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SYSTEMS AND METHODS FOR RECHARGEABLE BATTERY COLLECTOR TAB
CONFIGURATIONS AND FOIL THICKNESS

CROSS REFERENCE
[0001] This application claims the benefit of U.S. Application No. 12/133,195; entitled “Systems And
Methods For Rechargeable Battery Collector Tab Configurations And Foil Thickness” filed June 4, 2008,

which is incorporated herein in its entirety by reference.

FIELD OF THE INVENTION
[0002] The invention relates to a rechargeable galvanic cell (hereafter referred to as a cell or
battery), comprising at least one positive electrode and one negative electrode. More
particularly, the invention relates to configurations of collector tabs to extract more capacity
from battery electrodes and thicknesses of each collector foil so that the resulting battery can

exhibit high performance.

BACKGROUND OF THE INVENTION
[0003] The battery performance of rechargeable lithium batteries may depend on the
characteristics of electrodes used. Battery cells have been made by bonding tabs to current
collectors, such that the tabs are capable of conveying current from a current collector. Some
examples of such cells may include a rectangular-shaped cell in which a plurality of rectangular-
shaped electrodes are laminated or stacked; or a cylindrical-shaped cell in which band-shaped
electrodes are spirally-wound. For instance, a spirally-wound lithium battery may include a
positive electrode made by coating a band-shaped collector foil with a positive electrode active
material, a plurality of tabs bonded to a part of the positive electrode, a separator, and a negative
electrode made by coating a band-shaped negative collector foil with a negative electrode active
material and a plurality of tabs superimposed on the positive electrode by way of the separator

and a second separator imposed on the top of the assembly. These components may be wound
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integrally in a spiral manner. Tabs may be bonded to an electrode by methods such as ultrasonic
welding, resistance welding, laser welding, stamping, or crimping.

[0004] Batteries have included tabs made by using a metallic foil, which has been attached to
each of the positive and negative electrodes. A current could flow in each of the tabs when the
small-sized battery is discharged or recharged. A tab can be attached at a leading end of a
wound band-shaped electrode, at a trailing end thereof, or at a point between the leading eﬁd and
trailing end thereof.

[0005] A band-shaped electrode may be formed as a long and continuous substance and has
a large surface area. In such cases, sometimes a plurality of tabs have been attached over the
electrodes at intervals so that the discharge and recharge take place somewhat uniformly over the
entire length of the electrodes. In some cases, tabs have been aligned in the spiral, although the
tightening at the center of the winding makes it difficult to align them at some portions.

[0006] A resistance exists within an electrode along the length of the electrode. If the
density of a current perpendicular to the electrode were not uniform over the electrode surface,
the utilization of the high current density area would be complete before that of the low current
area. This may cause the effective area of the electrode to steadily decrease and impedance to
rise, such that the current capability of the electrode may be diminished.

[0007] If a current collector foil is too thin, the current collector resistance along the
electrode may be high. If a current collector foil is too thick, the electrode area may be small and
the electrochemical resistance may be high. Increasing either current collector resistance or
electrochemical resistance may cause the current capability of an electrode to diminish, and the
performance of a battery to suffer.

[0008] Therefore, a need exists for a configuration of tabs and optimizing current collector
thicknesses such that the current collector configurations may lead to reductions of current

collector impedance while maintaining maximum uniformity of current density of the electrodes
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and equalizing resistance between the electrodes in order to increase the performance of the

battery.

SUMMARY OF THE INVENTION
[0009] The invention provides systems and methods for configuring current collectors for
rechargeable batteries. Such configurations may include tab arrangements and current collector
foil thicknesses. Various aspects of the invention described herein may be applied to any of the
particular applications set forth below or for any other types of batteries and electricity generator
elements. The invention may be applied as a standalone system or method, or as part of an
integrated battery or electricity generation system. It shall be understood that different aspects of
the invention can be appreciated individually, collectively, or in combination with each other.
[0010] An aspect of the invention provides for a battery comprising at least a positive
electrode and a negative electrode, each with a current collector. A current collector may have at
least one tab electrically connected to the collector foil. The collector foil may have a
predetermined height and thickness. The dimension of the collector foil referred to as the height
may also be alternatively referred to as the width. The tab may be formed with a length so that
the tab may protrude from the collector foil and may be bonded integrally with the current
collector foil.
[0011]} In some embodiments of the invention, a coating may be formed on the surface of the
collector foil. The coating may include active materials, and may be coated on one or both
surfaces of the collector foil.
[0012] In some other embodiments of the invention, the electrodes and separators may be
arranged in a number of different ways. Separators may be disposed between electrodes to
prevent electrodes from coming into contact with one another. For instance, the current collector
assembly may be laminated so that the negative current collector surface may be flush to the

positive current collector and any separators.
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[0013] The collector foil of an electrode may have a number of shapes and sizes. For
instance, the collector foil may be rectangular in shape and may have a particular height, length,
and thickness. Similarly, the collector foil may be band-shaped (e.g., similar to a rectangle but
where the length may far exceed the height and thickness). The collector foil may be made of
different materials capable of conducting electrical current.

[0014] One or more tabs may be electrically connected to each of the current collector foils.
The tabs may be connected by methods such as fixedly welding the tabs to the current collector
foil through means such as ultrasonic welding, laser welding, or resistance welding, or by
crimping the tabs onto the current collector foil. In some embodiments, the tabs may be
connected near the leading end, the trailing end, or both ends of the foils. In other embodiments,
the tabs may be connected to the uncoated portions of the foils. Some alternate embodiments of
the invention provide for tabs made from the current collector foils themselves, such as by
slitting the foils or otherwise cutting or shaping them from the foil.

[0015] In one embodiment of the invention, a tab may be connected to a current collector foil
so that the tab may protrude from the current collector. In this implementation, the length of the
tab may be greater than the height of the collector foil so that the tab covers the entire height of
the collector. Alternatively, a tab may be connected to the current collector so that the tab may
be symmetrically arranged along the center line of the current collector with respect to height. In
such a case, a shorter tab can be used if it is connected symmetrically at the half height of the
collector.

[0016] Tabs may be arranged at different intervals along the length of a current collector. In
one embodiment of the invention, a negative electrode tab may be connected to a negative
collector foil at one end and a positive electrode tab may be connected to a positive collector foil
at the other end. For instance, if a negative electrode tab lies at the leading or left end of a

negative foil, the positive electrode tab may lie at the trailing or right end of the positive foil.
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[0017] Multiple tabs may be used along the length of the current collector foils. In one
embodiment, multiple tabs may be used if they are arranged symmetrically about the center of
one of the collector foils along the length direction. In one implementation, one of the collector
foils may be connected to two tabs while the other collector foil may be connected to one tab.
For example, two negative electrode tabs may be connected at the ends of a negative collector
foil, where the ends may be defined in the longitudinal direction, and may be combined with one
positive electrode tab, which may be connected at the center of a positive collector foil, where
the center may be defined in the longitudinal direction.

[0018] In another implementation of the invention, one of the electrodes may have three tabs
while the other electrode may have two tabs. For example, three negative electrode tabs may be
connected at the ends of a negative collector foil and at the center of the negative collector foil in
the long direction while two positive electrode tabs may be connected to a positive collector foil
so that they are equidistant from the ends of the positive collector foil and the center of the
positive collector foil.

[0019] In other implementations, any number of tabs may be used as long as they are
arranged symmetrically about the center of one of the electrodes where the center is defined in
the longitudinal direction. Similar to previous implementations, if one electrode has » number of
tabs, the other electrode may have n-1 number of tabs arranged symmetrically about the center of
the collector foils. In other implementations, the tabs may not all be arranged symmetrically
about the center, and there may be some variation in tab placement.

