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in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
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to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4158).
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respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
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The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
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works to encourage, facilitate, and accelerate business investment. To learn more about why the USA is the best

country in the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

page 3 of 3



Doc Code: TR.PROV

Document Description: Provisional Cover Sheet (SB16)
PTO/SB/16 (11-08)
Approved for use through 01/31/2014 OMB 0651-0032
U.S. Patent and Trademark Cffice: U.5. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1985, no persens are required to respend to a collection cf information unless it displays a valid OMB control number

Provisional Application for Patent Cover Sheet
This is a request for filing a PROVISIONAL APPLICATION FOR PATENT under 37 CFR 1.53(c)

Inventor(s)

Inventor 1 Remove

Given Name Middle Name Family Name City State Country
Clive P Bosnyak Dripping Springs | TX us
Inventor 2 Remove

Given Name Middle Name Family Name City State Country ;
Kurt W Swogger Austin T us
Inventor 3 Remove

Given Name Middle Name Family Name City State Country
Milos Marinkovic Austin X us

All Inventors Must Be Listed — Additional Inventor Information blocks may be Add

generated within this form by selecting the Add button.

Improved Binders for Energy Storage Devices using Discrete Carbon

Title of Invention ; -
Nanotubes, Methods for Production Thereof and Products Obtained Therefrom

Attorney Docket Number (if applicable) DNT 0001

Correspondence Address

Direct all correspondence to (select one):

(®) The address corresponding to Customer Number () Firm or Individual Name

Customer Number 99053

The invention was made by an agency of the United States Government or under a contract with an agency of the United
States Government.

(® No.

(O Yes, the name of the U.S. Government agency and the Government contract number are:

EFS - Web 1.0.1




Doc Code: TR.PROV
Document Description: Provisional Cover Sheet (SB16)

PTO/SB/16 (11-08)

Approved for use through 01/31/2014 OMB 0651-0032

U.S. Patent and Trademark Cffice: U.5. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persens are required to respend to a collection cf information unless it displays a valid OMB control number

Entity Status
Applicant claims small entity status under 37 CFR 1.27

(® Yes, applicant qualifies for small entity status under 37 CFR 1.27
O No

Warning

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card
numbers (other than a check or credit card authorization form PTO-2038 submitted for payment purposes) is never required
by the USPTO to support a petition or an application. If this type of personal information is included in documents submitted
to the USPTO, petitioners/applicants should consider redacting such personal information from the documents before
submitting them to USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public
after publication of the application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the
application) or issuance of a patent. Furthermaore, the record from an abandoned application may also be available to the
public if the application is referenced in a published application or an issued patent (see 37 CFR1.14). Checks and credit
card authorization forms PTO-2038 submitted for payment purposes are not retained in the application file and therefore are
not publicly available.

Signature

Please see 37 CFR 1.4(d) for the form of the signature.

Signature /Stephen P. Krupp/ Date {(YYYY-MM-DD} |2012-06-21
First Name Stephen Last Name Krupp Reglstratlo_n Number 34366
(If appropriate}

This collection of information is required by 37 CFR 1.51. The information is required to obtain or retain a benefit by the public which is to
file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection
is estimated to take 8 hours to complete, including gathering, preparing, and submitting the completed application form to the USPTO.
Time will vary depending upon the individual case. Any comments on the amount of time you require to complete this form and/or
suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department
of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. This
form can only be used when in conjunction with EFS-Web. If this form is mailed to the USPTO, it may cause delays in handling
the provisional application.

EFS - Web 1.0.1



Privacy Act Statement

The Privacy Act of 1974 (P_L. 93-579) requires that you be given certain information in connection with your submission of
the attached form related to a patent application or paten. Accordingly, pursuant to the requirements of the Act, please be
advised that : (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the
information solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not
furnish the requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine your
submission, which may result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information con this form will be treated confidentially to the extent allowed under the Freedom of Information
Act (5 U.5.C. 552) and the Privacy Act (5 U.5.C 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether disclosure of these records is required by the Freedoem of Information
Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to
a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Cengress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need
for the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the Internaticnal Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, t ¢ a n other federal agency for purposes
of National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her desighee, during an inspection of records conducted by GSA as part of that agency's respensibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b} or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an
application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspection or an
issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.



