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MULTIFUNCTIONAL ENGINEERED PARTICLE FOR A SECONDARY BATTERY
AND METHOD OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims priority to U.S. Provisional Patent Application
No. 63/086,400, filed October 1, 2020, and U.S. Provisional Patent Application
No. (formerly U.S. Patent Application No. 16/596,681), filed on October 8, 2019,

each of which is hereby incorporated by reference herein in its entirety.

INCORPORATION BY REFERENCE

[0002] All patents, patent applications and publications cited herein are hereby
incorporated by reference in their entirety for all purposes in order to more fully describe the
state of the art as known to those skilled therein and to enable those skilled therein to
understand the present disclosure.

TECHNICAL FIELD

[0003] This technology relates generally to secondary batteries or energy storage devices,
and more specifically to a multifunctional engineered particle for use in secondary batteries
or energy storage devices.

BACKGROUND

[0004] Alkali ion batteries are commonly used in portable electronic devices, electronic
vehicles, and other applications. In general, alkali ion batteries operate by moving alkali
ions, such as sodium and lithium, from a negative electrode to a positive electrode during
discharge and then back to the negative electrode during charging. As the applications for
alkali ion and other batteries grow, there is a continuing need for improved batteries with
characteristics such as improved storage capacity.

SUMMARY

[0005] According to an exemplary embodiment, an engineered particle for an energy
storage device includes an active material particle including an outer surface, a conductive
coating disposed on the outer surface of the active material particle, the conductive coating
including a LixAlySizOw film, and at least one carbon particle disposed within the conductive

coating. For the LixAlySi-Ow film, 1 <x<4,0<y<1,1<z<2 and 3 <w <6.
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[0006] According to some aspects, the LixAlySizOw film is characterized by a lithium ion
conductivity of about 10° S/cm. According to some aspects, the LixAlySi.Ow film is
amorphous.

[0007] According to some aspects, the active material particle has a size within a range of
about 0.01 um to about 50 pum.

[0008] According to some aspects, the active material particle includes a lithium
intercalating material, or a material capable of storing lithium. According to some aspects,
the lithium intercalating material is LiCoQOz, LiNiCoAlO2, LiNiMnCoQz, LiFePOs, LiMnOz,
SnOz, LiaTisO12, SiOz, sulfur, graphite, or activated carbon.

[0009] According to some aspects, the active material particle includes a non-lithium
intercalating material.

[0010] According to some aspects, the active material particle includes a sodium
intercalating material. According to some aspects, the sodium intercalating material is
NaCo02, NaNiCoAlO2, NaNiMnCoOz, NaFePOs, NaMnO2, NasTisO12, sulfur, graphite, or
activated carbon.

[0011] According to some aspects, the active material particle includes an intercalating
material that does not have an initial sodium or lithium content. According to some aspects,
the intercalating material is graphite, activated carbon, sulfur, SiO2, or SnOx.

[0012] According to an exemplary embodiment, a secondary battery includes a cathode,
an anode, and an electrolyte. At least one of the at least one of the cathode and the anode
includes an engineered particle. The engineered particle includes an active material particle
including an outer surface. A conductive coating is disposed on the outer surface of the
active material particle, the coating including a MxAlySi;Ow film and at least one particle
selected from the group consisting of a carbon particle, a graphene particle, and a carbon
nanotube particle, and at least one particle disposed within the conductive coating. In some
embodiments, M is an alkali metal selected from sodium and lithium. In some embodiments,
with Li-intercalating active materials, the conductive coating includes LixAlySi-Ow film, 1 <x
<4,0<y<1,1<z<2 and 3 <w <6. In some embodiments, with Na-intercalating active
materials, the conductive coating includes NaxAlySi-Ow film, 1 <x <4, 0<y<1,1<z<2,
and 3 <w<6.

[0013] According to some aspects, the LixAlySizOw film is characterized by a lithium ion
conductivity of about 107 S/cm. According to some aspects, the LixAlySi.Ow film is

amorphous.
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[0014] According to some aspects, the active material particle has a size within a range of
about 0.01 um to about 50 pum.

[0015] According to some aspects, the active material particle includes a lithium
intercalating material. According to some aspects, the lithium intercalating material is
LiCo0O2, LiNiCoAlO2, LiNiMnCoQz, LiFePOs, LiMnO2, SnOz, LisTisO12, SiO2, sulfur,
graphite, graphene oxide, or activated carbon.

[0016] According to some aspects, the active material particle includes a non-lithium
intercalating material.

[0017] According to some aspects, the active material particle includes a sodium
intercalating material. According to some aspects, the sodium intercalating material is
NaCo02, NaNiCoAlO2, NaNiMnCoO2, NaFePOs, NaMnQ2, NasTisO12, sulfur, graphite,
graphene oxide, or activated carbon.

[0018] According to some aspects, the active material particle includes an intercalating
material that does not have an initial sodium or lithium content. According to some aspects,
the intercalating material is graphite, activated carbon, sulfur, graphene oxide, SiO2, SnOxz.
[0019] According to an exemplary embodiment, a method of manufacturing an
engineered particle for a secondary battery includes the steps of providing one or more active
material particles into a solution, each of the one or more active material particles having a
predetermined size, forming a slurry of the solution and the one or more active material
particles; introducing a silicate into the slurry; sonicating the slurry to produce a gel; forming
dry green coated particles from the gel; and heat treating the dry green coated particles.
[0020] According to some aspects of the method, the step of heat treating includes curing
at a curing temperature of about 300 °C and annealing at an annealing temperature within a
range of 400 to 600 °C in the presence of an ambient gas.

[0021] These and other aspects and embodiments of the disclosure are illustrated and
described below.

[0022] According to an exemplary embodiment, an engineered particle for a secondary
battery, the engineered particle includes an active material particle including an outer surface;
a conductive coating disposed on the outer surface of the active material particle, the
conductive coating including a MxAlySizOw film; and at least one carbon particle disposed
within the conductive coating, wherein M is an alkali selected from the group consisting of
Naand Li,and 1 <x<4,0<y<1,1<z<2 and 3 <w <6.

