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BATTERY STRUCTURES, SELF-ORGANIZING STRUCTURES
AND RELATED METHODS

Related Applications

This application claims priority under 35 U.S.C. § 119(e) to co-pending provisional
application serial number 60/308,360, filed 07/27/01 and entitled “Self-Organizing Structures

and Associated Methods,” the contents of which are incorporated by reference.

This application is a continuation in part application of co-pending application serial
number 10/021,740, filed 10/22/01 and entitled “Reticulated and Controlled Porosity Battery
Structures,” the contents of which are incorporated by reference, and which claims priority to
provisional application serial number 60/242,124, filed 10/20/00 and entitled "Microstructural
Modeling of Lithium Battery Electrodes," the contents of which are incorporated by

reference.

Background of the Invention

1. Field of the Invention

The present invention relates generally to bipolar devices having graded, reticulated,
porous or interpenetrating structures, and methods of making such structures. The present
invention also relates to self-organizing devices, and more particularly to combinations of
materials that can spontaneously form networks resulting in bipolar devices, and methods

thereof.

2. Description of the Related Art

Rechargeable batteries enjoy an enormous and constantly growing global market due
to their implementation in, for example, cellular telephone, laptop computers and other
consumer electronic products. In addition, the development of electrically powered vehicles

represents an immense potential market for these batteries.
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The lithium rechargeable battery is an attractive technology due to its comparatively
high energy density, low potential for environmental and safety hazard, and relatively low
associated materials and processing costs. The lithium battery is charged by applying a
voltage between the battery’s electrodes, which causes lithium ions and electrons to be
withdrawn from lithium hosts at the battery’s cathode. Lithium ions flow from the cathode to
the battery’s anode through an electrolyte to be reduced at the anode, the overall process
requiring energy. Upon discharge, the reverse occurs; lithium ions and electrons are allowed
to re-enter lithium hosts at the cathode while lithium is oxidized to lithium ions at the anode,
an energetically favorable process that drives electrons through an external circuit, thereby

supplying electrical power to a device to which the battery is connected.

Currently known cathode storage compounds such as LiCoO; and LiMn,04 when used
with currently known anodes such as lithium metal or carbon have working voltages between
3 and 4V. For many applications a high voltage and low weight are desirable for the cathode
as this leads to high specific energy. For example, for electrical vehicle applications the
energy-to-weight ratio of the battery determines the ultimate driving distance between

recharging..

Cathodes in state-of-the-art rechargeable lithium batteries contain lithium ion host
materials, electronically conductive particles to electronically connect the lithium ion hosts to
a current collector (i.e., a battery terminal), a binder, and a lithium-conducting liquid
electrolyte. The lithium ion host particles typically are particles of lithium intercalation
compounds, and the electronically conductive particles are typically made of a substance such
as a high surface area carbon black or graphite. The resulting cathode includes a mixture of

particles of average size typically on the order of no more than about 100 microns.

Anodes for rechargeable lithium-ion batteries typically contain a lithium ion host
material such as graphite, electronically conductive particles to electronically connect the
lithium ion hosts to a current collector (i.e., a battery terminal), a binder, and a lithium
conducting liquid electrolyte. Alternatives to graphite or other carbons as the lithium ion host
have been described by Idota et al., in Science 1997, 276, 1395, and by Limthongkul et al., in
“Nanocomposite Li-Ion Battery Anodes Produced by the Partial Reduction of Mixed Oxides,”
Chem. Mat. 2001.
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In such cathodes or anodes, for reliable operation, good contact between particles
should be maintained to ensure an electronically conductive pathway between lithium host
particles and the external circuit, and a lithium-ion-conductive pathway between lithium host

particles and the electrolyte.

While numerous cathode and anode compounds have been identified and are under
development, a widely used system remains the LiCoO,/carbon combination first developed
in the early 1990’s, which has a working voltage of 3.6V. Solid polymer batteries based on
polyethylene oxide (PEO) electrolyte, lithium metal anodes, and V,0s cathodes have also
been developed, but to date require elevated temperatures of 60-80°C in order to provide
sufficient power density for most applications. Lithium ion batteries based on liquid
electrolytes also do not enjoy the same advantage in power density that they possess in energy
density. Amongst the various rechargeable battery systems, lithium ion rechargeable have the
highest energy density (typically 150 Wh/kg and 350), but comparable power densities to
competing battery technologies such as Ni-Cd and Ni-MH. Energy density is intrinsically
determined by the storage materials; the cell voltage being determined by the difference in
lithium chemical potential between cathode and anode, while the charge capacity is the
lithium concentration that can be reversibly intercalated by the cathode and anode. Power
density, on the other hand, is a transport-limited quantity, determined by the rate at which ions
or electrons can be inserted into or removed from the electrodes. Currently, a major limitation
to the widespread use of lithium ion technology in hybrid and electric vehicles is insufficient

power density and the high cost of LiCoO,.

The realizable energy and power density are enormously influenced by battery design,
however. An electrode in a lithium battery that is too thick can limit discharge rate because
ion transport in and out of the electrode can be rate limiting. Thus, typical high power density
rechargeable batteries are of laminate construction and typically use electrodes that are of a
composite mixture of active material, binder, and conductive additive. The thickness of the
laminate cathode in a lithium-ion battery is typically 100 - 200 pm. Currently the “cell
stack” consisting of two metal foil current collectors, anode, separator, and cathode, is ~250

pm thick.
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Energy density then suffers because the electrolyte, separator, and current collectors
occupy a higher volume and contribute to a greater mass relative to the active material of the
electrodes. Moreover, due to the need to maximize the packing density of storage material
(for high energy density), the electrolyte-filled pore channels of the composite electrode are
made to be tortuous and limited in cross-sectional area. Models and experiments have
demonstrated that the rate-limiting transport step is in most instances Li* ion diffusion

through the liquid-filled pore channels of the composite electrode.

Solid polymer electrolytes have been described Armand et al., in “Fast Ion Transport
in Solids”, P. Vashishta, J. N. Mundy and G. K. Shenoy, Eds., North-Holland, Amsterdam
(1979), p.131, describe the use of poly(ethylene oxide) and other polyetheres doped with
various alkali metal salts as solid polymer electrolytes for battery applications. Subsequently,
a great variety of ionically conductive solid polymer electrolytes based on a variety of
lithium-ion complexing polymers have been reported (see, e.g., F. M. Gray, “Solid Polymer
Electrolytes: Fundamentals and Technological Applications”, VCH, New York (1991). More
recently, detailed performance characteristics of an all-solid-state Li,MnO,/Li polymer
battery system were reported by Sakai et al., in the Journal of Electrochem. Soc. 149 (8),
A967 (2002).

High aspect ratio electrodes are described by Narang et al. in United States Patent No.
6,337,156. Aspect is achieved by the use of aspected particles or flakes, which generally
provide structures with inadequate geometry to meaningfully improve energy or power

density.
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Summary of the Invention

In one aspect of the invention, an electrochemical device is provided that maximizes
electrode interface area with the ionically conductive medium and minimizes the distance or

path length that ions and/or electrons must reliably traverse during operation of the device.

The electrochemical device includes a first electrode in electronic communication with
a first current collector, a second electrode in electronic communication with a second current
collector, and an ionically conductive medium in ionic communication with said first and
second electrodes. The first and second electrodes form an interpenetrating network and at
least one of the first and second electrodes is structured to provide two or more pathways to

its respective current collector.

By “interpenetrating” is meant that the first and second electrodes each form networks
that are continuous in two or three dimensions and that each electrode extends into the other
to a distance greater than the smallest lateral dimension of the entities comprising the
networks.[0) By way of example, the two electrodes can exhibit complementary geometries
that form interlocking, infused or interdigitated structures or where a first material permeates
into voids or spaces formed in the other material. In some embodiments, the nature of the
interpenetration is such that it is irreversible, that is, separation of the opposing electrodes is
prevented by the interpenetrating network. In some embodiments, the nature of the
interpenetration is such that the network provides multiple pathways to the current collector.
In one class of interpenetrating structures, separation without a change in the shape or
connectivity of an electrode is prevented by the topology of the interpenetrating network. An

interpenetrating network may include some or all of these features.

In another aspect of the invention, an electrochemical device includes first and second
electrodes separated from one another by an ionically conductive medium. The device has a
total thickness of greater than about 0.1 mm and the ionically conductive medium séparating
the first and second electrodes is no greater than 1 micron at at least one location along an
interface between the first and second electrodes. Thus, for the first time a bulk battery is
described having inter-electrode spacings that are typical of thin film batteries. This allows

higher energy densities, higher power densities, or longer cycling life to be obtained
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compared to conventional laminated bulk batteries known as lithium ion, lithium polymer, or
lithium gel polymer batteries. For example, the length scale for power density is on the order
of 1 micron for Li ion transport through electrolyte as compared to about 100 microns for
conventional laminated bulk batteries. Compared to thin film batteries, batteries of much
higher total energy and power, and in shapes or form factors not possible with thin film

batteries, are obtained.

In one embodiment, an article includes a medium, a plurality of first electronically-
conductive particles dispersed in the medium and a plurality of second electronically-
conducting particles dispersed in the medium, wherein the first and second electronically-
conductive particles are self-attracting and the first and second electronically-conducting

particles each exert a mutually repelling force on each other.

In one embodiment, a method for producing a bipolar device includes providing an
interpenetrating system comprising an electronically-insulating medium, a first network of
electronically-connected particles of a first type and a second network of second
electronically-connected particles of a second type; segregating at least a portion of the
particles of the first type into a first spatial region that is essentially free of the second
network; and segregating at least a portion of the particles of the second type into a second

spatial region that is essentially free of the first network.

In one embodiment, an electrochemical device includes first and second electrodes
separated from one another by an electrolyte, wherein the first and second electrodes
approach one another such the diffusion path between electrodes is sufficiently small that the

electrolyte has an ionic conductivity of less than 10 S/cm.

In one embodiment, an electrochemical device has a power density of greater than 300
W/kg and an energy density of greater than 450 W-h/1 for cells having a cell thickness less
than ~0.1 mm, wherein the cell thickness includes the collectors. In one embodiment, an
electrochemical device has a power density of greater than 300 W/kg and an energy density of
greater than 550 W-h/] cells having a cell thickness less than ~0.1 mm, wherein the cell

thickness includes the collectors.
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An electrochemical device includes first and second electrodes separated from one
another by an ionically conductive medium, wherein said first and second electrodes form an
interpenetrating network said interpenetrating network having a structure or composition such
that the electronic conductivity at a location further from the ionically conductive medium is
greater than the electronic conductivity at a location closer to the ionically conductive
medium. In one embodiment, an electrochemical device includes first and second electrodes
separated from one another by an ionically conductive medium, wherein said first and second
electrodes form an interpenetrating network said interpenetrating network having a structure
or composition such that the electronic conductivity of one electrode network at a location
further from the opposing current collector is greater than the electronic conductivity of same

electrode network at a location closer to the opposing current collector.

In one embodiment, an electrochemical device, includes first and second electrodes
separated from one another by an ionically conductive medium, wherein said first and second
electrodes form an interpenetrating network said interpenetrating network having a structure
or composition such that the electronic conductivity of each electrode network at a location
further from the opposing current collector is greater than the electronic conductivity of each

electrode network at a location closer to the opposing current collector.

In one embodiment, an electrochemical device includes a cathode and an anode
separated from one another by an electrolyte layer, wherein the electrolyte layer has a
thickness of less than one micron at at least one point and the ratio of the anode dimension '
perpendicular to the electrolyte layer to the electrolyte thickness to the cathode dimension |
perpendicular to the electrolyte layer is about 20:1:20.

In one embodiment, an electrochemical device includes a cathode and an anode
separated from one another by an electrolyte layer, wherein the electrolyte layer has a
thickness of less than one micron at at least one point and the ratio of the anode dimension
perpendicular to the electrolyte layer to the average electrolyte thickness to the cathode
dimension perpendicular to the electrolyte layer is about 10:1:10. An electrochemicél device

includes a cathode and an anode separated from one another by an electrolyte layer, wherein
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2. the electrolyte layer has a thickness of less than one micron at at least one point
and the ratio of the anode dimension perpendicular to the electrolyte layer to the average
electrolyte thickness to the cathode dimension perpendicular to the electrolyte layer is about
5:1:5.

An electrochemical device has power density of greater than 300 W/kg and an energy
density of greater than 450 W-h/I.

An electrochemical device has power density of greater than 300 W/kg and an energy
density of greater than 550 W-h/1.

In one embodiment, an electrochemical device includes first and second electrodes
separated from one another by an ionically conductive medium, wherein said first and second
electrodes form an interpenetrating network with a power density of greater than 300 W/kg

and an energy density of greater than 450 W-h/L.

In another embodiment, a bipolar article includes an organized structure comprising a
first component, a second component and a third component, wherein the first, second and
third components are selected so that the first and third components exert a repelling force on

each other when the first, second and third components are combined.

In on embodiment, an interpenetrating network includes a medium, a first network
comprising a plurality of first electronically connected particles dispersed in the medium, a
second network comprising a plurality of second electronically connected particles dispersed

in the medium.

In one embodiment, an interpenetrating network includes a medium; a first network
comprising a plurality of first electronically-connected particles dispersed in the medium; a
second network comprising a plurality of second electronically-connected particles dispersed
in the medium; and wherein a first Hamaker constant characterizing the interaction between

the first and the second component in the medium is negative.

In one embodiment, a bipolar device includes an interpenetrating network in which
each continuous component of the interpenetrating network is each attached to a separate

current collector.
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In one embodiment, a bipolar device includes a first material and a second material,
each selected such that the first material and the second material exert a mutually repelling

force when dispersed in a medium.

A method also provide by forming a bipolar article by introducing a first component
comprising a plurality of first sub-components that are self-attractive; and introducing a
second component comprising a plurality of second sub-components that are self-attractive

and that exert a repelling force on the first component in a medium.

An article includes a plurality of first particles dispersed in a medium; and a plurality
of second particles dispersed in the medium, the second particles including a coating that

comprises a material that exerts a repelling force on the first particles.

An article includes a first network of first electronically-connected particles dispersed
with a second network of second electronically-connected particles in a medium, the first and

second particles exerting a mutually repelling force.

An article also includes a medium, a plurality of first electronically-conductive
particles dispersed in the medium and a plurality of second electronically-conducting particles
dispersed in the medium, wherein the first and second electronically-conductive particles are
self-attracting and the first and second electronically-conducting particles each exert a

mutually repelling force on each other.

A method for producing a bipolar device is provided including providing an
interpenetrating system comprising an electronically-insulating medium, a first network of
electronically-connected particles of a first type and a second network of second
electronically-connected particles of a second type; segregating at least a portion of the
particles of the first type into a first spatial region that is essentially free of the second
network; and segregating at least a portion of the particles of the second type into a second

spatial region that is essentially free of the first network.

In one embodiment, the present invention provides an energy storage device

comprising at least one reticulated electrode in ionic contact with an electrolyte.

In another embodiment, the present invention provides an energy device comprising a

first electrode having features defining a plurality of extensions into an electrolyte matrix.
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In another embodiment, the present invention provides a bipolar device. The bipolar
device comprises a first electrode having a first set of protuberances extending into an
electrolyte and a second electrode having a second set of protuberances constructed and

arranged to be complementary to the first set of protuberances.

In another embodiment, the present invention provides an electrode comprising a

framework having a porous network defined therein.

In another embodiment, the present invention provides a battery. The battery
comprises a first electrode, a second electrode, a first current collector in electronic
communication with the first electrode and a second current collector in electronic
communication with the second electrode. The first electrode includes a portion, positioned
between the first current collector, and a second electrode, having a porosity that increases in

a direction from the first current collector toward the second electrode.

In another embodiment, the present invention provides an apparatus comprising a first
electrode having a first mating surface for positioning proximate an opposing electrode, the
mating surface reticulated so as to define a plurality of protrusions and intervening
indentations providing a surface area at least 1.5 times the theoretical surface area of the first

mating surface in a smooth, non-reticulated configuration.

In another embodiment, the present invention provides an electrode comprising a
plurality of channels defined therein and constructed and arranged to allow diffusion of an

ionic species from an electrolyte to a surface thereof.

In another embodiment, the present invention provides a battery comprising an
electrode in contact with an electrolyte and having a plurality of channels defined therein, the
channels constructed and arranged to allow diffusion of an ionic species from the electrolyte

to a surface thereof.

In another embodiment, the present invention provides a battery comprising at least

one perforated electrode in ionic communication with an electrolyte.

In another embodiment, the present invention provides a bipolar device comprising a

porous electrode that is free of polymer binder.
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In another embodiment, the present invention provides a bipolar device comprising a

porous electrode that is free of carbon additive.

In another embodiment, the present invention provides a method for facilitating
providing energy. The method comprises the step of providing a battery comprising a first
electrode, a second electrode, a first current collector in electronic communication with the
first electrode and a second current collector in electronic communication with the second
electrode, wherein the first electrode includes a portion, positioned between the first current
collector and the second electrode, having a porosity that increases in a direction from the first

current collector toward the second electrode.

In one embodiment, the present invention relates to a bipolar article. The bipolar
article comprises an interpenetrating network cbmprising a first component, a second
component and a third component. The first, second and third components can be selected so
that the first and third components exert a repelling force on each other when the first, second

and third components are combined.

In another embodiment, the present invention relates to an interpenetrating network.
The interpenetrating network comprises a medium, a first network comprising a plurality of
first electronically connected particles dispersed in the medium, a second network comprising

a plurality of second electronically connected particles dispersed in the medium.

In another embodiment, the present invention relates to an interpenetrating network.
The interpenetrating network comprises a medium, a first network comprising a plurality of
first electronically-connected particles dispersed in the medium, a second network comprising
a plurality of second electronically-connected particles dispersed in the medium, wherein a
first Hamaker constant characterizing the interaction between the first and the second

component in the medium is negative.

In another embodiment, the present invention relates to a bipolar device comprising a
first material and a second material, each selected such that the first material and the second

material exert a mutually repelling force when dispersed in a medium.

In another embodiment, the present invention is directed to a method comprising the

steps of forming a bipolar article by introducing a first component comprising a plurality of



10

15

20

25

WO 03/012908 PCT/US02/23880

-12-

first sub-components that are self-attractive and introducing a second component comprising
a plurality of second sub-components that are self-attractive and that exert a repelling force on

the first component in the medium.

In another embodiment, the present invention relates to an article comprising a
plurality of first particles dispersed in a medium and a plurality of second particles dispersed
in the medium and comprising a coating that comprises a material that exerts a repelling force

on the first particles.

In another embodiment, the present invention relates to an article comprising a first
network of first electronically-connected particles dispersed with a second network of second
electronically-connected particles in a medium, the first and second particles exerting a

mutually repelling force.

In another embodiment, the present invention relates to an article comprising a
medium, a plurality of first electronically-conductive particles dispersed in a medium and a
plurality of second electronically-conducting particles dispersed in the medium, wherein the
first and second electronically-conductive particles are self-attracting and the first and second

electronically-conducting particles each exert a mutually repelling force on each other.

In another embodiment, the present invention is directed to a method for producing a
bipolar device. The method comprises the steps of providing an interpenetrating system
comprising an electronically-non-conducting medium, a first network of first electronically-
connected particles and a second network of second electronically-connected particles,
segregating at least a portion of the first particles into a first spatial region that is essentially
free of the second network and segregating at least a portion of the second particles into a

second spatial region that is essentially free of the first network.

In another embodiment, the. present invention relates to a capacitor comprising a first
pole comprising a first material and a second pole comprising a second material, the first pole
separated from the second pole by an electronically-insulating material, the combination of

the insulating, first and second materials providing a Hamaker constant that is negative.

In other embodiment, the present invention relates to an electrochromic device

compromising a first pole compromising a first material and a second pole compromising a
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second material, at least one of which changes its color or optical transmission when oxidized
or reduced, the first pole separated from the second pole by an electronically-insulating
material, the combination of the first, insulating, and second materials providing a Hamaker

constant that is negative.

In another embodiment, the present invention provides an energy storage device
comprising a first electrode comprising a first material and a second electrode comprising a
second material. The first and second materials form an interpenetrating network when
dispersed in an electrolyte. The electrolyte, the first material and the second material are
selected so that the first and second materials exert a repelling force on each other when

combined.

In another embodiment, the present invention is directed to a method for producing a
bipolar device. The method comprises the steps of providing a medium with an
interpenetrating system comprising a first network of first electronically-connected particles
and a second network of second electronically-connected particles and providing a first
current collector comprising particles that exert an attractive force on the first electronically-

connected particles and a repelling force on the second electronically-connected particles.

In another embodiment, the present invention provides a bipolar article comprising an
interpenetrating network comprising a first component, a second component and a third
component, wherein the first and third components are substantially electronically isolated
from one another in the absence of a voltage difference externally applied between the first

and third components.

In another embodiment, the present invention relates to an article comprising a
plurality of first particles, a plurality of second particles and a medium, the combination

providing a repelling force between the first and second particles.

In one embodiment, a capacitor is provided including a first pole comprising a first
material and a second pole comprising a second material, the first pole separated from the
second pole by an electronically-insulating material, the combination of the insulating, first

and second materials providing a Hamaker constant that is negative.
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An electrochromic device is provided including a first pole comprising a first material
and a second pole comprising a second material, at least one of which changes its color or
optical transmission when oxidized or reduced, the first pole being separated from the second
pole by an electronically-insulating material, and the combination of the first, insulating, and

second materials providing a Hamaker constant that is negative.

Other advantages, novel features, and objects of the invention will become apparent
from the following detailed description of the invention when considered in conjunction with
the accompanying drawings, which are schematic and which are not intended to be drawn to
scale. In the figures, each identical, or substantially similar component that is illustrated in
various figures is represented by a single numeral or notation. For purposes of clarity, not
every component is labeled in every figure. Nor is every component of each embodiment of

the invention shown where illustration is not necessary to allow those of ordinary skill in the

art to understand the invention.
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Brief Description of the Drawing

Preferred, non-limiting embodiments of the present invention will be described by

way of examples with reference to the accompanying figures, in which:

FIG. 1 is a schematic illustration showing an anode/cathode system that can be used in

accordance with the present invention, shown here in charging mode;

FIG. 2A - 2D are schematic (cross-section) illustrations showing bipolar devices with

various reticulated electrodes according to another embodiment of the present invention;

FIG. 3 illustrates an electrochemical device of the invention having interpenetrating
electrodes with multiple pathways to the current collector according to one or more

embodiments of the present invention;

FIG. 4 is a schematic illustration showing a bipolar device having a perforated

structure according to another embodiment of the present invention;

FIG. 5A is a typical electrochemical cell used in performance simulations; and FIG.
5B is a graph showing electrolyte volume fraction as a function of distance in an electrode

according to one embodiment of the present invention;

FIG. 6 is a graph predicting a normalized cumulative ionic resistance in a greater

porosity structure in a bipolar device according to one embodiment of the present invention;

FIG. 7 is a graph showing a normalized cumulative potential drop in a greater porosity

structure in a bipolar device according to one embodiment of the present invention;

FIG. 8 is a graph showing the specific energy of a greater porosity structure as a
function of current density in a bipolar device according to one embodiment of the present
invention;

FIG. 9 is a graph showing the specific energy as a function of specific power in a

bipolar device according to one embodiment of the present invention;

FIG. 10 is a graph showing the specific energy as a function of electrolyte fraction at
the surface of a graded porosity structure in a bipolar device according to one embodiment of

the present invention;
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FIG. 11 is a graph showing the specific energy as a function of discharge current
density in a bipolar device having a graded porosity structure according to one embodiment of

the present invention;

FIG. 12 is a schematic illustration showing a self-organizing bipolar device according

to one or more embodiments of the present invention;

FIG. 13 is a schematic illustration, according to one embodiment of the present

invention, showing the preparation of a bipolar device;

FIG. 14 is a schematic illustration showing another embodiment of the present

invention related to coating a material to obtain desirable dispersion forces;

FIG. 15A-15D illustrate a sequential fabrication of a device of the present invention

according to an embodiment of the invention;

FIG. 16A-16D illustrate a sequential fabrication of a device of the present invention

according to an embodiment of the invention;

FIG. 17 illustrates a self-organizing fabrication of a device of the present invention

according to an embodiment of the invention;

FIG. 18 is a schematic illustration showing another bipolar device according to one

embodiment of the present invention;

FIG. 19 is a voltage vs. capacity curve for a layered electrochemical cell with a silver
negative electrode and LMCO positive electrode in which the current rate is calculated

relative to the active mass of LMCO;

FIG. 20 is a schematic illustration of an interpenetrating electrochemical cell

according to one embodiment of the present invention;

FIG. 21 shows a charging curve for LFP — MCMB electrochemical cell at room
temperature, where the current rate of 5 mA/g and the capacity are calculated relative to the

LFP mass of the cell;

FIG. 22 is a charge curve of cell in Figure 21 tested at 50° C;



10

15

WO 03/012908 PCT/US02/23880

-17-

FIG. 23 is charge curve illustrating subsequent charging and discharge of cell in

Figure 21;

FIG. 24 is a schematic illustration of an overlapping-layer self-organized battery

according to one or more embodiments of the invention;

FIG. 25 is a schematic illustration of a self-organized battery with an edge current

collector according to one or more embodiments of the invention;

FIG. 26 is a schematic illustration of a self-organized battery by selective adsorption
of colloidal particles to current collectors according to one or more embodiments of the

invention;
FIG. 27 is a first charge and discharge curve for the cell illustrated in FIG. 28;

FIG. 28 is a self-organized electrochemical cell formed from a single suspension
incorporating lithium iron phosphate as a cathode material, MCMB as an anode material, both
as fine powders dispersed in diiodomethane for which polystyrene is used as a binder;

FIG. 29 is a subsequent charge-discharge curve for the cell illustrated in Figure 28;
and  FIG. 30 is a first charge curve for self-organized electrochemical using

LiTig o2Feo9sPO4 as the cathode and MCMB as the anode.
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Detailed Description of the Invention

To improve the intrinsic capacity and transport properties of electrochemically active
oxides, microstructural features of the electrode are used to (i) increase the volume fraction of
active materials and (ii) reduce the length scale of ion transport through the electrolyte.
Accordingly, the microstructures of components in such systems are tailored to optimize
desirable properties and minimize the undesirable ones. Realizable energy and power density
is typically influenced by system design, including, for example, component arrangement and

selection, which is optimized for desirable performance.

