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METAL NEGATIVE ELECTRODE ULTRASONIC CHARGING

[1] This application claims priority to U.S. Provisional Application No. 62/470,069 filed

on March 10, 2017, which is incorporated by reference herein in its entirety for all purposes.
FIELD

2] The present disclosure concerns secondary batteries and methods of charging and

discharging secondary batteries.
BACKGROUND

3] Ultrasonic vibration has been used for micro-metal forming applications. For
example, aluminum, or other metal, yield strength reduces as a function of the vibration
energy applied thereto. When energy is applied to a metal via ultrasonic vibration, the metal

is observed to behave like a metal at an elevated temperature.

(4] Some researchers have applied mechanical excitation to liquid state electrochemical
cells in Pb-acid batteries, e.g., US20060051659A1 for the purpose of causing preferential
formation of ionic bonds versus covalent bonds in an electrode. Other researchers have
applied ultrasonic energy to interact with and enhance (i.e., speed up) electrochemical
reaction rates at the electrode-electrolyte interface, which take place within and on the surface
of the battery’s electrodes. See, for example, http://www.activegridtech.com/wp-
content/uploads/2012/03/BattCon-2012-AGT-Presentation. pdf. The application of ultrasonic
energy in this instance reduces kinetic ionic inefficiencies which result in system impedance
imbalances (i.e., impedance mismatch) with the intention of producing a more efficient energy

conversion system.

[5] Solid state batteries such as lithium metal batteries have a higher energy density and
lower cost than any commercial rechargeable battery presently available. However, batteries
with lithium metal anodes often suffer from dendrite formation during charging, which cause
unsafe failures and short-circuits. Further, batteries with lithium metal may need to operate
under high and uniform pressure. See, for example, US Patent No. 6,835,492. Applying a
high and uniform pressure is a challenge when the pressure application device is in a form

factor that must be small and light. Thus, improvements in the relevant field are needed.
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[6] Sonication techniques have not been applied to solid state batteries, due to a variety of
concems. Solid state batteries include a solid electrolyte which separates the positive and
negative electrodes. This solid electrolyte can be a thin film or a pressed pellet of a solid
electrolyte (e.g., a lithium stuffed garnet electrolyte). Because a sonication device would
likely consume valuable volume and weight in a battery pack, which in turn would dilute the
energy density in a given battery pack, sonication devices have not been combined with
rechargeable batteries such as Li-ion batteries, at least not in a commercially viable manner,
to date. Energy density is a key metric for a battery system (e.g., automotive battery pack)
and there has been little motivation to incorporate a sonication device with solid state
batteries since such a device is likely to reduce the energy density per weight or per volume.
In addition, a sonication device requires energy to operate. The energy required to operate the
sonication device is not available to perform other useful work on a system such as the drive-
train of a car. Also, a sonication device could potentially fracture a brittle solid electrolyte in
a solid state battery, resulting in device failure. Thus, there is a need in the relevant art for
methods and systems for combining sonication devices with rechargeable batteries, including

solid state batteries.

7] Accordingly, there is a need for improved systems and methods for charging lithium
metal anodes, for combining sonication devices with rechargeable solid-state batteries, and
for preventing Li dendrite formation in electrochemical cells. The instant disclosure provides
systems and methods to charge a battery with a lithium metal negative electrode safely by

applying mechanical energy (e.g., vibrational energy) to an electrochemical cell.
SUMMARY

[8] In one embodiment, set forth herein are methods for ultrasonically vibrating a metal
negative electrode, including providing an electrochemical cell, wherein the electrochemical
cell includes a positive electrode, a solid electrolyte, and a metal negative electrode. The
methods include vibrating the metal negative electrode (e.g., a Li metal negative electrode)

ultrasonically, and charging the electrochemical cell.

9] In a second embodiment, set forth herein is a method of charging a battery having a
metal negative electrode, the method comprising providing a battery having less than a full

charge; vibrating the battery at ultrasonic frequencies; and charging the battery.
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[10] In athird embodiment, set forth herein is a system for performing a method set forth

herein.

[11]  In afourth embodiment, set forth herein is an electrochemical cell having a metal

negative electrode made by a method set forth herein.
BRIEF DESCRIPTIONS OF THE DRAWINGS

[12] FIG. 1 shows an electrochemical cell (100) having a positive electrode (101), a solid
electrolyte (102), and a metal negative electrode (103).

[13] FIG. 2 shows a coin cell (202) having a metal negative electrode with a piezoelectric

ultrasonic vibration generator (201) attached to an outer edge.

[14] FIG. 3 shows a can cell (302) having a metal negative electrode with a piezoelectric

ultrasonic vibration generator (301) attached to an outer edge.

[15] FIG. 4 shows electrochemical cycle 1 from Example 2.

[16] FIG. 5 shows electrochemical cycle 2 from Example 2.

[17] FIG. 6 shows lithium (Li) applied to a solid state separator before sonication.

[18] FIG. 7 shows Li applied to a solid state separator after sonication. The scale bar in

FIG. 7 is 500 pm.
DETAILED DESCRIPTION

I. GENERAL
[19] The disclosure herein sets forth the use of an ultrasonic vibration generator (e.g.,
piezo-electric actuator or other sources of vibration) to apply vibrational energy to the
negative electrode side of a battery. In some examples, the application of vibrational energy
to the negative electrode side of a battery occurs during a charging event. The input of energy
via ultrasonic vibration locally increases the energy of the metal negative electrode and
creates a softer metal as if the metal were heated. In some examples, the vibrational energy is
applied through the battery starting from the positive electrode side of the battery. In some

examples, the vibrational energy is applied through the battery starting from the negative
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electrode side of the battery. In some examples, the vibrational energy is ultrasonication

energy.

II. DEFINITIONS
[20]  As used herein, the term “about,” when qualifying a number, e.g., 15 % w/w, refers to
the number qualified and optionally the numbers included in a range about that qualified
number that includes £ 10% of the number. For example, about 15 % w/w includes 15 %
w/w as well as 13.5 % w/w, 14 % w/w, 14.5 % w/w, 15.5 % w/w, 16 % w/w, or 16.5 % w/w.
For example, “about 75 °C,” includes 75 °C as well 68 °C, 69 °C, 70 °C, 71 °C, 72 °C, 73 °C,
74 °C, 75 °C, 76 °C, 77 °C, 78 °C, 79 °C, 80 °C, 81 °C, 82 °C, or 83 °C.

[21]  As used herein, “selected from the group consisting of” refers to a single member
from the group, more than one member from the group, or a combination of members from
the group. A member selected from the group consisting of A, B, and C includes, for
example, A only, B only, or C only, as well as A and B, A and C, B and C, as well as A, B,
and C.

[22]  As used herein, the phrases “electrochemical cell” or “battery cell” shall mean a
single cell including a positive electrode and a negative electrode, which have ionic
communication between the two using an electrolyte. In some embodiments, the same
battery cell includes multiple positive electrodes and/or multiple negative electrodes enclosed

1n one container.

[23] As used herein, the terms “positive electrode™ and “negative electrode™ refer to the
electrodes of a battery. During a charge cycle in a Li-secondary battery, Li ions leave the
positive electrode and move through an electrolyte, to the negative electrode. During a
charge cycle, electrons leave the positive electrode and move through an external circuit to
the negative electrode. During a discharge cycle in a Li-secondary battery, Li ions migrate
towards the positive electrode through an electrolyte and from the negative electrode. During
a discharge cycle, electrons leave the negative electrode and move through an external circuit

to the positive electrode.

[24]  As used herein the phrase “electrochemical stack,” refers to one or more units which
each include at least a negative electrode (e.g., Li, LiCe), a positive electrode (e.g., Li-nickel-
manganese-oxide, nickel manganese cobalt oxide (NMC), nickel cobalt aluminum oxide

(NCA), or FeFs, optionally combined with a solid state electrolyte or a gel electrolyte), and a
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solid electrolyte (e.g., an oxide electrolyte set forth herein) between and in contact with the
positive and negative electrodes. In some examples, between the solid electrolyte and the
positive electrode, there is an additional layer comprising a gel electrolyte such as, e.g., a gel
electrolyte described in PCT International Patent Application Publication No. WO
2017/197406, published on November 16, 2017, titled “SOLID ELECTROLYTE
SEPARATOR BONDING AGENT”, which gel electrolytes are incorporated by reference
herein in their entirety for all purposes. An electrochemical stack may include one of these
aforementioned units. An electrochemical stack may or may not include a positive current
collector and/or a negative current collector. An electrochemical stack may include several
of these aforementioned units arranged in electrical communication (e.g., serial or parallel
electrical connection). In some examples, when the electrochemical stack includes several
units, the units are layered or laminated together in a column. In some examples, when the
electrochemical stack includes several units, the units are layered or laminated together in an
array. In some examples, when the electrochemical stack includes several units, the stacks
are arranged such that one negative electrode is shared with two or more positive electrodes.
Alternatively, in some examples, when the electrochemical stack includes several units, the
stacks are arranged such that one positive electrode is shared with two or more negative
electrodes. Unless specified otherwise, an electrochemical stack includes at least one positive
electrode, at least one solid electrolyte, and at least one negative electrode, and optionally

includes a gel electrolyte layer between the positive electrode and the solid electrolyte.