[0020] In another embodiment, the tabs may be arranged so they are not symmetric about the
center of the collector foils along the length direction. Such tabs may be arranged so that they
are evenly spaced from one another. The same number of tabs may be used on each electrode.
Any number of tabs n may be arranged on each electrode as long as they are symmetrically

arranged in such a way that one electrode has the first tab at the leading end of the electrode, a
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second tab at a distance of 2*L/(2n-1), a third tab at 2*2L/(2n-1) and so forth until the number in
the numerator multiplying the length is equal to (2xn-2). The second electrode may have tabs
arranged identically from the trailing end of the electrode. For example, if each electrode has
two tabs, a negative electrode tab may be connected at the leading end of the electrode and at 2/3
the length from the leading end of the negative electrode, and a positive electrode tab may be
connected at the trailing end of the positive electrode and at 2/3 the length from the trailing end
of the positive electrode. This arrangement may assure that the projection of the counter
electrode on a given electrode falls exactly at the midpoint of two adjacent tabs of the given
electrode so the current collection is symmetrical.

[0021] In accordance with one embodiment of the invention, the tabs protruding from the
collector foils may protrude on opposite directions along the foils. For example, the tabs may be
arranged so that all of the negative electrode tabs may point downwards along the height of the
collector foil, while all of the positive electrode tabs may point upwards along the height of the
collector foil. Alternatively, all of the tabs protruding from the collector foils may protrude in
the same direction along the foils. For example, all of the tabs, including the negative and
positive electrode tabs may point upwards along the height of the current collector foils. In yet
another embodiment of the invention, the tabs may protrude from the collector foils in any
combination of different directions. For example, the tabs may be arranged so that some of the
negative electrode tabs may point upwards and some may point downwards, and that some of the
positive electrode tabs may point upwards and some may point downwards.

[0022] In some embodiments of the invention, a battery may be formed with a plurality of
current collectors that are arranged in a stack. In some other embodiments, a band-shaped
current collector can be spirally wound so that the side of the band-shaped electricity collector

may result in a flush wound end surface, such as a jellyroll configuration to form a battery.
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[0023] The positive and negative current collector foils may be selected such that the
positive collector foil has a predetermined thickness and the negative collector foil has a
predetermined thickness. The positive and negative collector foils may be formed with the
predetermined thicknesses. A predetermined cell resistance of the current collector may be
provided as a function of the predetermined thicknesses of the positive and negative collector
foils. In one implementation, the predetermined resistance may be the sum of a current collector
resistance and an electrochemical resistance.

[0024] If a collector foil is too thin, the current collector resistance along the current
collector may be high. If a collector foil is too thick, a smaller length of the collector foil may fit
within a given volume such as a cell can, and the electrode area may be small and the
electrochemical resistance may be high. Increasing either current collector resistance or
electrochemical resistance may cause the current capability of an electrode to diminish, and the
performance of a battery to suffer. As such, optimal thicknesses may exist to minimize cell
resistance.

[0025] One aspect of the invention may provide forming a battery with a cell resistance by
selecting a positive collector foil with a first thickness and selecting a negative collector foil with
a second thickness, where the first and second thicknesses of the positive and negative collector
foils may be selected from a predetermined range to provide a customized total cell resistance for
the battery. In some embodiments, the positive and negative collector foils may be selected with
a first thickness and a second thickness respectively such that the positive and negative
electrodes have the same current collector resistance.

[0026] Other goals and advantages of the invention will be further appreciated and
understood when considered in conjunction with the following description and accompanying
drawings. While the following description may contain specific details describing particular

embodiments of the invention, this should not be construed as limitations to the scope of the
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invention but rather as an exemplification of preferable embodiments. For each aspect of the
invention, many variations are possible as suggested herein that are known to those of ordinary
skill in the art. A variety of changes and modifications can be made within the scope of the

invention without departing from the spirit thereof.

INCORPORATION BY REFERENCE
[0027] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0028] The features and advantages of the invention may be further explained by reference to
the following detailed description and accompanying drawings that sets forth illustrative
embodiments.
[0029] FIG. 1 defines a set of coordinates for a collector foil.
[0030] FIG. 2 shows a battery including a pair of collector foils and a pair of tabs connected
to the foils.
[0031] FIG. 3 shows a battery including a pair of collector foils, a pair of tabs connected to
the collector foils, and separators separating the collector foils.
[0032] FIG. 4 shows a secondary battery including a pair of current collector foils, where
two tabs are connected to one of the current collector foils, and one tab is connected to the other
current collector foil.
[0033] FIG. 5 shows a secondary battery including a pair of current collector foils, where
three tabs are connected to one of the current collector foils, and two tabs are connected to the

other current collector foil.
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[0034] FIG. 6 shows a secondary battery including a pair of electrodes, where two tabs are
connected to one of the current collectors, and two tabs are connected to the other current
collector.

[0035] FIG. 7 shows a secondary battery including a pair of electrodes, where three tabs are
connected to one of the current collectors, and three tabs are connected to the other current
collector.

[0036] FIG. 8 shows an example of stacks of positive electrodes, negative electrodes and
separators.

[0037] FIG. 9 shows examples of a stack of collector foils with tabs.

[0038] FIG. 10A and FIG. 10B show an example of a jellyroll configuration with two tabs on
one collector foil and one tab on another collector foil.

[0039] FIG. 10C and FIG. 10D show another example of a jellyroll configuration with three

tabs on one collector foil and two tabs on another collector foil.

DETAILED DESCRIPTION OF THE INVENTION
[0040] While preferable embodiments of the invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way
of example only. Numerous variations, changes, and substitutions will now occur to those
skilled in the art without departing from the invention. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in practicing
the invention.
[0041] An embodiment of a galvanic cell (which may also be referred to herein as a battery
or cell) in accordance with the invention can comprise the following components: one or more
positive electrodes and one or more negative electrodes, and one or more separators to separate
the electrodes. Each electrode may consist of a current collector foil piece with a coating

comprising an active material. The current collector foil pieces may include one or more tabs
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attached to it. The tabs may be connected to collector foils in various configurations and the
components may be combined to form a battery.

[0042] The various components of a battery can be made of different materials known in the
art or later developed. In accordance with various embodiments, the collector foils of an
electrode, the tabs of an electrode, the coating including active material which may be applied to
the collector foil, and the separators can comprise different materials.

[0043] In some embodiments of the invention, the collector foil may be made of materials
capable of conducting electrical current, such as a metallic foil. For example, the metallic foil
can be made from a material, such as copper, aluminum, nickel, titanium, or stainless steel. In
some embodiments of the invention, the negative and positive collector foils may be made of
different materials. For example, a negative collector foil may be formed with copper and a
positive collector foil may be formed of aluminum. Alternatively, the negative and positive
collector foils may be made of the same material.

[0044] The tab for the positive or negative electrode can be made of the same metallic foil as
that of the collector foil for the positive or negative electrode, respectively and be electrically
connected to the collector foil. In some embodiments, the tab may be part of the same metallic
foil of the collector foil itself. Alternatively, the tab can be made of a different metallic foil.
Materials for the tabs may include metallic foils such as a copper, aluminum, nickel, titanium, or
stainless steel. In some embodiments of the invention, the tabs may be formed of different
materials from one another.

[0045] In some embodiments of the invention, a coating comprising an active material may
be formed on the surface of a collector foil. The coating may be coated on the front surface of a
collector foil, the back surface of the collector foil, or both surfaces of the collector foil. The
coating including the active material may cover a part of the surface or the entire surface of the

foil. The coating may continuously or non-continuously cover parts of the surface of the

10
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collector foil. The current collector coating may include active materials that may enable current
flow.

[0046] For example, a positive collector foil may be covered with a coating including an
active material such as lithium-based oxide, a binder, and a conductive material. In some
embodiments, the coating for the positive electrode can be a mixture of a powder of lithium
transition metal oxide, a conductive powder, and a binder agent. The lithium transition metal
oxide can be materials such as lithium cobalt oxide (LiCoQ,), lithium nickel oxide (LiNiO,),
lithium manganese oxide (LiMn,Qy), or a material wherein other elements, preferably lithium,
magnesium, aluminum, or other group 3d or 4d transition element may be added to or partially
substituted for the crystal of the active material. The binder may not be particularly limited.
Several examples of binders may include polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), or a non-fluorinated binder, such as ethylene-propylene-diene copolymer
(EPDM), styrene-butadiene rubber (SBR), and carboxymethylcellulose (CMC). Preferable
conductive agents usable may include carbon black, acetylene black, KETJEN BLACK, Super-
P, PureBlack, natural graphite, synthetic graphite, or expanded graphite. In some embodiments,
the conductive agents may be a blend of the above. In some embodiments, the mixture can be
turned into a slurry, and the positive collector foil can be coated with the slurry.