DNT 001
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IMPROVED BINDERS FOR ENERGY STORAGE DEVICES USING DISCRETE CARBON
NANOTUBES, METHODS FOR PRODUCTION THEREOF AND PRODUCTS OBTAINED
THEREFROM

CROSS REFERENCE TO RELATED APPLICATIONS

[1] This provisional patent application is related to USSN 13/164456 filed June 20,
2011; USSN 12/968151 filed December 14, 2010; USSN 13/140029 filed December 18,
2009; USSN 61/500561 filed June 23, 2011; USSN 61/500560 filed June 23, 2011; and
USSN 61/638454 filed April 25, 2012; the disclosures of which are incorporated herein by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[2] Not applicable
BACKGROUND
[3] Many energy storage devices like batteries, capacitors and photovoltaics can utilize a

binder to provide both mechanical stabilization as well as improved electrical conduction of

the powder used in cathodes or electrodes.

[4] Lithium ion batteries are used extensively for portable electronic equipment and
increasingly being used to provide electrical back-up for wind and solar energy. The salts for
the cathode materials in lithium ion batteries are generally known to have poor electrical
conductivity and poor electrochemical stability which results in poor cycling
(charge/discharge) ability. Both cathode and anode materials in lithium ion based batteries
exhibit swelling and deswelling as the battery is charged and discharged. This spatial
movement leads to further separation of some of the particles and increased electrical
resistance. The high internal resistance of the batteries, particularly in large arrays such as
used in electric vehicles, can result in excessive heat generation leading to runaway
chemical reactions and fires.

[5] Lithium primary batteries consist, for example, of Ilithium, poly(carbon
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[6]

[7]

[8]

monofluoride) and lithium tetrafluoroborate together with a solvent such as
gamma-butyrolactone as an electrolyte. These lithium primary batteries have excellent
storage lifetimes, but suffer from only being able to low current and the capacity is about one
tenth of what is theoretically possible. This is ascribed to the poor electrical conductivity of
the poly(carbon monofluoride). In some cases a portion manganese dioxide is added to aid

in the electrical conductivity and power of the lithium battery.

Attempts to overcome the deficiencies of poor adhesion to current collectors and to
prevent microcracking during expansion and contraction of rechargable batteries have
included development of binders. Binders such as polyacrylic acid, PAA, for cathodes,
poly(styrene butadiene), SBR for anodes and polyvinylidene fluoride, PVDF, for cathodes
and anodes, are used in lithium based batteries to hold the active material particles together
and to maintain contact with the current collectors i.e., the aluminum, Al, or the copper foil,
Cu. The PAA and SBR are used as aqueous suspensions or solutions and are considered
more environmentally benign than organic solvent based systems such as n-methyl 2

pyrrolidone, NMP, with PVDF.

A cathode electrode of a lithium ion battery is typically made by mixing active
material powder, binder powder, solvent such as NMP if using PVDF, and additives such as
carbon black, into a slurry (paste) and pumping this slurry to a coating machine. An anode
electrode for a lithium ion battery is made similarly by typically mixing graphite, or other
materials such as silicon, as the active material, together with the binder, solvent and
additives. The coating machines spread the mixed slurry (paste) on both sides of the Al foil
for the cathode and Cu foil for the anode. The coated foil is subsequently calendared to make
the electrode thickness more uniform, followed by a slitting operation for proper electrode

sizing and drying.

For zinc-carbon batteries, the positive electrode can consist of a wet powder mix of
manganese dioxide, a powdered carbon black and electrolyte such as ammonium chloride
and water. The carbon black can add electrical conductivity to the manganese dioxide

particles, but is needed at high weight percentages in the range about 10 to 50% by weight of
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[9]

manganese dioxide. These high amounts of carbon black needed for improved electrical
conductivity, or reduced impedance of the battery, diminish the capacity per unit volume of
the battery as less manganese dioxide can be employed per unit volume of the positive paste
mix. Thus, in general, there is a need to improve the impedance of a battery while

maximizing the amount of active material per unit volume.