[0023] According to some aspects, the alkali is Na.
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[0024] According to some aspects, the MxAlySi-Ow film has an alkali ion conductivity of
about 107 S/cm.

[0025] According to some aspects, the MxAlySizOw film is amorphous.

[0026] According to some aspects, the active material particle has a size within a range of
about 0.01 um to about 50 pum.

[0027] According to some aspects, the active material particle includes at least one
material selected from the group consisting of a lithium intercalating particle and a sodium
intercalating particle.

[0028] According to some aspects, the active material particle includes at least one
material selected from the group consisting of a lithium intercalating material selected from
the group consisting of LiCoQOz, LiNiCoAlO;, LiNiMnCoO2, LiFePOs, LiMnO2, SnOg,
LisTisOn, graphite, SiOz, sulfur, graphene oxide and activated carbon; and a sodium
intercalating material selected from the group consisting of NaCoO:, NaNiCoAlOz,
NaNiMnCoQO:z, NaFePOs, NaMnOz, NasTisO12, sulfur, graphite, graphene oxide, and
activated carbon.

[0029] According to some aspects, the active material particle includes an alkali storing
material selected from the group consisting of a non-sodium containing material and a non-
lithium containing material.

[0030] According to some aspects, the alkali storing material is graphite, sulfur, activated
carbon, graphene oxide, SiOz, or SnOxz.

[0031] According to an exemplary embodiment, a secondary battery includes a cathode;
an anode; and an electrolyte, wherein at least one of the cathode and the anode includes an
engineered particle, the engineered particle including an active material particle including an
outer surface, wherein a conductive coating is disposed on the outer surface of the active
material particle, the coating including a MxAlySi-Ow film and at least one particle selected
from the group consisting of a carbon particle, a graphene particle, and a carbon nanotube
particle, the at least one particle disposed within the conductive coating, and wherein M is an
alkali selected from the group consisting of Naand Li, and 1 <x<4,0<y<1,1<z<2, and
3<w<é.

[0032] According to some aspects, the alkali is Na.

[0033] According to some aspects, the MxAlySizOw film is characterized by an alkali ion
conductivity of about 10 S/cm.

[0034] According to some aspects, the MxAlySizOw film is amorphous.
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[0035] According to some aspects, the active material particle has a size within a range of
about 0.01 um to about 50 pum.

[0036] According to some aspects, the active material particle includes at least one
material selected from the group consisting of a lithium intercalating particle and a sodium
intercalating particle.

[0037] According to some aspects, the active material particle includes at least one
material selected from the group consisting of: a lithium intercalating material selected from
the group consisting of LiCoQOz, LiNiCoAlOz, LiNiMnCoO2, LiFePOs, LiMnO2, SnOg,
LisTisOn, graphite, SiO2, sulfur, graphene oxide, and activated carbon; and a sodium
intercalating material selected from the group consisting of NaCoO:, NaNiCoAlOa,
NaNiMnCoQO2, NaFePOs, NaMnOz, Nas4TisO12, sulfur, graphite, graphene oxide, and
activated carbon.

[0038] According to some aspects, the active material particle includes a non-sodium
containing or a non-lithium containing material.

[0039] According to some aspects, the non-sodium or non-lithium containing material is
graphite, sulfur, activated carbon, graphene oxide, SiO2, or SnOa.

[0040] According to an exemplary embodiment, a method of fabricating a cathode for
an alkali-ion battery, includes the steps of forming coated particles by a) forming particles of
an alkali-intercalating material; mixing said particles of the alkali-intercalating material with
an aqueous solution including an aluminum salt and an alkali metal salt to form a first slurry;
adding a water-soluble alkali silicate into said first slurry; adding electrically-conductive
carbon nanoparticles into said first slurry; sonicating said first slurry to produce a gel; drying
said first slurry to form individual dry green coated gel particles; and heat treating said green
coated gel particles to produce coated particles including said particles of the alkali-
intercalating material, a conductive coating including an alkali aluminosilicate, and carbon
nanoparticles disposed within the conductive coating; b) blending said coated particles with
conductive particles, an organic binder, and at least one non-aqueous solvent to form a
second slurry; ¢) applying a coating of said second slurry to a metal substrate with said
substrate heated between 80 and 200°C in air; d) calendaring said coated substrate at 10 tons
or greater; €) curing the coated substrate in nitrogen at 250 to 400°C.

[0041] According to some aspects, said alkali-intercalating material includes at least one
material selected from the group consisting of: a lithium intercalating material selected from

the group consisting of LiCoQOz, LiNiCoAlOz, LiNiMnCoO2, LiFePOs, LiMnO2, SnOg,
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Li4TisO12, graphite, SiOsz, sulfur, graphene oxide, and activated carbon; and a sodium
intercalating material selected from the group consisting of NaCoO:, NaNiCoAlOs,
NaNiMnCoQO:, NaFePOs, NaMnO:, NasTisO12, sulfur, graphite, graphene oxide, and
activated carbon.

[0042] According to some aspects, said conductive coating includes a MxAlySizOw film
and at least one particulate material selected from the group consisting of’ a carbon particle, a
graphene particle, and a carbon nanotube particle, said particulate material disposed within
the conductive coating, and wherein M is an alkali selected from the group consisting of Na
and Li,and 1 <x<4,0<y<1,1<z<2,and3 <w<6.

[0043] According to some aspects, said aqueous solution includes Al(NOs3)s and at least
one salt selected from the group consisting of LiNO3 and NaNOs.

[0044] According to some aspects, said water-soluble alkali silicate is selected from the
group consisting of a lithium silicate solution and a sodium silicate solution.

[0045] According to some aspects, said electrically-conductive carbon nanoparticles are
selected from the group consisting of carbon black, graphene, carbon nanotubes, and
combinations thereof.

[0046] According to some aspects, said step of heat treating said green coated particles
includes curing at about 300°C followed by annealing at 400 to 600°C in an atmosphere
selected from the group consisting of nitrogen, argon gas, and combinations thereof.

