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PORE ORIENTATION USING MAGNETIC FIELDS

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Patent Application Serial No. 62/059,315, filed October 3, 2014, and entitled
“Magnetically Aligned Low Tortuosity Electrodes,” and to U.S. Provisional Patent
Application Serial No. 62/217,554, tiled September 11, 2015, and entitled
“Magnetically Aligned Low Tortuosity Electrodes,” each of which is incorporated herein

by reference in its entirety for all purposes.

GOVERNMENT SPONSORSHIP
This invention was made with Government support under Contract No. DE-
AC02-05CH11231 awarded by the Department of Energy. The Government has certain

rights in the invention.

TECHNICAL FIELD
The use of magnetic fields in the production of porous articles is generally

described.

BACKGROUND

Despite nearly two decades of evolution, many commercially-available Li-ion
cells continue to have poor materials utilization, with only about 50% of cell volume
devoted to active materials even in cells designed for high energy density (e.g., state-of-
art 18650s). Electrode thickness or lack thereof, is believed to be a cause of the low
volume and mass efficiency. Electrodes that can meet the duty cycles of plug-in hybrid
electric vehicles (PHEVs) and electric vehicles (EVs) are typically only 60-100 um
thick; techno-economic modeling has shown that by simply doubling electrode thickness,
the cost of a PHEV pack could be reduced by about $600. However, making electrodes
thicker generally leads to increased diffusion pathways of the charge carrying lithium
ions through the liquid electrolyte filled pores. Hence, at high rates only a fraction of the
stored energy can be delivered since the battery fails due to limited ion transport in the

liquid phase.



10

15

20

25

30

WO 2016/054530 PCT/US2015/053761

Increasing the porosity of the electrodes will increase the ion transport in the
electrolyte but simultaneously diminish the energy density of the battery. Instead,
changing the tortuosity of the electrode has shown to enable high rate capability while
maintaining the energy density. The tortuosity 7=¢- ¢,/0 is a measure of the
effectiveness of the pore structure in respect to mass transport, where ¢ is the porosity, 6o
is the transport coefficient of ions in the electrolyte and ¢ is a measured transport
coefficient of ions in the structure. Consequently a straight pore, relative to the diffusion
direction, is equal to tortuosity of unity, while more random pore shapes can reach much
higher values.

Measured tortuosities in batteries can exhibit values up to 27 but are usually in
the range of 2-5, showing that there is much room for improvement. Low tortuous
structures can be obtained by anisotropic pores, which are oriented in the direction of ion
diffusion. These structures have shown to greatly improve the delivered capacity at high
C-rates. For many applications, the anisotropic pores need high aspect ratios and small
diameters.

While the benefits of low tortuosity pores in electrodes has been recognized,
commercial methods for incorporating such pores into electrodes has had limited
success. Accordingly, improved methods of making such pores, in electrodes and other

porous structures, would be desirable.

SUMMARY

The use of magnetic fields in the production of porous articles is generally
described. 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.

Certain embodiments are related to methods. In one set of embodiments, the
method comprises exposing a matrix comprising a liquid and fugitive particles to a
magnetic field such that the magnetic field causes at least a portion of the fugitive
particles to chain; and at least partially removing the fugitive particles from the matrix to
form anisotropic pores within the matrix.

In some embodiments, the method comprises exposing a matrix comprising a

magnetic fluid and particles to a magnetic field such that the magnetic field causes at
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least a portion of the particles to chain; and at least partially removing the magnetic fluid
from the matrix to form anisotropic pores within the matrix.

The method comprises, in certain embodiments, exposing a precursor
composition of a porous article to a magnetic field which causes a set of particles in the
precursor composition to assume an elongated orientation; and at least partially removing
the set of particles from the composition, thereby forming the porous article, whereby
pores are at least partially defined by the elongated orientation of the set of particles.

The method comprises, in some embodiments, exposing a precursor composition
of a porous article comprising a magnetic fluid to a magnetic field, which causes a set of
particles in the precursor composition to assume an elongated orientation; and at least
partially removing the magnetic fluid from the composition, thereby forming the porous
article, whereby pores are at least partially defined by a spatial distribution of the
magnetic fluid.

According to certain embodiments, the method comprises exposing a precursor
composition of a porous article to a magnetic field which causes longitudinal axes of
elongated regions of material within the precursor to become substantially aligned with
each other; consolidating the composition; and at least partially removing the regions of
the material from the composition, thereby forming the porous article, whereby pores are
at least partially defined by the elongated regions.

In some embodiments, the method comprises exposing a precursor composition
of a porous article comprising a magnetic fluid to a magnetic field which causes
longitudinal axes of elongated regions of material within the precursor to become
substantially aligned with each other; consolidating the composition; and at least
partially removing the magnetic fluid from the composition, thereby forming the porous
article, whereby pores are at least partially defined by a spatial distribution of the
magnetic fluid.

Certain embodiments are related to articles. In some embodiments, the article
comprises a porous article comprising pores at least partially defined by a set of particles
removed from the article, the set of particles removed from the article being aligned in an
elongated orientation.

Other advantages and novel features of the present invention will become

apparent from the following detailed description of various non-limiting embodiments of
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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-1D are schematic cross-sectional diagrams illustrating the formation of
porous articles using fugitive particles, according to one set of embodiments.

FIGS. 2A-2D are, according to some embodiments, schematic cross-sectional
diagrams illustrating the formation of porous articles using fugitive magnetic fluid,
according to one set of embodiments.

FIGS. 3A-3E are schematic cross-sectional diagrams illustrating the formation of
porous articles using rods, according to certain embodiments.

FIG. 4 is a schematic illustration of electrode fabrication using magnetic
alignment of anisotropic fugitive magnetic pore former. The pore former (rods) can be
aligned in an electrode particle suspension by application of an external magnetic field.
After orientation of the pore former and consolidation of the matrix, the pore former can
be removed by dissolution or combustion.

FIGS. 5A-5D are schematic representation of electrode fabrication by chaining of
magnetic emulsion droplets. In FIG. 5A, a stable emulsion of ferroflud is mixed with
electrode particles and additives. In FIG. 5B, the droplets are chained up in an external
magnetic field. In FIGS. 5C-5D, (C) the continuous phase is evaporated until eventually
(D) the particles are consolidated

FIG. 6A shows the chaining of non-magnetic polystyrene particles in a magnetic

fluid.
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FIGS. 6B-6E are schematic illustrations of anisotropic pore channel formation. In
FIG. 6B, an external field induces a local magnetic gradient in electrode particles. High
gradient is depicted in lighter gray, low in darker gray. In FIG. 6C, particles chain up in
the field direction. In FIG. 6D, solvent is evaporated and in FIG. 6E solvent is removed
after the matrix is consolidated.

FIG. 7 is a schematic illustration of pore formation by chaining a combination of
non-magnetic particles in a magnetic fluid. At low magnetic fields only the large
fugitive particles chain. After evaporation of the solvent and removal of the fugitive
particles, large pore channels remain. If the field is increased, the smaller electrode
particles also chain up and form micro-channels between the large pore channels.

FIGS. 8A-8C are (A) Snapshots of 5 um magnetic PS particles chaining up in a
magnetic field (Scale bar 20pum). The arrow indicates the direction of the magnetic field.
(B) and (C) show a sintered LiCoQ; electrode with vertically aligned pores made by
chaining of fugitive magnetic polystyrene particles. The arrow indicates the direction of
the field applied to chain the fugitive particles.

FIGS. 9A-9E are images of ferrofluid emulsion droplets in water (A) before and
(B) after aligning them in a vertical field (scale bars 200 um). FIGS. 9C-9D show a
LiCoO, electrode with vertically aligned pores after removal of the solvent (scale bars 50
um and 5 pum). FIG. 9E shows the electrode after sintering (scale bar 100 um).

FIGS. 10A-10B show emulsion droplets of an oil-based ferrofluid stabilized with
pluronic F-120 in DMSO with 4 wt% PVDF binder (A) without a field and (B) after
chaining in a vertically applied magnetic field.

FIGS. 11A-11D show magnetically aligned LiCoQ; particles (in plane) in a
mixture of ferrofluid and hexane at (A) low and (B) high LiCoQ, concentration (Scale
bar 100 um). FIGS. 11C and 11D show a sintered electrode with LiCoO, particles that
were chained vertically (scale bars, 50 pum and 5 um, respectively).

FIGS. 12A-12E show (A-C) Magnetized polystyrene rods aligned vertically in a
LiCoO, and NCA matrix. (scale bars, 20 pm, 50 um, and 20 um); and (D,E) a LiCoO,
electrode with vertically aligned pores after sintering and burn out of the rods. Vertical
pore channels remain after the removal of the rods (scale bars, 75 um and 10 pm).

FIGS. 13A-13C show (A) Magnetized calcium phosphate rods aligned vertically
in a LiCoO, matrix (scale bars 25 um, 15 um); (B-C) a LiCoO, matrix after dissolution
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of the calcium phosphate rods (B) prior and (C), after sintering (scale bars: B, C) 25 um
and inset 10 pm). The dissolved rods leave behinds oriented pores.

FIGS. 14A-14C are scanning electron microscrope (SEM) images of a LiCoQO,
electrode green body with aligned nylon rods (A) before and (B-C) after sintering. Scale
bars 200 um.

FIGS. 15A-15C show, according to some embodiments, (A) in-plane alignment
of magnetic microrods in water on a flat surface using fields as low as 100 Oe; and out of
plane alignment of (B) magnetized nylon rods and (C) magnetic emulsion droplets (Scale
bars 500 um, 500 pm, and 75 pwm, respectively).

FIGS. 16A-16F are, according to certain embodiments, (A and B) cross sectional
images of a LiCoO, electrode green body with aligned nylon rods (scale bars 100 um
and 20 pum, respectively); (C) a cross sectional image of a sintered LiCoQO, electrode with
aligned pore channels made with sacrificial nylon rods (scale bars: 100 pm and 20 pm);
(D-F) cross sectional images of sintered LiCoO, electrodes with aligned pore channels
that were templated by magnetically chained emulsions, with the image in (F) taken from
a slight angle (scale bars: 100 um, 25 pm, and 100 pm, respectively).

FIGS. 17A-17B are, according to some embodiments, optical micrographs of
aligned of nylon rods in cement (scale bars 1 mm). As shown in FIG. 17A, applying a
magnetic field with a gradient from below, the nylon rods assembled at the bottom of the
sample. As shown in FIG. 17B, applying the magnetic field with a gradient from the top
leads to assembly of rods at the top of the sample.

FIGS. 18A-18H are, according to some embodiments, (A and B) a top view of
LCO electrodes with anisotropic pore channels made with (A) low concentration and (B)
high concentration of aligned sacrificial rods; (C and D) a plot of areal capacity vs. rate
for LCO electrodes with pore channels made by magnetically aligned rods, with (C) 310
um thick electrodes with 39-42% porosity and (D) 220 um thick electrodes with 30-33%
porosity; (E) a plot of average chain spacing as a function of the average emulsion
droplet size in water (The insets show top views on vertically chained emulsions, with
the dashed line indicating the theoretical dependency for hexagonally packed chains); (F
and G) top views of sintered LCO electrodes with anisotropic pore channels made by
magnetically chained emulsions with (F) larger and (G) smaller average emulsion droplet

size (ccale bars: 50 pm, 50 um and 10 pum, respectively); (H) a plot of areal capacity vs.
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discharge rate for 280 pm — 290 pm thick electrodes with aligned pores made by
magnetically chained emulsions (30-33% total porosity).

FIGS. 19A-19B are, according to certain embodiments, (A) a plot of average
chain spacing as a function of the fraction of emulsion phase in water, with the insets
showing top views of vertically chained emulsions; (B) top views of sintered LCO
electrodes with anisotropic pore channels made by magnetically chained emulsions.

FIGS. 20A-20B are, according to some embodiments, (A) a plot of areal capacity
vs discharge rate for 310 um thick electrodes with aligned pores made by magnetically
chained emulsions; and (B) an SEM cross-section, taken before polishing, through one of
the sintered LCO cathodes that was tested in (A).

FIGS. 21A-21C are, according to certain embodiments, (A) a current prolife of a
dynamic stress test used to simulate dynamic discharge, which is repeated until a lower
voltage limit of 3V is reached; (B) a voltage vs time profile for an electrode with aligned
pore channels and a reference electrode with homogenous porosity under the dynamic
stress test condition; and (C) a voltage profile for the cells of (B) in terms of net capacity
(discharge capacity minus charge capacity).

FIGS. 22A-22B are, according to some embodiments, (A) a plot of voltage v. net
discharge capacity for a 210 um thick electrode with aligned pore channels, compared to
a similarly thick reference electrode with homogenous porosity; and (B) a plot of voltage
vs. delivered net capacity during dynamic discharge. The short charging steps reduced
the capacity and the discharge steps increased the capacity. The net capacity was taken to

be the sum of all charge and discharge steps.

DETAILED DESCRIPTION
The use of magnetic fields in the production of porous articles is generally

described. Certain embodiments comprise exposing a matrix to a magnetic field such
that particles and/or elongated rods within the matrix form one or more elongated regions
(e.g., one or more regions in which multiple particles chain). The one or more elongated
regions may align with the applied magnetic field. The longitudinal axes of two or more
elongated regions may, according to certain embodiments, be substantially aligned with
each other. In some embodiments, after the magnetic field has been applied, at least a

portion of the particles and/or a liquid within the matrix can be at least partially removed.
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Removal of the particles and/or the liquid can leave behind anisotropic pores within the
remainder of the matrix material.

Unlike previous techniques, certain embodiments described in this specification
use new techniques for the creation of anisotropic porosity that are scalable for large
areas. The ability to scale manufacturing techniques for large areas can be important for
cost effective production of batteries.

Battery electrodes with aligned pore channels generally have a lower tortuosity in
the direction of the alignment. It has been shown that such low tortuous electrodes
deliver more capacity at high discharge rates compared to electrodes with conventional
microstructures. Certain embodiments described in this specification show how
anisotropic pores that can be produced using magnetic field controlled alignment of
magnetic and non-magnetic phases. While in the examples presented here the electrode
material is mostly LiCoQ, beneficial effects on the rate capability can be expected for
electrodes made from any material that is used as films and at least partly limited by ion
transport in the electrolyte such as Li(Ni,Co,A1)O, (NCA), LiMnO;-LiMO, alloys, or
graphite. Other electrode materials can also be used, as described in more detail below.

Certain embodiments described in this disclosure allow for the creation of
anisotropic pores in battery electrodes by the use of magnetically aligned structures. The
application of magnetic fields can be integrated efficiently and cost effectively into the
electrode fabrication process.

Certain embodiments comprise exposing a precursor composition of a porous
article to a magnetic field. According to certain embodiments, exposure of the precursor
composition to a magnetic field can cause the rearrangement of one or more individuated
particles such that one or more elongated regions of material are present (and, in certain
cases, aligned with each other) in the precursor. In some such embodiments, after
application of the magnetic field, the particles may re-align such that, for at least a
portion of time, their free energies are minimized. Each elongated region can be made of
a single particle (e.g., in the case of rods) or multiple particles arranged in an elongated
orientation (e.g., in the case of a chain of particles). According to certain embodiments,
exposure of the precursor to the magnetic field can cause a set of particles in a matrix of
the precursor to chain. Certain embodiments comprise at least partially removing the

particles from the precursor (e.g., a matrix of the precursor). Removal of the particles
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from the precursor can result in the formation of pores that are at least partially defined
by the elongated orientation of the set of particles. For example, removal of the particles
can lead to the formation of anisotropic pores within the matrix within which the
particles were originally distributed. In some embodiments, the liquid of the precursor
may comprise a magnetic fluid, and at least a portion of the magnetic fluid may be
removed from the precursor to form pores (e.g., anisotropic pores) that are at least
partially defined by a spatial distribution of the magnetic fluid within the precursor (e.g.,
within a matrix of the precursor).

Certain embodiments are not limited to the chained particles. For example, in
some embodiments, elongated particles (e.g., rods) can be used in the precursor.

Some embodiments comprise exposing the precursor to a magnetic field to cause
longitudinal axes of elongated regions of material (e.g., chained particles and/or rods)
within the precursor to become substantially aligned with each other. In some such
embodiments, the precursor is consolidated, and at least a portion of the elongated
regions of material and/or a fluid of the precursor are removed from the precursor to
form a porous article. Pores within the porous article can correspond to the elongated
regions of material, according to certain embodiments.

Inventive articles are also described herein. For example, certain embodiments
are related to inventive porous articles comprising pores at least partially defined by a set
of particles aligned in an elongated orientation and removed from the article.

In one embodiment anisotropic pores are created by alignment of anisotropic
fugitive pore formers in the electrode matrix. In some embodiments, the pore formers
have a ferro- or para- magnetic volume or surface coating and are aligned in the desired
direction using an externally imposed magnetic field. The pore formers are then
removed, according to certain embodiments, after consolidation of the electrode matrix.

In one embodiment anisotropic pores are formed by chaining of fugitive ferro- or
para- magnetic phases in the electrode matrix. In one specific embodiment the fugitive
particles are solid and in another specific embodiment the fugitive particles are droplets
of emulsified magnetic fluid.

In one embodiment anisotropic pores are created by magnetically induced

chaining of the non-magnetic electrode particles in a magnetic fluid. Straight pore
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channels can remain between the electrode particle chains after consolidation of the
matrix.

In one specific embodiment non-magnetic fugitive particles are mixed with the
non-magnetic electrode particles and the magnetic fluid. In some such embodiments,
upon imposing a magnetic field the non-magnetic particles will form chains but the
larger particles have a stronger tendency to form chains. Removal of the fugitive large
particles can lead to a combination of small and larger anisotropic pore channels between
the electrode particles.

As noted above, certain embodiments are related to inventive methods of forming
pores in articles. The pores may be formed, for example, in a precursor composition of a
porous article. The precursor composition may comprise, for example, a matrix in which
the pores are formed. According to certain embodiments, and as described in more detail
below, the matrix can comprise a fluid within which particles (e.g., solid particles and/or
emulsion droplets) are suspended.

In some embodiments, the porous article can be made by at least partially
removing fugitive particles from a precursor of the porous article. One example of such
an arrangement is illustrated in FIGS. 1A-1D. In FIG. 1A, matrix 100 comprises
particles 102 suspended in fluid 104. In the set of embodiments illustrated in FIG. 1A
(and accompanying FIGS. 1B-1D), particles 102 are fugitive particles, which is to say,
particles 102 are ultimately at least partially removed from the matrix. In other
embodiments (e.g., as illustrated in FIGS. 2A-2D, described in more detail below), the
particles may be non-fugitive particles, which is to say, the particles may remain within
the matrix after material is removed to form the porous article.

