wo 2016/149442 A1 | ]IV 00O 00 O O

(43) International Publication Date
22 September 2016 (22.09.2016)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2016/149442 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:

HOIM 4/134 (2010.01) HOIM 4/58 (2010.01)
HOIM 4/36 (2006.01) HOIM 4/62 (2006.01)
HOIM 4/38 (2006.01)

International Application Number:
PCT/US2016/022754

International Filing Date:
17 March 2016 (17.03.2016)

English
English

Filing Language:
Publication Language:

Priority Data:
62/135,296 19 March 2015 (19.03.2015) Us

Applicant: 3M INNOVATIVE PROPERTIES COM-
PANY [US/US]; 3M Center, Post Office Box 33427, Saint
Paul, MN 55133-3427 (US).

Inventors: MA, Xiaohua; 3M Center, Post Office Box
33427, Saint Paul, MN 55133-3427 (US). CHEVRIER,
Vincent, J.; 3M Center, Post Office Box 33427, Saint
Paul, MN 55133-3427 (US).

(74

(8D

(84)

Agents: BRAMWELL, Adam et al.; 3M Center, Office of
Intellectual Property Counsel, Post Office Box 33427,
Saint Paul, MN 55133-3427 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: ANODE MATERIALS FOR LITHIUM ION BATTERIES AND METHODS OF MAKING AND USING SAME

(57) Abstract: An electrochemically active
material is represented by general formula

5500 . v . (D: Si,SnyM1Max[Po200s]y * ALI) where u,
: : ﬂ e Example 1 ‘ v, W, X, ¥, and z represent atomic % values
40004 ¢ j Spee——— andu+v+w+x+y+z=100, M, in-

3500} |

3000

Intensity

2000

1500} -
1000 by

500

cludes a metal element or combinations of
metal elements selected from Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zr, B, carbon, or al-
loys thereof, M, includes a metal element
or combinations of metal elements selected
from Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Zr, or alloys thereof, A is an inact-
ive phase other than a phosphate or sili-
cide,and 0 <u<90,0<v<20,0<wc<
50,0<x<20,0<y<20,and 0 <z < 50.

40 50
Two Theta

FIG. 1

20 30

60

70



WO 2016/149442 A1 WA 00 VN 00 00 A0

Declarations under Rule 4.17: Published:

— as to applicant’s entitlement to apply for and be granted —  with international search report (Art. 21(3))
a patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))



10

15

20

25

30

WO 2016/149442 PCT/US2016/022754

ANODE MATERIALS FOR LITHIUM ION BATTERIES AND METHODS OF
MAKING AND USING SAME

FIELD
The present disclosure relates to compositions useful in anodes for lithium ion

batteries and methods for preparing and using the same.

BACKGROUND
Various anode compositions have been introduced for use in lithium-ion batteries.

Such compositions are described, for example, in U.S. Pat. Nos. 8,753,545 and 5,965,293.

SUMMARY
In some embodiments, an electrochemically active material is provided. The

electrochemically active material is represented by general formula (I):

StuSnyMiwMax[P0.200 s8]y * Az q))

where u, v, w, X, y, and z represent atomic % valuesandu +v+w+x+y +z=
100, M1 includes a metal element or combinations of metal elements selected from Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zr, B, carbon, or alloys thereof, Mz includes a metal element or
combinations of metal elements selected from Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Zr, or alloys thereof, A is an inactive phase other than a phosphate or silicide, and
0<u<90,05v<20,0<w<50,0<x<20,0<y<20,and0 s z<50.

In some embodiments, an electrode composition is provided. The electrode
composition includes the above-described electrochemically active material and a binder.

In some embodiments, a negative electrode is provided. The negative electrode
includes a current collector and the above-described electrode composition.

In some embodiments, an electrochemical cell is provided. The electrochemical
cell includes the above-described negative electrode, a positive electrode comprising a
positive electrode composition comprising lithium, and an electrolyte comprising lithium.

In some embodiments, a method of making an electrochemical cell is provided.
The method includes providing a positive electrode comprising a positive electrode

composition comprising lithium, providing a negative electrode as described above,
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providing an electrolyte comprising lithium, and incorporating the positive electrode,

negative electrode, and the electrolyte into an electrochemical cell.

The above summary of the present disclosure is not intended to describe each
embodiment of the present disclosure. The details of one or more embodiments of the
disclosure are also set forth in the description below. Other features, objects, and

advantages of the disclosure will be apparent from the description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
The disclosure may be more completely understood in consideration of the
following detailed description of various embodiments of the disclosure in connection
with the accompanying figures, in which:
Figure 1 shows an XRD pattern of the electrochemically active material of

Example 1.

DETAILED DESCRIPTION
Silicon (Si) based alloys are a promising alternative to graphite as anode materials
for next generation high energy density lithium ion batteries due, at least in part, to their
higher energy density. However, relative to graphite, Si-based alloys are known to exhibit

higher irreversible capacity and lower rate capabilities.

Generally, it is understood that amorphous or nanocrystalline alloy anode materials
exhibit superior cycling performance than crystalline alloy anode materials. A class of
promising amorphous or nanocrystalline alloy anode materials has been described as
having both an active phase and an inactive phase. Such materials, in addition to
providing an amorphous or nanocrystalline microstructure, have enabled anode materials
having lower surface area and reduced volume expansion during cycling relative to pure
nano-silicon. However, heretofore, inactive phases of these materials have contributed to
electrical conductivity only (as opposed to electrical and ionic conductivity). As lithium
ions and electrons are required to transport into and out of the alloy anode during cycling,
it is believed that active/inactive alloy anodes could be further improved by employing an
inactive phase that aids in the ionic conductivity of the anode material, and that also

contributes to the stability of the amorphous or nanocrystalline microstructure. Generally,
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it was discovered that incorporation of certain phosphates into alloy anode materials
contributed to both ionic conductivity and microstructure stability and, in turn, resulted in
alloy anodes having improved (lower) irreversible capacities as well as improved

microstructure stability.

