure being
defined by a plurality of nanotubes;

(b) exposing the nanotubes within the nanofibrous macrostructure to an anodic
electrochemical treatment; and

(c) removing impurities from the nanofibrous macrostructure via the anodic

electrochemical treatment.

The method of claim 1 wherein the nanofibrous macrostructure comprises a plurality

of substantially non-aligned nanotubes.

The method of claim 2 further comprising stretching the nanofibrous macrostructure,
so as to substantially align the nanotubes relative to one another within the stretched

nanofibrous macrostructure.

The method of claim 1, wherein, in the step of providing, the nanofibrous

macrostructure 1s a non-woven sheet of nanotubes.

The method of claim 1, wherein, in the step of providing, the nanofibrous

macrostructure is a yarn.

The method of claim 1, wherein, in the step of providing, the nanotubes include one

of carbon nanotubes, boron nanotubes or a combination thereof.

The method of claim 1, wherein, in the step of providing, the nanotubes include one
of single wall nanotubes, dual wall nanotubes, multiwall nanotubes, or a combination

thereof.

The method of claim 1 wherein the step of exposing is in an electrochemical cell.
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10.

11.

12.

13.

14

15.

16.

17.

18.

19.

20.

The method of claim 1 wherein the step of exposing is in presence of an organic

electrolyte solution.

The method of claim 1 wherein the step of exposing is at a positive electro-potential.

The method of claim 1 further comprising washing away the impurities.

The method of claim 1 wherein the impurities comprise non-carbon nanotube

carbonaceous contaminant, hydrocarbon, catalyst, and combination thereof.

The method of claim 12 wherein the catalyst is iron.

. The method of claim 1 further comprising recovering the nanofibrous structure.

The method of claim 1 further comprising subjecting the nanofibrous structure to

stretching.

The method of claim 1 further comprising exposing the nanofibrous structure to an
acid having an H, value of less than -12 and subjecting the nanofibrous structure to

stretching.

The method of claim 16 wherein the acid is a super acid and comprises one of
chlorosulfonic acid triflic acid, fluorosulfuric acid, fluoroantimonic acid, fuming

sulfuric acid, or a combination thereof.

The method of claim 1 further comprising subjecting the nanofibrous structure to a

cathodic electrochemical treatment.

The method of claim 1 further comprising subjecting the nanofibrous structure an

anodic electrochemical treatment.

A method for treating nanofibrous macrostructure, the method comprising:
(a) providing a nanofibrous macrostructure, the nanofibrous macrostructure being

defined by a plurality of nanotubes; and
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(b) doping the nanotubes within the nanofibrous macrostructure using an anodic

electrochemical treatment.

21. The method of claim 20 further post-processing the nanofibrous macrostructure.

22. The method of claim 21 wherein post-processing comprises solution/acid washing,
cathodic treatment, anodic treatment, incorporation of polymer, or any combination

thereof
23. A system treating a nanofibrous macrostructure, the system comprising an

electrochemical cell comprising an electrode, a counter electrode and an electrolyte

solution and optionally a separator between the electrode and the counter electrode.
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Figure 1B
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FIG. 2B
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FIG. 3A
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FIG. 3B
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