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ELECTRODE MATERIALS WITH MIXED PARTICLE SIZES

CROSS-REFERENCES TO RELATED APPLICATIONS
16861} This application claims priority to U.S. Provisional Patent Application No.
62/007,416, filed June 4, 2014, entitled ELECTRODE MATERIALS WITH MIXED
PARTICLE SIZES, the contents of which are incorporated by reference herein for all

purposes in their entirety,

BACKGROUND OF THE INVENTION
(#8802} The instant disclosure is directed to electrochemical devices and materials therefor,
In particular, the instant disclosure addresses some of the chalienges related to
clectrochemical electrode fabrication and electrode packing architectures for

nanodimensioned and/or solid state electrodes.

[B883]  As the prevalence of consumer electromics (e.g., mobile phones, tablets, and laptop
computers) and electrified vehicles {e.g., phug-in hybrids and BEVs) has increased, so too has
the demand for better performing cnergy storage devices which are required to power these
clectronics and vehicles. While rechargeable {(secondary/traction) lithium (1.3} ion batteries
(i.e., Li-rechargeable batteries) are popular for consumer electronics, conventional batteries
are still too Hmited with respect to energy density and power output for widespread adoption
in other applications {e.g., automotive}). Solid state Li-rechargeable batteries, which consist
of all sohid state components, have higher theoretical energy density and power propertics and
arc therefore attractive alternatives to conventional batterics, which rely on and inclhude liguid

glectrolytes.

18684)  fonic conductivity is typically lower in solids than in Hauids. Therefore, to achieve
high power outputs in a solid state battery, in which all 1on conduction pathways are through
solids, the ion pathways should be reduced and the intrinsic ionic conductivity of the
constituent solids should be increased. Despite substantial cfforts, these problems have not

been remedied and solid state batteries still suffer from low power output.

180651 There is therefore a series of problems in the relevant field related to solid state
clectrochemical electrodes (e.g., thin film positive electrodes) and the manner in which to
nanostracture and nano-order the constituent components (e.g., active material and catholyte).
What is necded in the relevant ficld is, for example, methods for making now thin film
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positive electrodes that include particularly sized features required for high performance sohd
state batterics. The instant disclosure sets forth, in part and for example, such nanostructured
and nano-ordered positive electrodes in addition to making and using the same, and other

solutions to problems in the relevant field.

BRIEF SUMMARY OF THE INVENTION
[8086]  In onc embodiment, set forth herein are solid state electrochemical electrodes which
mclude a first plurality of particles of electrochemically active material, the first particles
having a first particle size distribution characterized by a first dispersity of 0.25 or less and a
first median diameter; and a second plurality of particles of ion conductive material, the
second particles having a second particle size distribution characterized by a second
dispersity of 0.25 or less and a second median diameter, the second median diameter being at

least three times smaller than the first median diameter.

[B887F  In a second embodiment, set forth herein are solid state electrochemical electrodes
which include active materials characterized by a first particle size distribution having a first
median particle size; catholyic materials characterized by a second particle size distribution
having a second median particle size; wherein the volumetric ratio of active materials to
catholyte materials is from 99:1 1o 1:1; and wherein the particle size ratio of the first median

particle size to the second median particle size is at feast 3:1 or greaier.

[#808] In a third embodiment, set forth herein are electrochemical cells which inchide an
anode curreni collector; an anode in direct contact with the anode current coliector; an
clectrolyte n direct contact with the anode, the anode being positioned between the anode
current collector and the electrolyte, and the electrolyte being characterized by an fonic
condactivity of at least 1e-4 S/cm; and a solid state positive electrode n direct contact with
the electrolyte and including active materials characterized by a first particle size distribution
having a2 first median particle size; catholyte materials characterized by a second particle size
distribution having a second median particle size; wherein the volumetric ratio of active
materials to catholyte materials is from 99:1 {0 1:1; wherein the particle size ratio of the first

median particle size to the second median particle size is at least 3:1 or greater.

{88691  In fourth and fifth embodiments, sct forth herein are methods for making and using

the aforementioned electrochemical electrodes.
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BRIEY DESCRIPTION OF THE DRAWINGS
[6818] Figure 1 shows an example electrode having mixed sized particles of active

materials and catholyte.

{88111 Figuare 2 shows an example electrode having mixed sized particles of active

materials and catholvte,

{8812} Figure 3 shows an example percolation network for a catholyte material in a solid

state cathode.

1668131 Figure 4 shows an example percolation threshold as a function of the size (diameter)
ratio for large particle sizes to small particle sizes for a randomly packed clectrode having

mixed sized particles of active materials (large particles) and catholyte (smali particles).

{88141 Figure 5 shows an example percolation threshold as a fumction of the size ratio for

large particle sizes to small particle sizes for a compression packed electrode.

[66818] Figure 6 shows random packing densities as a fimction of the size ratio for large

particle sizes to small particle sizes.

{8016} Figure 7 shows percolation threshold renormalized to the total container volume
fraction occupied by small particles for a collection of large particles and small particles in an

electrode

{88171 Figuare 8 shows a 2D cross sectional area fraction occupied by the small particles as

a function of small particle volume in an electrode having large and small particle sizes.

#0618} Figure 9 shows a normalized 2D cross sectional area fraction as a function of

percolation threshold for an electrode with 2% compression.

{68191 Figure 10 shows fraction of large particles in contact with percolating particles as a

function of the fraction of small particles

[B826] Figure 11 shows an SEM photo illustrating an electrode material with large and
smail particles withouot substantial compression. The large particles (1102) arc Nickel Cobalt

Aluminom Oxide (NCA) and the small particles (1101} are LSTPS sulfide clectrolyic.

{68211 Figure 12 shows an SEM photo illustrating an electrode material with large and
small particles after being subjccied to a compression process. The farge particles (1202} are
Nickel Cobalt Aluminum Oxide (NCA) and the small particles (1201) are LSTPS sulfide

electrolyte.

o
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{8822} Figure 13 shows an example positive electrode assembly having large particle
cathode active materials, small particle catholyte ion conductors necked to form a percolation

network and an electron conductor additive.

{68231 Figure 14 shows example cathode packing architectures in which either (left side) a
monodisperse collection of large sized particles is mixed with a Gaussian distribution of
small sized particles, or (right side) a Gaussian distribution of large sized particles is mixed
with a Gaussian distribution of small sized particles, m which in cither case the ratio of large

particle sizes (diameter) to small particle sizes is 4.

16624} Figure 15 shows example cathode packing architectures in which either (left side) a
monodisperse collection of large sized particles is mixed with a monodisperse collection of
small sized particles, in which case the ratio of large particle sizes (diameter) to small particle
sizes is 4; or {night side) a mounedisperse collection of large sized particles is mixed with a
monoedisperse collection of small sized particles, in which case the ratio of large particle sizes

{diameter) to small particle sizes 15 2.

1668251 Figure 16 shows a plot of conductivity as a function of the size ratio for large
particle sizes to small particle sizes in three example cathodes in which the size ratio was
either 201, 5:1, or 1:1 for large particie sizes (oxide) to small particle sizes {sulfide
catholyte). In cach sample, the velumetric ratie for large particle sizes (oxide) to small

particle sizes (sulfide catholyte) was 86:20.

18026} Figure 17 shows a scanning clectron microscopy (SEM} image for an example
cathode having a 20:1 size ratio for large particle sizes (ALOs) to small particle sizes (LSTPS

sulfide catholyte).

{8827} Figure 18 shows a scanning clectron microscopy (SEM) image for an exanple
cathode having a 2{:1 size ratio for large particle sizes (ALOs) to small particle sizes (L3TPS

sulfide catholyte).

[66828] Figure 19 shows a scamming electron microscopy (SEM) image for an example
cathode having a 5:1 size ratio for large particle sizes {ALOs) to small particle sizes (LSTPS

sultide catholyte).

16829} Figure 20 shows a scanning clectron microscopy (SEM} tmage for an cxample
cathode having a 5:1 size ratio for large particle sizes (ALOs) to small particle sizes (LSTPS

sulfide catholyte).
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[38368] Figure 21 shows a SEM image for an example cathode having a 111 size ratio for

large particle sizes {ALOs) to small particle sizes (L3TPS sulfide catholyte).

166311  Figure 22 shows a 3EM image for an example cathode having a 1:1 size ratio for

farge particle sizes {ALOs) to small particle sizes (LSTPS sulfide catholyte).

{6832} Figure 23 shows a scanning clectron microscopy (SEM) image for an exanple
cathode having a 2011 size ratio for large particle sizes (AL:Os) to small particle sizes (L3TPS
sulfide catholyte) in which the weight ratio for large particle sizes (ALO;) to small particle

sizes {LSTPS sulfide catholyte) was RO:18,

{68331 Figure 24 shows a scamming electron microscopy (SEM) tmage for an example
cathode having a 20:1 size ratio for large particle sizes {ALOs} to small particle sizes (LSTPS
sultide catholyte) 1o which the weight ratic for large particle sizes (AL} to small particle

sizes (LSTPS sulfide catholyte) was 44:54,

[6634]  Figure 23 shows an cxample particle size distribution for milled LSTPS and AL

used i certain Examples herein.

[6835]  Figure 26 shows an example particle size distribution for milled LSTPS and NCA

used m certain Examples herein,

16361  Figure 27 shows a plot of conductivity as a function of catholyte volume fraction for

various large:small particle size ratios.

