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Electrode Structure and Method for making same

Description

ELECTRODE STRUCTURE AND METHOD FOR MAKING SAME

TECHNICAL FIELD

Electrode structures and methods for making the same are generally described. In
certain embodiments, the electrode structures can include a plurality of particles
comprising indentations relative to their convex hulls.

BACKGROUND

Electrochemical cells store energy by separating an ion source and an ion sink at
differing electrochemical potential. A typical electrochemical cell has a cathode and an
anode which participate in an electrochemical reaction to produce power. lons can be
transported via an electrolyte in communication with the anode and the cathode. In
many electrochemical cells, it is important to maintain a sufficient level of void volume
within one or both electrodes, in order to ensure that electrolyte can access the
electrode active material within the electrode(s).

SUMMARY

Electrode structures and methods for making the same are generally described. In
certain embodiments, the electrode structures can include a plurality of particles
comprising indentations relative to their convex hulls. The subject matter of the present
invention involves, in some cases, interrelated products, alternative solutions to a
particular problem, and/or a plurality of different uses of one or more systems and/or
articles.

In one aspect, an electrode for use in an electrochemical cell is described. In certain
embodiments, the electrode comprises an assembly of particles defining a porous
support structure, wherein each particle in the assembly of particles has a geometric
particle volume, the assembly of particles has a total geometric particle volume defined
by the sum of each of the individual geometric particle volumes, each particle in the
assembly of particles has a convex hull defining a convex hull volume, and at least
about 50% of the total geometric particle volume is made up of particles that have at
least one indentation such that, for each such particle, the geometric particle volume is
less than about 75% of the convex hull volume of the particle. In certain embodiments,
an electrode active material is substantially contained within pores of the porous
support structure.
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Electrochemical cells comprising the electrodes described herein are also provided.

Also provided are inventive methods for making the electrodes and electrochemical
cells described herein.

Other advantages and novel features of the present invention will become apparent
from the following detailed description of various non-limiting embodiments of the
invention when considered in conjunction with the accompanying figures. In cases
where the present specification and a document incorporated by reference include
conflicting and/or inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of example
with reference to the accompanying figures, which are schematic and are not intended
to be drawn to scale. In the figures, each identical or nearly identical component
illustrated is typically represented by a single numeral. 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. In the figures:

FIGS. 1A-1B are schematic perspective view illustrations of a particle and the
convex hull of a particle that can be used, for example, to form a porous support
structure, according to certain embodiments;

FIGS. 2A-2B are, according to certain embodiments, schematic perspective
view illustrations of a particle and the convex hull of a particle that can be used, for
example, to form a porous support structure;

FIGS. 2C-2D are exemplary cross-sectional schematic illustrations of particles
that can be used within electrodes;

FIG.3 is a schematic cross-sectional illustration, according to some
embodiments, of an assembly of particles forming a porous support structure;

FIGS. 4A-4B are schematic cross-sectional illustrations of exemplary particles;

FIG. 5 is a schematic illustration outlining a process for fabricating particles
suitable for use within a porous support structure, according to some embodiments;
and

FIG. 6 is an exemplary cross-sectional schematic illustration, according to
certain embodiments, of an electrochemical cell.

DETAILED DESCRIPTION

Electrode structures and methods for making the same are generally described. In
certain embodiments, the electrode structures can include a plurality of particles,
wherein the particles comprise indentations relative to their convex hulls. As the
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particles are moved proximate to or in contact with one another, the indentations of the
particles can define pores between the particles. In addition, when particles comprising
indentations relative to their convex hulls are moved relative to each other, the
presence of the indentations can ensure that complete contact does not result between
the particles (i.e., that there remains some space between the particles) and that void
volume is maintained within the bulk of the assembly. Accordingly, electrodes
comprising particles with indentations relative to their convex hulls can be configured to
withstand the application of a force to the electrode while substantially maintaining
electrode void volume (and, therefore, performance). Particles having indentations
relative to their convex hulls also occupy a relatively small volume, compared to
spheres or other particles including boundaries that fill substantially all of their convex
hulls, allowing one to introduce a desired amount of void volume while reducing the
percentage of volume within the electrode occupied by particulate material.

The “convex hull” of an article (e.g., a particle) is used herein to describe the surface
that bounds the smallest theoretical volume in which the entirety of any line segment
extending from any first point in or on the article to any second point in or on the article
falls inside the theoretical volume, i.e., the “convex hull volume.” The convex hull
volume of an article can be thought of as being similar to the volume that would be
defined by wrapping the article tautly in a flexible sheet of material. An indentation
relative to the convex hull is formed any time the geometric particle volume occupies a
volume that is smaller than the convex hull volume; in such cases, the indentation
corresponds to the volume that is occupied by the convex hull that is not occupied by
the geometric particle volume. The degree to which a particle contains indentations
relative to its convex hull can be quantified by dividing the geometric particle volume by
the particle’'s convex hull volume, as described in more detail below. Particles with
relatively small percentages calculated using this method are said to be more indented
than particles with relatively large percentages calculated using this method.

FIGS. 1A-1B are exemplary schematic diagrams illustrating the convex hull of a 3-
dimensional 6-pointed star (e.g., in the shape of a jack). The 6-pointed star is illustrated
in FIG. 1A. The convex hull of the 6-pointed star, which corresponds to an 8-sided
double pyramid, is illustrated in FIG. 1B. FIGS. 2A-2B are exemplary schematic
diagrams illustrating the convex hull of a hollowed-out hemisphere. The hollowed-out
hemisphere is illustrated in FIG. 2A, while the convex hull (a solid half sphere) is
illustrated in FIG. 2B. One of ordinary skill in the art, given the present disclosure,
would be capable of determining the size and shape of the convex hull of any given
shape.

As used herein, the “external geometric surface” of an article (e.g., a particle, an
electrode, etc.) refers to a surface that generally conforms to the outermost boundaries
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of the article but does not conform to pores or other indentations with maximum
external surface cross-sectional dimensions smaller than 10% of the maximum cross-
sectional dimension of the article. In many embodiments, the external geometric
surface of an article is one that may be measured by a macroscopic measuring tool
(e.g., a ruler), and does not include the internal surface area (e.g., area within pores of
a porous material such as a porous support structure). The external geometric surface
of particle 100 in FIGS. 1A-1B is shown in FIG. 1A. If particle 100 in FIG. 1A were
porous, and all of the pores of the particle had cross-sectional dimensions smaller than
10% of the maximum cross-sectional dimension of particle 100 (illustrated as
dimension 111 in FIG. 1A), then the external geometric surfaces of the particle 100
would still correspond to the surfaces illustrated in FIG. 1A.

The “geometric particle volume” of a particle is used to refer to the volume that is
bounded by the external geometric surfaces of the particle. The “total geometric
particle volume” of a plurality of particles refers to the sum of the individual geometric
particle volumes of the particles.

The “geometric electrode volume” of an electrode is used to refer to the volume that is
bounded by the external geometric surfaces of the electrode. The “geometric porous
support structure volume” of a porous support structure is used to refer to the volume
that is bounded by the external geometric surfaces of the porous support structure.

The “maximum cross-sectional dimension” of an article (e.g., a particle, an electrode,
etc.) refers to the largest distance between two opposed boundaries of the article that
may be measured. One of ordinary skill in the art would be capable of measuring the
maximum cross-sectional dimension of an article (e.g., an electrode, a particle, etc.),
for example, by manual measurement, by analyzing a scanning electron micrograph
(SEM) of the article, or by other suitable methods known to those of ordinary skill in the
art.