A lithium ion battery will be used to generally describe the various aspects of the
present invention. The description of such a lithium ion bipolar device is meant to be
exemplary and the use of the various features and aspects of the present invention to other
systems is considered to be within the scope of the present invention. The below described
reticulated, interpenetrating, perforated or controlled porosity structures can be used for
energy storage or energy conversion systems including but not limited to primary (disposable)

and secondary (rechargeable) batteries, capacitors and hybrid electrochemical capacitors.

A bipolar device according to one embodiment of the present invention is
schematically depicted in FIG. 1. The bipolar device 10 can be an energy storage system
having a cathode 14 and anode 12 that are spaced apart from each other by spacer region 22,
and an electrolyte 16. A carbonaceous conducting additive and an electrolyte material can be
added to the energy storage material, lithium cobalt oxide, for example, to improve the
electronic and ionic conductivity. Energy storage devices according to the present invention,
such as but not limited to lithium ion batteries, can be based on liquid electrolytes. For
example, the typical lithium battery has a lithium foil or a composite carbon anode, a liquid

electrolyte with a lithium salt and a composite cathode.

The lithium battery can be charged by applying a voltage between the electrodes 12
and 14, which causes lithium ions and electrons to be withdrawn from lithium hosts at the
battery’s cathode. Lithium ions flow from cathode 14 to anode 12 through electrolyte 16 to
be reduced at the anode. During discharge, the reverse occurs; lithium ions and electrons
enter lithium hosts 20 at cathode 14 while lithium is oxidized to lithium ions at anode 12,

which is typically an energetically favorable process that drives electrons through an external
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circuit 18, thereby supplying electrical power to a device to which the battery is connected.
To improve operation, the electrode should provide fast transport for both electrons and
lithium ions.

Thus, during battery operation, for example, lithium ions pass through several steps to
complete the electrochemical reaction. Typically, the steps include dissolution of lithium at
the anode surface, which typically releases an electron to the external circuit; transport of the
lithium ions through the electrolyte (which can reside in pores of a separator and, with porous
electrodes, in the electrodes’ pores); transport of the lithium ions through the electrolyte phase
in a composite cathode; intercalation of lithium into the active cathode material, which
typically receives electrons from the external circuit; and diffusion of lithium ions into the

active material.

The transport of lithium through and its dissolution from the anode, its transport
through the electrolyte and the intercalation reaction at the cathode-electrolyte interface and
the transport of lithium through the solid active material can be thermally activated and can be
generally characterized by reaction kinetics. In some embodiments, the interface reactions,
typically occurring at the electrode-electrolyte interface, are believed to be relatively fast at
room temperature and, thus, not necessarily rate-limiting. Nevertheless, such reactions can be
accelerated by increasing the surface area of the reaction and/or by reducing the particle size
of the intercalation material. Since the diffusion (transport) of lithium through the electrolyte
layer can be a rate-limiting step, the lithium ion transport between the opposite-polarity

electrodes is facilitated by a decrease in the electrolyte layer thickness.

Ton transport in the electrolyte typically occurs in two regions, the separator region 22
and the electrode region 24. In the former, generally, no electrochemical reactions occur and
transport phenomena can be governed by the separator physical properties. The rate
associated with this phenomenon can be reduced by designing or optimizing separator
physical properties or by minimizing the transport distance across the separator. In the latter,
jon transport can occur through the electrolyte-filled pore channels or network structures of
the electrode. The ion transport can be affected by, for example, the tortuosity of the average
jon transport path. In some systems, the ionic current changes with electrode depth because

of the electrochemical reaction.
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The effective ionic conductivity in a composite structure 12 or 14 is believed to
decrease rapidly with decreasing pore volume fraction, since the pores are filled with ion
conducting electrolyte. Accordingly, in one embodiment, the present invention provides an
electrode structure 12 or 14 that favors or promotes ion transport. For example, according to
one or more embodiments, the present invention provides a system comprising lamellar
particles arranged to be substantially parallel to the direction of current flow. With such a
lamellar microstructure, the volume fraction of active material can be increased without

reducing ionic conductivity.

According to one or more embodiments, the present invention provides a bipolar
device 10 having a design in which the current collector and electrolyte mass is minimized
while the anode and cathode structures mass are maximized. In one embodiment, the
diffusion length, d, or path that ions must traverse is minimized and the interfacial area
exposed to the ions or electrons is maximized. That is, in one or more embodiments, the
system can include components or structures that can be reticulated, interdigitated,
interpenetrating or that act as a reticulated, interdigitated or interpenetrating interface so that
an interface area can be increased. In this way, the increased interfacial perimeter increases

the available sites for reaction of, for example, ionic species.

Many different reticulation patterns can be used according to one or more
embodiments of the present invention including the reticulated structures shown
schematically in FIGS. 2A - 2D. In one embodiment, the aspect ratio //w of this feature can
be varied where [ is the length of a protrusion (or indentation), described below, and w is its
width or thickness. Width and/or thickness are also referred to as lateral dimensions of the
electrode. Such a bipolar device can be fabricated by a variety of methods or procedures, as
described below. In FIG. 2A, system 10 has a reticulated anode 12 having a plurality of
extensions 28 extending into and in ionic communication with electrolyte matrix 16. In this
embodiment, cathode 14 is shown as non-reticulated. Similarly, according to another
embodiment, FIG. 2B shows system 10 having a reticulated anode 12 and a reticulated
cathode 14, each having protrusions 28 and complementary indentations 26 that are separated
from each other at a uniform distance. Anode 12 and cathode 14 can be in ionic and/or

electronic communication with electrolyte 16. As for the device of FIG. 2A, one of electrodes
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12 or 14 can be non-reticulated. In FIG. 2C, system 10 has complementary reticulated
structures 12 and 14, each being interdigitated, the reticulations having a length, 1, and a width
or thickness, a. In FIG. 2D, system 10 has reticulated structures 12 and 14, each in electronic
communication with a current collector 30. The reticulations form convexities 28 that are at a
separation distance, d, from correspondingly-shaped concavities 26. The concavities and
convexities provide a surface that has an increasing lateral cross-sectional area at locations
approaching the current collector. The increased cross-sectional area may serve to increase

the current carrying capacity of the electrode near the current collector.

In the present invention, “reticulated interface” or “interdigitated electrode” refers to a
structure such as a positive and/or a negative electrode 12 and 14, each of which has a
morphology such that the surface exposed is reticulated, having convexities 26 or protrusions
28 and, correspondingly, concavities or indentations, sufficient to produce features with a
thickness or width (e.g., a lateral dimension) that are less than the maximum thickness or
width of each electrode. Such features may be periodic and regularly spaced or aperiodic or
random. The morphology of the structures exhibit shape complementary of one another, such
that where one electrode has a protrusion, the other tends to have an indentation of similar
shape and dimension. The positive and negative electrode can be separated everywhere along
their “mating” interface by a layer or region of electrolyte 16. In some embodiments,
especially with respect to systems with shape complementary structures, the layer of
electrolyte 16 can be thin and can have a relatively uniform thickness. The electrodes can be
connectable to a current collector 30 and/or the positive and negative electrodes can serve as

their own current collector.

In one or more embodiments, an electrochemical cell is provided that has low
impedance and thus high power density in which the electronic conductivity of the anode and
cathode networks is selected based on the ionic conductivity of the electrolyte. With
reference to FIG. 2A for a lithium ion system, the following relationship provides a basis for

selecting a network conductivity for a specified electrode geometry:
c.> op * Lbz/wb:a

where g, is the electronic conductivity of the active material, a;; is the ionic conductivity of

lithium through the electrolyte, L is the length I of the electrode protrusion 28, a is the
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electrode thickness and wj is the width of the electrode extension. Thus, the dimensions of

the electrode are dictated by both the component dimensions and material properties.

In one or more embodiments, the ionic and electronic conductivity are balanced by
using an active material having a high electronic conductivity. In one or more embodiments,
the electronic conductivity is tapered or graded so that the anode or cathode is in an
environment of excess lithium ion. This can be accomplished by altering the geometry of the
electrode so that the fraction (volume percent) of the active material (and optionally
conductive additive) is greater at the base (closest to the current collector) than near the
separator. By providing balanced electronic and ionic conductivities, the power density levels
can be optimized. An electrochemical device with a power density of greater than 300 W/kg

and an energy density of greater than 450 W-h/1 is achievable.

In one or more embodiments, the structures have a mating surface that is reticulated
with a surface area that is at least 1.25 or at least 1.5 times the theoretical surface area of a
smooth, non-reticulated structure, or the reticulated surface area is at least about 2.5 times, or
at least about 3 times, or at least 4 times, or at least about 5 times, or 6 or 12 times. The
theoretical surface area of a smooth, non-reticulated structure is understood to be the

projected area of the reticulated surface onto a plane.

In one or more embodiments, the reticulations have an aspect ratio that is at least
about 2, or at least about 2.5, or at least about 3.0, or at least 3.0, or at least about 4.0, or at
least about 5.0. The higher aspect ratio of the reticulations e.g., component dimensions, may

be used to achieve the conductivity balance discussed above.

In one or more embodiments, the protrusions and indentations are separated by an
average distance of less than about 100 microns. In one or more embodiments, the separation
distance is less than about 50 microns, or less than 25 microns, or less than about 10 microns,
or less than about 5 micron, or 2.5 micron or about 1 micron. In one or more embodiments,
the electrolyte spacing is less than 10 microns or less than one micron in at least one location

along the mated interface.

FIG. 3 illustrates an electrochemical device of the invention having interpenetrating

electrodes with multiple pathways to the current collector according to one or more
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embodiments of the present invention. The benefit of such a structure is a higher level of
reliability should one of the branches fail during cycling. Component 300 is a cathode storage
compound and is organized adjacent to current collector 310 to form the positive electrode;
component 320 is an anode storage compound and is organized adjacent to current collector
330 to form the negative electrode; and component 340 is an electrolyte. When component
340 is a solid electrolyte, it can also serve as a binder to immobilize the particle components
of the device. Components 300 and 320 are interpenetrating, that is, the networks are
continuous (the particles contact adjacent particles to form an electrically conductive
connection) and a portion of component 300 extends a distance into a region of the device
occupied by component 320. The interpenetrating nature of the two electrodes prevents

separation of the two electrodes, once assembled.

In one or more embodiments of the present invention, the interpenetrating network
forms a branched structure. The branching can be outwardly branching, as is shown by

multiple pathways 360, 365. The network can also have increased branching nearer the

| current collector as is shown by multiple pathways 370, 375. By increasing the number of

pathways an electron can take to the current collector, the cross-sectional area of the electrode
increases as well (so long as each branch has the same cross-sectional area). Increased cross-
sectional area (or increased pathways to the current collector) increases the current carrying
capacity of the electrode near the collector and increased reliability of the electrode. Thus, the
electrochemical device experiences an electronic conductance gradient, by which electron

carrying capacity increases as one approaches the current conductor.

Increased reliability of the electrode means that the cell would retain higher levels of
capacity during cycling and be safer than less reliable systems. For example, it is well known
that some cathode materials are susceptible to thermal runaway if overheated. Heat is
generated via ohmic dissipation during charging and discharging a battery. Batteries that
have increased cross-sectional area or increased pathways to the current collector will be less
likely to overheat during rapid charge and discharge because there will be less ohmic

dissipation.

In one or more embodiments, an interpenetrating network is formed by self

organization of particles in one, two or three dimensions, the particles having the appropriate
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mutually attractive and repulsive forces, as is discussed in detail below. Thus, according to
one or more embodiments of the present invention, a system having a first material, a second
material and a third material are selected in combination such that the first (cathode) material
exerts self-attractive forces, the third (anode) material exerts self-attractive forces, while the
first and third materials exert a mutually repelling force when the first and third materials are
separated by the second (electrolyte, electrolyte-solvent, or solvent-binder system) material.
At a sufficiently high volume fraction of such particles and in the absence of unwanted
coulombic or steric repulsion, percolative contact between like particles can occur. If the
particles are individually electronically conductive, a continuous electronically conducting
network results. The ability to organize particles of cathodic and anodic materials in such
small volumes imparts a complex structure to the components of the device and provides a
highly interpenetrating structure. This interpenetrating structure can vary widely in the extent
of segregation between the cathode and anode, in some instances having a dispersed network
where cathode and anode particles are intimately mixed while each forms a separate
interconnected network, and in other instances forming aggregates of multiple cathode or
anode particles, with the aggregates being substantially interconnected to others of the same
material. The aggregates can have a wide or narrow distribution in their size. The
interpenetrating structures can have many topologies or morphologies including being strut-
like, sponge-like or cellular, micellar, lamellar, isotropic or anisotropic in the arrangement of
the particles, and periodic or aperiodic in the size or spacing of the constituents of the
structure. The interpenetrating structures can comprise particles of equiaxed shape including
spheres or polyhedral shapes, or anisometric shapes including ellipsoids, oblate spheroids,

plates, rods, whiskers, or fibers.

In one or more embodiments, an electrode having multiple pathways to the current
collector is a three-dimensional structure that is porous, sponge-like or cellular, such as by
way of example, an open-celled or reticulated sponge or foam. A suspension or solution of
one electrode material is infused or absorbed into the open cell network of the porous sintered
electrode form. The electrode suspension coats the inner passageways of the sintered or open-
pored form and can be immobilized by removal of the carrier liquid. Short circuiting of the
system is avoided by coating the open-pored form with an electrolyte, for instance by dipping

in an electrolyte solution. The viscosity of the electrolyte solution is selected so that a thin
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coating remains on the interior surfaces of the porous electrode. The coating is sufficiently
thin that the passageways remain open and accessible to the electrode-containing solution.
The resultant structure is that of an interpenetrating network in which one phase is infused
into and around the continuous network of the other phase. This structure forms an
interpenetrating electrode of the device, and is characterized by having multiple conductive
pathways to a current collector of the device. This first structure can have a minimum cross-
section greater, for example, than 0.010 mm or greater than 0.1 mm, and is formed in various
shapes including continuous sheets, rectangular parallelepipeds, discs, rods, or cylinders. It
can be formed in more complex arbitrary shapes such as a box or tray having one or more
cavities. This first structure can be substantially uniform, or can be graded such that )the
cross-section of solid material or certain physical properties such as electrical conductivity
vary in the direction of a current collector attached to the structure. The complexity of the

porous structure in a sintered body or porous foam provides multiple pathways by which

electrons can travel to the current collector.

In one or more embodiments, the cathode is the porous form. The form can be a
sintered ceramic, which imparts rigidity and form to the electrode. Exemplary cathode
materials suitable for processing into a porous sintered form include lithium metal oxides,
such as lithium cobaltate or lithium magnesium cobaltate, a lithium manganese oxide, or a

lithium iron phosphate.

In one or more embodiments, the anode is the porous form. The form can be a porous
carbon such as a graphitic or glassy carbon foam, a porous sintered carbon, a mat of carbon
fibers, a two-dimensionally or three-dimensionally woven carbon fiber, or a web of
nanophase carbon or carbon nanorods, including fullerenic carbons and carbon nanotubes or

nanofibers.

The reticulating, interdigitated or interpenetrating feature of the electrodes allows the
two electrodes to approach one another very closely, while maintaining a large interfacial area
and decreasing the required volume of electrolyte. In one or more embodiments, the
spatially-averaged thickness of the layer of electrolyte or separator between positive and
negative electrodes is less than about 100 microns, or less than about 50 microns, or less than

about 25 microns, or less than about 10 microns, or less than 5 microns, or less than 2.5
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microns or about 1 micron. In one or more embodiments, the narrowest distance between the
two electrodes, such as for example, the distance d shown by arrow 350, is about 0.5-5
microns or no greater than 1 micron along at least one location of the interface. This distance
can be achieved at multiple locations along the interface. By achieving such short distances
between electrodes, the ion diffusion distance across the separator electrolyte is decreased and

the power density is increased.

In one or more embodiments, the reticulated, interdigitated or interpenetrating features
of the positive and negative electrode have a thickness, when averaged along the length of the
protrusion or indentations, that is less than about 100 microns, preferably less than about 50
microns, still preferably less than about 25 microns, and still preferably less than about 10
microns. Such designs can decrease the volume of the systems that would normally be
consumed by the separator, electrolyte, binder, conductive additive, and other inert
components that, in some embodiments, do not store lithium, and thereby increases the energy

density of the battery on a volume or weight basis.

Batteries of this new design have new design considerations to prevent short circuits
during cycling. Volume change of the active material typically results from ion transfer
during charge or discharge. Such changes vary according to the material but can range from
~0 to about 50% for Li-Ti-O spinel and Si, respectively. While volume change obviously
introduces strain into the device, which may degrade the device over time, it also has the
possible more immediate effect in these devices with such small dimensions between
elements of shorting the device. For batteries with interpenetrating electrodes the length
scale of the change in dimension should be less than the thickness of the electrolyte layer or
the electrolyte itself must be highly compliant. In rocking chair batteries using an
intercalation oxide as the cathode and graphite as the anode, in which ions move back and
forth between two intercalation materials. The volume of the cathode decreases while that of
the anode increases. In some embodiments, electrolyte layer thicknesses should be greater
than 2, 4, or 8 times the displacement. In designs that rely on networks based on particles,
then a convenient way to assure cyclability is to limit the size of the particles. For systems
with a one micron electrolyte layer thickness and a 2.5% linear displacement associated with

ion transport, a particle size (or network width) of at most 20, 10, or 5 microns may be used.
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According to one or more embodiments, a battery structure is provided wherein power
density is no longer limited by transport through the pore network of the electrode, but by
diffusion between particles. The increase in power density over prior art designs of such an
embodiment can be estimated from the characteristic lithium ion diffusion time for complete
charge or discharge, given by Dt o x?, where x is the ion diffusion length and D is the lithium
ion diffusion coefficient in the electrolyte phase. In a conventional battery design the
diffusion length is the electrode thickness multiplied by a tortuosity factor for the pore
network and is at least 100 um. Thus, the present invention, in one or more embodiments,
reduces the characteristic diffusion length to the interparticle separation, or renders lithium
diffusion in the storage compound the rate-limiting transport step. The diffusion length is
then a few microns or as little as several nanometers. The power density can increase by
more than a factor of 10 or more over current designs, typically having power density values

of 300 W/kg.

The prevailing focus of solid poiymer battery research has been to increase the
conductivity of the solid polymer electrolyte material. Although the present invention can
benefit from the use of higher conductivity electrolyte, it is not needed to realize the benefits
of the invention. Thus, in one embodiment, the present invention is directed to reducing the
lithium ion diffusion length to the interparticle scale. Because the conductance of the
electrolyte determines transport rates, by decreasing the characteristic lithium ion diffusion
length by a factor of >10, the present invention can provide power densities at least equivalent
to that of current laminated designs using liquid electrolytes, while using available solid
polymer electrolytes. Thus, the smaller dimensions of the device components reduce the
conductivity demands of the device. Electrolytes having ionic conductivities of less than 107
S/cm at room temperature may be used. In some embodiments, Electrolytes having ionic
conductivities of less than 10* S/cm at room temperature may be used. Use of such
electrolytes leads to safer, longer lasting cells because of the absence of flammable liquid
electrolytes, which can leak and often react with the highly reducing and oxidizing electrode
materials. Furthermore, such batteries offer a greater shape flexibility, as they may not

require heavy and expensive metal can packaging.
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In one or more embodiments of the present invention, increased interfacial area
between an electrode of a bipolar device and a separator or electrolyte is achieved using a
perforated electrode structure. As shown schematically in FIG. 4, the present invention
provides a system 400 having a perforated structure, such as an electrode 420 or 440, that has
a plurality of channels 450 defined therein. In one or more embodiments, the plurality of
channels is filled with electrolyte material. Such a structure can improve ionic diffusion by
minimizing diffusion tortuosity that is typical of prior art electrodes. Thus, the effective
diffusion length can be decreased. In one or more embodiments, perforated electrodes are
used as a composite cathode in lithium ion batteries. In one or more embodiments, the
present invention provides a thin film battery in a bulk form wherein the electrode is a dense
single phase material that has a plurality of channels filled with solid electrolyte 460. The
right side of FIG. 4 shows a cross-section along a-a of electrode 440. The cross-section
shows electrolyte 460 in the channels 450 of electrode 440. The channels can extend through
and across the electrode, from the front at interface 470 with electrolyte 460 of the separator
to the back near current collector 480. Channels 450 provide ionic communication between
the back of the electrolyte and the region near the back of an electrode. This alternate
transport path reduces the transport distance by removing tortuosity that an ionic species may
travel. At the same time, the cross-sectional area of electrode storage material in
communication with the current collector is increased in comparison to a network of particles
as in a conventional electrode. This is advantageous when electrode materials of low
electronic conductivity are used, since the electronic conductance through the electrode is
increased without the use of conductive additives such as carbon, that otherwise decrease the

volume fraction of storage material in the electrode.

Channels 450 can have a variety of cross-sectional shapes such as, but not limited to
circular, as shown in FIG. 4, rectangular or polygonal. The perforations may be each isolated
from the other, as in an example of cylindrical holes extending through the electrode, or may
be partially or completely interconnected to one anofher. Viewed in a direction normal to the
current collector or separator, the dimensions, cross-sectional shape, and cross-sectional area
of the perforations can vary widely, being selected to improve the transport characteristics of
the battery while minimizing the total volume of porosity. By way of example, for an

electrode storage material that has a low solid state lithium chemical diffusion coefficient, it is
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desirable to minimize the smallest lateral dimensions between perforations. For a liquid or
polymer electrolyte filling the porosity that has low lithium diffusion coefficient, it is
desirable to increase the cross-sectional area of the porosity compared to thét of the electrode.
And, for an electrode in which the transport of lithium across the electrode-electrolyte
interface is the slowest kinetic step, it is desirable to have perforations that increase the

interfacial area while not increasing the total pore volume.

In addition to producing a single layer cell or a stack such as illustrated in FIGS. 2-4
above, the same materials typically employed in planar designs can be used in a multilayer
cell having the reticulated structures of the invention, with the results that higher energy and
power densities can be achieved. By using the same component materials, but by modifying
the microstructural features of the components, the present invention provides systems or cells
with a wide range of properties, for example, improved energy and power densities. This
provides flexibility and can lead to a more efficient design, prototyping and manufacturing.
sequence, as well as providing a tailor able or customizable bipolar device. A bipolar device
having structures of reticulated, interdigitated or interpenetrating interface can be tailored for

the purposes of controlling and optimizing charge and discharge kinetics.