[0047] A negative collector foil may be covered with a coating including an active material
selected from the group consisting of carbon material, and a binder. However, it may be
understood that such materials coated on the collector foil may include other materials known or
later developed. In some embodiments, the coating for the negative electrode can be a mixture
of a powder of carbon and a binder agent. The active material may include a material which can
occlude and devolatilize lithium ions, for example, carbonaceous materials or chalcogen
compounds, and those formed of a light metal. For example, such carbonaceous materials may

include coke, carbon fibers, pyrolysis vapor growth carbonaceous materials, graphite, resin
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sintered products, and mesophase pitch carbon fiber or mesophase spherical carbon sintered
products. Chalcogen compounds may include titanium disulfide (TiS;), molybdenum disulfide
(MOS,), niobium selenide (NbSe;), or transition metal oxides of low valence such as CoO.
Examples of preferred light metals may include aluminum, aluminum alloys, magnesium,
magnesium alloys, silicon, silicon alloys, tin and tin alloys, lithium metal, and lithium alloys.
The binders may include, for example, polytetrafluoroethylene (PTFE), polyvinylidene fluoride
(PVDF), ethylene-propylene-diene copolymer (EPDM), styrene-butadiene rubber (SBR), and
carboxymethylcellulose (CMC). The mixture can be turned into a slurry, and the negative
collector foil can be coated with the slurry.

[0048] A coating including an active material may be applied to a collector foil. The coated
collector foil may be dried, in some embodiments by applying heat or IR.

[0049] The positive and negative collector foils may have coatings applied and processed on
them such that the positive and negative electrodes may have various porosities. The positive
and negative electrodes may have a porosity from approximately 5% to 80%. For example, the
positive and negative electrodes may be approximately 5% porosity, 10 % porosity, 20 %
porosity, 30% porosity, 40% porosity, 60 % porosity, or 80% porosity. In some embodiments,
the positive and negative electrodes may have different porosities. For example, a positive
electrode may have a 40% porosity, while a negative electrode may have a 45% porosity. In
alternate embodiments, the positive and negative electrodes may have the same porosity.

[0050] The positive and negative electrodes may also include a coating including an active
material applied and processed on them such that the positive and negative electrodes may have
various loading values. For example, a positive electrode may have an approximately 15
mg/cm? loading while a negative electrode may have an approximately 6.9 mg/cm? loading.

Alternatively, the positive and negative electrodes may have the same loading value.
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[0051] In some other embodiments of the invention, a battery may also comprise separators,
and electrodes and separators may be arranged in a number of different ways. The electrodes
may be separated by one or more separators between them so that the separators may be disposed
between a positive electrode and a negative electrode. In some embodiments, one or more
separators may be disposed adjacent to a positive electrode or negative electrode.

[0052] The separators may be made of a material that may separate the electrodes while
allowing ions to pass through. For example, the separator may be a very thin sheet of
microporous plastic. Alternatively, the separator may be formed of a material, which may be
impregnatable with an electrolyte and may be permeable to lithium ions, such as a nonwoven
fabric of a synthetic resin, a porous film of polyethylene, a porous film of polypropylene, or
polyether of the PEO-PPO copolymer type of the 3 branch or 4 branch type. A separator may be
prepared by being cross-linked by thermal heating, E-Beam, IR, or UV.

[0053] In one example, a battery may be prepared by taking dried positive and negative
electrodes so they face one another through a separator, layering an additional separator, winding
them into a roll, inserting the roll into a battery casing, and adding an electrolyte.

[0054] FIG. 1 defines a set of coordinates for a current collector. In accordance with one
embodiment of the invention, a current collector may have a height, length, and thickness. The
current collector may have a set of coordinates such that the x-axis defines the height, the y-axis
defines the length, and the z-axis defines the thickness of the foil. The dimension defined by the
x-axis may referred to as the height, or alternatively, as the width of the current collector.

[0055] The current collector may have a number of shapes and sizes. For instance, the
current collector foil may be rectangular in shape and with a particular height, length, and
thickness. Similarly, the current collector foil may be band-shaped, which may be similar to a
rectangle where the length far exceeds the height and thickness. Alternatively, the current

collector foil may have any shape or configuration that may allow it to function within a battery.
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Current collector foils may be selected with predetermined thicknesses that may enable a battery
to exhibit a higher performance. Current collector foil thicknesses may be discussed further
below.

[0056] One or more tabs may be electrically connected to the current collectors. The tabs
may also be of various shapes or sizes. In one embodiment of the invention, the tabs may be
comprised of rectangular strips.

[0057] The tabs may be connected by methods such as fixedly welding the tabs to the current
collector foil through means such as ultrasonic welding, resistance welding, or laser welding. An
ultrasonic process may be advantageous because it may be less likely to cause thermal influence.
It may also enlarge the bonding area and reduce contact resistance. Alternatively, the tabs may
be connected to the current collector foils by crimping the tabs onto the current collector foil or
by taping the tabs to the current collector foil. Some alternate embodiments of the invention
provide for tabs made from the current collector foils themselves, such as by slitting and folding
the foils or otherwise cutting or shaping them from the foil.

[0058] In some embodiments, the tabs may be connected to the front surface or rear surface
of the current collector foils. In other embodiments the tabs may be connected at the ends of the
foils. In some alternate embodiments, the tabs may be embedded within the foil or may be
connected through the foil so parts of the tabs may be connected at the front surface and part may
be connected at the rear surface.

[0059] In other embodiments, the tabs may be connected to the non-coated portions of the
current collector foils, which may be a portion of the electrode which is not coated with an active
material. A collector foil may be provided with a non-coated portion on a side, and the tabs may
be attached to the non-coated portion. The non-coated portion may be prepared in advance in a

coating process for the coating including the active materials. Alternatively, the tabs can be
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bonded to the collector foil from above the coating, although such an operation may generate
dust, and may result in a decreased bonding strength between the tab and the foil.
[0060] One or more tabs may be connected to a current collector foil in order to minimize
undesirable current collector resistance. For high power batteries, collector foil conductance
may be significant at high rates of discharge, which may result in significant foil conductance
contribution to high power batteries to improve battery performance. In an optimum situation,
the current may be uniform across the entire length of the collector, which could result in the
most capacity being extracted from the electrode. The current density of the collector foil may
depend on the configuration of the tabs disposed on the electrode.
[0061] For example, a positive collector foil may have length y°4; and a positive tab may be
connected at y = y°5; and may extend the entire height of the foil, which may cause the system to
be symmetrical about the x-axis. A negative electrode may lie over the positive electrode and
may extend beyond the positive electrode a small amount in all directions. The negative
electrode tab may lie at the left end of the negative collector foil at y = 0.
[0062] The system may be analyzed as follows. A generalized Ohm’s law can be written:
AV = Zpc*1(y)/A + AVon [1]
Where AV is the total voltage drop and Zgc is the electrochemical impedance of a surface
element which includes the ohmic terms due to the negative and positive collector foil coatings
and electrolyte path, the kinetic impedance due to the two electrode reactions, and the diffusive
impedance due to lithium ion diffusion in the particles of active material and the electrolyte. I(y)
may be the local current which may depend on the position y on the collector. AV is the
voltage drop due to the two collector foils at the point y.
[0063] The voltage drop due to collector foils can be expressed by Ohm’s law in two terms
(one for each collector) where the electrons flow from the positive electrode tab at point y = vl

to the point y and then to the negative electrode tab at point y = O:
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AV oo = I*{(¥° a1 — )*paV/(X°a*Zz°a1) + pou*Y/(X°cu*z°cu) } [2]
[0064] This expression can be rewritten as:

AVeon =I*{1 —y’) + A*y’ }*Ry; [3]
[0065] where:

A= (pca *x°ar*z°a)/( pa1 *x°cu*Z°cu)