DETAILED DESCRIPTION OF THE INVENTION
{8837} The following description is presented to enable one of ordinary skill in the art to
make and use the examples and cmbodiments set forth herein and (o incorporate the same in
the context of particular apphcations. Various modifications, as well as a varicty of uses in
different applications will be readily apparent to those skilled in the art, and the general
principies defined hercin may be applied to a wide range of emnbodiments. Thus, the instant
disclosure is not intended to be limited to the embediments presented, but is to be accorded

the widest scope consistent with the principles and novel features disclosed herein.

{6838} The reader’s attention is directed to ali papers and documents which are filed
concurrently with this specification and which are open to public inspection with this
specification, and the contents of all such papers and docoments are incorporated herein by
reference. Unless expressly stated otherwise, each feature disclosed is one example only of a
generic series of equivalent or similar features.

5
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[383¢] Furthermore, any element in a claim that does not explicitly state “means for”
performing a specified function, or “step for” performing a specific fimction, is not to be
interpreted as a “means” or “step” clause as specified in 35 U.S.C. § 112(¥). In particulay, the
use of “step of” or “act of” in the claims herein is not tntended to invoke the provisions of 35

U.S.C 112§ 112(H.

[8048] Please note, if used, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise and counter clockwise have been used for convenience purposes only and are not
mtended to tmply any particular fixed divection. Instead, they are sed to reflect relative

locations and/or directions between various portions of an object.
I DEFINITIONS

(80411 As used herein, the phrase “at least one meomber selected from the group,” fnchudes
a single member from the group, more than one member from the group, or 8 combination of
members from the group. At least one member selected from the group consisting of A, B,
and C includes, for example, A, only, B, only, or C, only, as well as A and B as well as A and

Cas well as Band C as well as A, B, and C or any other all combinations of A, B, and C.

(80421  As used herein, the phrase “electrochemical cell,” refers to, for example, a “batiery
cell” and includes a positive electrode, a negative electrode, and an electrolyte therebetween
and in direct contact therewith which conducts ions (2.g., Li') but electrically insulates the
positive and negative electrodes. In some embodiments, a battery may include multiple

positive clectrodes and/or multipie negative clectrodes enclosed in one container,

(8043}  As used herein, the phrase “positive clectrode,” refers to the electrode ina
secondary battery towards which positive ions, e.g., Li', conduct, flow or move during
discharge of the battery. As used herein, the phrase “negative electrode” vefers 1o the
electrode in a secondary battery from where positive ions, e.g., Li', flow or move during
discharge of the battery. In a battery comprised of a Li-metal electrode and a conversion
chemistry clectrode {i.e., active material; e.g., NiFy), the clectrode having the conversion
chemistry materials 1s veferred to as the positive electrode. In some common usages, cathode
is used in place of positive electrode, and anode is osed in place of negative electrode. When
a Li-sccondary battery is charged, L ions move from the positive clectrode {e.g., NiFy)
towards the negative electrode {e.g., Li-metal). When a Li-sccondary battery is discharged,

Li ions move towards the positive electrode and from the negative electrode.
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[8044] As used herein, the phrase “sulfide electrolyie,” refers to an inorganic solid state
material that conducts Li ions but is substantially electronically insolating. Some sulfide
clectrolytes set forth herein mclude lithium, phosphorus, and solfur and optionally one, two,
or three additional elerments. Some of these sulfide electrolytes arc referred to berein as
LXPS materials wherein, L refers to lithium, P refers to phosphorus, and S refers to sulfur,
and X refers to the optional one, two or three additional elements. Example LXPS materials
are found, for example, in lntomational PCT Patent Apphcation No. PCT/US14/38283, filed
May 15, 2014, and entitled SOLID STATE CATHOLYTE OR ELECTROLYTE FOR
BATTERY USING LigMPgSc (M=S§i, Ge, ANDYVOR Suj; also, U.S. Patent No. 8,687,292 1o
Kanno, ¢t al., the entire contents of both of which are incorporated by reference in their

entirety for all purposes.

[8043] As used here, the phrase “sulfide electrolyie,” includes, but is not limited to, LSS,
LTS, LXPS, LXPSO, where X is 31, Ge, 8n, As, Al; LATS; and S 18 8, Si, or combinations

thereof: T 1is Sn.

1#046]  Asused here, “LXPS” refers (o a catholyte material characterized by the formuls
LaMPLS,, where M 1s 51, Ge, Sn, and/or Al and where 2 <a <8, 0.5 <b <25, 4 < <12,
“LSPS” refers to an electrolyte material characterized by the formula L.SiP,S,, where 2 <a <
8,05<b<25 4<¢c<12. LIPS refers to an clectrolyte material characterized by the
materials are found, for example, in International Patent Apphcation No.
PCT/USZ2014/038283, filed May 16, 2014, and entitled SOLID STATE CATHOLYTE OR
ELECTROLYTE FOR BATTERY USING LiaMPgSc (M=8i, Ge, AND/OR Sn), which is

ncorporated by reference hercin in its entirety. When M is Sn and Si -- both are present --

is doped with, or has, O present. In some examples, “LSTPS(,” is a LSTPS material with an
oxygen comtent between 0.01 and 10 atomic %. “L8PS,” refers to an clectrolyte material
having L1, 81, P, and 8 chemical constituents. Ag used herein “LSTPS,” refers to an
electrolyte material having L, Si, P, Sn, and S chemical constituents. As used herein,
“LSPSO,” refers to LIPS that is doped with, or has, O present. In some examples, “LSPSQO,”
18 a LSPS material with an oxygen conterd between 0.01 and 10 atomic %. As used herein,
“LATP,” refers to an electrolvte material having 11, As, Su, and P chemical constituents. Ag
used herein “LAGP,” refers to an clectrolyte material having Li, As, Ge, and P chomical
constitucnts. As used herein, “LXPSO™ refers to a catholyic material characterized by the

formula Li,MP,5.0s, where M is 81, Ge, Sn, and/or Al and where 2 <a <8, 0.5<b <25, 4

~
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<e <12, d<3. LXPSO refers to LXPS, as defined above, and having oxygen doping at from
8.1 to about 10 atomic %. LPSO refers to LPS, as defined above, and having oxygen doping

at from 0.1 1o about 10 atomic %.

(80477 As used here, “LES” referg to lithium silicon sulfide which can be desceribed as
L1;8-81S,, Li-Si8,, Li-8-8i, and/or a catholyic consisting essentially of Li, S, and Si. LSS

electrolyte material comprising Li, 51, and 5. In some examples, LSS is a mixtore of Li;S
and 5i8,. In some examples, the ratio of L8818, is 90:10, 85:13, 80:20, 75:25, 76:30, 2:1,
65:35, 60:40, 55:45, or 50:50 molar ratio. LSS may be doped with compounds such as

L POy, LiBO,, LigSi0,, LiaMO,, Li:MOs, PS,, and/or lithium halides such as, but not

bBmited to, Lil, LiCH LiF, or LiBr, wherein 0<x<§ and 0<y<5.

[B048]  As used here, “LTS” refers to a lithium tin sulfide compound which can be
described as L1;8-8nSy, L1,8-8n8, Li-S-Sn, and/or a catholyte consisting essentially of Li, §,
and Sn. The composition may be L1503, where 0.25<x<0.65, 0.05<y<0.2, and
75:25,76:30, 2:1, or 1:1 molar ratio. LTS may inchide up to 10 atomic % oxygen. LTS may
be doped with Bi, Sb, As, P, B, AL, Gg, Ga, and/or In. As used herein, “LATS” refors to
LTS, as used above, and further comprising Arsenic (As). o LATS, L refers to Hthivm, A

refers 1o arsenic, T refers to tin, and 5 refers to sulfur,

180491 Asused here, “LPS,” refers to an clectrolyte having L1, P, and S chomical
constituents. As used herein, “LPS0,” refers to LPS that is doped with or has O present. In
some examples, “LPS(O.” is a LPS material with an oxygen content between .01 and 10
atomic Yo, LPS refers to an electrolyte material that can be characterized by the formula
characterized by a product formed from a mixture of Li;S:P;Ss wherein the molar ratio 1s
11, 901, 8.0, 7.1, 601 S:1, 40, 304, 7:3, 2:1, or 11, LPS also refers to an electrolyte
characterized by a product formed from a mixture of L S:P»Ss wherein the veactant or
precursor amount of LbS 15 93 atomic % and PaSs 18 5 atomic %. LPS also refors to an
clectrolyvte characterized by a product formed from a mixture of LipS:P2Ss wherein the
reactant or precursor amound of LS is 90 atomic % and P2Ss 15 10 atomic %. LPS also
refers to an clectrolyte characterized by a product formed from a mixture of LipS:P5;
wherein the reactant or precursor amount of Li:S s 8S atomic % and PS5 is 15 atomic %.
LPS also refers to an electrolyte characterized by a product formed from a mixture of

8
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Li;5:P;8: wherein the reactant or precursor amount of L3 is 80 atomic % and P35 is 20
atomie %. LPS also refers to an electrolyte characterized by a product formed from a mixtore
of Li;S:P,85 wherein the reactant or precursor amount of LixS is 75 atomic % and P,S; 15 25
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li;S:P:85 wherein the reactant or precursor amount of LizS is 70 atomic % and P2Ss s 30
atomic %. LPS also refers to an electrolyte characterized by a prodoct formed from a minture
of LuS:P,Ss whercin the reactant or precursor amount of LS is 65 atomic % and P»Ss is 3§
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of LS. PS5 wherein the reactant or precursor amount of LiS is 60 atomic % and PpS; is 40

atomic %.