Thus, in one or more embodiments using the reticulated, interdigitated or
interpenetrating electrode structures described herein, an electrochemical device is provided
having electrodes for which electronic conductivity is higher at their base (i.e., near the
current collector) than at their tips. This is achieved using a structural grading of materials,
such as the reticulated, interdigitated or interpenetrating structures described above. It can
also be achieved using a compositional grading, where electroactive compounds of varying
conductivity are used and the composition is varied from the tip to the base. As is discussed

herein below, it is also accomplished by varying the porosity gradient of the electrode.

Having the above stated dimensions, this design also has improved power on a volume
or weight basis compared to batteries of conventional design, because the ion diffusion
distance can be decreased. In a conventional laminated battery design in which the
thicknesses of the positive and negative electrodes are approximately uniform, during
charging or discharging the ions must diffuse across the thickness of the electrodes. In a

conventional lithium ion device, the electrode thickness is typically about 100 to about 200
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micrometers. In most such systems the rate of transport of lithium ions across the electrode
thickness limits the power. The transport rate of electrons is believed to be much higher and
is not necessarily rate-limiting. In the present invention, when applied to a lithium ion
battery, the lithium ion diffusion distance can be decreased, from a value equal to the
electrode thickness to a valuelequal to the lateral dimensions of the reticulated, interdigitated

or interpenetrating features.

The present design can also provide a system wherein the charge or discharge
characteristics can be selectively tuned by altering the dimensions of the reticulated or
interpenetrating features. Microfabrication approaches such as those described below allow
these feature shapes and dimensions to be readily varied thus providing improved control over
system characteristics without relying on the type of material. This improves design,
prototyping, and manufacturing, compared to conventional energy storage systems where

materials formulations are typically empirically adjusted to achieve desired properties.

In one or more embodiments, an electrochemical device with a power density of
greater than 300, 600, 1200 W/kg and an energy density of greater than 450, 525, 600 W-h/l is
achievable. High energy and power density in the same device is achievable because the
length scale of the device components are much smaller, e.g., 100-fold smaller, than
conventional devices. For example, a device has been prepared having a stack width and
length of 32 mm by 48 mm, and a total battery thickness (cathode
collector/cathode/electrolyte/anode/anode collector) of less than 250 microns. A 23-layer
stacked battery was also prepared having an overall thickness of less than 6 mm. Using the
principles set out herein, surface forces are used to prevent electronic shorting in a system that
contains no separator, so that device components can be engineered on a smaller scale to

reduce ion transport distances.

Similarly, an electrochemical device having first and second electrodes separated from
one another by a solid state electrolyte, wherein the device has a total thickness of greater than
about 0.1 mm wherein the first and second electrodes form an interpenetrating network with a
power density of greater than 300 W/kg is achievable. High energy density is available in a
bulk battery form because the length scale of the device components is much smaller than

those of conventional devices. Because less of the device volume is required for electrolyte
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and other conductive additives, the fraction of active material in the device and, hence, the

energy density is greater.

In another aspect of the present invention, ion transport in a composite structure such
as an electrode is improved by adjusting the ionic conductance relative to the current
distribution in the structure. For an electrode of finite thickness the current carried by the
electrolyte phase in the electrode can decrease with depth. Such a phenomenon typically
indicates that the ionic conductance of the electrolyte phase near the region away from the
electrolyte separator may not be critical while a high ionic conductance near the electrolyte
separator is desired. Accordingly, in one embodiment, the present invention provides
improved transport rates by grading the porosity, or porosity density, of the electrode
structure. A high volume fraction of electrolyte near the interface, with the bulk electrolyte,
can improve ionic conductance in the region where ion current can be high, to improve rate
capability, while a higher fraction of the active material in the depth of the electrode allows

retention of a high energy density.

The present invention provides a variety of graded porosity arrangements including,
but not limited to, linear, concave up and concave down porosity gradients. An electrode, for
example, with a linear porosity gradient typically has a continuously, or at least a non-
discretely, varying porosity from one region to another region. For example, an electrode can
have a linearly varying porosity, filled with electrolyte, in one embodiment, so that a porosity
of 0.4 can be at the front of the electrode, near the electrolyte, and a porosity of 0.2 can be at
the back of the electrode, near the current collector. The back refers to the fegion of an
electrode that is in electronic communication with a current collector and the front refers to
the region of an electrode that is positioned adjacent the separator electrolyte. In other

embodiments, the electrode has a porosity that can have concave up or concave down profile.

The porosity can average from about 10% to about 70%. It is believed that if the
porosity is too high, above about 80%, then the framework may be structurally unstable; if the
porosity is too low, below about 10%, then there is only an incremental increase in power or
energy density. Accordingly, the average porosity is, preferably from about 20% to about
50%. In another embodiment, the average porosity is from about 30% to about 45%. In some

embodiments, the porosity gradient in an electrode, from the current collector toward the
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electrolyte or the other electrode, varies by at least about 10% from the average porosity,
preferably, at least about 20%, more preferably, at least about 30%. In other embodiments, at
any cross-section of an electrode perpendicular to a line connecting the center of mass of the
current collector and the center of mass of the other electrode, the porosity variation is
uniform to about +/-10%, preferably about +/-5%, more preferably, about +/-3%, and even

more preferably about +/-1%.

Thus, the system can have structures that have a porous network in a framework. The
porous network can be ionically interconnected so that ions can diffuse to the cavities
defining the porosity at any location within the porous structure. For example, a lithium jon
can diffuse from the bulk electrolyte to any ionically interconnected location in a porous

electrode.

The performance of a bipolar system of varying porosity was simulated using a typical
LiMnyO4 spinel cathode with a EC/DEC/LiPF electrolyte and either a MCMB carbon or
lithium anode schematically illustrated in FIG. 5A. The mesoporous carbon microbeads
(MCMB) carbon anode was used for evaluations of graded porosity eiectrodes. For
discharges, a spinel cathode was assumed with an initial lithium content of Lig 170sMny0;4.

The systems were simulated to be discharged to a cutoff of about 3.5 V. The cathode
thickness was assumed to be about 200 pm; the electrolyte thickness was assumed to be about
52 pm and the anode thickness was assumed to be about 100 pm. In the figures, various

gradients are shown for an average porosity of 0.3.

These graded porosity gradients used in the simulation are graphically illustrated in
FIG. 5B. InFIG. 5B, the average porosity is about 0.3 and each of the graded porosity
electrodes has a porosity of about 0.4 at the front of the electrode, which corresponded to an

electrolyte fraction of 0.4.

FIG. 6 is a graphical illustration of the normalized cumulative ionic resistance as a
function of electrode depth for each of the graded porosity electrodes shown in FIG. 5B.
Each of the graded porosity electrodes had a predicted lower cumulative ionic resistance than
a conventional electrode near the surface and throughout the electrode. FIG. 7 is a graphical
illustration of the normalized cumulative potential drop as a function of electrode depth for

each of the graded porosity electrodes shown in FIG. 5B. Each of the graded porosity
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electrodes has a lower potential drop than a conventional electrode near the surface as well as
throughout the electrode. FIGS. 6 and 7 show that the graded porosity electrode has better
ionic transport and potential properties that should translate to higher power and energy
densities. Such performance can be graphically illustrated in FIGS. 8 and 9, which show,
respectively, the specific energy relative to the current density and specific power, for a
variety of graded porosity electrodes. FIG. 9 shows that the systems with graded porosity
electrodes would supply more energy at a given power than a conventional electrode system.
Moreover, FIG. 10, which is a graphical illustration of the specific energy as a function of
porosity (electrolyte fraction at the electrode surface), shows that as the discharge current
increases, the optimum electrode grading shifts from a slight porosity to more severe
gradients at high current densities. It is believed that the shift follows from decreasing
electrode utilization with increasing current where lower ion transport properties at the back
of the electrode, especially for highly graded electrodes, inhibits utilization at low and
moderate discharge rates. FIG. 11, which is a graphical illustration of specific energy as a
function of discharge current density for systems with concave up, concave down and linearly
gradient porosity electrodes, shows that the graded porosity sysfems have higher specific
energy compared to a conventional, homogeneous electrode system, especially at the

intermediate discharge rate regime.

In accordance with another embodiment, the electrode has a porosity gradient, from
the current collector to the other electrode or the electrolyte, that has a slope that varies by
less than or no more than 5% at any location along the electrode, preferably, by less than or
no more than 10%, more preferably, by less than or no more than 15%. The change in slope

can be stepwise or smooth.

Many of the electrode structures described herein can be fabricated using self-
organization. The selection of materials that exert attracting and repelling forces on one
another produces self-organizing structures, specifically, self-organizing bipolar devices. The
size-scale of the self-organizing entities of the invention can range from a high molecular
weight molecule, e.g., MW > 1,000,000, up to the nanometer scale and beyond. Surface
forces can be used to self-organize a wide range of electrochemical devices described herein

including, for example, batteries, capacitors, electrochromics, fuel cells and hybrid devices.
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With the teachings provided herein with respect to organization of devices using dispersion-
forces, specifically applied to bipolar devices, in combination with the knowledge of those of

ordinary skill in the art, a broad variety of devices, device microstructure and techniques are

provided.

Herein, “repelling” or “repulsive” force is understood to means that the first and third
components can be prevented from making direct contact by an intervening or wetting layer
of at least molecular dimensions (greater than about 1 nm) of the second component.
Measurements of such forces can be made using an atomic force microscope (see for
example, “Direct Measurement of Repulsive van der Waals interactions using an Atomic
Force Microscope” Journal of Colloid and Interface Science, 180, 460-5, 1996. In such
measurements, one of the particles of the bilayer device is attached to the tip of an AFM. The
tip is then lowered towards a surface comprised of the other material in the bipolar device in
an appropriate medium. By measuring the relative displacement of the cantilevered AFM tip,
repulsive forces can be distinguished from attractive forces. This method can be used to

select materials to be used in bipolar devices.

The principles for using surface forces in the organization of bipolar devices is first

described.

Van der Waals (vdW) forces between molecules and condensed phases can be
composed of three contributions, a Keesom force due to interactions between oriented
permanent dipoles, a Debye force due to polarization induced in other molecules by a
permanent dipole, and a London dispersion force due to polarization induced in other
molecules by oscillations in the electron cloud of interatomic bonds. Of these, the London
dispersion force is the most universal since it does not require the existence of permanent
dipoles. In most systems, it is the dominant contribution to the vdW force. While dispersion
forces can be relatively weak and long-range, their impact is not negligible. Between two
plane-parallel surfaces of materials 1 and 3 separated by a uniform thickness L of material 2,

the vdW interaction energy and force as a function of separation can be given by:

A
E. =22
Al
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For two interacting spheres of materials 1 and 3 with radii R; and R; respectively, separated

by distance L, the interaction energy and force are, respectively,

E . =— A123R1R3
W 6L(R +R,)

Al23 R1R3 A123 R

- Fooee R =R =R
62[R +R) . T 2P (for &y =R, = R)

Faw =

An important parameter scaling the dispersion force is the Hamaker constant 4. For
symmetric combinations of materials the Hamaker constant 4;5; = 45, is always positive,
leading to an attractive dispersion force (Fygw < 0). For asymmetric combinations 123, the
dispersion force can be either attractive or repelling. The repelling case, where 423 <0 and
Fyaw > 0, is of special interest in this invention. The magnitude of the dispersion force can be
determined from careful measurements of surface forces such as atomic force microscopy
(AFM) or from various approximations using physical properties of the materials involved.
Recently, rigorous calculations of Hamaker constants using Lifshitz theory have become
possible due to measurements of the spectral optical properties of materials over a very wide
frequency range from the IR to deep UV. See, for example, “Full Spectral Calculation of
Non-Retarded Hamaker Constants for Ceramic Systems from Interband Transition Strengths,”
Solid State Ionics, 75, 13-33 (1994) and J. Am. Ceram. Soc., 83[9], 2117-46 (2000), which are
incorporated herein by reference. However, for most materials and especially low refractive

index materials (n < 2), the dominant interactions occur in the optical frequency range, and
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the Hamaker constant can be approximated to good accuracy using optical index and static

dielectric constant approximations, widely used form of which is:

E -E, |E;-E, +§_hve (1! —n3)(ns —ny)
E,+E, \Es+E, ) 82 (n] +n))"(n] +n))"*{(n] +m)"? +(n} +n])"*}

3
A.. =—=kT
123 4 (

The electronic frequency v, corresponds to the mean ionization frequency of the
materials present. Typically this is ve~ 3 x 10'*Hz. k is the Boltzmann’s constant and /4
Plank’s constant. The refractive indices in the visible range for mediums 1, 2, and 3 are »;,
ny, and n3, respectively. E,, E,, E; are the static relative dielectric constants. The first term
gives the zero frequency energy of the van der Waals interaction and includes the Keesom and
Debye dipolar contributions. For two non-polar media acting over a third medium, the first

term is not significant.

When the indices are ordered as n; > ny > n3, A 123 is negative. Thus, the sign and
magnitude of the Hamaker constant can be readily estimated from optical and dielectric data,

while more precise quantification, where necessary, is possible with full-spectral methods.

Repelling van der Waals interactions have been predicted, for example, in a system
with polytetrafluoroethylene (PTFE)-glycol-iron oxide. The existence of repelling van der
Waals forces has been demonstrated by, among others, van Oss et al. in Immunol. Comm.,
6(4), pp. 341-354 (1977), Immunol. Comm., 8(1), pp. 11-29 (1979), Separation Sci. Tech.
14(4), pp. 305-317 (1979), Colloids and Surfaces, 1, pp. 45-56 (1980) and Neumann et al. in
Colloid and Polymer Sci., 257, pp. 413-419 (1979). Also, negative Hamaker constants have

been implicated in the engulfmeflt of bacteria by human neutrophils (phagocytosis).

Antigen-antibody complexes bound solely by dispersion forces, or by a combination
of vdW and coulombic forces, can be dissociated by changing the sign of the Hamaker
constant, from positive to negative, by modifying the surface tension of the aqueous medium.
In the technique of hydrophobic chromatography, bound biopolymers can be eluted by
lowering the surface tension of the aqueous medium. This, it is believed, is the result of

changing the sign of the Hamaker constant.
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Applied to synthetic materials, two polymers can be rendered incompatible, causing
separation, if they are simultaneously immersed in a medium, which results in a mutually
repelling force, specifically, a repelling vdW. Negative Hamaker constants can also result in
the rejection of particles of dissimilar materials from a solidification front. Thus, according to
one or more embodiments of the present invention, a system comprises a first material, a
second material and a third material, each selected in combination such that the first material
exerts self-attractive forces, the third material exerts self-attractive forces, while the first and
third materials exert a mutually repelling force when the first and third materials are separated
by the second material. The relative forces of the system are generally predicted using the
refractive indices of the component materials. This simplified model is shown to be
applicable to the conductive materials of the invention, as is demonstrated in the examples
which follow. It is understood that this model may not be used in all cases and that in some
instances other more precise techniques for determining surface forces may be used. For

example, atomic force microscopy may be used to determine surface forces.

For example, for two dissimilar materials 1 and 3 separated by a medium 2, the vdW
interaction can be rendered repelling through the judicious selection of materials
(characterized by a negative Hamaker constant 4123). The vdW interaction between particles
of like material separated by any other medium is typically attractive. That is, the Hamaker
constant for a symmetric assembly of materials 41,1 or As,3 is positive. Therefore, particles 1
and 3 in FIG. 12 experience a vdW attraction to particles of their own kind, i.e., they can be

self-attractive.

At a sufficiently high volume fraction of such particles and in the absence of unwanted
coulombic or steric repulsion, percolative contact between like particles can occur. If the
particles are individually electronically conductive, a continuous electronically conducting
network results. For identically-sized non-interacting spheres packed in 3 dimensions,
percolation occurs at 16 volume percent packing as explained by Zallen in “The Physics of
Amorphous Materials,” J. Wiley & Sons, N.Y. (1983). In the presence of attractive vdW
forces, percolation is expected at lower volume fraction. Thus in battery systems, where the

volume fraction of each storage compound should be maximized for maximum energy
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density, a percolative network of materials 1 and 3 can form naturally wherein material 1 is

separated from material 3 by material 2.

A range of interpenetrating structures can be created using surface forces. For systems
in which 4;,3<0 and p3< p < p 1, a continuum of structures can be created from an initially
homogeneous mixture of materials 1, 2, and 3. If (i) the mixture is cured over relatively short
periods of time, (ii) the solids loading is relatively high, (iii) the viscosity of material 2 is
relatively high, or (iv) the density contrast is relatively low, then that magnitude of
segregation on the length scale of the thickness of the device is low. Conversely, if (i) the
mixture is cured over relatively long periods of time, (ii) the solids loading is relatively low,
(iii) the viscosity of material 2 is relatively low, or (iv) the density contrast is relatively high,
then that magnitude of segregation on the length scale of the thickness of the device can be
high. Highly interlocked lattices will tend to form in the former case and more segregated

branched structures will tend to form in the latter case.

According to one or more embodiments of the present invention, forces between
dissimilar materials can be used to create bipolar junctions. For example, dispersion forces,
such as London dispersion forces, can be used to produce various types of bipolar devices
including but not limited to electrochemical devices. In another embodiment, coulombic
forces can be used to effect rearrangement of components into a system comprising an
interpenetrating network of components. In still another embodiment, steric molecular forces
can be used to effect rearrangement of components into a system comprising an

interpenetrating network, i.e., percolating, of components.

According to one or more embodiments of the present invention, combinations with
repelling forces, including van der Waals, coulombic, steric, molecular and/or magnetic
forces, can be organized to create bipolar systems. Thus, in one embodiment, systems with
negative Hamaker constants, resulting in repelling surface force, can be selected to create
separation between cathode and anode particles in storage systems. The dissimilar materials
each be electronically conducting, by which it is meant that they have electronic
conductivities greater than about 10® S/cm. Simultaneously, aggregation of like particles of
cathode and anode due to attractive surface force (positive Hamaker constants) can create

percolating networks. Thus, the system is a self-organizing, co-continuous, interpenetrating
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microstructure in which an electrode is continuously “wired” to a current collector and
another electrode to another current collector, while the repelling dispersion force is used to
ensure electronic isolation of the two phases from one another. Exemplary devices include
writable microbatteries, spin-on flat batteries, printable thick-film batteries and bulk storage

batteries.

In another embodiment of the invention, the repulsive force between any two such
conductive materials allows the filling of space between them by a third material that can be
electronically insulating. In this manner, an electrical junction is produced, that can be the
basis of all manner of devices. A great number of electronic devices rely on the existence of a
resistive interfacial material between two conductive materials connected to the positive and
negative terminals of the device, including resistors, capacitors, and varistors. By way of
example of resistive devices that benefit from the invention, the capacitance per unit volume
or weight of a capacitor can be increased by increasing the interfacial area occupied by a
dielectric between two electrodes. The capacitance of an electrolytic capacitor is increased by
increasing the surface area of an electrode, while the rate of discharge is increased by
decreasing the spacing between the electrode surfaces. The breakdown voltage of a varistor
or rectifier is lowered by decreasing the number of interfaces presenting conduction barriers
between the two terminals, while the power capability of the device is improved by increasing
the net interfacial area. A varistor or rectifier having the structure of the invention is

improved in these characteristics.

Bipolar electronic devices include but are not limited to tunnel junctions, bipolar
electrical junctions such as those that form between dissimilar metals having a difference in
work function, p-n junctions, photoelectrical junctions, electrochemical junctions across
which the electrical and chemical potential of ionic species varies, or photoelectrochemical
junctions. Such junctions are used in electronic and magnetic devices, photodetectors, gas
and chemical sensors, electrochromic displays and windows, light harvesting devices
including solar cells, and energy harvesting and storage devices including fuel cells and
batteries. Rectifiers, diodes, light-emitting diodes, solar cells, and gas/chemical sensors
depend on the existence of p-n junctions, which are interfaces between two dissimilar

materials. For example, a p-n junction between p-type CuO and n-type ZnO results in a gas
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sensor because the resistance of the interface is altered when gases adsorb. It is frequently
desirable to increase the total area of the p-n junction to improve performance, such as the
sensitivity of the sensor or the output of the light-emitting diode. However, it is necessary to
maintain the two different phases at separate electrical potentials throughout. The above

described materials and structures allow this to be achieved.

As is discussed above, such interpenetrating microstructures impart real advantages to
the bipolar device. An interpenetrating electrode battery reduces the ion transport distance
between cathode and anode and can correspondingly increase the power density possible from
any given combination of storage materials. Furthermore, by reducing the amount of inert
components occupying valuable mass and volume, such as metal collector foils, polymer
separator, binders, conductive additives and excess electrolyte, the realizable energy density
of any system of active materials can be increased. In one particular embodiment, the present
invention can use solid polymer electrolytes, resulting in a solid-polymer battery usable at

room temperature and below.

In one or more embodiments, materials 1 and 3 can be formed as the cathode and
anode storage compounds. One or both can be a lithiated compound in order to provide a
lithium ion source for the operation of the battery. These components should also be selected
to provide a useful cell voltage and a high energy density (product of lithium storage capacity
and cell voltage). In the case where the cathode is initially lithiated and the anode is not (e.g.,
LiCoO; cathode and graphite anode, yielding average cell voltage of 3.6V), the battery is
typically self-organized in the discharged state. If the cathode is initially delithiated and the
anode is lithiated (e.g., V205 cathode and LiAl anode, yielding cell voltage of 2.5-3V), the
battery is typically assembled in the charged state.

Material 2 typically represents the electrolyte, which should be lithium-ion conducting
but electronically insulating. This may be a polymer binder system, which typically acts as
the microscale separator and into which an organic liquid electrolyte is subsequently
infiltrated to provide lithium conductivity, or it may be a solid-polymer electrolyte (SPE).
During processing and self-organization, the material 2 may be dissolved in a suitable solvent
that is subsequently evaporated, or it may be a thermoplastic polymer for which processing

and self-organization can be accomplished in the melt state. In cases where the material 2
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alone does not provide repulsion between materials 1 and 3, e.g. the refractive index of
material 2 is too low, a suitable high refractive index solvent for material 2 may be chosen to
provide the required repulsion. The refractive index of the solvent must be sufficiently high
that the solvent-material 2 solution produces repulsive forces between materials 1 and 3. As
the solvent is removed from the system, the average refractive index of the remaining solvent-
material 2 solution will decrease, eventually approaching that of the pure material 2. Thus the
solvent and drying conditions (e.g. rate, temperature, etc.) must be chosen such that the
particles are effectively immobilized in the network at the point at which the average
refractive index of the solvent-material 2 solution drops sufficiently to change the van der
Waals interaction from repulsive to attractive. Moreover, the drying should be uniform
through the device. Inhomogeneous drying leads to porosity, net mass transfer of 2 and other
heterogeneities that can result in poor performance. It has been found that use of open mesh
current collectors as the deposition surface promotes uniform drying, improves the structural
characteristics of the organized particles and provides a spatially more uniform layer. The
open mesh current collect is a lower stress interface for the organizing particles, which may

lead to the observed improvements in spatial particle distribution.

Materials 1 and 3 should also each make contact to their respective current collectors,
shown as electrodes in FIG. 12. Since both interpenetrating networks can be electronically
conductive, if either one makes contact to both current collectors, an internal short-circuit can
result. The two interpenetrating networks should therefore each contact only one current
collector. A number of possible methods can be utilized for achieving controlled segregation
of the two networks, one of which is differential rates of gravitational settling. The
interpenetrating network of the present invention can be seen in contrast to the structure
shown in FIG. 13, which shows a photomicrograph of a cross-section of a typical laminated
construction battery 130. The cathode and anode materials form a dense layers 132, 134

with very low surface area on current collectors 136, 138.

Materials 1, 2 and 3 should provide the necessary dispersion forces, 1.€., 4123 should be
negative, while 415; and 43,3 will be positive. The conductive compounds used as lithium

storage materials (primarily transition metal oxides, carbon, or metal alloys) tend to have
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higher refractive indices and dielectric constants than organic compounds useful as the

electrolyte or binder (material 2).

Thus. some otherwise desirable combinations of cathodes and anodes cannot achieve
negative 423 using the intrinsic materials properties. Accordingly, as schematically shown
FIG. 14, a coating can be applied to any of material 1 and 3 so that the combination results in
appropriate repelling forces. That is, a coating can be applied to any of materials 1 and 3 to
provide a negative Aj23. This is most typically achieved by altering the refractive index of the
particle by selecting a coating having a suitable index value. In one or more embodiments,

the coating is electronically percolating and ionically conductive.