[0047] According to some aspects, said second slurry includes about 90% coated
particle, 5% conductive carbon particles, and 5% PVDF by weight on a solids basis combined
with at least 12 mL of said at least one non-aqueous solvent per 2 g of solids.

[0048] According to some aspects, said second slurry is formed by first dissolving PVDF
in 12 mL of tetrahydrofuran per 1 g of PDVF, then blending with said coated particles and
said conductive particles, and adding at least 12 mL of said at least one non-aqueous solvent
per 2 g of total solids.

[0049] According to some aspects, said at least one non-aqueous solvent is selected from
the group consisting of methoxy propanol, N-methyl pyrrolidone, dimethylformamide, and
dimethyl sulfoxide.

[0050] According to some aspects, applying said coating includes a slot coating method.
[0051] According to some aspects, applying said coating includes a spray coating method
and said second slurry includes 25 to 50 mL of at least one non-aqueous solvent per 2 g of

solids.
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[0052] According to some aspects, calendaring the coated substrate includes calendaring
said coated substrate at 24 tons or more.

[0053] According to some aspects, calendaring the coated substrate includes calendaring
said coated substrate at 10-100 tons.

[0054] According to some aspects, curing the coated substrate includes curing the coated
substrate in nitrogen at 300°C.

[0055] According to some aspects, curing the coated substrate includes curing the coated
substrate for 10 to 30 minutes.

[0056] According to an exemplary embodiment, an alkali-ion energy storage device
includes a cathode; an anode; a separator; and, an aqueous electrolyte, wherein at least one of
said cathode and said anode includes an engineered particle, said engineered particle
including an alkali-intercalating material particle including an outer surface, wherein a
conductive coating is disposed on the outer surface of said alkali-intercalating material
particle, the conductive coating including a MxAlySiOw film and at least one particulate
material selected from the group consisting of a carbon particle, a graphene particle, and a
carbon nanotube particle, said particulate material disposed within the conductive coating,
and wherein M is an alkali selected from the group consisting of Naand Li, 1 <x<4,0<y
<1,1<z<2 and 3 <w<6.

[0057] According to some aspects, the active material particle includes at least one
material selected from the group consisting of a lithium intercalating particle and a sodium
intercalating particle.

[0058] According to some aspects, said alkali-intercalating material includes at least one
material selected from the group consisting of lithium intercalating materials selected from
the group consisting of: LiCoOz, LiNiCoAlO2, LiNiMnCoOz, LiFePO4, LiMnO2, SnOz,
LiaTisOn, graphite, SiO2, sulfur, graphene oxide, and activated carbon; and sodium
intercalating materials selected from the group consisting of: NaCoO2, NaNiCoAlOa,
NaNiMnCoQO:, NaFePOs, NaMnO:, NasTisO12, sulfur, graphite, graphene oxide, and
activated carbon.

[0059] According to some aspects, said cathode includes a first particulate material
selected from the group consisting of NaMnO2 and LiMnOz; a second particulate material
selected from the group consisting of conductive carbon particles and carbon nanotubes; and,
PVDF binder; wherein said anode includes a third particulate material selected from the

group consisting of graphite, activated carbon, graphene, graphene oxide, conductive carbon
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particles, and carbon nanotubes; and, PVDF binder; wherein said separator includes a cotton
cloth; and wherein said aqueous electrolyte includes a solution of at least one species selected
from the group consisting of LiNO3, Li2SO4, NaNOs3, and Na2SOas.

[0060] According to some aspects, said MxAlySi-Ow film has an alkali M ion conductivity
of about 10-5 S/cm.

[0061] According to some aspects, said MxAlySizOw film is amorphous.

[0062] According to some aspects, said alkali-intercalating material includes particles
with a size within a range of about 0.01 um to about 50 um.

[0063] According to some aspects, said device includes a battery.

[0064] According to some aspects, said device includes a capacitor.

[0065] According to an exemplary embodiment, an alkali-ion energy storage device
includes a cathode; an anode; a separator; and an non-aqueous electrolyte, wherein at least
one of said cathode and said anode includes an engineered particle, said engineered particle
including an alkali-intercalating material particle including an outer surface, wherein a
conductive coating is disposed on the outer surface of said akali-intercalating material
particle, the conductive coating including a MxAlySi-Ow film and at least one particulate
material selected from the group consisting of a carbon particle, a graphene particle, and a
carbon nanotube particle, said particulate material disposed within the conductive coating,
and wherein M is an alkali selected from the group consisting of Na and Li, and 1 <x<4,0<
y<1,1<z<2 and3<w<6.

[0066] According to some aspects, the active material particle includes at least one
material selected from the group consisting of a lithium intercalating particle and a sodium
intercalating particle.

[0067] According to some aspects, said alkali-intercalating material includes at least one
material selected from the group consisting of: lithium intercalating materials selected from
the group consisting of: LiCoO2, LiNiCoAlO2, LiNiMnCoOz, LiFePO4, LiMnO2, SnOz,
LisTisOn, graphite, SiO2, sulfur, graphene oxide and activated carbon, and sodium
intercalating materials selected from the group consisting of: NaCoQO:, NaNiCoAlOa,
NaNiMnCoQz, NaFePOs, NaMnOz, or NasTisO12, sulfur, graphite, activated carbon, and
graphene oxide.

[0068] According to some aspects, said cathode includes a first particulate material
selected from the group consisting of: LiNiMnCoO2 and NaFePO4; a second particulate

material selected from the group consisting of: conductive carbon particles and carbon
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nanotubes; and, PVDF binder; wherein said anode includes a third particulate material
selected from the group consisting of: graphite, conductive carbon particles, activated carbon,
graphene, graphene oxide, and carbon nanotubes; and, PVDF binder; or Li or Na foil
protected by particulate material selected from SnQOz, LisTisO1, graphite, or SiO2, wherein
said separator includes a porous polymeric membrane; and, wherein said non-aqueous
electrolyte comprises from the group consisting of LiPFs dissolved in ethyl carbonate/ethyl
methyl carbonate, NaPFs dissolved in ethyl carbonate/ethyl methyl carbonate, LiFSI
dissolved in ethyl carbonate/ethyl methyl carbonate, NaFSI dissolved in ethyl carbonate/ethyl
methyl carbonate, and ionic liquids.

