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Figure 2
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Figure 3
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Figure 4
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ENHANCED ELECTRODE COMPOSITION
FOR LI ION BATTERY

PRIORITY

[0001] This application claims priority from U.S. Provi-
sional Application 61/294,53°7 filed on Jan. 13, 2010 and
incorporated herein 1n 1ts entirety by reference.

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0002] This application 1s related to U.S. Pat. No. 7,563,
427, U.S. Applications 2009/0208708, 2009/0286675, U.S.
Ser. No. 12/516,166 and U.S. application Ser. No. 13/
filed on Jan. 13, 2011 entitled “Carbon Nanotube Based

Pastes™; all 1nc0rp0rated herein in their entirety by reference.
BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The present disclosure relates to carbon nanotube-

based pastes and methods of making an electrode for a L1 1on

battery.

[0005] Carbon nanotubes (CNT) have many unique prop-

erties stemming from small sizes, cylindrical graphitic struc-
ture, and high aspect ratios. A single-walled carbon nanotube
(SWCNT) consists of a single graphite, or graphene, sheet
wrapped around to form a cylindrical tube. A multiwall car-
bon nanotube (IMWCNT) includes a set of concentrically
single layered nanotube placed along the fiber axis with inter-
stitial distance of 0.34 nanometers. Carbon nanotubes have
extremely high tensile strength (~150 GPa), high modulus
(~1 TPa), good chemical and environmental stability, and
high thermal and electrical conductivity. Carbon nanotubes
have found many applications, including the preparation of
conductive, electromagnetic and microwave absorbing and
high-strength composites, fibers, sensors, field emission dis-
plays, inks, energy storage and energy conversion devices,
radiation sources and nanometer-sized semiconductor
devices, probes, and interconnects, etc.

[0006] Carbon nanotubes possess outstanding material
properties but are difficult to process and insoluble in most
solvents. Historically polymers such as poly(vinylpyrroli-
done) (PVP), poly(styrene sulfonate) (PSS), poly(pheny-
lacetylene) (PAA), poly(meta-phenylenevinylene) (PmPV),
polypyrrole (PPy), poly(p-phenylene benzobisoxazole)
(PBO) and natural polymers have been used to wrap or coat
carbon nanotubes and render them soluble 1n water or organic
solvents. Previous work also reports single-walled carbon
nanotubes (SWCN'Ts) have been dispersed with three types
of amphiphilic materials 1n aqueous solutions: (1) an anionic
aliphatic surfactant, sodium dodecyl sulfate (SDS), (11) a
cyclic lipopeptide biosurfactant, surfactin, and (111) a water-
soluble polymer, polyvinylpyrrolidone (PVP).

[0007] Conventional electro-conductive pastes or 1nks are
comprised primarily of polymeric binders which contain or
have mixed in lesser amounts of electro-conductive filler such
as finely divided particles of metal such as silver, gold, cop-
per, nickel, palladium or platinum and/or carbonaceous mate-
rials like carbon black or graphite, and a liquid vehicle. A
polymeric binder may attach the conductive filler to a sub-
strate and/or hold the electro-conductive filler 1n a conductive
pattern which serves as a conductive circuit. The liquid
vehicle includes solvents (e.g., liquids which dissolve the
solid components) as well as non-solvents (e.g., liquids which
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do not dissolve the solid components). The liquid vehicle
serves as a carrier to help apply or deposit the polymeric
binder and electro-conductive filler onto certain substrates.
An electro-conductive paste with carbon nanotubes dispersed
within 1s a versatile material wherein carbon nanotubes form
low resistance conductive networks.

[0008] 2. Prior Art

[0009] U.S. Pat. No. 6,528,211, granted to Showa Denko,
discloses electrode materials for batteries comprising fiber
agglomerates having micro-pores and an electrode active
material included within the micro-pores; the agglomerates
are tangled masses of vapor-grown carbon fibers, VGCF. The
carbon fibers are compressed, heated and pulverized to form
a battery electrode.

[0010] U.S. Pat. No. 7,608,362, granted to Samsung SDI,
discloses a composite cathode active material comprising a
large diameter material selected from L1 based compounds of
Ni, Co, Mn, O, Al, and a small diameter active material
selected from graphite, hard carbon, carbon black, carbon
fiber, carbon nanotubes wherein the weight ratio of the large
diameter material to the small diameter material 1s between
about 60:40 to about 90:10; 1n some embodiments the pressed
density of the large diameter material 1s from 2.5 t0 4.0 g/cm?3

and the pressed density of the small diameter material 1s from
1.0t04.0g/cm3. U.S. Pat. No. 7,781,103, granted to Samsung
SDI, and co-pending application U.S. 2010/0273050 disclose
a negative active matenial for a lithium secondary battery
comprising mechanically pulverizing a carbon material and
shaping the pulverized material into a spherical shape. Sam-
sung’s U.S. 2008/0038635 discloses an improved active
maternial for a rechargeable lithtum battery comprising an
active material and a fiber shaped or tube shaped carbon
conductive material attached to the surface of the active mate-
rial wherein the carbon matenal 1s present in an amount from
about 0.05 to 20 weight %. In 2006 Sheem and co-workers at
Samsung disclose a L1 1on battery cathode wherein MWNT
are used as a conducting agent with L1CoO2 with a density up
to 4 gm/cm3. In 2010 Sheem and co-workers at Samsung
disclose a Li 10on battery cathode wherein nanotubes are
coated on the surface of active LiCoO2 particles using elec-
trostatic heterocaocagulation.

[0011] Liu, et al., disclose a multiwalled carbon nanotube,

MWCNT,—LiMn204 nanocomposite by a facile sol-gel
method.