The coating can be an organic polymer, an inorganic glassy or crystalline lcompound,
or a blend or admixture or composite or solid-solution of the two. The coating can also
provide electronic or ionic conductivity. By way of example, the coating can be a conductive
polymer or polymer blend that has dielectric and optical properties providing a negative 4;23.
Polyaniline, polypyrrole, and their derivatives can be a constituent of such blends. As another
example, the coating can be a glassy or crystalline oxide, or solid-solution or blend of oxides,
that provide electronic and ionic conductivity while also providing a negative 4123.
According to the invention, methods such as sol-gel synthesis, or encapsulation from
solutions and suspensions of such materials, are used to provide coatings. Vanadium oxides
VO, containing multivalent vanadium, and mixtures of vanadium oxide with low refractive
index oxides such as boron oxide B,0s, silicon oxide, SiO or SiO,, or phosphorus pentoxide

P,0s, are included amongst such coating materials.

Coating the storage particle permits a much wider range of storage materials to be
used without being restricted to only those that have the dielectric and refractive index
properties to provide Ajz3 < 0. Current collectors also may be coated, in this case to provide
an attractive surface force between the collector and its electrode so that the electrode

organizes preferably against its surface.

Applying the selection criteria described above, numerous combinations of materials
1, 2 and 3 can be selected, such combinations can, with the use of the teachings provided by
the invention can potentially be determined by those skilled in the art. Table 1 lists several

exemplary materials and combinations but is not exhaustive.
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Table 1. Dispersion-Force Organized Battery Systems

PCT/US02/23880

e  Polypropylene oxide

o  Methoxyethoxyethoxy
phosphazine (MEEP)

¢ Poly(imides)

e  Poly(amines)

e PEO or PVDF dissolved in a high
refractive index solvent such as
diiodomethane, 1,3-
diiodopropane, N,N-
dimethylformamide (DMF),
bromobenzene, cyclohexane, or
dimethylpropylene urea (DMPU),
the solvent being subsequently
evaporated and an organic liquid
electrolyte being infused.

System | Material 1 (Cathode) Material 2 (Separator/Electrolyte) Material 3 (Anode)
e LiCoO, ¢ Poly(ethylene oxide) (PEO or Mesocarbon microbeads (MCMB)or,
1 e Mg-doped LiCoO, PEG) an unlithiated metal anode, such as
e LiMn,0O, e poly(styrene) (PS) Sn, Zn, Al, or Si, in each case coated
e LiMnO, o  poly(acrylonitrile) (PAN) (each  |With:
e LiNiO, doped with a lithium salt for Li* POMA/PVDF or
conductivity) e  POTh/PVDF

Cathodes as in System 1,

e Same as in System |

e  Mesocarbon microbeads

2 coated with: (MCMB)
e an unlithiated metal anode, such
e POMA/PVDF as Sn, Zn, Al, or Si
e POTWPVDF
e PEDT/PTFE
e PEDT/PP
e PEDT/HDPE
¢ LiFePO, e Same as in System 1 e Mesocarbon microbeads
3 L leF 62(804)3 5 (MCNIB)
s VO * alithiated metal anode such as
o  V,04 Li, LiAl, Li;Al, LiZn, LiAg,
LiloAg;;, Li5B4, Li7B6, Li];Si7,
Liz]Sig, Li,;Si4, Li21Si5, Lissnz,
Li|3Sn5, Li7Sn2, Lizzsns, leSb,
Li3Sb, LIBI, or ngBl,
o LiFePO, e Li;OB,0;-Bi,05 glass e Mesocarbon microbeads
4 e LiFey(SOu)s, e Li;0-B,0;-PbO glass (MCMB)
e VO, o  alithiated metal anode such as
e V,0s Li, LiAl, Li;Al, LiZn, LiAg,

LijoAgs, LisB4, LizBg, Lij5Sis,
Liz[Sig, Li13Si4, LiuSis, Li5SI12,
Li13Sn5, Li7Sn2, Lizzsns, leSb,
Li;Sb, LiBi, or Li;Bi,




10

15

20

WO 03/012908

PCT/US02/23880

coated with:

vanadium oxide
hydrated vanadium
oxide

e vanadium oxide — PEO
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vanadium-boron-oxide
vanadium-silicon-oxide

¢  vanadium-phosphorus-
oxide
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System | Material 1 (Cathode) | Material 2 (Separator/Electrolyte) Material 3 (Anode)
5§ |Cathodesasin System 1, |e  Same as in System 1 Mesocarbon microbeads

(MCMB)
an unlithiated metal anode, such
as Sn, Zn, Al, or Si

That is, in some embodiments, cathode or anode can include, but are not limited to,
one or more of LiCoO,, Li(MgxCo;.x)O,, LiNiO,, LiMn;04, LiMnO,, Li(Al,Mn.,)O,
LiFePOs, LizFey(SO4)3, V20s, V6Oyy, C, amorphous carbon, graphite, mesocarbon microbeads
(MCMB), Li, LiAl, LigAl4, Li3Al, Zn, LiZn, Ag, LiAg, LijAgs, B, LisBs, Li;Bs, Ge, Si,
Li12Siy, Liz;Sig, Li3Sia, Liz Sis, Sn, LisSny, Lij3Sns, Li;Sny, LizSns, Sb, Li,Sb, LisSb, Bi,
LiBi, Li3Bi, SnO,, SnO, MnO, Mn,03;, MnO,, Mn;04, CoO, NiO, FeO, LiFe,0s, TiO,,

LiTi,04, or Sn-B-P-O compounds or glass.

In some embodiments, material 2 can include, but is not limited to, one or more of the

following, selected to provide a repelling interaction or to wet between materials 1 and 3,

organic materials such as poly(ethylene oxide) (PEO), poly(styrene) (PS), poly(acrylonitrile)
(PAN), poly(vinylidene fluoride) (PVDF), diiodomethane, 1,3-diiodopropane, N,N-
dimethylformamide (DMF), dimethylpropylene urea (DMPU), ethylene carbonate (EC),
diethylene carbonate (DEC), dimethyl carbonate (DMC), propylene carbonate (PC), block

copolymer lithium electrolytes, the preceding to be doped with a lithium salt such as LiClOy,
LiPFg, LiAsFs, LiHgls, LiCF3SO; and LiBF, to provide lithium ionic conductivity or

inorganic materials such as Lil, LiF, LiCl, Li;0-B;03-Bi;O3 compounds including glass,

Li,0-B,03-P205 compounds including glass, Li;0-B,03-PbO compounds including glass, a

sol or gel of the oxides or hydroxides of Ti, Zr, Pb, or Bi.

According to another embodiment, the separator/electrolyte can be an inorganic glassy

material selected to have sufficiently high refractive index to provide a repelling dispersion




10

15

20

25

WO 03/012908 PCT/US02/23880

-45-

force between the cathode and anode compounds, as well as sufficiently high lithium ionic

conductivity and low electronic conductivity to act as an electrolyte.

In those embodiments where a coating is used for materials 1 or 3, the coatings
include, but are not limited to blends of the electronically conductive polymers poly(o-
methoxyaniline) (POMA) or poly(3-octylthiophene) (POTh) with PVDF or PEO, or
polypyrrole, polyanilne and derivatives thereof, or glassy or crystalline oxides such as
vanadium oxides VOy containing multivalent vanadium, and mixtures of vanadium oxide with
low refractive index oxides such as boron oxide B,0s, silicon oxide, SiO or SiO,, or
phosphorus pentoxide P,Os. Methods for forming such coatings are well-known to those

skilled in the art of polymer chemistry, sol-gel chemistry, and colloid chemistry.

A coating can be used on the cathode storage compound or the anode storage
compound in order to obtain a repelling dispersion force between the two, using the
separator/electrolytes given. The separator/electrolyte material can be selected to give a
repelling dispersion force between the coated or uncoated cathode and anode storage

compounds.

In those embodiments where the current collector is coated to provide an attractive
surface for one of the materials 1 or 3 (but not the other), suitable coatings include an

electronically conductive material having the appropriate refractive index.

The high interface surface area and porous electrode devices of the present invention

can be made by a variety of methods.

1. Reticulating and interdigitated structures.

| Reticulating and interdigitated structures can be prepared using any suitable technique,
including but not limited to, sequential deposition of electrolyte particles, printing of the
cathode or anode followed by coating with a suitable electrolyte and/or counter electrode
material, embossing of a electrode layer, followed by coating with a suitable electrolyte

and/or counter electrode, and subtractive patterning followed by filling.

In sequential deposition and referring to FIGS. 15A-15D, a suspension 150 of fine
particles of a cathode material in solution with a binder and optionally other additives, such as

for example a conductive additive such as carbon, is deposited on a substrate 151 in a
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structured layer 152 using stenciling, screen printing, inkjet printing, thermal transfer printing,
patterned gravure coating, or lithographic methods, illustrated at 154. The microstructural
features of the cathode and the size and spacing of the features deposited by these methods is
referred to as the lateral resolution of the printed layer. A metal foil or fine mesh current
collector can be used as the substrate 151 or the structured layer may be first applied to an
intermediate transfer substrate. The binder and solvent system can provide a conductive layer
155 on the deposited cathode, in which cases the binder is a solid polymer electrolyte.
Alternatively, an electrolyte layer can be deposited in a separate step. An anode suspension
158 can be deposited in a manner similar to that used for the cathode to form anode 159. See;
FIG. 15C. A subsequent layer of anode suspension optionally is applied to form a continuous
upper layer to which a current collector 157 is applied. The resultant device 156 contains
mated or conformal electrodes with a thin electrolyte separator therebetween. Multiple

alternating deposition steps provide a laminate cell.

In printing and coating, a first electrode having a reticulated or interdigitated structure
is deposited as described above and as shown in FIGS, 15A and 15B by depositing a fine
particulate structure using stenciling, screen printing, inkjet printing, thermal transfer printing,
patterned gravure coating, or lithographic methods 154. A continuous film 155 of binder or
polymer electrolyte is deposited on the structure to form a physical separation between the
deposited electrode and the second electrode. The film can be formed by self-segregation
(wetting) of the binder solution to the free surface of the printed electrode. Optionally, the
surface film can be formed by coating with a liquid binder or electrolyte solution followed by
drying, or by vapor deposition techniques known to those skilled in the art of thin film

materials preparation.

A conformal coating of a liquid suspension can be applied to the formed structure to
create the counter electrode. The indentations of the latter fill in complementary fashion to the
structure of the first electrode, leaving a smooth and flat outer surface to which a current
collector 157 is subsequently applied. Multiple coatings may be used to achieve conformal
filling. The system can then be dried and optionally heated for consolidation. A current

collector can be applied to one or both surfaces to complete the system.
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In embossing and coating and referring to FIGS. 16A-16D, a first electrode layer 160
is obtained containing electrode material, binder and optional additives to form a thin film on
a substrate 161. This layer is formulated by methods known to those skilled in the art to have
theological characteristics appropriate for thick film processing, for example, by screen
printing, tape casting, web coating, and similar processes. The surface of the first layer is
then embossed with a die to leave a reticulated or other surface 162 with dimensions as
desired. Depending upon the formulation of the first layer, the embossing may be done on a
fully dried layer or while the layer is still in a ‘gelled’ state and then dried. A conformal
coating of a liquid suspension can be applied to the formed structure to create the counter
electrode 164. The indentations of the latter fill in complementary fashion to the structure of
the first electrode, leaving a smooth and flat outer surface to which a current collector is
subsequently applied. The assembly is dried and optionally heated for consolidation and a
current collector 165 is applied. A film 163 of binder or electrolyte is applied before or after

the embossing step, and before coating with the counter electrode formulation.

In subtractive patterning, a first layer of electrode is treated to remove material from
the layer and to thereby obtain a reticulated or otherwise structured surface. The first layer
can be deposited as described above for particulate materials. In other embodiments, the first
electrode layer can be a solid thin film and can be deposited by known techniques such as
sputtering, evaporation, or chemical vapor deposition. The layer of first electrode is
subtractively patterned, that is, material is removed, to form the reticulated or interdigitated
electrode topology of the invention, by lithographic masking followed by chemical or
reactive-ion etching, laser removal, or other such methods known in thick and thin film
materials processing. Upon the patterned first electrode is optionally deposited a film of
binder or electrolyte, followed by coating with the counter electrode so as to conformally fill

the pattern in the first electrode.

A further method for fabricating the structured surface makes use of ‘templates’,
which define the desired structure in terms of the complementary pattern. The templates are
often made by embossing the complementary structure into a softened plastic such as
Cellulose Acetate Butyrate (CAB). A template is used by coating the desired material, in this

case the electrode slurry, onto a continuous web containing the template. After drying the



10

15

20

25

WO 03/012908 PCT/US02/23880

-48-

electrode coating, the structure would typically be laminated to a current collector onto which
was coated a conductive adhesive. After lamination and peeling, the structured electrode is
removed from the template and then used in subsequent steps outlined above. The template is

then re-used, often as a moving belt on a manufacturing line.

A still further method for fabricating the structured surface makes use of a relatively
new process called micro stereolithography. In this process use is made of
photopolymerizable monomers into which an electrode particle can be dispersed. A
dispersion of this material can be applied by well known coating methods onto a moving web
and then the monomers can be polymerized by patterned exposure with radiation of a
wavelength consistent with absorption and reaction of an included initiator in the dispersion.
Unpolymerized dispersion can be removed and recycled. Monomers can be selected such that

upon polymerization they can function as a binder that is permeable to the electrolyte.

2. Graded porosity structures.

Graded porosity electrodes can be prepared using any suitable technique including, but

not limited to, differential sedimentation and sedimentation using a fugitive filler.

It is well-known to those skilled in the art of powder processing that the Stokes’
settling rate of particles in a fluid is a function of the size and shape of the particles, the
difference in density between the particle and the fluid within which it is settling, and the fluid
viscosity. For the same particle material, smaller particles tend to settle slower than larger
particles, and anisometric particles such as rods of large length to diameter ratio, or plates of
large width to thickness ratio, settle at a slower average rate than spheres or equiaxed particles
of identical volume. It is furthermore known that highly aspected particles tend to settle to a
lower packing density than equiaxed particles of the same material. Therefore a method for
introducing a porosity gradient into a layer of storage electrode fabricated from a powder

mixture or suspension is use a mixture of particle sizes and shapes.

A suspension of electroactive particles is formulated containing equiaxed particles and
platelet-shaped particles, with the particles sizes selected such that the equiaxed particles have
a higher Stokes’ settling velocity to allow differential sedimentation of the electroactive

particles. The powder is formulated with a binder (such as PVDF), a fine conductive additive
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(such as high surface area carbon) and a solvent to produce a castable suspension. The film is
cast, printed, or coated on a metal foil current collector or an insulating film, whereupon
differential sedimentation occurs under the force of gravity resulting in a higher packing
density of equiaxed particles in the portion of the electrode adjacent to the metal current
collector, and a lower packing density of anisometric particles away from the metal current
collector. This introduces a desired porosity gradient in the electrode. After drying, the
electrode is laminated with a separator and a counter electrode and infused with organic liquid

electrolyte to produce a battery cell. A graded porosity carbon anode is produced in like

manner.

In one or more embodiments, the electrode storage material is mixed in the suspension
with one or more additional solid materials, which upon heating are removed, thereby leaving
behind porosity. Therefore the solid material that is removed is a “fugitive” pore former. The
density, particle size and size distribution, and particle shape of the electrode storage material
and the fugitive pore former are selected to provide a differential Stokes’ settling rate giving
in the final product a more densely packed storage material adjacent to the current collector,

and less densely packed storage material adjacent to the separator.

In one or more embodiments, the fugitive pore former consists of particles of an
organic or inorganic compound with a melting point between about 0 °C and 800 °C. The
preparation of the suspension and the casting process are carried out below the melting point
of the compound. Subsequently, the cast, printed, or coated film is heated above the melting
point of the organic compound allowing it to be drained or evaporated from the porous

electrode, leaving a desired porosity gradient.

In one or more embodiments, the fugitive pore former consists of particles of an
organic or inorganic compound that reacts with oxygen or nitrogen gas to form volatile
gaseous species. The preparation of the suspension and the casting process are carried out at a
temperature or in an atmosphere in which the reaction does not occur. Subsequently, the cast,
printed, or coated film is heated in a reactive atmosphere to volatilize the pore former, leaving

a desired porosity gradient.

In another embodiment, thin layers with increasing levels of porosity are stacked on

top of each other in the direction of the separator.
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3. Interpenetrating structures.

a. Self-organization. The three components (anode, cathode, and electrolyte) possess
intrinsic characteristics such that in the appropriate thermophysical regime the anode and
cathode particles spontaneously wire themselves and the electrolyte occupies all positions
between the anode and cathode particles. Interpenetrating structures can be fabricated using

the principles of self-organization described herein

In one or more embodiments, the invention provides a construction whereby the
electrode materials, 1 and 3, can be suspended in a liquid 2 that comprises a binder or Li
electrolyte, or a solution of a binder or Li electrolyte in a suitable solvent (material 2). The
suspension 4is cast as a film 5 on a substrate 6 as schematically shown in FIG. 17. The liquid,
2, provides a repelling force between the two electrode materials, 1 and 3, but provides an
attractive force between particles of 1 alone and between particles of 3 alone. A continuous
percolating network of particles 1 and of particles 3 is obtained, but the two networks while
being interpenetrating do not make electronic contact to one another due to the presence of the
intervening material 2. This process of freezing the segregated structure is known as
“curing.” After drying, or solidification by cooling, of the intervening material 2, the
electrode materials 1 and 3 remain prevented from making electronic contact with one another
and when material 2 is a suitable Li electrolyte, or when the porous composite structure is

infused with a liquid electrolyte, a battery is obtained.

In another embodiment, two separate suspensions of material 1 and material 3 are
prepared. The suspensions can be deposited as two layers the particles are allowed to
interdiffuse. The system is quenched or dried after a defined period of particle interdiffusion,

which results in co-continuous, interpenetrating networks of material 1 and material 3.

In one embodiment of the invention, methods of segregating at least a portion of the
particles or materials comprising the interpenetrating networks for forming the different

electrodes or poles of a bipolar device is provided.

In another embodiment, the present invention is directed to a layered construction
whereby one electrode, material 1, is in the form of a continuous layer or film, onto which is

deposited a suspension 182 of the other electrode, material 3, in a liquid 184 containing
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material 2, thereby providing a repelling force between the two electrode materials as in FIG.
18. Here percolation of the particulate electrode is required, while negative 4,3 between the
particulate electrode and the solid film electrode provides electronic isolation. After drying,
or solidification by cooling, of the intervening material 2, the electrode materials 1 and 3 can
be prevented from making electronic contact with one another. A current collector 185 is
applied, and when material 2 is a suitable Li electrolyte, or when the porous composite
structure is infused with a liquid electrolyte, a battery is obtained. Altemaﬁvely, both
materials 1 and 3 may be continuous films and material 2 is deposited onto either material 1
or 3 before the other electrode material is joined to the layered structure, wherein the

repulsive force acts to separate the two films.

In other embodiments, in order to have current collectors make contact to each of the
two co-continuous, interpenetrating networks of electrode material separately, one of the

following fabrication methods can be used.

In one embodiment, the densities of materials 1, 2 and 3 are selected such that both
materials 1 and 3 float in material 2, or both sink in material 2. However, the rate of floating
or sinking of materials 1 and 3 are different, due to differences in density or particle size or
particle shape between materials 1 and 3. That is, the Stokes settling or floating rates of
materials 1 and 3 differ. This can result in segregation whereby one of the two materials can
be enriched on top with respect to the other and the other enriched on bottom. After drying,
or solidification by cooling, of the material 2, the excess of material 2 if present can be
removed from the top of the composite structure (if materials 1 and 3 have sunk) or from the
bottom of the composite structure (if materials 1 and 3 have floated). Current collectors can
be attached to or deposited on the top and bottom surfaces of the segregated layers, each

contacting essentially only one of the two electrode material networks.

In another embodiment, current collectors can be applied to the top and bottom
surfaces of the suspension of materials 1 and 3 in liquid material 2. The material used for the
top current collector can be selected so that it has an attractive force to only one of material 1
or material 3. The material used for the bottom current collector can be selected to have an
attractive force to the other. The current collector optionally may be coated with an

electronically conducting material that is attractive to the appropriate conductor material. As
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co-continuous, interpenetrating networks of materials 1 and 3 are formed, one network makes
contact to the top current collector and the other to the bottom. Segregation under
gravitational force as described above may be simultaneously present. In one embodiment,
the two current collectors can be continuous pieces or suspensions of materials 1 and 3
respectively, in which case the current collector made of material 1 contacts the continuous
network of material 1 and the current collector made of material 3 contacts the continuous
network of material 3. In another embodiment, the invention provides a construction whereby
the current collectors can be attached to the edges of a sheet of self-organized battery
material. The suspension described in above can be formed into a sheet on a supporting
material, which can be preferably electronically insulating. Within this sheet, co-continuous
interpenetrating networks of material 1 and material 3 subsequently form. The current
collectors described in above can be applied to the edges of the sheet. At one edge a current
collector thereby makes contact to one of the percolative networks, either material 1 or 3, but
not the other. At the other edge, a current collector makes contact to the other percolative

network.

Various methods are used to preferentially “wire” or electrically connect an electrode
network to a particular current collector. The anode and cathode networks should be wired to
only their respective current collectors after the self-organizing mixture is cured. One way of
achieving proper wiring uses surface forces on the anode and cathode particles for proper
positioning. The principles that allow the respective networks to form and yet repel each
other can be used to wire the networks to their respective current collectors. Each current
collector has a surface that will attract either the cathode or the anode and repel the other. For
example, if London dispersion forces are used, then one current collector can be coated with a
thin layer of a conductive low refractive index material, such as a conductive polymer blend,
which would attract a low refractive index active material (e.g., an appropriately encapsulated
LiCoO; particle) and repel a high refractive index active material (e.g., MCMB). The
opposing current collector would have a high refractive index (such as, e.g., pure Cu), which
would have the opposite effect. Because such surface forces are strong over relatively short
length scales (less than about a few microns for London dispersion forces in most systems),
the self-organizing mixture is preferably very well mixed such that the anode and cathode

particles are randomly and homogeneously distributed on a micron level length scale.
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Alternatively, fields such as gravity or magnetism may be used to wire the cathode and
anode networks to respective their current collectors with appropriate selection of materials.
In the case of gravity, materials can be selected such that a density contrast would result. For
example, the density of an anode such as MCMB would be less than that of a
solvent+electrolyte such as DIM+PEO+Li salt, which would be less than that of a cathode
such as LiCoQ,. In such a system the anode current collector would be above the cathode

current collector.

Alternatively, a layered approach can be used in conjunction with surface forces: In
this approach a thin (~10x the active particle diameter) coating of only the type of active
material appropriate for connection to a current collector is coated in its immediate proximity
sequentially. For example, a bottom current collector is deposited, then a layer of the
appropriate active material is deposited, followed by a layer of self-organizing mixture of the
nominal thickness of the cell layer, followed by a layer of the other active material, followed
by the other current collector, etc. Due to the high loading of the active materials (>~50%),

shorting will not result.

By casting such suspensions onto a current collector and depositing or laminating a
second current collector on the top surface, a completed battery results. This basic approach
can be extended to various fabrication methods and battery types, including, but not limited to
printable microbatteries (e.g., using direct-writing methods), spin-on thick film batteries,
screen-printed patterned batteries, tape-cast thick film batteries and continuously coated

laminates for bulk batteries.

b. Sequential assembly. In this approach, a first highly ‘open’ porous electrode, for
example, sintered LMCO, is fabricated with pore diameters much greater than the primary
particle size of the opposite electrode material. The interior pore space is then coated with a
precursor to an electrolyte, for example, a PEO and electrolyte salt solution. This coated
perform is then infiltrated with a mixture including the opposite electrode material, for
example, MCMB, and optionally a precursor to an electrolyte, for example, a PEO and

electrolyte salt solution.