[0069] According to some aspects, said MxAlySi,Ow film has an alkali ion conductivity of
about 105 S/cm.

[0070] According to some aspects, said MxAlySi-Ow film is amorphous.

[0071] According to some aspects, said alkali-intercalating material includes particles
with a size within a range of about 0.01 pum to about 50 pum.

[0072] According to some aspects, said device includes a battery.

[0073] According to some aspects, said device includes a capacitor.

[0074] According to an exemplary embodiment, a method for making a stabilized Li
anode for high energy density Li batteries includes the steps of a) forming coated particles by
forming particles of an lithium-intercalating material, mixing said particles of the alkali-
intercalating material with an aqueous solution including an aluminum salt and an lithium
metal salt to form a first slurry; adding a water-soluble lithium silicate into said first slurry;
adding electrically-conductive carbon nanoparticles into said first slurry; sonicating said first
slurry to produce a gel; drying said first slurry to form individual dry green coated gel
particles; and heat treating said green coated gel particles to produce coated particles
including said particles of the lithium-intercalating material, a conductive coating including a
lithium aluminosilicate, and carbon nanoparticles disposed within the conductive coating; b)
providing a metal current collector; ¢) coating said metal current collector with Li metal; d)
spray coating said Li-coated metal current collector with a second slurry containing said
coated particles, a non-aqueous solvent, and conductive particles; and e) curing said spray-
coated metal current collector at 100 to 300°C.

[0075] According to some aspects, said metal current collector is selected from the group

consisting of a foil or a mesh.
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[0076] According to some aspects, said metal current collector is selected from the group
consisting of copper, nickel, and stainless steel.

[0077] According to some aspects, coating said metal current collector includes
evaporation of Li metal onto said metal current collector.

[0078] According to some aspects, said metal current collector is 10 to100 pm thick, and
said evaporated Li is 5 to 50 pm thick.

[0079] According to some aspects, coating said metal current collector includes
laminating said metal current collector with Li metal foil.

[0080] According to some aspects, said metal current collector is 10 to100 pum thick, and
said Li foil is 5 to 50 um thick.

[0081] According to some aspects, said non-aqueous solvent is selected from the group
consisting of hexane, toluene, and benzene.

[0082] According to some aspects, said conductive particles include conductive carbon.
[0083] According to some aspects, said second slurry further includes particles selected
from the group consisting of engineered SnQO: particles, engineered LisTisO1w2 particles,

engineered graphene oxide, and engineered SiO:2 particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0084] The exemplary embodiments are described with reference to the following
figures, which are presented for the purpose of illustration only and are not intended to be
limiting.

[0085] In the Drawings:

[0086] FIG. 1 is a schematic representation of an engineered particle according to an
illustrative embodiment.

[0087] FIG. 2A is a side cross-sectional view of a scanning electron microscope (“SEM”)
images depicting a conductive film deposited on a silicon substrate to characterize the
conductive coating of the engineered particle illustrated in FIG. 1 according to an illustrative
embodiment.

[0088] FIG. 2B is a top perspective view of a SEM image depicting the conductive film
illustrated in FIG. 2A according to an illustrative embodiment.

[0089] FIG. 3 is a Nyquist plot of the conductive film illustrated in FIGS. 2A and 2B

according to an illustrative embodiment.
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[0090] FIG. 4 is a side cross-sectional view of a lithium ion battery cathode including the
engineered particle illustrated in FIG. 1 according to an illustrative embodiment.

[0091] FIGS 5A to 5C depict fabrication steps for fabricating a lithium metal anode
including the engineered particle illustrated in FIG. 1 according to an illustrative
embodiment.

[0092] FIG. 6A is a graph showing a charge/discharge voltage profile of a lithium ion
battery cell including a cathode which includes the engineered particle illustrated in FIG. 1
and an anode which includes the engineered particle illustrated in FIG 1 according to an
illustrative embodiment.

[0093] FIG. 6B is a graph showing cell capacity as a function of number of cycles and
calculated cycling efficiency for the lithium ion battery cell according to an illustrative
embodiment.

[0094] FIG. 7A is a graph showing a charge/discharge voltage profile of a water battery
cell including a cathode which includes the engineered particle illustrated in FIG. 1 and an
anode which includes the engineered particle illustrated in FIG 1 according to an illustrative
embodiment.

[0095] FIG. 7B is a graph showing cell discharge capacity as a function of number of
cycles for the water battery cell according to an illustrative embodiment.

[0096] FIG. 8 is a flowchart illustrating a method of fabricating an engineered particle

according to an illustrative embodiment.

DETAILED DESCRIPTION

[0097] According to an aspect of the disclosure, disclosed herein are illustrative
embodiments of an engineered particle and an energy storage device performance enhancer.
In some embodiments, such particles are suitable for use in secondary batteries. Also
disclosed here are methods of manufacturing or fabricating the same according to exemplary
embodiments. The engineered particle according to an exemplary embodiment is useable in a
wide range of applications (for example, different types of secondary batteries or different
applications within a same secondary battery). It should be understood that the present
disclosure is not limited to the details or methodology set forth in the description or
illustrated in the figures. It should also be understood that the terminology used herein is for

the purpose of description only and should not be regarded as limiting.
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[0098] One challenge with designing secondary batteries or energy storage devices that
use active material with a lithium or sodium storage capability is limited lithium or sodium
ion conductivity and electrical conductivity of the active material itself that can cause a
battery cell to have limited cell performance capability (for example, limited maximum cell
capacity that is substantially below theoretical capacity). For example, conventional lithium
ion batteries have limited cell performance due to limited lithium ion conductivity and
limited electrical conductivity of the active material constituting them, such that conventional
lithium ion batteries can achieve a maximum cell capacity much less than their theoretical
capacity. This problem is particularly acute in solid-state lithium ion batteries due to
undesirable interactions between solid-state electrolyte particles and active particles that
results in poor cell performance.