[0012] U.S. Pat. No. 7,682,750, granted to Foxconn, dis-
closes a lithium 10n battery comprising an anode comprising
a conductive substrate and at least one carbon nanotube array
wherein the array comprises a plurality of MWCN'T wherein
the nanotubes are parallel to each other and perpendicular to
the substrate.

[0013] U.S. Pat. Nos. 6,703,163, and 7,029,794 granted to
Celanese Ventures discloses an electrode for a Li battery
comprising a conductive matrix containing a disulfide group
wherein a plurality of carbon nanotubes 1s dispersed 1n the
clectrically conductive matrix. In some embodiments the car-
bon nanotubes are disentangled and dispersed 1n the conduc-
tive matrix.

[0014] Vapor grown carbon fibers (VGCEF) have long been
used as conductive additives for lithium 10n battery. However,
due to its large size (diameter of >150 nm), the required
loading of this material in typical Lithium 1on battery, usually
exceeds 3-4%. Furthermore, only a few systems showed posi-
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tive effect such as L1CoO2. For many new cathode matenals,
such as LiFePO4, the VGCF showed hardly any improve-
ment.

[0015] Nanotek Instruments i U.S. 2010/021819, 2010/
0143798 and 2010/0176337 discloses the use of graphene
platelets with a thickness less than 50 nm 1n combination with
an electrode active material with a dimension less than 1
micron dispersed in a protective matrix.

BACKGROUND

[0016] John Hill of Netzsch of Exton, Pa. reviewed conven-
tional technology 1n a paper in May 2010 1n Advanced Mate-
rials & Processes; Hill discussed the following. The materials
in anodes and cathodes within a lithtum-1on battery affect
voltage, capacity, and battery life. Electrolytes conduct the
lithium 10ns and serve as a carrier between the cathode and the
anode when electric currents pass through an external circuit,
as shown 1 FIG. 4. For anodes, graphite 1s the primary
materal for lithium-1on batteries. The carbon anode 1s pre-
pared and applied as a “slurry” coating layer. For cathodes,
slurries of manganese, cobalt, and 1ron phosphate particles
are Irequent choices. In addition, lithium-cobalt oxide and
lithium-manganese oxide are common cathode coatings.
However, lithium-iron phosphate (LFP) particles provide
improved safety, longer cycles, and longer operating life. Iron
and phosphate are also less expensive than other materials,
and their high charge capacities make them a good match for
plug-in hybrid applications. The particle size distribution
(PSD) of the lithium 1ron phosphate affects the charge and
discharge cycle time of the battery. A smaller particle size
results in faster discharge capability, but to produce these
submicron sizes, more grinding energy from the media mill 1s
needed. To achieve

[0017] Battery Composition

[0018] Lithium-ion batteries (sometimes abbreviated Li-
ion batteries) are a type of rechargeable battery 1n which
lithium 10ons move from the negative electrode (anode) to the
positive electrode (cathode) during discharge, and from the
cathode to the anode during charge. The three primary func-
tional components of a lithium-ion battery are the anode,
cathode, and electrolyte, for which a variety of materials may
be used. Commercially, the most popular material for the
anode 1s graphite. The cathode 1s generally one of three mate-
rials: alayered oxide (such as lithium cobalt oxide), one based
on a polyanion (such as lithium iron phosphate), or a spinel
(such as lithium manganese oxide), although materials such
as TiS, (titanium disulfide) originally were also used.
Depending on the choice of matenal for the anode, cathode,
and electrolyte, the voltage, capacity, life, and safety of a
lithium-10n battery can change dramatically. In addition to the
three main components, Li-10n batteries also contain poly-
meric binders, conductive additives, separator, and current
collectors. Carbon black such as Super-P™ made by Timcal
Corporation 1s usually used as conductive additives. The
instant invention discloses the use of carbon nanotube-based
conductive paste for both the cathode and the anode in a
Lithtum-1on battery. Once deposited inside the active mate-
rials, the carbon nanotubes create conductive networks within
particulates, so as to enhance overall conductivity and reduce
battery internal resistance. A modified battery can have
improved capacity and cycle life owing to the conductive
network built by carbon nanotubes.

[0019] Carbon nanotubes are a new class of conductive
materials that can provide much enhanced performance for
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[ithium 10on batteries. However, with the use of carbon nano-
tubes, the conventional cathode composition can no longer
satisty the requirement due to the specialty of carbon nano-
tubes versus carbon black. Typically, when carbon black was
used as conductive filler 1n the cathode, the preferred compo-
sition 1s active material/conductive filler/binder 1s. With car-
bon nanotubes, this composition will result in poor adhesion
of cathode material on 1ts current collector; alternatively,
broken coatings when folded or wrapped. The istant inven-
tion discloses a carbon nanotube based composition for elec-
trodes that overcomes the deficiencies of the prior art.

BRIEF SUMMARY OF THE INVENTION

[0020] Carbon nanotube-based compositions and methods
of making an electrode for a L1 1on battery are disclosed. It 1s
an objective of the 1nstant invention to disclose a composition
for preparing an electrode of a lithium 10n battery with incor-
poration of carbon nanotubes with more active matenal by
having less conductive filler loading and less binder loading
such that battery performance 1s enhanced. In one embodi-
ment an enhanced electrode composition uses less binder,
such as PVDFE, thus allowing more electrode material, abso-
lutely and proportionately, by weight, in the composition,
which n-turn improves overall storage capacity. It 1s an
objective of the istant invention to disclose a composition for
preparing a cathode or anode of lithium 1on battery with
incorporation of carbon nanotubes such that enhanced battery
performance by having less conductive filler loading, less
binder loading and more active material.