For a lead-acid battery the anode can be made from carbon particles together with a
binder to provide higher specific capacity (capacity per unit weight). The anode of a
zinc-carbon battery is often a carbon rod typically made of compressed carbon particles,

graphite and a binder such as pitch.

[10] The characteristics of the binder material are important for both manufacturing and

performance of the battery. Some of these characteristics of relevance are electrical and
ionic conductivity, tensile strength and extensibility, adhesion to particles as well as the
foils, and swelling in electrolyte. Improvement of electrical and ionic conductivity is needed
for improved battery capacity and power. Materials such as lithium manganese oxide for
cathodes and silicon particles for anodes exhibit much lower practical specific capacity than
theoretically available. A higher electrical and ionic conductivity binder material would be
most beneficial to achieve specific capacities closer to their theoretical values. It is
desirable to improve the tensile and adhesive strength of binders so that less binder material
can be employed and also improve the battery cycling lifetime. Addition of conductive
particles, such as carbon black decreases the tensile strength and extensibility of binders.
Controlled swelling of the binder in electrolyte is also important. If too much swelling
occurs this separates the particles and significantly increases the inter-particle ohmic
resistance. Also, since the particles of the anode or cathode are coated with binder, the layer
thickness of the binder can be as thin as 50 to 100 nanometers. This layer thickness
precludes uniform distributions of particles of sizes larger than the binder layer thickness.
For example, multiwall carbon nanotubes as usually made in a gas phase reactor consist of
bundles with diameters ranging from about 50 to 100 microns in diameter and would

therefor reside only at the interstitial spaces between the particles.
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[11] Impurities, such as non-lithium salts, iron, and manganese to name a few, with the
binder can also be highly deleterious to battery performance. Typically, high purity of the
binder material, and other additives comprising the binder material such as carbon black to
improve electrical conductivity, is an important factor to minimize unwanted side reactions
in the electrochemical process. For example in alkaline-manganese dioxide batteries the
total iron in the manganese dioxide is less than 100 ppm to prevent hydrogen gassing at the
anode. Commercially available carbon nanotubes such as Baytubes from Bayer, or
Graphistrength from Arkema can contain as ten percent or more by weight of residual metal

catalysts and are not considered advantageous for batteries at these levels of impurity.

[12] For photovoltaics, lines of conductive paste ink, made from solvents, binders, metal
powder and glass frit, are screen-printed onto solar panel modules. The binders are usually
polymer based for improved printability, such as ETHOCEL™ from the Dow Chemical
Company. During the burning off of the polymer and cooling the lines can crack due to
shrinkage forces and so increase impedance. It is highly desirable to have a more robust

conductive paste ink to prevent cracking during heating and cooling.

[13] In this invention is disclosed improved binders for energy storage devices like
batteries, capacitors and photovoltaics comprising discrete carbon nanotubes, methods for

their production and products obtained therefrom.

SUMMARY

[14] The discrete oxidized carbon nanotubes, alternatively termed exfoliated carbon
nanotubes, of the present disclosure take advantage of properties such as electrical, thermal,
physical and ion transport, offered by individual carbon nanotubes that are not apparent

when the carbon nanotubes are aggregated into bundles.
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[15] One embodiment of this invention is a binder material for cathodes and/or anodes of
energy storage devices like batteries, capacitors and photovoltaics comprising a plurality of
discrete carbon nanotube fibers having an aspect ratio of from about 10 to about 500 and
wherein at least a portion of the discrete carbon nanotubes are open ended, preferably at
least about 20% of the discrete fibers are open ended, more preferably at least about 50% of
the discrete fibers are open ended, and most preferably at least 90% of the discrete carbon
nanotubes fibers are open ended. The catalyst sites within at least a portion of the tubes are
removed so as to allow free passage of ions. The discrete carbon nanotubes can be
single-wall, double-wall, or multi-wall carbon nanotubes and various combinations thereof.
Residual metals levels from the discrete carbon nanotube synthesis are less than about 4%

by weight of the carbon nanotubes.