According to certain embodiments, at least one phase within the matrix is
magnetic. For example, in some embodiments, the fluid of the matrix comprises a
magnetic fluid (e.g., a ferrofluid) in which electrode particles are suspended. In FIG. 1A,
for example, fluid 104 can be a ferrofluid, and particles 102 can be non-magnetic solid
particles, such as particles of electrode material. In certain embodiments, the matrix
comprises a non-magnetic fluid in which magnetic particles (e.g., magnetic emulsion
droplets such as droplets of ferrofluid and/or magnetic solid particles) are suspended. In

FIG. 1A, for example, fluid 104 can be a non-magnetic fluid, and particles 102 can be
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magnetic solid particles, such as solid particles of magnetic material and/or emulsion
droplets of magnetic fluid.

A variety of types of particles can be used as fugitive particles, according to
certain embodiments. In some embodiments, magnetic particles (e.g., solid magnetic
particles or fluid magnetic particles) can be used as fugitive particles. The magnetic
particles can, in some embodiments, be made of a magnetic material (e.g., the magnetic
particles can have magnetic material both at their exposed surfaces and within their
bulk). Examples of such particles include, but are not limited to, iron, nickel, cobalt,
oxides thereof, and/or alloys thereof. The magnetic particles can, according to certain
embodiments, be made of a non-magnetic material that is at least partially coated with a
magnetic material. For example, in some embodiments, the bulk of the fugitive particles
may be made of (in whole or in part) a non-magnetic polymer, metal, and/or salt (e.g.,
salts of Group I and/or Group II elements, such as any salts of sodium, potassium,
calcium, strontium, and/or barium with counter ions such as nitrate, phosphate,
carbonate, fluoride, chloride, and bromide anions) at least partially coated with a
magnetic material (e.g., containing iron, cobalt, nickel, oxides thereof, and/or alloys
thereof). In some embodiments, the coating material can be in the form of nanoparticles
that at least partially coat the underlying material. In certain embodiments, the magnetic
particles can be fluid droplets, such as droplets of a magnetic fluid emulsified in an
insoluble emulsion matrix.

In some embodiments, the magnetic particles can have a relatively high magnetic
susceptibility. The use of such particles can be helpful in achieving alignment of
magnetic particles (or, in some cases, non-magnetic particles) upon application of a
magnetic field to the matrix, as described in more detail elsewhere herein. According to
certain embodiments, the magnetic particles (e.g., solid particles, emulsion droplets) may
have a non-dimensional magnetic volume susceptibility (as defined in the International
System of Units) of at least about 0.001, at least about 0.01, at least about 0.1, or at least
about 1 (and/or, in some embodiments, up to about 10, up to about 20, or more). It
should be understood that the non-dimensional magnetic volume susceptibility of a
composite particle (such as emulsion droplets that include both magnetic particles and

liquid) corresponds to the non-dimensional magnetic volume susceptibility of the overall
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composite particle that responds to the magnetic field, and not individual components
within the particle.

In some embodiments, non-magnetic particles may be used as fugitive particles.
For example, fugitive particles may comprise a non-magnetic polymer, metal, and/or salt
(e.g., salts of Group I and/or Group II elements, such as any salts of sodium, potassium,
calcium, strontium, and/or barium with counter ions such as nitrate, phosphate,
carbonate, fluoride, chloride, and bromide anions). According to certain embodiments,
when non-magnetic particles are used as fugitive particles, the matrix can also comprise
a magnetic phase (e.g., a magnetic fluid and/or magnetic particles) which can force the
non-magnetic particles into alignment (e.g., chaining) upon application of a magnetic
field, as described in more detail elsewhere herein. For example, in some embodiments,
the fugitive particles are non-magnetic particles and the matrix further comprises
magnetic particles. In some such embodiments, upon application of a magnetic field, the
magnetic particles assume an alignment that forces the non-magnetic particles into an
elongated form. Application of the magnetic field may, in some cases, force the
magnetic particles into an alignment that results in chaining of the non-magnetic
particles. In some embodiments, the fugitive particles are non-magnetic particles, and
the matrix further comprises a magnetic fluid (e.g., a ferrofluid). In some embodiments
in which both magnetic and non-magnetic particles are present in the matrix, the non-
magnetic particles are at least one order of magnitude (or at least two orders of
magnitude, or at least three orders of magnitude) larger than the magnetic particles.

In certain embodiments, the non-magnetic particles can have a relatively low
magnetic susceptibility. According to certain embodiments, the non-magnetic particles
may have a non-dimensional magnetic volume susceptibility (as defined in the
International System of Units) of less than about 0.001, less than about 0.0001, less than
about 0.00001, less than about 0.000001, or less.

As noted above, the fugitive particles may be solid or fluid (e.g., liquid). In some
embodiments, the fugitive particles comprise a magnetic fluid, such as a ferrofluid. In
some embodiments, the fugitive particles comprise emulsion droplets (e.g., droplets of a
magnetic fluid, such as a ferrofluid, within a fluid phase in which the magnetic fluid is

immiscible).
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In addition to containing a fluid and fugitive particles, the precursor composition
(e.g., matrix) can also include, according to certain embodiments, other components. For
example, in some embodiments, electrode particles (e.g., Li(Ni,Co,Al)O,, an
LiMnOs;-LiMO; alloy, graphite, and/or other types of electrode particles, including those
outlined elsewhere herein) can be contained within the fluid of the matrix (e.g., in a
suspension). In some embodiments, a charge-storing electrode particle can be contained
within the fluid of the matrix (e.g., in a suspension). Such particles include compounds
that store charge in an electrochemical device by intercalating, alloying, or adsorbing a
working ion. Such particles include but are not limited to ion-storing battery electrode
particle of compounds such as an alkali ion-transition metal oxide, alkali ion transition
metal phosphates, a metal or metal alloy capable of alloying with an alkali working ion,
carbon in the form of disorderd carbon, hard carbon, soft carbon, graphite, carbon
nanotubes, fullerenes, graphenes, graphene oxides, and mixtures thereof. Specific non-
limiting examples include LiCoO, (LCO), LiFePO,4 (LFP), LiMn,0O4 (LMO), Li(Ni,Mn,
Co)O, (NMC), Li(Ni,Co,AD)O, (NCA), LiMnO;-LiMO, alloys where M comprises at
least one first-row transition metal, silicon, tin, and their alloys, silicon-carbon mixtures
or composites, sulfur and composites comprising sulfur, and/or other types of electrode
particles). In some embodiments, a binder (e.g., a polymeric binder) can be contained
within the fluid of the matrix. In certain embodiments, a conductive additive (e.g.,
carbon particles, metal particles) may be present in the fluid of the matrix. In some
embodiments, and in particular in certain embodiments in which emulsions are
employed, an emulsion stabilizer (e.g., a surfactant) may be contained within the fluid of
the matrix.

A variety of fluids may be used in the matrix fluid component of the precursor
(e.g., fluid 104 in FIGS. 1A-1D). The matrix fluid can be a liquid, according to certain
embodiments. The matrix fluid may be aqueous or non-aqueous. In some embodiments,
the matrix fluid component of the precursor comprises water. Other examples of matrix
fluids that may be used include, but are not limited to hydrocarbons (e.g., butane,
pentane, hexane); alcohols (e.g., ethylene glycol, isopropanol); aromatic compounds
(e.g.,benzene, naphtalene), and/or other compounds (e.g., n-methylpyrrolidone (NMP),
dimethyl sulfoxide). According to certain embodiments, the matrix fluid can be selected

such that it does not dissolve and/or such that it is immiscible with the fugitive particles.
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For example, in some embodiments, the fugitive particles comprise emulsion droplets,
and the matrix fluid is selected such that it is immiscible with the emulsion droplet
material. As another example, in some embodiments, the fugitive particles comprise
solid particles, and the matrix fluid is selected such that it does not dissolve the solid
fugitive particles. Those of ordinary skill in the art, given the guidance provided by the
present disclosure, would be capable of selecting an appropriate matrix fluid with no
more than routine experimentation.

In some embodiments, the matrix fluid has a relatively high vapor pressure at
20 °C. The use of fluids with relatively high vapor pressures can allow for the relatively
easy removal of the fluid from the system (e.g., during a consolidation step or in another
fluid removal step), according to certain embodiments. In some embodiments, the
matrix fluid component of the precursor has a vapor pressure of at least about
17.5 mmHg, at least about 18 mmHg, at least about 20 mmHg, at least about 50 mmHg,
at least about 100 mmHg, at least about 500 mmHg, at least about 1000 mmHg, or at
least about 2000 mmHg (and/or, in some embodiments, up to about 5000 mmHg, up to
about 10,000 mmHg, or more) at 20 °C.

Some embodiments comprise exposing the precursor composition of the porous
article (e.g., the matrix, such as matrix 100 in FIG. 1A) to a magnetic field. For
example, as illustrated in FIG. 1B, matrix 100 has been exposed to a magnetic field such
that the magnetic field (indicated via arrows 106) passes through matrix 100. The
magnetic field may be applied using any suitable magnetic field source, such as a
permanent magnet, an electromagnet, or any other suitable source of a magnetic field.

According to certain embodiments, exposing the precursor composition of the
porous article to the magnetic field causes a set of particles in the precursor composition
to assume an elongated orientation. The particles within the set may, prior to alignment,
be originally present as individuated scattered or randomly positioned particles. Certain
embodiments comprise exposing a matrix comprising a liquid and fugitive particles to a
magnetic field such that the magnetic field causes at least a portion of the fugitive
particles to chain. Referring to FIG. 1B, for example, application of magnetic field 106
to matrix 100 causes a set of fugitive particles 102 to assume an elongated orientation
(within elongated region 108) within matrix 100. In FIG. 1B, fugitive particles 102 have

chained to form an elongated region 108 of particles 102.
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Certain embodiments comprise at least partially removing the set of particles
(e.g., fugitive particles) from the composition, thereby forming the porous article. In
some such embodiments, pores of the porous article are at least partially defined by the
elongated orientation of the set of particles. For example, referring to FIGS. 1B and 1D,
in some embodiments, fugitive particles 102 within matrix 100 of FIG. 1B are at least
partially removed from matrix 100 to form pores 110 within porous article 112 of
FIG. 1D. Some embodiments comprise at least partially removing the fugitive particles
from the matrix to form anisotropic pores within the matrix. For example, in FIGS. 1B
and 1D, fugitive particles 102 within matrix 100 in FIG. 1B have been removed to form
anisotropic pores 110 within porous article 112 of FIG. 1D.

Fugitive particles can be removed from the matrix via a variety of mechanisms.
In some embodiments, the fugitive particles comprise fluid particles (e.g., emulsion
droplets), and at least partially removing the fugitive particles from the matrix comprises
at least partially removing the fluid particles (e.g., emulsion droplets) from the matrix.
According to certain embodiments, the fugitive particles comprise solid particles, and at
least partially removing the fugitive particles from the matrix comprises at least partially
removing the solid particles from the matrix. According to certain embodiments, at least
partially removing the fugitive particles from the precursor composition (e.g., matrix)
comprises removing at least about 30 wt%, at least about 40 wt%, 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 fugitive particle material from the precursor composition (e.g., matrix).

In some embodiments, at least a portion of the fugitive particles can be removed
by heating the fugitive particles. Heating the fugitive particles can lead to combustion,
pyrolysis, sublimation, evaporation, and/or melting of the fugitive particles.

According to certain embodiments, at least partially removing the fugitive
particles from the matrix comprises washing the fugitive particles with a fluid (e.g., a
liquid), such as a solvent. For example, in some embodiments, the fugitive particles
comprise a fluid droplet phase of an emulsion (e.g., a magnetic fluid emulsified in a
surrounding matrix fluid). In some such embodiments, at least a portion of the fluid
droplets can be removed by transporting a fluid through the emulsion such that the
emulsion droplets are at least partially removed and at least a portion of the remaining

matrix is left behind. In some such embodiments, the fluid that is transported through
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the emulsion can be miscible with the emulsion droplets and immiscible with the matrix
in which the emulsion droplets are suspended. As another example, in some
embodiments, the fugitive particles comprise solid particles. In some such embodiments,
at least a portion of the solid particles can be removed by transporting a fluid through the
matrix such that the solid particles are at least partially dissolved by the fluid and at least
a portion of the remaining matrix is left behind.

According to certain embodiments, at least partially removing the fugitive
particles from the matrix comprises evaporating fugitive particle material from the
matrix. Evaporating fugitive particle material from the matrix can involve the
application of heat, according to certain embodiments. In other cases, evaporating
fugitive particle material can be performed without applying heat (e.g., by exposing the
fugitive particle material to the ambient environment, which may optionally be at least a
partial vacuum, such that the fugitive particle material is evaporated without the
application of heat). In some embodiments, evaporating fugitive particle material
comprises exposing the fugitive particle material to at least a partial vacuum (e.g., to an
absolute pressure of less than about 0.9 atm, less than about 0.8 atm, less than about
0.5 atm, less than about 0.25 atm, or lower).

According to certain embodiments, the step of at least partially removing the
fugitive particles from the matrix is performed without sintering particles within the
matrix. Those of ordinary skill in the art are familiar with sintering, which is a process in
which heat is applied to an article such that individuated particles within the article are
fused to form a single mass. According to certain embodiments, fewer than 25%, fewer
than 10%, fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or fewer than
0.1% of the particles within the precursor are sintered to another particle during the step
of at least partially removing the fugitive particles from the matrix. According to certain
embodiments, fewer than 25%, fewer than 10%, fewer than 5%, fewer than 2%, fewer
than 1%, fewer than 0.5%, or fewer than 0.1% of the electrode particles within the
precursor are sintered to another electrode particle during the step of at least partially
removing the fugitive particles from the matrix. The invention is not limited to
embodiments in which sintering does not occur during the removal of fugitive particles,
and in some embodiments, particles may be sintered (to any degree) during removal of

fugitive particles.
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The method by which fugitive particles are at least partially removed from the
matrix can depend upon the material from which the fugitive particles are made and/or
the material from which the matrix fluid is made. For example, in some cases, the
fugitive particles may be made of calcium phosphate, which particles may be removed,
for example, via dissolution in an acid such as HCI. The fugitive particles could be made
of, for example, a polymer which could be dissolved or removed via pyrolysis. In some
cases, the fugitive particles may correspond to a dispersed liquid phase of an emulsion,
such as an oil-based ferrofluid. In some such cases, the emulsion droplets may be
washed with a hydrophobic liquid (e.g., a hydrocarbon oil) to remove the emulsion
droplets and/or the emulsion droplets may be selectively evaporated. Other removal
mechanisms are also possible. Those of ordinary skill in the art, given the guidance
provided by the present disclosure, would be capable of selecting an appropriate fugitive
particle removal mechanism for a particular set of materials using no more than routine
experimentation.

According to certain embodiments, after at least part of the fugitive particles are
removed from the matrix, the remaining portion of the matrix is left behind. The
remaining portion of the matrix can comprise a variety of materials. In some cases, the
portion of the matrix that is left behind comprises electrode particles. For example,
referring to FIGS. 1A-1D, in some embodiments, fluid 104 of matrix 100 comprises a
suspension of electrode particles (which electrode particles are not illustrated in
FIGS. 1A-1D, for purposes of clarity). In some embodiments, after fugitive particles
have been at least partially removed from the matrix, electrode particles can be present
within the remaining portions of the matrix. Referring to FIGS. 1A-1D, for example, in
some embodiments, after fugitive particles 102 have been at least partially removed from
matrix 100, electrode particles may be present within remaining portions 114 of the
matrix (illustrated in FIG. 1D). The electrode particles can comprise, for example, LCO,
LMO, NMC, NCA, an LiMnO;-LiMO; alloy, silicon, and/or graphite. In some
embodiments, the electrode particles comprise Li(N1,Co,Al)O,, an LiMnO;-LiMO; alloy,
and/or graphite. Other types of electrode particles, described in more detail below, are
also possible.

Other materials may also be present in the remaining portion of the matrix, in

addition to or in place of electrode particles. For example, in some embodiments a
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binder (e.g., a polymeric binder) and/or a conductive additive (e.g., carbon particles,
metal particles) may be present in the matrix after the fugitive particles have been at least
partially removed. In some embodiments, an emulsion stabilizer (e.g., a surfactant) may
be present in the matrix after the fugitive particles have been at least partially removed.
Other materials are also possible.

While embodiments have been described in which particles are removed from a
precursor of a porous article to produce pores of the porous article, in some
embodiments, fluid can be removed from the precursor to produce pores within the
porous article. The fluid that is removed from the precursor can be a magnetic fluid,
according to certain such embodiments. Thus, according to some embodiments, the
porous article can be made by at least partially removing magnetic fluid from a precursor
composition, whereby pores are at least partially defined by a spatial distribution of the
magnetic fluid. One example of such an arrangements is illustrated in FIGS. 2A-2D.

In FIG. 2A, (and accompanying FIGS. 2B-2D), particles 202 of matrix 200 are
suspended in magnetic fluid 204. In FIGS. 2A-2D, particles 202 are non-fugitive
particles, which is to say, the particles remain with the matrix material after matrix
material is removed to form the porous article. Any of a variety of types of magnetic
fluids could be used as magnetic fluid 204. In some embodiments, the magnetic fluid is
a ferrofluid.

A variety of types of particles can be suspended in the magnetic fluid, according
to certain embodiments. In certain embodiments, non-magnetic particles can be
suspended in the magnetic fluid. Any of the non-magnetic particles described above
with respect to fugitive particles could be employed, for example. According to certain
embodiments, the particles suspended in the magnetic fluid can be electrode particles.
The electrode particles may be made of any of the materials described above or
elsewhere herein. In some embodiments, the electrode particles comprise LCO, LMO,
NMC, NCA, an LiMnO3-LiMO; alloy, silicon, and/or graphite. In some embodiments,
the electrode particles comprise Li(Ni,Co,Al)O,, an LiMnO;-LiMO, alloy, and/or
graphite.

In addition to containing a magnetic fluid and particles, the precursor
composition (e.g., matrix) can also include, according to certain embodiments, other

components. For example, in some embodiments, a binder (e.g., a polymeric binder)



10

15

20

25

30

WO 2016/054530 PCT/US2015/053761

~ 19—

and/or a conductive additive (e.g., carbon particles, metal particles) may be contained
within magnetic fluid 204 of matrix 200.