The “maximum external surface cross-sectional dimension” of a pore or other
indentation in a particle is the largest dimension between two points of the pore or
other feature measured along the geometric surface of the particle. For example, for a
10-micrometer diameter cylindrical pore that extends through the center of a
1 millimeter spherical particle (resulting in a pore with a length of 1 millimeter), the
maximum surface cross-sectional dimension of the pore would be 10 micrometers.

Certain embodiments relate to the formation of porous support structures, which
comprise a plurality of pores. As used herein, a “pore” refers to a pore as measured
using ASTM Standard Test D4284-07, and generally refers to a conduit, void, or
passageway, at least a portion of which is surrounded by the medium in which the pore
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is formed. Generally, voids within a material that are completely surrounded by the
material (and thus, not accessible from outside the material, e.g. closed cells) are not
considered pores within the context of the invention. It should be understood that, in
cases where the article comprises an agglomeration of particles, pores include both the
interparticle pores (i.e., those pores defined between particles when they are packed
together, e.g. interstices) and intraparticle pores (i.e., those pores lying within the
external geometric surfaces of the individual particles). Pores may comprise any
suitable cross-sectional shape including irregular shapes and regular shapes (e.g.,
substantially circular shapes, substantially elliptical shapes, substantially polygonal
shapes, and the like).

As used herein, the “void volume” within a porous support structure refers to portions
within the porous support structure that are not occupied by electrode active material,
porous support structure particles, binder, or other materials that provide structural
support. The void volume within the porous support structure generally includes the
volume of the pores in the particles from which the support structure is formed as well
as interstices between the particles. One of ordinary skill in the art would be capable of
determining the void volume within a porous support structure by performing, for
example, mercury intrusion porosimetry according to ASTM Standard Test D4284-07,
which is incorporated herein by reference in its entirety for all purposes.

As used herein, the “total porosity percentage” of an article (e.g., a porous support
structure, an electrode, etc.) refers to the percentage of the article’s geometric volume
that is occupied by void volume. For example, the total porosity percentage of a porous
support structure would be determined by dividing the void volume of the porous
support structure by the geometric porous support structure volume.

In certain embodiments, the particles used to form the electrodes can comprise
multiple valence points and/or arms. As used herein, a “valence point” is any location
on a particle’s external geometric surface at which movement in any direction away
from the location and along the particle’s external geometric surface results in
movement closer to the particle’'s center of mass. For example, the tip of an arm
extending from the central body of a particle is one example of a valence point. The
term “valency” is generally used herein to refer to the number of valence points in a
structure. For example, a particle with a valency of 3 would have 3 valence points.

In certain embodiments, the particles described herein can comprise multiple
supervalence points. The term “supervalence point” is used to describe any valence
point that defines the boundary of a convex hull. Examples of supervalence points are
illustrated below. Generally, all supervalence points are valence points, but not all
valence points are supervalence points. The term “supervalency” is generally used
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herein to refer to the number of supervalence points in a structure. For example, a
particle with a supervalency of 3 would have 3 supervalence points.

U.S. Patent Publication No. 2010/0035128 to Scordilis-Kelley et al. filed on August 4,
2009, entitled “Application of Force in Electrochemical Cells,” describes the application
of forces in electrochemical cells for improved electrode chemistry, morphology, and/or
other characteristics, which can improve performance. For example, some
electrochemical cells may undergo a charge/discharge cycle involving stripping and
deposition of metal on the surface of an electrode (e.g., stripping and deposition of
lithium metal on the surface of a lithium anode). In some cases, the stripping and
deposition can be accompanied by parasitic reactions of the metal on the electrode
surface with other cell components, such as electrolyte components. One or more
surfaces of the electrode may become uneven as the electrochemical cell undergoes
repeated charge/discharge cycles, often due to uneven redeposition of an ion dissolved
in the electrolyte. The roughening of one or more surfaces of an electrode can result in
increasingly poor cell performance. One way to combat the adverse effect of uneven
redoposition of electrode active material is to apply an anisotropic force to the affected
electrode. However, applying an anisotropic force to one electrode can decrease the
pore size and/or void volume of the other electrode. In many electrochemical cells,
reducing the pore size and/or void volume of an electrode can degrade cell
performance, for example, by limiting the extent to which electrolyte is transported to
the electrode active material within the electrode.

Accordingly, it has been recognized that incorporating particles with indentations
relative to their convex hulls within an electrode (e.g., the cathode in certain cases
where the force is applied to improve the morphology of the anode) can allow for the
application of a force to an electrochemical cell without sacrificing the structural
integrity (including the porosity and void volume) of the electrode. The particulate
materials for use in the electrodes described herein, in certain embodiments, can
withstand repeated charging and discharging of the electrochemical cell in which it is
located, without sacrificing electrode porosity and void volume, despite dissolution and
re-plating of electrode materials. Thus, in certain embodiments, an electrode for use in
an electrochemical cell is provided comprising an assembly of particles defining a
porous support structure, wherein each particle in the assembly of particles has a
geometric particle volume, the assembly of particles has a total geometric particle
volume defined by the sum of each of the individual geometric particle volumes, each
particle in the assembly of particles has a convex hull defining a convex hull volume,
and at least about 50% of the total geometric particle volume is made up of particles
that have at least one indentation such that, for each such particle, the geometric
particle volume is less than about 75% of the convex hull volume of the particle. In
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some such embodiments, an electrode active material is substantially contained within
pores of the porous support structure.

In certain embodiments, the indentation(s) relative to the convex hull (which
indentations can be quantified by dividing the geometric particle volume by the
particle’s convex hull volume, as described in more detail below) can be formed by one
or more external surface portions (i.e., distinct portions of the external surface area).
For example, in some embodiments, at least a portion of the indentations can be
formed by one or more concave external surface portions of a particle. The
indentations can also be formed by convex and/or concave surface portions that
extend outward from a central body of the particle.

FIG. 1A is an exemplary perspective view schematic illustration of particle 100 suitable
for forming porous support structures and electrodes according to one set of
embodiments. In FIG. 1A, particle 100 comprises portions 110, which are indented
relative to the convex hull of the particle (illustrated in FIG. 1B). One of ordinary skill in
the art would be capable of determining whether a given particle comprises one or
more portions that are indented relative to the convex hull of the particle by examining
the particle or a magnified image of the particle (e.g., a scanning electron microscope
(SEM) image of a microscale or smaller particle).

Referring back to the set of embodiments illustrated in FIG. 1A, particle 100 also
includes six valence points 112 at the tip of each six arms 114. Accordingly, particle
100 in FIG. 1A is a “six-valent” particle and has a valency of six. Each of valence points
112 in the particle 100 of FIG. 1A also happen to be supervalency points. Accordingly,
particle 100 in FIG. 1A is a “six-supervalent” particle and has a supervalency of six.
Particles suitable for use in the electrodes described herein can have any suitable
valency and/or supervalency (e.g., a valency and/or supervalency of 3 or more, 4 or
more, 5 or more, 6 or more, or 10 or more (and, in certain instances, a valency and/or
supervalency of 100 or less)). Particles suitable for use in the electrodes described
herein can have any suitable number of arms (e.g., 3 or more, 4 or more, 5 or more, 6
or more, or 10 or more (and, in certain instances, 100 or less)). Particle 100 of FIG. 1A
includes the same number of valency and supervalency points. In other cases, the
particles used to make the porous support structures described herein have more
valency points than supervalency points. For example, in FIG. 3, particle 100C includes
four supervalency points 320 and seven total valence points, including valence points
322.