As used herein,

the terms “lithiate” and “lithiation” refer to a process for adding lithium to an
electrode material or electrochemically active phase;

the terms “delithiate” and “delithiation” refer to a process for removing lithium
from an electrode material or electrochemically active phase;

the terms “charge” and “charging” refer to a process for providing electrochemical
energy to a cell;

the terms “discharge” and “discharging” refer to a process for removing
electrochemical energy from a cell, e.g., when using the cell to perform desired work;

the phrase “charge/discharge cycle” refers to a cycle wherein an electrochemical
cell is fully charged, i.e. the cell attains it’s upper cutoff voltage and the cathode is at
about 100% state of charge, and is subsequently discharged to attain a lower cutoff
voltage and the cathode is at about 100% depth of discharge;

the phrase “positive electrode” refers to an electrode (often called a cathode) where
electrochemical reduction and lithiation occurs during a discharging process in a full cell

the phrase “negative electrode” refers to an electrode (often called an anode) where
electrochemical oxidation and delithiation occurs during a discharging process in a full
cell;

the term "alloy" refers to a substance that includes any or all of metals, metalloids,
or semimetals;

the phrase "electrochemically active material” refers to a material, which can
include a single phase or a plurality of phases, that can electrochemically react or alloy
with lithium under conditions possibly encountered during charging and discharging in a
lithium ion battery (e.g., voltages between 0 V and 2 V versus lithium metal);

the phrase "electrochemically inactive material” refers to a material, which can
include a single phase or a plurality of phases, that does not electrochemically react or
alloy with lithium under conditions possibly encountered during charging and discharging

in a lithium ion battery (e.g., voltages between O V and 2 V versus lithium metal);
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the phrases "electrochemically active phase” or "active phase" refer to a phase of
an electrochemically active material that can electrochemically react or alloy with lithium
under conditions possibly encountered during charging and discharging in a lithium ion
battery (e.g., voltages between O V and 2 V versus lithium metal);

the phrases "electrochemically inactive phase” or "inactive phase" refer to phases
of an electrochemically active material that does not electrochemically react or alloy with
lithium under conditions possibly encountered during charging and discharging in a
lithium ion battery (e.g., voltages between 0 V and 2 V versus lithium metal);

the phrases "electrochemically active chemical element” or "active chemical
element" refer to chemical elements that can electrochemically react or alloy with lithium
under conditions possibly encountered during charging and discharging in a lithium ion
battery (e.g., voltages between O V and 2 V versus lithium metal);

the phrase “conducting phase” refers to a phase that has substantially high
electrical conductivity, including metal conductors, semi-metals, and semiconductors, but
is not substantially electrochemically active.

the phrase “insulating phase” refers to a phase that does not substantially conduct
electricity and is not substantially electrochemically active, but may or may not be
ionically conductive;

the phrase “substantially homogeneous” refers to a material in which the
components or domains of the material are sufficiently mixed with one another such that
the make-up of one portion of the material is the same as that of any other portion of the
material on a length scale of 100 nanometers or more;

As used herein, the singular forms “a”, “an”, and “the” include plural referents
unless the content clearly dictates otherwise. As used in this specification and the
appended embodiments, the term “or” is generally employed in its sense including
“and/or” unless the content clearly dictates otherwise.

As used herein, the recitation of numerical ranges by endpoints includes all
numbers subsumed within that range (e.g. 1 to Sincludes 1, 1.5, 2, 2.75, 3, 3.8, 4, and 5).

Unless otherwise indicated, all numbers expressing quantities or ingredients,
measurement of properties and so forth used in the specification and embodiments are to
be understood as being modified in all instances by the term “about.” Accordingly, unless

indicated to the contrary, the numerical parameters set forth in the foregoing specification
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and attached listing of embodiments can vary depending upon the desired properties
sought to be obtained by those skilled in the art utilizing the teachings of the present
disclosure. At the very least, and not as an attempt to limit the application of the doctrine
of equivalents to the scope of the claimed embodiments, each numerical parameter should
at least be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques.

In some embodiments, the present disclosure relates to an electrochemically active
material for use in an electrochemical cell (e.g., a lithium ion battery). For example, the
electrochemically active material may be incorporated into a negative electrode for a
lithium ion battery.

In some embodiments, the electrochemically active material may be represented by

the following general formula (I):

StuSnyMiwMax[P0.200 s8]y * Az q))

where u, v, w, X, y, and z represent atomic % valuesandu +v+w+x+y +z=
100, M1 comprises a metal element or combinations of metal elements selected from Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zr, B, C, or alloys thereof; M2 comprises a metal element or
combinations of metal elements selected from Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Zr, or alloys thereof; A is an inactive phase that does not include phosphates or silicides,
such as those inactive phases that include conductive phases such as TiBa, TiN, FeAls,
and TiAl3, or insulating phases such as Al2O3, MgO, MgAl:03, LiA102, Li2CO3, SiOz,
B20s, and LiF; 0 <u <90, 30<u <80, or 50 <u<80;0<v<20,0<v<10,0or0<v<5;
0<w<50,0<w<30,0r0<w<20;0<x<20,0<x<10,0r0<x<5;0<y<20,0<
y<10,0r0<y<5,0<z<50,0<2z<30,0r0<z<20. In some embodiments, M1
includes Fe and, additionally or alternatively, Mz includes Mg or Al.