Y =y/¥a

R = pa*y’aV(X°ar*z° a1) [4]
[0066] R4 may be the resistance of the positive foil along the entire length of the foil and y’
may be a dimensionless length along the foil. When the dimensionless parameter A is equal to 1,
the expression within the curly brackets in equation [3] may be independent of the value of y’
and the current may therefore be as uniform as possible across the entire length of the collector,
which would be an optimum case, especially for high currents since the most capacity can be
extracted from the electrode. This can be controlled by the ratio of the positive electrode to
negative electrode foil thicknesses when the heights of the two electrodes are fixed and can be
expressed by the following:

z°A1 = Z°cu *( par *x°ca)/( pcu *x°a1) [5]
[0067] where z°4; is the thickness of the positive collector foil, z°c, is the thickness of the
negative collector foil, pa; is the resistivity of the positive collector foil material, pc, is the
resistivity of the negative collector foil material, x°cy is the height of the negative electrode, and
x°a1 is the height of the positive electrode.
[0068] In some embodiments, the value of A may be 0.1, 0.2, 0.5, 0.79, 0.85, 0.95, 0.99, 1.0,
1.01, 1.1, 1.2, 1.5, 2, 5, or 10. The value of R4 may be 0.001, 0.005, 0.01, 0.0127, or 0.05 ohms.
The value of AV may be 0.01, 0.03, 0.061, 0.08, 0.1, 0.2, 0.5 V. The value of Zgc/A may be
0.01, 0.02, 0.0493, 0.08, 0.1, 0.2, 0.5 ohms. Such values may be taken from the measured total

polarization (at 10s) for pulse 4 and deducting the collector resistance.
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[0069] A tab may be connected to a current collector foil so that the tab may protrude from
the current collector. In one implementation, a tab may be connected to the collector foil so that
the length of the tab may be parallel to the x-axis, which may result in the length of the tab being
orthogonal to the length of the collector foil. In this implementation, the length of the tab may
be greater than the height of the collector foil so that the tab may cover the entire height of the
collector foil, and may protrude beyond the height of the collector foil.

[0070] In one implementation, the tab may protrude beyond the height of the collector foil so
that it only protrudes on one side. For example, if the collector foil was 2 cm in height, and the
tab was 3 cm in length, 2 cm of the length of the tab may cover the collector foil and 1 cm of the
tab may protrude from the collector foil, whether that 1 cm of the tab may be protruding in the
upward direction or the downward direction along the x-axis.

[0071] In an alternate implementation, the tab may protrude beyond the height of the
collector foil so that it may protrude on two sides. For example, if the collector foil was 2 cm in
height, and the tab was 3 cm in length, 2 cm of the length of the tab may cover the collector foil
and 1 cm of the tab may protrude from the collector foil, such that 0.5 cm of the tab may be
protruding in the upward direction and 0.5 cm of the tab may be protruding in the downward
direction along the x-axis. Alternatively, the tab may not have to protrude in a symmetrical
amount, so for example, 0.25 cm of the tab may be protruding in the upward direction while 0.75
cm of the tab may be protruding in the downward direction along the x-axis.

[0072] In an alternate embodiment of the invention, a tab may be connected to the current
collector foil so that the tab may be symmetrically arranged along the center line of the foil with
respect to height. In such a case, a shorter tab can be used if it is connected symmetrically at the
half height of the collector. A tab of any length may be used as long as it is symmetric about the

y-axis of the collector foil. For example, if the collector foil was 2 cm in height, and the tab was
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1 cm in length, the tab may be attached to the foil so that it is symmetric about the y-axis, so that
0.5 cm of foil could be beyond the tab at either end.

[0073] Tabs on the end of a collector foil may not preserve this symmetry if they are on the
same side of a negative and positive electrode, or if they are on opposing sides of the electrodes.
For example, if a tab is on top of one electrode, and a tab is on the bottom of the other electrode,
symmetry may not be preserved. This may result in an increase in the current collector
resistance in the x direction.

[0074] In an alternate embodiment of the invention, the tabs may be connected to the current
collector so that they are at some angle to the x-axis. For instance, the tabs may comprise of
strips connected to the current collector so they run 10 degrees from the x-axis. Alternatively,
the tabs may not be straight themselves. For example, a portion of the tab connected to the
collector foil may be parallel to the x-axis but the portion of the tab protruding from the collector
foil may be oriented at some angle to the x-axis. In some implementations, within an assembled
battery cell, the tab may be bent or curved, such as when the cell is assembled. Any of the
embodiments of the invention may be applied with tabs that may not be completely orthogonal.
[0075] In some embodiments of the invention, the lengths of any tabs may all be the same.
In alternate embodiments of the invention, the lengths of the tabs may vary, even if the tabs may
be connected to the same foil.

[0076] FIG. 2 shows a battery including a pair of collector foils and a pair of tabs connected
to the foils in accordance with one embodiment of the invention. Tabs may be arranged at
different intervals along the length of a current collector. In some embodiments of the invention,
one tab may be connected to one collector foil.

[0077] In one embodiment of the invention, a negative electrode tab may be connected to a
negative foil at one end and a positive electrode tab may be connected to a positive foil at the

other end. For instance, if a negative electrode tab lies at the leading or left end of a negative
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foil, the positive electrode tab may lie at the trailing or right end of the positive foil.
Alternatively, if a negative electrode tab is attached to a negative foil at the trailing or right end,
a positive electrode tab may be connected to the positive foil at the leading or left end. In an
alternate embodiment of the invention, tabs may be connected to the same side of the foil. For
example, both a negative electrode tab and a positive electrode tab may be connected to the
leading or left end of the negative foil and positive foil respectively.

[0078] In accordance with another embodiment of the invention, the tabs protruding from the
collector foils may protrude on opposite directions along different foils. For example, the tabs
may be arranged so that all of the negative electrode tabs may point downwards along the x-axis
of the collector foil, while all of the positive electrode tabs may point upwards along the x-axis
of the collector foil. In another example, the tabs may be arranged so that all of the negative
electrode tabs may point upwards along the x-axis of the collector foil, while all of the positive
electrode tabs may point downwards along the x-axis of the collector foil.

[0079] Alternatively, all of the tabs protruding from the collector foils may protrude in the
same direction along the foils. For example, all of the tabs, including the negative and positive
electrode tabs may point upwards along the x-axis of the current collector foils. Similarly, all of
the tabs, including the negative and positive electrode tabs may point downwards along the x-
axis of the current collector foils

[0080] In yet another embodiment of the invention, the tabs may protrude from the collector
foils in any combination of different directions. For example, the tabs may be arranged so that
some of the negative electrode tabs may point upwards and some may point downwards, and that
some of the positive electrode tabs may point upwards and some may point downwards.

[0081] In one embodiment of the invention, a negative electrode tab may be connected to a
negative electrode at one end and a positive electrode tab may be connected to a positive

electrode at the other end such that the negative electrode tab protrudes in one direction along the
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x-axis of the electrode and the positive electrode tab protrudes in the other direction along the x-
axis of the electrode. For example, as shown in FIG. 2, an anode tab may be connected at the left
end of the anode and may be pointing downwards, while a cathode tab may be connected at the
right end of a cathode and may be pointing upwards.

[0082] FIG. 3 shows a battery including a pair of collector foils, a pair of tabs connected to
the collector foils, and separators separating the collector foils in accordance with one
embodiment of the invention.

[0083] The electrodes may be separated by one or more separators between the electrodes so
that the separators may be disposed between a positive collector foil and a negative collector foil.
In some embodiments, one or more separators may be disposed adjacent to a positive collector
foil or negative collector foil. For instance, FIG. 3 illustrates an anode tab connected to an anode
collector foil with a coating, which is adjacent to a separator, which is also adjacent to a cathode
collector foil with a cathode tab, which is also adjacent to another separator.

[0084] The separators may be of a size and shape to prevent the positive electrode and
negative electrode from coming into contact with one another. For example, in a situation where
the electrodes are rectangular in shape, the separators may also be rectangular in shape of
sufficient dimensions to keep the electrodes from coming into contact with one another. In
another example, in a situation where the electrodes are a band shape, the separators may also be
a band shape of sufficient dimensions to keep the electrodes from coming into contact. The
separators may be made of a material that may separate the electrodes while allowing ions to
pass through. The separators may be impregnated with an electrolyte which may be permeable
to ions, such as lithium ions.