[16] A further embodiment of this invention is the discrete carbon nanotube fibers may
comprise an oxidation level from about 1 weight percent to about 15 weight percent and can
be further functionalized, preferably comprising a molecule of mass greater than 50g/mole
and, more preferably, comprising carboxylate, hydroxyl, ester, ether, or amide moieties, or

mixtures thereof.

f17] Yet another embodiment of this invention is the discrete carbon nanotubes may
comprise at least one dispersion aid, preferably, the dispersion aid comprises an ether

moiety.

[18] Another embodiment of this invention is the binder material further comprises a
pelymer wherein the polymer is selected from the group consisting of vinyl polymers,
preferably poly(styrene-butadiene), partially or fully hydrogenated poly(styrene butadiene)
containing copolymers, functionalized poly(styrene butadiene) copolymers such as
carboxylated poly(styrene butadiene) and the like, poly(styrene-isoprene), poly(methacrylic
acid), poly(acrylic acid), poly(vinylalcohol), and poly(vinylacetate), fluorinated polymers,
preferably poly(vinylidine difluoride) and poly(vinylidene difluoride) copolymers,

conductive polymers, preferably poly(acetylene), poly(phenylene), poly(pyrrole), and
Page 6 of 21
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poly(acrylonitrile), polymers derived from natural sources, preferably alginates,
polysaccharides, lignosulfonates, and cellulosic based materials, polyethers, polyesters,
pelyurethanes, and polyamides, either as graft, block or random copolymers, and mixtures
thereof. The binder material can be in the form of free flowing particles or in the form of a

dilution with liquid.

[19] Yet another embodiment of this invention is the binder material comprising
additional inorganic structures with elements selected from the groups two through fourteen
of the Periodic Table of Elements, preferably selected from the group consisting of silver,
gold, silicon, vanadium, titanium, chromium, iron, manganese, tin, nickel, palladium,
platinum, cobalt, aluminum, gallium, germanium, indium, antimony, copper and zinc,
cadmium, mercury, and carbon or mixtures thereof. The additional inorganic structures
comprise carbon structures selected from the group consisting of carbon black, graphite,

graphene, oxidized graphene, fullerenes and mixtures thereof.

[20] An additional embodiment of this invention is an energy storage device comprising a
plurality of curved discrete carbon nanotube fibers that allow the discrete carbon nanotubes

to better wrap particles within cathode or anode materials.

[21] Another embodiment of this invention is a binder composition comprising discrete
carbon nanotubes where the impedance of the binder material has an impedance of less than
or equal to about one point five thousand billion ohm-m, preferably less than or equal to
about two hundred billion chm-m and more preferably less than or equal to about one billion

ohm-m.
[22] A further embodiment of this invention is a binder material comprising discrete
carbon nanotubes where the flexural strength of the cathode or anode material is at least

about ten percent higher than a cathode or anode material made without the plurality of

discrete carbon nanotubes.
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[23] A yet further embodiment of this invention is a binder composition where the
adhesive strength of the cathode or anode material to the current collector is at least about
ten percent higher than a cathode or anode material made without the plurality of discrete
carbon nanotubes.

[24] Further embodiments of this invention include a binder composition where the
power of the energy storage device is improved by at least about ten percent compared to an
energy storage device made without the plurality of discrete carbon nanotube fibers.

[25] The improved binder results in an energy storage device with at least about ten
percent greater charge-discharge cycle lifetime compared to an energy storage device made

without discrete carbon nanotube fibers.

[26] Another embodiment of this invention is a process to form a binder material
comprising the steps of:

a) selecting discrete carbon nanotube fibers having an aspect ratio of from 10 to 500,

b) selecting discrete carbon nanotube fibers having an oxidation level from 1-15% by weight,

c) selecting discrete carbon nanotube fibers that have at least a portion of open ended tubes,

d) blending the carbon nanotube fibers with a liquid to form a liquid/fiber mixture,

e) optionally combining the liquid/fiber mixture with at least one dispersion aid,

f) optionally combining the liquid/ dispersed fiber mixture with additional inorganic

structures,

g) agitating the liquid/fiber mixture to a degree sufficient to disperse the fibers to form a

liquid/dispersed fiber mixture,
h) optionally adjusting the pH to a desired level,
i) combining the liquid/fiber mixture with a liquid dispersion of a polymer, and
j) optionally drying the dispersed fiber mixture and polymer.