In some embodiments, the electrochemically active material represented by the
general formula (I) may include one or more active phases. The active phase may be in
the form of or include an active chemical element, an active alloy, or combinations
thereof. The active phase may include one or more active chemical elements such as but
not limited to Mg, Ca, Sr, Ag, Zn, B, Al, Si, Sn, Pb, Sb, Bi, or combinations thereof. In
some embodiments, the active phase may include Si. In some embodiments, the active

phase may include Si and Sn. In some embodiments, the active phase may consist
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essentially of Si. In some embodiments, the active phase may further include one or more
inactive chemical elements, such as Ti, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn.

In some embodiments, active phase may account for at least 30 vol. % or at least
40 vol. % of the active material based on the total volume of the active material; or
between 30 vol. % and 70 vol. %, between 40 vol. % and 60 vol. %, between 40 vol. %
and 55 vol. %,, between 40 vol. % and 42 vol. %, or between 50 vol. % and 52 vol. %,
based on the total volume of the active material.

In some embodiments the electrochemically active material may further include an
electrochemically inactive phase, such that the electrochemically active phase and the
electrochemically inactive phase share at least one common phase boundary. In various
embodiments, the electrochemically inactive phase may be in the form of or include one or
more electrochemically inactive chemical elements, including transition metals (e.g.,
titanium, vanadium, chromium, manganese, iron, cobalt, nickel), alkaline earth metals,
rare earth metals, or combinations thereof. In various embodiments, the electrochemically
inactive phase may be in the form of an alloy. In various embodiments, the
electrochemically inactive phase may include a transition metal or combination of
transition metals. In some embodiments, the electrochemically inactive phase may include
one or more active chemical elements, including tin, carbon, gallium, indium, silicon,
germanium, lead, antimony, bismuth, or combinations thereof. In some embodiments, the
electrochemically inactive phase may include compounds such as silicides, aluminides,
borides, carbides, nitrides, phosphates or stannides. The electrochemically inactive phase
may include oxides, such as titanium oxide, zinc oxide, silicon oxide, aluminum oxide or
sodium-aluminum oxide.

In some embodiments, inactive phase may account for between 30 vol. % and 70
vol. %, between 40 vol. % and 60 vol. %, or between 40 vol. % and 55 vol. % of the active
material, based on the total volume of the active material.

In some embodiments, the inactive phase may include one or more conducting
phases. The conducting phase may include one or more metal elements, an alloy, a
carbide, an aluminide, a silicide, a boride, a nitride, or a combination thereof. Exemplary
conducting phases include Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and their alloys. In some
embodiments, one or more conducting phases may include silicon. Exemplary carbide

conducting phases include TiC and 5iC. Exemplary silicide conducting phases include
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Fe8i, FeSiy, CrSip, NiSiz, CoSiz, TiS1, CusSi, ZrSiz, and their ternary and higher order
intermetallic compounds. Other exemplary conducting phases include Til3z, TiN, FeAls,
and TiAlz. The conducting phase can be stoichiometric or nonstoichiometric. In some
embodiments, the conducting phase may account for between 1 vol. % and 60 vol. %,
between 10 vol. % and 50 vol. %, or between 30 vol. % and 50 vol. % of the active
material, based on the total volume of the active material.

In some embodiments, in addition to or as an alternative to one or more conductive
phases, the inactive phase may include one or more insulating phases. In some
embodiments, the insulating phase may wnclude a ceramic material (i.e, an inorganic,
typically non-metallic, solid that can be prepared by the action of heat and subsequent
cooling of constituent materials). In some embodiments, the insulating phase may include
a borate, a carbonate, an oxide, a sulphate, a silicate, a halide and combinations thereof.
Insulating phases that are usetul in the provided active materials include oxides of Li, Na,
Mg, Ca, La, Ce, T1, Zr, K, Al, 51, B, and combinations thereof. In some embodiments, the
provided active material includes an insulating phase that is selected from ALO;,
MgAl:Os, LiAld:, LizCOs, 8102, B:0s, LiF, and combinations thereof. The insuiating
phase can be stoichiometric or can be non-stoichiometric. By stoichiometric it is meant
that the atomic ratios of the components of the phase can be represented by ratios of
integers. Typically these components are solids and contain crystalline domains or grains.
By non-stoichiometric it s meant that the atowic ratios of the components of the phase
cannot be represented by a ratio of integers. In some embodiments, the insulating phase
may account for between 0.1 vol. % and 30 vol. %, between 1 vol. % and 20 vol. %, or
between 3 vol. % and 15 vol. % of the active material, based on the total volume of the
active material.

In some embodiments, in addition to or as an alternative to other insulating phases,
the insulating phase may include one or more phosphates of the formula Max[Po200 3]y,
where the O:P ratio of 4:1 is indicative of a phosphate anion. As discussed above, M2 may
include a metal element or combination of metal elements selected from Mg, Al, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Zr. In some embodiments, the phosphate of the formula
M2x[P0.200.s]y may be a water stable phosphate. As used herein, a water stable phosphate
refers to a phosphate of an active material, which, upon introduction of the active material

into water and subsequent drying of the active material, can be identified by annealing the
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dried material under argon gas flow at a high temperature such as 1000°C and taking an X-
ray diffraction (XRD) pattern of the annealed material.

In some embodiments, the phosphates of the formula Max[Po200s]y may account
for between 0.1 vol. % and 30 vol. %, between 1 vol. % and 20 vol. %, or between 3 vol.
% and 15 vol. % of the active material, based on the total volume of the active material. It
is believed that incorporation of water stable phosphates into alloy anode materials
provides active anode materials having improved ionic conductivity which, as discussed
above, results in alloy anodes having improved (lower) irreversible capacities as well as
improved microstructure stability.