[0085] In one embodiment of the invention, a current path may be such that a current may
flow from one tab through a connected collector foil, then through a separator, then through the

other collector foil to the other tab. The direction of flow may depend on whether a battery is
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| charging or discharging. For instance, while a battery is charging, the current may flow in
through the positive electrode tab, causing positive ions on the positive electrode to move
through the separator to the negative electrode, which may further cause the current to flow
through the negative electrode tab, as the electrons flow in the opposite direction. While the
battery is discharging, the current may flow in the opposite direction, so the current may flow in
through the negative electrode tab, into the negative electrode, causing positive ions to flow
through the separator to the positive electrode, which may further cause the current to flow
through the positive electrode tab as the electrons flow in the opposite direction. In some
embodiments of the invention, the positive ions may be lithium ions.
[0086] FIG. 4 shows a secondary battery including a pair of electrodes, where one of the
electrodes has two tabs, and the other electrode has one in accordance with one embodiment of
the invention.
[0087] One or more tabs may be connected to an electrode in order to minimize undesirable
current collector resistance. In an optimum situation, the current may be uniform across the
entire length of the electrode, which could result in the most capacity being extracted from the
electrode. The current density of the current collector may depend on the configuration of the
tabs disposed on the electrode. Multiple tabs may be used if they are arranged symmetrically
about the center of the electrode on the longitudinal direction (along the y-axis). Thus, multiple
tabs may be used along the length of the electrodes.
[0088] In one embodiment, multiple tabs may be arranged symmetrically about the center of
one of the electrodes along the longitudinal direction. For example, one of the electrodes may
have two tabs while the other electrode may have one tab. For example, two negative electrode
tabs may be connected at the ends of a negative electrode, where the ends are defined in the y-
axis direction. This arrangement may be combined with one positive electrode tab connected at

the center of a positive electrode, where the center is defined in the y-axis direction.
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Alternatively, two positive electrode tabs may be connected at the ends of a positive electrode
while one negative electrode tab may be connected at the center of a negative electrode.

[0089] In one implementation, two negative electrode tabs may be connected at the ends of a
negative electrode along the y-direction so that the two negative electrode tabs protrude
downwards along the x-direction while one positive electrode tab may be connected at the center
of a positive electrode along the y-direction so that the positive electrode tab may point upwards
along the x-direction.

[0090] In one embodiment of the invention, a current path may be such that a current may
flow from one tab through the connected electrode, then through a separator, then through the
other electrode to the another tab of the other electrode. When there are multiple tabs, a current
may flow from the tabs of one electrode to the collector foil, then through a separator, then
through the other electrode to the other tabs of the other electrode.

[0091] The direction of flow may depend on whether a battery is charging or discharging.
For instance, while a battery is charging, the current may flow in through the positive electrode
tab, causing positive ions on the positive electrode to move through the separator to the negative
electrode, which may further cause the current to flow through the negative electrode to the two
negative electrode tabs at either end, as the electrons flow in the opposite direction. While the
battery is discharging, the current may flow in the opposite direction, so the current may flow in
through the negative electrode tabs at both ends of the negative electrode, into the negative
electrode, causing positive ions to flow through the separator to the positive electrode, which
may further cause the current to flow through the positive electrode to the positive electrode tab
located at the center of the electrode as the electrons flow in the opposite direction.

[0092] FIG. 5 shows a secondary battery including a pair of electrodes, where three tabs are
connected to one of the electrodes, and two tabs are connected to the other electrode in

accordance with another embodiment of the invention. For example, three negative electrode
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tabs may be connected at the ends of a negative electrode and at the center of the negative
electrode while two positive electrode tabs may be connected to a positive electrode so that they
are equidistant from the ends of the positive electrode and the center of the positive electrode.
Alternatively, three positive electrode tabs may be connected at the ends of a positive electrode
and at the center of the positive electrode in the long direction while two negative electrode tabs
may be connected to a negative electrode so that they are equidistant from the ends of the
negative electrode and the center of the negative electrode.

[0093] In one implementation, three anode tabs may be connected at the ends of an anode
collector foil along the y-direction so that the three anode tabs protrude downwards along the x-
direction while two cathode tabs may be connected at to a cathode so that they are equidistant
from the ends of the cathode collector and the center of the cathode along the y-direction so that
the cathode tabs may point upwards along the x-direction. The distances may be such that the
cathode tabs can be arranged so that A = B = C = D, and the anode tabs can be arranged so that E
=F.

[0094] In other embodiments of the invention, any number of tabs may be used as long as
they are arranged symmetrically about the center of one of the electrodes along the length
direction. Similar arrangements with more tabs may lead to further reductions of current
collector impedance while maintaining a substantially uniform current density for the electrodes.
[0095] Similar to previous implementations, if one electrode has » number of tabs where n is
any integer greater than 1, the other electrode may have n-1 number of tabs arranged
symmetrically about the center of the electrodes along the length direction. Thus, similar to the
previous implementations, a pair of electrodes may be connected to five tabs and four tabs
respectively, nine tabs and eight tabs respectively, fifteen tabs and fourteen tabs respectively,
twenty tabs and nineteen tabs respectively, thirty tabs and twenty nine tabs respectively, or fifty

and forty nine tabs respectively.
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[0096] Such multiple tabs may be arranged symmetrically along the y-axis. In some
embodiments, the tabs connected to a first electrode may be positioned opposite from and in
between the tabs electrically connected to the second electrode. In some embodiments, the tabs
on the first electrode may be in between the tabs connected to the second electrode so that they
are equidistant from the closest tabs on the other electrode.

[0097] In some alternate embodiments, the tabbing positions may be modified some amount
so that they are not arranged symmetrically along the y-axis. The tabbing positions may be
modified because of the asymmetry of the inner and outer wraps of a jellyroll. The tabbing
positions may be modified in such a way that there may be equal electrode stacks in between
tabs. The method of choosing tabbing position may be affected by the thickness of the
electrodes and separators. For instance, the tabbing position may be chosen so that after
winding, the tabs may be located at the same sector of the circumference of the jellyroll.

[0098] In another embodiment of the invention, the first current collector and the second
current collector may be connected to » number of tabs where n is any integer greater than zero.
The tabs on the first and second electrodes may be attached so that they are evenly spaced out.
The electrodes may have a leading end and a trailing end, where the leading end and the trailing
end are at opposite ends of the electrodes. For example, the first electrode of length L may have
a tab connected to it at the leading end of the electrode. A second tab may be connected to the
first electrode at a distance of 2*L/(2n-1). A third tab may be connected to the first electrode at a
distance of 2*(2*L/(2n-1)), and so forth. So where p is the tab number from 1 to », the pth tab
may be placed at 2*(p-1)*L/(2n-1) from the leading end of the first electrode.

[0099] Tabs may be arranged on the second electrode so they are arranged identically from
the trailing end of the electrode. So the pth tab of the second electrode may be placed at 2*(p-
1)*L/(2n-1) from the trailing end of the second electrode. Another way to view the tab

arrangement of the second electrode may be that the pth tab may be placed at (2*p-1)*L/(2n-1)
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from the leading end of the second electrode. Thus, tabs may be alternatingly evenly spaced
between the first and second electrodes.

[00100] FIG. 6 shows one implementation where a secondary battery including a pair of
electrodes, where two tabs are connected to one of the electrodes, and two tabs are connected to
the other current electrode in accordance with another implementation of the invention. For
example, two negative tabs may be connected to a negative electrode at the leading end of the
negative electrode and 2/3 of the length from the leading end of the electrode while two positive
tabs may be connected to a positive electrode so that they are at the trailing end of the positive
electrode and 2/3 of the length from the trailing end of the positive electrode. The tabs may be
arranged so that they are alternatingly evenly spaced between the negative and positive
electrodes such that A =B =C.