[25]  As used herein, the term “electrolyte,” refers to an ionically conductive and
electrically insulating material. Electrolytes are useful for electrically insulating the positive
and negative electrodes of a secondary battery while allowing for the conduction of ions, e.g.,
Li*, through the electrolyte. In some of the electrochemical devices described herein, the
electrolyte includes a solid film, pellet, or monolith of a Li* conducting oxide, such as a
lithium-stuffed garnet. In some examples, the electrolyte further includes a gel electrolyte
which is laminated to or directly contacts the solid film, pellet, or monolith. As used herein,
the phrase “lithium stuffed gamet™ refers to oxides that are characterized by a crystal
structure related to a garnet crystal structure. U.S. Patent Application Publication No. U.S.
2015/0099190, which published April 9, 2015 and was filed October 7, 2014 as 14/509,029,
is incorporated by reference herein in its entirety for all purposes. This application describes
Li-stuffed garnet solid-state electrolytes used in solid-state lithium rechargeable batteries.

These Li-stuffed garnets generally having a composition according to LiaL.agM'cM"pZreOr,
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LiaLagM'cM"pTaeOr, or LiaLagM'cM"pNbeOr, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2;
0<E<2, 10<F<13, and M' and M" are each, independently in each instance selected from Al,
Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta, or LiaLasZr.AlaMe":Or, wherein 5<a<8.5;
2<b<4; 0<c<2.5; 0<d<2; 0<e<2, and 10<f<13 and Me" is a metal selected from Nb, Ta, V,
W, Mo, or Sb and as otherwise described in U.S. Patent Application Publication No. U.S.
2015/0099190. As used herein, lithium-stuffed garnets, and garnets, generally, include, but
are not limited to, LizoLas(Zrua + Nbp + Tai)O12 + 0.35A1,053; wherein (subscripts t1+t2+t3 =
subscript 2) so that the La:(Zr/Nb/Ta) ratio is 3:2. Also, garnets used herein include, but are
not limited to, LixLa;ZrOr + yAl2Os3, wherein x ranges from 5.5 to 9; and y ranges from 0 to
1. In these examples, subscripts X, y, and F are selected so that the garnet is charge neutral.
In some examples x is about 7 and y is about 1. In some examples x is 7 and y is 1.0. In
some examples, x is 5 and y is 1.0. In some examples, x is 6 and y is 1.0. In some examples,
xis 8 andy is 1.0. In some examples, x is 9 andy is 1.0. In some examples x is 7 and y is
0.35. In some examples, x is 5 and y is 0.35. In some examples, xis 6 and y is 0.35. In
some examples, x is 8 and y is 0.35. In some examples, x is 9 and y is 0.35. In some
examples xis 7 and y is 0.7. In some examples, x is 5 and y is 0.7. In some examples, x is 6
and y is 0.7. In some examples, x is 8 and y is 0.7. In some examples, x is 9 and y is 0.7. In
some examples x is 7 and y is 0.75. In some examples, x is 5 and y is 0.75. In some
examples, x is 6 and y 15 0.75. In some examples, x is 8 and y is 0.75. In some examples, x
is 9 and y is 0.75. In some examples x is 7 and y is 0.8. In some examples, x is 5 and y is
0.8. In some examples, x is 6 and y is 0.8. In some examples, x is 8 and y is 0.8. In some
examples, xis 9 and y is 0.8. In some examples xis 7 and y is 0.5. In some examples, x is 5
and y is 0.5. In some examples, x is 6 and y is 0.5. In some examples, x is 8 and y is 0.5. In
some examples, x is 9 and y is 0.5. In some examples x is 7 and y is 0.4. In some examples,
xis 5 andy is 0.4. In some examples, xis 6 andy is 0.4. In some examples, x is 8 and y is
0.4. In some examples, xis 9 and y is 0.4. In some examples x is 7 and y is 0.3. In some
examples, x is 5 and y is 0.3. In some examples, x is 6 and y is 0.3. In some examples, X is §
and y is 0.3. In some examples, x is 9 and y is 0.3. In some examples x is 7 and y is 0.22. In
some examples, x is 5 and y is 0.22. In some examples, x is 6 and y is 0.22. In some
examples, x is 8 and y is 0.22. In some examples, x is 9 and y is 0.22. Also, gamets as used
herein include, but are not limited to, LixLasZr:012 + yAl2Os. In one embodiment, the Li-
stuffed garnet herein has a composition of Li7Li3Zr2012. In another embodiment, the Li-
stuffed gamet herein has a composition of Li7Li3Z12012° Al2Os. In yet another embodiment,

the Li-stuffed garnet herein has a composition of Li7Li3Zr2012-0.22A1,0s. In yet another
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embodiment, the Li-stuffed garnet herein has a composition of LizLi3Zr2012-0.35A10;. In
certain other embodiments, the Li-stuffed garnet herein has a composition of
Li7Li3Zr2012:0.5A1,0;. In another embodiment, the Li-stuffed gamet herein has a
composition of Li7Li3Zr2012-0.75A120s.

[26]  As used herein, garnet does not include Y AG-garnets (i.e., yttrium aluminum garnets,
or, e.g., Y3Als012). As used herein, gamet does not include silicate-based garnets such as
pyrope, almandine, spessartine, grossular, hessonite, or cinnamon-stone,

tsavorite, uvarovite and andradite and the solid solutions pyrope-almandine-spessarite and
uvarovite-grossular-andradite. As used herein, garnets do not include nesosilicates having
the general formula X5Y>(S104); wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al, Fe, and,

or, Cr.

[27]  As used herein the phrase “garnet-type electrolyte,” refers to an electrolyte that
includes a lithium stuffed garnet material described herein as the Li* ion conductor. The
advantages of Li-stuffed garnet solid-state electrolytes are many, including as a substitution

for liquid, flammable electrolytes commonly used in lithium rechargeable batteries.

[28]  As used herein, the phrase “inorganic solid state electrolyte,” refers to a material not
including carbon which conducts ions (e.g., Li*) but does not conduct electrons. Non-
limiting examples of inorganic solid state electrolytes include oxide electrolytes and sulfide

electrolytes, which are further described in the instant disclosure.

[29] As used herein, the phrase “directly contacts,” refers to the juxtaposition of two
materials such that the two materials contact each other sufficiently to conduct either an ion
or electron current. As used herein, direct contact may also refer to two materials in contact
with each other and which do not have any other different types of solid or liquid materials

positioned between the two materials which are in direct contact.

[30] In some examples, the electrolytes herein may include, or be layered with, or be
laminated to, or contact a sulfide electrolyte. As used herein, the phrase “sulfide electrolyte,”
includes, but is not limited to, electrolytes referred to herein as LATS, LSS, LTS, LXPS, or
LXPSO, where X is Si, Ge, Sn, As, Al. In these acronyms (LSS, LTS, LXPS, or LXPSO), S
refers to the element S, Si, or combinations thereof, and T refers to the element Sn. “Sulfide
electrolyte” may also include LiaPpScXd, LiaBpScXd, LiaSnpScXq or LiaSipScXa where X=F, CI,
Br, I, and 10%=<a<50%, 10%=<b<44%, 24%=<c<70%, 0=d<18%.
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[31] In some examples, the sulfide electrolyte layer is a material containing Si, Li, O, P,
and S and is referred to herein as a SLOPS material. In some examples, the electrolyte layer
is a material containing Si, Li, O, P, and S and is referred to herein as a SLOPS/LSS material.

As used herein, LSS includes, unless otherwise specified, a 60:40 molar ratio Li>S:SiS,.