In some embodiments, the electrochemically active material may be represented by
one or more of the following formulas: SizscFei62Mga.9[P0200s]33,
Si77Fe17.8Mg3.1[Po200s]2.1, SizssFeio2Mgis[Po200s]10, SizzsFe19.sMgas[Po200s]s.1,
Si7zoFe21.1Mg3[Po.200s]2, Si72.8Sn2cFe16.4Mgao[Po200s]33, SizsFexo[Po.200s]2,
Siz6.9Fe16.5A133[P0200.8]33, Si7zsFeisAl21[Po200s]2.1, or combinations thereof.

In some embodiments, the electrochemically active material may take the form of
particles. The particles may have a diameter (or length of longest dimension) that is no
greater than 60 pm, no greater than 40 um, no greater than 20 pm, no greater than 10 pm,
no greater than 7 um, or even smaller; at least 0.5 um, at least 1 um, at least 2 um, at least
5 um, or at least 10 um or even larger; or 0.5 to 10 um, 1 to 10 um, 2 to 10 um, 40 to 60
um, 1 to 40 um, 2 to 40 um, 10 to 40 um, 5 to 20 pum, 10 to 20 um, 1 to 30 um, 1 to 20
um, 1to 10 um, 0.5 to 30 um, 0.5 to 20 um, or 0.5 to 10 um.

In some embodiments the electrochemically active material may take the form of
particles having low surface area. The particles may have a surface area that is less than 20
m?/g, less than 12 m?%/g, less than 10 m*/g, less than 5 m?%/g, less than 4 m*/g, or even less
than 2 m%/g.

In some embodiments, each of the phases of the electrochemically active material
(i.e., the active phase, inactive phase, or any other phase of the active material) may
include or be in the form of one or more grains. In some embodiments, the Scherrer grain
size of each of the phases of the active material is no greater than 50 nanometers, no
greater than 20 nanometers, no greater than 15 nanometers, no greater than 10 nanometers,

or no greater than 5 nanometers. As used herein, the Scherrer grain size of a phase of an
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active material is determined, as is readily understood by those skilled in the art, by X-ray
diffraction and the Scherrer equation.
In some embodiments, the phases can be distributed substantially homogeneously

throughout the active material, including the surface and bulk of the waterial.

In some embodiments, the active material (e.g., in the form of particles) may bear
on an exterior surface thereof a coating that at least partially surrounds the active material.
By “at least partially surrounds” it is meant that there is a common boundary between the
coating and the exterior of the active material. The coating can function as a chemically
protective layer and can stabilize, physically and/or chemically, the components of the
active material. Exemplary materials useful for coatings include amorphous carbon,
graphitic carbon, LiPON glass, phosphates such as lithium phosphate (Li2PO3), lithium
metaphosphate (LiPOs3), lithium dithionate (LiS204), lithium fluoride (LiF), lithium
metasilicate (LiSi03), and lithium orthosilicate (Li2Si04). The coating can be applied by
milling, solution deposition, vapor phase processes, or other processes known to those of
ordinary skill in the art.

In some embodiments, the present disclosure is further directed to negative
electrode compositions for use in lithium ion batteries. The negative electrode
compositions may include the above-described electrochemically active materials.
Additionally, the negative electrode compositions may include one or more additives such
as binders, conductive diluents, fillers, adhesion promoters, thickening agents for coating
viscosity modification such as carboxymethylcellulose, polyacrylic acid, polyvinylidene
fluoride, lithium polyacrylate, carbon black, or other additives known by those skilled in
the art.

In illustrative embodiments, the negative electrode compositions may include an
electrically conductive diluent to facilitate electron transfer from the composition to a
current collector. Electrically conductive diluents include, for example, carbons, powdered
metal, metal nitrides, metal carbides, metal silicides, and metal borides, or combinations
thereof. Representative electrically conductive carbon diluents include carbon blacks such
as Super P and Super S carbon blacks (both from Timcal , Switzerland), Shawinigan
Black (Chevron Chemical Co., Houston, Tex.), acetylene black, furnace black, lamp black,
graphite, carbon fibers, carbon nanotubes, and combinations thereof. In some

embodiments, the amount of conductive diluent in the electrode composition may be at
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least 2 wt. %, at least 6 wt. %, or at least 8 wt. %, or at least 20 wt. % based upon the total
weight of the electrode coating; less than 5 wt. less than 2 wt. %, or less than 1 wt. %
based upon the total weight of the electrode composition, or between 0.2 wt. % and 80 wt.
%, between 0.5 wt. % and 50 wt. %, between 0.5 wt. % and 20 wt. %, or between 1 wt. %
and 10 wt. %, based upon the total weight of the electrode composition.

In some embodiments, the negative electrode compositions may include graphite to
improve the density and cycling performance, especially in calendered coatings, as
described in U.S. Patent Application Publication 2008/0206641 by Christensen et al.,
which is herein incorporated by reference in its entirety. The graphite may be present in
the negative electrode composition in an amount of greater than 10 wt. %, greater than 20
wt. %, greater than 50 wt. %, greater than 70 wt. % or even greater, based upon the total
weight of the negative electrode composition; or between 20 wt. % and 90 wt. %, between
30 wt. % and 80 wt. %, between 40 wt. % and 60 wt. %, between 45 wt. % and 55 wt.%,
between 80 wt. % and 90 wt. %, or between 85 wt. % and 90 wt. %, based upon the total
weight of the electrode composition.