[0099] Although the limited cell capacity can be remedied to some degree in traditional
lithium ion batteries having a porous cathode made of an active material and a conductive
carbon material and a liquid-state electrolyte, the limited cell capacity of solid-state lithium
ion batteries remains a significant problem because sufficient ion conduction cannot be
achieved in these batteries to allow for a useable solid-state battery cell. Conventional solid-
state lithium ion batteries suffer from interface resistance between solid-state electrolyte
particles and active particles, and this interface resistance results in low cell performance and
capacity.

[0100] Lithium metal is desirable for use as an anode in secondary batteries because it is
the lightest metal (the density of lithium is 0.59 g cm™), because it has a very high theoretical
specific capacity (3,820 milliampere per gram (mAh/g)), and because it has the lowest
negative electrochemical potential (—3.040 V vs. a standard hydrogen electrode).

[0101] Solid-state secondary batteries have certain advantages over liquid-state secondary
batteries. For example, liquid-state batteries suffer from potential flammability issues, which
in extreme cases can cause a battery cell to explode. In addition, liquid-state secondary
batteries suffer from side-reactions which lead to a shorter lifespan of a battery cell
(measured in terms of cycles). Because solid-state secondary batteries do not suffer from
these same deficiencies, there is a need for a solid-state secondary battery cell that has good
lithium ion conductivity to achieve commercially viable cell capacity and performance.
[0102] In recent years, some approaches have been pursued in an attempt to reduce
interface resistance between the solid-state electrolyte particles and the active particles. For

example, Sakuda et al., “All-solid-state lithium secondary batteries using LiCoO:z particles
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with pulsed laser deposition coatings of LiaS-P2Ss solid electrolytes,” Jowrnal of Power
Sources 196:6735-6741 (2011), reported that a simple mixing of uncoated LiCoO2 and Li2S—
P2Ss (“LSPS”) particles in a cathode formed a solid-state cell that failed to cycle. However,
when the LiCoOz particles are coated with a thin film of LiNbO3 or LSPS using pulsed laser
deposition and then used to fabricate a cathode of a solid-state cell, the cell cycled. However,
the highest capacity extracted was 95mAh/g out of 140mAh/g expected from LiCoO2. The
cell in Sakuda was a powder compressed cell with coated or uncoated LiCoOz2 particles
mixed with LSPS particles in the cathode layer, only LSPS particles in the electrolyte layer,
and indium-foil as the anode.

[0103] As another example, Mari Yamamoto et al., “Binder-free sheet-type all-solid-state
batteries with enhanced rate capabilities and high energy densities,” Scientific Reports 8,
Article number: 1212 (2018), used LiNbOs3-coated NMC and a sacrificial binder to fabricate
self-sustaining, full all-inorganic solid-state battery cell with a NMC, LSPS, acetylene black-
cathode, a LSPS-electrolyte, and a graphite, LSPS, acetylene black anode. The sacrificial
binder was eliminated during the post fabrication annealing at 300 °C near the glass transition
temperature of LSPS. The LSPS melted to improve the adhesion and interface between the
particles. A cell capacity of 155 mAh/g that is much closer to the theoretical capacity of
NMC was obtained.

[0104] However, these particle coating techniques are expensive and commercially non-
viable, among other issues. Additionally, LiNbQOs3, Li2SiO3, SiOz, and Al203 have limited
lithium ion conductivity (a conductivity of less than 107 Siemens per centimeter (S/cm)).
[0105] There is therefore a need for an engineered particle that is useable in both liquid-
state and solid-state secondary batteries that provides for improved lithium or sodium ion
conductivity and reduced interface resistance such that cell performance and cell capacity can
be improved in a commercially viable manner. Specifically, there is a need for an engineered
particle which facilitates an intimate contact between a lithium energy storage particle and a
lithium ion conducting coating to enhance cell performance. While lithium ion conduction
pathways are needed, electron conduction pathways are also important for cell performance,
and there is also a need to achieve a desired level of intimacy between the electron
conduction pathways and the lithium energy storage particle.

Engineered Particle

[0106] Referring generally to the figures, an engineered particle for use for example in a

secondary battery is disclosed. The engineered particle according to an exemplary
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embodiment stores alkali ions, has enhanced alkali ion conductivity capability, and enhanced
electron conduction capability. In an exemplary embodiment, the alkali ions are lithium ions
or sodium ions. An engineered particle can include an active particle configured to store
energy equal to or at least 90% of what is theoretically possible. As a more specific example,
the active particle is configured to store energy equal to between 90-95% of theoretical
energy storage capability. As another specific example, the active particle is configured to
store energy equal to about to about 95-99% of theoretical energy storage. As yet another
specific example, the active particle is configured to store energy equal to about to more than
99% of theoretical energy storage. In still further embodiments, an engineered particle may
store energy equal to less than 90% of the theoretical energy storage.

[0107] Referring to Fig. 1, an engineered particle (e.g., engineered composite particle)
100 according to an exemplary embodiment of the present disclosure is shown. The
engineered particle 100 includes an active material particle 120 and an alkali ion conducting
coating (e.g., conductive coating) 160 disposed around an outer surface of the active material
particle. The engineered particle 100 also includes electrically conductive carbon nano-
particles 140 disposed within the conductive coating 160. In some embodiments, the alkali is
lithium or sodium.