[0021] As described i U.S. Provisional application,
61/294,53/, the conductive paste based on carbon nanotubes
1s comprised of carbon nanotubes and preferred amount of
liquid vehicle as dispersant and/or binder. During investiga-
tion, 1t was surprisingly found that selected liquid vehicles in
various combinations can further reduce binder loading
requirements. In some embodiments 1t 1s possible that PVP
and PVDF may undergo strong interaction as shown by N.

Chen 1n “Surface phase morphology and composition of the
casting films of PVDF-PVP blend”, Polymer, 43, 1429

(2002). The addition of PVP altered the crystallization of
PVDF and hence modified its mechanical and adhesion prop-
erties. The decreased of PVDF or combined PVP-PVDF can
turther 1improve the battery performance by allowing more
addition of cathode material, so that improve the total capac-

1ty.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0022] FIG. 1 illustrates a schematic diagram of coating
made of active materials, carbon nanotubes and binder on an
aluminum {film as an electrode of lithium battery. Carbon
nanotubes, as shown, acted as conductive filler to form elec-
tronica conductive path throughout the active material par-
ticles, so as to enhance the overall conductivity.

[0023] FIG. 21llustrates a cycle performance of lithium 1on
battery comprising carbon nanotubes. Carbon nanotube
embedded electrode was shown to have excellent cycle life
performance at various charge rate.

[0024] FIG. 3 1s FIG. 6¢ from U.S. Application 2009/
0286675, showing spherical agglomerates of carbon nano-

tubes.
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[0025] FIG. 4 1s a schematic of a Li-1on battery showing
component parts.

DETAILED DESCRIPTION OF THE INVENTION
Definitions

[0026] The term “agglomerate” refers to microscopic par-
ticulate structures of carbon nanotubes; for example, an
agglomerate 1s typically an entangled mass of nanotubes, the
mass having diameters between about 0.5 um to about 5 mm.
[0027] The term “carbon nanotube” means a hollow carbon
structure having a diameter of from about 2 to about 100 nm:;
for purposes herein we mean multi-walled nanotubes exhib-
iting little to no chirality.

[0028] The term “multi-wall carbon nanotube”, MWNT,
refers to carbon nanotubes wherein graphene layers form
more than one concentric cylinders placed along the fiber
axis.

[0029] The term “carbon nanotube-based paste” refers to
an electro-conductive composite 1n which an electro-conduc-
tive filler 1s multi-wall carbon nanotubes.

[0030] The term “composite” means a material comprising
at least one polymer and at least one multi-wall carbon nano-
tube and/or agglomerate.

[0031] The term “dispersant” refers to an agent assisting
dispersing and stabilising carbon nanotubes 1n a composite.

[0032] Flectrode composition refers to the composition of
the electrode active material plus any matrix or composite
which may be surrounding the electrode active material.
Maternal of a specific “electrode composition”™ 1s coated or
bonded to a metallic conductor plate which collects or dis-
penses electrons, or “current”, when a battery 1s in an active,
discharging, or (re)charging state as shown schematically 1in
FIG. 4.

[0033] Carbon Nanotubes

[0034] There are various kinds of carbon nanotube struc-
ture reported in the art, namely single-walled nanotube,
multi-wall nanotube, vapor-phase grown carbon {ibers,
VGCE, etc. The distinct difference 1s the diameter, where
0.4-1.2 nm for SWCNT, 2-100 nm for MWCNT, and >100
nm for VGCF.

[0035] Preparation of carbon nanotubes have been docu-
mented extensively. Generally, a catalyst 1s used 1n a heated
reactor under carbonaceous reagents. At elevated tempera-
tures, the catalyst will decompose carbon precursors and the
generated carbon species will precipitate in the form of nano-
tubes on catalyst particles. A continuous mass production of
carbon nanotubes agglomerates can be achieved using a flu-
1dized bed, mixed gases of hydrogen, nitrogen and hydrocar-
bon at a low space velocity as described 1mn U.S. Pat. No.
7,563,427, As-made, carbon nanotubes oiten form entangle-
ments, also known as agglomerates. U.S. Pat. No. 7,563,427,
incorporated herein by reference 1n 1ts entirety, describes such
agglomerates comprising a plurality of transition metal nano-
particles, a solid support, wherein said plurality of metal
nanoparticles and said support are combined to form a plu-
rality of catalyst nano-agglomerates; and a plurality of multi-
walled carbon nanotubes deposited on a plurality of catalyst
nano-agglomerates. The agglomerates have sizes from about
0.5 to 10,000 micrometers, wherein carbon nanotubes are in
the form of multiwall nanotubes having diameters of about 4
to 100 nm. The size of as-made agglomerates can be reduced
by various means. A representative characteristic of these
agglomerates 1s their tap density; the tap density of as-made
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agglomerates can vary from 0.02 to 0.20 g/cm” depending
upon catalyst, growth condition, process design, etc. Rigid
agglomerates tend to have high tap densities, while flufly
ones and single-walled nanotubes have low tap densities.

[0036] Dispersant

[0037] Daispersant serves as an aid for dispersing carbon
nanotubes 1n a solvent. It can be a polar polymeric compound,
a surfactant, or high viscosity liquid such as mineral o1l or
wax. Dispersants used in the current invention include poly
(vinylpyrrolidone) (PVP), poly(styrene sulfonate) (PSS),
poly(phenylacetylene) (PAA), poly(meta-phenylenevi-
nylene) (PmPV), polypyrrole (PPy), poly(p-phenylene ben-
zobisoxazole) (PBO), natural polymers, amphiphilic mater-
als 1n aqueous solutions, anionic aliphatic surfactant, sodium
dodecyl sulfate (SDS), cyclic lipopeptide biosurfactant, sur-
factin, water-soluble polymers, poly(vinyl alcohol), PVA,
sodium dodecyl sulfate, SDS, n-methylpyrrolidone, polyoxy-
cthylene surfactant, poly(vinylidene fluoride), PVdF, car-
boxyl methyl cellulose (CMC), hydroxyl ethyl cellulose
(HEC), polyacrylic acid (PAA), polyvinyl chloride (PVC)
and combinations thereof. Polymeric binder choices include
the dispersants mentioned as well as polyethylene, polypro-
pylene, polyamide, polyurethane, polyvinyl chloride, polyvi-
nylidene fluoride, thermoplastic polyester resin and combi-
nations thereof.