The convex hull of the particle illustrated in FIG. 1A corresponds to an 8-sided
polyhedron. In certain embodiments, the convex hulls of the particles within the
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electrode can comprise a polyhedron with n number of sides, wherein n is between 3
and 20 or between 3 and 10.

In certain embodiments, the particles within the electrodes described herein can have a
single surface portion that is indented relative to the convex hull of the particle. For
example, the particles might be half-moon shaped. FIG.2A is an exemplary
perspective view illustration of a particle 100 having a single indented surface portion
110. FIG. 2C is a cross-sectional schematic illustration of the particle shown in FIG. 2A.
FIG. 2D is a cross-sectional schematic illustration of another type of particle that can be
used in the electrodes described herein. In FIG. 2D, the edges of the particle meet to
define a line (shown as a point in the cross-sectional illustration) rather than a flat
surface as in FIG. 2C.

In some embodiments, at least a portion of the particles within a porous support
structure and/or electrode are substantially in the shape of a spherical cap. A “spherical
cap” corresponds to a region of a sphere which lies on one side (e.g., above or below)
a plane that intersects the sphere. For example, particle 100 in FIG. 2A corresponds to
a spherical cap that defines 50% of a sphere, which results when a plane passes
through the center of mass of the sphere. In other embodiments, particles can be
substantially in the shape of spherical caps that define more than 10%, more than 20%,
or more than 30% of a sphere (and, in some cases, less than 60% of a sphere).

One of ordinary skill in the art, given the present disclosure, would be capable of
selecting other types of particles comprising concave external surface portions suitable
for use in the electrodes described herein.

When a plurality of particles such as those illustrated in FIGS. 1A-2D are grouped
together to form an assembly, the indentations relative to the convex hull can form
“‘negative space,” which can introduce void volume to the assembly. For example,
FIG. 3 is a schematic illustration of an assembly 300 of particles 100 comprising
indentations relative to their convex hulls forming porous support structure 310. Porous
support structure 310 comprises pores 314 formed between particles 100. In certain
embodiments, porous support structure 310 comprises part of an electrode. Electrode
active material can, in some embodiments, be at least partially contained within pores
314 of porous support structure 310, as described in more detail elsewhere herein. An
assembly such as the one illustrated in FIG. 3 can be formed, for example, by
suspending the particles within a liquid (e.g., water, methanol, ethanol, isopropanol,
propanol, butanol, tetrahydrofuran, dimethoxyethane, acetone, toluene, xylene,
acetonitrile, cyclohexane, and the like) and casting the suspension to form a layer of
suspension material. After casting the suspension, fluid components can be removed,
leaving behind a solid, porous support structure. Optionally, the particles making up the
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porous support structure can be subject to a compressive force (before and/or after
removal of the liquid suspension component) to ensure good contact between the
particles after the porous support structure has been hardened. Optionally, electrode
active material can be included in the suspension used to form the porous support
structure, resulting in the simultaneous deposition of the particles making up the porous
support structure and the electrode active material. In other embodiments, the
electrode active material can be added to the porous support structure after it has been
formed.

In some embodiments, the valence points of particles within the porous support
structure can make contact with external surface portions of other particles that are
indented relative to their particles’ convex hulls (or binder between the valence points
and the indented external surface portions) to inhibit or prevent full densification of the
assembly, thereby providing porosity and void volume within the final structure. For
example, in FIG. 3, valence point 316A of particle 100A is in direct contact with
indented external surface portion 110A of particle 100B, thereby defining pore 314A
between particles 100A and 100B.

In certain embodiments, the positioning of valence points and indented surface portions
in close proximity to (or in contact with) each other can cause overlap of the convex
hulls of the particles, at least to some extent. For example, in FIG. 3, the convex hulls
of particle 100A and 100B overlap. In certain embodiments, overlap of the convex hulls
of particles within a porous support structure can be desirable because it can introduce
additional void volume into the porous support structure. In certain embodiments, at
least about 5%, at least about 10%, or at least about 20% of the sum of all of the
convex hull volumes of all particles within a porous support structure and/or an
electrode overlaps with a convex hull volume of another particle.

The overlap of convex hull volumes can lead to an electrode or porous support
structure in which the sum of all convex hull volumes within the electrode or porous
support structure exceeds the geometric electrode volume and/or the geometric porous
support structure volume. In certain embodiments, the sum of all convex hull volumes
of the particles within an electrode and/or a porous support structure exceeds the
geometric electrode volume and/or the geometric porous support structure of the
electrode or porous support by at least about 5%, at least about 10%, at least about
25%, or at least about 50%. One of ordinary skill in the art would be capable of
determining the sum of all convex hull volumes within an article by determining the
convex hull volume of each particle within the article and summing the individual
volumes.



WO 2014/095483 PCT/EP2013/076066

20

25

30

35

40

10

In certain embodiments, particles 100 can be porous, which can introduce additional
void volume within porous support structure 310.

The use of particles having relatively large indentations relative to their convex hulls
(e.g., rather than particles whose geometric particle volumes occupy a relatively large
amount of their convex hull volumes, such as spheres) can be advantageous in certain
embodiments. For example, particles having relatively large indentations are generally
able to define a given void volume while occupying a relatively small geometric particle
volume (relative to particles such as spheres or other particles whose geometric
particle volumes occupy a relatively large amount of their convex hull volumes). This
can allow one to reduce the amount of mass and/or geometric particle volume defined
by the particles within a porous support structure, which can lead to increased energy
density and/or specific energy in electrochemical cells in which the porous support
structure is employed.

FIGS. 4A-4B are schematic cross-sectional illustrations that illustrate this principle. In
FIG. 4A, particles 100 comprising indented surface portions have been assembled to
define a pore 414A. In FIG. 4B, substantially spherical particles 400 have been
assembled to form pore 414B. While the sizes of pores 414A and 414B are
substantially the same, the geometric particle volume defined by particles 100 in
FIG. 4A is substantially smaller than the geometric particle volume defined by spherical
particles 400 in FIG. 4B.

In certain embodiments, a relatively high percentage of the particles within the porous
support structure are shaped such that, for each particle, the geometric particle volume
occupies a relatively small amount of the particle’s convex hull volume. For example, in
certain embodiments, at least about 50%, at least about 75%, at least about 90%, at
least about 95%, or at least about 99%, or substantially all of the total geometric
particle volume within a porous support structure is made up of particles that are
shaped such that, for each particle, the geometric particle volume is less than about
75%, less than about 60%, less than about 50%, less than about 40%, less than about
30%, less than about 20%, less than about 10%, less than about 5%, or less than
about 1% (and, in some embodiments, as little as 0.05%) of the convex hull volume of
the particle. That is to say, in some embodiments, particles having geometric particle
volumes that are less than about 75% (or less than about 60%, less than about 50%,
etc.) of their convex hull volumes can occupy at least about 50%, at least about 75%,
at least about 90%, at least about 95%, or at least about 99%, or substantially all of the
total geometric particle volume within a porous support structure.