186881  As used here, LPSCO includes the above description and an electrolyte material
characterized by the formula L1,P,S, 0y where 0.33=x=<0.67, 0.07<y<0.2, 0.4<2<0.58,
O<w<0.15. Also, LPSO refers to LPS, as defined above, that includes an oxygen content of
from 0.01 to 10 atomic %6. In some examples, the oxygen content 15 1 atonyic %. In other
examples, the oxygen content is 2 atomic %. In some other examples, the oxygen content is
3 atomic %. In some examples, the oxygen content is 4 atomic %. In other examples, the
oxygen content is 5 atomic %. In some other examoples, the oxygen content is 6 atomic %. In
some examples, the oxvgen content is 7 atomic %. In other examples, the oxygen content is
8 atomic %. In some other examples, the oxygen content is 9 atomic %. In some examples,

the oxygen content is 10 atomic %.

[B851]  Asused here, the term “necked,” refers to a particle to particle conpectivity for
particles in, for example, a solid sclution, a polymer, 2 solid mairix, or a solvent matrix, As
necked clectrolyte particies, these particle are in sufficient condact so as to provide ag ion
conduction pathway, from particle to particle and through the particles, by way of the particle
to particle contacts or shared surfaces. Necked can inclode particles that are sintered
together, face sharing, edge sharing, comner sharing, or otherwise bonded together and which
form a percolation network when composited with a polymer, solvent, or other solid

components.

186521 As used here, the term “dispersity” refers to the breadth of a particle size
distribution when measured by a standard technique such as dynamic light scattering.
Mathematically, the particle distribution is approximately log-normal

‘ 1 L (n(xy -t . . . . e e
{(P(xy= s X UnGx)z ) ), in which case the dispersity of the distributionis o. A

xa2m L 2T
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measure of dispersity expressed in numerical terms o this application refers to the dispersity
of best fit log normal distribution to the experimentally measured particle size distribution. A

dispersity vaiue (o} can be calculated using the formula above.

{8353}  As used here, the phrase “sulfide based electrolytes,” refers to electrolytes that
inchude inorganic materials containing 8 which conduct ions {e.g., Li"} and which are suitable
for clectrically insulating the positive and negative clectrodes of an electrochemical cell {e.g.,
seccondary battery). Example sulfide based electrolytes are described above, e.g, LXPS,
LSTPS, LPBQ, and related sulfides. Excmplary sulfide based electrolytes are set forth in
International Patent Application PCT Patent Application No. PCT/US14/38283, SOLID
STATE CATHOLYTE OR ELECTROLYTE FOR BATTERY USING LIaMPpSc (M =51,
GE, AND/OR SN), filed May 15, 2014, and published as WO 2014/186634, on November
20, 2014,

[8054]  As used herem, the phrase “solid state catholyte,” or the term “catholyte” refers to
an ion conductor that is intimately mixed with, or surrounded by, a cathode (L.¢., positive
electrode) active material {e.g., a metal fluoride optionally incloding lithium, a lithiom cobalt

oxide, or a lithium manganese cobalt oxide, or a lithium nickel aluminum cobalt oxide).

(8055}  As used herein, the term “panostructured,” or “nanodimensioned” refers to a
composite material wherein the constitucnt components are separated by nanodimensions.
For example, a nanodimensioned composite material may inchude a Li-containing compound,
e.g., LiF, and an Fe-containing compound, e.g., Fe, wherein the domains of Fe and the
domains of LiF have raedian physical dimensions of about 1-100 np, or 2-50 vm, or 1-10
i, of 2-5 nm, or $-15 nm, or 5-20nm, or the like as measured in a TEM micrograph by

identification of regions of visual contrast of different nanodomains.

[B056]  As used herein, the torm “clectrolyte,” refers to an ionically conductive and
electrically insulating material. Electrolytes are useful for electrically insulating the positive
and negative elecirodes of a secondary battery while allowing for the conduction of lons, e.g.,

Li', through the clectrolyte.

{80577  As used herein, the term “anolyte,” refers to an tonically conductive material that is
mixed with, or layered upon, or faminated to, an anode material or anode current collector.
[B0S8]  As used herein, the phrase “green film” refers to an unsintered film inchiding at
feast one member selected from garnet materials, precursors to garnet materials, binder,

solvent, carbon, dispersant, or combinations thereof,

10
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[3859]  Asused herein the term “making,” refers to the process or method of forming or
causing to form the object that is made. For example, making an energy storage electrode
includes the process, process steps, or method of causing the electrode of an energy storage
device to be formed. The end result of the steps constituting the making of the encrgy storage

clectrode is the production of a matenial that is fumctional as an electrode.

[6868]  As used herein the phrase “energy storage clectrode,” refers to, for example, an
elecirode that is suitable for use  an energy storage device, e.g., 8 fithium rechargeable
hattery or Li-secondary battery. As used herein, such an electrode is capable of conducting

clectrons and Li ions as necessary for the charging and discharging of a rechargeable batiery.

{88611 As used herein, the phrase “providing” refers to the provision of, generation or,

presentation of, or delivery of that which is provided.

(80621 As used herein the phrase “conductive additive,” refers to a material that 1s mixed
with the cathode active material in order to improve the conductivity of the cathode.
Exaraples inclades, but arc not luwnited to, carbon and the various forms of carbon, e.g., ketjen
black, VGCF, acetylene black, graphite, graphene, nanotubes, nanofibers, the like, and

combinations thereof.

{8863} Asused herein the phrase “applying a pressure,” vefers 1o a process whereby an

external device, e.z., a calender or uniaxial press, mduces a pressure in another material,

18064}  As used herein the term “about,” refers to & qualification of a number associated
with the word about. About includes, in some examples, a range + 5-109% around the number
qualified by the word about. For example, evaporating 8 sclvent at about 80 C includes

evaporating a solvent at 79°C, 80°C, or 81°C.

#8651  As used here, the phrase “lithium-siuffed garmet clectrolyie,” refers to oxides that
are characterized by a crystal structure refated to a garnet crystal structure. Lithium-stutfed
garnets include compounds having the formula LisLagh’ M pZrs Oy,

LisLapgM M '3 TapQOy, or LizLagh =M™ pNbpOr, wherein 4<A<8.8, 1.5<B<4, (<C<2,
0<D<Z; 0<E<2, 10<F<13, and M’ and M’ are each, independently in cach instance selected
from Al, Mo, W, Nb, b, Ca, Ba, Sy, Ce, Hf, Rb, or Ta, or LiLayZr.AluMe™" Oy, wherem
3<a<. 7, 2<b<4; (0<¢<2.5; §=d=<2; 0<e<2, 10<f<13 and Mc™ is a metal selected from Nb, Ta,
Y, W, Mo, or Sb and as described herein. Garnets, as used herein, also include those gamets
described above that are doped with AlbOs. Garnets, as used herein, also include those

3+

garnets described above that are doped so that Al substitutes for Li'. As used herein,
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Ethium-stuffed garnets, and garnets, generally, include, but are not bimited to, Lizglas{Zry +
Wby + Tag)}Oqp + 0.35A1L,0:; whergin (12413 = subscript 2) so that the La:(Zy/Nb/Ta) ratio
ig 3:2. Also, garnet used herein fncludes, but is not Hmited to, LiLayZrOy) + vA LG,
wherein x ranges from 5.5 to 9; and v ranges from 0 to 1. In some examples x is 7 and v is
1.0, In some examples x is 7 and v 18 0.35. In some examples x is 7 and y 18 0.7, In some
examples x 18 7 and v is 0.4. Also, garnets as used herein include, but are not Bmited to,

Lila:iZn0n + vALOs.

[8866]  As used herein, garpet does not inchide YAG-garnets ({e., yitriom aluminum
garnets, o, e.g., V1AL ). As used herein, garnet does not include silicate-based gamets
such as pyrope, almandine, spessartine, grossular, hessonite, or cinnamon-stone, savoerite,
uvarovite and andradite and the solid solutions pyrope-almandine-spessarite and uvarovite-
grossular-andradite. Garnets herein do not include nesosilicates having the general formula

XsY S04} wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al Fe, and, or, Cr.