[0038] Polyvinylpyrrolidone, PVP, binds polar molecules
extremely well. Depending upon 1ts molecular weight, PVP
has different properties when used as a binder or as a dispers-
ing agent such as a thickener. In some embodiments of the
instant mvention, molecular weights for dispersants and/or
binders range between about 9,000 and 1,800,000 Daltons; in
some embodiments, between about 50,000 to 1,400,000 Dal-
tons are preferred; 1n some embodiments between about
55,000 to 80,000 Daltons are preferred.

[0039] Ligquid Vehicle

[0040] A liqud vehicle, aqueous or non-aqueous, may
serve as a carrier for carbon nanotubes. Liquid vehicles may
be a solvent or a non-solvent, depending upon whether or not
a vehicle dissolves solids which are mixed therein. The vola-
tility of a liquid vehicle should not be so high that it vaporizes
readily at relatively low temperatures and pressures such as
room temperature and pressure, for instance, 25° C. and 1
atm. The volatility, however, should not be so low that a
solvent does not vaporize somewhat during paste preparation.
As used herein, “drying” or removal of excess liquid vehicle
refers to promoting the volatilization of those components
which can be substantially removed by baking, or vacuum
baking or centrifuging or some other de-liquetying process at
temperatures below 100 to 200° C.

[0041] In one embodiment, a liqud vehicle 1s used to dis-
solve polymeric dispersant(s) and entrain carbon nanotubes
in order to render a composition that 1s easily applied to a
substrate. Examples of liquid vehicles include, but are not
limited to, water, alcohols, ethers, aromatic hydrocarbons,
esters, ketones, n-methyl pyrrolidone and mixtures thereof. In
some cases, water 1s used as a solvent to dissolve polymers
and form liquid vehicles. When combined with specific poly-
mers these aqueous systems can replace solvent based inks
while maintaining designated thixotropic properties, as dis-
closed 1in U.S. Pat. No. 4,427,820, incorporated herein 1n 1ts
entirety by reference.

[0042] Nanotube Dispersion

[0043] Dispersing carbon nanotubes 1 a liquid 1s difficult
because of the entanglement of nanotubes into large agglom-
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crates. In some embodiments one means of reducing the size
of large agglomerates to acceptable size agglomerates 1s to
apply a shear force to an agglomerate; a shear force 1s one
technique to aid with dispersion. Means to apply a shear force
include, but are not limited to, milling, sand milling, sonica-
tion, grinding, cavitation, or others known to one knowledge-
able 1n the art. In one embodiment, carbon nanotubes are first
reduced 1n size by using a jet-miller. The tap density can
decrease aiter dispersion, optionally by milling, to around
0.06 g/cm3 in some embodiments, or 0.04 g/cm” in some
embodiments, or 0.02 g/cm” in some embodiments. In some
embodiments a colloid mill or sand mill or other technique, 1s
then used to provide suilicient shear force to further break up
nanotube agglomerates, as required by an application.

[0044] Exemplary lithium 1on battery active materials com-
prise lithium based compounds and or mixtures comprising,
lithium and one or more elements chosen from a list consist-
ing of oxygen, phosphorous, sulphur, nitrogen, nickel, coballt,
manganese, vanadium, silicon, carbon, aluminum, niobium
and zirconium and iron. Typical cathode materials 1include
lithtum-metal oxides, such as L1CoQO,, LiMn,O,, and Li(N-
1,Mn,Co,)O,], vanadium oxides, olivines, such as LiFePO,,
and rechargeable lithium oxides. Layered oxides containing
cobalt and nickel are materials for lithium-1on batteries also.

[0045] Exemplary anode materials are lithium, carbon,
graphite, lithtum-alloying materials, intermetallics, and sili-
con and silicon based compounds such as silicon dioxide.
Carbonaceous anodes comprising silicon and lithtum are uti-
lised anodic materials also. Methods of coating battery mate-
rials in combination with a carbon nanotube agglomerate
onto anodic or cathodic backing plates such as aluminum or
copper, Tor example, are disclosed as an alternative embodi-
ment of the mstant mvention.

[0046] Prior art 1n this topic includes disclosures by Good-
enough and Arumugam Manthiram of the University of Texas
at Austin showing that cathodes contaiming polyanions, e.g.
sulfates, produce higher voltages than oxides due to the
inductive effect of the polyanion. In 1996, Goodenough,
Akshaya Padhi and coworkers identified lithium 1ron phos-
phate (LiFePO4) and other phospho-olivines (lithium metal
phosphates with olivine structure) as cathode materials. In
2002, Yet-Ming Chiang at MIT showed a substantial
improvement i1n the performance of lithium batteries by
boosting the material’s conductivity by doping 1t with alumi-
num, niobium and zircontum. The exact mechanism causing,
the increase became the subject of a debate. In 2004, Chiang,
again increased performance by utilizing iron-phosphate par-
ticles of less than 100 nanometers 1n diameter. This decreased
particle density by almost one hundrediold, increased the
cathode’s surface area and improved capacity and pertor-
mance.