Some embodiments comprise exposing the precursor composition comprising the
magnetic fluid and the particles (e.g., the matrix, such as matrix 200 in FIG. 2A) to a
magnetic field. For example, as illustrated in FIG. 2B, matrix 200 has been exposed to a
magnetic field such that the magnetic field (indicated via arrows 206) passes through
matrix 200. As noted above, the magnetic field may be applied using any suitable
magnetic field source, such as a permanent magnet, an electromagnet, or any other
suitable source of a magnetic field.

Similar to certain embodiments employing fugitive particles, certain
embodiments employing particles suspended in fugitive magnetic fluid comprise
exposing the precursor composition of the porous article to a magnetic field to cause the
particles in the precursor composition to assume an elongated orientation. For example,
certain embodiments comprise exposing a matrix comprising a magnetic fluid and
particles to a magnetic field such that the magnetic field causes at least a portion of the
particles to chain. Referring to FIG. 2B, for example, application of magnetic field 206
to matrix 200 causes fugitive particles 202 to assume an elongated orientation (illustrated
as region 208) within matrix 200. In FIG. 2B, fugitive particles 202 have chained to
form elongated region 208 of particles 202.

Certain embodiments comprise at least partially removing the magnetic fluid
from the composition, which can form anisotropic pores within the matrix. In some such
embodiments, pores of the porous article are at least partially defined by the spatial
distribution of the magnetic fluid in the matrix. For example, referring to FIGS. 2B and
2D, in some embodiments, magnetic fluid 204 within matrix 200 of FIG. 2B is at least
partially removed from matrix 200 to form pores 210 within porous article 212 of
FIG. 2D. Some embodiments comprise at least partially removing the magnetic fluid
from the matrix to form anisotropic pores within the matrix. For example, in FIGS. 2B
and 2D, magnetic fluid 204 within matrix 200 in FIG. 2B has been removed to form
anisotropic pores 210 within porous article 212 of FIG. 2D.

According to certain embodiments, at least partially removing the magnetic fluid
from the precursor composition (e.g., matrix) comprises removing at least about 30 wt%,

at least about 40 wt%, at least about 50 wt%, at least about 50 wt%, at least about
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75 wt%, at least about 90 wt%, at least about 95 wt%, or at least about 99 wt% of the
magnetic fluid from the precursor composition (e.g., matrix).

Magnetic fluid can be removed from the matrix via a variety of mechanisms.
According to certain embodiments, at least partially removing the magnetic fluid from
the matrix comprises washing the magnetic fluid with another fluid (e.g., a liquid), such
as a solvent. For example, in some embodiments, at least a portion of the magnetic fluid
can be removed by contacting the magnetic fluid with another fluid that is miscible with
the magnetic fluid such that the magnetic fluid is washed away. In certain embodiments,
at least a portion of the magnetic fluid can be removed by draining the magnetic fluid
from the matrix while leaving solid material (e.g., comprising particles 202 in
FIGS. 2A-2D) behind. According to certain embodiments, at least partially removing the
magnetic fluid from the matrix comprises evaporating magnetic fluid from the matrix.
Evaporating magnetic fluid from the matrix can involve the application of heat,
according to certain embodiments. In other cases, evaporating magnetic fluid can be
performed without applying heat (e.g., by exposing the magnetic fluid to the ambient
environment, which may optionally be at least a partial vacuum, such that magnetic fluid
is evaporated without the application of heat). In some embodiments, evaporating
magnetic fluid comprises exposing the magnetic fluid to at least a partial vacuum (e.g., to
an absolute pressure of less than about 0.9 atm, less than about 0.8 atm, less than about
0.5 atm, less than about 0.25 atm, or lower).

According to certain embodiments, the step of at least partially removing the
magnetic fluid from the matrix is performed without substantially sintering particles
within the matrix. According to certain embodiments, fewer than 25%, fewer than 10%,
fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or fewer than 0.1% of
the particles within the precursor are sintered to another particle during the step of at
least partially removing the magnetic fluid from the matrix. According to some
embodiments, fewer than 25%, fewer than 10%, fewer than 5%, fewer than 2%, fewer
than 1%, fewer than 0.5%, or fewer than 0.1% of the electrode particles within the
precursor are sintered to another electrode particle during the step of at least partially
removing the magnetic fluid from the matrix. The invention is not limited to

embodiments in which sintering does not occur during the removal of magnetic fluid,
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and in some embodiments, particles may be sintered (to any degree) during removal of
magnetic fluid.

The method by which magnetic fluid is at least partially removed from the matrix
can depend upon the material from which the magnetic fluid is made and/or the material
from which the particles in the matrix are made. Those of ordinary skill in the art, given
the guidance provided by the present disclosure, would be capable of selecting an
appropriate magnetic fluid removal mechanism for a particular set of materials using no
more than routine experimentation.

According to certain embodiments, after at least a part of the magnetic fluid is
removed from the matrix, the remaining portion of the matrix is left behind. The
remaining portion of the matrix can comprise a variety of materials. In some cases, the
portion of the matrix that is left behind comprises particles, such as electrode particles.
For example, referring to FIGS. 2A-2D, in some embodiments, after magnetic fluid 204
has been at least partially removed from the matrix, particles 202 (e.g., electrode
particles) can be present within the remaining portions of the matrix. The electrode
particles can comprise, for example, Li(Ni,Co,Al)O,, an LiMnO3-LiMO, alloy, and/or
graphite. Other types of electrode particles, described in more detail below, are also
possible.

Other materials may also be present in the remaining portion of the matrix, in
addition to or in place of electrode particles. For example, in some embodiments a
binder (e.g., a polymeric binder) and/or a conductive additive (e.g., carbon particles,
metal particles) may be present in the matrix after the magnetic fluid has been at least
partially removed. Other materials are also possible.

As outlined above, certain embodiments comprise applying a magnetic field to a
precursor to cause a set of particles in a matrix of the precursor to chain. Chaining of a
plurality of particles generally refers to a situation in which the particles assume an
elongated orientation that corresponds to a magnetic field line of an applied magnetic
field. Chained particles may directly contact at least one other particle within the chain,
such that the collection of particles in contact with at least one other particle forms a
chain.

In certain embodiments in which a magnetic field is applied to a precursor such

that particles form one or more elongated regions within the matrix, the elongated
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region(s) can have relatively large aspect ratios. For example, in some embodiments,
elongated regions made up of a plurality of particles (e.g., regions 108, 108B, 108C, and
108D in FIG. 1B; regions 208, 208B, 208C, and 208D in FIG. 2B) can have an aspect
ratio of at least about 3:1, at least about 5:1, at least about 10:1, at least about 50:1, at
least about 100:1, or at least about 1000:1 (and/or, in some embodiments, up to about
10,000:1 up to about 100,000:1, or greater). In some embodiments, a chain of particles
can have an aspect ratio of at least about 3:1, at least about 5:1, at least about 10:1, at
least about 50:1, at least about 100:1, or at least about 1000:1 (and/or, in some
embodiments, up to about 10,000:1 up to about 100,000:1, or greater). The aspect ratio
of an article is determined by comparing the largest cross-sectional dimension of the
article to the largest dimension of the article that is orthogonal to the largest cross-
sectional dimension of the article.

According to certain embodiments, exposing the precursor composition to the
magnetic field causes particles in the precursor composition to form multiple elongated
regions (e.g., multiple chains). For example, referring to FIG. 1B, in some embodiments,
application of magnetic field 106 causes particles 102 within matrix 100 to form multiple
elongated regions, including elongated region 108 and elongated regions 108B, 108C,
and 108D. As another example, referring to FIG. 2B, in certain embodiments,
application of magnetic field 206 causes particles 202 within matrix 200 to form multiple
elongated regions, including elongated region 208 and elongated regions 208B, 208C,
and 208D.

According to certain embodiments, when multiple elongated regions (e.g.,
multiple chains) are formed, the longitudinal axes of at least some of the elongated
regions (e.g., chains) can be substantially aligned with each other. For example,
referring to FIG. 1B, the longitudinal axes of elongated regions 108, 108B, 108C, and
108D are substantially aligned with each other. As another example, referring to
FIG. 2B, the longitudinal axes of elongated regions 208, 208B, 208C, and 208D are
substantially aligned with each other. For the purposes of this determination, the
longitudinal axis of an elongated region is linear and corresponds to the longest
dimension that extends from one end of the elongated region to the other. In certain
embodiments, after application of the magnetic field, the matrix comprises a collection

of at least 10 (or at least 25, at least 50, at least 100, or at least 1000) elongated regions
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such that, for each elongated region in the collection, the longitudinal axis of the
elongated region is within about 15° (or within about 10°, within about 5°, within about
2°, or within about 1°) of parallel to at least about 50% (or at least about 75%, at least
about 90%, or at least about 95%) of the remaining elongated regions within the
collection.

According to certain embodiments, removal of elongated regions of material
(e.g., one or more elongated sets or chains of particles within the matrix, magnetic fluid
from the matrix) can result in the formation of anisotropic pores within the porous
article. In some such embodiments, the anisotropic pores within the porous article can
have relatively large aspect ratios. For example, in some embodiments, one or more
anisotropic pores within the porous article (e.g., pores 110 in FIG. 1D; pores 210 in
FIG. 2D) can have an aspect ratio of at least about 3:1, at least about 5:1, at least about
10:1, at least about 50:1, at least about 100:1, or at least about 1000:1 (and/or, in some
embodiments, up to about 10,000:1 up to about 100,000:1, or greater).

According to certain embodiments, removal of fugitive particles and/or magnetic
fluid from the matrix can result in the formation of multiple anisotropic pores in the
porous article. For example, referring to FIG. 1D, removal of fugitive particles 102
results in the formation of multiple anisotropic pores 110 in article 112 of FIG. 1D. As
another example, referring to FIG. 2D, removal of magnetic fluid 204 results in the
formation of multiple anisotropic pores 210 in article 212 of FIG. 2D. According to
certain embodiments, when multiple anisotropic pores are formed, the longitudinal axes
of at least some of the anisotropic pores can be substantially aligned with each other. For
example, referring to FIG. 1D, the longitudinal axes of pores 110 are substantially
aligned with each other. As another example, referring to FIG. 2D, the longitudinal axes
of anisotropic pores 210 are substantially aligned with each other. For the purposes of
this determination, the longitudinal axis of a pore is linear and is the longest dimension
that extends from one end of the pore to the other. In certain embodiments, the porous
article (e.g., article 112 in FIG. 1D and/or article 212 in FIG. 2D) comprises a collection
of at least 10 (or at least 25, at least 50, at least 100, or at least 1000) anisotropic pores
such that, for each anisotropic pore in the collection, the longitudinal axis of the
anisotropic pore is within about 15° (or within about 10°, within about 5°, within about

2°, or within about 1°) of parallel to at least about 50% (or at least about 75%, at least
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about 90%, or at least about 95%) of the remaining anisotropic pores within the
collection.

In some embodiments, the porous article (e.g., electrode) comprises a collection
of at least 10 (or at least 25, at least 50, at least 100, or at least 1000) anisotropic pores
such that, on average (calculated as a number average), the longitudinal axes of the
anisotropic pores in the collection are within 15°, within 10°, within 5°, or within 2° of
normal (i.e., perpendicular) to an exterior plane of the porous article (e.g., electrode). To
illustrate, in FIG. 1D, porous article 112 comprises four anisotropic pores 110, each of
which has a longitudinal axis that forms an angle of essentially 0° with the normal of
external surface 130 of article 112. Thus, the four anisotropic pores in FIG. 1D — on
average — are within 15° (and are also within 10°, within 5°, and within 2°) of normal to
exterior surface 130 of article 112.

In some embodiments, the anisotropic pores within the collection (e.g., of at least
10, at least 25, at least 50, at least 100, or at least 1000 anisotropic pores) have
longitudinal axes defining a distribution of orientations with respect to the normal of a
plane of the porous article. In some such embodiments, the maximum of the angles
formed between the longitudinal axes of the anisotropic pores in the collection and the
normal of the plane is less than 45°, less than 30°, less than 25°, less than 15°, less than
10°, less than 5°, or less than 2°.

Certain embodiments comprise consolidating the precursor composition (e.g.,
consolidating the matrix) to form the porous article. The consolidation step, when
present, can employ any mechanism that enhances the mechanical stability of the
portions of the matrix that remain after the fugitive particle material and/or magnetic
fluid is removed from the precursor composition. In some embodiments, consolidating
the composition comprises consolidating the composition at least to the extent that the
composition becomes self-supporting in the absence of the fugitive particles. In certain
embodiments, consolidating the composition comprises consolidating the composition at
least to the extent that the composition becomes self-supporting in the absence of the
magnetic fluid. Those of ordinary skill in the art would understand that a self-supporting
material is a material that is able to maintain its shape outside a container under the force

of gravity. According to certain embodiments, the self-supporting material does not
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dissociate into multiple pieces upon suspending the material from one end under the
force of gravity.

Consolidation of the matrix can be achieved via a number of suitable
mechanisms. In some embodiments, consolidation of the matrix comprises hardening at
least a portion of the matrix (e.g., via polymerization, cross-linking, gelation,
solidification of a liquid, of any other hardening mechanism). For example, in some
embodiments, consolidating the matrix comprises polymerizing the matrix. The matrix
may comprise, for example, a monomer or other polymerizable component, and
consolidating the matrix may comprise activating a polymerization step (e.g., by adding
or activating a chemical initiator, such as a polymerization agent). In some
embodiments, consolidating the matrix comprises gelling the matrix. For example, the
matrix may comprise a gel precursor (e.g., a monomer or other material that can be
reacted to form a gel matrix), and consolidating the matrix may comprise initiating a
gelation reaction. According to certain embodiments, consolidating the matrix
comprises solidifying a liquid phase of the matrix. According to certain embodiments,
consolidating the matrix comprises removing at least a portion of the liquid from the
matrix. In some embodiments, the consolidation step comprises sintering particles (e.g.,
sintering electrode particles) within the matrix.

The consolidation step and the fugitive material removal step may be performed
as separate steps, according to certain embodiments. For example, in some
embodiments, the consolidation step may be performed prior to at least partially
removing the fugitive particles from the matrix, Referring to FIG. 1D, for example, in
some embodiments, the material within portions 114 of article 112 may be consolidated
prior to removing at least a portion of fugitive particles 102 from matrix 100. In other
embodiments, the consolidation step may be performed after removing at least portions
of fugitive particles from the matrix. In certain embodiments, a consolidation step may
be performed prior to at least partially removing magnetic fluid from the matrix,
Referring to FIG. 2D, for example, in some embodiments, particles 202 may be
consolidated prior to removing at least a portion of magnetic fluid 204 from matrix 200.
In other embodiments, the consolidation step may be performed after removing at least a
portion of the magnetic fluid from the matrix. In certain cases, it may be beneficial to

perform the consolidation and fugitive material removal as separate steps, as doing so
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may aid in obtaining more complete removal of fugitive material from the precursor
while maintaining the desired shape of the final porous article. Of course, the invention
is not limited to separate consolidation and fugitive material removal steps (when the
optional consolidation step is present), and in other embodiments, consolidation and
fugitive material removal steps can be performed simultaneously.

According to certain embodiments, the consolidation step is performed in the
substantial absence of sintering. According to certain embodiments, fewer than 25%,
fewer than 10%, fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or
fewer than 0.1% of the particles within the precursor are sintered to another particle
during the consolidation step. According to some embodiments, fewer than 25%, fewer
than 10%, fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or fewer than
0.1% of the electrode particles within the precursor are sintered to another electrode
particle during the consolidation step. The invention is not limited to embodiments in
which sintering does not occur during the consolidation step, and in some embodiments,
particles may be sintered (to any degree) during consolidation.

In some embodiments, inventive methods may include an optional matrix fluid
removal step. For example, certain embodiments comprise removing at least a portion of
the matrix fluid (e.g., at least a portion of the matrix liquid) to form the porous article.
Referring to FIGS. 1B-1C, for example, in some embodiments, at least a portion of fluid
104 can be removed from matrix 100 to form the matrix illustrated in FIG. 1C (which
contains less fluid 104 than matrix 100 in FIG. 1B). As another example, referring to
FIGS. 2B-2C, in some embodiments, at least a portion of fluid 204 can be removed from
matrix 200 to form the matrix illustrated in FIG. 2C (which contains less fluid 204 than
matrix 200 in FIG. 2B).

The matrix fluid removal step, when present, can employ any of a variety of
suitable mechanisms. In certain embodiments, at least partially removing the matrix
fluid comprises evaporating matrix fluid. Evaporating matrix fluid from the precursor
can involve the application of heat, according to certain embodiments. In other cases,
evaporating matrix fluid can be performed without applying heat (e.g., by exposing the
fugitive particle material to the ambient environment, which may optionally be at least a
partial vacuum, such that the fugitive particle material is evaporated without the

application of heat). In some embodiments, evaporating fugitive particle material
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comprises exposing the fugitive particle material to at least a partial vacuum (e.g., to an
absolute pressure of less than about 0.9 atm, less than about 0.8 atm, less than about

0.5 atm, less than about 0.25 atm, or lower). According to certain embodiments, at least
partially removing the matrix fluid comprises washing the matrix fluid with another fluid
(e.g., a liquid), such as a solvent. In some embodiments, at least partially removing the
matrix fluid comprises draining the matrix fluid from the precursor composition.

The matrix fluid removal step and the fugitive material removal step may be
performed as separate steps, according to certain embodiments. For example, in some
embodiments, the matrix fluid removal step may be performed prior to at least partially
removing the fugitive particles from the matrix, Referring to FIGS. 1B-1D, for example,
in some embodiments, matrix fluid 104 may be at least partially removed prior to
removing at least a portion of fugitive particles 102 from matrix 100. In other
embodiments, the matrix fluid removal step may be performed after removing at least
portions of fugitive particles from the matrix. Matrix fluid removal can also be
performed simultaneously with removal of at least a portion of the fugitive particles from
the matrix, according to some embodiments.

In certain embodiments, a matrix fluid removal step may be performed prior to at
least partially removing magnetic fluid from the matrix, Referring to FIG. 2B-2D, for
example, in some embodiments, magnetic fluid 204 may be at least partially removed
from matrix 200 (e.g., to form the matrix illustrated in FIG. 2C from the matrix
illustrated in FIG. 2B) prior to performing an optional consolidation step, after which
additional magnetic fluid 204 may be removed from the remainder of the matrix (e.g., to
form article 212 illustrated in FIG. 2D from matrix 200 illustrated in FIG. 2C).