[32] As used herein, “SLOPS” includes, unless otherwise specified, a 60:40 molar ratio of
Li2S:SiS2 with 0.1-10 mol. % Li;PO4. In some examples, “SLOPS” includes Li10Si4S13
(50:50 Li2S:SiS2) with 0.1-10 mol. % LizPOs. In some examples, “SLOPS” includes
Li26S17827 (65:35 Li2S:SiS») with 0.1-10 mol. % LisPOs. In some examples, “SLOPS”
includes Li4SiS4 (67:33 Li2S:SiS2) with 0.1-5 mol. % Li3PO4. In some examples, “SLOPS”
includes Li14Si3S13 (70:30 Li2S:SiS») with 0.1-5 mol. % Li3POs. In some examples, “SLOPS”
is characterized by the formula (1-x)(60:40 Li,S:SiS2)*(x)(Li3PO4), wherein x is from 0.01 to
0.99.As used herein, “LBS-POX" refers to an electrolyte composition of
Li2S:B2S3:Li3sPO4:LiX where X is a halogen (X=F, Cl, Br, I). The composition can include
Li3BSs or LisB7S13 doped with 0-30% lithium halide such as Lil and/or 0-10% Li3POs.

[33] As used herein, “LSS” refers to lithium silicon sulfide which can be described as
Li2S-SiS,, Li-SiS;, Li-S-Si, and/or a catholyte consisting essentially of Li, S, and Si. LSS
refers to an electrolyte material characterized by the formula LixSiyS, where 0.33<x<0.5,
0.1<y<0.2, 0.4<7<0.55, and it may include up to 10 atomic % oxygen. LSS also refers to an
electrolyte material comprising Li, Si, and S. In some examples, LSS is a mixture of Li>S
and SiS». In some examples, the ratio of Li»S:SiS> is 90:10, 85:15, 80:20, 75:25, 70:30, 2:1,
65:35, 60:40, 55:45, or 50:50 molar ratio. LSS may be doped with compounds such as
LixPOy, LixBOy, Li4Si04, LisMOy, LisMOs, PSy, and/or lithium halides such as, but not
limited to, Lil, LiCl, LiF, or LiBr, wherein 0<x<5 and 0<y<5.

[34] As used herein, “LTS” refers to a lithium tin sulfide compound which can be
described as Li2S:SnS»:As»Ss, Li2S-SnS», Li»S-SnS, Li-S-Sn, and/or a catholyte consisting
essentially of Li, S, and Sn. The composition may be LixSnyS, where 0.25<x<0.65,
0.05<y<0.2, and 0.25<z<0.65. In some examples, LTS is a mixture of Li>S and SnS: in the
ratio of 80:20, 75:25, 70:30, 2:1, or 1:1 molar ratio. LTS may include up to 10 atomic %
oxygen. LTS may be doped with Bi, Sb, As, P, B, Al, Ge, Ga, and/or In and/or lithium
halides such as, but not limited to, Lil, LiCL, LiF, or LiBr, As used herein, “LATS" refers to

LTS, as used above, and further comprising Arsenic (As).
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[35] As used herein, “LXPS” refers to a material characterized by the formula LiaMPbSc,
where M is Si, Ge, Sn, and/or Al, and where 2 <a <8, 05<b<25 4<c<12. “LSPS”
refers to an electrolyte material characterized by the formula LaSiPbSc, where 2 <a <8, 0.5
<b<25,4<c<12 LSPS refers to an electrolyte material characterized by the formula
LaSiPbSc, wherein, where 2<a<8, 0.5<b<4 <c<12, d<3. In these examples, the subscripts are
selected so that the compound is neutrally charged. Exemplary LXPS materials are found,
for example, in PCT International Patent Application Publication No. WO 2014/186634,
which published on November, 20 2014, titled “SOLID STATE CATHOLYTE OR
ELECTROLYTE FOR BATTERY USING LIAMPBSC (M=S8i, Ge, AND/OR Sn)”, which is
incorporated by reference herein in its entirety for all purposes. When M is Sn and Si -- both
are present -- the LXPS material is referred to as LSTPS. As used herein, “LSTPSO,” refers
to LSTPS that is doped with, or has, O present. In some examples, “LSTPSO,” is a LSTPS
material with an oxygen content between 0.01 and 10 atomic %. “LSPS,” refers to an
electrolyte material having Li, Si, P, and S chemical constituents. As used herein “LSTPS,”
refers to an electrolyte material having Li, Si, P, Sn, and S chemical constituents. As used
herein, “LSPSO,” refers to LSPS that is doped with, or has, O present. In some examples,
“LSPSO,” is a LSPS material with an oxygen content between 0.01 and 10 atomic %. As
used herein, “LATP,” refers to an electrolyte material having Li, As, Sn, and P chemical
constituents. As used herein “LAGP,” refers to an electrolyte material having Li, As, Ge, and
P chemical constituents. As used herein, “LXPSO” refers to an electrolyte material
characterized by the formula LiaMPbScOd, where M is Si, Ge, Sn, and/or Al, and where 2 <
a<8,05<b<25,4<c<12,d<3. LXPSO refers to LXPS, as defined above, and having
oxygen doping at from 0.1 to about 10 atomic %. LPSO refers to LPS, as defined above, and

having oxygen doping at from 0.1 to about 10 atomic %.

[36] As used herein, “LPS,” refers to an electrolyte having Li, P, and S chemical
constituents. As used herein, “LPSO,” refers to LPS that is doped with or has O present. In
some examples, “LPSO,” is a LPS material with an oxygen content between 0.01 and 10
atomic %. LPS refers to an electrolyte material that can be characterized by the formula
LixPyS; where 0.33<x<0.67, 0.07<y<0.2 and 0.4<z<0.55. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li>S:P>Ss wherein the molar ratio is
10:1,9:1, 8:1, 7:1, 6:1 5:1, 4:1, 3:1, 7:3, 2:1, or 1:1. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li>S:P>Ss wherein the reactant or

precursor amount of Li>S is 95 atomic % and P»Ss is 5 atomic %. LPS also refers to an
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electrolyte characterized by a product formed from a mixture of Li2S:P2Ss wherein the
reactant or precursor amount of Li»S is 90 atomic % and P»Ss is 10 atomic %. LPS also
refers to an electrolyte characterized by a product formed from a mixture of Li>S:P2Ss
wherein the reactant or precursor amount of Li2S is 85 atomic % and P»Ss is 15 atomic %.
LPS also refers to an electrolyte characterized by a product formed from a mixture of
Li2S:P2Ss wherein the reactant or precursor amount of LizS is 80 atomic % and P»Ss is 20
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li2S:P2Ss wherein the reactant or precursor amount of Li»S is 75 atomic % and P»Ss is 25
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li2S:P»>Ss wherein the reactant or precursor amount of Li»S is 70 atomic % and P2Ssis 30
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li2S: PS5 wherein the reactant or precursor amount of Li»S is 65 atomic % and P»Ss is 35
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li2S:P»Ss wherein the reactant or precursor amount of Li»S is 60 atomic % and P2Ss is 40
atomic %. LPS may also be doped with a lithium halide such as LiF, LiCl, LiBr, or Lil at a 0-

40% molar content.

[37] As used herein, “LBS” refers to an electrolyte material characterized by the formula

LiaBbSc and may include oxygen and/or a lithium halide (LiF, LiCl, LiBr, Lil) at 0-40 mol%.

[38] As used herein, “LPSO” refers to an electrolyte material characterized by the formula
LixPyS,Ow where 0.33<x<0.67, 0.07<y<0.2, 0.4<z<0.55, 0<w<0.15. Also, LPSO refers to
LPS, as defined above, that includes an oxygen content of from 0.01 to 10 atomic %. In
some examples, the oxygen content is 1 atomic %. In other examples, the oxygen content is
2 atomic %. In some other examples, the oxygen content is 3 atomic %. In some examples,
the oxygen content is 4 atomic %. In other examples, the oxygen content is 5 atomic %. In
some other examples, the oxygen content is 6 atomic %. In some examples, the oxygen
content is 7 atomic %. In other examples, the oxygen content is 8 atomic %. In some other
examples, the oxygen content is 9 atomic %. In some examples, the oxygen content is 10

atomic %.