One of ordinary skill in the art would be capable of determining whether the geometric
particle volume of a given particle is less than a given percentage of that particle’s
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convex hull volume by examining the particle(s) or a magnified image of the particle(s)
(e.g., a scanning electron microscope (SEM) image of a microscale or smaller particle).
Briefly, such procedure could involve determining the convex hull volume of the particle
by examining one or more images of the particle, drawing the convex hull of the particle
on the image of the particle, determining the dimensions of the convex hull (using the
scale bar on an SEM image to aid in dimension determination, if one or more SEM
images is being examined), and calculating the volume of the convex hull using
geometric equations known to those of ordinary skill in the art (with the particular
equations employed depending upon the shape of the particle). Next, the geometric
particle volume would be determined by determining the dimensions of the particle
(using the scale bar on an SEM image to aid in dimension determination, if one or more
SEM images is being examined) and calculating the geometric particle volume using
geometric equations known to those of ordinary skill in the art (again, with the particular
equations employed depending upon the shape of the particle). Once the convex hull
volume and the geometric particle volume have been determined for a given particle,
the percentage of the convex hull volume of a particular particle that is occupied by the
geometric particle volume of that particular particle can be determined by dividing the
geometric particle volume by the convex hull volume, and multiplying by 100%.

As one example, in the set of embodiments illustrated in FIGS. 1A-1B, particle 100 has
a geometric particle volume illustrated in FIG. 1A and a convex hull volume illustrated
in FIG. 1B. In FIGS. 1A-1B, particle 100 is shaped such that the geometric particle
volume (shown in FIG. 1A) is less than 50% of the convex hull volume (shown in
FIG. 1B). As another example, in the set of embodiments illustrated in FIGS. 2A-2B,
particle 100 has a geometric particle volume illustrated in FIG. 2A and a convex hull
volume illustrated in FIG. 2B. In FIGS. 2A-2B, particle 100 is shaped such that the
geometric particle volume (shown in FIG. 2A) is less than 5% of the convex hull volume
(shown in FIG. 2B).

In certain embodiments, the void volume of the porous support structure can be
maintained or altered only to a limited extent when a compressive force is applied to
the porous support structure (and/or an electrode comprising the porous support
structure and/or an electrochemical cell comprising an electrode in which the porous
support structure is contained). In some embodiments, even if particles within the
porous support structure are shifted relative to each other, the void volume within the
porous support structure can be maintained, or it can be altered (e.g., increased or
decreased) only to a limited extent. For example, referring back to FIG. 3, if particle
100A is rotated counterclockwise relative to particle 100B, valence point 316A can
make contact with indented surface portion 110A such that pore 314A remains within
the porous support structure to at least some degree. In certain embodiments, the
interaction between the valence points and the indented surface portions can ensure



WO 2014/095483 PCT/EP2013/076066

20

25

30

35

40

12

that the void volume of the porous support structure is maintained or altered only to a
limited extent.

In certain embodiments, the porous support structure can be configured such that,
when a compressive force defining a pressure of at least about 20 Newtons/cm?, at
least about 45 Newtons/cm?, at least about 70 Newtons/cm?, or at least about
95 Newtons/cm? is applied to the porous support structure (e.g., applied to an electrode
and/or an electrochemical cell containing the porous support structure), the void
volume of the porous support structure does not change by more than about 25%, by
more than about 10%, by more than about 5%, or by more than about 1%, relative to
the void volume before the force was applied but under otherwise identical conditions.
In certain embodiments, the porous support structure can be configured such that,
when a compressive force defining a pressure of from about 20 Newtons/cm? to about
200 Newtons/cm?, from about 45 Newtons/cm? to about 200 Newtons/cm?, from about
70 Newtons/cm? to about 200 Newtons/cm?, or from about 95 Newtons/cm? to about
200 Newtons/cm? is applied to the porous support structure, the void volume of the
porous support structure does not change by more than about 25%, by more than
about 10%, by more than about 5%, or by more than about 1%, relative to the void
volume before the force was applied but under otherwise identical conditions. In this
context, “otherwise identical conditions” means conditions that are identical other than
the application and/or magnitude of the force. For example, otherwise identical
conditions may mean a porous support structure (or electrode and/or electrochemical
cell containing the porous support structure) that is identical, but where it is not
constructed such that an appreciable force is applied to the porous support structure
(or electrode and/or electrochemical cell containing the porous support structure). In
certain embodiments, the compressive force can comprise an anisotropic force, such
as an anisotropic force with a component normal to the active surface of an electrode,
as described in more detail below.

A variety of materials can be used to form the particles for the porous support
structures described herein. In certain embodiments, the particles used to form the
porous support structure comprise an electrically conductive material, the use of which
can enhance the degree to which electrons are transported out of the electrode formed
using the porous support structure. Exemplary electrically conductive materials that can
be used to form all or part of the particles within the porous support structures
described herein include, but are not limited to, carbon, metals (e.g., nickel, copper,
magnesium, aluminum, titanium, scandium, iron, alloys and/or other combinations of
these), conductive polymers (poly(3,4-ethylenedioxythiphene) (PEDOT),
poly(methylenedioxythiophene) (PMDOT), other thiophenes, polyaniline (PANI),
polypyrrole (PPy)), and the like. In some embodiments, a metal or metal alloy within the
porous support structure (e.g., forming all or part of the components of a porous
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support structure) can have a density of less than about 9 g/cm?® or less than about
4.5 g/cm?3. For example, all or part of the porous support structure can be formed from
titanium, which has a bulk density of about 4.5 g/cm?3.

In certain embodiments, the electrically conductive porous support structure comprises
a material with a bulk electrical resistivity of less than about 10 ohm-m, less than
about 10 ohm-m, or less than about 10> ohm-m at 20 °C. For example, in some
embodiments, all or part of the porous support structure can be formed of graphite,
which has a bulk electrical resistivity of between about 2.5x10% and about 5x10-6 ohm-
m at 20°C and/or nickel, which has a bulk electrical resistivity of about 7x10-® ohm-m at
20°C. In certain embodiments, at least about 50 wt%, at least about 75 wt%, at least
about 90 wt%, at least about 95 wt%, or at least about 99 wt% of the porous support
structure is made up of material(s) having bulk electrical resistivities of less than about
10-3 ohm-m or less than about 10 ohm-m at 20°C.

In some embodiments, particles used to form a porous support structures can comprise
an electrically non-conductive material, such as a non-conductive polymer, a ceramic,
a glass, a fabric, or any other suitable non-conductive material. The electrically non-
conductive material can be, in certain embodiments, mixed with or at least partially
coated with an electrically conductive material to impart the desired level of electrical
conductivity. Suitable non-conductive polymers for use in forming particles for porous
support structures include, but are not limited to, polyvinyl alcohol (PVA), phenolic
resins (novolac/resorcinol), lithium polystyrenesulfonate (LiPSS), epoxies, UHMWPE,
PTFE, PVDF, PTFE/vinyl copolymers, co-polymers/block co-polymers of the above and
others. In some embodiments, two polymers can be used for their unique funcionalities
(e.g. PVA for adhesion, and LiPSS for rigidity, or resorcinol for rigidity and an elastomer
for flexibility/toughness).

Suitable ceramics for use in particles of a porous support structure include, but are not
limited to, oxides, nitrides, and/or oxynitrides of aluminum, silicon, zinc, tin, vanadium,
zirconium, magnesium, indium, and alloys thereof. In some cases, the particles can
include any of the oxides, nitrides, and/or oxynitrides above doped to impart desirable
properties, such as electrical conductivity; specific examples of such doped materials
include tin oxide doped with indium and zinc oxide doped with aluminum. The material
used to form the particles of a porous support structure can comprise glass (e.g.,
quartz, amorphous silica, chalcogenides, and/or other conductive glasses) in some
embodiments. The porous support structure can include, in some cases, aerogels
and/or xero gels of any of the above materials. In some cases, the porous support
structure can include a vitreous ceramic.
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The particles of the porous support structures described herein can be formed using a
variety of methods. In some embodiments, particles for use in a porous support
structure can be formed by combining a first material with a second material, removing
at least a portion of the first material from the combination, and breaking up the
remaining portions of the second material. In some cases, the structure of the second
material can be substantially maintained while the first material is at least partially
removed from the combination.