The agitating step (g) can comprise sonication.
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[27] A further embodiment of this invention is a process to form a paste for an energy
storage device, comprising the electroactive particles, adding discrete carbon nanotube
fibers to the electroactive particles wherein the fibers have an aspect ratio of from about 10
to about 500 and at least a portion of the fibers are open ended, optionally with polymer,
wherein the paste has a resistance to cracking of at least about 10 percent greater than
resistance to cracking on drying of a paste comprising the same components, but an absence

of the discrete carbon nanotube fibers.

[28] In yet one more embodiment of this invention is a process to form a paste for energy
storage devices like batteries, capacitors and photovoltaics comprising addition of discrete
carbon nanotube fibers having aspect ratio about 10-500 and wherein a portion of the
discrete carbon nanotubes are open ended where the paste exhibits at least about ten percent
greater shear strength before microfracture for improved paste film extrusion and

homogeneity.

DETAILED DESCRIPTION

[29] 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.

[30] ‘While most of the terms used herein will be recognizable to those of ordinary skill in
the art, it should be understood, however, that when not explicitly defined, terms should be
interpreted as adopting a meaning presently accepted by those of ordinary skill in the art. In
cases where the construction of a term would render it meaningless or essentially
meaningless, the definition should be taken from Webster's Dictionary, 3rd Edition, 2009.
Definitions and/or interpretations should not be incorporated from other patent applications,

patents, or publications, related or not, unless specifically stated in this specification, or if
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the incorporation is necessary for maintaining validity.

[{31] Discrete oxidized carbon nanotubes, alternatively termed exfoliated carbon
nanotubes, are obtained from as-made bundled carbon nanotubes by methods such as
oxidation using a combination of concentrated sulfuric and nitric acids. The bundled carbon
nanotubes can be made from any known means such as, for example, chemical vapor
deposition, laser ablation, and high pressure carbon monoxide synthesis. The bundled
carbon nanotubes can be present in a variety of forms including, tor example, soot, powder,
fibers, and bucky paper. Furthermore, the bundled carbon nanotubes may be of any length,
diameter, or chirality. Carbon nanotubes may be metallic, semi-metallic, semi-conducting,
or non-metallic based on their chirality and number of walls. The discrete oxidized carbon
nanotubes may include, for example, single-wall, double-wall carbon nanotubes, or
multi-wall carbon nanotubes and combinations thereof. One of ordinary skill in the art will
recognize that many of the specific aspects of this invention illustrated utilizing a particular
type of carbon nanotube may be practiced equivalently within the spirit and scope of the

disclosure utilizing other types of carbon nanotubes.

[32] Functionalized carbon nanotubes of the present disclosure generally refer to the
chemical modification of any of the carbon nanotube types described hereinabove. Such
modifications can involve the nanotube ends, sidewalls, or both. Chemical modifications
may include, but are not limited to covalent bonding, ionic bonding, chemisorption,
intercalation, surfactant interactions, polymer wrapping, cutting, solvation, and

combinations thereof,

[33] Any of the aspects disclosed in this invention with discrete 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 nitride nanotubes and
carbon nanotubes having heteroatom substitution in the nanotube structure. The nanotubes
may include or be associated with organic or inorganic elements such as, for example,

carbon, silicon, boron and nitrogen. Association may be on the interior or exterior of the
Page 10 of 21
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inorganic or mineral nanotubes via Van der Waals, ionic or covalent bonding to the

nanotube surfaces.