In some embodiments, the negative electrode compositions may also include a
binder. Suitable binders include oxo-acids and their salts, such as sodium
carboxymethylcellulose, polyacrylic acid, lithium polyacrylate, sodium polyacrylate,
methyl acrylate/acrylic acid copolymers, lithium methyl acrylate/acrylate copolymers, and
other optionally lithium or sodium neutralized polyacrylic acid copolymers. Other suitable
binders include polyolefins such as those prepared from ethylene, propylene, or butylene
monomers; fluorinated polyolefins such as those prepared from vinylidene fluoride
monomers; perfluorinated polyolefins such as those prepared from hexafluoropropylene
monomer; perfluorinated poly(alkyl vinyl ethers); perfluorinated poly(alkoxy vinyl
ethers); or combinations thereof. Other suitable binders include polyimides such as the
aromatic, aliphatic or cycloaliphatic polyimides and polyacrylates. The binder may be
crosslinked. In some embodiments, the amount of binder in the electrode composition
may be at least 3 wt. %, at least 5 wt. %, at least 10 wt. %, or at least 20 wt. % based upon
the total weight of the electrode coating; less than 30 wt. %, less than 20 wt. %, or less
than 10 wt. %, based upon the total weight of the electrode composition; or between 3 wt.
% and 30 wt. %, between 3 wt. % and 20 wt. %, or between 3 wt. % and 10 wt. %, based

upon the total weight of the electrode composition.

10



10

15

20

25

30

WO 2016/149442 PCT/US2016/022754

In some embodiments, the present disclosure is further directed to negative
electrodes for use in lithium ion electrochemical cells. The negative electrodes may
include a current collector having disposed thereon the above-described negative electrode
composition. The current collector may be formed of a conductive material such as a
metal (e.g., copper, aluminum, nickel), or a carbon composite.

In some embodiments, the present disclosure further relates to lithium ion
electrochemical cells. In addition to the above-described negative electrodes, the
electrochemical cells may include a positive electrode, an electrolyte, and a separator. In
the cell, the electrolyte may be in contact with both the positive electrode and the negative
electrode, and the positive electrode and the negative electrode are not in physical contact
with each other; typically, they are separated by a polymeric separator film sandwiched
between the electrodes.

In some embodiments, the positive electrode may include a current collector
having disposed thereon a positive electrode composition that includes a lithium transition
metal oxide intercalation compound such as LiCoOz, LiCQOo02Nio 802, LiMn204, LiFePOs,
LiNiOg, or lithium mixed metal oxides of manganese, nickel, and cobalt in any proportion.
Blends of these materials can also be used in positive electrode compositions. Other
exemplary cathode materials are disclosed in U.S. Patent No. 6,680,145 (Obrovac et al.)
and include transition metal grains in combination with lithium-containing grains. Suitable
transition metal grains include, for example, iron, cobalt, chromium, nickel, vanadium,
manganese, copper, zing, zirconium, molybdenum, niobium, or combinations thereof with
a grain size no greater than about 50 nanometers.

In various embodiments, useful electrolyte compositions may be in the form of a
liquid, solid, or gel. The electrolyte compositions may include a salt and a solvent (or
charge-carrying medium). Examples of solid electrolyte solvents include polymers such as
polyethylene oxide, polytetrafluoroethylene, fluorine-containing copolymers, and
combinations thereof. Examples of liquid electrolyte solvents include ethylene carbonate
(EC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), propylene carbonate, fluoroethylene carbonate (FEC), tetrahydrofuran (THF),
acetonitrile, and combinations thereof. In some embodiments the electrolyte solvent may
comprise glymes, including monoglyme, diglyme and higher glymes, such as tetraglyme

Examples of suitable lithium electrolyte salts include LiPFe, LiBF4, LiClO4, lithium
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bis(oxalato)borate, LIN(CF3SOz2)2, LIN(C2F5SO2)2, LiAsFs, LiC(CF3SOz2)3, and
combinations thereof.

In some embodiments, the lithium ion electrochemical cells may further include a
microporous separator, such as a microporous material available from Celgard LLC,
Charlotte, N.C. The separator may be incorporated into the cell and used to prevent the
contact of the negative electrode directly with the positive electrode.

The disclosed lithium ion electrochemical cells can be used in a variety of devices
including, without limitation, portable computers, tablet displays, personal digital
assistants, mobile telephones, motorized devices (e.g., personal or household appliances
and vehicles), instruments, illumination devices (e.g., flashlights) and heating devices.
One or more lithium ion electrochemical cells of this disclosure can be combined to
provide a battery pack.

The present disclosure further relates to methods of making the above-described
electrochemically active materials. In some embodiments, the materials can be made by
methods known to produce films, ribbons or particles of metals or alloys including cold
rolling, arc melting, resistance heating, ball milling, sputtering, chemical vapor deposition,
thermal evaporation, atomization, induction heating or melt spinning. The above
described active materials may also be made via the reduction of metal oxides or sulfides.

The present disclosure further relates to methods of making negative electrodes
that include the above-described negative electrode compositions. In some embodiments,
the method may include mixing the above-described electrochemically active materials,
along with any additives such as binders, conductive diluents, fillers, adhesion promoters,
thickening agents for coating viscosity modification and other additives known by those
skilled in the art, in a suitable coating solvent such as water or N-methylpyrrolidinone to
form a coating dispersion or coating mixture. The dispersion may be mixed thoroughly
and then applied to a foil current collector by any appropriate coating technique such as
knife coating, notched bar coating, dip coating, spray coating, electrospray coating, or
gravure coating. The current collectors may be thin foils of conductive metals such as, for
example, copper, aluminum, stainless steel, or nickel foil. The slurry may be coated onto
the current collector foil and then allowed to dry in air or vacuum, and optionally by
drying in a heated oven, typically at about 80° to about 300°C for about an hour to remove

the solvent.
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The present disclosure further relates to methods of making lithium ion
electrochemical cells. In various embodiments, the method may include providing a
negative electrode as described above, providing a positive electrode that includes lithium,
and incorporating the negative electrode and the positive electrode into an electrochemical
cell comprising a lithium-containing electrolyte.
Listing of Embodiments

1. An electrochemically active material represented by general formula (I):

StuSnyMiwMax[P0.200 s8]y * Az q))

where u, v, w, X, y, and z represent atomic % valuesandu +v+w+x+y +z=
100;

M comprises a metal element or combinations of metal elements selected from
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, B, carbon, or alloys thereof;

M: comprises a metal element or combinations of metal elements selected from
Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, or alloys thereof;

A is an inactive phase other than a phosphate or silicide; and

0<u<90,0=v<20,0<w<50,0<x<20,0<y<20,and0 s z<50.
2. The electrochemically active material according to embodiment 1, wherein the
electrochemically active material comprises an active phase that comprises one or more

active elements selected from Mg, Ca, Sr, Ag, Zn, B, Al, Si, Sn, Pb, Sb, or Bi.