[00101] FIG. 7 shows another implementation where a secondary battery including a pair of
electrodes, where three tabs are connected to one of the electrodes, and two three tabs are
connected to the other electrode in accordance with another implementation of the invention.
For example, three negative tabs may be connected to a negative electrode at the leading end of
the negative electrode, 2/5 of the length from the leading end of the electrode, and 4/5 of the
length from the leading end of the electrode, while three positive tabs may be connected to a
positive electrode so that they are at the trailing end of the positive electrode, 2/5 of the length
from the trailing end of the positive electrode, and 4/5 of the length from the trailing end of the
electrode. The tabs may be arranged so that they are alternatingly evenly spaced between the
negative and positive electrodes such that A=B=C=D=E.

[00102] In another alternate embodiment of the invention, if a first electrodes has #» number of
tabs where 7 is any integer greater than 1, a second electrode may have m number of tabs where

m is any integer less than or equal to n and greater than zero. For example, a pair of collector
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tabs may be connected to 6 tabs and 3 tabs respectively, 6 tabs and 2 tabs respectively, 8 tabs and
four tabs respectively, and so forth.

[00103] The invention may provide a battery that can be formed of two or more electrodes
with tabs. The electrodes may have a coating and may be arranged with separators in a number
of different arrangements.

[00104] In some embodiments of the invention, a battery may be formed with a plurality of
electrodes that are arranged in a stack. Such stacks may be arranged so that there can be
alternating layers of a positive electrode with at least one tab, a separator, a negative electrode
with at least one tab, another separator, and then repeating. FIG. 8 shows an example of stacked
electrodes from the side and from the top. Such stacks of electrodes may incorporate any of the
tab configurations and combinations thereof discussed herein. FIG. 9 shows examples A and B
of electrodes with various tab configurations. Such electrodes may be arranged in a stack.
[00105] In some other embodiments, a band-shaped electrode can be laminated by winding
itself spirally so that the side of the band-shaped electrode results in a flush wound end surface,
in a jellyroll configuration to form a battery. Such bands may be of different dimensions such as
lengths and thicknesses and heights, which may result in a battery in a jellyroll configuration of
varying diameters. For instance, spiral-wound jellyroll batteries may have diameters ranging
from 0.1 mm to 10 cm. Batteries may have diameters of approximately 0.1 mm, 1 mm, 5 mm,
10 mm, 17.4 mm, 26 mm, 31 mm, 41 mm, 50 mm, or 10 cm. In some embodiments of the
invention, the jellyroll batteries may be circular in cross-section, or may be spirally wound with
other cross-sections, such as ovals, rectangles, or any other shape. Spirally wound current
collectors may incorporate any of the tab configurations and combinations thereof discussed
herein.

[00106] FIG. 10A and FIG. 10B show an example of a jellyroll configuration with two tabs on

a first electrode and one tab on a second electrode, where the tabs on the first electrode protrude
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in one direction and the tab on the second electrode protrudes in another direction. FIG. 10C and
FIG. 10D show another example of a jellyroll configuration with three tabs on a first electrode
and two tabs on a second electrode, where the tabs on the first electrode protrude in one direction
and the tabs on the second electrode protrude in another direction.

[00107] In some embodiments of the invention, the battery may be a rechargeable battery
such as a lithium ion battery, a lithium polymer battery, a nickel cadmium battery, a nickel metal
hydride battery, or a lead acid battery. In some instances, the battery may have a cylindrical cell
format, or a prismatic cell format, such as a 18650 cylindrical cell format, 26650 cylindrical cell
format, 31650 cylindrical cell format, or 633450 prismatic cell format.

[00108] As discussed previously, the current collector foil of a battery may have a number of
shapes and sizes. For instance, the collector foil may be rectangular in shape and with a
particular height, length, and thickness. Similarly, the collector foil may be band-shaped, which
may be similar to a rectangle where the length far exceeds the height and thickness.
Alternatively, the collector foil may have any shape or configuration that may allow it to
function within a battery.

[00109] In some embodiments the collector foils may have various dimensions. A collector
foil may be of any size that may enable it to function within a battery. In some embodiments, the
positive and negative collector foils may have different heights. For instance, a positive foil
collector may have a height of 54 mm while a negative foil collector may have a height of 56
mm. In alternate embodiments the positive and negative collector foils may have the same
height.

[00110] In some embodiments the positive and negative collector foils may have different
lengths. For instance, a positive collector foil may have a length of 600 mm, a negative collector
foil may have a length of 632 mm. In alternate embodiments the positive and negative collector

foils may have the same length. In some embodiments of the invention, the lengths of the
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positive and negative collector foils may be such that the electrodes can be spirally-wound to
form a jellyroll configuration such that the jellyroll batteries may have various diameters, as
discussed previously. Jellyroll diameters may also apply to spirally-wound electrodes with
different cross-sectional shapes. For example, an elliptical jellyroll may have a minor diameter
of 6 mm and a major diameter of 36 mm.

[00111] The separators may be of a size and shape to prevent the positive electrode and
negative electrode from coming into contact with one another. For example, in a situation where
the collector foils are rectangular in shape, the separators may also be rectangular in shape and
may have sufficient dimensions to keep the electrode from coming into contact with one another.
In another example, in a situation where the electrodes are a band shape, the separators may also
be a band shape of sufficient dimensions to keep the electrodes from coming into contact. The
separators may be of various thicknesses. For example, a separator may have a thickness that
ranges from 5um to 100 wm, such as a thickness of approximately 5 um, 10 um, 20 pm, 25 pm,
30 um, 40 um, 70 pm, or 100 pum.

[00112] A battery may include a positive electrode and a negative electrode. One aspect of
the invention provides positive and negative collector foils that may be selected such that the
positive collector foil has a predetermined thickness and the negative collector foil has a
predetermined thickness, which are then coated. The positive and negative collector foils may be
formed with the predetermined thicknesses. A predetermined resistance of a cell may be
provided as a function of the predetermined thicknesses of the positive and negative collector
foils. In one embodiment, the function for determining the cell resistance may be such that the
cell resistance is the sum of a current collector resistance and an electrochemical resistance.
[00113] A current collector resistance may be the resistance of current flow along a collector
foil. A current collector resistance may depend on collector foil thicknesses. An electrochemical

resistance may include the ohmic and non-ohmic impedance from various Faradaic and non-
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Faradaic processes in a battery cell. Such impedance may include solid phase conduction, inter-
particle connection, electrolyte resistance, and the effect of concentration polarization. An
electrochemical resistance may depend on collector foil thickness such that if a collector foil is
too thick, a smaller length of the collector foil may fit within a given volume such as a cell can,
and the electrode area may be small and the electrochemical resistance may be high. Increasing
either current collector resistance or electrochemical resistance may increase the cell resistance
and cause the current capability of an electrode to diminish, and the performance of a battery to
suffer. The predetermined thicknesses of the collector foils may be selected so that the cell
resistance may be minimized.

[00114] A positive electrode and a negative electrode may have an equal resistance for certain
positive and negative collector foil thicknesses. For example, the collector foil resistance of a
positive collector foil may equal the collector foil resistance of a negative collector foil for
particular positive foil thicknesses and particular negative foil thicknesses. In some
embodiments of the invention, the thickness of the positive foil and the thickness of the negative
foil may have a relationship in order to yield equal resistances for the positive and negative
electrodes.

[00115] In some implementations, the relationship may be linear, such that:

Y =a*X

wherein X is the positive collector foil thickness, and Y is the negative collector foil thickness.
For example, a may fall within the range from approximately 0.1 to 10, 0.3 to 1.0, or 0.5 to 0.7.
The value of @ may vary depending on the collector foil materials selected. For example, in a
preferable embodiment of the invention where the positive collector foil is aluminum and the
negative collector foil is copper, @ may be 0.6 such that Y = 0.6 * X.

[00116] As shown previously, FIG. 1 defines a set of coordinates for a collector foil. Also as

discussed earlier for equations [1]-[5], when the dimensionless parameter A is equal to 1, the
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expressions may be independent of the length of the collector foil and the current may therefore
be uniform across the entire length of the collector. Having a uniform current across the length
of an electrode could be an optimum case, especially for high currents since the most capacity
can be extracted from the electrode. This can be controlled by the ratio of the positive electrode
to negative electrode foil thicknesses, as shown in equation [5].