According to certain embodiments, an optional matrix fluid removal step and an
optional consolidation step may each be performed independently (in time) from each
other.

The particles used to form elongated regions (e.g., fugitive particles and/or non-
fugitive particles such as electrode particles) can have any suitable size. In some
embodiments, at least some of the particles have a maximum cross-sectional dimension
of about 5 mm or less, about 1 mm or less, about 100 pm or less, about 50 um or less,
about 10 um or less, about 5 pm or less, about 1 um or less, about 500 nm or less, about

100 nm or less, or about 50 nm or less. In some embodiments, at least some of the
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particles have a maximum cross-sectional dimension of at least about 10 nm, at least
about 20 nm, at least about 50 nm, at least about 100 nm, at least about 500 nm, or at
least about 1 um. In some embodiments, the number average of the maximum cross-
sectional dimensions of the particles can be about 5 mm or less, about 1 mm or less,
about 100 um or less, about 50 um or less, about 10 pm or less, about 5 um or less,
about 1 pm or less, about 500 nm or less, about 100 nm or less, about 50 nm or less,
and/or, in some embodiments, at least about 10 nm, at least about 20 nm, at least about
50 nm, at least about 100 nm, at least about 500 nm, or at least about 1 pm.

The use of multiple particles within an elongated region of fugitive material (e.g.,
multiple particles within a chain of fugitive material) to form anisotropic pores (e.g., as
described above with respect to FIGS. 1A-1D and 2A-2D) can be advantageous,
according to certain embodiments. For example, magnetically-driven movement of
relatively small particles has been found to be easier to achieve, in certain cases, than
magnetically-driven movement of sets of elongated rods, as the individuated particles are
less likely to meet interference from other components of the matrix during
magnetically-driven arrangement of the particles. In addition, the use of particles to
form chains of elongated regions of fugitive material provides flexibility in the size of
pores that are formed in the final porous article.

While certain embodiments comprise the use of methods in which multiple
particles are used to form an elongated region, it should be understood that the invention
is not necessarily so limited, and in certain embodiments, single elongated rods may be
used to form elongated regions in the precursor composition.

FIGS. 3A-3D are cross-sectional schematic illustrations showing an exemplary
method in which elongated rods are used to form elongated regions during the
production of a porous article. In FIG. 3A, a precursor composition of a porous article
comprises elongated regions of material in the form of rods 302. Unlike the elongated
regions of material illustrated in FIGS. 1B-1C and 2B-2C (in which the elongated
regions of material are made up of multiple individuated particles), the elongated regions
of material in FIGS. 3A-3C are single entities.

According to certain embodiments, the precursor can be exposed to a magnetic
tield, which can cause longitudinal axes of the elongated regions of material to become

substantially aligned with each other. For example, as shown in FIG. 3B, matrix 300 can
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be exposed to magnetic field 306, which can cause the longitudinal axes of rods 302 to
become substantially aligned with each other. In certain embodiments, after application
of the magnetic field, the matrix comprises a collection of at least 10 (or at least 25, at
least 50, at least 100, or at least 1000) elongated rods such that, for each elongated rod in
the collection, the longitudinal axis of the elongated rod is within about 15° (or within
about 10°, within about 5°, within about 2°, or within about 1°) of parallel to at least
about 50% (or at least about 75%, at least about 90%, or at least about 95%) of the
remaining elongated rods within the collection.

Certain embodiments comprise at least partially removing the rods from the
composition, thereby forming the porous article, whereby pores are at least partially
defined by the rods. For example, referring to FIG. 3D, in some embodiments, rods 302
are at least partially removed from matrix 300 to form article 312 in which anisotropic
pores 310 (which are defined by the absence of rods 302) are present within remaining
portions 314 of matrix 300.

In some embodiments, the matrix comprises rods suspended in a magnetic fluid.
Some such embodiments comprise at least partially removing the magnetic fluid from
the composition, thereby forming the porous article, whereby pores are at least partially
defined by the spatial distribution of the magnetic fluid within the precursor (e.g., within
a matrix of the precursor). For example, referring to FIG. 3B, in some embodiments,
rather than at least partially removing rods 302 from matrix 300, fluid 304 (which can be
a magnetic fluid) can be at least partially removed from matrix 300. In some such
embodiments, anisotropic pores may be present between the remaining rods. For
example, referring to FIG. 3E, removal of magnetic fluid from matrix 300 can result in
the production of article 320, in which anisotropic pores 322 — spatially defined by the
absence of fluid 304 — are positioned between rods 302.

In certain embodiments in which elongated rods are employed, the precursor
composition is consolidated. The consolidation step can include any of the consolidation
steps outlined above, for example, with respect to embodiments in which particles are
chained to form elongated regions. In some embodiments, the consolidation step is
performed separately (in time) from the step of removing at least a portion of the rods
and/or magnetic fluid. The consolidation step can comprise, according to certain

embodiments, consolidating the composition at least to the extent that the composition
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becomes self-supporting in the absence of the rods. The consolidation step can
comprise, according to certain embodiments, consolidating the composition at least to
the extent that the composition (which may be made up of aligned, elongated rods)
becomes self-supporting in the absence of the magnetic fluid.

In some embodiments in which elongated rods are employed, a matrix fluid
removal step may be employed. For example, as shown in FIGS. 3B-3C, in some
embodiments, at least a portion of matrix fluid 304 can be removed from matrix 300 in
FIG. 3B to form matrix 300 in FIG. 3C. The matrix fluid removal step can include any
of the matrix fluid removal steps outlined above, for example, with respect to
embodiments in which particles are chained to form elongated regions.

In embodiments in which elongated rods are employed in the precursor
composition, the elongated rods may be made of a variety of materials, including any of
the materials from which the fugitive particles and/or electrode particles described above
are made.

In certain embodiments, the rods can be fugitive rods (e.g., as described in
association with FIG. 3D). In some embodiments, the fugitive rods can be magnetic
rods. The magnetic rods can, in some embodiments, be made of a magnetic material,
such as iron, nickel, cobalt, oxides thereof, and/or alloys thereof. The magnetic rods can,
according to certain embodiments, be made of a non-magnetic material that is at least
partially coated with a magnetic material. For example, in some embodiments, the bulk
of the fugitive rods may comprise (in whole or in part) a non-magnetic polymer, metal,
and/or salt (e.g., salts of Group I and/or Group II elements, such as any salts of sodium,
potassium, calcium, strontium, and/or barium with counter ions such as nitrate,
phosphate, carbonate, fluoride, chloride, and bromide anions) at least partially coated
with a magnetic material (e.g., containing iron, cobalt, and/or nickel). In some
embodiments, the coating material can be in the form of nanoparticles that at least
partially coat the underlying material. According to certain embodiments, the magnetic
rods may have a non-dimensional magnetic volume susceptibility (as defined in the
International System of Units) of at least about 0.001, at least about 0.01, at least about
0.1, or at least about 1 (and/or , in some embodiments, up to about 10, up to about 20, or

more).
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In some embodiments, the rods may be non-magnetic. For example, the rods
may comprise a non-magnetic polymer, metal, and/or salt (e.g., salts of Group I and/or
Group II elements, such as any salts of sodium, potassium, calcium, strontium, and/or
barium with counter ions such as nitrate, phosphate, carbonate, fluoride, chloride, and
bromide anions). According to certain embodiments, when non-magnetic rods are used
as fugitive particles, the matrix can also comprise a magnetic phase (e.g., a magnetic
fluid and/or magnetic particles) which can force the non-magnetic rods into alignment
upon application of a magnetic field. In certain embodiments, the non-magnetic rods can
have a relatively low magnetic susceptibility. According to certain embodiments, the
non-magnetic rods may have a non-dimensional magnetic volume susceptibility (as
defined in the International System of Units) of less than about 0.001, less than about
0.0001, less than about 0.00001, Iess than about 0.000001, or less.

According to certain embodiments, the rods may comprise electrode material.

In some embodiments, the rods may be made of, at least in part, LiCoO, (LCO),
LiFePO, (LFP), LiMn,0,4 (LMO), Li(Ni,Mn, Co)O, (NMC), Li(N1,Co,Al)O, (NCA),
LiMnO;-LiMO; alloys where M comprises at least one first-row transition metal, silicon,
tin, and their alloys, silicon-carbon mixtures or composites, graphite, hard carbon, sulfur
and composites comprising sulfur, and/or other types of electrode materials, including
those described elsewhere herein. In some embodiments, the rods may be made of, at
least in part, Li(Ni,Co,Al)O,, an LiMnO;-LiMO, alloy, and/or graphite.

In addition to containing a fluid and rods, the precursor composition (e.g., matrix)
can also include, according to certain embodiments, other components. For example, in
some embodiments, electrode particles can be contained within the fluid of the matrix
(e.g., in a suspension). In some embodiments, the electrode particles comprise LiCoO,
(LCO), LiFePO, (LFP), LiMn,0O4 (LMO), Li(Ni,Mn, Co)O, (NMC), Li(N1,Co,A)O,
(NCA), LiMnOs-LiMO; alloys where M comprises at least one first-row transition metal,
silicon, tin, and their alloys, silicon-carbon mixtures or composites, graphite, hard
carbon, sulfur and composites comprising sulfur. In some embodiments, the electrode
particles comprise Li(Ni,Co,Al)O», an LiMnOs3-LiMO; alloy, and/or graphite. In some
embodiments, a binder (e.g., a polymeric binder) can be contained within the fluid of the
matrix. In certain embodiments, a conductive additive (e.g., carbon particles, metal

particles) may be present in the fluid of the matrix. According to certain embodiments,
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any of these components may serve a similar function as that described above with
respect to chained particle embodiments.

The rods, when employed, are generally elongated. According to certain
embodiments, the rods have an aspect ratio of at least about 3:1, at least about 5:1, at
least about 10:1, at least about 50:1, at least about 100:1, or at least about 1000:1 (and/or,
in some embodiments, up to about 10,000:1 up to about 100,000:1, or greater).

The rods can have any suitable size. In some embodiments, at least some of the
rods have a maximum cross-sectional dimension of about 1 m or less, about 100 mm or
less, about 10 mm or less, about 5 mm or less, about 1 mm or less, about 500 pm or less,
about 200 um or less, about 100 um or less, or about 10 um or less. In some
embodiments, at least some of the rods have a maximum cross-sectional dimension of at
least about 1 um, at least about 10 um, at least about 100 um, or at least about 1 mm. In
some embodiments, the number average of the maximum cross-sectional dimensions of
the rods can be about 1 m or less, about 100 mm or less, about 10 mm or less, about
5 mm or less, about 1 mm or less, about 500 um or less, about 200 um or less, about 100
um or less, or about 10 um or less, and/or, in some embodiments, at least about 1 um, at
least about 10 pm, at least about 100 um, or at least about 1 mm. According to certain
embodiments, at least some of the rods have largest dimensions perpendicular to their
largest cross-sectional dimensions of about 100 um or less, about 50 um or less, about 10
um or less, about 5 um or less, or about 1 pm or less. In some embodiments, the number
average of the largest dimensions of the rods that are perpendicular to their largest cross-
sectional dimensions is about 100 um or less, about 10 um or less, or about 1 pm or less.

According to certain embodiments, removal of elongated rods and/or magnetic
fluid from the matrix can result in the formation of anisotropic pores within the porous
article. In some such embodiments, the anisotropic pores within the porous article can
have relatively large aspect ratios. For example, in some embodiments, one or more
anisotropic pores within the porous article (e.g., pores 310 in FIG. 3D; pores 322 in
FIG. 3E) can have an aspect ratio of at least about 3:1, at least about 5:1, at least about
10:1, at least about 50:1, at least about 100:1, or at least about 1000:1 (and/or, in some
embodiments, up to about 10,000:1 up to about 100,000:1, or greater). According to
certain embodiments, removal of fugitive rods and/or magnetic fluid from the matrix can

result in the formation of multiple anisotropic pores in the porous article. For example,
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referring to FIG. 3D, removal of fugitive rods 302 results in the formation of multiple
anisotropic pores 310 in article 312 of FIG. 3D. As another example, referring to

FIG. 3E, removal of magnetic fluid 304 results in the formation of multiple anisotropic
pores 322 in article 320 of FIG. 3E. According to certain embodiments, when multiple
anisotropic pores are formed, the longitudinal axes of at least some of the anisotropic
pores can be substantially aligned with each other. For example, referring to FIG. 3D,
the longitudinal axes of pores 310 are substantially aligned with each other. As another
example, referring to FIG. 3E, the longitudinal axes of anisotropic pores 322 are
substantially aligned with each other. In certain embodiments, the porous article (e.g.,
article 312 in FIG. 3D and/or article 320 in FIG. 3E) comprises a collection of at least 10
(or at least 25, at least 50, at least 100, or at least 1000) anisotropic pores such that, for
each anisotropic pore in the collection, the longitudinal axis of the anisotropic pore is
within about 15° (or within about 10°, within about 5°, within about 2°, or within about
1°) of parallel to at least about 50% (or at least about 75%, at least about 90%, or at least
about 95%) of the remaining anisotropic pores within the collection.

In some embodiments, after removal of the rods and/or magnetic fluid, the porous
article (e.g., electrode) comprises a collection of at least 10 (or at least 25, at least 50, at
least 100, or at least 1000) anisotropic pores such that, on average (calculated as a
number average), the longitudinal axes of the anisotropic pores in the collection are
within 15°, within 10°, within 5°, or within 2° of normal (i.e., perpendicular) to an
exterior plane of the porous article (e.g., electrode). In some embodiments, the
anisotropic pores within the collection (e.g., of at least 10, at least 25, at least 50, at least
100, or at least 1000 anisotropic pores) have longitudinal axes defining a distribution of
orientations with respect to the normal of a plane of the porous article. In some such
embodiments, the maximum of the angles formed between the longitudinal axes of the
anisotropic pores in the collection and the normal of the plane is less than 45°, less than
30°, less than 25°, less than 15°, less than 10°, less than 5°, or less than 2°.

The magnetic fields to which the precursor and/or matrix compositions are
exposed can be generated using a variety of equipment and/or methods. In certain
embodiments, the magnetic field can be generated using a permanent magnet. All or part
of the permanent magnet may be made of, for example, neodymium, ferrite, metals and

alloys comprising one or more of iron, chromium, and/or cobalt, or other permanently
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magnetic materials. In some embodiments, the magnetic field can be generated using an
electromagnet.

According to certain embodiments, the magnetic field can have a field strength of
at least 20 Gauss (e.g., 20-30 Gauss). Magnetic fields with higher strengths (e.g., at least
100 Gauss, at least 500 Gauss, or stronger) could also be used.

Certain embodiments comprise exposing the precursor composition and/or matrix
to a magnetic field having a magnetic field gradient. For example, in some
embodiments, the precursor composition and/or matrix is exposed to a magnetic field
having a magnetic field gradient of at least about 100 Oe/cm, at least about 500 Oe/cm,
or at least about 1000 Oe/cm (and/or, in some embodiments, up to about 3000 Oe/cm, or
more). The use of a magnetic field with a magnetic field gradient can, according to
certain embodiments, allow one to align the ends of the elongated regions of material
(e.g., elongated regions 108 in FIG 1B, elongated regions 208 in FIG. 2B, rods 302 in
FIG. 3B) such that the ends are in substantially the same plane. Non-limiting examples
of such alignment are shown in FIGS. 17A-17B. Such alignment may be useful in
making electrodes or other porous articles with pore endpoints that lie within
substantially a single plane.

According to certain embodiments, the magnetic field can be configured such
that the magnetic field lines are substantially linear as they pass through the precursor
composition and/or matrix. For example, as illustrated in FIGS. 1B-1C, 2B-2C, and
3B-3C, the magnetic field lines (indicated by the dash arrows) are linear. One of
ordinary skill in the art, given the present disclosure, would be capable of generating
linear or substantially linear magnetic field lines by, for example, selecting an
appropriate position of the magnetic field source (e.g., a magnet and/or an
electromagnet) and/or by adjusting the strength of the magnetic field. In certain
embodiments, at least one magnetic field line that passes through the precursor
composition and/or matrix has a minimum radius of curvature, within the precursor
composition and/or matrix, of at least about 1 meter, at least about 5 meters, at least
about 10 meters, or at least about 100 meters.

Some embodiments are related to inventive porous articles. Certain of the

inventive porous articles described herein can be used as electrodes (e.g., in batteries).
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Certain embodiments are related to porous articles comprising pores at least
partially defined by a set of particles removed from the article, the set of particles
removed from the article being aligned in an elongated orientation. One example of such
an article is illustrated in FIG. 1D. In FIG. 1D, porous article 112 comprises pores 110.
Each of pores 110 in porous article 112 is defined by a set of particles (e.g., sets 108,
108B, 108C, and 108D of particles 102) removed from the article, for example, as
described above with respect to FIGS. 1B-1D. The sets of particles removed from pores
110 in FIG. 1D, as illustrated in FIGS. 1B-1C, are aligned in an elongated orientation.
For example, referring to FIG. 1B, particles 102 are arranged in set 108 such that set 108
is aligned in an elongated orientation (vertically, as shown in FIG. 1B).

Those of ordinary skill in the art would be capable of determining whether a pore
is at least partially defined by a set of particles being removed from the article, for
example, by visually inspecting a cross-section of the pore (optionally, after
magnification). For example, pores at least partially defined by a set of particles being
removed from the article may have sidewalls with multiple concave surface portions, the
intersections of which may define peaks indicating the boundary between adjacent
particles previously occupying the space of the pore. In some cases, residual particulate
material may be present on or within the sidewalls of a pore that is at least partially
defined by a set of particles being removed from an article within which the pore is
positioned.

According to certain embodiments, the pores of the porous article may be in an
orientation associated with magnetic field lines. For example, the longitudinal axes of
the pores may be parallel to (or substantially parallel to) magnetic field lines of the
magnetic field used to align the particles that were removed to form the pore. Referring
to FIG. 1D, for example, the longitudinal axes of pores 110 are oriented such that they
are parallel to magnetic field lines 106 of FIG. 1B.