3. The electrochemically active material according to any one of embodiments 1-2,

wherein the active phase comprise Si.

4. The electrochemically active material according to any one of embodiments 1-3,

wherein the active phase comprise Sn.

5. The electrochemically active material according to embodiment 1, wherein the

electrochemically active material comprises an active phase that consists essentially of Si.

13



10

15

20

25

30

WO 2016/149442 PCT/US2016/022754

6. The electrochemically active material according to any one of embodiments 1-5,
wherein the active phase accounts for between 30 vol. % and 70 vol. % of the active

material, based on the total volume of the active material.

7. The electrochemically active material according to any one of embodiments 1-6,
wherein the electrochemically active material comprises an inactive phase comprising one

or more electrochemically inactive chemical elements.

8. The electrochemically active material according to embodiment 7, wherein the
inactive phase comprises titanium, vanadium, chromium, manganese, iron, cobalt, nickel

2

rare earth metals, or combinations thereof.

9. The electrochemically active material according to any one of embodiments 1-8,
wherein the inactive phase accounts for between 30 vol. % and 70 vol. % of the active

material, based on the total volume of the active material.

10. The electrochemically active material according to any one of embodiments 7-9,
wherein the inactive phase comprises a conducting phase that accounts for between 1 vol.

% and 60 vol. % of the active material, based on the total volume of the active material.

11. The electrochemically active material according to any one of embodiments 7-10,
wherein the inactive phase comprises an insulating phase that accounts for between 0.1
vol. % and 30 vol. % of the active material, based on the total volume of the active

material.

12. The electrochemically active material according to embodiment 11, wherein the

insulating phase comprises a water stable phosphate.

13. The electrochemically active material according to embodiment 12, wherein the

water stable phosphate comprises Mg3(PO4)2, FePOs, Zn3(PO4)2, or AIPOs.
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14. The electrochemically active material according to any one of embodiments 1-13,
wherein the phases of the electrochemically active material are distributed substantially

homogeneously throughout the electrochemically active material.

15. The electrochemically active material according to any one of embodiments 1-14,
wherein the Scherrer grain size of each phase of the electrochemically active material is 20

nanometers or less.

16. An electrode composition comprising:

the electrochemically active material according to any one of embodiments 1-15;

and
a binder.
17.  An electrode composition according to embodiment 16, further comprising
graphite.
18. A negative electrode comprising:
the electrode composition according to any one of embodiments 16-17; and
a current collector.
19. An electrochemical cell comprising:

the negative electrode of embodiment 18;
a positive electrode comprising a positive electrode composition comprising
lithium; and

an electrolyte comprising lithium.

20. An electronic device comprising the electrochemical cell according to embodiment
19.
21. A method of making an electrochemical cell, the method comprising:

providing a positive electrode comprising a positive electrode composition

comprising lithium;
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providing a negative electrode according to embodiment 18;
providing an electrolyte comprising lithium; and

incorporating the positive electrode, negative electrode, and the electrolyte into an
electrochemical cell.

The operation of the present disclosure will be further described with regard to the
following detailed examples. These examples are offered to further illustrate various
specific embodiments and techniques. It should be understood, however, that many
variations and modifications may be made while remaining within the scope of the present

disclosure.

EXAMPLES
X-ray Diffraction (XRD)

X-ray diffraction was used to identify the crystalline structure and grain size of the
exemplary composites below. A Siemens D500 diffractometer equipped with a copper
target X-ray tube and a diffracted beam monochromator was used for the diffraction
measurements. The emitted X-rays utilized were the Cu Ka1 (A=1.54051 A) and Cu Ko
(A=1.54433 A). The divergence and anti-scatter slits used were set both at 3°, while the

receiving slit was set at 0.6°. The X-ray tube was powered to 45 kV at 40 mA.

Preparation of Composites

Example 1 — Preparation of Si7scFei62Mga 9[Po200s]33

A Si7seFe162Mga0[Po200.3]33 composite was prepared by roll milling.
Mg3(P0O4)2.xH20 (available from Sigma Aldrich) was heated to 450°C in air overnight to
remove the crystallization water. Si powder (106.53 g available from Elkem Silicon
Materials, Norway), iron (45.45 g available from North American Hoganas Inc.,
Hollsopple, PA) and Mg3(POa4)2 (21.45 g prepared as described above) were charged into a
9 liter steel vessel with 20.88 kg of 1/2” steel balls. The vessel was purged with nitrogen
gas for 15 minutes before it was sealed. The sealed vessel was then loaded onto a roller
mill (available from U.S. Stoneware, East Palestine, OH) which rolled at 85 rpm speed for
9 days before the composite powder was discharged. An XRD pattern of the resulting
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composite powder in Fig. 1 showed peaks of both a-FeSi2 and B-FeSi2.The Si (111) peak
was not distinguishable as it was very close to B-FeSiz (202) diffraction. The Scherrer
grain size of each phase was calculated using the Scherrer equation. The largest Scherrer
grain size of the composite was listed in Table 1. Peaks for amorphous Mg3(PO4)2 were
too broad to be resolved. The volume ratio of the three phases Si/FeSi2/ Mg3(PO4)2 =
50/35/15 as is listed in Table 1.