[00117] The distribution of current on the electrodes may be affected by design factors of the
battery. A uniform current distribution may be desirable. The current distribution may be
affected by battery design factors such as tab configurations, collector foil thickness, and
electrode length for a given size cell. One particular tab configuration may be a single tab on
each electrode, and the tabs may be at opposite ends of the electrodes. With this particular
configuration, the process of battery design may involve deciding on loading and porosities of
both electrodes and the thicknesses of the two collector foils. Once these are decided, the
maximum length of the electrodes that can fit into a cell case can be calculated from the interior
volume of the cell case. The choice of collector thicknesses may affect the length of the
electrode and the area of the electrode, which in turn may affect the electrochemical impedance
and other performance characteristics of the battery, such as the maximum current carrying
capability.

[00118] One aspect of the invention may provide forming a battery with a customized cell
resistance by selecting a positive collector foil with a first thickness and selecting a negative
collector foil with a second thickness, where the first and second thicknesses of the positive and
negative collector foils may be selected from a predetermined range to provide a customized
total cell resistance or more uniform current density. The customized total cell resistance may be
the predetermined resistance which may be the sum of the current collector resistance and the
electrochemical resistance. In some cases, current collector resistance may be minimized when

positive and negative collector foil thicknesses are chosen to make A approach 1.
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[00119] In some embodiments, the customized cell resistance may be determined by looking
at the relationship between the customized cell resistance and the positive and negative collector
foil thicknesses. Any positive collector foil thickness and negative collector foil thickness may
be selected in order to yield a desired customized cell resistance. In some embodiments the
desired customized cell resistance is the minimized cell resistance for positive and negative
electrodes with particular properties.

EXAMPLES

Example 1

[60120] For a group of cells, the positive collector was aluminum foil. The height of the
positive collector was 54 mm, the thickness was 27 um, and the resistivity pai was 2.82x10 ohm
cm. The negative collector was copper foil. The height of the negative collector was 56 mm, the
thickness was 16 um, and the resistivity pc, was 1.72x10°% ohm cm. The A, as defined in
equation [4], was 0.98. The positive collector was coated with an active material that contained
87.5% LiCoO; (144 mAh/g reversible, d=5.05 g/cm?), 5% carbon black (d=1.90 g/cm?), and
7.5% PVDF (d=1.73 g/cm’) by weight. The positive electrode with the coating had a 39%
porosity and 15.4 mg/cm2 loading. The positive electrode had a height of 54 mm. The negative
foil collector was coated with an active material that contained 91% graphite (320 mAh/g
reversible, d=2.22 g/cm3), 2% carbon black (0 mAh/g reversible, d=1.90 g/cm3), and 7% PVDF
(d=1.73 g/cm’) by weight. The negative electrode with the coating had a 44% porosity and 6.84
rng/cm2 loading. The negative electrode had a height of 56 mm. The separator was 25 pm thick.
The electrodes and the separators were spirally-wound into a jellyroll configuration with an inner
diameter of 3 mm and an outer diameter of 17.4 mm. The jellyroll was inserted into a cell case.
The tabs were welded to the terminals. The cell case was filled with 7.5 g of electrolyte

containing 1.2 M LiPF¢ in EC/EMC (3:7 by weight). The cell was sealed.
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[00121] The cell underwent10 second DC discharge pulse test conditions. The test conditions
included ten second pulses at a given current followed by 120 seconds of rest between each pulse
until voltage on discharge reaches 2.5V. The number of pulses was used as an indication of the
cell performance. Eight cells in the group were tested with each of the following pulse current
and power settings: 30A, 20A, 1800W/kg, 1200W/kg and 600W/kg. Each high-drain test of
30A, 20A and 1800W/kg used two cells and each moderate-drain test of 600W/kg and

1200W/kg used one cell. Table 1 lists the results of the number or the average number of pulses.

Table 1
Designation Cu Foil Al Foil A 30A 20A 1800W/kg 1200W/kg 600W/k
Thickness | Thickness # of # of pulses # of pulses | # of pulses # of
pulses pulses
Example 1 16 27 0.98 11.75 18.8 14.5 254 55.4
Example 2 20 40 1.16 10.9 17.8 13.9 234 49.6
Example 3 20 27 0.78 9.68 15.8 -- -- --
Example 2
[00122] For a group of cells, the positive collector was aluminum foil. The positive collector

height was 54 mm, the thickness was 40 pm, and the resistivity pa was 2.82x10°% ohm cm. The
negative collector was copper foil. The negative collector height was 56 mm, the thickness was
20 pm, and the resistivity pcy was 1.72x10° ohm cm. The A, as defined in equation [4], was
1.16. The positive collector was coated with an active material that contained 87.5% LiCoO;
(144 mAh/g reversible, d=5.05 g/cm’), 5% carbon black (d=1.90 g/cm®), and 7.5% PVDF
(d=1.73 g/cm’) by weight. The positive electrode with the coating had a 38.4% porosity and
15.4 mg/cm® loading. The positive electrode had a height of 54 mm. The negative foil collector
was coated with an active material that contained 91% graphite (320 mAh/g reversible, d=2.22
g/cm?), 2% carbon black (0 mAh/g reversible, d=1.90 g/cm’), and 7% PVDF (d=1.73 g/cm’) by
weight. The negative electrode with the coating had a 45.8% porosity and 5.9 mg/cm2 loading.

The negative electrode had a height of 56 mm. The separator was 25 um thick. The electrodes
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and the separators were spirally-wound into a jellyroll configuration with an inner diameter of 3
mm and an outer diameter of 17.4 mm. The jellyroll was inserted into a cell case. The tabs were
welded to the terminals. The cell case was filled with 7.46 g of electrolyte containing 1.2 M
LiPF¢ in EC/EMC (3:7 by weight). The cell was sealed.

[00123] The cell underwent 10 second DC discharge pulse test conditions. The test
conditions included ten second pulses at a given current followed by 120 seconds of rest between
each pulse until voltage on discharge reaches 2.5V. The number of pulses was used as an
indication of the cell performance. Nine cells in the group were tested with each of the following
pulse current and power settings: 30A, 20A, 1800W/kg, 1200W/kg and 600W/kg. Each high-
drain test of 30A, 20A, 1200W/kg and 1800W/kg used two cells and the moderate-drain test of
600W/kg used one cell. Table 1 lists the results of the number or the average number of pulses.
The 30A pulse test used 5 cells and the 20A pulse test used two cells. Table 1 lists the results of
the number or the average number of pulses.

Example 3

[00124] For a group of cells, the positive collector was aluminum foil. The positive collector
height was 54 mm, the thickness was 40 pm, and the resistivity pa was 2.82x10° ohm cm. The
negative collector was copper foil. The negative collector height was 56 mm, the thickness was
20 pm, and the resistivity pcy, was 1.72x10° ohm cm. The 2, as defined in equation [4], was
0.78. The positive collector was coated with an active material that contained 87.5% LiCoO;
(144 mAh/g reversible, d=5.05 g/cm®), 5% carbon black (d=1.90 g/cm3), and 7.5% PVDF
(d=1.73 g/cm’) by weight. The positive electrode with the coating had a 40% porosity and 15.0
mg/cm” loading. The positive electrode had a height of 54 mm. The negative foil collector was
coated with an active material that contained 91% graphite (320 mAh/g reversible, d=2.22
g/cm3), 2% carbon black (0 mAh/g reversible, d=1.90 g/cm3), and 7% PVDF (d=1.73 g/cm3) by

weight. The negative electrode with the coating had a 45% porosity and 5.8 mg/cm” loading,
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The negative electrode had a height of 56 mm. The separator was 25 pm thick. The electrodes
and the separators were spirally-wound into a jellyroll configuration with an inner diameter of 3
mm and an outer diameter of 17.4 mm. The jellyroll was inserted into a cell case. The tabs were
welded to the terminals. The cell case was filled with 8.15 g of electrolyte containing 1.2 M
LiPFs in EC/EMC (3:7 by weight). The cell was sealed.