In some embodiments, the method by which the porous article is produced does
not involve substantial sintering. Thus, according to certain embodiments, the porous
article is not substantially sintered. According to certain embodiments, fewer than 25%,
fewer than 10%, fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or
fewer than 0.1% of the particles within the precursor used to make the porous article are

sintered to another particle during the formation of the porous article. According to
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certain embodiments, fewer than 25%, fewer than 10%, fewer than 5%, fewer than 2%,
fewer than 1%, fewer than 0.5%, or fewer than 0.1% of the electrode particles within the
precursor used to make the porous article are sintered to another electrode particle during
the formation of the porous article. Thus, according to some embodiments, the porous
article contains sintered groups of particles that represent fewer than 25%, fewer than
10%, fewer than 5%, fewer than 2%, fewer than 1%, fewer than 0.5%, or fewer than
0.1% of the individuated particles used to make the porous article. In some
embodiments, the porous article contains sintered groups of electrode particles that
represent fewer than 25%, fewer than 10%, fewer than 5%, fewer than 2%, fewer than
1%, fewer than 0.5%, or fewer than 0.1% of the individuated electrode particles used to
make the porous article. One of ordinary skill in the art would be capable of calculating
the percentage of individuated particles used to make a porous article that are present
within sintered groups of particles ($%) as follows:

Ps

S% =
b=p P

N I

X 100%

wherein Py is the number of particles present within sintered groups of particles in the
porous article and P, is the number of individuated, non-sintered particles in the porous
article. Psand P;may be determined, for example, by examining images of the porous
article, optionally under suitable magnification.

The invention is not limited to embodiments in which sintering does not occur
during production of the porous article, and in some embodiments, particles may be
sintered (to any degree) during the production of the porous article.

According to certain embodiments, the porous article may comprise anisotropic
pores having longitudinal axes that are substantially aligned relative to each other. In
some embodiments, the porous article comprises a collection of at least 10 (or at least 25,
at least 50, at least 100, or at least 1000) anisotropic pores such that, for each anisotropic
pore in the collection, the longitudinal axis of the anisotropic pore is within about 15° (or
within about 10°, within about 5°, within about 2°, or within about 1°) of parallel to at
least about 50% (or at least about 75%, at least about 90%, or at least about 95%) of the

remaining anisotropic pores within the collection.
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In some embodiments, the porous article (e.g., electrode) comprises a collection
of at least 10 (or at least 25, at least 50, at least 100, or at least 1000) anisotropic pores
such that, on average (calculated as a number average), the longitudinal axes of the
anisotropic pores in the collection are within 15°, within 10°, within 5°, or within 2° of
normal (i.e., perpendicular) to an exterior plane of the porous article (e.g., electrode). In
some embodiments, the anisotropic pores within the collection (e.g., of at least 10, at
least 25, at least 50, at least 100, or at least 1000 anisotropic pores) have longitudinal
axes defining a distribution of orientations with respect to the normal of a plane of the
porous article. In some such embodiments, the maximum of the angles formed between
the longitudinal axes of the anisotropic pores in the collection and the normal of the
plane is less than 45°, less than 30°, less than 25°, less than 15°, less than 10°, less than
5°, or less than 2°.

In some embodiments, the anisotropic pores of the porous article can extend from
one boundary of the porous article to another boundary (e.g., an opposed boundary) of
the porous article. For example, in the set of embodiments illustrated in FIG. 1D,
anisotropic pores 110 extend from the top boundary of article 112 the bottom boundary
of article 112 (which is opposed to the top boundary of article 112). In other
embodiments, the anisotropic pores might only extend partially through the porous
article. In certain embodiments, anisotropic pores of the porous article extend at least
about 50%, at least about 75%, or at least about 90% of the distance between boundaries
(e.g., opposed boundaries) of the porous article.

In certain embodiments, the porous articles described herein comprise anisotropic
pores with relatively low geometric tortuosities. For example, in certain embodiments,
the porous article can comprise at least some anisotropic pores (e.g., at least 10, at least
25, at least 50, at least 100, or at least 1000 anisotropic pores) with geometric tortuosities
of less than about 3, less than about 2.5, less than about 2, less than about 1.5, less than
about 1.2, or less than about 1.1 (and, in certain embodiments, down to substantially 1).
The geometric tortuosity of a particular anisotropic pore is calculated as the effective
path length divided by the projected path length. One of ordinary skill in the art would
be capable of determining the geometric tortuosity of a given pore by examining an
image (e.g., a magnified image such as a scanning electron micrograph, a microscope

enhanced photograph, or an unmagnified photograph), determining the effective path
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length by tracing a pathway from one end of the pore to the other through the middle of
the pore, and determining the projected path length by measuring the straight-line
distance between the ends of the pore.

According to certain embodiments, the porous article comprises anisotropic pores
having lengths of at least about 10 microns, at least about 100 microns, at least about
1 mm, at least about 5 mm, at least about 10 mm, or at least about 100 mm (and/or, in
certain embodiments, up to about 200 mm, up to about 500 mm, up to about 1 m, or
longer). In certain embodiments, the porous article comprises anisotropic pores having a
minimum cross-sectional diameter of less than about 100 microns or less than about
10 microns (and/or down to about 1 micron, down to about 0.1 microns, or less).

The portions of the matrix that remain after removal of fugitive material (e.g.,
particles and/or magnetic fluid) can be porous, according to certain embodiments. For
example, referring to FIG. 1D, in some embodiments, portions 114 of article 112 can be
porous. As another example, referring to FIG. 2D, regions 208 can be porous in some
embodiments. In certain embodiments, regions 314 in FIG. 3D and/or rods 302 in
FIG. 3E can be porous.

In some embodiments, the porous article can include high-tortuosity pores, in
addition to low-tortuosity pores. In some such embodiments, the high-tortuosity pores
may be present in the matrix that remains after removal of fugitive material (e.g.,
particles and/or magnetic fluid). For example, high-tortuosity pores may be present, in
some embodiments, in portions 114 in FIG. 1D, regions 208 in FIG. 2D, regions 314 in
FIG. 3D, and/or rods 302 in FIG. 3E). In some embodiments, the high-tortuosity pores
may have geometric tortuosities that are at least about 2 times, at least about 3 times, at
least about 5 times, or at least about 10 times the geometric tortuosities of the low-
tortuosity pores in the porous article. In some embodiments, the high-tortuosity pores
may have geometric tortuosities of at least about 3, at least about 3.5, at least about 4, at
least about 5, or at least about 10 (and/or, in some embodiments, up to about 20, or
more). In certain embodiments, a porous article (e.g., electrode) comprising low-
tortuosity (e.g., substantially straight) pores within a porous matrix can have a total
porosity (counting contributions from both the low-tortuosity pores and the high-
tortuosity pores within the porous matrix in which the low-tortuosity pores are formed)

of from about 20% to about 60%, from about 29% to about 39%, or from about 30% to
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about 33%. Other total porosities are also possible. In some embodiments, the
percentage of the total porosity occupied by the low-tortuosity (e.g., substantially
straight) pores is from about 20% to about 80%, from about 25% to about 60%, or from
about 25% to about 47%. Other percentages are also possible. The percentage of total
porosity that is occupied by a particular subset of pores is calculated by dividing the
volume occupied by the subset of pores by the total volume of all of the pores. To
determine the volume occupied by pores (or subsets of pores), one can perform mercury
intrusion porosimetry or direct imaging of the pore microstructure using cross-sections of
the material or three-dimensional reconstructions of such cross-sections including
tomographic methods including X-ray and electron tomography.

As noted above, certain aspects are related to the creation of anisotropic porosity
by magnetic alignment. Certain embodiments use the response of magnetic particles and
non-magnetic particles in a magnetic matrix on an external magnetic field. Magnetic
particles can be ferro or paramagnetic. In the following, the term non-magnetic will be
used for a phase (e.g., dispersed phase) if its magnetic susceptibility is at least two orders
of magnitude smaller than the other phase (e.g., matrix). In general, if a field is applied
on a mixture containing magnetizable particles, the system tries to minimize its magnetic
energy by aligning all magnetic moments in the field direction. In addition, the external
field generally induces a local field in the magnetizable particles or in the magnetic
domains. The minimum energy conformation due to this local field is generally when all
particles and domains are chained up in a row. Thus spherical magnetic particles
generally chain up in the field direction and anisotropic particles generally orient their
long axes in the field direction. Similarly, in a nonmagnetic particle in a magnetic fluid
an inverse gradient is generally created and the resulting response is analogous. Certain
embodiments use various manifestations of such orientations in the field direction for the
creation of anisotropic porosity.

Certain embodiments involve alignment of anisotropic fugitive magnetic pore
formers in an electrode matrix. If a magnetic field is imposed on anisotropic para- or
ferro- magnetic particles, they generally orient with their long axis in direction of the
imposed field in order to minimize their magnetic energy. For particles with a long axis
above a few microns, Brownian motion can generally be neglected and only the

gravitational force may prevent complete alignment with the field. Experimental and
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theoretical calculations show that even low magnetic fields (e.g., 20-30 Gauss) are
sufficient to align moderately magnetic particles. Considerably stronger magnetic fields
can easily be applied using rare earth magnets or electromagnets over large areas at low
cost.

In order to produce electrodes with aligned pores, ferro- or para- magnetic rods
made out of a fugitive material (e.g. a polymer) can be dispersed in a slurry of the
electrode powder with other additives (FIG. 4). FIG. 4 is an exemplary schematic
illustration of electrode fabrication using magnetic alignment of an anisotropic fugitive
magnetic pore former. In some embodiments, the pore former (e.g., rods) is aligned in
an electrode particle suspension by application of an external magnetic field. After
orientation of the pore former and consolidation of the matrix, the pore former can be
removed by dissolution or combustion.

In one set of embodiments, a magnetic field is imposed on the mixture and the
magnetic nature of the rods drives them to align parallel with the field in order to
minimize the magnetic energy. After vertical orientation of the rods, the solvent can be
slowly removed through evaporation or the structure can be consolidated in another
fashion (e.g., polymerization, gelation). In some embodiments, the rods can be removed
for example by burning them or by dissolution in a solvent. As indicated in FIG. 4, the
applied magnetic field can induce a local magnetic field from the rods that creates
regions of field minimum around the rod circumference. These zones can be
characterized by higher local magnetic energies, causing the rods to repel from each
other. Therefore the magnetic field can enforce even distribution of the rods over the
electrode cross section.

Some embodiments involve chaining of fugitive solid magnetic particles in an
electrode matrix. An external magnetic field that is imposed on magnetizable particles in
a liquid generally induces a local field in each of the particles. This local dipole m is

generally proportional to the external magnetic field, and can be expressed as:

47z73 H
m=,—

where y is the magnetic permeability of vacuum, r is the particle radius, y is the
magnetic susceptibility of the particles and H the external magnetic field. Here and in

the following analysis, one can make a non-limiting assumption that, in many cases, the
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magnetic permeability of the liquid is close to that of vacuum. Due to the local dipole,
the potential energy of two spheres separated by d in an angle relative to the field

direction @ can be calculated as:

m* 1—3cos’ @ 2]
dmu, d’

Ud,g)=
The lowest energy state is generally when the particles form close-packed chains at @ =0
and therefore reached when the magnetic particles chain up.

In one specific embodiment fugitive magnetic particles (e.g., magnetic polymer
particles) are chained within a slurry of electrode materials and additives (e.g., binder,
conductive additive) by imposing an external magnetic field. After chaining of the
particles, the solvent can be evaporated and the electrode particles can consolidate
around the chained particles. Instead of (or in addition to) solvent removal the electrode
can also be consolidated by other means such as gelation or polymerization of the matrix.
In some embodiments, the fugitive magnetic particles are removed for example by
dissolution or combustion, leaving behind anisotropic pores.

Some embodiments comprise chaining of magnetic emulsion droplets in an
electrode matrix. In one embodiment chaining of magnetic emulsion droplets is used to
create anisotropic pores in an electrode matrix. The magnetic fluid can be a solvent with
well-dispersed superparamagnetic iron oxide nanoparticles, which is usually referred to
as a ferrofluid. In order to create anisotropic pores, the ferrofluid can be emulsified in an
immiscible solvent and stabilized using surfactant. The resulting emulsion droplets can
be chained up in a suspension of electrode particles and other additives by imposing an
external magnetic field. One non-limiting example is illustrated in FIGS. 5A-5D.

FIGS. 5A-5D are a schematic representation of electrode fabrication by chaining of
magnetic emulsion droplets. In FIG. 5A, a stable emulsion of ferroflud is mixed with
electrode particles and additives. In FIG. 5B, the droplets are chained up in an external
magnetic field. In FIG. 5C, the continuous phase is evaporated until eventually (as
shown in FIG. 5D) the particles are consolidated. Due to the force imposed in the
emulsion droplets, chaining of magnetic emulsion droplets without their coalescence
generally involves the use of an emulsion with excellent emulsion stability. In some
embodiments, the solvent of the ferrofluid has a lower vapor pressure than the solvent of

the electrode particle suspension. After chaining the emulsion droplets the solvent of the
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electrode slurry can be evaporated and the electrode can consolidate with the emulsion
droplets chained up. After consolidation, the emulsion droplets can be washed away
with excess of a miscible solvent, leaving behind oriented pore channels.

Certain embodiments comprise chaining of non-magnetic electrode particles in a
magnetic fluid. Similar to magnetic particles in a non-magnetic fluid forming chains in
an external magnetic field, non-magnetic particles will generally chain up in a magnetic
fluid under an external magnetic field. This system can be described in a continuum
approach, in which the non-magnetic particles are orders of magnitude larger than the
surrounding nanoparticles. In such an exemplary system, the magnetic susceptibility of
the non-magnetic particles can be orders of magnitude smaller than the ferrofluid and can
be taken to be 0. Upon applying an external magnetic field, the void (magnetic hole)
produced by the particle can induce a dipole opposite to the field direction. The angular
dependence of the potential energy can be represented in a similar fashion in regards to
an effective moment as:

1—3cos’* 0
U(d,6) o< m?, ————
GO 3]

The effective moment for the case of a nonmagnetic particle in a ferrofluid can be
expressed as:

4 33;(//x

m, ., =—7r

737 342y, [4]
where yyis the magnetic susceptibility of the ferrofluid. Magnetically induced chaining
of particles can effectively produce chains of various lengths. FIG. 6A shows non-
magnetic polystyrene particles dispersed in ferrofluid. In this example, upon application
of a magnetic field in the vertical direction, the non-magnetic particles form long chains
within minutes.

In one set of embodiments to create anisotropic pores, electrode particles, a
binder, and additives are dispersed in a mixture of an oil based ferrofluid and high vapor
pressure solvent (e.g. hexane). FIG. 6B shows a schematic drawing of the process. An
external magnetic field can be applied and a magnetic gradient can be induced in the
non-magnetic electrode particles (FIG. 6B), which can induce chaining of the particles
(FIG. 6C). The field can be kept constant while the high vapor pressure solvent

evaporates (FIG. 6D). According to certain embodiments, after the evaporation of the
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high vapor pressure solvent, the binder solidifies and electrode particles are consolidated
in a chained structure (FIG. 6E). Due to the chained structures, elongated pore channels
remain between the electrode particle chains.

Certain embodiments comprise chaining of a mixture of non-magnetic electrode
particles and fugitive particles in a magnetic fluid. From Equations 3 and 4 it can be
deduced that the attractive magnetic force acting on two non-magnetic particles at a
given distance is generally proportional to the particle radius to the power of 6. Thus, in
a mixture of larger and smaller particles, the larger particles will generally preferably
form chains, especially at moderate magnetic fields, where Brownian randomization
disturbs chaining of the smaller ones. In one embodiment, a mixture of non-magnetic
electrode particles, additives, and fugitive particles that are about one order of magnitude
larger, are mixed in a ferrofluid and a high vapor pressure solvent (e.g. hexane) (FIG. 7).
Upon imposing a magnetic field the non-magnetic particles can chain up with a
preference for the large fugitive pore former to chain. The electrode matrix can be
consolidated, for example, by solvent evaporation, polymerization, or gelation, and the
fugitive pore former can be removed. As a result, according to certain embodiments,
large anisotropic pore channels are formed in the resulting electrode. According to some
embodiments, depending on the profile of the applied magnetic field, large macro porous
channels from removal of the fugitive pore formers can be combined with micro porous
channels resulting from chaining up the electrode particles (FIG. 7). For example, in
some embodiments, if the field is increased, the smaller electrode particles can also chain
up and form micro-channels between those.

Certain embodiments involve the use of magnetic fluid. Those of ordinary skill
in the art are familiar with magnetic fluids, which are fluids that becomes magnetized in
the presence of a magnetic field. The magnetic fluid can comprise, in some cases, a
liquid that is itself magnetic. In certain cases, the magnetic fluid comprises a suspension
of magnetic particles (e.g., magnetic nanoparticles) suspended within a non-magnetic
liquid. In some embodiments, the magnetic fluid is a colloid. The magnetic fluid may
be, in some cases, a ferrofluid.

It should be understood that fluids include not only liquids and gases, but also

colloids and other suspensions of solid materials within fluid materials. In each instance
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in which a fluid is described, the fluid can comprise a liquid, according to certain
embodiments.

As noted above, one or more binders (e.g., a polymeric binder) may be present in
certain of the precursor compositions and/or the porous articles described herein. Non-
limiting examples of binder materials that may be used include polyvinyl alcohol (PVA),
polyvinyl pyrrolidone (PVP), polyethylene oxide (PEO), polyvinylidene fluoride
(PVDF)-based polymers, polyacryl amide (PA), ethylene-tetrafluoroethylene copolymers
(ETFE), cellulose derivatives (e.g., methylcellulose (MC), carboxy methylcellulose
(CMC) and hydroxypropyl methylcellulose (HPMC)), polytetracthylene (PTFE),
polybutadiene, polyacrylonitrile, ethylene propylene diene terpolymers, styrene-
butadiene rubbers (SBR), polyimides, and mixtures thereof. In certain embodiments, the
binder may be soluble in the matrix liquid of the precursor composition.

According to certain embodiments, one or more conductive additives may be
present in certain of the precursor compositions and/or the porous articles described
herein. Non-limiting examples of conductive additives that can be used include metals,
metal carbides, metal nitrides, carbon black, graphitic carbon powder, carbon fibers,
carbon microfibers, vapor-grown carbon fibers (VGCF), fullerenes, carbon nanotubes
(CNTs) (including multiwall carbon nanotubes (MWNTs) and single wall carbon
nanotubes (SWNTSs)), graphene sheets, and materials comprising fullerenic fragments
that are not predominantly a closed shell or tube of the graphene sheet, and mixtures
thereof. In some such embodiments, the conductive additive has a composition that is
different from the electrode material.