Example 2 — Preparation of Si72.8Sn2.6Fe16.4Mga.9[P02003]3.3

A Si728Sn26Fei6.4Mga 9[P0.200.s]3.3 composite was prepared by high energy ball
milling. Mg3(PO4)2 powder was prepared as described in Example 1. Si powder (1.9476
g), Sn powder (0.2924 g available from Reade Advanced Materials, Reno, NV), iron
powder (0.8707 g available from North American Hoganas, ) and 0.411 g of Mg3(POa)2
powder were charged in an 8009 Round-Ended Hardened Steel Vial (available from Spex
CertiPrep, Metuchen, N.J) with 117 g of 3/16”" tungsten carbide balls. The vial was sealed
in an argon filled glove box and milled for three hours in an 8000D Dual Mixer/Mill
(available from Spex CertiPrep, Metuchen, N.J). Powders were collected afterwards, and
ground with an agate mortar and pestle. The volume ratio of three phases in the composite

was listed in Table 1.

Example 3 — Preparation of Si77Fe19.8[Po200.s]3.2
A Si77Fe198[P0.200.8]3.2 composite was made using the ball milling method
described in Example 2. The composite was prepared from Si powder, Fe powder and

FePO4 powder (available from Sigma Aldrich) in the volume ratios outlined in Table 1.

Example 4 — Preparation of Si7s.7Fei6.2Zn4.9[P0200.s]3.2

A Si7s7Fe162Zn4.9[Po2008]3.2 composite was prepared using the roller milling
method described in Example 1. The composite was prepared from Si powder, Fe powder
and Zn3(PO4)2 powder (available from Sigma Aldrich) in the volume ratios outlined in

Table 1.

Examples 5 and 6 — Preparation of Si77.sFeisAl2.1[P02002s]2.1, Size.9Fe16.5Al33[P0200s]3.3

17



10

15

20

25

30

WO 2016/149442 PCT/US2016/022754

Si778Fe1sAl2.1[Po20os]2.1 and SizeoFe16.5Al33[Po200.s]3.3 were prepared using the
roller milling method described in Example 1. The composites were prepared from Si
powder, Fe powder and AIPO4 powder (available from Sigma Aldrich) in the volume

ratios outlined in Table 1.

Examples 7, 8 and 9 — Preparation of Si77sFe1sAl2.1[Po200s]2.1, Si7acFe13Als2[Po200s]6.2,
Si73.5Fe20.1Al32[P0200.8]3.2

Si77sFe1sAl2.1[Po200s]2.1, SizacFei3sAls2[Po.200s]6.2, Sizz.sFe20.1A132[Po200s]32
composites were prepared using the ball milling method described in Example 2. The
composites were prepared from Si powder, Fe powder and AIPOs powder in the volume

ratios outlined in Table 1.

Example 10 — Preparation of SizacFe21.4Al2[Po200s]2

A Si7a6Fe21.4Al2[Po200s]2 composite was prepared by roll milling. Si (4139.15 g),
Fe (2358.44 g) and AIPO4 (486.51 g) were charged into an 85 gallon steel vessel with 759
kg of 1/2” steel balls. The vessel was purged with nitrogen gas for 20 minutes before it
was sealed. The sealed vessel was rolled at 47 rpm speed for 60 hours before the
composite powder was discharged. The volume ratio of the three phases

Si/FeSi2/AIPO4=40/50/10 as is listed in Table 1.

Comparative Example 1 — Preparation of SizssFei63Cas.7[P02003s]3.2

A Si7ssFei63Caq7[Po200s]3.2 composite was prepared using the roller milling
method described in Example 1. The composites were prepared from Si powder, Fe
powder and Ca3(P0O4)2 powder (available from Sigma Aldrich) in the volume ratios

outlined in Table 1.

Comparative Examples 2 and 3 — Preparation of Sies.4Al16.8[P0.200s]16.3,
Sise.8Al21.6[P0.200s]21.6

Sic6.4Al16.8[P0.20038]16.8 and Sise.sAl21.6[P0.200s]21.6 were prepared using the roller
milling method described in Example 1. The composites were prepared from Si powder

and AIPO4 powder in the volume ratios outlined in Table 1.
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Table 1
: %EIectrochemicalIyéConducting Phaseglnsulating Phase% Volume Volume Volume Largest Scherrer
© Examples : Active Phase (1) : (2) : (3) : Percent (1) ' Percent (2) | Percent(3) : Grain Size (nm) :

FeSi2 . Mg3(PO4)2 50 35

15 : 11.7

" Example 10

| Comparative :

=T O N U DU SR S N SR
: Comparative :

: : Si FeSi2 AlPO4 50 0 50 15.4

. Example 2

: Comparative :

: : Si FeSi2 AlPO4 40 0 60 15.7

¢ Example 3 :

Preparation of Electrochemical Cells

A binder solution was prepared as follows: 35 wt% aqueous solution of
polyacrylic acid (PAA) (250K MW, available from Sigma Aldrich), de-ionized water, and
lithium hydroxide monohydrate (available from Sigma Aldrich) were mixed in a
1.00:2.48:0.20 weight ratio, and placed in a shaker for 5 hours. The resulting solution was
a 10 wt% lithium polyacrylate (LiPAA) aqueous binder solution.