#0677  As used herein the term “porous,” refers to a material that inclodes pores, ez,

AANOPLICs, MESOPOILS, Of MICTOPHIes.
1. SIZES

[B868] In some examples, set forth herein are a variety of rechargeable battery positive
electrode architectures and nanostructures. In some of these examples, the positive electrodes
include active materials {intercalation chemistry cathode materials, conversion chemistry
cathode materials, or combinations thereof), catholyte materials (soall sized coramic, oxide,
or sulfide electrolyte materials) ground, milled, and mixed with the active materials, and
optionally binders and electronic conductive additives. In some examples, at least the
cathode active materials and the catholyte materials are milled such that the particle size
{diameter) ratio of large cathode active material particle sizes to small catholyte particle sizes
18 at least 3:1 or greater. In some examples, this size ratio (large particle sizes: small particle
sizes) is at least 3:1, or at least 3.5:1, or at least 4:1, or at icast 4.5:1, or at least 5:1, or at feast
5:1, or at least G:1, or at feast 6.5:1, or at least 7:1, at least 7.5:1, or at least 8:1, or at least
R.5:1, or at least 9:1, or at least 9.5:1, or at least 1001, or at feast 10,511, or least 111, or at
least 11.5:1, orat least 12:1, or at least 12.5:1, or at least 13:1, or at least 13.5:1, or at least
14:1, or at least 14.5:1, or at least 15:1, or at fecast 15.5:1, or at lcast 16:1, or at least 16.5:1, or
at feast 17:1, at least 17.5:1, or at least 18:1, or at least 18.5:1, or at least 19:1, or at least
19,5:1, or at least 20:1, at least 20.5:1, or at feast 2111, or at feast 215:1, or at least 22:1, ov af

feast 22.5:1, or at least 23:1, or at least 23.5:1, or least 24:1, or at least 24.5:1, or at least 25:1,
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or at least 25.5:1, ov at least 26:1, or at least 26.5:1, or at least 27:1, or at least 27.5:1, or at
feast 2&:1, or at least 28.5:1, or at feast 29:1, or at least 29.5:1, or at least 30:1. In some
examples, this size ratio (large particle sizes: small particie sizes) is 311, 3.5:1, 4:1, 4.5
5:1,5.5:1,6:1, 6.5:1, 7.1, 7.5:0, &1, R.5:1, 901, 9500, 1000, 10.5:0, 111, 11500, 124, 12.5:4,
S 13 13500 4L 14500, 1800, 18500, toacd, 165 VR 17500, 180, 18,801, 19:1, 19.5:1,
20:1,20.5 1:4,215:1,22:4, 22.5:1, 23:1, 23.5:1, 24:1, 24.5:1, 25:1, 25.5:1, 26:1, 26.5:1,

27:1,27.5:1, 28:1, 28.5:1, 29:1, 29.5:1, or 30:1. In some exampies, the cathode active

e
T\)

particles are the large particles. In some of these examples, the catholyte particles are the

small particles.

10 0691  To some examples, set forth herein are a variety of rechargeable battery positive
clectrode architectures and nanostructures. In some of these exampies, the positive electrodes
inchude active materials, catholyte materials ground, mitled, and mixed with the active
materials, and optionally binders and clectronic conductive additives. In some cxamples, at
least the cathode active materials and the catholyte materials are milled such that the particle
size {diameter) ratio of large cathode active material particle sizes to small catholyte particle
sizes is at least 3:1 or greater. In some examples, the active material is NCA and has a Dsy of
cither 250-400 nm, 1-2 pm, or 5-6 wro. o these exaraples, the catholyte has a Dy of 250-300

mwin.

[6878]  Insome cxamples, sct forth berein are a variety of rechargeable batiery positive
20 electrodes mchiding an active material with a particle Do diameter of 1-5 o1 5 pm. In some
of these examples, the catholyte has a particle Dsp diameter of 1 pm. In some of these

examples, the catholyte has a particle D5 diameter of 300 nm.

iR, MATERIALS

25 8871 As demonstrated in Example 1, percolation is achieved at low volume fractions
when the size ratio for large positive electrede active material particle sizes to small catholyte
particle sizes is about 4:1 or greater. In some examples, set forth herein, the positive
clectrode active material 1s selected from oxide intercalation materials selected from the
group consisting of LiMPOy (M=Fe, Ni, Co, Mn), Li,Tiy0,, wherein x is from 0 to &, y is
from 110 12, z is from 1 to 24, LiMn; Oy, LiMngNi,Os, wherein a is from 0 to 2, LiCoOy,
LHNICoMn)O,, LANICoADO,, and Nickel Cobalt Aluminum Oxides [NCA]. In some other

(43
<

examples, the positive electrode active material includes metal fluoride conversion chemistry

materials and is selected from the group consisting of FeF,, NiF,, FeOF 1, FeFs, MaFs,
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CoF s, CuF, materials and alloys or combinations thereof, In some other example, the
positive electrode active material includes a combination of intercalating oxides and

conversion chemisiry metal fluorides.

{8072} incertain examples, the cathode active materials are nanodimensioned conversion
chemistry materials {e.g.. FeFs). Suitable cathode active materials are set forth in U.S.
Nonprovisional Patent Application No. 13/922,214, fied Jure 19, 2013, entitled
NANOSTRUCTURED MATERIALS FOR ELECTROCHEMICAL CONVERSION
REACTIONS, and published June 19, 2014, as U.S. Patent Application Publication No,
Z2014/0170493; also International PCT Patent Application No. PCT/US2015/017584, filed
February 25, 2015, and entitled HYBRID ELECTRODES WITH BOTH INTERCALATION
AND CONVERSION MATERIALS: also ULS. Provisional Patent Application No.
62/096,510, filed December 23, 2014, and entitled LITHIUM RICH NICKEL
MANGANESE COBALT OXIDE (LR-NMC), The entire disclosure of these applications 1s

hereby mncorporated by reference herein in its entivety for all purposes.

180731 Incertain examples, the positive electrode active material is NCA and has 3 median
particle size of about 5-6 ym. In this particular example, the catholyte required 1o maintain at
least a 4:1 particle size ratio or greater would be a catholyte having a particle size of less than

1.5 pm(e.g., 1.2~ 1.5 pmy).

[#074] In certain examples, the positive electrode active material is NCA and has a median
particle size of about 5-6 . In this particular example, the catholyte required to maintain at
feast a 4:1 particie size ratic or greater would be a catholyte having a particle size of less than

PS5 pmeg, 1.2 - 1.5 um).

186751  In cortain examples, the positive electrode active material is FeFs and has a median
particle size of about 300 nm. In this particular example, the catholyte required to mmaintain at
least a 4:1 particle size ratio or greater would be a catholyte having a particle size of less than
80 nm {e.g., 60-80 nm).

186761  In certain examples, the positive electrode active material is NCA and has a median
particle size {Dso) of about 4-10 pm. In this particular example, the catholyte required to
maintain at least a 20:1 particle size ratic or greater would be a catholyie having a particle
size of fess than 500 nm {e.g., 200 ni).

168777 In certain cxamples, the positive electrode active material includes a composite of

FeFs, carbon, and an ion conductor, wherein the composite diameter size is 1 um. In this
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particular example, the catholyte required to maintain at least a 20:1 particle size ratio, 4:1
particle size ratio, or 111 particle size ratio, would be a catholyte having a particle size of, for

example, about 50 nm, 250 nm, or § wm, respectively.

[8078] Incertain examples, the positive electrode active material includes a composite of
FeFs, carbon, and an ion conductor, wherein the composite diameter is 10 um. In this
particular example, the catholyte required to mairdain at least a 20:1 particle size ratio, 4:1
particle size ratio, or 1:1 particle size ratio, would be a catholyte having a particle size of

about SO0 nm, 2.5 um, or 10 um, respectively.

186791 in certain examples, the positive electrode active material includes a composite of
FeFs, carbon, and an ion conductor, wherein the composite diameter is 100 pm. In this
particular example, the catholyte required to maintain at least a 20:1 particle size ratio, 4:1
particle size ratio, or 1:1 particle size ratio, would be 2 catholyte having a particle size of

about § um, 25 pm, or 100 um, respectively.
Iy, METHODS

[6688] The instant disclosure is directed to electrochemical devices and materials thereof
More specifically, cmbodiments set forth herein describe a low-porosity electrode that
melades farge particles and small particles. The large particles fnclude electrochemically
active materials. The small particles inclade ion conductive materials such as sulfide-based
or garnet-based catholytes {e.g., hithium stutfed garnets). In some examples, the large
particles and small particles arc characterized by a dispersity of o bigher than 0.5, There are

gther embodiments as well.

(8081}  insomc cxamples, set forth hercin are methods for forming an electrode material in
which the method includes providing & fivst plurality of particles and a second plurality of
particles, the fivst plurality of particles being charvacterized by a first median diameter of less
than 10uwm, the second plurality of particies being characterized by an ion conductivity of at
feast Se-45/cm, the first median diameter being at least three fimes greater than the scecond
median diameter, and the first plarality of particles and the second plurality of particles being
characterized by a dispersity of less than 0.23; mixing the first plurality and the second
plurality of particles to forra a mixed material; and depostting the mixture into an clectrode;

and compressing the clectrode.

[6882] In some examples, sct forth herein are methods which include the step of drying the

mixed materiaf,
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[BO883]  In some examples, set forth herein are methods which include the step of depositing

the mixed material on a subsirate.

166841 In some examples, set forth herein are methods 1n which the mixing is performed

prior to 8 deposition process.

[BOR5]  In some cxamples, set forth berein are methods which include the step of baking the

mixed material.

136861 T those examples in which materials are milled, a varicty of milling techmigues may
be used. For example, the milling technigue may be selected from the group consisting of
dry milling, planetary milling, eryomilling, jet milling, wet milling, or milling with beads

and/or media mill

[B0871  As explained above, solid state battery devices can be useful for a mumber of
applications. For example, solid state batterics having solid electrolyte materials may have
advantages over conventional batteries that employ lquid clectrolytes, those advantages
possibly inchuding safety and high temperature operation capability. For a solid state battery
to operate efficiently, it is desirable for various components of the solid state battery to have
specific characteristics, such as high conductivity, encrgy density, and capacity. More
specifically, solid state battery electrodes may require an active material to be mixed with 4
fast lithivm ion condocting material for high power capability. The electrode may further
require an cleciron conducting component and a binder for clectrode cobesion and adhesion.
Efficient packing of these solids can be critical to making a high energy density clectrode. It
is to be appreciated that embodiments described herein include structures and algovithms that
provide efficient packing clectrode architectures which are useful for high energy density

clectrodes.