[39] As used herein, the term “LBHI” refers to a lithium conducting electrolyte comprising
Li, B, H, and I. LBHI includes a compound having the formula aLiBH4+bLiX where X=ClI,
Br, and/or I and where a:b=7:1, 6:1, 5:1, 4:1, 3:1, 2:1, or within the range a/b=2-4. LBHI

may further include nitrogen in the form of compound having the formula
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aLiBH4+bLiX+cLiNH> where (a+c)/b=2-4 and c¢/a=0-10. Non-limiting examples of LBHI
include LBHI described in PCT International Patent Application number
PCT/US2017/057735 filed on October 20, 2017, which disclosure is incorporated by

reference herein in its entirety for all purposes.

[40]  As used herein, the term “LPSI” refers to a lithium conducting electrolyte comprising
Li, P, S, and I. LPSI includes a compound having the formula alLi2S+bP2Sy+cLiX where
X=Cl, Br, and/or I and where y=3-5 and where a/b=2.5-4.5 and where (a+b)/c=0.5-15. Non-
limiting examples of LPSI include LPSI described in PCT International Patent Application
Publication No. WO 2017/096088, which published on June 8, 2017, titled “LITHIUM,
PHOSPHORUS, SULFUR, AND IODINE INCLUDING ELECTROLYTE AND
CATHOLYTE COMPOSITIONS, ELECTROLYTE MEMBRANES FOR
ELECTROCHEMICAL DEVICES, AND ANNEALING METHODS OF MAKING THESE
ELECTROLYTES AND CATHOLYTES”, which disclosure is incorporated by reference

herein in its entirety for all purposes.

[41]  Also contemplated are instances where any of the aforementioned electrolytes may be

catholytes.

[42]  As used herein, the term “LIRAP” refers to a lithium rich antiperovskite and is used
synonymously with “LOC” or “LizOCI”. The composition of LIRAP is
aLi,O+bLiX+cLiOH+dAl;O3 where X=Cl, Br, and/or I, a/b=.7-9, ¢/a=0.01-1, d/a=0.001-0.1.

[43] As used herein, the phrase “ultrasonically vibrating a metal negative electrode,” or
“vibrating,” unless specified otherwise to the contrary, refer to the application of ultrasonic
vibrational energy to a metal negative electrode in an electrochemical cell. The vibrating may
occur before, during, or after a charging event. The frequency of vibration can be modulated

to accommodate a variety of charging scenarios.

[44]  As used herein, the phrase “SOC” refers to a battery state-of-charge as a percentage of
full charge. When a battery is fully charged, its SOC is 100%; when a battery is fully
discharged, its SOC is 0%; when a battery is half-charged, its SOC is 50%. SOC may be
determined by measuring charge passed over time, voltage, voltage hysteresis, impedance,

temperature, pressure, or any other metric which is indicative of the SOC.
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[45]  As used herein, the phrase “full charge,” refers to an electrochemical cell having a
100 % state-of-charge (SOC). As used herein, the phrase “less than a full charge,” refers to an
electrochemical cell having a SOC less than 100 %. Full charge may be relative to a rated or
nameplate capacity of the battery when measured at beginning of life at a specified rate and

temperature.

[46]  As used herein, the term “charging,” or the phrase “charging the electrochemical
cell,” unless specified otherwise to the contrary, refer to a process whereby energy is applied
to an electrochemical cell in order to increase its SOC. Charging typically involves applying
a high voltage to the battery in a polarity that causes positive ions to flow from the positive

electrode to the negative electrode.

III. METHODS

[47]  Set forth herein are unique methods of applying energy to a metal negative electrode
in an electrochemical cell during the charging process. In an example, set forth herein is a
method for ultrasonically vibrating a metal negative electrode, wherein the method includes
(1) providing an electrochemical cell, which includes a metal negative electrode; and (2)
vibrating the metal negative electrode ultrasonically. In an example, set forth herein is a
method for ultrasonically vibrating a metal negative electrode, wherein the method includes
(1) providing an electrochemical cell, which includes a metal negative electrode; (2) vibrating
the metal negative electrode ultrasonically; and (3) charging the electrochemical cell. In an
example, set forth herein is a method for ultrasonically vibrating a metal negative electrode,
wherein the method includes (1) providing an electrochemical cell, which includes a positive
electrode, a solid electrolyte, and a metal negative electrode; (2) vibrating the metal negative
electrode ultrasonically; and (3) charging the electrochemical cell. In any of the said methods,
in one example, the metal negative electrode is a lithium (Li) metal negative electrode. In any
of the said methods, in one example, the metal negative electrode is a sodium (Na) metal
negative electrode. In any of the said methods, in one example, the metal negative electrode

is a zinc (Zn) metal negative electrode.

[48] In some examples, the vibrating and charging occur simultaneously. In some other
examples, the vibrating and charging occur sequentially — vibrating and then charging, or
charging and then vibrating. In yet other examples, the vibrating and charging occur
sequentially and repeatedly, e.g., charging, vibrating, charging, vibrating, charging, and so

forth. In yet other examples, the vibrating and charging occur sequentially and repeatedly for
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at least 10 repeats of vibrating and charging. In yet other examples, the vibrating and
charging occur sequentially and repeatedly for at least 100 repeats of vibrating and charging.
In yet other examples, the vibrating and charging occur sequentially and repeatedly for at

least 1000 repeats of vibrating and charging.

[49] The methods described herein are applicable to coin cells, pouch cells, can cells, or
any other suitable forms of cells, electrochemical cells, or batteries. The application of any
mechanical energy (e.g., vibrational energy) is effected, in some examples, by contacting the
exterior surface of the cell with a suitable device (e.g., a sonication device). In alternate
embodiments, a suitable device (e.g., a sonication device) may be placed inside the cell. In
further embodiments, a suitable device (e.g., a sonication device) may contact the exterior
surface of the cell and may also reside inside the cell. By way of example only, a sonication
device may be a piezoelectric material contacting the exterior surface of the cell and/or
placed inside the cell. In further embodiments, a suitable device (e.g., a sonication device)
may also be positioned in close proximity to the cell. In some examples, a sonication device

may be placed in a battery module, in a battery system, and/or in a battery pack.

[S0] In some examples, including any of the foregoing, the methods include charging
which occurs at a temperature lower than 80 °C, 75°C, 70 °C, 65 °C, 60 °C, 55 °C, 50°C,
45°C, 40°C, 35°C, 30°C, 25°C, 20°C, 15°C, 10°C, 5°C, 0°C, -5 °C, -10 °C, -15 °C, -20 °C, -
25 °C, or -30 °C. In certain examples, including any of the foregoing, the methods include
charging which occurs at a temperature lower than 80 °C. In certain examples, including any
of the foregoing, the methods include charging which occurs at a temperature lower than 75
°C. In certain examples, including any of the foregoing, the methods include charging which
occurs at a temperature lower than 70 °C. In certain examples, including any of the
foregoing, the methods include charging which occurs at a temperature lower than 65 °C. In
certain examples, including any of the foregoing, the methods include charging which occurs
at a temperature lower than 60 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 55 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than 50 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 45 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a

temperature lower than 40 °C. In certain examples, including any of the foregoing, the
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methods include charging which occurs at a temperature lower than 35 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than 30 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 25 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than 20 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 15 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than 10 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 5 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than 0 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than 80 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than -5 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than -10 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than -15 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than -20 °C. In certain
examples, including any of the foregoing, the methods include charging which occurs at a
temperature lower than -25 °C. In certain examples, including any of the foregoing, the
methods include charging which occurs at a temperature lower than -30 °C. In some

examples, the charging occurs at least at a temperature of -30 °C or greater.

[S1] In some examples, including any of the foregoing, the metal negative electrode is a
lithium (Li) metal negative electrode. In some of these examples, the Li negative electrode is
selected from Li foil or evaporated Li. In some of these examples, the metal negative
electrode (e.g., Li negative electrode) is deposited in the electrochemical cell during charging.
In some examples, the thickness of the metal negative electrode ranges from about 1, 2, 3, 4,
5, 10, 15, 20, 25, 30 um to about 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50 um. In some instances,
the thickness of the metal negative electrode is about 1 um. In some instances, the thickness
of the metal negative electrode is about 2 pm. In some instances, the thickness of the metal
negative electrode is about 3 um. In some instances, the thickness of the metal negative

electrode is about 4 pm. In some instances, the thickness of the metal negative electrode is
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about 5 um. In some instances, the thickness of the metal negative electrode is about 6 pm.
In some instances, the thickness of the metal negative electrode is about 7 pm. In some
instances, the thickness of the metal negative electrode is about 8 um. In some instances, the
thickness of the metal negative electrode is about 9 pum. In some instances, the thickness of
the metal negative electrode is about 10 um. In some instances, the thickness of the metal
negative electrode is about 15 pm. In some instances, the thickness of the metal negative
electrode is about 20 um. In some instances, the thickness of the metal negative electrode is
about 25 um. In some instances, the thickness of the metal negative electrode is about 30
pm. In some instances, the thickness of the metal negative electrode is about 35 um. In some
instances, the thickness of the metal negative electrode is about 40 pm. In some instances,
the thickness of the metal negative electrode is about 45 pm. In some instances, the thickness

of the metal negative electrode is about 50 um.