[0108] According to some aspects, the active material particle 120 of the engineered
particle 100 has lithium or sodium ion storage capability, for example, the active material
particle 120 includes either or both of a lithium intercalating material and sodium
intercalating material. For example, in the case in which the active material particle 120
includes a lithium intercalating material, the active material particle may be formed of any
one of the following compounds: LiCoOz, LiNiCoAlOz, LiNiMnCoOz, LiFePOs, LiMnOz,
sulfur, silicon nanoparticle, SiO2 (such as porous SiO2), SnOz2, LiaTisO12, graphite, graphene
oxide, or activated carbon. As another example, in the case in which the active material
particle 120 includes a sodium intercalating material, the active material particle 120 may
include NaCoOz2, NaNiCoAlOz2, NaNiMnCo0z, NaFePO4, NaMnO2, SnOz, NasTisO12, sulfur,
graphite, graphene oxide, or activated carbon.

[0109] As another example, the active material particle 120 of the engineered particle 100
includes a non-lithium intercalating material or a non-sodium intercalating material. As
specific examples, the active material particle 120 of the engineered particle 100 may include
an intercalating material comprised of graphite, activated carbon, graphene oxide, sulfur,

SiO2 (such as porous Si0z2), or SnOx.
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[0110] The active material particle 120 may have any suitable size. As one example, the
active material particle 120 has a size of less than 1 um. As another example, the active
material particle 120 has a size of between about 0.01 pm and about 50 um. As a specific
example, the active material particle has a size of about 0.01 pum.

[0111] Referring back to FIG. 1, the conductive coating 160 includes a MxAlySizOw film
disposed on the outer surface of the active material particle 120 wherein 1 <x <4, 0 <y <1,
1 <z<2 and 3 <w <6, where M is an alkali metal. In some embodiments, M is lithium,
and the conductive coating includes a LixAlySizOw film. In some embodiments, M is sodium,
and the conductive coating includes a NaxAlySizOw film. The MxAlySizOw film can have any
desired thickness. For example, the MxAlySizOw film can have a thickness of 0.01 um to 0.1
um. A LixAlySizOw film according to an exemplary embodiment has a lithium ion
conductivity of about 10 S/cm, as can be appreciated from FIG. 3.

[0112] According to some aspects, the conductive coating 160 can be characterized by
depositing the film on platinum or gold coated Si substrate, serving as bottom contact, and
another platinum or gold top contact deposited on the MxAlySizOw film.

[0113] As can be appreciated from both FIGS. 2A and 2B, showing a LixAlySizOw film
according to an exemplary embodiment, a MxAlySizOw film is amorphous, having no crystal
with grain boundaries that could block easy flow of ions. The conductive coating 160 as
presently described is useable in a wide range of surface variability of the active particle
because the conductive coating 160 takes the shape of the active material particle 120 it is
coating.

[0114] Referring again to FIG. 1, the electrically conductive carbon nano-particles 140
are disposed (e.g., embedded) within the conductive coating 160. The electrically conductive
carbon nano-particles 140 can be any carbon nano-particle that allows for electron
conductivity (for example, conductive carbon black particles (Super P), graphene, or carbon
nanotube). As one example, the carbon nano-particles have a conductivity within a range of
between about 3 S/cm to about 100 S/cm.

[0115] The engineered particle 100 according to an exemplary embodiment is useable in
many different applications, such as in different types of secondary batteries. Because
lithium cannot be transformed into an engineered particle (due to lithium’s melting
temperature of around 160 °C), the lithium metal can be protected with the engineered
particle 100 to render the lithium suitable for use in a secondary battery component. On the

other hand, graphite can be transformed into an engineered particle because its melting
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temperature is above 1000 °C. Additionally, the engineered particle 100 is useable in
different applications in secondary batteries or supercapacitors, for example, in either a
cathode or an anode or both, as is further described herein. It is to be understood that the
applications described herein are not limiting but are merely exemplary uses for the
engineered particle 100 herein disclosed and described.

Method of Fabricating an Engineered Particle

[0116] Referring now to FIG. 8, a method 800 of fabricating or manufacturing an
engineered particle according to an exemplary embodiment of the present disclosure is
shown. The method 800 includes the step 810 of providing one or more active material
particles into a solution, each of the one or more active material particles having a
predetermined size. According to one aspect, the predetermined size is within the range of
about 0.01 pm and about 50 um, though other sizes may also be used. The predetermined
size of the one or more active material particles can be achieved using any suitable process,
for example, by ball milling the one or more active material particles. The solution can be
any suitable solution, for example, an aqueous solution including an alkali salt and an
aluminum salt dissolved in deionized water. In some embodiments, the solution includes
LiNO; and AI(NOs)3 dissolved in deionized water. In some embodiments, the solution
includes NaNOs and AI(NOs)s3 dissolved in deionized water.

[0117] The method 800 also includes the step 820 of forming a slurry of the solution and
the one or more active material particles. The forming of the slurry can include boiling the
solution. The method 800 also includes the step 830 of introducing a silicate (for example, a
water soluble alkali silicate) into the slurry. In some embodiments, the silicate is a diluted
lithium silicate or a diluted sodium silicate. The method 800 also includes the step 840 of
introducing one or more electrically conductive carbon nano-particles to the slurry. The
carbon nano-particles can be, for example, conductive carbon black particles (Super P),
graphene particles, or carbon nanotubes. The method 800 also includes the step 850 of
sonicating the slurry to produce a gel. The gel can be optionally diluted with deionized
water. The method 800 also includes the step 860 of forming dry green coated particles from
the gel by, for example, transferring the gel to a spray atomizer machine and atomizing the
gel to produce the dry green coated particles. The method 800 also includes the step 870 of
heat treating the dry green coated particles to produce the engineered particle illustrated in

FIG. 1.
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[0118] According to some aspects of the method 800, the step 870 of heat treating the dry
green coated particles includes curing at a curing temperature of about 300 °C and annealing
at an annealing temperature within a range of 400 to 600 °C in the presence of an ambient
gas, for example, nitrogen or argon gas.

Fabrication of Cathode for a Liquid-State Alkali Ion Battery

[0119] The engineered particle 100 described above can be used in fabricating an
electrode for use in a liquid-state alkali ion battery.