As noted elsewhere herein, certain embodiments make use of emulsions, in which
one fluid phase is distributed (or emulsified) within another fluid phase such that two
distinct fluid phases are present over the time scale over which the emulsion is
employed. In certain embodiments, the emulsion can include a stabilizer, such as a
surfactant. Exemplary surfactants that could be employed according to certain
embodiments include, but are not limited to, pluronic F-120, sodium dodecyl sulfate
(SDS), ammonium lauryl sulfate, sodium lauryl sulfate, dioctyl sodium sulfosuccinate,
perfluorooctanesulfonate (PFOS), perfluorobutanesulfonate, alkyl aryl ether phosphate,
alkyl ether phosphate, alkyl carboxylates, fatty acid salts (soaps), sodium stearate,

sodium lauroyl sarcosinate, carboxylate fluorosurfactants, perfluorononanoate,
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perfluorooctanoate (PFOA or PFO), cetyl trimethylammonium bromide (CTAB),
hexadecyl trimethyl ammonium bromide, cetyl trimethylammonium chloride (CTAC),
cetylpyridiniumchloride (CPC), polyethoxylated tallow amine (POEA), benzalkonium
chloride (BAC), benzethonium chloride (BZT), sorbitan monooleate (also referred to as
Span 80), triton X-100, glyceryl laurate, sorbitan alkyl esters, cocamide MEA, cocamide
DEA, dodecyldimethylamine oxide, and combinations thereof.

As noted above, a variety of electrode materials can be used in conjunction with
the embodiments described herein, and can be incorporated into a finished porous article.
Any electrode material that is capable of participating in an electrochemical reaction may
be used. Electrodes for use in electrochemical systems that utilize various working ions
are contemplated, including systems in which H; OH; Li*, Na™, and/or other alkali ions;
Ca2+, Mg2+, and/or other alkaline earth ions; and/or AI’" are used as the working ions. In
each of these instances, a negative electrode material and a positive electrode material
may be required, the negative electrode material storing the working ion of interest at a
lower absolute electrical potential than the positive electrode material. The cell voltage
can be determined approximately by the difference in ion-storage potentials of the two
electrode materials.

In certain embodiments, charge-storing electrode particles can be contained
within the fluid of the matrix (e.g., in a suspension) and/or the final porous article. Such
particles include compounds that store charge in an electrochemical device by
intercalating, alloying, or adsorbing a working ion. Such particles include but are not
limited to ion-storing battery electrode particles of compounds such as an alkali ion-
transition metal oxide, alkali ion transition metal phosphates, a metal or metal alloy
capable of alloying with an alkali working ion, carbon in the form of disorderd carbon,
hard carbon, soft carbon, graphite, carbon nanotubes, fullerenes, graphenes, graphene
oxides, and mixtures thereof. Specific non-limiting examples include LiCoQO, (LCO),
LiFePO, (LFP), LiMn,0,4 (LMO), Li(Ni,Mn, Co)O, (NMC), Li(N1,Co,Al)O, (NCA),
LiMnO;-LiMO; alloys where M comprises at least one first-row transition metal, silicon,
tin, and their alloys, silicon-carbon mixtures or composites, sulfur and composites
comprising sulfur, and/or other types of electrode particles.

In some embodiments, an organic electrode material is used that stores the

working ion of interest at a potential useful for either the positive or negative electrode of
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a battery. Such organic electrode materials include “p”’-doped conductive polymers such
as polyaniline or polyacetylene based materials, polynitroxide or organic radical
electrodes (such as those described in: H. Nishide et al., Electrochim. Acta, 50, 827-831,
(2004), and K. Nakahara, et al., Chem. Phys. Lett., 3589, 351-354 (2002)), carbonyl based
organics, and oxocarbons and carboxylate, including compounds such as Li,CsOe,
Li,CsH404, and Li,CsH4O4 (see for example M. Armand et al., Nature Materials, DOL:
10.1038/nmat2372).

Other suitable positive electrode materials include solid compounds known to
those skilled in the art as those used in NiMH (Nickel-Metal Hydride) Nickel Cadmium
(NiCd) batteries. Still other positive electrode materials for Li storage include those used
in carbon monofluoride batteries, generally referred to as CFy, or metal fluoride
compounds having approximate stoichiometry MF, or MF; where M comprises Fe, Bi,
Ni, Co, Ti, V. Examples include those described in H. Li, P. Balaya, and J. Maier, Li-
Storage via Heterogeneous Reaction in Selected Binary Metal Fluorides and Oxides,
Journal of The Electrochemical Society, 151 [11] A1878-A1885 (2004), M. Bervas, A.N.
Mansour, W.-S. Woon, J.F. Al-Sharab, F. Badway, F. Cosandey, L.C. Klein, and G.G.
Amatucci, “Investigation of the Lithiation and Delithiation Conversion Mechanisms in a
Bismuth Fluoride Nanocomposites”, J. Electrochem. Soc., 153, A799 (2006), and 1.
Plitz, F. Badway, J. Al-Sharab, A. DuPasquier, F. Cosandey and G.G. Amatucci,
“Structure and Electrochemistry of Carbon-Metal Fluoride Nanocomposites Fabricated
by a Solid State Redox Conversion Reaction”, J. Electrochem. Soc., 152, A307 (2005).

As another example, fullerenic carbon including single-wall carbon nanotubes
(SWNTs), multiwall carbon nanotubes (MWNTs), or metal or metalloid nanowires may
be used as electrode materials. One example includes the silicon nanowires used as a
high energy density storage material in a report by C.K. Chan, H. Peng, G. Liu, K.
Mcllwrath, X. F. Zhang, R.A. Huggins, and Y. Cui, High-performance lithium battery
anodes using silicon nanowires, Nature Nanotechnology, published online 16 December
2007; doi:10.1038/nnano.2007.411.

Other exemplary electrode materials for a positive electrode in a lithium system
include the general family of ordered rocksalt compounds LiMO, including those having
the a-NaFeO; (so-called “layered compounds”) or orthorhombic-LiMnO, structure type

or their derivatives of different crystal symmetry, atomic ordering, or partial substitution
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for the metals or oxygen. In such embodiments, M comprises at least one first-row
transition metal but may include non-transition metals including but not limited to Al,
Ca, Mg, or Zr. Examples of such compounds include LiCoQO,, LiCoO, doped with Mg,
LiNiO,, Li(Ni, Co, A1)O, (known as “NCA”) and Li(Ni, Mn, Co0)O, (known as “NMC”),
Other families of exemplary electrode materials include those of spinel structure, such as
LiMn,Oy and its derivatives, “high voltage spinels” with a potential vs. Li/Li" that
exceeds 4.3V including but not limited to LiNigsMn; sO4 so-called “layered-spinel
nanocomposites” in which the structure includes nanoscopic regions having ordered
rocksalt and spinel ordering, olivines LiMPO, and their derivatives, in which M
comprises one or more of Mn, Fe, Co, or Ni, partially fluorinated compounds such as
LiVPO4F, other “polyanion” compounds, and vanadium oxides V,Oy including V,0s and
VeOri.

In one or more embodiments, an electrode material comprises a transition metal
polyanion compound, for example as described in U.S. Patent No. 7,338,734. In one or
more embodiments, an electrode material comprises an alkali metal transition metal
oxide or phosphate, and for example, the compound has a composition Ax(M';
aM"2)y(XD4),, Ax(M'1.:M"2)y(DXDy),, or Ax(M'1..M"3)y(X2D7),, and have values such
that x, plus y(1-a) times a formal valence or valences of M’, plus ya times a formal
valence or valence of M”, is equal to z times a formal valence of the XDy, X,;D5, or
DXD; group; or a compound comprising a composition (A1 .M")xM'((XDy),, (Ai-
aM")xM'y(DXD4)z(A 1..M")M'y(X2D7), and have values such that (1-a)x plus the
quantity ax times the formal valence or valences of M"” plus y times the formal valence
or valences of M’ is equal to z times the formal valence of the XDy, X,D; or DXD,4
group. In such compounds, A is at least one of an alkali metal and hydrogen, M'is a
first-row transition metal, X is at least one of phosphorus, sulfur, arsenic, molybdenum,
and tungsten, M"” any of a Group IIA, IlIA, IVA, VA, VIA, VIIA, VIIIA, IB, IIB, 1IIB,
IVB, VB, and VIB metal, D is at least one of oxygen, nitrogen, carbon, or a halogen.
The positive electrode material can be an olivine structure compound LiMPQO,, where M
is one or more of V, Cr, Mn, Fe, Co, and Ni, in which the compound is optionally doped
at the Li, M or O-sites. Deficiencies at the Li-site are compensated by the addition of a
metal or metalloid, and deficiencies at the O-site are compensated by the addition of a

halogen. In some embodiments, the positive electrode material comprises a thermally
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stable, transition-metal-doped lithium transition metal phosphate having the olivine
structure and having the formula (Li;«Zx)MPO4, where M is one or more of V, Cr, Mn,
Fe, Co, and Ni, and Z is a non-alkali metal dopant such as one or more of Ti, Zr, Nb, Al,
or Mg, and x ranges from 0.005 to 0.05.

In other embodiments, the lithium transition metal phosphate material has an
overall composition of Li;x,M;.,PO4, where M comprises at least one first row
transition metal selected from the group consisting of Ti, V, Cr, Mn, Fe, Co and Ni,
where x is from 0 to 1 and z can be positive or negative. In some embodiments, M
includes Fe, and z is between about 0.15 and -0.15. The material can exhibit a solid
solution over a composition range of 0 < x < 0.15, or the material can exhibit a stable
solid solution over a composition range of x between 0 and at least about 0.05, or the
material can exhibit a stable solid solution over a composition range of x between 0 and
at least about 0.07 at room temperature (22-25 °C). The material may also exhibit a solid
solution in the lithium-poor regime, e.g., where x > 0.8, or x > 0.9, or x > 0.95.

In some embodiments an electrode material comprises a metal salt that stores an
alkali ion by undergoing a displacement or conversion reaction. Examples of such
compounds include metal oxides such as CoO, Co304, NiO, CuO, MnO, typically used
as a negative electrode in a lithium battery, which upon reaction with Li undergo a
displacement or conversion reaction to form a mixture of Li,O and the metal constituent
in the form of a more reduced oxide or the metallic form. Other examples include metal
fluorides such as CuF,, FeF,, FeFs, BiFs, CoF,, and NiF,, which undergo a displacement
or conversion reaction to form LiF and the reduced metal constituent. Such fluorides
may be used as the positive electrode in a lithium battery. In other embodiments an
electrode material comprises carbon monofluoride or its derivatives.

In some embodiments the energy storage device (e.g., containing one or more of
the electrodes described herein) is a lithium-based energy storage device (e.g., a lithium-
based battery), and the negative electrode material comprises graphite, graphitic boron-
carbon alloys, hard or disordered carbon, lithium titanate spinel, and/or a solid metal,
metal alloy, metalloid and/or metalloid alloy that reacts with lithium to form
intermetallic compounds, including the metals Sn, Bi, Zn, Ag, and Al, and the metalloids
Si and Ge. In some embodiments, LisTisO, can be included as an electrode material

(e.g., a negative electrode material).
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Exemplary electrode materials for a negative electrode in the case of a lithium
working ion include graphitic or non-graphitic carbon, amorphous carbon, or
mesocarbon microbeads; an unlithiated metal or metal alloy, such as metals including
one or more of Ag, Al, Au, B, Ga, Ge, In, Sb, Sn, Si, or Zn, or a lithiated metal or metal
alloy including such compounds as LiAl, LigAly, LisAl, LiZn, LiAg, LijoAgs, LisBa,
Li7Be, Li12S17, Liz  Sig, Lij3Sis, LiagSis, LisSn,, LijsSns, LizSno, LizsSns, LinSb, LisSb,
LiBi, or Li3Bi, or amorphous metal alloys of lithiated or non-lithiated compositions.

In some embodiments, oxides of general formula A,M,0O, may be used as
electrode materials, wherein A comprises a working ion that may be one or more of Na,
Li, K, Mg, Ca, and Al; M comprises a transition metal that changes its formal valence
state as the working ion is intercalated or deintercalated from the compound; O
corresponds to oxygen; x can have a value of 0 to 10; y can have a value of 1 to 3; and z
can have a value of 2 to 7.

The electrode material can include one or more lithium metal “polyanion”

compounds, including but not limited to compounds described in U.S. Patent Number
7,338,734, to Chiang et al. which is incorporated herein by reference in its entirety for all
purposes. Such compounds include the compositions (A)x(M’1.aM”,)y(XD4),,
Ax(M’ 1. M )y(DXDy4),, or Ax(M’1..M”3)y(X2D7),, wherein A is at least one of an alkali
metal or hydrogen, M’ is a first-row transition metal, X is at least one of phosphorus,
sulfur, arsenic, boron, aluminum, silicon, vanadium, molybdenum and tungsten, M” is
any of a Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, IB, IIB, IIIB, IVB, VB, and VIB
metal, D is at least one of oxygen, nitrogen, carbon, or a halogen, 0 < a<0.1, x is equal
to or greater than 0, y and z are greater than 0 and have values such that x, plus y(1-a)
times a formal valence or valences of M’, plus ya times a formal valence or valence of
M?”, is equal to z times a formal valence of the XD, X;D7, or DXD, group. In some
embodiments, the compound crystallizes in an ordered or partially disordered structure
of the olivine (AxMXO,), NASICON (Ax(M’,M”)1(X04)3), VOPQy, LiFe(P,O7) or
Fe4(P,07)s structure-types, and has a molar concentration of the metals (M” + M”)
relative to the concentration of the elements X that exceeds the ideal stoichiometric ratio
y/z of the prototype compounds by at least 0.0001.

Other such compounds comprise the compositions (A..M",)M’y(XD4),,

(A1.aM”)M’ ((DXDy),, or (A1..M”2)xM’y(X2D7),, wherein A is at least one of an alkali
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metal or hydrogen; M’ is a first-row transition metal; X is at least one of phosphorus,
sulfur, arsenic, boron, aluminum, silicon, vanadium, molybdenum and tungsten; M” any
of a Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, 1B, IIB, I1IB, IVB, VB, and VIB
metal; D is at least one of oxygen, nitrogen, carbon, or a halogen; 0 < a<0.1; and x,y,
and z are greater than zero and have values such that (1-a)x plus the quantity ax times the
formal valence or valences of M” plus y times the formal valence or valences of M’ is
equal to z times the formal valence of the XD4, X,D7 or DXD4 group. In some of these
embodiments, the compound crystallizes in an ordered or partially disordered structure
of the olivine (AxMXO,), NASICON (Ax(M’,M”)»(XOy)3), VOPQ,, LiFe(P,O;) or
Fe4(P,07)s structure-types, and has a molar concentration of the metals (M” + M”)
relative to the concentration of the elements X that exceeds the ideal stoichiometric ratio
y/z of the prototype compounds by at least 0.0001.

Still other such compounds comprise the compositions (Ap . M”.)xM’((XDy4),,
(ApaM”)M’((DXDy),, or (ApM”2):M’((X2D7),, wherein A is at least one of an alkali
metal or hydrogen; M’ is a first-row transition metal; X is at least one of phosphorus,
sulfur, arsenic, boron, aluminum, silicon, vanadium, molybdenum and tungsten; M” any
of a Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, 1B, IIB, I1IB, IVB, VB, and VIB
metal; D is at least one of oxygen, nitrogen, carbon, or a halogen; 0 <a<0.1;a<b< I;
and X, y, and z are greater than zero and have values such that (b-a)x plus the quantity ax
times the formal valence or valences of M” plus y times the formal valence or valences
of M’ is equal to z times the formal valence of the XDy, X2D; or DXDy4 group. In some
of these embodiments, the compound crystallizes in an ordered or partially disordered
structure of the olivine (AxMXOQ,), NASICON (Ax(M’,M”)2(X0Os4)3), VOPO,, LiFe(P,0O7)
or Fe4(P,07)s structure-types, and has a molar concentration of the metals (M’ + M”)
relative to the concentration of the elements X that exceeds the ideal stoichiometric ratio
y/z of the prototype compounds by at least 0.0001.

Rechargeable lithium batteries can include the following combinations of cathode
materials/anode materials: LiMn,04/VO,, Li(Ni; ,Co0,)0,/LiV30s, LiCoO»/LiV30s,
LiMn,04/TiP>07, LiMn,04/LiTi2(PO4)3, Li(Nig 33Mng 33C00.33)02/Li, V1 0s,

V,0s5/Li, V205, LiMn,04/Li1,V,0s, LiMn,04/NaTi2(POy)s, LiMn,04/LisFe,(POy)s,
LiMn,04/LiFeP,07, LiMn,O4/LiFe4(P.O7);, LiCo0,/C, Lig sMn,04/LiCo0O,, -MnQO-/Zn,
and TiO, (anatase)/Zn.
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In some embodiments, a positive electrode material can comprise a material of
the general formula LiFe,P,O,, (wherein, for example, x can be between about 0.5 and
about 1.5, y can be between about 0.5 and about 1.5, a can be between about 0.5 and
about 1.5, and z can be between about 3 and about 5), and a negative electrode material
comprising a material of the general formula Li, Ti,»O, (wherein, for example, x’ can be
between about 3 and about 5, y’ can be between about 4 and about 6, and z’ can be
between about 9 and about 15 or between about 11 and about 13). As a specific
example, in some embodiments, the negative electrode material can comprise LiFePO,
and the positive electrode material can comprise Li4TisO12. In some embodiments, the
positive and/or negative electrode materials can include cation or anion doped
derivatives of these compounds.

Other specific combinations of electrode materials that can be used in certain of
the electrodes described herein (listed here as anode/cathode pairs) include, but are not
limited to, LiV;0g/LiC00,; LiV30g/LiNiO»; LiV30g¢LiMn,0y4; and C/Nag44MnO,.

Sodium can be used as the working ion in conjunction with cathode or anode
compounds that intercalate sodium at suitable potentials, or that store sodium by surface
adsorption and the formation of an electrical double layer as in an electrochemical
capacitor or by surface adsorption accompanied by charge transfer. Materials for such
systems have been described in US Patent Application US 2009/0253025, by J.
Whitacre, for use in conventional secondary batteries.