[S2] In some examples, including any of the foregoing, the metal negative electrode is a
sodium (Na) metal negative electrode. In other examples, the metal negative electrode is a

zinc (Zn) metal negative electrode.

[S3] In some examples, including any of the foregoing, the solid electrolyte is a sulfide-
based electrolyte or a gamet-based electrolyte or a borohydride-based electrolyte. In certain
examples, the solid electrolyte is a sulfide-based electrolyte. In certain other examples, the
solid electrolyte is a garnet-based electrolyte. In yet other examples, the solid electrolyte is a
borohydride-based electrolyte. Examples of solid electrolytes include and are not limited to
solid electrolytes described in US Patent Application Publication No. US 2015/0099188,
which published on April 9, 2015, titled “GARNET MATERIALS FOR LI SECONDARY
BATTERIES AND METHODS OF MAKING AND USING GARNET MATERIALS”, US
Patent Application Publication No. US 2015/0099190, which published on April 9, 2015,
titled “GARNET MATERIALS FOR LI SECONDARY BATTERIES AND METHODS OF
MAKING AND USING GARNET MATERIALS”, US Patent No. US 9,172,114, which
1ssued on October 27, 2015, titled “SOLID STATE CATHOLYTES AND ELECTROLYTES
FOR ENERGY STORAGE DEVICES”, US Patent No. US 9,634,354, which issued on April
25, 2017, titled “SOLID STATE CATHOLYTES AND ELECTROLYTES FOR ENERGY
STORAGE DEVICES”, US Patent No. US 9,553,332, which issued on January 24, 2017,
titled “SOLID STATE CATHOLYTES AND ELECTROLYTES FOR ENERGY STORAGE
DEVICES” US Patent Application Publication No. US 2014/0113187, which published on
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April 24, 2014, titled “METHOD FOR FORMING AND PROCESSING
ANTIPEROVSKITE MATERIAL DOPED WITH ALUMINUM MATERIAL”, US Patent
Application Publication No. US 2017/0214084, which published on July 27, 2017, titled
“ANNEALED GARNET ELECTROLYTE SEPARATORS”, PCT International Patent
Application Publication No. WO 2017/131676, which published on August 3, 2017, titled
“ANNEALED GARNET ELECTROLYTE SEPARATORS”, PCT International Patent
Application Publication No. WO 2017/096088, which published on June 8, 2017, titled
“LITHIUM, PHOSPHORUS, SULFUR, AND IODINE INCLUDING ELECTROLYTE
AND CATHOLYTE COMPOSITIONS, ELECTROLYTE MEMBRANES FOR
ELECTROCHEMICAL DEVICES, AND ANNEALING METHODS OF MAKING THESE
ELECTROLYTES AND CATHOLYTES”, US Patent Application Publication No. US
2017/0005367, which published on May 1, 2017, titled “COMPOSITE ELECTROLYTES”,
WO 2016/210371, which published on December 29, 2016, titled “COMPOSITE
ELECTROLYTES”, PCT International Patent Application No. PCT/US2017/057735, filed
on October 20, 2017, PCT International Patent Application No. PCT/US2017/057462, filed
on October 19, 2017, and PCT International Patent Application No. PCT/US2017/057739,
filed on October 20, 2017, each of which is incorporated by reference herein in its entirety for

all purposes.

[S4] In some examples, including any of the foregoing, the methods include applying a
pressure to the metal negative electrode. In certain examples, the applied pressure is at least
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000,
3000, or 4000, pounds per square inch (PSI). In some examples, including any of the
foregoing, the methods include applying a pressure to the metal negative electrode where the
pressure is in a range of about 10, 20, 30, 40 PSI to about 1000, 2000, 3000, 4000 PSI. In
some of these examples, the pressure is 10 PSI. In some of these examples, the pressure is 20
PSI. In some of these examples, the pressure is 10 PSI. In some of these examples, the
pressure is 30 PSI. In some of these examples, the pressure is 40 PSI. In some of these
examples, the pressure is 50 PSI. In some of these examples, the pressure is 60 PSI. In some
of these examples, the pressure is 70 PSI. In some of these examples, the pressure is 80 PSL
In some of these examples, the pressure is 90 PSI. In some of these examples, the pressure is
100 PSI. In some of these examples, the pressure is 200 PSI. In some of these examples, the
pressure is 300 PSI. In some of these examples, the pressure is 400 PSI. In some of these

examples, the pressure is 500 PSIL. In some of these examples, the pressure is 600 PSI. In
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some of these examples, the pressure is 700 PSI. In some of these examples, the pressure is
800 PSI. In some of these examples, the pressure is 900 PSI. In some of these examples, the
pressure is 1000 PSI. In some of these examples, the pressure is 2000 PSI. In some of these

examples, the pressure is 3000 PSI. In some of these examples, the pressure is 4000 PSI.

[S5] In some examples, including any of the foregoing, the methods include applying a
pressure to the metal negative electrode. In certain examples, the pressure is at least 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000,
4000, pounds per square inch (PSI). In some of these examples, the pressure is about 10 PSL
In some of these examples, the pressure is about 20 PSI. In some of these examples, the
pressure is 10 PSI. In some of these examples, the pressure is about 30 PSI. In some of these
examples, the pressure is about 40 PSI. In some of these examples, the pressure is about 50
PSI. In some of these examples, the pressure is about 60 PSI. In some of these examples, the
pressure is about 70 PSI. In some of these examples, the pressure is about 80 PSI. In some of
these examples, the pressure is about 90 PSI. In some of these examples, the pressure is about
100 PSI. In some of these examples, the pressure is about 200 PSI. In some of these
examples, the pressure is about 300 PSI. In some of these examples, the pressure is about 400
PSI. In some of these examples, the pressure is about 500 PSI. In some of these examples, the
pressure is about 600 PSI. In some of these examples, the pressure is about 700 PSI. In some
of these examples, the pressure is about 800 PSI. In some of these examples, the pressure is
about 900 PSI. In some of these examples, the pressure is about 1000 PSI. In some of these
examples, the pressure is about 2000 PSI. In some of these examples, the pressure is about

3000 PSI. In some of these examples, the pressure is about 4000 PSI.

[S6] In some examples, including any of the foregoing, the methods include applying a
pressure to the metal negative electrode, wherein the applied pressure is less than 1000, 600,
500, 400, 300, 200, 100, 90, 80, 70, 60, 50, 40, 30, 20, or 10 PSI. In some of these examples,
the pressure is less than 1000 PSI. In some of these examples, the pressure is less than 600
PSI. In some of these examples, the pressure is less than 500 PSI. In some of these examples,
the pressure is less than 400 PSI. In some of these examples, the pressure is less than 300
PSI. In some of these examples, the pressure is less than 200 PSI. In some of these examples,
the pressure is less than 100 PSI. In some of these examples, the pressure is less than 90 PSI.
In some of these examples, the pressure is less than 80 PSI. In some of these examples, the

pressure is less than 70 PSI. In some of these examples, the pressure is less than 60 PSI. In
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some of these examples, the pressure is less than 50 PSI. In some of these examples, the
pressure is less than 40 PSI. In some of these examples, the pressure is less than 30 PSI. In
some of these examples, the pressure is less than 20 PSI. In some of these examples, the

pressure is less than 10 PSI. In some examples, the pressure is at least 10 PSI.

[S7] In some examples, including any of the foregoing, the methods include vibrating and

charging simultaneously.

[S8] In some examples, including any of the foregoing, the methods include charging, first,

and then, vibrating.