Example 1

Dispersion of Carbon Nanotubes in n-methyl pyrroli-
done

[0047] 30 grams of FloTube™ 9000 carbon nanotubes

manufactured by CNano Technology Ltd., pulverized by jet-
milling, were placed in 2-liter beaker. The tap density of this
material 1s 0.03 g/mL. In another 500 mulliliter beaker, 6
grams of PVP k90 (manufactured by BASF) was dissolved 1n
100 grams of n-methyl pyrrolidone. Then the PVP solution
was transierred to the nanotubes together with 864 grams
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n-methyl pyrrolidone. After being agitated for an hour, the
mixture was transterred to a colloid mill and ground at a speed
ol 3,000 RPM. A test sample was taken out every 30 min. for
evaluation. Viscosity was taken at 25° C. using Brookfield
viscometer for each sample and recorded; Hegman scale
reading was taken simultaneously. Maximum dispersion was
observed after milling for 90 minutes. The fineness of this
paste reached better than 10 micrometer after 60 minutes of
milling. This sample was named as Sample A.

Example 2

Electrode Paste Preparation

[0048] A PVDF solution was prepared by placing 10 g of
PVDF (HSV900) and 100 g n-methyl pyrrolidone 1n a 500-
ml. beaker under constant agitation. After all PVDF was
dissolved, designated amount of paste (Sample A) from
Example 1 and PVDF solution were mixed under strong

agitation of 500-1000 RPM {for 30 minutes. The resultant
mixture was named Sample B.

[0049] In a separate container, desired weight of active
materials such as LiFePO, or L1CoO; was weighed under
nitrogen blanket. Selected amount of Sample B was also
added to the active material and the mixture was stirred under
high speed, e.g. 5000-7000 RPM {for 5 hours. The resultant
viscosity measured by Brookiield Viscometer should be con-
trolled at 3000-8000 cps for LFP, or 7000-15000 cps for
L1C00,. The mixing and stirring was carried out 1n nitrogen
environment and temperature not exceeding 40° C. The
resultant sample was named Sample C.

Example 3

Electrode Preparation

[0050] Clean alumimum foi1l was chosen as cathode current
collector, and placed on a flat plexiglass. A doctor blade was
applied to deposit a thin coating of Sample C of thickness of
about 40 micrometer on the surface of aluminum foil. The
coated foil was then placed 1n a dry oven at 100° C. for 2
hours. The cathode plate was then roll-pressed to form a
sheet. A round disk of coated fo1l was punched out of the foil
and placed 1n a coin battery cell. Lithium metal was used as
anode, and the coin cell was sealed after assemble the cath-
ode/separator/anode and 1njecting electrolyte. The made bat-

tery was then tested for various charging and discharging
performance.

Example 4

Composition Comparison Between Commercial and
Disclosed Electrodes

[0051] Various samples containing different cathode mate-
rials were prepared using the method described in Example
1-3. The electrode composition is listed 1n Table 1. The cell
capacity was measured against different electrode composi-
tions.
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TABLE 1

Comparison of electrode composition
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Electrode composition (wt %o)

Cathode Active Carbon

material Electrode material CNT dispersant black  PVDF

LFP With CNT 93 3 0.75 3
Commercial 8O 6 5

L.CO With CNT 9% 0.75 0.19 0.75
Commercial 97 2 1.5

NCM With CNT 97 1 0.25 1.5
Commercial 96 3 1.5

Example 5

Mechanical Comparison of Electrode (Crease Test)

[0052] The coated aluminum, Al, foil from Example 3 was
turther tested for adhesion and anti-crease properties. The foil
was folded several times until the coating cracked or peeled
off the surface. Table 2 indicates how the coated Al foils can
survive multiple folding action. The number represented the
number of folding times before the failure occurred.

TABL

(L.

2

PVDF Electrode resistivity

Conductive additives (%0) (ohm - ¢m) Crease times
2% SP 1%0 13.0/9.8 3
2
2% 13.9/13.3 1
1% CNT 0.75% 11/14.58 4
2
1% 9.6/12.2 1
1

Example 6

Application of Carbon Nanotube Paste on Li-Ion
Battery Cathode Material

[0053] A CNT paste comprising 2% CNT and 0.4% PVP
k30 was selected to make a Lithium-ion coin battery.
LiFePO4, manufactured by Phostech/Sud Chemie was used
as cathode matenial and Lithium foil was used as anode. The
cathode materials contains LiFePO4, CNT, PVP, and PVDF
was prepared by mixing appropriate amount of LiFePO4,

CNT paste and PVDF together with n-methyl pyrrolidone 1n
a warren blender. Coating of such paste was made on an Al

to1l using a doctor blade followed by drying and compression.
FIG. 4 showed the conductive network formed by CN'T coat-
ing on LiFePO4 observed under scanning electron micro-
scope (SEM)

[0054] As a comparison, an electrode was prepared using
Super-P carbon black (CB) to replace CNT 1n a similar fash-
1ion as described before. The composition and bulk resistivity
ol the two battery electrodes were summarized in the follow-
ing table. Clearly, CN'T-added electrode has much lower bulk
resistivity than carbon black modified sample with the same
concentration.

Capacity
(mAh/g)

139.9

133.5

145.6

140.9

139.1

135.4

TABLE 3
Battery composition of CNT and carbon
black modified lithium 1on battery
Content CNT CB
LiFePO4 86.8% 88%%
Carbon additives 2% 2%
PVP 0.4% —
PVDF 5% 5%
Bulk resistivity (ohm-cm) 3.1 31
Example 7
Life Cycle Evaluation
[0055] A battery assembled using the method described 1n

Example 3 was tested for cycle life performance under dii-
terent charging rate. FI1G. 2 illustrated this study. The imnven-
tors have discovered, however, that the amount of polymeric
binder needed 1n electro-conductive pastes can be eliminated
or significantly reduced when using multiwall carbon nano-
tubes of the present invention as an electro-conductive filler
and various polymers, for example, polyvinylpyrrolidone
(PVP), as dispersant. As a result, the inventors have discov-
ered that conductivity of electro-conductive pastes can be
significantly improved.