Cathode materials that can be used include, but are not limited to,
layered/orthorhombic NaMO), (birnessite), cubic spinel A-MnO, based compounds,
Na;M;07, NaMPQO,, NaM,(POy);, Na,MPOLF, and tunnel-structured Nag 44MO,, where
M is a first-row transition metal. Specific examples include NaMnQO,, Li,Mn,Oy4 spinel
into which Na is exchanged or stored, Li,Na,Mn,04, Na,Mn,0,4, Na,Mn3;07, NaFePOy,
Na,FePO4F, and Nag44MnQO,. Anode materials can include materials that store sodium
reversibly through surface adsorption and desorption, and include high surface area
carbons such as activated carbons, graphite, mesoporous carbon, carbon nanotubes, and
the like. They also may comprise high surface area or mesoporous or nanoscale forms of
oxides such as titanium oxides, vanadium oxides, and compounds identified above as
cathode materials but which do not intercalate sodium at the operating potentials of the

negative electrode.
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According to certain embodiments, electrodes (e.g., battery electrodes) and
batteries comprising electrodes are also provided. For example, one aspect relates to
battery electrodes (e.g., for use in rechargeable or non-rechargeable batteries), which
may be made according to any of the methods described herein.

The electrode can be a positive electrode or a negative electrode.

In one set of embodiments, a battery (e.g., a rechargeable or non-rechargeable
battery) comprising an electrode obtainable by any of the methods and/or using any of
the systems described herein is provided. The battery may also contain a counter
electrode, which may be fabricated according to any of the methods described herein or
via another method. The battery can also contain an electrolyte. Other components may
include an ionically-conductive separator, a battery housing or other packing materials,
and the like. In some embodiments, the porous electrode can be at least partially filled
with electrolyte. In some embodiments, the porous electrode can include low tortuosity
in the primary direction of ion transport during charge and discharge of the battery in
which the electrode is used. In some embodiments, the electrodes can have a high
volume fraction of electrode active material (low porosity).

Certain of the porous articles and methods described herein can be used in and
applied to many battery types, including primary (disposable) and secondary
(rechargeable) batteries. Certain of the porous articles and methods described herein can
be used to produce batteries that use a variety of “chemistries” including nonageuous or
aqueous battery chemistries using lithium ions, sodium ions, magnesium ions, aluminum
ions, protons, or hydroxyl ions as the working ions. Non-limiting examples of such
batteries include lithium primary batteries, lithtum-ion batteries, alkaline batteries, nickel
metal hydride batteries, and nickel-cadmium batteries. In certain embodiments, such
electrodes and/or batteries are configured for use in systems in which the working ion is
lithium.

While the fabrication of porous electrodes has primarily been described, it should
be understood that the methods described herein can also be used to make other porous
articles. For example, according to certain embodiments, methods described herein may
be used to make porous filters. According to some embodiments, certain of the methods

described herein can be used to make porous cellular scaffolding material. In some
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embodiments, certain of the methods described herein can be used to make porous heat
transfer media.

The following examples are intended to illustrate certain embodiments of the
present invention, but do not exemplify the full scope of the invention.

EXAMPLE 1

This example describes the chaining of fugitive solid particles in an electrode
matrix.

LiCoO, electrodes with anisotropic pores were created by chaining of 2.8 um
superparamagnetic polystyrene particles (Discovery Scientific, Inc., Kelowa, Canada) in
a LiCoQO; matrix and subsequent combustion of the particles. 10 vol% polystyrene (PS)
particles were added to a 33 wt% LiCoQ, suspension in isopropyl alcohol containing
10 wt% of polyvinylpyrrolidone (40,000 g/mol, Sigma Aldrich, USA). The amount of
PS particles and binder is given in respect to the LiCoQO, content. The suspension was
sonicated for 30 minutes in an ultrasonic bath and casted directly on top of a 2.5 cm®
neodymium block magnet (K&J Magnetics, Inc.). After evaporation of the solvent the
samples were sintered for 6h at 950 °C with a heating rate of 9°C/min. FIG. 8A shows
chaining of a small number of the magnetizable PS particles in water. Specifically,
FIG. 8A shows snapshots of 5 um magnetic PS particles chaining up in a magnetic field.
(The scale bar in FIG. 8A corresponds to a length of 20 um.) In FIG. 8A, the arrow
indicates the direction of the magnetic field. FIGS. §B and 8C show a sintered LiCoO,
electrode with vertically aligned pores made by chaining of fugitive magnetic
polystyrene particles. The images shown in FIGS. 8B and 8C are cross sections of
electrodes after sintering. The pores oriented in the vertical direction stem from the
aligned particles that were burned out during sintering. In FIGS. 8B and 8C, the arrow

indicates the direction of the field applied to chain the fugitive particles.

EXAMPLE 2
This example describes the creation of low tortuous pore channels in a LiCoO,
matrix via chaining of magnetic emulsion droplets in an electrode matrix. One set of
experiments involved chaining magnetic emulsion droplets in a sintered electrode matrix.
Another set of experiments involved chaining of magnetic emulsion droplets in an

electrode matrix that can be consolidated without sintering.
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Chaining of magnetic emulsion droplets in a sintered electrode matrix

LiCoO, electrodes with aligned pore channels were produced by chaining of
ferrofluid emulsion droplets. A 20 ul ferrofluid (EFH 1, Ferrotec, Bedford, NH) was
emulsified in 300 pl water + 5 wt% PV A (50,0000 g/mol, Sigma Aldrich) using an ultra
sonic probe (Branson Scientific, 10 seconds, 20% duty cycle, intensity 1) (See FIG. 9A).
PVA acted as a stabilizer for the emulsion droplets, as well as a binder in the final
electrode green body. The emulsion was mixed with 300 pl of a 50 wt% LiCoQO,
suspension in water. The mixture was cast in a PDMS mold on top of a 2.5 cm®
neodymium block magnet (K&J magnetics Inc.). After at least 24h the water and
ferrofluid solvent has been evaporated. The electrodes were sintered between 975 °C
and 1000 °C for 6h with a heating rate of 9 °C/min and a 2h hold at 500°C in order to
burn out the rods and binder.

FIGS. 9A and 9B are micrographs of ferrofluid emulsion droplets in water (A)
before and (B) after aligning them in a vertical field (scale bars 200 um). FIG. 9A shows
very stable droplets of an oil based ferrofluid in water that can be chained in an external
magnetic field without coalescing (See FIG. 9B). If such droplets are mixed with LiCoQO,
particles and chained up the anisotropic structure can be preserved while the electrode is
dried (see FIGS. 9C and 9D) and sintered (see FIG. 9E). FIGS. 9C-9E show the LiCoO,
electrode with vertically aligned pores (C and D) after removal of the solvent (scale bars

50 um and 5 pm) and (E) after sintering (scale bar 100 pum).

Chaining of magnetic emulsion droplets in an electrode matrix that can be consolidated

without sintering

Not all electrode particles can be sintered and therefore it is important to
demonstrate creation of anisotropic porosity in a conventional composite electrode.
According to certain embodiments, key requirements to create anosotropic porosity in
electrodes by chaining of magnetic droplets are the stability of the ferrofluid emulsion in
the solvent and the solubility of an electrochemically stable binder in the same solvent.
A commonly used binder for LiCoO, composite electrodes is PVDF (polyvinylidene
fluoride). A stable emulsion of oil-based ferrofluid in DMSO (Dimethyl sulfoxide,
Sigma Aldrich, USA) with 4 wt/vol% dissolved PVDF as battery binder and 1wt%
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pluronic F-120 (Sigma Aldrich, USA) as surfactant was created using an ultrasonic probe
(see FIG. 10A). FIGS. 10A-10B show emulsion droplets of an oil-based ferrofluid
stabilized with pluronic F-120 in DMSO with 4 wt% PVDF binder (A) without a field
and (B) after chaining in a vertically applied magnetic field. As shown in FIG. 10B, the
emulsion was very stable even upon application of an external magnetic field of several
hundred Gauss. In FIG. 10B the chaining of the emulsion droplets can be observed.
Similarly to the experiments involving chaining of magnetic emulsion droplets in a
sintered electrode matrix, this emulsion can be used for creation of anisotropic porosity
by mixing it with LiCoO, particles and drying the emulsion in a magnetic field. If
DMSO is used as a solvent, in certain cases, the mixture has to be dried at slightly
elevated temperatures (e.g., about 60°C). Experiments showed that the emulsions were
stable at this temperature. After evaporation of DMSO, the electrode can be transferred
to kerosene in order to remove most of the iron oxide. Due to the electrochemical

stability of the binder, this electrode can directly be used in a battery without sintering.

EXAMPLE 3

This example describes the production of electrodes via chaining of non-
magnetic electrode particles in a magnetic fluid.

LiCoO, electrodes with pore channels were produced by chaining jet-milled
LiCoO, particles in an oil based ferrofluid composed of about 3.9 vol% super
paramagnetic FezO4 nanoparticles in a hydrocarbon solvent (EMG 905, Ferrotec,
Bedford, NH, USA). LiCoO, powder was dispersed in a mixture of 20 vol% ferrofluid
and 80 vol% hexane. The LiCoQ; content was 18 Vol% compared to the total solvent
volume. 5 wt% of paraffin wax in respect to the LiCoO, was added as a binder. After
30 minutes sonication, the mixture was transferred to a PDMS mold on top of a 2.5 cm®
neodymium block magnet (K&J magnetics Inc.). After about 6h the hexane was
evaporated and the electrode green body was strong enough to be transferred to a
sintering oven. The electrode was sintered for 6h at 1000°C with a heating rate of
9°C/min.

FIGS. 11A-11B show magnetically aligned LiCoQ, particles (in plane) in a

mixture of ferrofluid and hexane at (A) low and (B) high LiCoQ, concentration (Scale
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bar 100 um). FIGS. 11A and 11B show how non-magnetic LiCoQO, particles can be
chained in a mixture of ferrofluid and hexane in an external magnetic field.

FIGS. 11C-11D show a sintered electrode with LiCoQO, particles that were
chained vertically (scale bars, 50 um and 5 pum, respectively). FIGS. 11C-11D show
cross sections of the sintered LiCoQO; electrode.

Also indicated in FIGS. 11A-11D (via the arrow) is the direction of the magnetic
field that was applied during drying. The channel like porosity in the direction of the

field is evident from these images.

EXAMPLE 4
This example describes the creation of low tortuous pore channels in a LiCoO,
matrix using magnetic alignment of fugitive magnetic rods. In one set of experiments,
aligned polymer rods were removed via combustion. In another set of experiments,
aligned calcium phosphate rods were removed via dissolution in a solvent. In yet

another set of experiments, aligned nylon rods were removed via combustion.

Removal of aligned polymer rods by combustion

LiCoO, electrodes with anisotropic pores were produced by alignment of fugitive
magnetic polystyrene rods in an external magnetic field and subsequent removal of the
rods. A 34-44 wt/vol % suspension of LiCoO, particles (Seimi Chemical Co., Ltd) in
isopropyl alcohol with 2.5 wt% polyvinyl butyral (Butvar 90, Sigma Aldrich, USA) in
respect to the LiCoO; was prepared. Good dispersion of the particles was ensured by 30
min sonication in an ultra sonic bath. Up to 10 wt% of polystyrene rods were added to
the suspension and thoroughly mixed. The magnetic rods were about 2 um in diameter
and between 10 pm-300 pm in length and had a magnetic surface coating. The
suspension was then cast in a ca 1 cm” rubber mold that was placed directly on top of a
2.5 cm® neodymium block magnet (K&J magnetics Inc.). The field strength at the
position of the mold was measured to be about 900 Gauss. After evaporation of the
solvent, the electrodes were sintered at 975 °C for 6h with a heating rate of 9 °C/min and
a 2h hold at 500 °C in order to burn out the rods and binder.

FIGS. 12A-12B show an example of about 10 vol% polystyrene rods aligned in a
LiCoO, matrix. In particular, in FIGS. 12A-12B, the magnetized polystyrene rods are
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aligned vertically in the LiCoO, and NCA matrix (with scale bars of 20 um and 50 pm).
In these figures, all rods are oriented vertically to the electrode cross section.

FIGS. 12D-12E show the electrode after the sintering and combustion of the
fugitive rods. Vertical pore channels can remain after the removal of the rods. For
example, as shown in FIGS. 12D-12E, the LiCoO, electrode had vertically aligned pores
after sintering and burn out of the rods (scale bars, 75 um and 10 um). The vertical
orientation of pore structure can be clearly identified.

Rod alignment was also demonstrated in other electrode materials such as NCA

(See FIG. 12C).

Removal of aligned calcium phosphate rods by dissolution in a solvent

LiCoO; electrodes with anisotropic pores were produced by alignment of calcium
phosphate rods in an external magnetic field and subsequent dissolution of the rods.
Similarly, a 34-44 wt/vol % suspension of LiCoO, particles (Seimi Chemical Co., L.td) in
isopropyl alcohol with 2.5 wt% polyvinyl butyral (Butvar 90, Sigma Aldrich, USA) in
respect to the LiCoO; was prepared. Good dispersion of the particles was ensured by 30
min sonication in an ultra sonic bath. Up to 13 wt% of magnetized calcium phosphate
rods were added to the suspension and thoroughly mixed. The calcium phosphate rods
were magnetized by surface adsorption of positively charged iron oxide particles. The
rods were about 10-60 um in length, about 1 um thick and 2-3 um wide. The suspension
was then cast in a 1 cm” rubber mold that was placed directly on top of a 2.5 cm?
neodymium block magnet (K&J magnetics Inc.). Once the solvent had evaporated, the
electrode green body was immersed in 10ml 0.1 M HCI solution in order to dissolve the
calcium phosphate. After at least 12h the green body was placed in de-ionized water and
washed several times to remove residual HCI.

FIGS. 13A-13C show an electrode with aligned calcium phosphate rods and the
resulting pores after dissolution of the rods. In particular, FIG. 13A shows magnetized
calcium phosphate rods aligned vertically in a LiCoO, matrix (scale bars 25 pm, 15 pm).
FIGS. 13B-13C show the LiCoO, matrix after dissolution of the calcium phosphate rods
(B) prior to and (C), after sintering (scale bars: B, C) 25 um and inset 10 um). The

dissolved rods left behind oriented pores.
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Removal of aligned nylon rods by combustion

LiCoO, electrodes with anisotropic pores were produced by alignment of fugitive
magnetized nylon rods in an external magnetic field and subsequent removal of the rods.
The nylon rods were magnetized by adsorption of superparamagnetic iron oxide particles
onto their surface. 150 pl of an aqueous ferrofluid containing positively charged iron
oxide nanoparticles (EMG 605, Ferrotec, Bedford, NH) were mixed with 500 mg of
Nylon rods (Flock Tex Inc., Woonocket, RI) in 10 ml of water and stirred overnight. To
remove unadsorbed iron oxide, the rods were filtered and washed with fresh water. A
34-48 wt/vol% suspension of LiCoQ; particles (Seimi Chemical Co., Ltd) in isopropyl
alcohol with 2.5 wt% polyvinyl butyral (Butvar 90, Sigma Aldrich, USA) in respect to
the LiCoQO; was prepared and mixed with 9-15 vol% of magnetized nylon rods. The
amount of rods is given in respect of the LiCoQO,. Good dispersion of particles and rods
was ensured by 30 min sonication in an ultra sonic bath. The suspension was then cast in
a 1 cm” rubber mold that was placed directly on top of a 2.5 cm” neodymium block
magnet (K&J magnetics Inc.). For rod contents above 11 vol% the sample was vibrated
on a vibrating table for 30s-60s. The field strength at the position of the mold was
measured to be about 900 Gauss. After evaporation of the solvent, the electrodes were
sintered between 975 °C and 1000 °C for 6h with a heating rate of 9 °C/min and a 2h
hold at 500°C in order to burn out the rods and binder.

FIGS. 14A-14C show SEM images of a LiCoQ; electrode green body with
aligned nylon rods (A) before and (B), (C) after sintering. Scale bars in these figures are
200 pm. FIGS. 14A-14C show that the LiCoO, electrode green body had nylon rods that
were aligned in a vertical direction. Despite their lengths of about 500-700 pm the rods
were well aligned. During sintering the nylon rods were burned and vertically aligned
pore channels remained (FIG. 14B). A top view on such a sintered electrode reveals the

pore channels that protrude into the electrode (FIG. 14C).

EXAMPLE 5
This example describes the fabrication and electrochemical testing of low-
tortuosity electrodes.
One set of electrodes was fabricated by suspending magnetic micro rods in an

electrode material suspension, applying a magnetic field, consolidating the matrix, and
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sintering the electrode. Commercially available nylon flocks were coated with nominal
coatings of super paramagnetic nanoparticles via electrostatic adsorption. Briefly, an
aqueous suspension of 600 mg nylon rods was mixed with 200 pl of aqueous, cationic
terrofluid (EMG 605, Ferrotec Inc., Bedford, NH). The nylon rods had enough negative
surface charge to drive adsorption of the cationic iron oxide nanoparticles. After washing
and drying the magnetized rods, the rods were transferred into another solvent such as
isopropyl alcohol. Under an external magnetic field, the adsorped magnetic
nanoparticles interacted with one another, aligning the long axes of the magnetic rods in
the field direction to minimize the net magnetic energy of the nanoparticles. The surface
coatings allowed orientation of the rods over large areas using relatively weak magnetic
tields. FIG. BISA shows in-plane alignment of magnetic microrods in water on a flat
surface using fields as low as 100 Oersted (Oe). For out-of-plane alignment, 100 Oe
magnetic fields could easily overcome the gravitational forces of the rods and align them
perpendicular to a flat substrate. (See FIGS. 15B-15C.)

Another set of electrodes was fabricated by forming magnetic emulsion droplets
in an electrode material suspension, applying a magnetic field, consolidating the matrix,
and sintering the electrode. Magnetic emulsion droplets were made using dispersions of
super paramagnetic iron oxide nanoparticles in a hydrocarbon oil (EFH, Ferrotec) that is
emulsified in water with 1 wt% polyvinyl alcohol (PVA). The PVA acted as both an
emulsion stabilizer and as a binder for the electrode green body. Under an applied
magnetic field, the magnetic emulsion droplets developed dipole moments that generated
magnetic fields. These dipole fields scaled with the external field and exhibited local
gradients that applied force onto neighboring droplets. The energetic minimum for the
droplets was to chain in the direction of the applied magnetic field. With PVA as the
stabilizer, no coalescence events were observed at fields up to 1000 Oe.

In both cases, the magnetic templates (magnetic microrods and/or magnetic
emulsion droplets) can be consolidated in LiCoQ, particle slurries to create anisotropic
texturing in the electrode green bodies. FIGS. 16A-16C show SEM cross-section images
of a LiCoQ, green body with out-of-plane mag-p-rods before (A and B) and after (C)
sintering. During sintering of the green body the aligned nylon rods were burned,
leaving clear pore channels oriented in the primary ion diffusion direction. Due to the

densification, the average diameter of the pore channels was about 80% of the average
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diameter of the nylon rods. To obtain pore channels that penetrate the whole electrode
thickness of several hundreds of microns, care was taken to process the precursor such
that the lower ends of the nylon rods assembled substantially in a plane during the
alignment process. The planar assembly was achieved by applying a magnetic field that
had a moderate magnetic gradient. When the gradient was applied from below the
sample, the lower ends of the rods assembled at the bottom of the sample.