This first porous electrode structure is formed partially or completely of a storage

electrode material by processes including but not limited to the pressing, aggregation, or
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sedimentation of particles or coated particles. The particles are optionally heat treated or
sintered to improve the strength and electrical conductivity of the porous structure. A
removable pore-forming material, or phase-separation or precipitation of the constituents of
the structure from a liquid or solid followed by removal of a pore forming material, can be
used to form the structure. Lamination of porous layers, layer-by-layer additive or subtractive
deposition methods such as lithographic patterning and selective etching or three-dimensional
printing of the material of the structure, or a combination of methods can be used to form the

structure.

Upon the surfaces of this first porous structure is formed an electronically insulating
layer that is conductive to the ionic species that are transported during the operation of the
electrochemical device. The electronically insulating layer is an organic or inorganic solid
electrolyte or is a separator that is subsequently infiltrated with a liquid or solid electrolyte to
provide ionic conductivity to the layer. The electronically insulating layer coats the internal
and external surfaces of the first structure, and is formed by methods including, but not
limited to, infiltration of the first structure with the insulator in a molten form, infiltration with
a liquid containing the constituents of the insulator, deposition of the insulator constituents
from a vapor phase such as by chemical or physical vapor deposition or plasma-enhanced
deposition, reaction of the material of the first structure with a vapor phase or a deposited
material to form the surface insulating layer, electrolytic or electrochemical deposition, or a
combination of such methods. The insulating layer is formed in one or in multiple process
steps. The structure has substantially open porosity after the insulating layer is formed on

internal surfaces of the first structure.

The open porosity in the insulator-coated first structure is then infiltrated with the
second electrode material, or a composite mixture containing the second storage material,
resulting in a second interpenetrating electrode that substantially occupies the pore space in
the first structure. The second interpenetrating electrode forms an electronically conductive
network, and is electronically isolated from the first electrode by an intervening electrolyte
layer. The second electrode material is infiltrated by several methods including as a melt, as a
vapor phase species, by electrolytic or electroless plating, as a liquid solution that

subsequently dries or is reacted to form the second electrode material, or as a suspension of
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the second electrode material in a liquid. In the instance of a suspension, the liquid in which
the second electrode material is dispersed is optionally a liquid or solid electrolyte, or contains
a binder or the constituents of an electrolyte in a solvent or contains a material that improves
the electronic conductivity of the second interpenetrating electrode, such as fine carbon or
metal particles, or the constituents of an electronically conductive polymer. After infiltration
by the second electrode material and the attachment of a second current collector to this

material, a device comprising interpenetrating electrodes is obtained.

Optionally, the first structure is infiltrated with a fluid comprising the second electrode
material, and a reaction of the first structure with the second electrode material or other

constituents of the fluid is used to form the electrolyte layer.

Optionally, the first structure is infiltrated with a suspension containing the second
electrode material and a repulsive force results between the two electrode materials causing
their electronic isolation from each other. A hybrid approach to fabricating interpenetrating
networks includes the use of an open porous electrode, which serves as the first material in a
self-organizing system. A suspension of the second electrode in an electrolyte is infiltrated
into the porous network (or the two step fabrication is used). The second electrode particles
(material 3) and electrolyte (material 3) are selected to exhibit the desired attractive and
repulsive forces of a self-organizing system. Thus, the electrolyte will preferentially coat the
walls of the porous electrode and the second electrode will preferentially accumulate in the
interior pore space. The repulsive properties of porous electrode and second electrode
particles will prevent the deposition of electrode particles on the walls of the porous form and

thereby avoid shorting of the system.

c. Layer by layer growth. In this approach, the battery is built one layer at a time
using a writing approach. In such an approach, individual particles of anode, cathode, and
electrolyte with a predetermined length, width and height are deposited onto an appropriate
substrate. Layers are built up sequentially until the overall thickness of the battery is
achieved. The functional requirements are: (i) The cathode particles must be interconnected
to the cathode current collector, (ii) The anode particles must be interconnected to the anode

current collector, and (iii) electrolyte must separate the anode network from the cathode
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network. Processes that may be used include ink jet printing, laser induced forward transfer,

and matrix assisted pulsed laser evaporation as well as photolithographic techniques.

The function and advantage of these and other embodiments of the present invention
will be more fully understood from the examples below. The following examples are
intended to illustrate the benefits of the present invention, but do not exemplify the full scope

of the invention.

Example 1. Lithium Battery Prepared by Sequential Deposition

A suspension is prepared of a fine powder lithium storage cathode such as LiCoO»,
LiNiO,, LiMnQO,, LiMn;04, LiFePQ4, V,0s, Li3Bi, Li3Sb, or other such cathodes well-known
to those skilled in the art in a solvent with a binder, optionally a conductive additive such as
carbon, and other additives well-known to impart characteristics to the suspension allowing it
to be deposited in thin layers using stenciling, screen printing, inkjet printing, or lithographic
methods selected to allow a lateral resolution to the printed layer that is within the desired
dimensional ranges. A separate suspension is similarly prepared of a fine powder lithium
storage anode such as carbon, Sn, Sb, Al, Zn, Ag, LiAl or other anode materials known to
those skilled in the art. The cathode suspension and anode suspension are deposited layer by
layer, providing a periodic or aperiodic reticulated or interdigitated structure as described
above and as shown in FIG. 2A-2D. Electronic contact or shorting between the cathode and
the anode is avoided by selecting the solvent and binder system such that a continuous
(wetting) surface layer of the binder forms upon drying, and/or by depositing the layers such
that, within the same layer, cathode patterns and anode patterns are adequately separated.
Optionally, a third suspension containing binder and no cathode or anode or conductive
additive can be deposited in a pattern at the interface of the cathode and anode patterns to

ensure electronic isolation of the two.

A metal foil or fine mesh current éollector made of, for example, aluminum or copper,
is used as the substrate upon which layers are deposited. Aluminum is used in one
embodiment when the cathode compound forms a first continuous layer and copper is used in
another embodiment when the anode forms a first continuous layer. After sequential
deposition is complete, and the assembly is dried and, optionally, heated for consolidation, a

second current collector can be applied to the surface of the layered battery. Optionally, the
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top current collector is formed by printing as a conductive ink using techniques such as those
used for forming patterned interconnects as those used by those skilled in the art of electronic
device fabrication. Optionally, the battery is deposited on an insulating film such as, but not
limited to, polyethylene or polyester such as MYLAR® film, available from the E.I. Dupont
de Nemours and Company (Wilmington, Delaware), from which the battery can be
subsequently removed and current collectors can be applied to form contacts with the anode

and cathode.

The binder is, for example, a solid polymer electrolyte. This obviates the need for
liquid electrolyte in the battery, and, in some instance, serves to bind the particles securely
together in the assembled device while allowing liquid electrolyte to be infused (flooded)
throughout the battery. An example of suitable solid polymer electrolyte includes, is not
limited to, (poly)ethylene oxide in which a lithium salt such as lithium perchlorate or lithium
triflate has been added. An example of a binder and liquid electrolyte that remains
dimensionally stable, i.c., the electrolyte does not dissolve the binder, is (poly)ethylene
ciiﬂuoride (PVDF) and ethylene carbonate-dimethy! carbonate (EC:DMC) in a 1:1 molar ratio
to which a lithium salt has been added.

Example 2: Battery Produced by Printing and Coating

A first electrode with a reticulated or interdigitated structure, either cathode or anode,
is prepared using the materials and methods of Example 1. At the free surface of the printed
structure, a continuous film of a binder or polymer electrolyte is formed. The film can form a
physical separator between anode and cathode. The film is formed by self-segregation
(wetting) of the binder solution to the free surface of the printed electrode. Optionally, the
surface film is formed by coating with a liquid binder or electrolyte solution followed by
drying, or by vapor deposition techniques known to those skilled in the art of thin film

materials preparation.

A conformal coating of a liquid suspension is applied to the formed structure to create
the counter electrode. The indentations of the latter fill in complementary fashion to the

structure of the first electrode, leaving a smooth and flat outer surface to which a current
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collector is subsequently applied. Multiple coatings are optionally used to achieve conformal
filling. The system is then dried and optionally heated for consolidation. A current collector

is applied to one or both surfaces to complete the system.

Example 3: Battery Produced by Embossing and Coating

A layer of a first electrode, either cathode or anode, formulated of the materials and by
the methods of Example 1, is cast or coated in a layer upon a metal foil current collector or an
insulating film. This layer is formulated by methods known to those skilled in the art to have
theological characteristics appropriate for thick film processing, for example, by screen
printing, tape casting, web coating, and similar processes. The surface of the first layer is
then embossed with a die to leave a reticulated surface with dimensions as desired. To this
shaped surface is applied a counter electrode by the conformal coating material and process
described in Example 2. The assembly is dried and optionally heated for consolidation and a
current collector is applied. A film of binder or electrolyte is applied before or after the

embossing step, and before coating with the counter electrode formulation.

Example 4: Subtractive Patterning Followed by Filling

A layer of a first electrode, either cathode or anode, formulated of the materials and by
the methods of Example 1 is cast or coated in a layer upon a metal foil current collector or an
insulating film. Optionally the electrode is cast or coated as a suspension upon a metal foil
current collector and fired to obtain a continuous solid film of the storage material, or
deposited as a solid film by a vapor deposition process known to those skilled in the art, such
as sputtering, evaporation, chemical vapor deposition. The layer of first electrode is
subtractively patterned, that is, material is removed, to form the reticulated or interdigitated
electrode topology of the invention, by lithographic masking followed by chemical or
reactive-ion etching, laser removal, or other such methods known in thick and thin film
materials processing. Upon the patterned first electrode is optionally deposited a film of
binder or electrolyte, followed by coating with the counter electrode so as to conformally fill

the pattern in the first electrode, by the method of Examples 2 and 3.
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Example 5: Graded Porosity Electrode Produced by Differential Sedimentation

It is well-known to those skilled in the art of powder processing that the Stokes’
settling rate of particles in a fluid is a function of the size and shape of the particles, the
difference in density between the particle and the fluid within which it is settling, and the fluid
viscosity. For the same particle material, smaller particles tend to settle slower than larger
particles, and anisometric particles such as rods of large length to diameter ratio, or plates of
large width to thickness ratio, settle at a slower average rate than spheres or equiaxed particles
of identical volume. It is furthermore known that highly aspected particles tend to settle to a
lower packing density than equiaxed particles of the same material. Therefore a method for
introducing a porosity gradient into a layer of storage electrode fabricated from a powder

mixture or suspension is use a mixture of particle sizes and shapes.

A suspension is made of a cathode oxide powder in which the powder contains a
distribution of particle sizes and shapes. Equiaxed particles are mixed with platelet-shaped
particles, with the particles sizes selected such that the equiaxed particles have a higher
Stokes’ settling velocity. The powder is formulated with a binder (such as PVDF), a fine
conductive additive (such as high surface area carbon) and a solvent to produce a castable
suspension. The suspension is formulated to allow differential sedimentation of the cathode
oxide particles within a few minutes to a few hours after casting a film from the suspension.
The film is cast, printed, or coated on a metal foil current collector or an insulating film,
whereupon différential sedimentation occurs under the force of gravity resulting in a higher
packing density of equiaxed particles in the portion of the electrode adjacent to the metal
current collector, and a lower packing density of anisometric particles away from the metal
current collector. This introduces a desired porosity gradient in the electrode. After drying,
the electrode is laminated with a separator and a counter electrode and infused with organic
liquid electrolyte to produce a battery cell. Optionally, a cathode oxide with high electronic

conductivity, such as LiMgg 05C00.9502, is used and no carbon additive is used.

A graded porosity carbon anode is produced in like manner, using carbon powder
selected to have a mixture of equiaxed particle shapes and anisometric particles shapes, as

well as differences in density that allow the Stokes’ settling rates to be adjusted. In one
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instance MCMB are used as the equiaxed carbon particle which settles more rapidly and
forms a more densely packed region adjacent to the current collector, and flake graphite with
platelet particle shape is used as the anisometric carbon particle which settles more slowly and
forms the lower packing density region adjacent to the separator. The porosity gradient is
adjusted by selecting the relative amounts of the particle forms and the size of the MCMB and

flake graphite particles.

Example 6: Graded Porosity Electrode Produced by Differential Sedimentation of a

Fugitive Filler

In this example, a suspension is used to form a cast, printed, or coated layer of
electrode as in Example 5. However, the electrode storage material is mixed in the
suspension with one or more additional solid materials, which upon heating are removed to
thereby leaving behind porosity. Therefore the solid material that is removed is a “fugitive”
pore former. The density, particle size and size distribution, and particle shape of the
electrode storage material and the fugitive pore former are selected to provide a differential
Stokes’ settling rate giving in the final product a more densely packed storage material

adjacent to the current collector, and less densely packed storage material adjacent to the

separator.

In one instance the storage material is an oxide cathode such as LiCoO,
LiMgg 05C00.9502, LiMnO,, or LiFePO,. The fugitive pore former is MCMB, selected to have
a particle size giving a slower Stokes’ settling rate than the cathode oxide. A suspension is
prepared containing these two solids as well as a solvent and optionally a binder, the specific
formulation being selected to allow differential sedimentation of the cathode oxide and
MCMB. The suspension is cast, printed, or coated on a metal current collector and fired in an
oxidizing ambient that pyrolyses the MCMB and sinters the cathode oxide to form a

connected layer. The sintered porous cathode layer contains a desired porosity gradient once

the MCMB has been removed.

In another instance, the fugitive pore former consists of particles of an organic or

inorganic compound with a melting point between about 0 °C and 800 °C. The preparation of
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the suspension and the casting process are carried out below the melting point of the
compound. Subsequently, the cast, printed, or coated film is heated above the melting point
of the organic compound allowing it to be drained or evaporated from the porous electrode,

leaving a desired porosity gradient.

In still another embodiment, the fugitive pore former is a solid with a high vapor
pressure, such as naphthalene or ice, and which is removed by sublimation rather than

melting, leaving a desired porosity gradient.

Example 7: Selection of Materials for Self-Organizing Bipolar Structure.
For the cathode, Mg-doped LiCoO; (5 mole % doping) can be chosen as a lithiated

compound due to its high electronic conductivity compared to undoped LiCoO,. This can
assist in achieving high electronic conductivity in the percolating network of cathode
particles. The anode can be MCMB (mesocarbon microbeads), a graphitic carbon developed
by Osaka Gas Company that is already in widespread use in commercial lithium ion batteries.
This material has spherical morphology and a size in the range of 2-25 pm allowing
sufficiently rapid Li ion diffusion for high discharge power density. Note that the Mg-
LiCoO,/MCMB system can be completely voltage-compatible with existing lithium ion

batteries and can be a direct replacement for current technology.

Table 1 lists solid polymer electrolytes that can be used as material 2. Each is known
to be a good lithium ionic conductor when appropriately doped with a lithium salt. For
example, 80 wt. % PEO/20 weight % LiClO4 or 80 wt. % PAN doped with 20 wt. % LiClO4
can be a suitable electrolyte. These polymers have refractive indices in the range »=1.46-1.54
(PEO), 1.52 (PAN) and 1.59 (PS). They can be processed as melts or dissolved in a suitable
high refractive index solvent, such as diiodomethane (# = 1.749), DMF (n = 1.427), or DMPU
(n=1.489). For either the neat polymer or the solvent-polymer solution, refractive indices in

the range n = 1.45 — 1.59 can be achievable for this medium.

The Mg-doped LiCoO; as well as the MCMB can be conductive solids with high
refractive indices. In order to obtain negative 4,3, one or the other can be coated with a

polymer of lower refractive index than the electrolyte, resulting in n; > n, > n3. This coating
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also has sufficient electronic conductivity to maintain percolation of the particle network.
Blends of the electronically conductive polymers poly(o-methoxyaniline) (POMA) or poly(3-
octylthiophene) (POTh) with PVDF (n = 1.42) are likely yield sufficient conductivity (~10
S/cm) at low volume fractions of the conductive component (~10%). At these volume ‘
fractions, a lower refractive index (#~1.42) than the SPE (n = 1.46-1.59) can be expected,

leading to negative A4;23.

In another example of an embodiment of the present invention, doped LiCoO, can be
used as the cathode, and it can be coated with the POMA/PVDF or POTh/PVDF blends to
provide negative 43 when used with the proposed electrolytes, which are the same as in
Example 1. The anode can be a pure unlithiated metal, which having high refractive index,
yields a large negative 41,3 and a strongly repelling dispersion force. This combination can
be especially suitable for the simplified printed battery configuration shown in FIG. 18, since

the metal anode can be deposited as a continuous film.

In another example of an embodiment of the present invention, unlithiated V,0s can
be used as the cathode in conjunction with a lithiated anode. Amongst transition metal oxides
used in battery systems, V,0s can be unusual in having a low refractive index, as low as
n=1.4. Used in conjunction with a lithiated anode such as LiAl or Li metal of high refractive
index and the SPEs listed in Table 1 with n = 1.45-1.59, negative 4,23 can be obtained. This
combination does not typically require coating of the particles. It can also be suitable for the
simplified printed battery configuration in FIG. 18, since Li and LiAl can be readily deposited
as thin films by evaporation. This battery system has a lower cell voltage (~2.5-3V) than
those produced according to Examples 1 and 2 (3.6V).

In another example of an embodiment of the present invention, uncoated LizFe,(SO4)3
can be used for the cathode due to its low refractive index (n ~ 1.55). 1,3-diiodopropane, with
a refractive index of 1.6391, can be used as material 2 and as a solvent for PEO, which serves
as the binder. Unlithiated Al foil can be used as the anode. The materials can be combined in
the following volumetric amounts and cast onto Al foil: Li;Fe;(SO4)3 9.78%, PEO (200,000
M.W.) 10.67% and 1,3-diiodopropane 79.54%. The layered structure can be then flooded

with liquid electrolyte. The Al foil serves as the anode current collector as well as the anode.
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Al foil can also be attached to the top surface of the cast layer to make contact with the

cathode, serving as the cathode current collector.

In another example of an embodiment of the present invention, uncoated Li,Fe;(SO4)3
can be used for the cathode due to its low refractive index (n ~ 1.55). 1,3-diiodomethane,
with a refractive index of 1.749, can be used as material 2 and as a solvent for PEO, which
serves as the binder. Fine Sn powder can be used as the anode. The materials can be
combined and cast onto Cu foil. After allowing the Sn to sink partially and the Li;Fe(SOq4)3
to partially float, effecting a partial segregation leaving interpenetrating networks of the two,
the diiodomethane can be evaporated. The layered structure can be then flooded with liquid
electrolyte. The Cu foil serves as the anode current collector. Al foil can also be attached to
the top surface of the cast layer to make contact with the cathode, serving as the cathode

current collector.

Example 8: Electrical and Electrochemical Junctions Formed Between Conductive

Solids Using Repulsive Forces Between Surfaces

In this example, an electronically conductive polymer blend is material 1, a solvent-
polymer mixture is material 2, and graphitic carbon is material 3. The materials are selected
so that the Hamaker constant Aj,3 is negative, resulting in a repulsive force between the
electronically conductive solids 1 and 3. Material 1 is a blend containing 10wt% of the
conductive polymer poly(o-methoxyaniline) (POMA) and 90wt% of the insulating polymer
poly(vinylidene fluoride) (PVDF). This blend is prepared to be electronically conductive
while having a low refractive index. Material two is a solution of diiodomethane (DIM) and
polyethylene oxide (PEO) that together has an intermediate refractive index. Material 3 is
MCMB graphite, which has a high refractive index. A printed battery configuration such as
that shown in FIG. 18 is prepared. |

Poly(o-methoxyaniline) (POMA) is rendered electronically conductive upon addition
of an acid such as hydrochloric acid (HCI), trifluoroacetic acid (TFA), or toluene sulfonic acid
(TSA). 90wt% poly(vinylidene fluoride) (PVDF) is mixed with 10wt% POMA. The low

POMA fraction allows for suitable electronic conductivity while benefiting from the good
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mechanical properties of PVDF. Stock solutions of PVDF and TFA doped POMA in DMF
are first prepared. PVDF of 534,000 molecular weight is dissolved in DMF to a concentration
of 0.0989 g/ml by stirring at 70° C for approximately 20 minutes. A stock solution containing
0.0171 g/ml of POMA in DMF, and 9 vol % TFA, is prepared by first dissolving POMA
emeraldine base in DMF at 70° C, then adding the TFA. Using these stock solutions, a
mixture yielding 10 wt% POMA/ 90 wt% PVDF in the final dried film is prepared. Films
cast on glass from this solution and dried under vacuum for 12 h at room temperature are
removed to form free-standing conductive films. The conductivity of the films is measured to
be about 10 S/cm. PVDF has a tabulated optical refractive index of 1.42. Ellipsometry
measurement of the conductive film at a wavelength of 633 nm shows that it has a refractive

index of n; = 1.46.

Suspensions of MCMB (25 micrometer average particle size) dispersed ina solution
of DIM and PEO (200,000 molecular weight) are prepared. The PEO constitutes 10 vol% of
the total volume of polymer and solvent. The suspensions are cast onto glass using a 254 pm
thick stencil. Immediately afterwards, while the suspensions are still wet, sheets of the dry
conductive polymer blend are placed across the top surface of the suspension. The samples
are then dried under vacuum at room temperature for 12 hrs. The thickness of the
POMA/PVDF blend is 15-30 pm thick and the thickness of the MCMB/PEO layer is
approximately 100 pm thick when dry.

Because the density of MCMB is less than that of DIM, the MCMB particles tend to
float towards the conductive polymer. There, they are expected to make a good electrical
connection with the polymer. However, the refractive index of diiodomethane is np = 1.7411
and that of MCMB is n3 = 2.5. Thus, n; <n; <ns, and a negative Hamaker constant A,3<0 is
expected, leading to a repulsive interaction between Materials 1 and 3. Upon removal of the
DIM by drying, insulating PEO remains behind, electronically isolating the conductive

polymer and the MCMB from one another.

Electrical measurements shows that this occurrs. Across the dried MCMB/PEO films
alone, two-point resistances of 60 kQ2 are measured for probe spacings of 3-4 mm, and 360
kQ for probe spacing of 2 cm. Across the POMA/PVDF film alone, two-point resistances of

0.5 MQ are measured for probes 3-4 mm apart, and 1 MQ resistance for probes ~1.5 cm
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apart. However, two point measurements between the conductive polymer film and the
MCMB/PEO film show much higher resistances. For the samples using 60Vol% MCMB and
40V0l% PEO in the suspension, a minimum resistance between the two layers of 1.2 MQ is
measured. When 40V0l1% MCMB and 60Vol% PEO are used, the resistance between the two
layers is about 2 MQ. Thus, there is an additional interface resistance of 0.7 MQ to 1.5 MQ
between the two conductive layers that would not be present if the two layers were
electronically shorted. Five samples of each of the MCMB/PEO ratios are prepared, and

similar results observed in each instance.

This example shows that electronic isolation between two electronically conductive
solids occurs in a system designed to have repulsive dispersion force between the two solids.
In this example, not only are the POMA/PVDF and MCMB each electronically conductive,
each is also known to be capable of electrochemical charge storage when an electrolyte
containing a lithium salt is present. POMA and the related compound polyaniline are known
to be usable as positive storage electrodes, while MCMB graphite is a well-known negative
electrode material for lithium batteries. Thus, the junction that is here demonstrated is not

only an electrical junction, but is also an electrochemical junction.

Example 9: Preparation of a Self-Organized an Interpenetrating Electrochemical

Device.
The device includes the following components.

Cathode Current Collector: Al

Cathode CC Coating: 10% PEDT (30 nm) with 90% PTFE powder
Cathode: LMCO (3% MgO) (density of ~5 g/cc)
Encapsulant: 10% PEDT (30 nm) with 90% PTFE powder
Anode: 6 micron MCMB (density of 2.1 g/cc)
Anode Current Collector: Cu

Electrolyte: PEO + LiCl104

Solvent: DIM+AN
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Coated Cathode Current Collector. An aluminum (Al) disk is coated with a
conductive polymer blend of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDT-PSS) and polytetrafluoroethylene (PTFE) to function as the cathode current collector.
The coating has a refractive index that renders the cdating attractive to the cathode material,

lithium magnesium cobaltate, and repulsive to the carbon anode (MCMB).