FIG. 5 is a schematic illustration outlining one process by which support structure
particles can be made. In FIG. 5, a plurality of templating elements 510 can be
assembled into a template. Material 520, comprising material from which the support
structure particles are to be made (e.g., a metal, ceramic, glass, polymer, etc. which
might be melted) or a precursor to the support structure material (e.g., which might be
converted to form the material of the porous support structure via, for example, a
reaction (e.g., polymerization, precipitation, etc.)), can be mixed with templating
elements 510. The templating elements can, in certain embodiments, be arranged such
that they form an interconnected network, and material 520 can be transported into the
interstices of the network. After templating elements 510 have been arranged within the
support structure material 520, they can be removed from the support structure
material to leave behind pores. In certain embodiments, templating elements 510
include convex external surfaces, and, accordingly, when the templating elements are
removed, the remaining material 520 can include concave external surface portions
corresponding to the convex external surfaces of the templating elements.

In certain embodiments, support structure material 520 can be added as a liquid and
hardened before the templating elements are removed and/or during the removal of the
templating elements. As used herein, the term “hardened” is used to refer to the
process of substantially increasing the viscosity of a material, and is not necessarily
limited to solidifying a material (although in one set of embodiments, a porous support
structure material is hardened by converting it into a solid). A material can be
hardened, for example, by gelling a liquid phase. In some instances, a material can be
hardened using polymerization (e.g., IR- or UV-induced polymerization). In some
cases, a material can being hardened can go through a phase change (e.g., reducing
the temperature of a material below its freezing point or below its glass transition
temperature). A material may also be hardened by removing a solvent from a solution,
for example, by evaporation of a solvent phase, thereby leaving behind a solid phase
material.

In some embodiments, a precursor of the support structure material can be added
between the templating elements and reacted to form the final particle material. In one
particular set of embodiments, an organic material can be added between the
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templating elements, which may subsequently be oxidized and/or pyrolyzed to form a
solid carbonaceous material (e.g., carbon black) between the templating elements.

The templating elements can be of any suitable phase. In some cases, the templating
elements can be solid particles. For example, the templating elements might comprise
silica particles, which can be dissolved out of a porous structure using, for example,
hydrofluoric acid. As another example, the templating elements might comprise
ammonium bicarbonate, which can be removed by dissolving it in water. In some
embodiments, the templating elements can comprise fluid (e.g., liquid and/or gas)
bubbles.

The templating elements can also have any suitable shape (regular or irregular). As
noted above, in certain embodiments, the templating elements can include one or more
convex external surface portions, which can be used to produce the corresponding
concave surface portions of the particles produced between the templating elements.
Examples of such templating elements include, but not limited to, spheres, cylinders,
ellipsoids, irregular shapes, and/or a mixture of these and/or other shapes.

The templating elements may also each be formed of any suitable size. In some
embodiments, the size and/or shape of the templating elements can be selected to
produce particles having desired sizes and/or indented surface features relative to their
convex hulls. In this way, the pore size and void volume of the assembled porous
support structure and/or electrode can be controlled by controlling the size, shape, and
arrangement of the templating elements (and, therefore, the particles comprising
concave external surfaces).

In one set of embodiments, porous support structure particles can be fabricated by
producing a monolithic, inorganic, porous matrix material (e.g., comprising silica);
infiltrating the pores of the matrix material with carbon or a carbon precursor; optionally
pyrolyzing the carbon or carbon precursor material; and dissolving the matrix material
to leave behind a templated carbon-based material. For example, when silica is used,
the silica can be dissolved using hydrofluoric acid. The templated carbon-based
material can subsequently be broken up to form particles comprising indentations
relative to their convex hulls.

3D printing is another method that can be used to produce the porous support structure
particles described herein. 3D printing is known to those of ordinary skill in the art, and
refers to a process by which a three dimensional object is created by shaping
successive layers, which are adhered on top of each other to form the final object. 3D
printing can be used with a variety of materials, including metals, polymers, ceramics,
and others.
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In some embodiments, the particles used to form the porous support structures can
have maximum cross-sectional dimensions within a designated range. For example, in
some cases, at least about 50%, at least about 75%, at least about 90%, at least about
95%, or at least about 99%, or substantially all of the total volume of the particles within
a porous support structure can be made up of particles having maximum cross-
sectional dimensions of between about 0.1 micrometers and about 10 micrometers,
between about 1 micrometer and about 10 micrometers, or between about 1
micrometer and about 3 micrometers. In some embodiments, the particles used to form
a porous support structure can have an average maximum cross-sectional dimension
of between about 0.1 micrometers and about 10 micrometers, between about 1
micrometer and about 10 micrometers, or between about 1 micrometer and about 3
micrometers.

In certain embodiments, the porous support structures described herein have a
relatively high total porosity percentage. For example, in some embodiments, the
porous support structure has a total porosity percentage of at least about 50%, at least
about 75%, or at least about 90%.

Once particles comprising indentations relative to their convex hulls have been
produced, they may be assembled to form a porous support structure. In certain
embodiments, at least a portion of the particles within the porous support structure are
adhered to another particle via a binder. In some embodiments, at least a portion of the
particles within the porous support structure are fused to another particle. In
embodiments comprising bound or sintered particles, the particles should be
considered separately when determining surface properties (e.g., percentages of
convex hulls occupied by geometric particle volumes), maximum cross-sectional
dimensions, and the like. Such measurements can be performed by establishing
imaginary boundaries between each of the assembled particles, and measuring the
properties of the hypothetical, individuated particles that result from establishing such
boundaries. The distribution of surface properties, maximum cross-sectional
dimensions, and the like can be determined by one of ordinary skill in the art using
SEM analysis. The pores of the porous support structure can be at least partially filled
with an electrode active material, as described in more detail below, to form a
functional electrode. One of ordinary skill in the art would understand that additional
components (e.g., current collectors and the like) would be incorporated with the
electrode as part of a functioning electrochemical cell.

The distribution of the cross-sectional diameters of the pores within a given porous
support structure and/or within the assembled electrode can be chosen to enhance the
performance of the electrochemical cell. As used herein, the “cross-sectional diameter”
of a pore refers to a cross-sectional diameter as measured using ASTM Standard Test
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D4284-07, which is incorporated herein by reference in its entirety. The “average cross-
sectional diameter” of a plurality of pores refers to the number average of the cross-
sectional diameters of each of the plurality of the pores. One of ordinary skill in the art
would be capable of calculating the distribution of cross-sectional diameters and the
average cross-sectional diameter of the pores within a porous structure (e.g., a small-
scale porous support structure, a large scale porous support structure, and electrode
assembled from a combination of porous support structures) using mercury intrusion
porosimetry as described in ASTM Standard Test D4284-07. For example, the
methods described in ASTM Standard Test D4284-07 can be used to produce a
distribution of pore sizes plotted as the cumulative intruded pore volume as a function
of pore diameter. To calculate the percentage of the total pore volume within the
sample that is made up of pores within a given range of pore diameters, one would: (1)
calculate the area under the curve that spans the given range over the x-axis, (2) divide
the area calculated in step (1) by the total area under the curve, and (3) multiply by
100%. Optionally, in cases where the article includes pore sizes that lie outside the
range of pore sizes that can be accurately measured using ASTM Standard Test
D4284-07, porosimetry measurements may be supplemented using Brunauer-Emmett-
Teller (BET) surface analysis, as described, for example, in S. Brunauer, P. H. Emmett,
and E. Teller, J. Am. Chem. Soc., 1938, 60, 309, which is incorporated herein by
reference in its entirety.