[34] Procedure for impedance and swelling evaluation of binder materials
[35] Each dried sample film is obtained using a 22mm diameter punch. Films are also

obtained saturated with neat electrolyte (a 50/50 composition of ethylene carbonate and
propylene carbonate) and electrolyte and 50% by weight of lithium perchlorate by
immersing the films for 1-20 days at room temperature. The films are evaluated for swelling
by weight increase and tested for impedance using an LCR meter, (Agilent 4263B) at 25
degrees centigrade and under about 70 psi, (0.483 MPa) pressure at 1 Khz. The units of

impedance are ohm-meter.

[36] The flexural strength or resistance to cracking of the pastes can be determined by
flexural bending of the paste on a thin aluminum or copper film in a 3-point bending fixture
and an Instron Tensile Testing machine. The test is analogous to standard test procedures
given in ASTM [3-720. The stress to crack the paste through the paste thickness is recorded.

Units are in MPa.

[37] The adhesive strength of the pastes can be determined by using lap shear strength
procedures and the Instron Tensile Testing Machine. The test is analogous to EM 1463,
The specimen consists of two rigid substrates, for example aluminum sheets or copper
sheets, bonded together by the paste in a lapped joint. This causes the two ends of the
specimen to be offset from the vertical load line of the test. The paste is placed between two
strip of material, The stress to failure on pulling the lapped specimen is recorded. Units are

in MPa.

[38] The improvement in flow processibility of the pastes can be determined using a
rheometer, for example, utilizing concentric cylinders with a well-defined geometry to
measure a fluid’s resistance to flow and determine its viscous behavior. While relative

rotation of the outer cylinder causes the paste to flow, its resistance to deformation imposes
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a shear stress on the inner wall of the cup, measured in units of Pa. At a certain shear stress,

microfracture of the paste can occur resulting in poor paste homogeneity.

[39] Examples 1-3: Binder materials consisting of discrete carbon nanotubes in
pely(vinylidene fluoride).

[40] General procedure. A  dispersion of discrete carbon nanotubes in
n-methyl-2-pyrrolidone (NMP) is first made by adding carbon nanotubes of about 4%
weight of oxidized moieties and aspect ratio about 60 to NMP under vigorous stirring. The
concentration of oxidized carbon nanotubes in NMP does not exceed 2% by weight.
Following addition, sonication is applied for about 15 minutes to exfoliate the carbon
nanotubes. An amount of PVDF is slowly added to the system over a period of 30 minutes to
obtain the desired weight fraction of carbon nanotube to PVDF. Vigorous stirring is
continued until a homogenous dispersion was obtained. A uniform black colored film of
PVDF is obtained by removing the NMP in vacuo to constant weight.

[41] Examples 1-3 are dried PVDF films containing discrete carbon nanotubes in the

weight percentage 2.5, 7.5 and 10%, respectively.

[42] Control 1.
[43] Control 1 is made in a similar manner as example 1 except that no discrete carbon
nanotubes are added. The resultant dried film is a pale yellow. The impedance

measurements of the dry films and films swollen for 20 days in a mixture of ethylene
dicarbonate and propylene dicarbonate 50/50 and 50% by weight of lithium perchlorate are
provided in table 1.

[44] The results shown in Table 1 demonstrate that binder examples 1-3 with discrete
oxidized carbon nanotubes of this invention in PVDF gave significantly lower values of
impedance than the control 1 of PVDF film alone. Furthermore, the carbon nanotubes of

this invention demonstrate higher mass uptake of the LiClO4 solvent mixture.
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[45] Examples 4 and 5: Binder composition of discrete carbon nanotubes (w/w) in SBR
Latex
[46] A polyether (BASF, Pluronic F-127) is dissolved in reverse osmosis water at a

weight ratio of 1.5 to 1 of the polyether to dry carbon nanotubes, then oxidized carbon
nanotubes are added at a concentration of less than 1.5 weight/volume carbon nanotubes to
water and sonicated for a period of 30 minutes to disperse the oxidized carbon nanotubes.
SBR latex (Dow Chemical Company, grade CP 615 NA, 50% solids content) is added
directly to the exfoliated carbon nanotubes at the desired carbon nanotube to SBR weight
ratio and stirred vigorously until homogenous. A black film is obtained on drying the

mixture in air, followed by drying in vacuo until constant weight of the film is obtained.