[0120] As one example, referring to FIG. 4, a cathode 200 of a lithium alkali ion battery
includes an engineered alkali-intercalating composite material (e.g. LiCoQz) including one or
more of the engineered particle 100 of the present disclosure. The cathode 200 also includes
a metal substrate 220. In some embodiments, the substrate is an aluminum substrate. Figure
4 shows the cross-sectional SEM image of an engineered LiCoO:z cathode post-processing,
according to an exemplary embodiment.

[0121] In some embodiments, a slurry is formed by blending engineered particles,
conductive particles, an organic binder, and a non-aqueous solvent. In cathode 200, a slurry
according to an exemplary embodiment is formed as follows: starting with 90% engineered
particle, 5% conductive carbon black particles (Super P), and 5% PVDF (polyvinylidene
fluoride or polyvinylidene difluoride) by weight, every 1 g of PVDF is first dissolved in 12
mL of tetrahydrofuran; then every 2 g of total initial solids require 12 mL of a non-aqueous
solvent, preferably methoxy propanol, N-methyl pyrrolidone, dimethylformamide, or
dimethyl sulfoxide. These are then mixed together to form the slurry. In some embodiments,
other mixtures may be used and the slurry may also include one or more other particles or
other ingredients. The coating of the metal substrate by the slurry can be done by spray
coating, or slot coating. In some embodiments, coating includes heating the substrate
between 80 and 200°C in air. In some embodiments, for slot coating, no further dilution of
the slurry is needed. However, for spray coating the slurry is further diluted to prevent the
spray nozzle from getting clogged, preferably increasing the amount of the non-aqueous
solvent to a range of about 25 to 50 mL per 2 g of solids. After coating and baking, the coated
aluminum substrate is calendared at about 10-100 tons (for example, at 24 tons, as illustrated
in FIG. 4). In some embodiments, calendaring is done at about 20-40 tons. The coated
substrate is then cured at 300 °C in nitrogen ambient. In some embodiments, the coated
substrate is cured for 10 to 30 minutes. The cathode 200 is useable in lithium or sodium ion

battery cells, in either liquid-state or solid-state lithium or sodium ion batteries.
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Fabrication of Cathode for a Solid-State Lithium Ion Battery
[0122] The engineered particle 100 described above can be used in fabricating an
electrode for us in a solid-state lithium ion battery.
[0123] As one example, the composite cathode for a solid-state lithium ion battery
includes 85% engineered particle, 5 to 10% inorganic solid-state electrolyte nano-particles,
and 5% carbon black particles (Super P), though other percentages may be used in other
embodiments. Mixed powder forming the composite material can be deposited by aerosol
deposition on appropriate current collector if a particle size is between 200 nm to 2 um to
form a dense film. LIPON solid-state electrolyte deposition can be accomplished via
sputtering, and lithium anode deposition via evaporation to complete the solid-state lithium
ion battery cell.
[0124] The electrolyte deposited on the cathode may also be SPEED deposited
LiAlGaSPO, according to the deposition processes disclosed in either U.S. Patent No.
8,349,498 and No. 8,372,163, both of which are incorporated herein by reference in their
entireties for all purposes.

Fabrication of Stabilized Anode for a Lithium Ion Battery

[0125] As mentioned above, lithium is desirable for use in secondary batteries as an
anode because of its light weight and its high specific capacity. These properties allow
batteries to achieve high specific energy density (more than 200 Wh/kg). The lithium metal
anode can be used with any suitable cathode material, including cathodes formed with lithium
containing compounds, such as LiCoOz, LiFePOu4, etc., and cathodes formed with non-lithium
containing compounds (for example, sulfur cathodes). However, the potential for a lithium
anode is limited by the destructive interaction with liquid or polymer electrolyte leading to
solid electrolyte interphase (“SEI”) layer formation and buildup. Use of the engineered
particle 100 herein described in a lithium metal anode can reduce or eliminate the destructive
interaction in a lithium ion battery cell. In one example, the engineered particle includes a
lithium-intercalating material such as a lithium aluminosilicate.

[0126] Referring now to FIG. 5, a process 300 for fabricating a stabilized lithium anode
using the engineered particle 100 according to an exemplary embodiment is shown. The
process 300 includes step 310 of providing a metal current collector. In some embodiments,
the current collector is a mesh or foil. In some embodiments, the metal current collector is
copper, nickel, or stainless steel. The process 300 also includes step 320 of laminating the

metal current collector with a very thin lithium metal foil. Alternatively, the lithium metal
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can also be evaporated on to the metal current collector. The flexibility of the resulting anode
is determined by the thickness of the starting metal current collector (e.g., 10 pm to 100 pum)
and the thickness of the lithium laminate (e.g., 5 um to 50 um). The process 300 also
includes the step 340 of spray coating the lithium laminated current collector with a slurry of
engineered particles and curing at temperature ranging, for example, from 100 to 300 °C.
The engineered particles can be, for example, SnO: engineered particles, LisTisO12
engineered particles, graphene oxide engineered particles, or SiO2 engineered particles.
Alternatively, the engineered particle can be an active material particle comprising a
conductive coating, for example, an alkali-intercalating material having a conductive coating
including an alkali aluminosilicate and carbon nanoparticles. The slurry can also include
hexane, polyisobutylene (PIB) dispersant, engineered particles, and carbon black (Super P
conductive carbon). Alternatively, either toluene or benzene can be used instead of hexane.
In some embodiments, the solid content of the slurry is 80 to 90% engineered particles, 5 to
10% Super carbon black, and 5 to 10% PIB. For 2g solid 25mL to 50mL of hexane, toluene,
benzene is used.

[0127] As an example, an engineered LiCoO2 composite cathode as described herein can
be paired with a lithium stabilized anode with a LiPFs liquid electrolyte cell with a celgard
separator.  As shown in FIG. 6A, the battery cell exhibits an excellent LiCoO:
charge/discharge voltage profile. Also, as shown in FIG. 6B, when the battery cell stabilizes
after about 20 cycles, the cell can cycle for more than 150 cycles with less than 2% capacity
fade.