[0056] In some embodiments an electrode composition
comprises carbon nanotube agglomerates; a dispersant; and a
liquid vehicle; wherein the carbon nanotube agglomerates are
dispersed as defined by a Hegman scale reading of 7 or more;
optionally, the carbon nanotubes are multiwall carbon nano-
tubes; optionally carbon nanotubes are 1n a spherical agglom-
erates; optionally, an electrode composition comprises a dis-
persant selected from a group consisting of poly
(vinylpyrrolidone) (PVP), poly(styrene sulfonate) (PSS),
poly(phenylacetylene) (PAA), poly(meta-phenylenevi-
nylene) (PmPV), polypyrrole (PPy), poly(p-phenylene ben-
zobisoxazole) (PBO), natural polymers, amphiphilic materi-
als 1n aqueous solutions, anionic aliphatic surfactant, sodium
dodecyl sulfate (SDS), cyclic lipopeptide biosurfactant, sur-
factin, water-soluble polymers, carboxyl methyl cellulose,
hydroxyl ethyl cellulose, poly(vinyl alcohol), PVA, sodium

dodecyl sulfate, SDS, polyoxyethylene surfactant, poly(vi-
nylidene fluoride), PVdF, carboxyl methyl cellulose (CMC),

hydroxyl ethyl cellulose (HEC), polyacrylic acid (PAA),
polyvinyl chloride (PVC) and combinations thereof; option-
ally the dispersant 1s poly(vinylpyrrolidone); optionally, a
comprises a liquid vehicle selected from a group consisting of
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water, alcohols, ethers, aromatic hydrocarbons, esters,
ketones, n-methyl pyrrolidone and mixtures thereof; option-
ally, an electrode composition has a solid state bulk electrical
resistivity less than 107" Q-cm and a viscosity greater than
5,000 cps; optionally, an electrode composition comprises
carbon nanotube agglomerates having a maximum dimension
from about 0.5 to about 1000 micrometers; optionally, an
clectrode composition has carbon nanotubes with a diameter
from about 4 to about 100 nm; optionally, an electrode com-
position comprises carbon nanotube agglomerates made 1n a
fluidized bed reactor; optionally, an electrode composition
comprises carbon nanotube agglomerates have been reduced
in size by one or more processes chosen from a group con-
sisting of jet mill, ultra-sonicator, ultrasonics, colloid-mull,
ball-mill, bead-mill, sand-mill, dry milling and roll-mall;
optionally, an electrode composition has a tap density of the
carbon nanotube agglomerates greater than about 0.02 g/cm”;
optionally, an electrode composition comprises carbon nano-
tube agglomerates present 1n the range of about 1 to 15% by
weight of paste; optionally, an electrode composition has a
dispersant 1s present in the range 01 0.2 to about 5% by weight
of the paste; optionally, an electrode composition has a ratio
of the dispersant weight to carbon nanotube agglomerates
weight less than 1.

[0057] Insomeembodiments a method for making an elec-
trode composition comprises the steps: selecting carbon
nanotube agglomerates; adding the carbon nanotubes
agglomerates to a liquid vehicle to form a suspension; dis-
persing the carbon nanotubes agglomerates 1n the suspension;
reducing the size of the carbon nanotube agglomerates to a
Hegman scale of 7 or less; and removing a portion of the
liqguid vehicle from the suspension to form a concentrated
clectrode composition such that the electrode composition
has carbon nanotubes present 1n the range of about 1 to 15%
by weight, a bulk electrical resistivity of about 10~ ©-cm or
less and a viscosity greater than 5,000 cps; optionally, a
method further comprises the step of mixing a dispersant with
the liguid vehicle before adding the carbon nanotube agglom-
crates; optionally, a method wherein the dispersing step 1s
performed by a means for dispersing chosen from a group
consisting of jet mill, ultra-sonicator, ultrasonics, colloid-
mill, ball-maill, bead-maill, sand-mall, dry milling and roll-mull.
[0058] In some embodiments an electrode composition
consists of multi-walled carbon nanotubes of diameter
greater than 4 nm; a dispersant chosen from a group consist-
ing of poly(vinylpyrrolidone) (PVP), poly(styrene sulfonate)
(PSS), poly(phenylacetylene) (PAA), poly(meta-phenyle-
nevinylene) (PmPV), polypyrrole (PPy), poly(p-phenylene
benzobisoxazole) (PBO), natural polymers, amphiphilic
materials 1n aqueous solutions, anionic aliphatic surfactant,
sodium dodecyl sulfate (SDS), cyclic lipopeptide biosurtiac-
tant, surfactin, water-soluble polymers, carboxyl methyl cel-
lulose, hydroxyl ethyl cellulose, poly(vinyl alcohol), PVA,
sodium dodecyl sulfate, SDS, polyoxyethylene surfactant,

poly(vinylidene fluoride), PVdF, carboxyl methyl cellulose
(CMC), hydroxyl ethyl cellulose (HEC), polyacrylic acid

(PAA), polyvinyl chloride (PVC) and combinations thereof;
and a liquid vehicle chosen from a group consisting of water,
alcohols, ethers, aromatic hydrocarbons, esters, ketones,
n-methyl pyrrolidone and mixtures thereof such that the elec-
trode composition has carbon nanotubes present 1n the range
of about 1 to 15% by weight, a bulk electrical resistivity of
about 10~" ©-cm or less and a viscosity greater than 5,000
cps; optionally, an electrode composition further consists of
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lithium 10n battery electrode materials chosen from a group
consisting of lithium, oxygen, phosphorous, nitrogen, nickel,
cobalt, manganese, vanadium, silicon, carbon, aluminum,
niobium and zirconium and 1ron wherein the electrode com-
position 1s present 1n a range from about 2% to about 50% by
weight and the viscosity 1s greater than about 5,000 cps;
optionally, an electrode composition further consists of a
polymeric binder; optionally, an electrode composition 1s

contacting a metallic surface to form an electrode for a
lithium 10n battery and the liquid vehicle 1s removed.