[S9] In some examples, including any of the foregoing, set forth herein is a method of
charging a battery having a metal negative electrode, wherein the method includes providing
a battery having less than a full charge; vibrating the battery at ultrasonic frequencies; and
charging the battery. In some of these examples, the pressure applied to the metal negative
electrode is 1000 PSI or less. In some of these examples, the pressure applied to the metal
negative electrode is 600 PSI or less. In some of these examples, the vibrating and charging
occur concurrently. In some of these examples, the pressure applied to the metal negative
electrode is 300 PSI or less. In some of these examples, the pressure applied to the metal
negative electrode is 200 PSI or less. In some of these examples, the pressure applied to the
metal negative electrode is 100 PSI or less. In some of these examples, the pressure applied to
the metal negative electrode is 90 PSI or less. In some of these examples, the pressure applied
to the metal negative electrode is 80 PSI or less. In some of these examples, the pressure
applied to the metal negative electrode is 70 PSI or less. In some of these examples, the
pressure applied to the metal negative electrode is 60 PSI or less. In some of these examples,
the pressure applied to the metal negative electrode is 50 PSI or less. In some of these
examples, the pressure applied to the metal negative electrode is 40 PSI or less. In some of
these examples, the pressure applied to the metal negative electrode is 30 PSI or less. In some
of these examples, the pressure applied to the metal negative electrode is O PSI or less. In
some of these examples, the pressure applied to the metal negative electrode is 10 PSI or less.
In some of these examples, the pressure applied to the metal negative electrode is 5 PSI or
less. In some of these examples, the pressure applied to the metal negative electrode is at least

0.5 PSL.
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[60] In some examples, including any of the foregoing, set forth herein is a method of
charging a battery having a metal negative electrode, wherein the method includes charging
wherein the current at which the charging occurs is at least 1 mA/cm?, 2 mA/cm?, 3 mA/cm?,
4 mA/cm? 5 mA/cm?, 6 mA/cm?, or 10 mA/cm?. In some examples, the current at which the
charging occurs is at least 1 mA/cm?. In some examples, the current at which the charging
occurs is at least 2 mA/cm?. In some examples, the current at which the charging occurs is at
least 3 mA/cm?. In some examples, the current at which the charging occurs is at least 4
mA/cm?. In some examples, the current at which the charging occurs is at least 5 mA/cm?. In
some examples, the current at which the charging occurs is at least 6 mA/cm?. In some

examples, the current at which the charging occurs is at least 10 mA/cm?.

[61] In some examples, including any of the foregoing, set forth herein is a method of
charging a battery having a metal negative electrode, wherein the method includes charging
wherein the current at which the charging occurs is at least C/5, C/4, C/3, C/2, 1C, 2C, 3C,
4C, 5C, or 10C rate. In some examples, the current at which the charging occurs is at least
C/5. In some examples, the current at which the charging occurs is at least C/4. In some
examples, the current at which the charging occurs is at least C/3. In some examples, the
current at which the charging occurs is at least C/2. In some examples, the current at which
the charging occurs is at least 1C. In some examples, the current at which the charging occurs
is at least 2C. In some examples, the current at which the charging occurs is at least 3C. In
some examples, the current at which the charging occurs is at least 4C. In some examples, the
current at which the charging occurs is at least 5C. In some examples, the current at which

the charging occurs is at least 10C.

IV. ELECTRODES

[62] In some examples, set forth herein is an electrochemical cell having a metal negative
electrode made by the method set forth herein. In some examples, including any of the
foregoing, the metal negative electrode is a lithium (L1) metal negative electrode. In some of
these examples, the Li negative electrode is selected from Li foil or evaporated Li. In some of
these examples, the Li negative electrode is deposited in the electrochemical cell during
charging. In some examples, the thickness of the lithium metal negative electrode is 1pum,
2um, 3um, 4pum, Spm, 10um, 15pum, 20pum, 25um, 30 um, 35, 40 pm, 45 pum, or 50 um. In
some examples, the thickness of the lithium metal negative electrode is about 1pum, about

2um, about 3pum, about 4um, about Spm, about 10um, about 15pum, about 20pum, about
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25um, about 30 um to 35, about 40 um, about 45 um, or about 50 pm. In some instances,
the thickness of the lithium metal negative electrode is 1 pm. In some instances, the thickness
of the lithium metal negative electrode is 2 um. In some instances, the thickness of the
lithium metal negative electrode is 3 pm. In some instances, the thickness of the lithium
metal negative electrode is 4 pm. In some instances, the thickness of the lithium metal
negative electrode is 5 um. In some instances, the thickness of the lithium metal negative
electrode is 6 um. In some instances, the thickness of the lithium metal negative electrode is
7 um. In some instances, the thickness of the lithium metal negative electrode is 8 um. In
some instances, the thickness of the lithium metal negative electrode is 9 um. In some
instances, the thickness of the lithium metal negative electrode is 10 um. In some instances,
the thickness of the lithium metal negative electrode is 15 um. In some instances, the
thickness of the lithium metal negative electrode is 20 pum. In some instances, the thickness
of the lithium metal negative electrode is 25 um. In some instances, the thickness of the
lithium metal negative electrode is 30 um. In some instances, the thickness of the lithium
metal negative electrode is 35 um. In some instances, the thickness of the lithium metal
negative electrode is 40 um. In some instances, the thickness of the lithium metal negative
electrode is 45 um. In some instances, the thickness of the lithium metal negative electrode

1s 50 pum.

[63] In some examples, including any of the foregoing, the metal negative electrode is a
sodium (Na) metal negative electrode. In other examples, the metal negative electrode is a

zinc (Zn) metal negative electrode.

[64] In some examples, set forth herein is an electrochemical cell having a solid

electrolyte.

[65] In some examples, set forth herein is an electrochemical cell having a positive
electrode which is separated by the metal negative electrode by the solid electrolyte

positioned there between.

[66] During normal charging and discharging operations in a solid state electrochemical
cell, ions closer to the interface of the solid electrolyte may conduct at a rate different from
the ions which are closer to the negative electrode current collector. The imbalance in the

rates of migration of metal ions within the metal negative electrode creates inhomogeneities
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at various surfaces in the metal negative electrode (e.g., depressions, cavities, pockets,
bubbles, gaps and the like). These inhomogeneities can occur at the interface of the metal
negative electrode current collector and the metal negative electrode or at the interface of the
metal negative electrode and the solid electrolyte. Inhomogeneities may also arise within the
metal negative electrode. The aforementioned inhomogeneities reduce ionic conduction
through the metal negative electrode. The methods described herein allow for a
redistribution of metal in the metal negative electrode thereby reducing or eliminating uneven
concentrations of metal. The redistribution of metal in the metal negative electrode improves
contact between the metal negative electrode current collector and the metal negative

electrode as well as between the solid electrolyte and the metal negative electrode.

[67] In one instance, during normal charging and discharging operations in a solid state Li-
metal negative electrode electrochemical cell described herein lithium ions closer to the
interface of the solid electrolyte may conduct at a rate different from the lithium ions which
are closer to the negative electrode current collector. The imbalance in the rates of migration
of lithium ions within the Li-metal negative electrode creates inhomogeneities at the various
surfaces in the Li-metal negative electrode (e.g., depressions, cavities, pockets, bubbles, gaps
and the like). These inhomogeneities can occur at the interface of the metal negative
electrode current collector and the Li-metal negative electrode or at the interface of the Li-
metal negative electrode and the solid electrolyte. Inhomogeneities may also arise within the
Li-metal negative electrode. The aforementioned inhomogeneities reduce ionic conduction
through the Li-metal negative electrode. The methods described herein allow for a
redistribution of lithium in the Li-metal negative electrode thereby reducing or eliminating
uneven concentrations of metal. The redistribution of lithium in a Li-metal negative
electrode improves contact between the lithium metal negative electrode current collector and
the Li-metal negative electrode as well as between the solid electrolyte and the Li-metal

negative electrode.

[68] Accordingly, in some examples, the metal negative electrode in an electrochemical
cell described herein includes a smoother interface between the solid electrolyte and the
metal negative electrode than otherwise would be present in the absence of charging the

metal negative electrode according to a method set forth herein.

[69] In some examples, the metal negative electrode includes an interface between the

solid electrolyte and the metal negative electrode that has a surface roughness less than 1 um.
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[70] In some examples, the metal negative electrode includes an interface between the
solid electrolyte and the metal negative electrode that has a surface roughness less than 100

nm.

[71] In some examples, the metal negative electrode includes an interface between the
solid electrolyte and the metal negative electrode that has a surface roughness less than 10

nm.

[72] Provided herein is a method for healing an electrochemical cell, the method
comprising applying mechanical energy (e.g., ultrasonic vibrations) to a metal negative
electrode in the electrochemical cell. In some embodiments, the electrochemical cell isin a
battery. In some of such instances, the battery is in a vehicle (e.g., a car). In certain
examples, the battery is in use in a car. Also contemplated are methods for healing a battery

comprising applying mechanical energy to the battery.