[B888] When the various components of a solid state electrode don’t pack efficiently,
vacant pore space can be generated which reduces at least energy density due to the
introduction of wasted volume. In addition to low porosity, poor ion conduction can result
from non-percolating networks of catholyte which vesults in fow rate capabilitics.
Additionally, non-percolating networks of catholyte can result in poor 1on aceess to the

clectrochemically active materials which results in low energy capacitics.

{88821  In some examples, set forth herein are methods which inclade the following steps.
In 3 first step, a sulfide electrolyie is provided. The suifide clectrolyte could include any

sulfide clectrolyte described herein. The electrolyte is reduced wn particle size by milling
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techniques such as wet milling, m a second step. In a third step, the milled electrolyte is
centrifuged and treated to reduce the solvent. In some examples, the treatment inchudes
evaporation of the solvent so that the milled clectrolyte is about a 30 w/w % solid/liquid
mixture with the liquid being the milling solvent. Depending on the milling conditions,
particle sizes of a variety of sizes and distributions can be achieved. The milled electrolyie is
then mixed with a cathode active material (or a substitate such as ALOs) wherein the active
material has a known and stated particle size. In some examples, in this step, binders and
optionally carbon are also mixed in with the elecrolyte and the active material. In the next
step, the mixture of materials is mixed. In the next step, the mixed mixture is cast into a film
with a casting technique (e.g., slot die, draw coated, or doctor blade). In the next stop, the
cast film is dried, for example, on a bot plate or in an oven (~40-200°C, depending on
solvents used). In some examples, the methods further include applying pressure or

compression to the dried film using calendering technigues.
Y. FELECTRODE ARCHITECTURES HAVING MIXED PARTICLE SIZES

[6898] Figurc 1 is a simplified diagram illustrating an electrode material according to an
embodiment of the present invention. This diagram is merely an example, which should not
onduly fimit the scope of the claims. One of ordinary skill in the art woold recognize many
variations, alternatives, and modifications. As shown in Figure 1, the electrode material 100
comprises a large size particle 102 and a small sized particle 101, The relative size and ratio
between the large particles and small particles are not drawn to scale, but merely provides an
illustration. The large sized particles are an clectrochemically active material. The small
sized particics are an ion conductive material. For example, the large sized particles include
& conversion chendstry material, such as one set forth in U.S. Nonprovisional Patent
Apphcation No, 13/922,214, filed June 19, 2013, entitled NANOSTRUCTURED
MATERIALS FOR ELECTROCHEMICAL CONVERSION REACTIONS, and published
June 19, 2014, as U.S. Patent Application Publication No. 2014/0170493; also Intornational
PCT Patent Apphication No. PCT/USZ015/0173584, filed February 25, 2015, and entitled
HYBRID ELECTRODES WITH BOTH INTERCALATION AND CONVERSION
MATERIALS; also U.S. Provisional Patent Application No. 62/096,510, filed Diecomber 23,
2014, and entitied LITHIUM RICH NICKEL MANGANESE COBALT OXIDE (LR-NMO),
cach of which is fncorporated by reference herein for all purposes. For example, the
clectrochemically active material may include, but is not Hmited to, fron flooride material,
copper fluoride material, nicke! fluoride material, and/or other types of materials, The gmall

sized particles include solid electrolyte or catholyie material. Tn certain implementations, the
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small sized particles can be an ion-conductive electrolvie material including L, XoPS40,,
where X=81, Ge, Al, Sn, and combinations thereof, and 5<a<135, 0<b<3, 1<c<4, 68«18,
{<e<5. For example, ion-conductive clectrolyte maierials are described in International PCT
Patent Apphication No. PCT/US14/38283, filed May 15, 2014, and entitled SOLID STATE
CATHOLYTE OR ELECTROLYTE FOR BATTERY USING LiaMPgSc (M=Si, Ge,
AND/OR Sn); alsg, ULS. Patent No. 8,697,292 to Kanno, et al,, the entire contents of both of
which are incorporated by reference in their entirety for all purposes. In various
embodiments, the relative median size of the lavge particles {electrochemically active
material) is at least three times larger than the relative median size of the small particles (ion
conductive material). For example, the large particles can bave a median diameter of
hetween 1 and 10 pm or between about 0.1 and 1 um, and small particles can have g median

diameter of between about 200 nm 10 2 pm or between about 50-200 nm.
{6891}  Asused berein, Dsp is a measure of the volume averaged median particle size.

{88921 Ina conventional battery, the electrochemically active material consists of particles
of a size sufficient to substantially charge and discharge in a given time at a given current.
The mterstices of the conventional active material is wetted with a liquid electrolyte that
provides for high lithinm ion conductivity to the sorface of the active material. In asolid
state battery, the liquid must be roplaced with a solid catholyte material with high ton
conductivity and comparable to the Hquid. The clectrodes herein are engincered so that the
catholyte percolates through the electrode to conduct hthinm ions throughout the cathode
while consuming a minimal volume. The catholyte does not contribute to the energy density
and therefore any catholyte volume tonds to reduce the encrgy density from what it would be

in the absence of any catholyte.

(8093}  inthe electrochemical cells described herein, the porosity is minimized, since it also
does not contribute o encrgy storage, either through particle size ratio selection or through
compression means, In the electrochemical cells deseribed herein, the volume occupied by
large particles shoold be as large as possible while maintaining high ionic conductivity
through the small particles. In the electrochemical cclls described heren, the volune
occupied by small particles should be as small as possible while maintaining high lonic
conductivity through the electrode. In the electrochemuical cells described herein, the pore
volume should be as small as possible. Also, in the electrochemical cells deseribed herein,
the fraction of the small particles that participate 1o the percolating network, with respect to

the total amount of small particles, should be as large as possible. In the clectrochemical
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cells described herein, the fraction of large particles that are contacted by a percolating

network of small particles should be as high as possible.

18694)  in the example electrochemical electrodes set forth herein, the catholyte comprises
small particles which efficiently fill the space between the larger particles of active material.
The small sized particles fill into the spaces and gaps of the large particles, and at the same
time provide an ion conductive path through the clectrode. Since the large, clectrochemically
active, particles are the main contributor for energy capacity, they preferably make up over
50% of the total volume of the clectrode material. The small size particles preferably make
up fess than 20% of the total volume of the electrode material. It is to be appreciated that the
clectrode material, with small sized particles as a filler, can be compact and has a porosity of

less than 25%.

[B895] It is to be appreciated that size and distribution of both large and small particles for
the clectrode material impact the performance of the solid state battery device. For example,
an electrode according to embodiments herein can be charged to 80% of total energy capacity
within 2 hours. Dispersity of the large and small particles, both absohite and relative, are
configured to suit performance characteristics of the electrode materials. For example,
dispersitics of large and small particles modudate the 100 conductivity, electron conductivity,
and recharge characteristics of the ¢lectrode material. According to various embodiments,
dispersities of both large and small particles of the clectrode material are lower than 0.25.

For example, if one set of particles has a gaussian distribution

’ ]
X} . . - .. . .
k)—/— }, the dispersity (o) of the distribution is the standard
e

deviation of the distribution. In ancther example, the particle distribution is approximately

{In(x) -t

log-normal { P{x} = P 1), in which case the dispersity of the
207

X \/3; Cxp
distribution is o. In various embodiments, the small particles and large particies are
ouiformly mixed. With a desirable dispersity and size ratio of large to small particles, the
fraction of the small particies that participate in a percolating network {e.g., of ions} can be
greater than 80%. The fraction of the large particles that arc contacted by the percolating
network can be greater than 80%. As an example, a measure of dispersity expressed in
numerical terms in this application refers to the dispersity of best it log normal distribution
to the experimentally measured particle size distribution. For example, a dispersity value (o)
can be calculated using the formula above. 1t s to be appreciated that depending on the

specific implementations, various dispersity valoes may be used. As explained above, a
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dispersity value of less than 0.25 for both large and small particles 1s suitable for certain
applications. In some applications, a dispersity value of less than (1.5 for both large and small

particles is used for forming catholyte material

{88961 In addition to large particles of electrochemically active material and small particles
of ion conductive materials, the electrode material may further include electron conductive
additive materials and/or binder reaterial. For example, the electron conductive additive
materials include acetylene black, carbon black, graphene, graphite, activated carbon, C65,
45, VGCF, carbon fibers, carbon nanotubes, ketjen black, and/or others. The binder

material may include rabber, a polymer, and/or other types of materials.

{88971 Figure 2 1s a stmplified diagram illustrating an electrode material according to an
embodiment of the present invention. This diagram is merely an example, which should not
vonduly oot the scope of the clatmns, One of ordinary skill 1o the art would recognize many
variations, alternatives, and modifications. As shown in Figure 2, electrochemically active
materials are larger than ion condactive particles, which fill into the space between
clectrochemically active materials. For example, the clectrochemically active materials
inchude cathode active particles, and 1on conductive particles include electrolyie {or
catholyte) particles.

[G898] Figure 3 is a simplified diagram illustrating a porcolation network according to an
embodiment of the present invention. This diagram is merely an example, which should not
undely hmit the scope of the claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. In Figure 3, an electrode material is shown with
only ion conductive particles, where large electrochemically active material have been
removed from the image to better illustrate the percolation network of the small particles.
The ion conductive material, is suttable as a catholyte maierial, as it allows materials such as

Eithium ion to percolate through the electrode during charge and discharge cycles.