A coating solution consisting of 10wt% PEDT-PSS available under the trade name
Baytron P from Bayer Corp (one part (poly(ethylene dioxythiophene) and 2 parts poly(styrene
sulphonic acid)), 86.6 wt% Teflon from DuPont (Grade MP1100; narrow particle size
distribution — 1.5 to 4 microns) and 3.3 wt% of a non ionic, fluorinated surfactant, DuPont
Zonyl FSN, a perfluoroalkyl ethoxylated surfactant, the balance water, is prepared. 1.45
grams of a 1.3wt% PEDT-PSS dispersion is placed in a glass vial with a magnetic stirrer bar.
With agitation, 0.611 grams of water is added. After this dilution, 126 microliters of Swt%
Zonyl FSN is added followed by 145 microliters of N-methyl-2-pyrrolidinone. Finally, 0.163
grams of Teflon MP1100 powder was added and this mixture is either agitated for at least 1
hour, or, preferably, sonified for 5 minutes. The resulting dispersion is calculated to be 7.54

wt% solids.

Aluminum disks are prepared by taking extra heavy duty Reynolds aluminum and
punching out disks of 9/16inch diameter. Each disk is flattened smooth and then rinsed in
acetone for 2 minutes followed by ethanol for 2 minutes and then dried. Each disk is then
mounted on a glass plate using low tack adhesive and the dull side of the disk is coated with .
the coating dispersion by applying 50 microliters of the fluid just described. The disks are
dried at 75C for 40 minutes and then 150 C for 1 hour. The dried coating thickness was 20
microns. The through conductivity is measured to be 5 ohms (for a contact diameter of 0.25

inches). This corresponds to a volumetric conductivity of 1.26 x 103 S/cm.

Coated cathode material. The cathode material is lithium magnesium cobaltate
(LCMO), which can be synthesized according to “Electronic Conductivity of LiCoO, and its
Enhancement by Magnesium Doping” Journal Electrochem Soc, 144, 9, 3164, 1997. LCMO
has a density of about 5 g/cc and a mean grains size of about 4 microns. As discussed herein,
properties such as density are factors meaningful to the gravitational settling of the particles

during self-organization. Grain size is a factor for device stability since the volume change in
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the particle should not be greater than the device dimension or else short-circuiting may

occur.

LMCO is encapsulated with a mixture of 90% by weight PTFE and 10% by weight
poly(3,4 ethylene dioxythiophene)-polystyrene (PEDT-PSS) by the spray-drying process.
5 LCMO is coated to provide a conductive coating of about 5 S/cm at a thickness of about 35

nm. This represents a volumetric particle loading of about 5%.

An amount of 1.3 wt% aqueous dispersion of PEDT-PSS, (PS ~30 nm, Baytron-PH, H

C Starck) is mixed with an aqueous dispersion of PTFE (PS 0.05 — 0.35 micron, Zonyl PTFE
K-20, DuPont), which has been freed from surfactant by exhaustive dialysis against pure

10  water. A minimum amount of non-ionic, perfluronated surfactant is then added to aid final
dispersion stability. PEDT-PSS/PTFE mixture is prepared such that the ratio of solids PEDT-
PSS:PTFE was 1:9. The volume of LMCO powder to be added to this mixture is calculated
such that the volume ratio of LMCO:(PEDT-PSS+PTFE) is 95:5. A volume of water equal to
the calculated volume of LMCO is added to the PEDT-PSS/PTFE mixture to dilute it, then

15 LMCO is added under high shear mixing to produce a well dispersed mixture. This mixture
then has a solids loading of about 50% by volume, and mass ratios of LMCO:PTFE:PEDT-
PSS 0f 95:4.5:0.5.

An example of a recipe according to the above process is given below:

mass mass volume
density wt% mass active water active

PEDT-
PSS 1.1 0.013 1 0.013 0.987 0.011818182
Teflon

ingredient latex 22 0.6 0.195 0.117 0.078 0.053181818
LMCO 5.2 0.5 32.11 32.11 0 6.175
water 1 1 6 6 6 6

20  This mixture is then spray dried to form LMCO particles encapsulated with PEDT-
PSS/PTFE.

Alternatively, LMCO may be encapsulated with a mixture of 90% by weight PTFE
and 10% by weight poly(3,4 ethylene dioxythiophene)-polystyrenesulfonate (“PEDOT-PSS”)
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by a mechanofusion process. LMCO, water, PEDOT-PSS, and PTFE latex were mixed as
above, and the mixture was subjected to the mechanofusion process. The materials are subject
to a centrifugal force in the apparatus and are pressed against the inside wall of the unit. The
particles are then trapped between the wall and a rotating “inner head” and the shearing force
they experience in this gap causes them to fuse together. The partially fused (coated) particles
are constantly recycled to obtain uniform surface coverage. This process encourages the
formation of encapsulated LMCO particles having a more uniform aspect ratio as the shearing
force also smoothes the finished particles.

Self organization slurry preparation. The electrolyte is a solid polymer electrolyte
including polyethylene oxide (PEO) and lithium perchlorate (LiClOs4). In order to promote
self organization, the electrolyte is dissolved in solution to which the solid electrode

components were added.

Poly(ethylene oxide) (PEO, 1 g), such as Polyox® WSR N80, Dow Chemical Co.,
having a molecular weight 200,000, is dissolved in 10 ml of acetonitrile by stirring and
heating in a closed container for 1 hour at 50°C. Next, 0.15 g of anhydrous lithium
perchlorate is added to the solution (Li:O ratio 1:16) and stirred until the salt is completely
dissolved; then 10 ml of diiodomethane was added. The PEO-Li salt complex solution is used
to prepare the casting slurry by adding a predetermined amount of positive and negative

active materials.

Mesocarbon microbeads (MCMB) with a mean grain size of ~5 microns and the
encapsulated LMCO are mixed into the dissolved electrolyte in an anode to cathode capacity
ratio of 1.05. The solids loading of the dried mixture is ~70%. MCMB is combined with the
electrolyte solution and magnetically stirred at ~ 70° C. As soon as the MCMB is completely
wet, the encapsulated cathode is added. The mixture is magnetically stirred until well mixed

at~70° C.

Self organization of electrochemical device. The mixture is used to prepare a high
surface area interface battery. The heated self-organizing slurry is fed into a hopper of a
stencil printer. Individual battery sections are printed into stencils with the following
dimensions: the final battery stack width and length (e.g., 32 mm by 48 mm) and a thickness

of 0.1 mm. The slurry is cast on the coated cathode current collector, such as the PEDT-
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PSS/PEFT-coated collector described above. An open mesh anode current collector is placed
on top of the stencil. After vacuum curing, the energy density of the resulting symmetric cell
is expected to be about 600 Wh/l. 23 sections are stacked with a thin MYLAR® layer placed
between each one such that the total battery thickness is 2.4 mm. The energy density of the
resulting symmetric cell is expected to be about 575 Wh/l.

Alternatively, 14 individual sections are stacked such that alternating sections are
flipped such that (i) the cathode and anode current collectors of adjacent sections are in
contact with each other and (ii) the total battery thickness is 3.5 mm. The energy density of
the resulting symmetric cell is expected to be about 600 Wh/1.

Example 10: Lavered Electrochemical Cell Formed Between Conductive Solids

Using Repulsive Dispersion Forces Between Surfaces

In this Example, it is shown that two conductive solids that are respectively the
positive and negative electrode materials of an electrochemical cell, and which would
normally exhibit an attractive dispersion force interaction with one another, are electronically
isolated from each other by coating one end member solid with a low refractive index,
conductive film so as to introduce a repulsive dispersion force. The resulting structure is

shown to be an electrochemical cell.

Silver metal, which is known to be capable of alloying with lithium to the composition
AgLi, is used as the negative electrode material. The lithium storage cathode material
LiMgg.05C00.9502 (LMCO) is used as the other conductive end member solid. Diiodomethane
is used as the intervening fluid, into which PEO is dissolved. Due to the fact that both the
silver and the LMCO have greater refractive index than the intervening fluid, an attractive
dispersion force (A23>0) is expected. The silver is therefore coated with a low refractive
index, conductive polymer blend, in order to introduce a repulsive dispersion force. This

results in the electronic isolation of the silver and the LMCO.

A blend of the electronically conductive and electrochemically active POMA and
insulating polyacrylonitrile (PAN) was prepared. PAN is a reasonably good solid polymer

electrolyte when doped with LiClOq4, having a conductivity value of about 5 x 10 S/cm at
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room temperature. Thus, this blend meets the requirements of a low refractive index,
electronic and ionic conductor when used as a coating. It is also be a positive electrode
material, as it contains electrochemically active POMA. A POMA stock solution is prepared
as described in Example 8. A PAN stock solution having a concentration 0.0989 g/ml in
DMF is also prepared. LiClO4 is added to the PAN stock solution at a concentration equal to
20 wt% of the PAN. The POMA and PAN/LiClOj, stock solutions are mixed in a ratio giving
a dried film composition of 10 wt% POMA and 90 wt% PAN. This solution is used to coat
silver metal foil substrates. The coated substrates are dried under vacuum at room
temperature for 12 hrs and transferred to an argon filled glovebox. A suspension of

LiMg.0sC00.9502 (LMCO) powder in a PEO/DIM solution, in which the PEO constitutes 10

- vol % of the volume of polymer and solvent, is prepared by heating at 50° C while stirring.

This LMCO/PEO/DIM slurry is cast onto the silver substrates coated with the POMA/PAN
film. The LMCO, being denser than the DIM, settles under the force of gravity towards the
POMA/PAN film. The layered assembly is dried under vacuum at room temperature for 12
hrs.

Separate samples of the LMCO/PEO/DIM slurry are cast onto glass and dried at room
temperature for 12 hrs. under vacuum in order to perform conductivity measurements. For
two probes placed 3-4 mm apart across a dried LMCO/PEO film of 100 um thickness, 1-2
MQ of resistance is observed. For the POMA/PAN coated silver foil, the two-point resistance
measured across the thickness of the POMA/PAN layer to the Ag foil is approximately 1 MQ.
However, after the LMCO/PEO layer is cast onto the Ag foil coated with the POMA/PAN
conductive blend and dried, the two-point resistance measured through all three layers is
greater than 5 MQ. This demonstrates that electrical isolation of the two conductive films,
POMA/PAN and LMCO, was accomplished in the presence of an intervening fluid, DIM
containing PEO, which has an intermediate refractive index between that of the POMA/PAN
and the LMCO. An additional interfacial resistance of approximately 4 MQ is introduced
between the two conductive materials.

The sample is then placed in a stainless steel electrochemical cell and flooded with a

liquid electrolyte consisting of a 1:1 volume ratio of ethylene carbonate (EC) to diethylene

carbonate (DEC) and doped with a IM concentration of LiPFs. An open circuit voltage of
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0.72V is observed between the negative and positive terminals of the cell, showing that an

electrochemical cell has been produced by the methods of this invention.

Example 11: Layered Electrochemical Cell Formed Using Repulsive Dispersion

Forces Between a Cathode Storage Material and a Coated Anode Storage Material

In this Example, the conductive POMA/PVDF coating of Example 8 was used to coat
a silver negative electrode as in Example 11. A suspension of LMCO in DIM containing
polystyrene (PS) as a binder was then cast upon the coated silver electrode. The resulting
electrochemical cell is shown to have the electrochemical characteristics of a lithium ion

battery.

The POMA/PVDF blend is prepared as in Example 8 and cast on Ag foil discs of 3/8
inch (0.95 cm) diameter and 100 pum thickness. After drying, a suspension of LMCO powder
and PS in DIM is prepared, in which the ratio of LMCO to PS is 50 vol% LMCO and 50
vol% PS. The PS is dissolved into the DIM by heating to 70° C and stirring. The PS has a
molecular weight of 50,000, and is 10 vol% of the total volume of PS and DIM. After the
LMCO suspension is cast onto the coated silver substrates, the layered assembly is dried
under vacuum at room temperature for 12 hrs. The samples are then placed then placed in a
stainless steel electrochemical cell and flooded with a liquid electrolyte consisting of a 1:1
volume ratio of ethylene carbonate (EC) to diethylene carbonate (DEC) and doped with a 1M

concentration of LiPF.

Three such cells show an open circuit voltage of about 100 mV upon assembly,
showing that an electrochemical cell has been fabricated. Figure 19 shows the voltage vs.
capacity curve measured on one cell, at a charging rate of 10mA/g. The capacity and the
charging rate are calculated from the constant current supplied to the cell relative to the mass
of LMCO present in the cell. The charging curve shows a slightly sloping voltage plateau
from 2.7V to 3.6V. The thermodynamic voltage for removal of Li* from LMCO and insertion
in silver is 3.3 volts. Thus the observed voltage of this cell is consistent with the expected
voltage. Note that while polyaniline and POMA are known to be electrochemically active as

the positive electrode in a lithium cell, in this instance, the POMA/PVDF coating is applied to
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the negative electrode, silver, and is therefore ruled out as the electrochemically active

species.

Thus, this example shows that an electrochemical cell can be produced that exhibits

the charging characteristics of a lithium storage battery.

Example 12: Self-Organized Electrochemical Cell Formed Using Repulsive

Dispersion Forces Between Lithium Iron Phosphate and MCMB

In this example, it is shown that a lithium iron phosphate cathode and an MCMB
graphite anode form an electrochemical cell in the presence of a repulsive dispersion force
introduced through the use of a diiodomethane-polystyrene (DIM-PS) mixture as an
intervening material. The resulting cell exhibits charge characteristics similar to that for a

conventional lithium cell using the same electrode materials.

This systems relies on the high index of diiodomethane (n=1.7411) to supply
repulsion between the lithium iron phosphate cathode storage material (powders synthesized
at 700 °C) and the MCMB graphite anode storage material. After self assembly, the

diiodomethane is removed by drying, leaving the polystyrene behind as an in-situ separator.

Aluminum foil is employed as the cathode current collector in this example. The
POMA-PVDF coating of Example 8 is applied to this current collector in order to give both
attraction of the lithium iron phosphate to the current collector and repulsion of the MCMB
graphite from the current collector in the diiodomethane-polystyrene mixture. The anode

current collector consists of a Cu mesh material fashioned in the shape of a low stiffness

cantilever.

An active slurry 200 is produced containing conductive 2 % Nb-doped lithium iron
phosphate and MCMB graphite in the diiodomethane-polystyrene mixture. Specifically,
0.122 g of polystyrene (MW 50000) are dissolved in 0.66 ml of diiodomethane at ~ 70 °C. To
this, 0.10 g of MCMB graphite are added, followed by 0.254 g of 2 % Nb-doped lithium iron
phosphate. This mixture 200 is then mixed for 30 min at ~ 70 °C, after which it is pipetted
onto the Al current collector 201 coated with the POMA-PVDF coating 202. The Cu mesh

cantilever 203, supported by an insulator 204, was then brought down into contact with the
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still fluid active slurry after which the slurry self-organized into the desired structure, with
lithium iron phosphate shorting to the coated Al current collector and the MCMB shorting to
the Cu mesh current collector. A mesh current collector (not shown) is employed to expedite
solvent removal during drying and minimize lateral migration/segregation of the polystyrene
during drying, as would occur with a solid current collector in which all solvent would have to
exit the system from the edges of the current collectors. A schematic of the final structure of
the cell is shown in Figure 20.  After drying under vacuum, the liquid electrolyte (1 M LiPFg
in 1:1 EC:DMC) was introduced and the entire cell was sealed within a small hermetic well
via an O-ring to prevent electrolyte loss. The use of the cantilever design minimizes the stress
on the active region of the cell, in turn minimizing the stress on the polystyrene in-situ
separator, which softens somewhat in the liquid electrolyte via swelling. A cell produced in
this manner charges up to ~30 % of the practical capacity expected based on the total mass of
lithium iron phosphate in the cell, and holds voltage indicating no internal short circuits

between the anode and cathode networks.

Example 13: Layered Electrochemical Cell Formed Using Repulsive Dispersion

Forces Between Lithium Iron Phosphate as a Cathode Storage Material and Graphite as a

Anode Storage Material

In this Example, it is shown that a lithium iron phosphate cathode and an MCMB
graphite anode form an electrochemical cell in the presence of a repulsive dispersion force
introduced through the use of diiodoethane as an intervening material. The resulting cell

exhibits charge-discharge characteristics similar to that for a conventional lithium cell using

the same electrode materials.

LiFePO4 (LFP), which exists naturally as the mineral triphyllite with a composition
Li(Fe,Mn)POy, has a low refractive index of about 1.69. However, LiFePO4 is electronically
insulating. LiFePOy is rendered highly electronically conductive when doped with minor
concentrations of certain metals. A composition 1% Nb-doped LiFePO, prepared as a densely
fired pellet heat treated at 850° C is measured to have a refractive index of n=1.78 ata
wavelength of 633 nm. Conductive compositions doped with other elements have similar

refractive index. 1,2-diiodoethane (DIE) are used as the electrolyte solvent, which has a
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refractive index of 1.871, intermediate between that of LFP and MCMB, resulting in a
negative Hamaker constant, A;23<0. DIE has a melting point of 83° C and is solid at room

temperature. PS is soluble in DIE at 100°C.

Aluminum foil is used as the cathode current collector. Aluminum foil is coated with
a suspension of a conductive Al-doped LFP powder and PVDF binder in DMF solvent. The
proportion of solids is 80 vol% LFP and 20 vol% PVDF. The suspension is coated onto the
aluminum foil and dried in air at 50°C, giving films of about 50 pum thickness. Sintered
pellets of this LFP material exhibit a resistivity of p=1 x 10°Q-cm. Whena 1 cm?® Au
electrode is sputtered on top of the LFP/PVDF coating on aluminum, the resistance measured

through the layer is 3-5 Q.

A mixture containing 60Vol% MCMB and 40Vol% PS (of 50,000 MW) is mixed with
DIE. The PS constituted 10 vol % of the total volume of polymer and DIE solvent. The three
component mixture is heated at 100°C in a closed glass container until the PS was fully
dissolved. This mixture was then rapidly cooled to room temperature, and used for preparing
coatings. The MCMB/PS/DIE mixture is placed onto the LFP-coated aluminum foil, and
heated to 100°C, at which temperature the DIE melted and evaporated, leaving a solid film of
MCMB and PS on top of the LFP layer. A copper current collector is attached to the top side
of the MCMB/PS coating.

The two-point resistance across the MCMB/PS layer for a probe spacing of 1 cm is 1-
5 kQ. However, a two point resistance measurement through the layered assembly shows a
resistance of over 30 M(), showing that the conductive LFP layer and the conductive MCMB

layer are electronically isolated from one another.

These layered cells are then placed in a stainless steel electrochemical cell and flooded
with a liquid electrolyte consisting of a 1:1 volume ratio of ethylene carbonate (EC) to

diethylene carbonate (DEC) and doped with a 1M concentration of LiPF¢. The cells are then

galvanostatically tested at room temperature and 50°C.

Figure 21 shows a portion of a charging curve for a cell cycled at room temperature.
The thermodynamic voltage between LFP and MCMB at room temperature is 3.25 V. The
results in Figure 21 show a plateau voltage slightly higher than this value, although there are
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occasional voltage drops. The same cell is then heated to 50° C, and charged at the same
current rate. The charge/discharge curve in Figure 22 is observed. Here, the voltage plateau
has a midpoint value of about 3.5 volts, as expected for this electrochemical couple. Upon

discharge, a greater polarization is observed, with a discharge capacity being seen below 1 V.

Figure 23 shows the same cell upon subsequent cycling at 50°C. A charging plateau
voltage near 3.7 V is seen in subsequent cycles, and discharge capacity is seen below 1V.
The cycling behavior of this layered is closely similar to that exhibited by conductive LFP
powders formulated into electrodes without the addition of carbon additive, and tested against
lithium metal counter electrodes in conventional cells with a polymer separator and organic
liquid electrolyte. Thus these results show that a lithium rechargeable cell can be produced

according to the invention.

Example 14. Overlapping-Layer Self-Organized Battery

In this example, separate cathode and anode suspensions are prepared, and are printed
as overlapping layers such that the 6verlapped regions are free to interdiffuse and form
interpenetrating electrodes, while the non-overlapping regions act as current collectors or are
easily attached to current collectors. The configuration is as shown in Figure 24. A powder
suspension is prepared using diiodomethane as the solvent as described in Examples 8 or 12,
except that the suspension contains a cathode powder or encapsulated cathode powder alone
as the lithium storage electrode material. A similar suspension is prepéred containing MCMB
anode powder alone. The anode suspension is first printed or cast or spray-deposited as a
layer, and then while it is substantially wet, the cathode suspension is printed or cast or spray-
deposited on top so that the two printed layers substantially overlap, as shown in Figure 24.
Due to the MCMB having a lower density than the DIM solvent, it has a tendency to float.
The cathode powder, on the other hand, tends to sink in the suspension. Under the force of
gravity, the anode particles float while the cathode particles sink, forming interpenetrating
electrodes that remain electronically connected only to particles of their own type.
Subsequently, the assembly is dried. A copper metal current collectors is applied to the
MCMB-enriched edge, and an aluminum current collector is applied to the cathode-enriched

edge, resulting in a lithium battery cell.
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Optionally, the non-overlapping edges of the cathode suspension or anode suspension
are cast upon a previously deposited current collector to which the cathode or anode particles
respectively are attracted, as described in the preceding Examples. Thus electronic

connection is made independently to the cathode network and anode network.

Optionally, the layers are printed or cast or sprayed layers in discrete patches on an
insulating supporting surface to form an isolated cell, or a pattern or array of individual cells
that are joined in series or in parallel. Optionally, the layers are printed as continuous strips to

form a lengthy cell that is subsequently rolled or cut and laminated.

Optionally, the battery assembly is subsequently coated or sealed with a polymer or

" inorganic material providing hermeticity.

Example 15. Self-Organized Battery with Edge Current Collectors

In this example, a self-organizing battery suspension, containing both cathode and
anode particles and being prepared as in Example 8 or 12, is printed or cast or spray-deposited
as a single layer. While the suspension is substantially wet, suspensions containing cathode
and anode alone, as described in Example 14, are applied to the surfaces or edges of the self-
organized battery layer. A resulting construction is shown in Figure 25. The cathode-only
suspension contains cathode particles that are self-attractive to the cathode particles within the
two-particle suspension. The anode-only suspension contains anode particles that are self-
attractive to the anode particles within the two-particle suspension. In this manner, separate
terminations are made to the interpenetrating cathode and interpenetrating anode structures.
Current collectors are connected to the cathode or anode suspensions as described in Example

14.

Example 16. Self-Organized Battery by Selective Adsorption of Colloidal Particles to

Current Collectors.

Figure 26 illustrates the concept of this example. A device that can be planar and used

in a thin layer configuration, including as a flexible layer that can be laminated with other
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materials such as fabrics, is produced by using the attraction between colloidal particles of
one type to a current collector and to particles of the same type to selectively adsorb cathode
particles at one current collector and anode particles at the other. A cathode current collector
and an anode current collector are deposited closely adjacent to one another on a mutual
supporting surface that is electrically insulating. The lateral width of each current collector,
as well as the spacing between the two, is selected to allow sufficient diffusion of the ionic
species between the two during operation of the battery so that the storage capacity of the
battery can be substantially utilized. A finer spacing allows for more rapid transport of the
jonic species between the anode and cathode during operation, resulting in a higher power
density. The two current collectors can be produced in many patterns ranging from simple

adjacent strips to simple or complex interpenetrating patterns or meshes.

-The dimensions of the current collectors and particles can as small as a nanometer, or
as large as many micrometers. For example, at the nanoscale, a single carbon nanotube can
be used as an anode current collector, to which ultrafine graphite particles or fullerenes are
attracted as the anode storage compound, and a single cathode particle and cathode current
collector of similar size can be used, resulting in a nanobattery. Or, a lithographically
patterned or microcontact printed pattern of electrodes with lateral dimensions of 0.1 to 200
micrometers can be used with similarly sized cathode and anode storage material particles to
fabricate a printable self-organizing microbattery. For a lithium ion battery, the width of the
current collectors is between 0.1 and 200 micrometers and the space between current
collectors is between 0.1 and 200 micrometers, with smaller dimensions being preferred when
electrolytes of low lithium diffusivity such as solid polymer electrolytes are used, and larger

dimensions being allowable when liquid electrolytes are used.

The cathode particles and anode particles are made selectively attractive to their
respective current collectors, by one of several methods. In one method, electrostatic charge
is used to selectively deposit atomized particles in a manner analogous to electrostatic
painting. A potential is applied to one current collector that is opposite in sign to the charge
on an atomized liquid suspension containing cathode particles. A potential of like sign to the
particles may optionally be applied to the opposing current collector to prevent particle

adsorption. This results in the “painting” of cathode particles selectively at the cathode
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current collector. The process is then carried out to selectively deposit anode particles at the
anode current collector. The resulting structure is as shown in Figure 26. The structure is
then wetted with a liquid electrolyte, or a solid polymer electrolyte film is applied to the

structure, resulting in a battery cell.