V. ULTRASONIC VIBRATION
[73] In some examples, ultrasonic vibration is applied at a frequency of between 10-1000
kHz. In some examples, ultrasonic vibration is applied at a frequency of between 10-20 kHz.
In some examples, ultrasonic vibration is applied at a frequency of between 20-30 kHz. In
some examples, ultrasonic vibration is applied at a frequency of between 30-40 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 40-50 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 50-60 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 60-70 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 70-80 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 80-90 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 90-100 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 100-120 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 120-140 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 140-160 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 160-180 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 180-200 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 200-250 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 250-300 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 300-350 kHz. In some

examples, ultrasonic vibration is applied at a frequency of between 350-400 kHz. In some
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examples, ultrasonic vibration is applied at a frequency of between 400-450 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 450-500 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 500-600 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 600-700 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 700-800 kHz. In some
examples, ultrasonic vibration is applied at a frequency of between 800-900 kHz. In some

examples, ultrasonic vibration is applied at a frequency of between 900-1000 kHz.

[74] In some examples, the ultrasonic vibration power applied is between 0.1-1 mW/cm?.
In some examples, the ultrasonic vibration power applied is between 1-10 mW/cm?. In some
examples, the ultrasonic vibration power applied is between 10-100 mW/cm?. In some
examples, the ultrasonic vibration power applied is between 0.1-1 W/cm?. In some examples,
the ultrasonic vibration power applied is between 1-2 W/cm?. In some examples, the
ultrasonic vibration power applied is between 2-3 W/cm?. In some examples, the ultrasonic
vibration power applied is between 3-4 W/cm?. In some examples, the ultrasonic vibration
power applied is between 4-5 W/cm?. In some examples, the ultrasonic vibration power
applied is between 5-6 W/cm?. In some examples, the ultrasonic vibration power applied is
between 20-30 W/cm?. In some examples, ultrasonic vibration power is applied of between 6-
7 W/ecm?. In some examples, the ultrasonic vibration power applied is between 7-8 W/cm?. In
some examples, the ultrasonic vibration power applied is between 8-9 W/cm?. In some
examples, the ultrasonic vibration power applied is between 9-10 W/cm?. In some examples,
the ultrasonic vibration power applied is between 10-20 W/cm?. In some examples, ultrasonic
vibration is applied of between 30-40 W/cm?. In some examples, the ultrasonic vibration

power applied is between 40-50 W/cm?.

VI. SYSTEMS

A. ELECTROCHEMICAL CELLS WITH ULTRASONIC VIBRATION

GENERATORS

[75] As shown in FIG. 1, in some examples, set forth is an electrochemical cell (100)
having a positive electrode (101), a solid electrolyte (102), and a metal negative electrode
(103). In some examples, during charging, ultrasonic vibrations (104) are directed to the
metal negative electrode. This ultrasonic vibration imparts a positive change in energy, i.e.,
AE, to the metal negative electrode. The increase in AE, due to the ultrasonic vibration,

mimics a battery heated to elevated temperatures. This allows for the charging to occur at a
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temperature lower than it otherwise would have occurred at, and without the problems
associated with low temperature. This allows for fast charging to occur at a temperature
lower than it otherwise would have occurred at, and without the problems associated with
low temperature. Due to the ultrasonic vibrations (104), the electrochemical cell (100) can be
charged at lower temperature or higher power charging scenarios. For example, the battery
could be charged at - 30 °C, -25°C,-20°C,-15°C,-10°C, -5°C, 0°C, 5°C, 10 °C,
15°C, 20 °C, 25°C, 30 °C, 35°C, 40 °C, or 45°C. At each of these temperatures, depending on
the amount of ultrasonic vibration imparted to the metal negative electrode, the battery could
be charged at rates from 0.1mA/cm? to 20mA/cm?. At each of these temperatures, depending
on the amount of ultrasonic vibration imparted to the metal negative electrode, the battery
could be charged at C-rates from C/20 to 5C. At each of these temperatures, depending on the
amount of ultrasonic vibration imparted to the metal negative electrode, the battery could be

charged at E-rates from E/20 to 5E.

[76] In some examples, the solid electrolyte protects the metal negative electrode (e.g., a
Li metal negative electrode) from exposure to ambient conditions. In some examples, the
solid electrolyte provides a barrier which separates any volatile solvents and/or polymers in
the electrochemical cell from directly contacting the metal negative electrode (e.g., a Li metal
negative electrode). In some example, the barrier is the seal that the electrolyte separator

makes with the metal negative electrode (e.g., a Li metal negative electrode).

[77] Due to the ultrasonic vibrations (104), the electrochemical cell (100) can improve
(i.e., heal the negative electrode) the battery’s lifetime and safety. For example, after cycling
(i.e., charging-discharging) the electrochemical cell, the metal negative electrode may
develop an irregular or uneven surface at the interface with the solid electrolyte. If left
untreated, the irregular or uneven surface can result in Li dendrite formation. This Li dendrite
formation, if not remedied, can result in an electrical short between the positive and negative
electrodes. However, by applying ultrasonic vibrations to the metal negative electrode,
before, during, or after charging the electrochemical cell, the metal negative electrode can be
healed. This healed metal negative electrode possesses improved characteristics compared to
the metal negative electrode before it is charged under ultrasonic vibration conditions. For
example, the interface between the metal negative electrode and the solid electrolyte may be
improved, made smoother, made less rough, and/or in made to have a greater direct contact.

Between the metal negative electrode and the solid electrolyte.
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[78] Ultrasonic waves can be generated with exterior sources or through wave generators
attached to battery cell or placed inside a battery cell. The generator, for example, may be a
28 kHz ultrasonic generator from STEMiINC SMUG100W28AE with two outputs (50W
directed to each output) (https://www.steminc.com/PZT/en/ultrasonic-generator-auto-
energized-100w-28-khz). The transducer, for example, may be a 28 kHz bolt clamped
Langevin Transducer from STEMiNC SMBLTD45F28H
(https://www.steminc.com/PZT/en/bolt-clamped-langevin-transducer-28-khz). Other
piezoelectric transducers may work as well, for example the Murata Electronics North
America 7NB-41-1 (http://www.digikey.com/products/en/audio-products/buzzer-elements-
piezo-benders/1607k=piezoelectric). The transducer was bolted to a CR2032 coin cell. A
close coupling of the coin cell to the transducer is desired; therefore a gel such as an
ultrasound gel might be used at the interface. The ultrasonic frequency may be from 0.5-
5000kHz, and the energy input may be from ImW/cm? to 100W/cm? per cell cross-sectional

area.

B. COIN CELLS
[79] FIG. 2 shows a coin cell (202) having a metal negative electrode with a piezoelectric
ultrasonic vibration generator (201) attached to an outer edge. This illustration is just one
example of the way in which an ultrasonic vibration generator may be positioned with respect

to a metal negative electrode. Other embodiments are contemplated by the instant disclosure.

C. CAN CELLS
[80] FIG. 3 shows a can cell (302) having a metal negative electrode with a piezoelectric
ultrasonic vibration generator (301) attached to an outer edge. This illustration is just one
example of the way in which an ultrasonic vibration generator may be positioned with respect

to a metal negative electrode. Other embodiments are contemplated by the instant disclosure.

D. OTHER SYSTEMS
[81] In some examples, provided herein are systems for applying ultrasonic vibration to an
electrochemical cell, or series of cells, wherein the ultrasonic vibration is applied by a device
which is exterior to, or not already assembled with the electrochemical cells. For example, a
car service station may include ultrasonic vibration instruments including but not limited to
the instruments set forth herein. These ultrasonic vibration instruments may be used to repair
an electric vehicle that is in need of a service. For example, if an electric vehicle had an

electrochemical cell, or series of cells, as traction batteries, and if these cells were in need of
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an improvement with respect to a metal negative electrode, therein, then the electric vehicle
would be charged, while at the service station, using the ultrasonic vibration instruments from
the service station. The service station may regulate the temperature of the electric vehicle or
its electrochemical cells or battery modules while charging and ultrasonically vibrating the
electrochemical cells. In some examples, ultrasonic vibration is applied to a pouch cell. In
some examples, ultrasonic vibration is applied to a pouch cell by a vibration apparatus
outside of the pouch. In some examples, ultrasonic vibration is applied to a pouch cell by a
vibration apparatus inside of the pouch. In further examples, ultrasonic vibration is applied to
a pouch cell by a vibration apparatus inside and outside of the pouch. In further examples,
ultrasonic vibration is applied to a pouch cell by a vibration apparatus placed in proximity to

the pouch.