[6899] Figurc 4 is a simphified graph illustrating the percolation threshold (p,* where pyis a
ratio of volume of small particies (V) to total particle volume, V/(VHV)) ) versus the
particle size (diameter) ratio between large particles and small particles of a randomly packed
clectrode material. This diagram is merely an example, which shoold not vndely bt the
scope of the claims. One of ordinary skilf in the art would recognize many variations,
alternatives, and modifications. Figure 4 illustrates the relationship between percolation
threshold pe™ and size vatio between the large and small particles in an electrode. For

example, a size ratic of 6 on the graph means that the median diameter of large particies is
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about 6 times larger in diameter than the median small particle. Generally, percolation
threshold pg® decreases as the size ratio increases. However, for larger size ratios percolation
can be achicved via many small contacts that may not provide effective conductivity. For
exaraple, ignoting countacts with contact radius < 1 nm, the percolation threshold increases
and becomes much less sensitive 1o size ratio. Figure 4 llustrates percolation threshold for 7
sample distributions where particles are packed with no compression. It is to be understood
that pg* is determined to be within a range. For size ratic 6, ps™* is bound betwoen about {0,
(1.12]. Itisto be appreciated that ps® < 0.12 is lower than expected, since at other size ratios,
ps* typically stayed above 0.15. For example, Figures 4 shows that ps™® decreases with size

ratio and increases with dispersity.

161668]  Figure S 1s a simphified graph illostrating size ratio between large particles and small
particles of a compression packed material according to cmbodiments set forth herein. This
diagraro is merely an example, which should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations, alternatives, and modifications. As
can be seen in Figure 5, compression of particles results in change n percolation threshold.

More specifically, percolation threshold for the 7 distributions under a slight compression of

2% lowers the percolation threshold, iHlustrating the desirability of corapression.

{8141} Figure 6 is a simplificd diagram illustrating random packing density in relation with
particle size ratio according to embodiments sot forth herein. This diagram is merely an
example, which should not unduly limit the scope of the claims. One of ordinary skill in the
art would recognize many variations, alternatives, and modifications. In Figore 6, the ¢p™
total volume of particles/volame of a container. For example, ¢=1 means that the volume
of a container is fully packed. If the size ratio is 1, it is known that the maxivwm packing of
random close-packed spheres is §.,~ 0.64. Figure 6 shows the random close packing fraction
for percolated systems. It can be seen that §., increases with size ratio and may decrease
with dispersity. With a size ratio greater than |, values of ¢, >0.64 may be achieved, which
illustrates a benefit of having a size difference between catholyte and active particles in an
electrode. As explained above, it is desirable for an electrode material to have a high packing

density,

{81621 Figure 7 is a stmplified graph illostrating a percolation threshold renormalized to the
total fraction of a container’s volume occupied by small particles for different particle size
raties. This diagram is merely an example, which should not unduly Hmit the scope of the
claims. One of ordinary skill in the art would recognize many variations, alternatives, and
modifications. More specifically, the product ¢.pps™ value on the vertical axis of Figare 7

21



WO 2015/187466 PCT/US2015/033027

gives the total fraction of a container’s volume occupied by small particles s at the
percolationthreshold. For the purpose of illustration in Figere 7, a 2% compression (volome)
is used for packing, and contacts with Re < 1 um is ignored. Compression, herein, means that
the simulation box size was decreased by 2%, resulting in a particle-particle overlap of about
5 2%. This is model for particle necking. The graph shows that at the percolation thresheld, ¢s
is nearly constant with size ratio and dispersity. The graph suggests that if the small particles
occupy > 14% of the total container’s volume, for sufficiently low dispersity and sufficiently

high size ratio, percolation will occur.

#1803}  In several examples, compression is apphied to an electrode. Compression may be
10 applied by a calendering mill with roller diameter of greater than 90 rom, 100 mm, 110 num,
or 120 mm, and a Hine pressure of greater than 8 MPa, ¢ MPa, 10 MPa, 11 MPaonan

electrode strip of less than 300 mm width at a feed rate of less than 5 cm/s.

[8184] Figure § illustrates a 2D cross sectional area fraction occupied by the small particles
as a function of small particle volume according to embodiments set forth herein. This
diagram is merely an example, which should not unduly limit the scope of the claims, Une of
ordinary skill in the art would recognize many variations, alternatives, and modifications. As
shown in Figure 8, the cross section area dgp 1S on the vertical axis as a function of the
volume cccupied by smali particies, pg, for 7 distributions. Figure & shows that the cross
sectional area covered by percolated particles grows roughly lincar with pg and is nearly the

20 same for all distributions except for the size ratio 2 and the truncated distribution.

[145]  To the Figures herein, the 6 is the dispersity and v is the median particle diameter

ratio {di/d.).

[8586] Figure 9 illustrates a normalized 2D cross sectional area fraction as a function of
percolation threshold for an electrode with 2% compression according to embodiments of the
25  invention. This diagram is merely an example, which should not unduly hmit the scope of
the claims. Onc of ordinary skill in the art would recognize many variations, aliernatives, and
modifications. The variable ¢y refers 1o a fraction of a 2D cross-section of a 313 container’s
volume occupied by all small particles. The variable ¢up refers to the fraction of a 2D cross

section of a 3D container’s volume ccoupied by small particles that are part of the percolation
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network. Figure 9 shows the cross sectional arca fraction normalized by ¢s as & function of
small particle volume, ps. The ratio ¢op/ds is equal to 1 when all of the small particles are
contributing 1o the percolating cluster. As shown m the graph, except for size vatio 2 and the

truncated distribution, nearly all the small particles are contributing to the percolating cluster

]
o
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for ps > 0.20. The results show that for pg > 0.20, the assumption that ¢op = ¢s provides a

good approximation.

181671 Figure 10 ilustrates the relationship between fraction of large particles in contact
with percolating particles as a function of the fraction of small particles according
embodiments set forth hercin. This diagram is mercly an cxample, which should not unduly
Hiitt the scope of the claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. In these examples, the materials in the graph with
are compressed at 2% volume. More specifically, the graph shows the fraction of large
particles in contact with a small percolating particle as a function of pg for 7 distributions.
The data show that at close to the percolation threshold (ps ~ 10 - 15%), nearly all of the

large particles are in contact with a small percolating particle.

[G1G8] Figurc 11 is an SEM photo llustrating an clectrode material with large and small
particles without substantial compression. As can be seen in Figure 11, large and small
particles are homogencously mixed, where large particles are in contact with small particles.
In Figure 11, the large particles have a median dizmeter of about S pa and the small particles

have a median diameter of about 300 nm.

{6149} Figure 12 is an SEM photo llustrating an electrode material with large and small
particles after being subjected to a compression process. As can be seen in Figure 12, small
particles tightly fill into spaces between large particles. As can be seen the large particles
have a median diameter of about § pm and the small particles have a median diameter of
about 300 nm. The porosity of the clectrode shown is roeasured to be less than 20%, as
predicted. In some examples, the compression process inchudes a uniaxial compression ora

calendering pull.

{6118}  Figure 13 is an illustration of the electrode material shown i Figure 11, In Figure
13, the largest average sized particles are the cathode active material particles, The next
largest average sized particles are the catholyie particics. Lastly, the smallest average sized
particles are the clectronically conductive additives.

@113} While the above is a full description of the specific embodiments, various
modifications, alternative constructions and equivalents may be used. Therefore, the above
description and illustrations should not be taken as limiting the scope of the present invention

which is defined by the appended claims.

Vi Electrochemical Electrodes
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[B112]  insome examples, set forth herein is a solid state elecirode of an electrochemical
device including a first phurality of particles of electrochemically active material, the first
particies having a first particle size distribution characterized by s first dispersity of 0.25 or
fess and a first median diameter. In some examples, the fust median diameter is from about
10 nm 1o about 10 um. In certain examples, the first median diameter 1s about 10, 15, 20, 25,
30, 35, 40, 45, 50, 5§, 65,70, 75, 80, 85, 90, 95, 100, 110, 120, 130, 140, 150, 160, 170, 180,
190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 304, 310, 324, 330, 340, 350, 360,
370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, or 300 nm. In certain
examples, the first median diameter is about 0.1, 0.5, 1, 1.5,2,2.5,3,3.5,4,4.5, 5, 5.5, 6,
6.5,7,7.5,4 8.5, 9 or 10 um. In some examples, the electrode includes a second plurality of
particles of ion conductive material, the sccond particles having a second particle size
distribution characterized by a second dispersity of 0.25 or less and a second median
diameter, the second median diameter being at least three times smaller than the first median

diameter,

#1131 In some examples, the electrode has 2 volume fraction of second particles that is
fess than 20% relative to the total particle volume of the electrade.

{81141 In some examples, the electrode is characterized by a porosity of less than 20
volume percent. In certain examples, the porosity is less than 15 % v/v. In certain other

examples, the porosity is less than 13 % viv,

[#115]  In some examples, the ion conductive material in the electrode includes

1<¢<4, 6581, (<e<S. In some examples, X is Si. In other examples, X 1s 51 and Sn. In

some other examples, X is Sn. In yet other examples, X is Ge. In some examples, X is Si
and Ge.

[#116]  In some examples, the electrodes herein can be charged within two (2) hours to have
a capacity that is 80% or more of the electrode capacity.