[00125] The cell underwent 10 second DC discharge pulse test conditions. The test
conditions included ten second pulses at a given current followed by 120 seconds of rest between
each pulse until voltage on discharge reaches 2.5V. The number of pulses was used as an
indication of the cell performance. Seven cells in the group were tested with each of the
following pulse current and power settings: 30A and 20A. The 30A pulse test used five cells and
the 20A pulse test used two cells. Table 1 lists the results of the average number of pulses.
[00126] As discussed previously, when A is equal to one, the current may be as uniform as
possible across the length of a collector. A cell where the A’s approach as close to 1 as possible
may be preferable, especially for high currents, which the most capacity may be extracted from
the electrode. The collector foil thicknesses may be selected to optimize A.

[00127] It should be understood from the foregoing that, while particular implementations
have been illustrated and described, various modifications can be made thereto and are
contemplated herein. It is also not intended that the invention be limited by the specific
examples provided within the specification. While the invention has been described with
reference to the aforementioned specification, the descriptions and illustrations of the preferable
embodiments herein are not meant to be construed in a limiting sense. Furthermore, it shall be
understood that all aspects of the invention are not limited to the specific depictions,
configurations or relative proportions set forth herein which depend upon a variety of conditions

and variables. Various modifications in form and detail of the embodiments of the invention will
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be apparent to a person skilled in the art. It is therefore contemplated that the invention shall

also cover any such modifications, variations and equivalents.
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CLAIMS

WHAT IS CLAIMED IS:
1. A battery comprising:

a pair of current collector foils including a negative collector foil and a positive collector
foil each formed with a respective height (h); and

a plurality of tabs electrically connected to one current collector foil of the pair of current
collector foils and a plurality of tabs electrically connected to the other current collector foil of
the pair of current collector foils, that are formed with a length (t) and protruding from the pair of
collector foils.
2. The battery of claim 1 wherein the length (t) of the tabs is greater than the height (h) of

-the pair of current collector foils.

3. The battery of claim 1 wherein the negative collector foil is formed with copper.
4. The battery of claim 1 wherein the positive collector foil is formed with aluminum.
5. The battery of claim 1 wherein one of the collector foils is formed with five (5) tabs and

the other collector foil is formed with four (4) tabs.

6. The battery of claim 1 wherein one of the collector foils is formed with five (4) tabs and
the other collector foil is formed with four (3) tabs.

7. The battery of claim 1 wherein one of the collector foils is formed with three (3) tabs and
the other collector foil is formed with two (2) tabs.

8. The battery of claim 1 wherein one of the collector foils is formed with two (2) tabs and
the other collector foil is formed with (2) tabs.

9. The battery of claim 5, 6, 7 or 8 wherein the tabs are arranged alternatingly equidistant
from one another.

10. The battery of claim 1 wherein the tabs from one of the collector foils are protruding in

the opposite direction from the tabs from the other collector foil.
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11. The battery of claim 1 wherein the pair of current collector foils is rolled into an 18 mm
diameter jellyroll configuration.
12.  The battery of claim 1 wherein the pair of current collector foils is rolled into a 25 to 26
mm diameter jellyroll configuration.
13. The battery of claim 1 wherein the pair of current collector foils is rolled into a 31 mm
diameter jellyroll configuration.
14. The battery of claim 1 wherein the pair of current collector foils is rolled into a 41 mm
diameter jellyroll configuration.
15. The battery of claim 1 wherein the current collector is rolled into a cylindrical jellyroll
configuration within a 18650 cell.
16. The battery of claim 1 wherein the current collector is rolled into an elliptic jellyroll
configuration within a 633450 prismatic cell.
17. The battery of claim 1 wherein the current collector further comprises at least one
separator between current collector foils.
18. The battery of claim 1 wherein a plurality of current collector foils as described are
arranged in a stack.
19. The battery of claim 1 wherein at least one of the collector foils further comprises at least
one coating including an active material.
20. A secondary battery comprising:

a first current collector foil and a second current collector foil; and

at least two tabs electrically connected to the first current collector foil, and at least two
tabs electrically connected to the second current collector foil, wherein the tabs electrically
connected to the first current collector foil are positioned opposite from and in between the tabs

electrically connected to the second current collector foil.
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21. The secondary battery of claim 20 wherein the first and the second current collector foils
are positioned opposite each other and combined to form a current collector unit.

22. The secondary battery of claim 21 wherein the tabs of the current collector unit are
equally spaced apart along a y-axis formed along a length of the current collector unit, and
wherein the tabs are alternately pointing in substantially opposite directions away from the
current collector unit.

23. The secondary battery of claim 21 wherein the current collector unit includes equally

spaced apart tabs that are positioned in an alternating up-and-down configuration.

24. The secondary battery of claim 21 wherein the current collector unit is rolled into a
jellyroll configuration.
25. The secondary battery of claim 21 wherein the tabs from the first current collector foil

and the second current collector are non-mirror reflective images of each other along a y-axis
formed along the length of the current collector unit.

26. The secondary battery of claim 20 wherein the tabs are positioned so that there are equal
electrode stacks between the tabs.

27. The secondary battery of claim 20 wherein one of the collector foils is formed with five
(5) tabs and the other collector foil is formed with four (4) tabs.

28.  The secondary battery of claim 20 wherein one of the collector foils is formed with five
(4) tabs and the other collector foil is formed with four (3) tabs.

29. The secondary battery of claim 20 wherein one of the collector foils is formed with three
(3) tabs and the other collector foil is formed with two (2) tabs.

30. The secondary battery of claim 20 wherein one of the collector foils is formed with two

(2) tabs and the other collector foil is formed with (2) tabs.
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31. The secondary battery of claim 20 wherein at least one tab is formed with a length (t) and
protrudes from a collector foil, wherein the length (t) of the tab is greater than the height (h) of
the current collector foil.
32. A method of manufacturing a battery comprising the following steps:

selecting a negative collector foil and a positive collector foil; and

forming the negative collector foil and the positive collector foil with predetermined
thicknesses respectively, wherein the negative collector foil and positive collector foil have
substantially equal collector foil resistances.
33. The method of claim 32 wherein the negative collector foil is formed of copper.
34. The method of claim 32 wherein the positive collector foil is formed of aluminum.
35. The method of claim 32 wherein the thickness of the negative collector foil is 60% of the

thickness of the positive collector foil.
36. A method of manufacturing a battery comprising the following steps:

selecting a negative collector foil and a positive collector foil; and

forming the negative collector foil and the positive collector foil with predetermined
thicknesses respectively, wherein the current of the negative collector foil and positive collector
foil are substantially uniform across their entire length.
37. A method of forming a secondary battery with a customized total cell resistance
comprising the following steps:

selecting a negative electrode formed with a thickness (t1);

selecting a positive electrode formed with a thickness (t2); and

wherein (t1) and (t2) are selected thicknesses falling within predetermined ranges to
provide a customized total cell resistance for the secondary battery.
38. The method of claim 37 wherein the negative electrode is formed with a negative

collector foil and a negative coating.
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39. The method of claim 37 wherein the positive electrode is formed with a positive collector
foil and a positive coating.

40. The method of claim 37 wherein (t1) and (t2) are selected such that the negative electrode
and the positive electrode have equal collector foil resistances.

41. The method of claim 37 wherein (t1) and (t2) are selected such that the negative electrode
foil resistance is 90% of the positive electrode foil resistance or the positive electrode foil
resistance is 90% of the negative electrode foil resistance.

42. The method of claim 37 wherein (t1) and (12) are selected such that the negative electrode
foil resistance is 95% of the positive electrode foil resistance or the positive electrode foil
resistance is 95% of the negative electrode foil resistance.

43. The method of claim 37 wherein (t1) = 0.6 * (2).

44, The method of claim 37 wherein (t1) and (12) are selected such that a A parameter is 0.9
to 1.1.

45. The method of claim 37 wherein (t1) and (t2) are selected such that the customized total
cell resistance is minimized.

46. The method of claim 37 wherein (t1) and (12) are selected such that the current may be

substantially uniform across the entire length of negative electrode and the positive electrode.
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