[47] Example 4 is made with five weight percent of discrete carbon nanotubes.

[48] Example 5 is made with seven point five weight percent of discrete carbon
nanotubes.

[49] Control 2

[50] Control 2 is made as example 4 and 5 except no discrete carbon nanotubes are added.

The film is clear.

[51] The impedance measurements of the dry films and films swollen for 2 days in a
mixture of ethylene dicarbonate and propylene dicarbonate 50/50 and 50% by weight of
lithium perchlorate are provided in table 2. The results demonstrate inclusion of discrete

carbon nanotubes of this invention with SBR provide a reduction in impedance.
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CLAIMS

What is claimed is the following:

1.

A composition comprising a binder material for cathodes and/or anodes of an energy
storage device such as a battery, capacitor or photovoltaic, wherein the binder material
comprises a plurality of discrete carbon nanotube fibers, said fibers having an aspect
ratio of from about 10 to about 500, and wherein at least a portion of the discrete carbon
nanotube fibers are open ended, preferably at least about 20% of the discrete fibers are
open ended, more preferably at least about 50%, and most preferably at least 90% of the

discrete carbon nanotubes fibers are open ended.

The composition of claim 1 where the portion of discrete carbon nanotubes that are open
ended result from dissolving catalyst particles integral to the initially closed carbon

nanotubes.
The composition of claim 1 further comprising at least one polymer.

The composition of claim 1 wherein the carbon nanotubes are further functionalized,
preferably comprising a molecule of mass greater than 50g/mole and more preferably

comprising carboxylate, hydroxyl, ester, ether, or amide moieties, or mixtures thereof.

The composition of claim 1 further comprising at least one dispersion aid, preferably the

dispersion aid comprising an ether moiety.

The composition of claim 1 wherein the discrete carbon nanotubes have a residual

metals level of less than about 4% by weight of the carbon nanotubes.

The composition of claim 1 wherein the carbon nanotube fibers comprise an oxidation
Page 14 of 21
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10.

11.

12.

14.

content from about 1 weight percent to about 15 weight percent.

The composition of claim 3 wherein the polymer is selected from the group consisting of
vinyl polymers, preferably poly(styrene-butadiene), partially or fully hydrogenated
poly(styrene butadiene) containing copolymers, functionalized poly(styrene butadiene)
copolymers such as carboxylated poly(styrene butadiene) and the like,
poly(styrene-isoprene), poly(methacrylic acid), poly(acrylic acid), poly(vinylalcohols),
and poly(vinylacetates), fluorinated polymers, preferably poly(vinylidine difluoride)
and poly(vinylidene difluoride) copolymers, conductive polymers, preferably
poly(acetylene), poly(phenylene), poly(pyrrole), and poly(acrylonitrile), polymers
derived from natural sources, preferably alginates, polysaccharides, lignosulfonates, and
cellulosic based materials, polyethers, polyesters, polyurethanes, and polyamides, either

as graft, block or random copolymers, and mixtures thereof.

The composition of claim 1 wherein the discrete carbon nanotube fibers comprise from

about 0.1 weight percent to about 100% weight percent of the binder composition.
The composition of claim 2 in the form of free flowing particles.

The composition of claim 2 in the form of a dilution with liquid to make a solution,

slurry, or dispersion.

The composition of claim 2 comprising additional inorganic structures.

. The composition of claim 12 wherein the additional inorganic structures comprise

elements selected from the groups two through fourteen of the Periodic Table of

Elements.
The composition of claim 13 wherein the elements are selected from the group
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15.

16.

17.

18.

19.

20.

consisting of silver, gold, silicon, vanadium, titanium, chromium, iron, manganese, tin,
nickel, palladium, platinum, cobalt, aluminum, gallium, germanium, indium, antimony,
copper and zinc, cadmium, mercury, or mixtures thereof including oxides and other

derivatives.

The composition of claim 12 wherein the additional inorganic structures comprise

non-fiber carbon structures.

The composition of claim 15 wherein the non-fiber carbon structures comprise
components selected from the group consisting of carbon black, graphite, graphene,

oxidized graphene, fullerenes and mixtures thereof.