183177 insome examples, the electrodes heren further include an electron conductive
additive selected from acetylene black, graphene, graphite, carbon black, activated carbon,

65, 45, VGCF, carbon fibers, carbon nanotubes, ketjen black, or combinations thercof,

[#118]  insome examples, the electrodes herein firther include a binder material, wherein

the binder material includes a rubber and/or a polymer,



10

20

Nl
W

WO 2015/187466

PCT/US2015/033027

(3118}  In some examples, the electrodes herein further include a percolating network
composed of a fraction of second particles participating in the percolating network at a ratio
of greater than 80%. In some examples, 80% of the second particles are bonded o the
percolating network. In some other examples, 85% of the second particles are bonded in the
percolating network. In some other examples, 90% of the second particles are bonded in the
percolating network. In some other examples, 95% of the second particles are bonded in the
percolating network. In some other examples, 100% of the sccond particles are bonded in the
percolating network. In some examples, the electrodes herein further inchuade a percolating
network, a fraction of the first plurality of particles contacting the percolating network at a

ratio of greater than 80%.

18128  insome examples, set forth herein 15 a solid state electrochemical electrode
imchiding active materials characterized by a first particle size distribution having a first
median particle size; and catholyte materials characterized by a second partiche size
distribution having a second median particle size; wherein the volumetric ratio of active
materials to catholyte materials is from 99:1 {0 1:1; and wherein the particle size ratio of the

first median particle size to the second median particle size is at least 3:1 or greater.

[@828] insome oxamples, set forth herein 1 a solid state electrochemical electrade wherein

the first particle size distribution has a dispersity of .25 or less.

(81221 Insome examples, set forth herein is a solid state electrochemical electrode wherein

the second particle size distribution has a dispersity of 0.25 or less,

1831231 insome examples, set forth herein 15 a solid state electrochemical electrode wherein

the electrode has a porosity of less than 20% by volume.

[8124] insome examples, set forth herein is a solid state electrochemical electrode further
comprising an electron conductive additive, the electron conductive additive including
acetylene black, carbon black, activated carbon, €635, C45, VGCF, carbon fibers, carbon
nagotubes, and/or ketjen black. In some of these examples, the clectrochemical cell further

comprising a binder material, the binder material selected from a rubber or a polymer.

[#125]  insome cxamples, set forth herein is a solid state electrochemical electrode wherein

the catholyte particles form a percolating network.

1#326]  In some examples, set forth herein is a solid state electrochemical electrode,
wherein more than 80% of the catholyte particles i the electrode are bonded within the

percolating network,

No
(4]
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YiL EXAMPLES

#3271 Inthe examples described herein, onless otherwise provided, the subscript valoes in
the solid state electrolytes set forth hevein represent the elemental molar ratios of the
precursor chemicals used to make the claimed composition.  Actual empirical elemental
molar ratios of the electrolytes may be different if determined by an analytical technigue, and
can vary from technique to technique, e.g., x-ray fluorescence spectroscopy or inductively

coupied plasma spectroscopy.
coupled plasma spectroscopy

Example §: Packing Ratlos

[6128] Inthis Example, 2 variety of packing scenarios were considered and the packing
density and percolation conductivity was determined. As shown in FIG. 14, one packing
scenario included two particle sizes in the clectrode. As shown on the left side of Fi(G. 14,
the large sized particles (1401, cathode active materials) were monodisperse while the small
sized particles included a Gaussian distribution of small particle sizes (1402, catholyte ion
conducters). As shown on the right side of FI1G. 14, another scenario was counsidered in
which both the large sived particles and the small sived particles were a Gaussian distribution
of particle sizes. The ratio of the diameter of the large sized particles to small sized particles

was fixed at 4 in each instance in this instant Example.

[#128]  inthis Example, in a second aspect, other packing scenarios were also considered
and the packing density and percolation conductivity was determined. As shown in FIG. 15,
one packing scenario jncluded two particle sizes in the electrode. As shown in FIG. 15, both
the large sized particles (1501, cathode active materials) and the small sized particles (1502,
catholyte ion conductors) were monodisperse particle size collections. As shown on the left
side of FI(G. 15, one scenario included the particle size (diameter) ratio, for the large sized
particles with respect to the small sized particles, fixed at 4. As shown on the right side of
FIG. 15, another scenario included the particle size (diameter) ratio, for the large sized

particles with respect to the small sized particles, fixed at 2.

Example 2: Conductivity as a Function of Particle Size Ratie

[0138]  Inthis Example, AbOs and LSTPS were individually wdlled to 5-6 o and 200-250
nm, respectively. These sizes give a large particle size to small particle size ratio of about
2(:1. In a separate batch, ALO; and LSTPS were individually milled to 1.25-1.5 um and
Z00-250 nm, respectively. These sizes give a large particle size to small particle size ratio of

about 5:1. In a third separate batch, AlOs and LSTPS were individually milled to the same
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size of 200-250 nm, respectively. These sizes give a large particle size to small particle size
ratic of about 1:1. In this Example, ionic conductivity was measured. AbL{h was used as a

substitute for a cathode active maierial.

{81311 The clectrode formulation was prepared, generally, by providing a shury
comprising milled AL O;, LSTPS, binder and a solvent. The shirry was cast and allowed to
dry oun a subsirate {e.g., Al or staindess steel). Compression was applied to the dried resultant
material using a uniaxial press to apply abowut 200 to 300 MPa of pressure.  In this Example,
the LSTPS particle size was set at a Dso of 250-300 nm and the particle size of the ALO, was

varied to result in the aforementioned pasticle size ratios.

[6132] FEach sample was placed 1 contact with a Li-including clectrode and the

conductivity of the electrode formulation was observed. The results are show in FIG. 16.

81331 Asshown in FIG. 16, those electrode formulations that had a particle sive ratio for
large particle sizes to small particle sizes of 20:1 and 5:1 were observed to have higher
measurable ionic conductivity than those electrode formulations that had a particle size ratio
for large particle sizes to small particle sizes of 1:1. Those clectrode formulations that had a
particle size ratio for large particle sizes to small particie sizes of 1:1 had nearly two orders of
magaifude lower conductivitics values than those electrode formulations that had a particle
size ratio for large particle sizes to small particle sizes of at least 5:1 or greater. In this
Example, those electrode fornuilations that had a particle size ratio for large particle sizes to
small particle sizes of at least 5:1 or greater were observed to have a o (fonic conductivity} of
about 5-7¢-6 S/cm. Based on the trond suggested by the data in FIG. 16, the highest
percolation conductivity was determined for large particle to small particle size ratios of 4:

or greater,

(0134}  Asshown i FIG. 17, the ALGs particles (1702) had an approximate particle
digmeter of 4-6 um and the LSTPS particles (1701) had an approximate particle diameter of
about 250 nm. As shown in FIG. 18, the AL O, particles (1802) and the LSTPS particles
(1801) arc homogenously mixed. The LETPS particles (1801} are observed to neck, or share
or contact surfaces, far more so than the AL (O, particles (1802). In this way, LSTPS particles
{181} are observed to form a percolation network in the electrode formulation through

which L1 ions can conduct.

#1351  Asshown in FIG. 19, the AL G, particles (1902) had an approximate particle
diameter of about 0.75-4 wm and the LSTPS particles {1901} had an approximate particle

diameter of about 250 nm. As shown in FIG. 20, the ALG; particles (2002) and the LSTPS
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articles (2001) are homogenously mixed. The LSTPS particles (2001} are observed to neck
p L g 3 p ,

together and form a percolation network.

18136]  As shown m FIG. 21, the ALOs particles (2102) had an approximate particle
diameter of about 250 nm and the LSTPS particles (2101) had an approximate particle

5 diameter of about 250 nm. As shown in FIG. 22, the ALO; particles (2202) and the LSTPS
particles (2201) are homogenously mixed. The LETPS particles (2201) are ebserved to neck
together but only within smaller domains of about 5-20 pm. The ALO; particles (2202) and
the LSTPS particles (2001} do not allow the same extensive percolation network to form as

was the case in FIG. 1&.

1 (81371  Asshownin FIG. 27, related experiments were conducted to observe the change in
conductivity as a function of the velumetric amount of catholyie in the clectrode. In order to
achieve bigh energy deusities in an electrochemical cell, the majority of the positive clectrode
should be active material and the minority of the positive electrode should be catholyte
material (low amounts of catholyte}. FIG. 27 shows that at low catholyte volome fractions,
the difference in conductivity for an electrode having g large particle size to small particle
size ratio of 111 s two orders of magnitude less than the conductivity of an electrode having 2

large particle size to small particle size ratio of at least S:1 or greater.

Example 3: Increasing Larvge Particle Loading

#3381 As noted above, the smaller sized particles of sulfide catholyie tend to form a

20 percolating network when the largersmall particle size ratio is at least 4:1 or greater. Since, in
this Hxample, the large particles represent cathode active materials, one would like to
maximize the amount of cathode active materials in the electrode formulation while still
maintaining a sufficient amount of catholyte particles to ensure a high ionic conductivity.
FIG. 23 and 24 show an electrode formulation of AbOs particles (2302 and 2402) and LESTPS

25 particles (2301 and 2401) i which the ALO:LSTPS particle size ratio was 20:1. As shown
in FIG. 23 and 24, the ALO; particles (2302 and 2402) and the LSTPS particles (2301 and
2201} are homogenously mixed. The LSTPS particles (2301 and 2401) arc obscrved to neck
together. In FIG. 23, the volumetric ratio for ALOLSTPS particle was 80:20. In FIG. 24,
the volumetric ratio for ALOLLSTPS particle was 44:54. Higher amounts for ALOLLSTPS
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particle are likely possible with improved mixing enginecring.