In certain embodiments, a porous support structure and/or an assembled electrode can
be configured to comprise pores with cross-sectional diameters that are larger than
sub-nanometer scale and single nanometer scale pores, which can be relatively easily
clogged with electrochemical cell reaction by-product and/or can be too small to allow
for the passage of electrolyte (e.g., liquid electrolyte) into the pores of the electrode due
to, for example, capillary forces. In addition, in some cases, the pores within a porous
support structure and/or within an assembled electrode may have cross-sectional
diameters that are smaller than millimeter-scale pores, which may be so large that they
render the electrode mechanically unstable.

In some embodiments, the total pore volume of a porous structure is described. In such
embodiments, the porous support structure can be said to comprise a plurality of pores,
wherein each pore of the plurality of pores has a pore volume, and the plurality of pores
has a total pore volume defined by the sum of each of the individual pore volumes. In
certain embodiments, at least about 50%, at least about 75%, at least about 90%, at
least about 99%, or substantially all of the total pore volume within the assembled
electrode is defined by pores having cross-sectional diameters of between about 0.1
micrometers and about 10 micrometers, or between about 1 micrometer and about
3 micrometers. In some embodiments, the average cross-sectional diameter of the
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pores within the assembled electrode is between about 0.1 micrometers and about 10
micrometers, or between about 1 micrometer and about 3 micrometers.

Generally, the porosity (e.g., distribution of pores, distribution of pore sizes, void
volume, etc.) of an assembled electrode is determined in the absence of electrode
active material within the pores of the electrode. This can be achieved, for example, by
removing the electrode active material from the pores of the electrode and
subsequently performing mercury intrusion porosimetry and/or by performing
porosimetry before electrode active material has been added to the electrode.

In some embodiments, the assembled electrode may comprise pores with relatively
uniform cross-sectional diameters. Not wishing to be bound by any theory, such
uniformity may be useful in maintaining relatively consistent structural stability
throughout the bulk of the porous electrode. In addition, the ability to control the pore
size to within a relatively narrow range can allow one to incorporate a large number of
pores that are large enough to allow for fluid penetration (e.g., electrolyte penetration)
while maintaining sufficiently small pores to preserve structural stability. In some
embodiments, the distribution of the cross-sectional diameters of the pores within an
assembled electrode can have a standard deviation of less than about 50%, less than
about 25%, less than about 10%, less than about 5%, less than about 2%, or less than
about 1% of the average cross-sectional diameter of the plurality of pores. Standard
deviation (lower-case sigma) is given its normal meaning in the art, and can be
calculated as:

Z(Dl _Davg)2
i=1

n—1

o =

wherein D; is the cross-sectional diameter of pore i, D, is the average of the cross-
sectional diameters of the plurality of pores, and n is the number of pores. The
percentage comparisons between the standard deviation and the average cross-
sectional diameters of the pores outlined above can be obtained by dividing the
standard deviation by the average and multiplying by 100%.

In certain embodiments, an electrode active material can be substantially contained
within pores of the porous support structures described herein. The electrode active
material can be added to form electrodes using the porous support structure. A first
material that is said to be “substantially contained” within the pores of a second
material is one that at least partially lies within the imaginary volumes defined by the
outer boundaries of the pores of the second material. For example, a material
substantially contained within a pore can be fully contained within the pore, or may only
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have a fraction of its volume contained within the pore, but a substantial portion of the
material, overall, is contained within the pore. In certain embodiments, a first material
(e.g., an electrode active material) is at least partially contained within the pores of a
second material (e.g., a porous support structure) when at least about 30 wt%, at least
about 50 wt%, at least about 70 wt%, at least about 80 wt%, at least about 85 wt%, at
least about 90 wt%, at least about 95 wt%, or substantially all of the first material lies
within the imaginary volume defined by the outer boundaries of the pores of the second
material.

A variety of electrode active materials can be used in association with the electrodes
described herein. In certain embodiments (e.g., in some embodiments in which the
electrode is used as a cathode), the electrode active material within the pores can
comprise sulfur. For example, the electrode active material within the pores can
comprise electroactive sulfur-containing materials. “Electroactive sulfur-containing
materials,” as used herein, refers to electrode active materials which comprise the
element sulfur in any form, wherein the electrochemical activity involves the oxidation
or reduction of sulfur atoms or moieties. As an example, the electroactive sulfur-
containing material may comprise elemental sulfur (e.g., Sg). In some embodiments,
the electroactive sulfur-containing material comprises a mixture of elemental sulfur and
a sulfur-containing polymer. Thus, suitable electroactive sulfur-containing materials
may include, but are not limited to, elemental sulfur, sulfides or polysulfides (e.g., of
alkali metals) which may be organic or inorganic, and organic materials comprising
sulfur atoms and carbon atoms, which may or may not be polymeric. Suitable organic
materials include, but are not limited to, those further comprising heteroatoms,
conductive polymer segments, composites, and conductive polymers. In some
embodiments, an electroactive sulfur-containing material within an electrode (e.g., a
cathode) comprises at least about 40 wt% sulfur. In some cases, the electroactive
sulfur-containing material comprises at least about 50 wt%, at least about 75 wt%, or at
least about 90 wt% sulfur.

Examples of sulfur-containing polymers include those described in: U.S. Patent Nos.
5,601,947 and 5,690,702 to Skotheim et al.; U.S. Patent Nos. 5,529,860 and 6,117,590
to Skotheim et al.; U.S. Patent No. 6,201,100 issued Mar. 13, 2001, to Gorkovenko et
al., and PCT Publication No. WO 99/33130. Other suitable electroactive sulfur-
containing materials comprising polysulfide linkages are described in U.S. Patent No.
5,441,831 to Skotheim et al.; U.S. Patent No. 4,664,991 to Perichaud et al., and in U.S.
Patent Nos. 5,723,230, 5,783,330, 5,792,575 and 5,882,819 to Naoi et al. Still further
examples of electroactive sulfur-containing materials include those comprising disulfide
groups as described, for example in, U.S. Patent No. 4,739,018 to Armand et al.; U.S.
Patent Nos. 4,833,048 and 4,917,974, both to De Jonghe et al.; U.S. Patent Nos.
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5,162,175 and 5,516,598, both to Visco et al.; and U.S. Patent No. 5,324,599 to
Oyama et al.

While sulfur, as the active cathode species, is described predominately, it is to be
understood that wherever sulfur is described as a component of the electrode active
material herein, any suitable cathode active species may be used. For example, in
certain embodiments, the cathode active species comprises a hydrogen-absorbing
alloy, such as those commonly used in nickel metal hydride batteries. One of ordinary
skill in the art, given the present disclosure, would be capable of extending the ideas
described herein to electrochemical cells containing electrodes employing other
cathode active materials.

In certain embodiments in which sulfur is used as a cathode active material, the anode
can comprise lithium as an anode active material. Suitable electrode active materials
comprising lithium include, but are not limited to, lithium metal such as lithium foil and
lithium deposited onto a conductive substrate, and lithium alloys (e.g., lithium-aluminum
alloys and lithium-tin alloys). In some embodiments, an electroactive lithium-containing
material of an anode active layer comprises greater than 50 wt% lithium. In some
cases, the electroactive lithium-containing material of an anode active layer comprises
greater than 75 wt% lithium. In still other embodiments, the electroactive lithium-
containing material of an anode active layer comprises greater than 90 wt% lithium.