An energy storage device comprising a plurality of discrete carbon nanotube fibers,
wherein the fibers are curved to better wrap particles within cathode or anode materials.
The composition of claim 1 where the binder material has an impedance of less than or
equal to about one point five thousand billion ohm-m, preferably less than or equal to
about two hundred billion chm-m and more preferably less than or equal to about one
billion ohm-m.

The composition of claim 1 wherein the cathode or anode material has a flexural strength
of at least about ten percent higher than a cathode or anode material made without the
plurality of discrete carbon nanotubes.

The composition of claim 1 where the cathode or anode material has an adhesive
strength to a current collector of at least about ten percent higher than a cathode or anode

material made without the plurality of discrete carbon nanotubes.
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21. The composition of claim 1 where the energy storage device has a power improved by at

22.

least about ten percent higher compared to an energy storage device made without the

plurality of discrete, open ended carbon nanotube fibers.

The composition of claim 1 resulting in an energy storage device with at least about ten

percent greater charge-discharge cycle lifetime compared to an energy storage device

made without discrete carbon nanotube fibers.

a)

b)

<)

d)

€)

2

h)

i)

. A process to form an electrode binder material comprising the steps of:

selecting discrete carbon nanotube fibers having an aspect ratio of from 10 to 500,

selecting discrete carbon nanotube fibers having an oxidation level from about 1to

about 15% by weight,

selecting discrete carbon nanotubes wherein at least a portion of the tubes open

ended,
blending the carbon nanotube fibers with a liquid to form a liquid/fiber mixture,
optionally combining the liquid/fiber mixture with at least one dispersion aid,

optionally combining the liquid/ dispersed fiber mixture with additional inorganic

structures,

agitating or sonicating the liquid/fiber mixture to a degree sufficient to disperse the

fibers to form a liquid/dispersed fiber mixture,
optionally adjusting the pH to a desired level,

combining the liquid/fiber mixture with a liquid dispersion of a polymer, and
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24.

25.

26.

j) optionally drying the dispersed fiber mixture and polymer.
The process of claim 24 wherein the agitating step (g) comprises sonication.

A process to form a paste for an energy storage device, comprising the electroactive
particles, adding discrete carbon nanotube fibers to the electroactive particles wherein
the fibers have an aspect ratio of from about 10 to about 500 and at least a portion of the
fibers are open ended, optionally with polymer, wherein the paste has a resistance to
cracking on drying of at least about 10 percent greater than resistance to cracking on
drying of a paste comprising the same components, but an absence of the discrete carbon

nanotube fibers.

A process to form a paste for an energy storage device , comprising the electroactive
particles, adding discrete carbon nanotube fibers to the electroactive particles wherein
the fibers have an aspect ratio of from about 10 to about 500 and at least a portion of the
fibers are open ended, optionally with polymer, wherein the paste exhibits at least about
ten percent greater shear strength before microfracture for improved paste film extrusion

and homogeneity.
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ABSTRACT

In various embodiments an improved binder composition using discrete carbon nanoctubes, their
methods of production and utility for energy storage devices like batteries, capacitors and
photovoltaics is described. The binder composition further comprises polyimers.  The discrete carbon
nanotubes further comprise at least a portion of the tubes being open ended and functionalized. The
utility of the binder composition includes improved capacity, power oy darability in cnergy storage

devices.
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Table 1.
PVDF To Wt To MAass Volume Volume resistivity
Carbon uptake in resistivity swollen with
nanotubes ECO/PCO Dry ECO/PCO &
and LiCl1O, Ohm-m LiC10,, ohm-m

Control | 0 6 1.579x10" 3.035x10"
Example 1 2.5 1.315x10"" 1.403x10'°
Example 2 7.5 3.326x10 1.239x10°
Example 3 10 14 1.216x10° 3.694x10°
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Table 2
SBR e weight e ass Volume
carbon uptake™® resistivity
nanotubes | ECO/PCO
LiC104
Control 2 -3 9.99x10"
Example 4 -2 4.241x10"
Example 5 7.5 -2 1.073x10"

*2 day swell
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