Example 4: Milling Electrode Particles
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[#138]  inthe Examples herein, ALQO1 and LSTPS are milled to a variety of sives in order 1o
prepare electrode formudations having particalar ALOL:LSTPS particle size ratios. In one

Example, the particles were mifled as shown in FIG. 25,

[@848]  As shown in FIG. 25, the AL LSTPS particle, in this Example, were milled to

have the following sizes:

Particle size (Dameter, um) | Do D Dao
LSTPS .17 0.4 1.7
AL, 2.6 4.0 5.6

Example S: Milling Electrode Particles

[#143} inthe Examples herein, Nickel Cobalt Aleminum Oxide (NCA) and LSTPS are
milled to a varicty of sizes in order to prepare electrode formuliations having particular
NCALSTPS particle size ratios. In one Example, the particles were milled as shown in FIG.

26.

[6142]  Asshowrnin FIG. 26, the NCA:LSTPS particie, in this Exanmple, were milled to

have the following sizes:

Particle size (Diameter, pm) | Dy Dsq Digg
LSTPS 0,18 0.34 0.71
NCA 5.91 8.6 12.7

(8843}  Although the foregoing embodiments have been described in some detail for
purposes of clarity of understanding, it will be apparent that certain changes and
modifications may be practiced within the scope of the appended claims. it should be noted
that there are many alternative ways of tmplementing the processes, systems and apparatus of
the present crobodiments.  Accordingly, the present erobodiments are 1o be considered as
illustrative and not restrictive, and the embodiments are not to be limited to the details given

herein.
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WHAT IS CLAIMED IS:

I. A solid state elecirode of an electrochemical device comprising:

a first plurality of particles of electrochemically active material, the frst
plurality of particles having a {irst particle size distribution
characterized by a first dispersity of 0.25 or less and a first median
diameter; and

a second plurality of particles of 1om conductive material, the second plorality
of particles having a sccond particle size distribution characterized by a
second dispersity of .25 or less and a second median diameter, the
second median diameter being at least three times smaller than the first

median diameter.

2. The electrode of claim 1, wherein the electrode comprises a volume
fraction of sccond particles of less than 2% relative to a total particle volume of the

electrode.

3. The electrode of claim 1, wherein the electrode is characterized by a

porosity of less than 20% by velume,

4. The electrode of claim 1, wherein the ton conductive material
comprises L1, XuPSq0e, where X=581, Ge, Al, Sn, and combinations thereof, and where

S<a<1s, O<b<3, 1<csd, 65818, and J<e=s.

S. The electrode of claim 1, wherein the ion conductive maierial
comprises a member selected from the group consisting of Lix3-51S;, LixS-518-Lil, LixS-
S18-LsMOy, LLS-5i5-LisMOs, Li:S-P5s-Lil, and LATS, where M is a2 member sclected

from the group consisting of 81, P, Ge, B, AL, Ga, and In.
< Lot 2 2 3 ? 9 n

6, The electrode of claim 1, wherein a capacity of 80% of more of the

elecirode capacity is chargeable within 2 hours.

=

7. The electrode of claim {, further comprising an electron conductive
additive, the electron conductive additive including acetyiene black, carbon black, activated
carbon, {65, C45, VGCF, carbon fibers, carbon nanotubes, ketjen black, or a combination

thereof.
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8. The electrode of claim 1, further comprising a binder material, the
binder material selected from a rubber or 2 polymer.
9. The electrode of claim 1, further comprising a percolating network,

wherein a fraction of the second plurality of particles participates n the percolating network

at a ratic of greater than 806,

1. The electrode of claim 1, wherein the total ionic conductivity of the

clectrode is greater than 1% of the condoctivity of the bulk ion conductive material.

1. The electrode of claim 1, further comprising a percolating network,
wherein a fraction of the first plurality of particles contacts the percolating network at a ratic

of greater than 80%.

12, The clectrode of claim 1, wherein the second median diameter is at

least four times smaller thanp the first median diameter.

13. The electrode of ¢laim 1, whercin the second median diameter is at

least five times smaller than the first median diameter.

14, The electrode of claim 1, wherein the second median diameter is at

feast 10 times smabler than the first median diameter.

15, The clectrode of claim 1, wherein the second median diameter 1s at

Ieast 20 times smaller than the first median diameter.

16, A solid state electrochemical electrode comprising:

active materials characterized by a first particle size distribution having a first
median particle size;

catholyie materials characterized by a second particle sive distribution having
a second median particle size;

wherein the volumetric ratio of active materials to catholyte materials is from
§9:1 to 1:1; and

wherein the particle size ratio of the first median particle size to the second

median particle size is at least 3:1 or greater.

17, The electrode of claim 16, wherein the first particle size distribution

has a dispersity of .25 or less.
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8. The electrode of claim 16 or 17, wherein the second particle size

distribution has a dispersity of 0.25 or less.

19, The clectrode of claim 16, wherein the electrode has a porosity of less

than 20% by volume.

240 The electrode of claim 16, further comprising an electron conductive
additive, the electron conductive additive including acetyiene black, carbon black, activated
carbon, €65, C45, VGCF, carbon fibers, carbon nanotubes, ketjen black, or a combination

thereof,

21. The clectrode of claim 16, further comprising a binder material, the

binder matenial selected from a rubber or a polyoer.

22 The clectrode of claim 16, wherein the catholyte materials form s

percolating network,

23. The clectrode of claim 22, wherein more than 80% of the catholyte

materials in the electrode are bonded within the percolating network.

24, A battery device comprising:

an anode current collector;

an anode interfacing the anode current collector;

a solid-state electrolyte interfacing the anode, the anode being posttioned
between the anode current collector and the solid-state electrolvte, the solid-state electrolyte
being characterized by an 1onic conductivity of at least 1e-4 S/om; and

a cathode interfacing the solid-state electrolyte comprising a mixed electrode
material, the mixed electrode material comprising a first plurality of particles and a second
plurality of particles, the first plarality of particles being characterized by a first median
diameter of less than [0 won, the second plurality of particles being characterized by an ion
conductivity of at least Se-4 S/cm, the first median diameter being at least three times greater
than the second median diameter, and the first plurality of particles and the second plurality

of particles being characterized by a dispersity of less than 0.25.

25, The device of claim 24, wherein the mixed electrode material is

compressed such that the porosity s less than 25% by volume of the cathode,
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26. The device of claim 24, wherein the mixed elecirode material is
characterized by a total volume, and wherein the second plurality of particles occupy less

than 25% of the total vohame.

27, The device of claim 24, whercin the first plurality of particles

comprises conversion chemistry material.

28. The device of claim 24, wherein the second phurality of particies

comprises a solid electrolyte material.

29, An electrochemical cell comprising
an anode current collector;
an anode in direct contact with the anode current collector;
an electrolyte in divect contact with the anode, the anode being positioned
between the anode current collector and the electrolyte, and the electrolyic being
characterized by an tonic conductivity of at least 1e-4 S/em; and
a solid state positive clectrode 1n direct comdact with the clectrelyte and
comprising:
active materials characterized by a first particle size distribution having a first
median particle size;
catholyie materials characterized by a second particle sive distribution having
a second median particle size;
wherein the volumetric ratio of active materials to catholyte materials is from
§9:1 to 1:1; and
wherein the particle size ratio of the first median particle size to the second

median particle size is at least 3:1 or greater.

36. The cell of claim 29, wherein the first particle size distribution has a

disporsity of .25 or less,

3L The cell of claim 29 or 30, wherein the second particle size distribution

has 2 dispersity of 0.25 or less.

32, The celf of claim 29, wherein the positive electrode has a porosity of

less than 20% by volume.
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33. The cell of claim 29, wherein the catholyte materials form a

percolating network,

34, The celf of ¢laim 33, whergin more than 80% of the cathelyte maerials

m the positive electrode are bonded within the percolating network.

35. A method for forming an electrode material, the method comprising:

providing a first phlurality of particles and 4 second pharality of particles, the
first plorality of particles being characterized by a first median diameter of less than 10 pm,
the second plurality of particles being characterized by an ion conductivity of at least Se-4
S/em, the first median diameter being at least three times greater than the second median
diameter, and the first plurality of particles and the second phurality of particles being
characterized by a dispersity of less than 0.25;

mixing the first plurality and the second plurality of particles to form a mixed
material;

depositing the mixzed material into an electrode; and

compressing the electrode,
36. The method of claim 35, firther comprising drying the mixed material.

37. The method of claim 35, further comprising depositing the mixed

material on a substrate.

38. The method of claim 35, wherein the mixing 1s performed prior to the
depositing.

34, The method of claim 35, further comprising baking the mixed material.

40, A solid state elecirode of an electrochemical device comprising:

a first plurality of particles of clectrochemically active material, the frst
plurality of particles having a first particle size distribution characterized by a first dispersity
of 0.5 or less and a first median diameter;

a second plurality of particles of ion conductive material, the second phurality
of particles having a second particle size distribution characterized by a second dispersity of
(1.5 or less and a second median diameter, the sccond median diameter being at least three

times smaller than the first median diameter; and

34
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8 wherein the electrode comprises a volume fraction of the second plurality of

10 particles of less than 20% relative to a total particle vohime of the electrode.

i 41, A solid state electrode of an electrochemical device comprising:
2 active materials characterized by a first particle size distribution having a first
3 median particle size;

4 catholyte materials chavacterized by a second particle size distribution having
5 a second median particle size;

6 wherein the volumetric ratio of active materials to catholyte materials is from
7 99:110 1:1; and

& wherein the particle size ratio of the first median particle size to the second

9 median particle size is at least 3:1 or greater.
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