In certain embodiments, the porous support structures comprising particles with
indentations relative to their convex hull can be included in an anode. Examples of
anode active materials that can be used include, but are not limited to, alkali metals
(e.g., lithium, sodium, potassium, rubidium, caesium, francium), alkaline earth metals
(e.g., beryllium, magnesium, calcium, strontium, barium, radium), and the like.

The electrode and porous support structure configurations described herein can be
used in electrochemical cells for a wide variety of devices, such as, for example,
electric vehicles, load-leveling devices (e.g., for solar- or wind-based energy platforms),
portable electronic devices, and the like. The term “electrochemical cell” includes
primary and secondary electrochemical cells. Accordingly, the inventive
electrochemical cell arrangements and materials described herein can be used in
primary cells and/or in secondary cells (including primary batteries and secondary
batteries), which can be charged and discharged numerous times. In some
embodiments, the materials, systems, and methods described herein can be used in
association with lithium-based electrochemical cells, and batteries thereof. For
example, in certain embodiments, the electrodes comprising the porous support
structures described herein can be used in electrochemical cells comprising another
electrode comprising lithium, such as lithium metal and/or a lithium alloy.
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Although the present invention can find use in a wide variety of electrochemical
devices, an example of one such device is provided in FIG. 6 for illustrative purposes
only. FIG. 6 includes a schematic illustration of an electrochemical cell 610 comprising
a cathode 612 and an anode 616. In addition, the electrochemical cell comprises
electrolyte 614. The electrolyte can include one or more components in electrochemical
communication with the cathode and the anode. While the anode, cathode, and
electrolyte in FIG. 6 are shown as having a planar configuration, other embodiments
may include non-planar configurations (e.g., cylindrical, serpentine, etc.). In the set of
embodiments illustrated in FIG. 6, electrochemical cell 610 also includes a housing
structure 617.

Of course, the orientation of the components can be varied, and it should be
understood that there are other embodiments in which the orientation of the layers is
varied. Additionally, non-planar arrangements, arrangements with proportions of
materials different than those shown, and other alternative arrangements are useful in
connection with the present invention. A typical electrochemical cell also would include,
of course, current collectors, external circuitry, and the like. Those of ordinary skill in
the art are well aware of the many arrangements that can be utilized with the general
schematic arrangement as shown in the figures and described herein.

Electrodes comprising the porous support structures described herein (including, for
example, an assembly of particles comprising indentations relative to their convex hull)
can be used as anodes and/or cathodes. In certain embodiments, cathode 612 of
electrochemical cell 610 can comprise a porous support structure comprising a plurality
of particles comprising indentations relative to their convex hulls. In some such
embodiments, anode 616 comprises lithium (e.g., lithium metal and/or a lithium alloy)
as an active species.

In certain embodiments, the porous support structures and electrodes described herein
can be configured for use in electrochemical cells in which an anisotropic force is
applied to the cell. Accordingly, in certain embodiments, the porous support structures
and electrodes described herein can be configured to withstand an applied anisotropic
force (e.g., a force applied to enhance the morphology of the other electrode) while
maintaining their structural integrity (including void volume, in certain embodiments).
For example, in certain embodiments, the porous support structures and electrodes
can be part of an electrochemical cell that is constructed and arranged to apply, during
at least one period of time during charge and/or discharge of the cell, an anisotropic
force with a component normal to the active surface of an electrode within the
electrochemical cell (e.g., an anode comprising lithium metal and/or a lithium alloy). In
one set of embodiments, the applied force can be selected to enhance the morphology
of an electrode (e.g., an anode such as a lithium metal and/or alloy anode), and the



WO 2014/095483 PCT/EP2013/076066

20

25

30

35

40

22

cathode can comprise multiple particles comprising external surface portions with
indentations relative to the convex hulls of the particles.

An “anisotropic force” is given its ordinary meaning in the art and means a force that is
not equal in all directions. A force equal in all directions is, for example, internal
pressure of a fluid or material within the fluid or material, such as internal gas pressure
of an object. Examples of forces not equal in all directions include forces directed in a
particular direction, such as the force on a table applied by an object on the table via
gravity. Another example of an anisotropic force includes a force applied by a band
arranged around a perimeter of an object. For example, a rubber band or turnbuckle
can apply forces around a perimeter of an object around which it is wrapped. However,
the band may not apply any direct force on any part of the exterior surface of the object
not in contact with the band. In addition, when the band is expanded along a first axis
to a greater extent than a second axis, the band can apply a larger force in the
direction parallel to the first axis than the force applied parallel to the second axis.

In certain such cases, the anisotropic force comprises a component normal to an active
surface of an electrode within an electrochemical cell. As used herein, the term “active
surface” is used to describe a surface of an electrode that is in physical contact with the
electrolyte and at which electrochemical reactions may take place. For example,
referring back to FIG. 6, cathode 612 can include cathode active surface 618 and/or
anode 616 can include anode active surface 620. One of ordinary skill in the art would
understand that an active surface of an electrode refers to an external geometric
surface of the electrode.

A force with a “component normal” to a surface is given its ordinary meaning as would
be understood by those of ordinary skill in the art and includes, for example, a force
which at least in part exerts itself in a direction substantially perpendicular to the
surface. For example, in the case of a horizontal table with an object resting on the
table and affected only by gravity, the object exerts a force essentially completely
normal to the surface of the table. If the object is also urged laterally across the
horizontal table surface, then it exerts a force on the table which, while not completely
perpendicular to the horizontal surface, includes a component normal to the table
surface. Those of ordinary skill can understand other examples of these terms,
especially as applied within the description of this document.

An applied force with a component normal to an active surface of an electrode is
illustrated in FIG. 6. In FIG. 6, an anisotropic force may be applied in the direction of
arrow 650. Arrow 651 illustrates the component of force 650 that is normal to active
surface 620 of anode 616 (and also, in this case, normal to active surface 618 of
cathode 612). In the case of a curved surface (for example, a concave surface or a
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convex surface), the component of the anisotropic force that is normal to an active
surface of an electrode may correspond to the component normal to a plane that is
tangent to the curved surface at the point at which the anisotropic force is applied. The
anisotropic force may be applied, in some cases, at one or more pre-determined
locations, optionally distributed over the active surface of the anode. In some
embodiments, the anisotropic force is applied uniformly over the active surface of the
anode.

Any of the electrode properties (e.g., porosities, pore size distributions, etc.) and/or
performance metrics described herein may be achieved, alone or in combination with
each other, while an anisotropic force is applied to the electrochemical cell (e.g., during
charge and/or discharge of the cell). In certain embodiments, the anisotropic force
applied to porous support structure, to the electrode, and/or to the electrochemical cell
containing the electrode (e.g., during at least one period of time during charge and/or
discharge of the cell) can include a component normal to an active surface of an
electrode (e.g., an anode such as a lithium metal and/or lithium alloy anode within the
electrochemical cell and/or the porous electrode comprising multiple porous support
structures). In certain embodiments, the component of the anisotropic force that is
normal to the active surface of the electrode defines a pressure of at least about 20, at
least about 25, at least about 35, at least about 40, at least about 50, at least about 75,
at least about 90, at least about 100, at least about 125 or at least about 150 Newtons
per square centimeter, while the desired electrode properties are present. In certain
embodiments, the component of the anisotropic force normal to the active surface may,
for example, define a pressure of less than about 200, less than about 190, less than
about 175, less than about 150, less than about 125, less than about 115, or less than
about 110 Newtons per square centimeter, while the desired electrode properties are
present. While forces and pressures are generally described herein in units of Newtons
and Newtons per unit area, respectively, forces and pressures can also be expressed
in units of kilograms-force and kilograms-force per unit area, respectively. One of
ordinary skill in the art will be familiar with kilogram-force-based units, and will
understand that 1 kilogram-force is equivalent to about 9.8 Newtons.