Electrostatic deposition from a liquid solution may also be used. In this instance,
cathode particles may have a surface charge of one sign that permits electrophoretic
deposition selectively to one current collector to which a potential of the opposite sign is
applied. Anode particles may subsequently be electrophoretically deposited at the other
current collector in like manner. The charge on cathode and anode particles is produced by
methods well-known to those skilled in the art of colloid chemistry. In certain circumstances,
for example by control of the pH of an aqueous solution within which the cathode and anode
particles are simultaneously dispersed, the cathode and anode may have opposite charges.
This instance is well-known to those skilled in the art of colloid chemistry to allow
heterocoagulation. Simultaneous deposition of both particles to their respective current
collectors may be conducted by applying opposite potentials to the cathode and anode current

collectors while immersed in the suspension.

Dispersion forces may be used to selectively deposit cathode and anode particles at
their respective current collectors. By way of example, an aluminum current collector coated
with a low refractive index, electronically conducting polymer blend serves as the cathode
current collector, and copper metal as the anode current collector. A suspension containing
cathode particles such as lithium iron phosphate, or encapsulated LMCO particles, and also
containing MCMB anode particles, both types of particles being dispersed in DIM as the
solvent, is placed in contact with the electrode pattern. The dispersion forces utilized in this
instance are as described in Examples 7-13 and 23-25. A positive Hamaker constant A3,
between the cathode particles and the cathode current collector, and between the anode
particles and the anode current collector, while simultaneously having present a negative Ajz3
between cathode particles and the anode current collector, and anode particles and the cathode

current collector, results in the desired selective deposition of colloidal particles.

In a related method, the low refractive index coating that is applied to one current

collector, for example the cathode current collector, is a sacrificial coating that is
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subsequently removed by pyrolysis or chemical dissolution after the cathode particles are
selectively deposited. A suitable coating is a photoresist such as those commonly used in
semiconductor device fabrication. This method allows the use of low refractive index organic
or polymer coatings that are not necessarily electronically conductive. Upon removal of the
sacrificial coating, the cathode particles are in electronic communication with the current

collector.

In each instance of selective deposition of cathode and anode particles at their
respective current collectors, where a liquid suspension is used, the suspension may contain in
solution or in dispersion a solid polymer electrolyte and lithium salt, that forms a solid
polymer electrolyte layer upon drying enabling the function of the device as a battery. Or, a
binder may be dissolved in the solvent, and upon evaporation of the solvent, the selectively
deposited particles are bound to their respective current collectors. Or, no binder is used and
the particles are bound to their respective current collectors by surface forces alone. When a
binder or no binder is used, a liquid electrolyte is subsequently used to wet or infiltrate the
structure, or a solid polymer electrolyte is subsequently applied to the structure, resulting in a
battery cell. The solid polymer electrolyte may be applied by the deposition and drying of a
solvent solution as described in other examples herein, or as a thermoplastic layer of solid
polymer electrolyte that is heated above its melting point to surround the cathode and anode

particles.

Example 17: Solid-State Interpenetrating Electrode Battery Fabricated By Infiltration

This example exemplifies a solid-state interpenetrating electrode battery formed in
sequential steps of first forming a porous structure of a positive electrode material, coating
said porous structure with a thin layer of a solid polymer electrolyte, and then infiltrating said

structure with a paste or suspension of a negative electrode material.

A positive electrode with open porosity is formed from Li(Mgo.05C00.95)O2 powder.
The Li(Mgo.05C00.95)02 powder is made by mixing the following quantities of starting

materials obtained as powders:
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F.W. Amount
Mg(OH), 58.32 g/mol 1.52g
Li,CO; 73.89 19.21g
Co(NOs3),.6H,0O 291.04 143.79¢g

The starting materials are mixed, wet-milled for 24 h. in acetone using polypropylene
bottles, then dried at 200°C for 2h. in air. The powder mixture is then crushed and heat

treated in air in an open alumina crucible at 900°C for 20h.

This Li(Mg.0sC00.95)O2 cathode powder is then mixed with a removable or fugitive
pore former, in this instance mesocarbon microbeads (MCMB, Osaka Gas Company) of 25
micrometer average particle size. The cathode powder and the MCMB is mixed in
proportions giving a volume ratio of cathode:MCMB of 30:70, 50:50, or 70:30. The powder
mixtures are mixed by wet ball milling in a polypropylene jar using Teflon milling balls and
cyclohexanone or acetone as the solvent, optionally including a few weight percent of an
organic binder, then dried at 100°C. The cathode:MCMB powder mixtures are then die-
pressed to form compacted cylindrical pellets (for a button-cell battery) or a rectangular
parallelepiped (for a prismatic or flat battery). The minimum dimension of the powder
compact is at least 0.1 mm. The powder compact is then fired in air at 700°C for 20 h,
whereupon the MCMB is pyrolysed, and then fired at 900°C for 20h, 1000°C for 12h, or
1150°C for 2h, forming a sintered structure with open porosity. The density of the porous
structure can range from 25% to 70% of the theoretical density of the cathode material (5.1
g/cm3 in the case of Li(Mg0sC0095)02). The sintered porous compact is at least 0.1mm in

thickness across its thinnest external dimension.

Optionally, many other materials may be used as the fugitive pore forming material.
Ice may be used as the fugitive pore former, the composite powder containing the cathode (or
an anode, in that instance where the first porous structure is the anode) and the ice being then
formed into the desired shape while at a temperature below the melting point of ice, and being
subsequently heated to melt and remove the ice, leaving a porous electrode material.
Optionally, sugar or salt or other water-soluble compounds are used as the fugitive pore

forming material, being removed by dissolution in water after the composite powder is
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subsequently formed into the desired shape. In each instance, the porous cathode is fired as

described above to impart strength to the porous structure.

The porous sintered LiMgg ¢sC0¢.950; structure is next bonded to a metal current
collector such as aluminum using a conductive adhesive, by heating the metal current
collector and the porous cathode to an elevated temperature while in contact, or by applying a
metal paste to an external surface or surfaces of the porous cathode structure. The interior
surfaces of the porous cathode structure are then coated with a solution of polyethylene oxide
(PEO) solid polymer electrolyte in acetonitrile or DMF solvent. The molecular weight of the
PEOQ is between 50,000 and 8,000,000, and it is added to the solvent in proportions giving a
solution having between 1% and 10% by volume of PEO. LiClOy is also added to the
solution in proportions giving about 20 wt% LiClOj4 relative to the mass of PEO. This PEO
solution is used to infiltrate or coat the porous Li(Mgg ¢5C00.9s5)O- structure. The structure is
infiltrated one or more times, and dried after each infiltration at room temperature or in an
oven or under vacuum to 40-60°C. The infiltration and drying steps are optionally repeated
until the interior surfaces of the porous cathode structure are everywhere coated with a layer
of the PEO electrolyte. The PEO electrolyte coating has a minimum thickness at its thinnest
point of at least 10nm, and an average thickness of at most about 50 micrometers. Preferably,
the average thickness of the PEO layer is 0.5 to 5 micrometers. After coating with PEO, the

cathode structure continues to have open porosity.

The porous and coated cathode structure is then infiltrated with a suspension of
MCMB or graphitic carbon in the above-described PEO solutions. The MCMB or graphite is
selected to have a particle size of between 0.1 and 10 micrometers, large particles being not
preferred since they do not readily infiltrate into the porous cathode structure, and smaller
particles being not preferred because the resulting suspensions have higher viscosity at the
same volume fraction loading of particles. A suitable suspension has 4-10 vol % of MCMB
of 6 micrometer average particle size, or graphite of 0.5-2 micrometer average particle size.
After infiltration, the solvent is removed by evaporation at room temperature or by heating in
an oven or under vacuum to 40-60°C. Infiltration and drying is optionally repeated until the
pore space in the cathode structure is substantially filled. A slight excess of the MCMB

mixture is allowed to remain at an external surface or surfaces of the filled compact, to which
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a copper current collector is attached. The interpenetrating electrode battery of the invention

is thus obtained.

It is understood that many other cathode storage materials, solid electrolytes, and
anode storage materials can be used with the methods of this example to fabricate an
interpenetrating electrode battery. For example, in place of Li(Mg 05C00.95)O2, other lithium
storage cathodes such as LiCoO,, LiFePOy that is doped to be electronically conductive,
LiMn,0j4, LiNi,Mn)O,, Li(Co,Ni)O,, or Li(Co,Ni,Mn)O, may be used. In place of the
MCMB anode, other graphitic or non-graphitic carbons, and metal-based anodes such as Sn,
Si, Sb, Zn, Ag, or their alloys and intermetallic compounds, may be used. In addition, this
interpenetrating electrode battery can be fabricated by firstly preparing a porous anode rather
than cathode, in which case the cathode is lastly infiltrated into the anode structure to form an

interpenetrating electrode.

Example 18: Solid-State Interpenetrating Electrode Battery with Graded Electrodes
Fabricated by Infiltration

A battery is produced according to the method of Example 17, with the additional
feature of having in the porous cathode structure an increasing cross-section of cathode in a
direction towards the cathode current collector. The particle sizes of Li(Mgg.05C0¢.95)O2 and
MCMB in the starting mixture are selected by methods well-known to those skilled in the art
to provide a more rapid sedimentation rate of one material. The powder is dispersed in
acetone, cyclohexanone, glycerol or a similar liquid having a viscosity allowing differential
sedimentation of the two types of powder. In the instance where the cathode powder settles
faster, the suspension is cast onto a metal current collector and allowed to sediment. Upon
drying and firing in air at étemperature of at least about 700°C, the MCMB is removed by
oxidation, leaving a porous cathode structure with the desired gradient. In the instance where
the MCMB settles faster, upon drying and firing, a gradient is obtained whereby the density of
cathode is greater at the upper surface. A cathode current collector is attached to this surface
to obtain the desired gradient in cathode cross-section. The thickness of the graded porous

cathode structure is at least 50 micrometers.
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The porous cathode structure is then coated with PEO electrolyte and infiltrated with
MCMB anode according to the method of Example 17. Due to the gradient in the density of
the interpenetrating cathode, a complementary gradient in the density of the interpenetrating
anode is obtained in the completed battery, whereby the cross-section of the anode also
increases in a direction towards the anode current collector. The presence of thusly graded
electrodes provides improved battery performance by providing increasing electronic

conductance in the interpenetrating electrode in a direction towards its current collector.

It is understood that the battery of this example can be fabricated using many other
cathode materials as well, and that a graded interpenetrating anode structure can be firstly

fabricated, followed by infiltration by the cathode.

Example 19: Solid-State Interpenetrating Electrode Battery with Electrodes of Graded

Electrical Conductivity Fabricated by Infiltration

In this example, the electrical conductivity of an interpenetrating electrode increases in
a direction towards its current collector due to a gradient in the specific properties of the
electrode. It is known that the electronic conductivity of Li(Mgg 0sC00.95)O2 is greater when it
is heat treated under oxidizing than reducing conditions. A porous cathode is fabricated
according to the methods of Example 17 or 18. After the porous Li(Mgo 0sC00.95)O2 structure
is sintered at 900-1150°C in air or oxygen, it is cooled in an inert atmosphere such as nitrogen
or argon, during which process the exposed outer surface of the cathode away from the
current collector is more reduced than the interior section adjacent to the current collector.
The resulting cathode structure has a higher electronic conductivity in a direction towards its

current collector. The porous cathode is subsequently fabricated into a battery according to

the methods of Example 17.

It is understood that other methods to introduce a spatially-varying specific

conductivity to the interpenetrating cathode or anode may be used.

Example 20: Interpenetrating Electrode, High Power Density, Alkaline Primary

Battery
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In this example, a porous manganese oxide cathode structure is formed according to
the methods of Examples 17 or 18. The porous cathode structure is coated on its internal and
external surfaces with an electronically insulating separator permeable to aqueous
electrolytes. A suspension of zinc powder is subsequently infiltrated into the pore space of
the cathode network. Infiltration of the battery with an aqueous electrolyte results in an
interpenetrating electrode alkaline battery of high power density, due to the decreased ion
diffusion distance between the anode and cathode compared to a battery of conventional

design.

Example 21: Interpenetrating Electrode, High Power Density, Alkaline Primary

Battery formed using a Metal Foam Electrode

In this example, a porous zinc electrode or open-cell foam is used. The porous metal
structure is coated on its internal and external surfaces with an electronically insulating
separator that is permeable to aqueous electrolytes, including a microporous coating. A
suspension of MnQO, cathode powder, optionally containing conductive additives such as
carbon powder, is subsequently infiltrated into the pore space of the porous zinc network.
Infiltration of the battery with an aqueous electrolyte results in an interpenetrating electrode
alkaline battery of high power density, due to the decreased ion diffusion distance between the

anode and cathode compared to a battery of conventional design.

It is understood that the structures and methods of example 17-21 are readily applied
to primary or secondary batteries utilizing other chemistries, including but not limited to

nickel-metal hydride, nickel-cadmium, silver-zinc, and lithium-sulfur batteries.

Example 22. Interpenetrating Network of Connected Cathode Particles Electronically
Isolated (But Ionically Connected) To Network of Anode Particles

The interpenetrating network is formed as a result of the immiscibility of two
chemically different polymers. Generally, when mixed in the solid state (either by melt
processing or solvent-based processing), chemically dissimilar polymers tend not to mix with

one another, preferring to form separate domains of each material. One polymer may appear
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as isolated, discrete regions within the matrix of the other polymer, or a bicontinuous
(interpenetrating) network of both polymers may form. This latter case may especially be
observed when a block copolymer is added to the mixture of the two polymers. The block
copolymer should have one block that is chemically similar to the first polymer of the mixture
and a second block that is chemically similar to the second polymer of the mixture. The block
copolymer concentrates at phase boundaries between the two polymers, and encourages the
increase in the presence of these boundaries, and in the extreme, stabilize the bi-continuous
structure referred to above. An self-organized battery can be produced therefore by first
dispersing the cathode active particles in a first polymers, and the anode active is dispersed in
a second, immiscible polymer. These two particle/polymer dispersions are then mixed above
the melt point of both polymers, in the presence of a block copolymer that is chemically
similar to the two polymers as described above. The mixing process forms an interpenetrating
network of the two polymers which each contain their respective electrode active. Since no
particles of the first active in the first polymer come into contact with any particles of the
second active in the second polymer, the cathode and anode networks are electronically
isolated, and the cell will not short. Since each polymer of the mixture is highly loaded with
active particles, these particles are in electrical contact with one another and provide electrical
conductivity within each electrode phase. If either active has a low intrinsic electronic
conductivity, the conductivity of that active may be increased by means known in the art, for
example by encapsulating the particles of the active by a film of electrically conductive
polymer before dispersing in the appropriate blend polymer. The particles of active may be
more fully encouraged to disperse in the appropriate polymer of the blend by treating their
surfaces with a compatibilizer (for example a polymer of similar chemistry to that which the
particle is to be dispersed in) before dispersing in the appropriate polymer, as is known in the

art of dispersing powders into polymers.

Each of the polymers that forms the interpenetrating network has a sufficiently high
ionic conductivity that lithium ion transport is not power-limiting for the device. One pair of
immiscible polymers might be poly(ethyleneoxide) and poly(propyleneoxide), and the block
copolymer used to stabilize the interpenetrating blend would be polyethyleneoxide-b-

polypropyleneoxide. In this case, one active might be funtionalized with grafted
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polyethyleneoxide chains to aid dispersion in that phase, and the other active functionalized

with polypropylene oxide.

Optionally, one or more of the immiscible fluid phases is a solvent that is removed by
evaporation, or a solvent containing a binder, and the interpenetrating network is infused with

a liquid electrolyte after solvent removal in order to produce a battery cell.

In order to build a device using this approach, a coating method is used whereby three
separate layers are coated by co-extrusion from, for example, a multi slot coater. Having first
formed the interpenetrating network of cathode-containing polymer and anode-containing
polymer, this mixture is co-extruded between a layer of cathode in cathode-containing
polymer (the same polymer as the cathode is dispersed into in the interpenetrating network)
on one side, and anode in anode-containing polymer (the same polymer as the anode is
dispersed into in the interpenetrating network) on the other side, so as to form a triple-deck
sandwich structure. The top layer of this sandwich, for example, is anode active dispersed in
the anode-containing polymer, the middle layer is the interpenetrating network, and the
bottom layer is cathode active dispersed in cathode-containing polymer. The particles of
anode in the top layer can make electrical connection with anode particles in the
interpenetrating network as the polymer in the top layer is the same as the anode-containing
polymer in the interpenetrating network. Shorting of the anode active in the top layer to the
cathode active in the interpenetrating layer is prevented since each type of particle is
dispersed in an immiscible polymer that preferentially wets the particles and maintains their
separation. The same applies to the cathode-containing layer in the lower layer of the

sandwich — only connection between cathode particles is possible.

Connection to the anode and cathode current collectors is also only made by the active
of the correct polarity, since only those types of particles are present in the layers next to the

current collectors.

Example 23: Self-Organized Electrochemical Cell of Interpenetrating Electrode

Design Having Lithium Iron Phosphate as a Positive Electrode and Graphite as a Negative

Electrode.
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This Example as well as Exarhples 24 and 25 demonstrate embodiments of the
invention of self-organized structures having simultaneously repulsive forces between
dissimilar materials and attractive forces between like materials. They also exemplify the
embodiments of bipolar devices with interpenetrating electrodes, electrochemical devices
with interpenetrating electrodes, lithium rechargeable batteries with interpenetrating
electrodes, and self-organized structures having repulsive forces between opposing electrodes

of a bipolar device.

An electronically conductive lithium iron phosphate material having the composition
Li(Zro02Feo.03)PO4 and added as a fine powder is used as the cathode active material, and
MCMB graphite of 25 micrometer average particle size is used as the anode active material.
Diiodomethane (DIM) is used as the intervening medium, into which is dissolved polystyrene
of 4000 molecular weight as a binder. The lower refractive index of lightly-doped lithium
iron phosphate, n; = 1.69, compared to that of diiodomethane (DIM), n, = 1.7411, which is
lower still than that of graphite, n; ~2.5, results in a repulsive dispersion force between
particles of LFP and MCMB, while having attractive dispersion force between LFP particles
alone and between MCMB patrticles alone. The resulting self-organized structure has
interpenetréting electrodes as illustrated in Figure 12, wherein a continuous and percolating
particle network of LFP is intertwined with a continuous and percolating MCMB particle
network. Each particle network has substantial electronic conductivity. Aluminum is used as
the cathode current collector, and is coated with a POMA/PVDF conductive polymer film
prepared as in Example 8. With DIM as an intervening medium, LFP is attracted to this
current collector while MCMB is repelled. Copper metal is used as the anode current
collector. With DIM as an intervening medium, MCMB is attracted to this current collector
while LFP is repelled. Thus, the LFP particle network is in electronic communication with
only the cathode current collector, and the MCMB particle network is in electronic

communication with only the anode current collector.

LiZro.0oFe0.08P04 powder was prepared by a solid state reaction, with a final firing
temperature of 600C. Aluminum foil of 100 pm thickness (Puratronic Grade, Alfa-Aesar)
was punched into 3/8th inch (0.95 CM) diameter disks and coated with a TFA-doped
conductive polymer blend consisting of 10 wt% POMA and 90 wt% PVDF, as described in
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Example 8. The relative amounts of Li(Zro 02Fe0 95)PO4 and MCMB in the cell were
calculated so that the charge storage capacity in the two was equal, assuming a practical
capacity of 140 mAh/g for (Li(Mp p2Feo.98)PO4 and of 372 mAh/g for MCMB. The amount of
PS added was equal in volume to the total volume of active materials. The amount of DIM
solvent used was 90 vol% of the total volume of PS and solvent. The Li(Zrg g,Fep95)PO4 and
the MCMB powders were first independently dispersed in a solution of PS in DIM, and the
two suspensions were then combined. The resulting suspension containing LFP, MCMB, and
PS, all in DIM, was heated to 70° C for 20 minutes. The suspension was applied as a coating
to the POMA/PVDF coated aluminum substrates while at this temperature. A copper disk
was applied to the top of the wet suspension to serve as the anode current collector. The
assembly was then dried under vacuum at room temperature for 12 hours. Figure 28
illustrates the self-organized cell after drying. The samples were then placed then placed in a
stainless steel electrochemical cell and flooded with a liquid electrolyte consisting of a 1:1
volume ratio of ethylene carbonate (EC) to diethylene carbonate (DEC) and doped with a 1M
concentration of LiPFg. Figure 27 shows curves from an electrochemical test performed
on such a cell. Upon assembly in the stainless steel cell and infusion with liquid electrolyte,
the cell exhibited an open circuit voltage of 155 mV. The current rate of the cell is calculated
with respect to the mass of LFP, and is 2mA/g. It is seen that the cell exhibits a nearly flat
voltage plateau with a midpoint at about 4.1 V. This voltage is about 0.8 V above the
equilibrium thermodynamic voltage between LFP and MCMB of about 3.3V. The higher
observed voltage is consistent with some polarization existing in the cell upon charging.
Upon reaching an upper voltage limit of 4.5V, which occurred at a capacity of about 18
mAbh/g, the cell was discharged, and exhibited a limited capacity between the voltage range of
3.1to 2.5V. This voltage, being slightly below the equilibrium voltage, is consistent with

some polarization existing in the cell upon discharge.

The cell was then charged to 4.5 V at a current rate of 2 mA/g, the current
discontinued, and the open circuit voltage (OCV) measured over time. The cell remained at
an OCV of greater than 3.4 V for 3 h. The cell was then charged again, to an upper voltage
limit of 4.3 V. Figure 29 shows that it again exhibits a charging voltage plateau near 4.1 V,

and a discharge curve with a voltage plateau near 3V.
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Example 24: Self-Organized Electrochemical Cell of Interpenetrating Electrode

Design Having Lithium Iron Phosphate as a Positive Electrode and Graphite as a Negative

Electrode.

Another self-organized cell was fabricated and tested in the same manner as in
Example 23, with the exception that the self-organized cell was not subjected to the pressure
imposed by the screw-top electrochemical cell assembly during testing. Instead, a copper lead
was attached to the copper anode current collector without applying pressure to the cell. After
infusion with the liquid electrolyte, this cell exhibited an open circuit voltage of 380 mV, and
had a total cell resistance of 4.74 MQ, showing that the anode and cathode current collectors
are electronically isolated. This cell was charged at a current rate of 2 mA/g, and exhibited a
voltage plateau at about 3.8V. After 18 hours of charging, the current was turned off and the
OCV was monitored over time. The cell maintained an OCV of 3.6 V + 0.05 V for 21 hours,
showing that the self-organized cells of the invention can maintain a high cell voltage for a

practical duration.

Example 25: Self-Organized Electrochemical Cell of Interpenetrating Electrode

Design Having Lithium Iron Phosphate as a Positive Electrode and Graphite as a Negative

Electrode.

Another self-organized cell was fabricated and tested in the same manner as in
Example 23, with the exception that the cathode powder used was a Ti-doped conductive
lithium iron phosphate of composition Li(Tig g2Feo.98)PO4, with a final firing temperature of
600C. Upon assembly and infusion with the liquid electrolyte, the cell had an OCV of 90mV.
The first charge curve for this cell charged at a current rate of 5 mA/g, wherein the current
rate and capacity are calculated with respect to the cathode mass, is shown in Figure 30. A
capacity of 80 mAh/g is seen in the first charge. The voltage plateau observed, while sloping,
has a voltage of 3.5 V at its midpoint that is close to the equilibrium voltage expected for an

electrochemical couple having LFP as the positive electrode and MCMB as the negative
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electrode. Thus, this cell shows, using a different composition of cathode material, that an

electrochemical cell is fabricated using the design and methods of the invention.