Water-Based Lithium or Sodium Batteries or Capacitors

[0128] As another example, an engineered particle 100 according to an exemplary
embodiment is also useable in water-based lithium or sodium secondary batteries.

[0129] For example, a composite cathode can include either an engineered LiMnO:
particle or an NaMnQ: particle, along with conductive carbon particles, carbon nanotubes,
and PVDF binder, when paired with a composite anode including one of engineered activated
carbon, graphite, conductive carbon particles, carbon nanotubes, graphene, and graphene
oxide combined with PVDF binder to form a water-based batteries or capacitors. For
example, at least one of the anode and cathode includes an engineered particle comprising an
active material particle comprising a conductive coating, for example, an alkali-intercalating

material having a conductive coating including a MxAlySi-Ow film and carbon nanoparticles.
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In some embodiments, M is lithium and conductive coating includes a LixAlySizOw film. In
some embodiments, M is sodium and conductive coating includes a NaxAlySi.Ow film.

[0130] The electrolytes in these water-based battery cells include aqueous electrolytes. In
some embodiments the electrolytes include deionized water solvent with LiNOs, Li2SOs,
NaNOs3, or NaxaSQs. The separator in these water-based battery cells can, for example, be
cotton cloth, though one or more other materials may also be used. As shown in FIG. 7A, an
engineered NaMnQ: cathode/engineered activated anode of a water-based battery cell
exhibits an excellent charge/discharge voltage profile. Also, FIG. 7B shows that the water-
based battery cell has a lifespan of more than 2500 cycles at charge/discharge duration of 15
minutes, with more than 95% capacity retention. In the example shown in FIG. 7, the
cathode material comprises engineered NaMnO:, the anode comprises engineered activated
carbon, the electrolyte comprises a Na2SQOs solution, and the engineered particle comprises a
coating of NaxAlySizOw.

Non-Aqueous Lithium or Sodium Batteries or Capacitors

[0131] As another example, an engineered particle 100 according to an exemplary
embodiment is also useable in non-aqueous lithium or sodium secondary batteries.

[0132] For example, a composite cathode can include either an engineered LiNiMnCoO2
particle or an NaFePOs particle, along with conductive carbon particles, carbon nanotubes,
and PVDF binder, when paired with a composite anode including one of engineered graphite,
activated carbon, conductive carbon particles, graphene oxide, graphene, and carbon
nanotubes, combined with PVDF binder to form a non-aqueous batteries or capacitors.
Alternatively, the composite anode can include Li or Na foil protected by particulate material
selected from SnOq, LisTis012, graphite, or SiO2. For example, at least one of the anode and
cathode includes an engineered particle comprising an active material particle comprising a
conductive coating, for example, an alkali-intercalating material having a conductive coating
including a MxAlySi-Ow film and carbon nanoparticles. In some embodiments, M is lithium
and conductive coating includes a LixAlySi-Ow film. In some embodiments, M is sodium and
conductive coating includes a NaxAlySizOw film. In some embodiments, the separator is a
porous polymeric membrane such as polyethylene, polypropylene, polyimide, or cellulose.
[0133] The electrolytes in these battery cells include non-aqueous electrolytes. In some
embodiments the electrolytes include one of LiPFs, NaPFs, LiFSI, and NaFSI, dissolved in
ethyl carbonate/ethyl methyl carbonate. In some embodiments, the electrolytes include ionic

liquids.
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EEINA3 EEINA3

[0134] As utilized herein, the terms “approximately,” “about,” “substantially”, and
similar terms are intended to have a broad meaning in harmony with the common and
accepted usage by those of ordinary skill in the art to which the subject matter of this
disclosure pertains. It should be understood by those of skill in the art who review this
disclosure that these terms are intended to allow a description of certain features described
and claimed without restricting the scope of these features to the precise numerical ranges
provided. Accordingly, these terms should be interpreted as indicating that insubstantial or
inconsequential modifications or alterations of the subject matter described and claimed are
considered to be within the scope of the disclosure as recited in the appended claims.

[0135] It should be noted that the term “exemplary” and variations thereof, as used herein
to describe various embodiments, are intended to indicate that such embodiments are possible
examples, representations, and/or illustrations of possible embodiments (and such terms are
not intended to connote that such embodiments are necessarily extraordinary or superlative
examples).

[0136] The term “or,” as used herein, is used in its inclusive sense (and not in its
exclusive sense) so that when used to connect a list of elements, the term “or” means one,
some, or all of the elements in the list. Conjunctive language such as the phrase “at least one
of X, Y, and Z,” unless specifically stated otherwise, is understood to convey that an element
may be either X, Y, Z; Xand Y; Xand Z; Y and Z; or X, Y, and Z (i.e., any combination of
X, Y, and Z). Thus, such conjunctive language is not generally intended to imply that certain
embodiments require at least one of X, at least one of Y, and at least one of Z to each be
present, unless otherwise indicated.

[0137] References herein to the positions of elements (e.g., “top,” “bottom,” “above,”

>

“below,” etc.) are merely used to describe the orientation of various elements in the
FIGURES. It should be noted that the orientation of various elements may differ according
to other exemplary embodiments, and that such variations are intended to be encompassed by
the present disclosure.

[0138] Although the figures and description may illustrate a specific order of method
steps, the order of such steps may differ from what is depicted and described, unless specified
differently above. Likewise, where multiple method steps are described, one or more steps

may optionally be omitted. Also, two or more steps may be performed concurrently or with

partial concurrence, unless specified differently above. Such variation may depend, for
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example, on the software and hardware systems chosen and on designer choice. All such
variations are within the scope of the disclosure.

[0139] It is important to note that the construction and arrangement of the apparatus,
system, device, or chemical composition, etc. as shown in the various exemplary
embodiments is illustrative only. Additionally, any element disclosed in one embodiment
may be incorporated or utilized with any other embodiment disclosed herein. Although only
one example of an element from one embodiment that can be incorporated or utilized in
another embodiment has been described above, it should be appreciated that other elements
of the various embodiments may be incorporated or utilized with any of the other

embodiments disclosed herein.
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