In certain embodiments, the void volumes and/or pore distributions described herein
can be achieved while an anisotropic force (e.g., having a component normal to an
active surface of an electrode that defines a pressure of between about 20
Newtons/cm? and about 200 Newtons/cm?, or within any of the ranges outlined above)
is applied to the electrode (e.g., via application of an anisotropic force to an
electrochemical cell containing the electrode). This can be accomplished by fabricating
a porous support structure within the electrode that is capable of maintaining its
porosity under an applied force, as described above. A porous support structure that
resists deformation under an applied force can allow the electrode containing the
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porous support structure to maintain its permeability under pressure, and can allow the
electrode to maintain the enhanced rate capabilities described herein. In some
embodiments, the yield strength of a porous support structure (e.g., a large scale
porous support structure) and/or the yield strength of the resulting electrode produced
from the porous support structure can be at least about 200 Newtons/cm?, at least
about 350 Newtons/cm?, or at least about 500 Newtons/cm?.

The anisotropic forces described herein may be applied using any method known in the
art. In some embodiments, the force may be applied using compression springs.
Forces may be applied using other elements (either inside or outside a containment
structure) including, but not limited to Belleville washers, machine screws, pneumatic
devices, and/or weights, among others. In some cases, cells may be pre-compressed
before they are inserted into containment structures, and, upon being inserted to the
containment structure, they may expand to produce a net force on the cell. Suitable
methods for applying such forces are described in detail, for example, in U.S. Patent
Application No. 12/535,328, filed August 4, 2009, entitled “Application of Force in
Electrochemical Cells” to Scordilis-Kelley et al. which are incorporated herein by
reference in their entirety.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results
and/or one or more of the advantages described herein, and each of such variations
and/or modifications is deemed to be within the scope of the present invention. More
generally, those skilled in the art will readily appreciate that all parameters, dimensions,
materials, and configurations described herein are meant to be exemplary and that the
actual parameters, dimensions, materials, and/or configurations will depend upon the
specific application or applications for which the teachings of the present invention
is/are used. Those skilled in the art will 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 and claimed. The present invention is directed to each
individual feature, system, article, material, kit, and/or method described herein. In
addition, any combination of two or more such features, systems, articles, materials,
kits, and/or methods, if such features, systems, articles, materials, kits, and/or methods
are not mutually inconsistent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to mean “at least one.”
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The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by
the “and/or” clause, whether related or unrelated to those elements specifically
identified unless clearly indicated to the contrary. Thus, as a non-limiting example, a
reference to “A and/or B,” when used in conjunction with open-ended language such as
‘comprising” can refer, in one embodiment, to A without B (optionally including
elements other than B); in another embodiment, to B without A (optionally including
elements other than A); in yet another embodiment, to both A and B (optionally
including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or’ as defined above. For example, when separating items
in a list, “or’ or “and/or’ shall be interpreted as being inclusive, i.e., the inclusion of at
least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or’ as used herein shall only be interpreted as indicating exclusive
alternatives (i.e. “one or the other but not both”) when preceded by terms of exclusivity,
one of,” “only one of,” or “exactly one of.” “Consisting essentially of,”

such as “either,
when used in the claims, shall have its ordinary meaning as used in the field of patent
law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within
the list of elements and not excluding any combinations of elements in the list of
elements. This definition also allows that elements may optionally be present other
than the elements specifically identified within the list of elements to which the phrase
“at least one” refers, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, “at least one of A and B” (or, equivalently,
“at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in one
embodiment, to at least one, optionally including more than one, A, with no B present
(and optionally including elements other than B); in another embodiment, to at least
one, optionally including more than one, B, with no A present (and optionally including
elements other than A); in yet another embodiment, to at least one, optionally including
more than one, A, and at least one, optionally including more than one, B (and
optionally including other elements); etc.
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In the claims, as well as in the specification above, all transitional phrases such as
‘comprising,” “including,” “carrying,” “having, holding,” and
the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be

5 closed or semi-closed transitional phrases, respectively, as set forth in the United
States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

” ” o ” “Containing,” “inVOlVing,” 1
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CLAIMS

6.

An electrode for use in an electrochemical cell, comprising:
an assembly of particles defining a porous support structure, wherein:

each particle in the assembly of particles has a geometric particle
volume,

the assembly of particles has a total geometric particle volume defined
by the sum of each of the individual geometric particle volumes,

each particle in the assembly of particles has a convex hull defining a
convex hull volume, and

at least about 50% of the total geometric particle volume is made up of
particles that have at least one indentation such that, for each such particle, the
geometric particle volume is less than about 75% of the convex hull volume of
the particle; and
an electrode active material substantially contained within pores of the porous
support structure.

The electrode of any one of the preceding claims, wherein, when a compressive
force defining a pressure of at least about 20 Newtons/cm?, at least about
45 Newtons/cm?, at least about 70 Newtons/cm?, or at least about
95 Newtons/cm? is applied to the electrode, the void volume of the porous
support structure does not change by more than about 25%, by more than
about 10%, by more than about 5%, or by more than about 1% relative to the
void volume of the porous support structure before the force was applied but
under otherwise essentially identical conditions.

The electrode of any one of the preceding claims, wherein at least about 75%,
at least about 90%, at least about 95%, or at least about 99% of the total
geometric particle volume is made up of particles that are shaped such that, for
each particle, the geometric practice volume is less than about 75% of the
convex hull volume.

The electrode of any one of the preceding claims, wherein the electrode active
material comprises sulfur.

An electrode as in claim 4, wherein the sulfur comprises elemental sulfur,
polymeric sulfur, an inorganic sulfide, an inorganic polysulfide, an organic
sulfide, an organic polysulfide, and/or a sulfur organic compound.

The electrode of any one of the preceding claims, wherein at least a portion of

the particles comprise an electrically conductive material.
[Figures]
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The electrode of claim 6, wherein the electrically conductive material comprises
carbon and/or a metal.

The electrode of any one of the preceding claims, wherein:

each pore of the plurality of pores has a pore volume, and the plurality of pores
has a total pore volume defined by the sum of each of the individual pore
volumes; and

at least about 50%, at least about 70%, at least about 80%, at least about 90%,
at least about 95%, or at least about 99% of the total pore volume is defined by
pores having cross-sectional diameters of between about 0.1 micrometers and
about 10 micrometers, or between about 1 micrometer and about
3 micrometers.

The electrode of any one of the preceding claims, wherein at least a portion of
the particles within the assembly are adhered to another particle via a binder
and/or at least a portion of the particles within the assembly are fused to
another particle.

The electrode of any one of the preceding claims, wherein at least a portion of
the particles are substantially in the shape of a spherical cap.

The electrode of any one of claims 1-9, wherein at least a portion of the
particles comprise at least three valence points.

The electrode of any one of the preceding claims, wherein the porous support
structure has a total porosity percentage of at least about 50%.

An electrochemical cell comprising the electrode of any one of the preceding
claims.

The electrochemical cell of claim 13, wherein the electrochemical cell comprises
a second electrode comprising lithium.

The electrochemical cell of claim 14, wherein the second electrode comprises
lithium metal and/or a lithium alloy.
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