[0059] In some embodiments a method of preparing an
battery electrode coating using a paste composition as dis-
closed herein comprises the steps: mixing the paste compo-
sition with lithium 1on battery materials; coating the paste
onto a metallic film to form an electrode for a lithium 10n
battery and removing excess or at least a portion of the liquid
from the coating; optionally, a method further comprises the
step of mixing a polymeric binder with a liquid vehicle betfore
mixing the paste composition with lithium 1on battery mate-
rials; optionally, a method uses a polymeric binder chosen
from a group consisting of polyethylene, polypropylene,
polyamide, polyurethane, polyvinyl chloride, polyvinylidene
fluoride, thermoplastic polyester resins, and mixtures thereof
and 1s less than about 5% by weight of the paste composition;
optionally, a method utilizes spherical carbon nanotube

agglomerates fabricated i a fluidized bed reactor as
described 1n Assignee’s inventions U.S. Pat. No. 7,563,427,

and U.S. Applications 2009/0208708, 2009/02866775, and
U.S. Ser. No. 12/516,166. Optionally, a paste composition as
disclosed herein utilizes spherical carbon nanotube agglom-
crates fabricated 1n a fluidized bed reactor as described 1n

Assignee’s mventions U.S. Pat. No. 7,563,427, and U.S.
Applications 2009/0208708, 2009/0286675, and U.S. Ser.
No. 12/516,166.

[0060] Insomeembodiments an electrode material compo-
sition, or electrode materal, for coating to a metallic current
collector or metal conductor for a lithtum battery comprises
multi-walled carbon nanotubes in an agglomerate; electrode
active materials chosen from a group consisting of lithium,
oxygen, phosphorous, sulphur, nitrogen, nickel, cobalt, man-
ganese, vanadium, silicon, carbon, graphite, aluminum, nio-
bium, titamium and zirconium and iron; a dispersant chosen
from a group consisting ol poly(vinylpyrrolidone) (PVP),
poly(styrene sulfonate) (PSS), poly(phenylacetylene) (PAA),
poly(meta-phenylenevinylene) (PmPV), polypyrrole (PPy),
poly(p-phenylene benzobisoxazole) (PBO), natural poly-
mers, amphiphilic materials 1n aqueous solutions, anionic
aliphatic surfactant, sodium dodecyl sulfate (SDS), cyclic
lipopeptide biosurtactant, surfactin, water-soluble polymers,
carboxyl methyl cellulose, hydroxyl ethyl cellulose, poly(vi-
nyl alcohol), PVA, sodium dodecyl sulfate, SDS, n-meth-
ylpyrrolidone, polyoxyethylene surfactant, poly(vinylidene
fluoride), PVdF, carboxyl methyl cellulose (CMC), hydroxyl
cthyl cellulose (HEC), polyacrylic acid (PAA), polyvinyl
chloride (PVC) and combinations thereof; and a polymeric
binder chosen from a group consisting ol polyethylene,
polypropylene, polyamide, polyurethane, polyvinyl chlonde,
polyvinylidene fluoride, thermoplastic polyester resins and
mixtures thereol and 1s less than about 0.5% to 3% by weight
of the electrode material composition wherein the electrode
active material 1s 30-60% by weight, the carbon nanotubes are
present 1n a range from about 0.2 to about 5% by weight, and
the dispersant 1s less than 0.1 to 2% by weight before coating
to a metallic current collector; after coating and drying the
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clectrode active material 1s more than 80% by weight and 1n
some embodiments more than 90% by weight; optionally, an
clectrode matenial composition comprises carbon nanotube
agglomerates made 1n a fluidized bed reactor; optionally, an
clectrode material composition comprises carbon nanotube
agglomerates with a maximum dimension from about 0.5 to
about 1000 microns; optionally, an electrode material com-
position comprises carbon nanotubes with a diameter from
about 4 to about 100 nm; optionally, an electrode material
comprises carbon nanotubes wherein the tap density of the
carbon nanotube agglomerates 1s greater than about 0.02
g/cm’”; optionally, an electrode material comprises material
wherein the bulk resistivity of the material 1s less than 10

ohm-cm; optionally less than less than 1 ohm-cm; optionally
less than 0.1 ohm-cm.

[0061] In some embodiments a method of preparing an
clectrode material using the electrode material composition
herein disclosed comprises the steps: forming a paste com-
position comprising carbon nanotube agglomerates, dispers-
ant and polymeric binders; mixing the paste composition with
a lithium 10n battery active material composition wherein the
paste composition 1s in a range from about 1% to about 25.0%
by weight of the mixed composition; coating the mixed paste
composition and active material composition onto a metal
conductor; and removing excess volatile components to form
an electrode for a lithium 1on battery such that after removal
ol the excess volatile components the active material compo-
sition 1s more than about 80% by weight of the coated paste
and battery material composition; optionally, a method
wherein the active material composition 1s more than about
90% by weight of the coated paste and battery material com-
position after removal of the excess volatile components;
optionally, a method further comprising the step of mixing a
polymeric binder with a liquid vehicle before mixing the
paste composition with lithtum 10n battery materials; option-
ally, a method wherein the polymeric binder 1s chosen from a
group consisting of polyethylene, polypropylene, polyamide,
polyurethane, polyvinyl chlonde, polyvinylidene fluonide,
thermoplastic polyester resins, and mixtures thereol and 1s
less than about 5% by weight of the paste composition;
optionally, amethod wherein the lithtum 1on battery electrode
acttve materials are chosen from a group consisting of
lithium, oxygen, phosphorous, sulphur, nitrogen, nickel,
cobalt, manganese, vanadium, silicon, carbon, graphite, alu-
minum, niobium, titanium, and zircontum and 1ron; option-
ally, a method wherein the multi-walled carbon nanotube
agglomerates, dispersant and polymeric binders are formed
into a dry pellet prior to mixing with the lithium 10n battery
active material composition. In some embodiments a dry
pellet comprising carbon nanotube agglomerates, dispersant
and polymeric binders 1s formed to facilitate shipment to a
different location where mixing with a liquid vehicle or addi-
tional dispersant may be done prior to coating an electrode
composition onto a metallic electrical conductor prior to
redrying.