Electrodes comprising the composite particles and lithium polyacrylate (LiPAA)
with a 91/9 weight ratio were made by placing 1.82 g of the composite particles, 1.80 g of
a 10% LiPAA aqueous solution prepared above in a 45-milliliter tungsten carbide vessel
with four tungsten carbide balls (12.75 mm diameter) and mixing in a planetary micro mill
(PULVERISETTE 7, available from Fritsch GmbH, Idon-Oberstein, Germany) at a speed
setting of two for one hour. The resulting slurry was then coated onto a copper foil using a
coating bar with a 0.003" gap and dried under vacuum at 120° C. for two hours. Coin cell
electrodes were then punched from this foil.

Electrochemical 2325 coin cells were made with the composite particle electrodes
versus a lithium foil counter/reference electrode. The electrolyte contained 10 wt % FEC
and 90 wt % Selectilyte LP 57 (1M LiPF6 in EC:EMC 30:70 w/w solution, available from
BASF, Independence, OH). Two pieces of Celgard 2320 microporous membranes
(available from Celgard LLC, Charlotte, N.C.) served as the separator.
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Electrochemical Cell Testing

The coin cells were then cycled at room temperature using a Maccor 4000 Series
charger (available from Maccor Inc, Tulsa, OK). The first cycle was performed at C/10
5 with a C/40 trickle at SmV and a delithiation up to 1.5V, subsequent cycles were
performed at C/4 with a C/20 trickle at 5 mV and a delithiation up to 0.9 V. In Table 2 the
initial lithiation capacities, 2°¢ delithiation capacities and the delithiation capacities of the
cells after 50 cycles are listed. Table 3 was used to compare the first cycle efficiencies of

the cells with different volume ratio of FeSi2 and AIPO4 containing 50 vol % and 40 vol %

10 active Si respectively.
TABLE 2
Cycling Cpacities
. | First lithiation éSecond delithiation Déllthltatlor 0
Xamples capacity(mAh/g)§ capacity (mAh/g) capacity at eycle 5.
: {mAh/g)
. Examplel - : 960

. Example2

Comparative

Eample L e
Comparative
1680 466 574
L XAMIDIE 2 e
Comparative
1536 274 281
Example 3
TABLE 3
First Cycle Efficiencies ;
Si/FeSi2/AIPO4  First Cycle
Examples : 1

Volume Ratio = Efficiency

Example 5 = 50/40/10
50/40/10

§Comparative
. Example2

50/0/50  40%

40/50/10

40/45/15

?Comparative

;  40/0/60  30%
15 © Example 3 5
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What is Claimed:
1. An electrochemically active material represented by general formula (I):
StuSnyMiwMax[P0.200 s8]y * Az q))

where u, v, w, X, y, and z represent atomic % valuesandu+v+w+x+y+z=
100;

M comprises a metal element or combinations of metal elements selected from
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, B, carbon, or alloys thereof;

M: comprises a metal element or combinations of metal elements selected from
Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, or alloys thereof;

A is an inactive phase other than a phosphate or silicide; and

0<u<90,05v<20,0<w<50,0<x<20,0<y<20,and0%z<50.

2. The electrochemically active material according to claim 1, wherein the
electrochemically active material comprises an active phase that comprises one or more

active elements selected from Mg, Ca, Sr, Ag, Zn, B, Al, Si, Sn, Pb, Sb, or Bi.

3. The electrochemically active material according to claim 1, wherein the active

phase comprise Si.

4. The electrochemically active material according to claim 1, wherein the active

phase comprise Sn.

5. The electrochemically active material according to claim 1, wherein the

electrochemically active material comprises an active phase that consists essentially of Si.
6. The electrochemically active material according to claim 1, wherein the active

phase accounts for between 30 vol. % and 70 vol. % of the active material, based on the

total volume of the active material.
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7. The electrochemically active material according to claim 6, wherein the
electrochemically active material comprises an inactive phase comprising one or more

electrochemically inactive chemical elements.

8. The electrochemically active material according to claim 7, wherein the inactive
phase comprises titanium, vanadium, chromium, manganese, iron, cobalt, nickel, rare

earth metals, or combinations thereof.

9. The electrochemically active material according to claim 7, wherein the inactive
phase accounts for between 30 vol. % and 70 vol. % of the active material, based on the

total volume of the active material.

10.  The electrochemically active material according to claim 7, wherein the inactive
phase comprises a conducting phase that accounts for between 1 vol. % and 60 vol. % of

the active material, based on the total volume of the active material.

11. The electrochemically active material according to claim 7, wherein the inactive
phase comprises an insulating phase that accounts for between 0.1 vol. % and 30 vol. % of

the active material, based on the total volume of the active material.

12.  The electrochemically active material according to claim 11, wherein the insulating

phase comprises a water stable phosphate.

13.  The electrochemically active material according to claim 12, wherein the water

stable phosphate comprises Mg3(POa)2, FePO4, Zn3(POa)2, or AIPOs.
14. The electrochemically active material according to claim 1, wherein the phases of
the electrochemically active material are distributed substantially homogeneously

throughout the electrochemically active material.

15, The electrochemically active material according to claim 1, wherein the Scherrer

grain size of each phase of the electrochemically active material is 20 nanometers or less.
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16. An electrode composition comprising:

the electrochemically active material according to claim 1; and

a binder.
17. An electrode composition according to claim 16, further comprising graphite.
18. A negative electrode comprising:

the electrode composition according to claim 16; and

a current collector.

19. An electrochemical cell comprising:

the negative electrode of claim 18;

a positive electrode comprising a positive electrode composition comprising
lithium; and

an electrolyte comprising lithium.

20. An electronic device comprising the electrochemical cell according to claim 19.

21. A method of making an electrochemical cell, the method comprising:

providing a positive electrode comprising a positive electrode composition
comprising lithium;

providing a negative electrode according to claim 18;

providing an electrolyte comprising lithium; and

incorporating the positive electrode, negative electrode, and the electrolyte into an

electrochemical cell.
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