(See, e.g., FIG. 17A.) In contrast, applying the field from above drove the rods to the top
of the sample (See, e.g., FIG. 17B).

To texture the LCO electrode with magnetic droplets, the magnetic oil phase was
directly mixed with the LiCoO; particle slurry in the presence of PVA. Briefly, the
suspension was hand-mixed and emulsified via ultrasonication to create small magnetic
droplets. The sonicated solution was then mold-casted and subjected to an external
magnetic field that had a strong gradient. The mag-droplets chained under the external
field and the solution consolidated into an electrode green body overnight during solvent
evaporation. The magnetic permeability of the LCO particles was orders of magnitude
lower than the magnetic droplets and did not significantly affect the assembly process.
FIGS. 16D-16F show cross sections of sintered LCO electrodes with anisotropic pores
that were created using magnetically chained emulsion droplets as pore templates.
Polydispersity of magnetic droplets, when present, led to pore structures of lower
uniformity, compared to the uniformity observed when magnetic microrods were used as
the sacrificial template. However, even the non-uniform pore channels produced when
magnetic emulsion droplets were employed were continuous through several hundreds of
microns of the electrode (FIGS. 16D and 16F). Additionally, the use of magnetic
emulsion droplets to produce low-tortuosity electrodes provides geometric flexibility and
is amenable to non-sintered fabrication routes, since the solvent of the sacrificial
magnetic emulsion phase can simply be evaporated.

Previous results of low tortuous batteries that have dual scale porosity showed
that the spacing of the pore channels is important to improve the battery tortuosity. At
high channel spacing, electrochemical ions generally have to diffuse long distances in the
horizontal direction through the micro porosity before they reach a channel where they
are then transported vertically to the current collector. Thus, the effective pathway can

still be longer than direct vertical transport through a highly-tortuous, micro-porous but
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relatively thin electrode. When magnetic microrods were used as templates, the
concentration of nylon rods generally determined the spacing of pore channels

(FIGS. 18A-18B). Increasing the rod concentration while keeping the total porosity
constant generally requires decreasing of the microporosity, which can be achieved by
adjusting the sintering temperature.

FIG. 18C shows the electrochemical performance of an electrode having a
thickness of between 300 um and 310 pm and a LiCoO, density of about 60%, where
pore channels were introduced at different concentrations. At low rates, the electrodes
delivered around 12 mAh/cmz, which is 3-4 times more than the theoretical limit of a
100 um composite electrode with 30% porosity. At higher rates, the cathodes did not
deliver the full capacity. For electrodes that had a channel spacing of more than 29 pm
on average, the electrode performance at these rates was slightly higher than for a
reference electrode with isotropic porosity. This suggests that ion transport occurs
predominantly in the microporosity. However, decreasing the channel spacing by
increasing the pore channel concentration resulted in a dramatic improvement of the
electrode capacity at high rates.

Due to the shorter overall diffusion distance, the effect of tortuosity was smaller
for thinner electrodes (FIG. 18D). However, for a narrow average spacing, a strong
increase in delivered capacity at high rates was still observed, compared to a
homogenously porous reference electrode with more than twice as high capacity at 2C.

For electrodes in which oriented pores are made by magnetic chaining of
emulsion droplets, the final microsctructure can be controlled using the average emulsion
droplet size and the fraction occupied by the magnetic emulsion phase. Since the
maximum chain length can be constrained by the bottom of the mold and the solvent-air
interface, smaller droplets at fixed concentration of the magnetic oil phase generally
leads to more and thinner chains. This was demonstrated by chaining magnetic emulsion
droplets of different average size in pure water within a fluid cell that has a thickness of
about 130 um (FIG. 18E). Since the chains experienced a slight repulsion from each
other in the vertical direction, they tended to assemble in a hexagonal-like pattern.
Although the emulsions made by ultrasonication were very polydisperse, a clear trend to
shorter chain spacing was still observed with smaller droplets. Similarly, a higher

concentration of the magnetic oil phase will lead to more chains that are distributed
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closer together (See FIG. 19A). The electrode slurry with the magnetic emulsion
droplets did, in certain cases, differ considerably from the idealized case due to the
polydispersity of the droplets and the fact the chains have a finite mobility that decreases
with growth of the chains. This led to more pronounced aggregation of several chains,
especially when the concentration of the emulsified phase is increased (FIG. 19A-19B).
However, one can compensate for this effect. For instance, if the LCO slurry with the
magnetic oil phase is subjected to longer ultrasonic treatment, the average emulsion
droplet size is decreased and thus the final sintered electrode has thin pore channels with
low average spacing (FIG. 18F-18G). When these electrodes were tested against
lithium, very high discharge capacitates were obtained, of about 12 mAh/cm* and 13.5
mAh/cm? for 280 pum and 300 um thick samples, respectively (FIG. 18H and 20A-20B)
at moderate rates. At higher rates, electrodes with closer channels exhibited better
performance due to lower overall tortuosity (FIG. 18H). While the channel spacing was
lower than for electrodes made with magnetic microrods, the improvement was not as
pronounced. It is believed that this is because, on average, the channels made by the
magnetic emulsion route are thinner than the channels made with magnetic microrods.
Recent results demonstrated that both the channel spacing and the overall fraction of
porosity devoted to the pore channels has an important impact on the effective tortuosity,
especially for pore channel fractions below 10%. When the anisotropic pores were made
by aligned emulsions, the fraction of channel pores with respect to the whole electrode
area was typically 5-7%, while the best electrodes made by magnetically aligned nylon
rods had a coverage of 8-10%. Further improvement can therefore be expected by
increasing the concentration of the magnetic emulsion phase to increase chain
aggregation and thus obtain thicker pore channels.

Increases in capacity at high rates can be detrimental in many applications. For
instance, if batteries are utilized in electric vehicles, the discharge will generally not
occur with a constant current, but rather, will exhibit a more complex current profile with
high and medium current peaks (acceleration), lower currents (cruising), some rest steps
and short charging instances (deceleration, breaking). These drive cycles vary
considerably between urban driving and long distance driving, but the USABC has
developed simplified tests that simulate this type of usage on batteries. FIG. 21A shows

the current profile of the test protocol that is repeated until the lower voltage limit of 3V
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is reached. For convenience, the power ratings are transferred into C-rates. The
maximum power used in this test is selected to satisfy the USABC 2020 EV battery goals
(700W/kg). The respective current or C rate was calculated by up-scaling electrodes
with thickness of 200 pm to 220 pum to a full battery pack with separators, current
collectors, and packaging. Since the electrodes fabricated according to certain of the
embodiments described herein are thicker and use less current collector and separator,
the peak power per gram of cathode is about 30% lower compared to a 100 um
composite electrode. As can be seen from FIG. 21B, electrodes with aligned pore
channels show much better performance under such dynamic conditions, compared to a
conventional, homogenously porous electrode. For a reference electrode with
homogenous porosity, the high current pulses result in large drops of the cell voltage due
to the high resistance, which is likely to be dominated by the ionic transport in the
electrolyte. In contrast, cathodes with aligned pore channels have a lower tortuosity and
thus are much more tolerant to these high rates, and as a result, they can be utilized more
than two times as long and deliver over twice the capacity. The total delivered capacity
of these cells reaches almost the theoretical maximum of 140 mAh/g (FIG. 21C). The
capacity in FIG. 21C is displayed as net capacity which corresponds to the total
discharge capacity minus capacity from the charging pulses (FIG. 22B). It is important
to note that the areal capacities obtained from these 200-220 um thick binder free cells
with aligned pores is as high as 8.1-8.3 mAh/cm?, which is more than double the areal
capacity a conventional 100 pm composite cathode would deliver, even if the theoretical
maximum could be reached (FIG. 22A).

In conclusion, the results of this example demonstrate a strong improvement of
electrode performance for LiCoQO, electrodes by introducing aligned pore channels that
are templated with magnetically aligned sacrificial phases. The aligned pore channels
lower the effective tortuosity of the electrodes and thus allow us to make electrodes that
are much thicker than conventional cathodes but still deliver high capacities at high rates.
Being able to make thick electrodes with high rate capability is an effective way to
reduce the cost and increase the energy density of batteries in many applications such as
electric vehicles. In this context, we show that under dynamic discharge profiles that
might reflect the drive cycles of EVs more realistically than a constant discharge,

electrodes with aligned pore channels deliver capacities above 8 mAh/cm?®. This is more
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than two times more than a reference electrode with homogenous porosity was able to
deliver and a multiple of what can be obtained from conventional thin electrodes made
from the same material. The use of magnetic fields for introducing the aligned pores
channels into the electrodes is particularly interesting, since they can be scaled over large
areas and thus are very attractive for industrial battery production.

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, and/or method described herein. In addition, any combination
of two or more such features, systems, articles, materials, and/or methods, if such
features, systems, articles, materials, 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.”

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
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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, such as

2% <

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” 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

2% << 29 CCl

containing,” “involving,” “holding,”

29 Cel

“comprising,” “including,

2% <<

carrying,” “having,
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
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

What is claimed is:

1. A method, comprising:
exposing a matrix comprising a liquid and fugitive particles to a magnetic field
such that the magnetic field causes at least a portion of the fugitive particles to chain; and
at least partially removing the fugitive particles from the matrix to form

anisotropic pores within the matrix.

2. The method of claim 1, wherein at least partially removing the fugitive particles

from the matrix is performed without sintering particles within the matrix.

3. The method of any one of claims 1-2, wherein at least partially removing the
fugitive particles from the matrix comprises at least partially removing emulsion droplets

from the matrix.

4. The method of any one of claims 1-3, wherein exposing the matrix to the
magnetic field comprises exposing the matrix to a magnetic field having a gradient of at

least about 100 Oe/cm gauss/cm.

5. The method of any one of claims 1-4, wherein the fugitive particles are magnetic
particles.
6. The method of any one of claims 1-5, wherein the fugitive particles comprise a

magnetic fluid.

7. The method of any one of claims 1-4, wherein the matrix comprises magnetic

particles, and the fugitive particles are non-magnetic particles.

8. The method of claim 7, wherein the matrix comprises the non-magnetic fugitive

particles within a magnetic fluid.
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0. The method of claim 8, wherein the magnetic fluid is a ferrofluid.
10. The method of any one of claims 7-9, wherein the non-magnetic fugutive

particles are at least one order of magnitude larger than the magnetic particles.

11. The method of any one of claims 1-10, wherein the matrix comprises electrode
material.
12. The method of claim 11, wherein the electrode material comprises

Li(Ni,Co,Al)O,, an LiMnOs-LiMO; alloy, and/or graphite.

13. The method of any one of claims 1-12, wherein exposing the matrix to the

magnetic field causes fugitive particles in the matrix to form multiple chains.

14. The method of claim 13, wherein longitudinal axes of the multiple chains are

substantially aligned with each other.

15. The method of any one of claims 1-14, wherein at least partially removing the

fugitive particles from the matrix comprises washing the fugitive particles with a solvent.

16. The method of any one of claims 1-15, wherein at least partially removing the
fugitive particles from the matrix comprises evaporating fugitive particle material from

the matrix.

17. The method of any one of claims 1-16, comprising, prior to at least partially

removing the fugitive particles from the matrix, consolidating the matrix.

18. The method of claim 17, wherein consolidating the matrix comprises

polymerizing the matrix.

19. The method of any one of claims 17-18, wherein consolidating the matrix

comprises gelling the matrix.
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20. The method of any one of claims 17-19, wherein consolidating the matrix

comprises removing at least a portion of the liquid from the matrix.

21. A method, comprising:

exposing a matrix comprising a magnetic fluid and particles to a magnetic field
such that the magnetic field causes at least a portion of the particles to chain; and

at least partially removing the magnetic fluid from the matrix to form anisotropic

pores within the matrix.
22. The method of claims 21, wherein exposing the matrix to the magnetic field
comprises exposing the matrix to a magnetic field having a gradient of at least about

100 Oe/cm.

23. The method of any one of claims 21-22, wherein the magnetic fluid is a

ferrofluid.

24. The method of any one of claims 21-23, wherein the particles comprise electrode

material.

25. The method of claim 24, wherein the electrode material comprises

Li(Ni,Co,Al)O,, an LiMnOs-LiMO; alloy, and/or graphite.

26. The method of any one of claims 21-25, wherein exposing the matrix to the

magnetic field causes the particles in the matrix to form multiple chains.

27. The method of claim 26, wherein longitudinal axes of the multiple chains are

substantially aligned with each other.

28. A method, comprising:
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exposing a precursor composition of a porous article to a magnetic field which
causes a set of particles in the precursor composition to assume an elongated orientation;
and

at least partially removing the set of particles from the composition, thereby
forming the porous article, whereby pores are at least partially defined by the elongated

orientation of the set of particles.

29. The method of claim 28, further comprising consolidating the composition.

30. The method of any one of claims 28-29, wherein exposing the precursor
composition to the magnetic field causes particles in the precursor composition to form
multiple elongated regions, wherein longitudinal axes of the elongated regions are

substantially aligned with each other.

31. The method of any one of claims 29-30, wherein consolidating the composition
comprises consolidating the composition at least to the extent that the composition

becomes self-supporting in the absence of the set of particles.

32. The method of any one of claims 28-31, wherein the particles are magnetic

particles.

33. The method of any one of claims 28-31, wherein the particles are non-magnetic

particles.

34. The method of any one of claims 28-33, wherein the composition comprises

electrode material.

35. The method of claim 34, wherein the electrode material comprises

Li(Ni,Co,AD)O, (NCA), LiMnOs-LiMO; alloys, and/or graphite.

36. The method of any one of claims 28-35, wherein forming the porous article is

performed in the substantial absence of sintering.
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37. The method of any one of claims 28-36, wherein the particles comprise emulsion

droplets.

38. A method, comprising:

exposing a precursor composition of a porous article comprising a magnetic fluid
to a magnetic field, which causes a set of particles in the precursor composition to
assume an elongated orientation; and

at least partially removing the magnetic fluid from the composition, thereby
forming the porous article, whereby pores are at least partially defined by a spatial

distribution of the magnetic fluid.

39. The method of claim 38, wherein exposing the precursor composition to the
magnetic field causes particles in the precursor composition to form multiple elongated
regions, wherein longitudinal axes of the elongated regions are substantially aligned with

each other.

40. The method of any one of claims 38-39, comprising consolidating the

composition.

41. The method of claim 40, wherein consolidating the composition comprises
consolidating the composition at least to the extent that the composition becomes self-

supporting in the absence of the magnetic fluid.

42. The method of any one of claims 38-41, wherein the particles are non-magnetic

particles.

43. The method of any one of claims 38-42, wherein the particles comprise electrode

material.

44. The method of claim 43, wherein the electrode material comprises

Li(Ni,Co,ADO, (NCA), LiMnO;-LiMO, alloys, and/or graphite.
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45. The method of any one of claims 38-44, wherein forming the porous article is

performed in the substantial absence of sintering.

46. An electrode obtainable by any of the methods of claims 1-45.

47. A battery comprising an electrode obtainable by any of the methods of claims
1-45.
48. An article comprising:

a porous article comprising pores at least partially defined by a set of particles

removed from the article, the set of particles removed from the article being aligned in an

elongated orientation.

49. The article of claim 48, wherein at least a portion of the pores are in an

orientation associated with magnetic field lines.

50. The article of any one of claims 48-49, wherein the article forms at least part of

an electrode.

51. The article of any one of claims 48-50, wherein the article is not sintered.

52. The article of any one of claims 48-51, wherein the article is an electrode.

53. A battery comprising the electrode of claim 52.

54. A method, comprising:

exposing a precursor composition of a porous article to a magnetic field which

causes longitudinal axes of elongated regions of material within the precursor to become

substantially aligned with each other;

consolidating the composition; and
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at least partially removing the regions of the material from the composition,
thereby forming the porous article, whereby pores are at least partially defined by the

elongated regions.

55. The method of claim 54, wherein at least some of the elongated regions of the

material contain multiple particles arranged in an elongated orientation.

56. The method of claim 55, wherein the particles are magnetic particles.

57. The method of claim 56, wherein the particles are non-magnetic particles.

58. The method of any one of claims 54-57, wherein the particles comprise emulsion
droplets.

59. The method of claim 58, wherein at least some of the elongated regions of the

material comprise rods.
60. The method of any one of claims 54-59, wherein consolidating the composition
comprises consolidating the composition at least to the extent that the composition

becomes self-supporting in the absence of the regions of the material.

61. The method of any one of claims 54-60, wherein the composition comprises

electrode material.

62. The method of claim 61, wherein the electrode material comprises

Li(Ni,Co,AD)O, (NCA), LiMnOs-LiMO; alloys, and/or graphite.

63. The method of any one of claims 54-62, wherein forming the porous article is

performed in the substantial absence of sintering.

64. A method, comprising:
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exposing a precursor composition of a porous article comprising a magnetic fluid
to a magnetic field which causes longitudinal axes of elongated regions of material
within the precursor to become substantially aligned with each other;

consolidating the composition; and

at least partially removing the magnetic fluid from the composition, thereby
forming the porous article, whereby pores are at least partially defined by a spatial

distribution of the magnetic fluid.

65. The method of claim 64, wherein at least some of the elongated regions of the

material contain multiple particles arranged in an elongated orientation.

66. The method of claim 65, wherein the particles are non-magnetic particles.

67. The method of any one of claims 64-66, wherein at least some of the elongated

regions of the material comprise rods.
68. The method of any one of claims 64-67, wherein consolidating the composition
comprises consolidating the composition at least to the extent that the composition

becomes self-supporting in the absence of the magnetic fluid.

69. The method of any one of claims 64-68, wherein the elongated regions of the

material comprise electrode material.

70. The method of claim 69, wherein the electrode material comprises

Li(Ni,Co,AD)O, (NCA), LiMnOs-LiMO; alloys, and/or graphite.

71. The method of any one of claims 64-70, wherein forming the porous article is

performed in the substantial absence of sintering.

72. An electrode obtainable by any of the methods of claims 54-71.
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73. A battery comprising an electrode obtainable by any of the methods of claims

54-71.
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