[0062] While the imnvention has been described by way of
example and 1n terms of the specific embodiments, 1t 1s to be
understood that the mvention 1s not limited to the disclosed
embodiments. To the contrary, 1t 1s intended to cover various
modifications and similar arrangements as would be apparent
to those skilled in the art. Therefore, the scope of the
appended claims should be accorded the broadest interpreta-
tion so as to encompass all such modifications and similar

Jul. 14, 2011

arrangements. All publications, patents, and patent applica-
tions cited herein are hereby incorporated by reference in
their entirety for all purposes.
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What we claim 1s:

1. An electrode material composition for coating to a
metallic current collector for a lithium battery comprising;

multi-walled carbon nanotubes 1n an agglomerate;

clectrode active materials chosen from a group consisting,
of lithium, oxygen, phosphorous, sulphur, nitrogen,
nickel, cobalt, manganese, vanadium, silicon, carbon,
graphite, aluminum, niobium, titanium and zirconium
and 1ron;

a dispersant chosen from a group consisting of poly(vi-
nylpyrrolidone) (PVP), poly(styrene sulfonate) (PSS),
poly(phenylacetylene) (PAA), poly(meta-phenylenevi-
nylene) (PmPV), polypyrrole (PPy), poly(p-phenylene
benzobisoxazole) (PBO), natural polymers, amphiphilic
materials 1n aqueous solutions, anionic aliphatic surfac-
tant, sodium dodecyl sulfate (SDS), cyclic lipopeptide
bio surfactant, surfactin, water-soluble polymers, car-
boxyl methyl cellulose, hydroxyl ethyl cellulose, poly
(vinyl alcohol), PVA, sodium dodecyl sulfate, SDS,
n-methylpyrrolidone, polyoxyethylene surfactant, poly
(vinylidene fluoride), PVdFE, carboxyl methyl cellulose
(CMC), hydroxyl ethyl cellulose (HEC), polyacrylic

acid (PAA), polyvinyl chlonide (PVC) and combinations
thereot; and

a polymeric binder chosen from a group consisting of
polyethylene, polypropylene, polyamide, polyurethane,
polyvinyl chloride, polyvinylidene fluoride, thermo-
plastic polyester resins and mixtures thereof and 1s less
than about 0.5% to about 5% by weight of the electrode
material composition wherein the electrode active mate-
rial 1s about 30-60% by weight, the carbon nanotubes are
present 1n a range from about 0.2 to about 5% by weight,

and the dispersant is less than about 0.1 to 2% by weight
betfore coating to a metallic current collector.

2. The electrode material composition of claim 1 wherein
the carbon nanotube agglomerates are made 1 a fluidized bed
reactor.

3. The electrode material composition of claim 2, wherein
the carbon nanotube agglomerates have a maximum dimen-
sion from about 0.5 to about 1000 microns.
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4. The electrode material composition of claim 2, wherein
the carbon nanotubes have a diameter from about 4 to about
100 nm.
5. The electrode material composition of claim 1 wherein
the tap density of the carbon nanotube agglomerates 1s greater
than about 0.02 g/cm”.
6. The electrode material composition of claim 1 wherein
the bulk resistivity of coating 1s less than 10 ochm-cm.
7. A method of preparing an electrode material using the
clectrode material composition of claim 1 comprising the
steps:
forming a paste composition comprising carbon nanotube
agglomerates, dispersant and polymeric binders;

mixing the paste composition with a lithium 1on battery
active material composition wherein the paste composi-
tion 1s 1 a range from about 1% to about 25.0% by
weilght of the mixed composition;

coating the mixed paste composition and active material

composition onto a metal conductor; and

removing excess volatile components to form an electrode

for a lithium 10n battery such that after removal of the
excess volatile components the active material compo-
sition 1s more than about 80% by weight of the coated
paste and battery material composition.

8. The method of claim 6 wherein the active material com-
position 1s more than about 90% by weight of the coated paste
and battery material composition after removal of the excess
volatile components.

9. The method of claim 6 further comprising the step of
mixing a polymeric binder with a liquid vehicle before mix-

ing the paste composition with lithium 1on battery materials.

10. The method of claim 8 wherein the polymeric binder 1s
chosen from a group consisting of polyethylene, polypropy-
lene, polyamide, polyurethane, polyvinyl chloride, polyvi-
nylidene fluoride, thermoplastic polyester resins, and mix-
tures thereof and 1s less than about 5% by weight of the paste
composition.

11. The method of claim 6 wherein the lithium 1on battery
clectrode active materials are chosen from a group consisting
of lithium, oxygen, phosphorous, sulphur, nitrogen, nickel,
cobalt, manganese, vanadium, silicon, carbon, graphite, alu-
minum, niobium, titanium, and zirconium and 1ron.

12. The method of claim 6 wherein the multi-walled carbon
nanotube agglomerates, dispersant and polymeric binders are
formed 1nto a dry pellet prior to mixing with the lithium 1on
battery active material composition.

ke i o e 3k



	Front Page
	Drawings
	Specification
	Claims