Example 26: Self-Organized Electrochromic Device

In this Example, a self-organized electrochromic device is made using the methods of
Examples 9-15 and 23-25, with the exception that electrochromically active materials are used
for the positive and negative storage electrode materials. At least one of the storage electrode
materials undergoes a color change upon reduction due to ion insertion or oxidation by ion
removal. In one instance, WO3 is used as the cathode, and vanadium oxide, hydrated
vanadium oxide, vanadium oxopolymer produced by partial hydrolysis of vanadium
alkoxides, or a vanadium oxide — polymer blend or nanocomposite is used as the anode.
These materials are readily produced as coatings or particles by methods well-known to those
skilled in the art. The vanadium oxide based anode is the low refractive index endmember
material 1, and WOs; is the high refractive index endmember material 3. Using an
intermediate refractive index material 2 as described in preceding examples, a repelling force
is present between the anode and cathode, allowing their electronic isolation from one
another. Material 2 is, or comprises constituents of, a lithium conducting electrolyte or a
binder. In the instance of a binder, a lithium-conducting organic liquid electrolyte or proton-
conducting aqueous electrolyte is infused into the self-organizing structure after removal of a

solvent component of material 2.

The electrochromic device is fabricated as a layered device using solid films of
cathode and anode separated by material 2, as a layered device in which one electrode is
prepared as a solid film and the other a particle suspension, as in Examples 10-13, or using a
self-organizing suspension containing both cathode and anode particles, as in Examples 9 and
23-25. In such instances the metal current collectors are replaced by transparent electrodes
such as indium-tin oxide, fluorine-doped indium tin oxide, or conductive polymer blends.
The transparent conductors comprising the current collectors are deposited after self-
organization and drying, or are used as surfaces to which cathode or anode particles are
selectively attracted. In the instance of WOs3 and V;0s as one materials combination, a low
index conductive polymer is used as an anode current collector or as a coating is applied to a

transparent oxide anode current collector to selectively attract the V,Os, while the WOj5 is
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selectively attracted to the high index transparent oxide current collector. The electrochromic
device is also optionally fabricated with current collectors at the edges as in Examples 14 and
15, in which case transparent oxide electrodes are not necessary since the electrodes do not

overlap the electrochromically active central region.

Example 27: Atomic Force Microscopy Experiments to Measure Repellant Force
Characteristics of PEDOT/PSS/PTFE Encapsulant Material
The interaction between a 10 wt.% PEDOT/PSS 90 wt.% PTFE film (Example 6) and

a typical electrode material consisting of a mesocarbon microbead (“MCMB”)(a graphitic

carbon developed by Osaka Gas Company that is readily available and widely used in
commercial lithium ion batteries) was measured in cyclohexane using an atomic force
microscope (“AFM”). A nominally 6 micron MCMB particle was mounted on an AFM
cantilever. The interaction force between this MCMB particle and the film was measured as a
function of separation, i.e. force versus distance curves were generated. The particle and the
composite film were found to repel one another in this medium.

Those skilled in the art would readily appreciate that all parameters and configurations
described herein are meant to be exemplary and that actual parameters and configurations can
depend upon the specific application for which the systems and methods of the present
invention are used. Those skilled in the art can recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific embodiments of the
invention described herein. It is, therefore, to be understood that the foregoing embodiments
are presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically described.
The present invention is directed to each individual feature, system, or method described
herein. In addition, any combination of two or more such features, systems or methods, if

such features, systems or methods are not mutually inconsistent, is included within the scope

of the present invention.

What is claimed is:
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1. An electrochemical device, comprising;
a first electrode in electrical communication with a first current collector;
a second electrode in electrical communication with a second current collector; and
an ionically conductive medium in ionic contact with said first and second electrodes,

wherein at least a portion of said first and second electrodes form an interpenetrating
network and wherein at least one of said first and second electrodes comprises an electrode

structure providing two or more pathways to its current collector.

. 2. The device of claim 1, wherein both electrodes comprise an electrode structure

providing two or more pathways to its current collector.

3. The device of claim 1 or 2, wherein at least one of said first and second
electrodes comprises an electrode structure having a branching structure wherein the cross-

sectional area of electrode increases as one approaches the current collector.

4. The device of claim 1, wherein the first and second electrodes are interlocking.

5. The device of claim 1, wherein at least one of the first and second electrodes
comprises sintered particles.

6. The device of claim 5, wherein the sintered particles form a porous sintered body.

7. The device of claim 1, wherein at least one of the first and second electrodes
comprises an open-celled foam or sponge.

8. The device of claim 1, wherein the first and second electrodes are comprised of
particles, and the particles of the first and second electrodes exert a repelling force on one
another when combined with the ionically conductive medium.

9. The device of claim 8, wherein the particles of the first electrode are self-
attractive in the ionically conductive medium.

10.  The device of claim 8, wherein the particles of the second electrode are self-

attractive in the ionically conductive medium.

11. The device of claim 1, wherein the electrolyte has an ionic conductivity of less

than 10 S/cm.
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12. The device of claim 1, wherein the device is an energy storage device.

13. The device of claim 12, wherein the first electrode comprises a lithium

intercalating material.

14. The device of claim 13, wherein the second electrode comprises a lithium

intercalating material.

15. The article of claim 14, wherein the medium is selected to facilitate diffusion of

lithium ions between the first and second components.

16. The article of claim 15, wherein the medium is at least one of poly(ethylene
oxide), poly(propylene oxide), poly(styrene), poly(imide), poly(amine), poly(acrylonitrile),
poly(vinylidene fluoride), methoxyethyoxyethoxy phosphazine, diiodomethane, 1,3-
diiodopropane, N,N-dimethylformamide, dimethylpropylene urea, ethylene carbonate,
diethylene carbonate, dimethyl carbonate, propylene carbonate, a block copolymer lithium
electrolyte doped with a lithium salt, glass with at least one of Lil, LiF, LiCl, Li;0-B,0s-
Bi,03, Liz0-B203-P,05 and Li,O-B,03-PbO and a sol or gel of the oxides or hydroxides of
Si, B, P, Ti, Zr, Pb, or Bi. '

17. The article of claim 13, wherein the first electronically-connected particle
comprise at least one of LiCoO, and, LiCoO, doped with Mg, LiNiO,, or LiMn,04, LiMnO,,
LiMnO, doped with Al, LiFePOy4, LiFePO4 doped with one or more of Mg, Al, Ti, Nb, Ta, or
W, Li;Fex(SO4)3, V20s, V6O, C, amorphous carbon, graphite, mesocarbon microbeads, Li,
LiAl, LigAly, LisAl, Zn, LiZn, Ag, LiAg, LijoAgs, B, LisB4, Li;Bg, Ge, Si, Li;,Si7, Liy; Sig,
Liy3Siy, Liz; Sis, Sn, LisSny, Lij3Sns, LizSny, LizsSns, Sb, LixSb, LisSb, Bi, LiBi, Li;Bi, SnO,,
SnO, MnO, Mn;03, MnO,, Mn304, CoO, NiO, FeO, LiFe,04, TiO,, LiTi;04, glass with a Sn-
B-P-O compound and mesocarbon microbeads coated with at least one of poly(o-

methoxyanaline), poly(3-octylthiophene), and poly(vinylidene fluoride).

18. The article of claim 14, wherein the second electronically-connected particle
comprises at least one of LiCoO; and, LiCoO; doped with Mg, LiNiO,, or LiMn,;04, LiMnO,,
LiMnO, doped with Al, LiFePOy, LiFePO4 doped with one or more of Mg, Al, Ti, Nb, Ta, or
W, LizFex(S04)3, V205, V6Or1, C, amorphous carbon, graphite, mesocarbon microbeads, Li,
LiAl, LigAls, Li3Al, Zn, LiZn, Ag, LiAg, LijoAgs, B, LisB4, Li;Bs, Ge, Si, Li},Si7, Liz;Sis,
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Li13Si4, Lizlsis, Sn, Lissnz, Li13Sn5, Li7Sn2, Lizzsns, Sb, Lisz, Li3Sb, Bi, LiBi, Li3Bi, SnOz,
SnO, MnO, Mn,03, MnO,, Mn30,4, CoO, NiO, FeO, LiFe,;04, TiO,, LiTi,04, glass with a Sn-
B-P-O compound and mesocarbon microbeads coated with at least one of poly(o-

methoxyanaline), poly(3-octylthiophene), and poly(vinylidene fluoride).

19. The article of claim 1, further comprising an electronically conductive coating on

one or both of said first and second current collectors.

20. The device of claim 2, wherein the electrolyte has an ionic conductivity of less

than 10" S/cm.
21. An electrochemical device comprising:

first and second electrodes separated from one another by an electrolyte, wherein the
first and second electrodes approach one another such the diffusion path between electrodes is

sufficiently small that the electrolyte has an ionic conductivity of less than 10 S/cm.

22. The device of claim 21, wherein the device has power density of greater than 300

W/kg and an energy density of greater than 450 W-h/I.

23. An electrochemical device wherein the device has power density of greater than
300 W/kg and an energy density of greater than 450 W-h/I for cells having a cell thickness

less than ~0.1 mm, wherein the cell thickness includes the collectors.

24. An electrochemical device wherein the device has power density of greater than
300 W/kg and an energy density of greater than 550 W-h/I cells having a cell thickness less

than ~0.1 mm, wherein the cell thickness includes the collectors.
'25. An electrochemical device, comprising;

first and second electrodes separated from one another by an ionically conductive
medium, wherein said first and second electrodes form an interpenetrating network said
interpenetrating network having a structure or composition such that the electronic
conductivity at a location further from the ionically conductive medium is greater than the

electronic conductivity at a location closer to the ionically conductive medium.

26. An electrochemical device, comprising;
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first and second electrodes separated from one another by an ionically conductive
medium, wherein said first and second electrodes form an interpenetrating network said
interpenetrating network having a structure or composition such that the electronic
conductivity of one electrode network at a location further from the opposing current collector

is greater than the electronic conductivity of same electrode network at a location closer to the

opposing current collector.
27. An electrochemical device, comprising;

first and second electrodes separated from one another by an ionically conductive
medium, wherein said first and second electrodes form an interpenetrating network said
interpenetrating network having a structure or composition such that the electronic
conductivity of each electrode network at a location further from the opposing current
collector is greater than the electronic conductivity of each electrode network at a location

closer to the opposing current collector.

28. The device of claim 25, 26 or 27, wherein the device provides a graded change in
electronic conductivity from the location further from the ionically conductive medium is

greater than the conductivity at a location closer to the ionically conductive medium.
29. The device of claim 25, 26 or 27, wherein the gradient is linear.

30. The device of claim 27, wherein the gradient is due to the structural variation in

the electrode.

31. The device of claim 25, 26 or 27, wherein the area of cross-sectional lateral area of
the electrode further from the ionically conductive medium is greater than that for a cross-

sectional lateral area of the electrode closer from the ionically conductive medium.

32. The device of claim 25, 26 or 27, the gradient is due to the compositional variation

in the electrode.
33. An electrochemical device comprising:

a cathode and an anode separated from one another by an electrolyte layer, wherein

the electrolyte layer has a thickness of less than one micron at at least one point and the ratio
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of the anode dimension perpendicular to the electrolyte layer to the electrolyte thickness to the

cathode dimension perpendicular to the electrolyte layer is about 20:1:20.

34. An electrochemical device comprising:

a cathode and an anode separated from one another by an electrolyte layer,
wherein the electrolyte layer has a thickness of less than one micron at at least one point and
the ratio of the anode dimension perpendicular to the electrolyte layer to the average
electrolyte thickness to the cathode dimensiqn perpendicular to the electrolyte layer is about
10:1:10.

35. An electrochemical device comprising:

a cathode and an anode separated from one another by an electrolyte layer,
wherein the electrolyte layer has a thickness of less than one micron at at least one point and
the ratio of the anode dimension perpendicular to the electrolyte layer to the average
electrolyte thickness to the cathode dimension perpendicular to the electrolyte layer is about
5:1:5.

36. An electrochemical device wherein the device has power density of greater than

300 W/kg and an energy density of greater than 450 W-h/1.

37. An electrochemical device wherein the device has power density of greater than

300 W/kg and an energy density of greater than 550 W-h/1.
38. An electrochemical device comprising:

first and second electrodes separated from one another by an ionically conductive
medium, wherein said first and second electrodes form an interpenetrating network with a

power density of greater than 300 W/kg and an energy density of greater than 450 W-h/1.

39. The device of claim 33, 34, 35 or 38, wherein the average thickness of the

electrolyte layer between the cathode and the electrode is less than about 10 microns.

40. The device of claim 33, 34, 35 or 38, wherein the average thickness of the

electrolyte layer between the cathode and the electrode is less than about 5 microns.

41. The device of claim 33, 34, 35 or 38, wherein the electrolyte has an ionic

conductivity of less than 10 S/cm.
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42. The device of claim 33, 34, 35, or 38, wherein the anode and cathode of the device
provide a mated surface that is at least 1.25 times the theoretical surface area of a smooth

structure.

43. The device of claim 33, 34, 35 or 38, where the anode and cathode of the device

provide an interpenetrating network.

44, A bipolar article comprising an organized structure comprising a first component,
a second component and a third component, wherein the first, second and third components
are selected so that the first and third components exert a repelling force on each other when

the first, second and third components are combined.

45. The article of claim 44, wherein the organized structure comprises a continuous

network.

46. The article of claim 44, wherein the organized structure comprises a layered

structure.

47. An article as in claim 44, wherein at least one of the first or second components

comprises an electronically-conductive material.

48. The article of claim 44, wherein the first component comprises an electronically-

conductive particle that is self-attractive in the medium.

49, The article of claim 44, wherein the second component comprises an

electronically-conductive particle that is self-attractive in the medium.

50. The article of claim 44, wherein the medium electronically insulates the first

component from the second component.

51. The article of claim 44, wherein the medium is selected to facilitate diffusion of

lithium ions between the first and second components.

52. An interpenetrating network comprising a medium, a first network comprising a
plurality of first electronically connected particles dispersed in the medium, a second network

comprising a plurality of second electronically connected particles dispersed in the medium.

53. An interpenetrating network comprising:
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a medium;

a first network comprising a plurality of first electronically-connected particles

dispersed in the medium,;

a second network comprising a plurality of second electronically-connected particles

dispersed in the medium; and

wherein a first Hamaker constant characterizing the interaction between the first and

the second component in the medium is negative.

54. The interpenetrating network of claim 53, wherein the medium has an ionic

conductivity of less than 10* S/cm.

55. The interpenetrating network of claim 53, wherein at least one of said first and

second electronically connected particles comprises an electronically conductive coating.

56. The interpenetrating network of claim 55, wherein the coating is ionically

conductive.

57. The interpenetrating network of claim 53, wherein the first electronically-
connected particle comprise at least one of LiCoO; and, LiCoO, doped with Mg, LiNiO,, or
LiMn,04, LiMnO,, LiMnO, doped with Al, LiFePOy, LiFePO4 doped with one or more of
Mg, Al, Ti, Nb, Ta, or W,Li;Fex(SO4)3, V20s, VsO11, C, amorphous carbon, graphite,
mesocarbon microbeads, Li, LiAl, LigAly, Li3Al, Zn, LiZn, Ag, LiAg, LijpAgs, B, LisBy,
Li;Bg, Ge, Si, Li;2Siy, Liz;Sig, Lij3Sis, Liz1Sis, Sn, LisSny, Lii3Sns, LisSny, LizsSns, Sb, LixSb,
Li3Sb, Bi, LiBi, Li3Bi, SnO,, SnO, MnO, Mn,;03, MnO,, Mn304, CoO, NiO, FeO, LiFe;04,
TiO,, LiTi,0,, glass with a Sn-B-P-O compound and mesocarbon microbeads coated with at

least one of poly(o-methoxyanaline), poly(3-octylthiophene), and poly(vinylidene fluoride).

58. The interpenetrating network of claim 53, wherein the second electronically-
connected particle comprises at least one of LiCoO, and, LiCoO, doped with Mg, LiNiO,, or
LiMn;04, LiMnO,, LiMnO, doped with Al, LiFePOy, LiFePO4 doped with one or more of
Mg, Al, Ti, Nb, Ta, or W, Li;Fe;(SO4)3, V20s, V6O, C, amorphous carbon, graphite,
mesocarbon microbeads, Li, LiAl, LigAls, LisAl, Zn, LiZn, Ag, LiAg, LijoAgs, B, LisBa,
Li;Bs, Ge, Si, Li12Siy, Liz1Sig, Lii3Sis, Liz1Sis, Sn, LisSny, LiysSns, LizSny, Liz»Sns, Sb, LizSb,
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Li;Sb, Bi, LiBi, Li3Bi, SnO;, Sn0, MnO, Mn,03, MnO,, Mn304, CoO, NiO, FeO, LiFe;0a,
TiO,, LiTi;0q4, glass with a Sn-B-P-O compound and mesocarbon microbeads coated with at

least one of poly(o-methoxyanaline), poly(3-octylthiophene), and poly(vinylidene fluoride).

59. The iﬁtemcnctrating network of claim 53, wherein the medium is at least one of
poly(ethylene oxide), poly(styrene), poly(acrylonitrile), poly(vinylidene fluoride),
diiodomethane, 1,3-diiodopropane, N,N-dimethylformamide, dimethylpropylene urea,
ethylene carbonate, diethylene carbonate, dimethyl carbonate, propylene carbonate, a block
copolymer lithium electrolyte doped with a lithium salt, glass with at least one of Lil, LiF,
LiCl, Li,0-B,03-Bi,03, Li,0-B,03-P,05 and Li,0-B,03-PbO and a sol or gel of the oxides or
hydroxides of Ti, Zr, Pb, or Bi.

60. The interpenetrating network of claim 53, wherein a second Hamaker constant

characterizing the interaction of the first component with itself is positive.

61. The interpenetrating network of claim 53, wherein a third Hamaker constant

characterizing the interaction of the second component with itself is positive.

62. A bipolar device comprising an interpenetrating network in which each
continuous component of the interpenetrating network is each attached to a separate current

collector.

63. A bipolar device comprising a first material and a second material, each selected
such that the first material and the second material exert a mutually repelling force when

dispersed in a medium.

64. The device of claim 62, wherein the first material comprises anodic particles
forming a first network.

65. The device of claim 64, wherein the second material comprises cathodic particles
forming a second network.

66. The device of claim 65, wherein the first and second networks are interpenetrating.

67. The device of claim 62, wherein the repelling force comprises van der Waals
forces.

68. The device of claim 62, wherein the repelling force comprises electrostatic forces.
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69. The device of claim 62, wherein the repelling force comprises molecular steric
forces.

70. The device of claim 62, wherein the medium is selected to facilitate diffusion of

intercalating ions between the first and second materials.
71. The device of claim 70, wherein the intercalating ion is a lithium ion.
72. The device of claim 62, wherein the medium comprises a solid polymeric material.
73. The device of claim 62, wherein the first material is lithiated.
74. The device of claim 62, wherein the second material is lithiated.
75. A method comprising:

forming a bipolar article by introducing a first component comprising a plurality of

first sub-components that are self-attractive; and

introducing a second component comprising a plurality of second sub-components that

are self-attractive and that exert a repelling force on the first component in a medium.

76. The method of claim 75, further comprising the step of allowing the particles of

the first component to self-organize into a first network.

77. The method of claim 75, further comprising the step of allowing the particles of

the second component to self-aggregate into a second network.

78. The method of claim 75, further comprising the step of allowing the particles of

the first and second components to self-aggregate into an interpenetrating network.
79. An article comprising:
a plurality of first particles dispersed in a medium; and

a plurality of second particles dispersed in the medium, the second particles including

a coating that comprises a material that exerts a repelling force on the first particles.

80. The article of claim 79, wherein the coating comprises at least one of poly(o-

methoxyanaline), poly(3-octylthiophene), poly(vinylidene fluoride) and poly(ethylene oxide).

81. An article comprising:
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a first network of first electronically-connected particles dispersed with a second
network of second electronically-connected particles in a medium, the first and second

particles exerting a mutually repelling force.

82. The article of claim 80, wherein at least a portion of the first network occupies a

spatial region that is essentially free of the second network.

83. The article of claim 80, wherein at least a portion of the second network occupies a

spatial region that is essentially free of the first network.

84. An article comprising a medium, a plurality of first electronically-conductive
particles dispersed in the medium and a plurality of second electronically-conducting particles
dispersed in the medium, wherein the first and second electronically-conductive particles are
self-attracting and the first and second electronically-conducting particles each exert a

mutually repelling force on each other.
85. A method for producing a bipolar device comprising:

providing an interpenetrating system comprising an electronically-insulating medium,
a first network of electronically-connected particles of a first type and a second network of

second electronically-connected particles of a second type;

segregating at least a portion of the particles of the first type into a first spatial region

that is essentially free of the second network; and

segregating at least a portion of the particles of the second type into a second spatial

region that is essentially free of the first network.

86. The method of claim 85, wherein the steps of segregating at least a portion of the
particles of the first type and segregating at least a portion of the particles of the second type

are performed essentially simultaneously.

87. The method of any of claims 85 and 86, wherein the step of segregating at least a
portion of the particles of the first type comprises allowing at least a portion of the particles of

the first type to float to a spatial region that is essentially free of the second network.



10

15

20

25

WO 03/012908 PCT/US02/23880
-102-

88. The method of any of claims 85 and 86, wherein the step of segregating at least a
portion of the particles of the first type comprises allowing at least a portion of the particles of
the first type to sink to a spatial region that is essentially free of the second network.

89. The method of claim 85, further comprising the step of depositing a first current
collector adjacent to the first spatial region and a second current collector adjacent to the

second spatial region.

90. The method of claim 89, wherein the first current collector is comprised of at least

one material also comprising electronically-connected particles of the first type.

91. The method of claim 89, wherein the second current collector is comprised of at

least one material also comprising electronically-connected particles of the second type.

92. The method of claim 89, wherein the first current collector is electronically-
connected to the first network and the second current collector is electronically-connected to

the second network.

93. The method of any of claims 85, 86, 89, 90, 91 and 92, further comprising the step

of immobilizing the first and second networks.

94. The method of claim 93, wherein the step of immobilizing comprises allowing the

medium to solidify.

95. A capacitor comprising a first pole comprising a first material and a second pole
comprising a second material, the first pole separated from the second pole by an
electronically-insulating material, the combination of the insulating, first and second materials

providing a Hamaker constant that is negative.

96. An electrochromic device comprising a first pole comprising a first material and a
second pole comprising a second material, at least one of which changes its color or optical
transmission when oxidized or reduced, the first pole being separated from the second pole by
an electronically-ihsulating material, and the combination of the first, insulating, and second

materials providing a Hamaker constant that is negative.

97. The electrochromic device of claim 96, wherein a first current collector that is

attractive to cathode particles and repelling to anode particles, and a second current collector
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that is attractive to anode particles and repelling to cathode particles, are each joined to the

edges of the device while being electronically isolated from one another.

98. The electrochromic device of claims 96 and 97, in which at least one electrode
material is vanadium oxide, hydrated vanadium oxide, vanadium oxopolymer produced by
partial hydrolysis of vanadium alkoxides, or a vanadium oxide — polymer blend or

nanocomposite is used as the anode.

99. An energy storage device comprising a first electrode comprising a first material
and a second electrode comprising a second material, at least a portion of the first and second
materials forming an interpenetrating network when dispersed in an electrolyte, the
electrolyte, the first material and the second material are selected so that the first and second

materials exert a repelling force on each other when combined.

100.  The energy storage device of claim 99, wherein the first electrode comprises a

lithium intercalating material.

101.  The energy storage device of claim 99, wherein the second electrode comprises
a lithium intercalating material.

102.  The energy storage device of claim 99, wherein the first material has a density
that is less than the second material when the first and second materials are dispersed in the

electrolyte.

103.  The energy storage device of claim 99, wherein at least one of the first and

second electrodes is deposited as thin film.

104.  ; The energy storage device of claim 99, wherein a Hamaker constant
characterizing the interaction between the electrolyte, the first material and the second

material is negative.
105. A method for producing a bipolar device comprising:

providing a medium including an interpenetrating system comprising a first network
of first electronically-connected particles and a second network of second electronically-

connected particles; and
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providing a first current collector comprising particles that exert an attractive force on
the first electronically-connected particles and a repelling force on the second electronically-
connected particles.

106. The method of claim 105, further comprising providing a second current

collector comprising particles that exert an attractive force on the second electronically-

connected particles and a repelling force on the first electronically-connected particles.

107. A bipolar article comprising an interpenetrating network comprising a first
component, a second component, and a third component, wherein the first and third
components are substantially electronically isolated from one another in the absence of a

voltage difference externally applied between the first and third components.
108. An article comprising:
a plurality of first particles;
a plufality of second particles; and
a medium, the combination providing a repelling force between the first and second

particles.
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