E. DIAGNOSTICS
[82] The methods and systems herein disclose novel methods of charging a metal negative
electrode in combination with the application of ultrasonic vibration to the metal negative
electrode. During these methods, diagnostic measurements of the electrode or its
electrochemical cell may be observed and /or recorded. During these methods, diagnostic
measurements of the electrode or its electrochemical cell may be observed, recorded,
transmitted, or received by or from a computer processor operatively coupled with computer

memory.

[83] In some methods, including any of the foregoing, the methods include measuring an
electrochemical cell’s voltage, current, impedance, resistance, pressure, temperature, evolved
gases, or physical deformations. In certain methods, the methods include measuring the
electrochemical cell’s voltage. In certain methods, the methods include measuring the
electrochemical cell’s current. In certain methods, the methods include measuring the
electrochemical cell’s impedance. In certain methods, the methods include measuring the
electrochemical cell’s resistance. In certain methods, the methods include measuring the
electrochemical cell’s pressure. In certain methods, the methods include measuring the
electrochemical cell’s temperature. In certain methods, the methods include measuring or
detecting gases which come from the electrochemical cell. In certain methods, the methods
include measuring or observing physical deformations of the electrochemical cell. These

physical deformations may include, but are not limited to, bulging, pitting, or bending of the
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electrochemical cell. These physical deformations may include, but are not limited to, pitting,

tears, openings, or cracks in the electrochemical cell.

VII. EXAMPLES

[84] Instruments were a 28kHz ultrasonic generator from STEMiNC SMUG100W28AE
(https://www.steminc.com/PZT/en/ultrasonic-generator-auto-energized-100w-28-khz) with
two outputs (SOW directed to each output) and a 28kHz bolt clamped Langevin Transducer
from STEMiINC SMBLTD45F28H (https://www.steminc.com/PZT/en/bolt-clamped-
langevin-transducer-28-khz). Other piezoelectric transducers may work as well, for example
the Murata Electronics North America 7NB-41-1
(http://www.digikey.com/products/en/audio-products/buzzer-elements-piezo-

benders/160?k=piezoelectric).

EXAMPLE 1
[85] A solid state electrolyte pellet of 1 mm thickness and 10 mm diameter had lithium
evaporated on both sides with 9 mm diameters. See FIG. 6. The pellet was placed inside a
2032 coin cell with wave spring pressure configured to apply 100-500 psi on the lithium
electrodes. The coin cells were placed on a hotplate fixture holding the coin cells at 45 °C
and 1 mA/cm? of current was passed between the electrodes for approximately four hours in
each direction to pass an equivalent thickness of 20 um of lithium. This test was repeated 5
times on the device with different treatments between each cycle. After the first two cycles,
the coin cell was placed at 100 °C for 24 hours. After the third and fourth cycle, the sample
was placed against the ultrasonic horn for less than one second. After the fifth cycle, the
sample was placed at 45 °C for 24 hours. During the fifth cycle, the sample failed due to
insufficient recovery. It was concluded that the ultrasonic treatment was as effective as a
treatment for 24 hours at 100 °C, and more effective than a treatment for 24 hours at 45 °C, at
restoring the initial impedance of the cell and prolonging lifetime. The initial impedances

and final impedances are shown in Table 1 below

Cycle Initial area-specific resistance [Qcm?|
Cycle 1, 24 hours at 100 °C 79.5
Cycle 2, 24 hours at 100 °C 82.5
Cycle 3, sonication 86.5
Cycle 4, sonication 33
Cycle 5, 24 hours at 45 °C 97
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[86] The effectiveness of the sonication is surprising in that it is much more time and
energy efficient than a heat treatment at recovering the interface between lithium and the

solid state electrolyte pellet.

[87] See FIG. 7 wherein the effect of applying ultrasonic vibration to a Li metal negative

electrode 1s observed.

EXAMPLE 2
[88] A second coin cell was prepared as above. The procedure of treatment of the cell

between electrochemical cycles was somewhat different, as shown in Table 2.

Cycle Initial area-specific resistance [Qcm?]
Cycle 1, 24 hours at 100 °C 82.5

Cycle 2, 24 hours at 100 °C 84.8

Cycle 3, 24 hours at 45 °C 87.5

Cycle 4, 24 hours at 45 °C 98

Cycle 5, 24 sonication 89.5

[89] The area-specific resistance of the entire cell during cycles 1 and 2 are shown in FIGs.

4-5, respectively.

[90] This Example demonstrated localized heating of metal negative electrode without
impacting electrochemical performance. This Example demonstrated that the probability of
dendrite generation was reduced when using sonication periodically. This Example also
demonstrated it was possible to “heal” a Li-metal negative electrode after a high discharge

rate by reversing the growth in impedance of the cell.

[91] The embodiments and examples described above are intended to be merely illustrative
and non-limiting. Those skilled in the art will recognize or will be able to ascertain using no
more than routine experimentation, numerous equivalents of specific compounds, materials
and procedures. All such equivalents are considered to be within the scope and are

encompassed by the appended claims.
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CLAIMS

What 1s claimed is:

1. A method for ultrasonically vibrating a metal negative electrode, comprising
providing an electrochemical cell, wherein the electrochemical cell comprises:
a positive electrode,
a solid electrolyte, and
and a metal negative electrode;
vibrating the metal negative electrode ultrasonically; and
charging the electrochemical cell.
2. The method of claim 1, wherein the charging occurs at a temperature lower
than 80 °C, 75°C, 65 °C, 60 °C, 55 °C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, 20°C, 15°C,
10°C, 5°C, 0°C, -5 °C, -10 °C, -15 °C, -20 °C, -25 °C, or -30 °C.
3. The method of claim 1 or 2, wherein the charging occurs at a temperature at
least higher than -30 °C.
4. The method of any one of claims 1-3, wherein the metal negative electrode is
a lithium (Li) metal negative electrode.
5. The method of any one of claims 1-3, wherein the metal negative electrode is
a sodium (Na) metal negative electrode.
6. The method of any one of claims 1-3, wherein the metal negative electrode is
a zinc (Zn) metal negative electrode.
7. The method of any one of claims 1-6, wherein the solid electrolyte is a sulfide-
based electrolyte, a gamet-based electrolyte, or a borohydride-based electrolyte.
8. The method of any one of claims 1-7, further comprising applying a pressure

to the metal negative electrode.
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9. The method of claim 8, wherein the applied pressure is at least 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, or 4000
pounds per square inch (PSI).

10. The method of claim 8 or 9, wherein the applied pressure is less than 600, 500,
400, 300, 200, 100, 80, 70, 60, 50, 40, 30, 20, or 10 PSIL

11. The method of any one of claims 1-10, wherein the vibrating and charging

occur simultaneously.

12. The method of any one of claims 1-11, comprising charging, first, and then,
vibrating.
13. A method of charging a battery having a metal negative electrode, the method

comprising providing a battery having less than a full charge; vibrating the battery at

ultrasonic frequencies; and charging the battery.

14. The method of claim 13, wherein the vibrating and charging occur
concurrently.
15. The method of any one of claims 13-14, further comprising applying a

pressure to the metal negative electrode.

16. The method of any one of claims 13-15, wherein the applied pressure is at
least 10 pounds per square inch (PSI), 20 PSI, 30 PSI, 40 PSI, 50 PSI, 60 PSI 70 PSI, 80 PSI,
90 PSI, 100 PSI, 200 PSI, 300, PSI 400 PSI, 500 PSI, 600 PSI, 700 PSI, 800 PSI, 900 PSI,
1000 PSI, 2000 PSI, 3000 PSI, or 4000 PSI.

17. The method of any one of claims 13-16, wherein the applied pressure is less
than 600 PSI, 500 PSI, 400 PSI, 300 PSI, 200 PSI, 100 PSI, 80 PSI, 70 PSI, 60 PSI, 50 PSI,
40 PSI, 30 PSI, 20 PSI, or 10 PSIL.

18. The method of claim 17, where the applied pressure is 300 PSI or less.
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19. The method of any one of claims 1-18, wherein the current at which the
charging occurs is at least 1 mA/cm?, 2 mA/cm?, 3 mA/cm?, 4 mA/cm?, 5 mA/cm?, 6
mA/cm?, or 10 mA/cm?.

20. The method of any one of claims 1-19, wherein the method further comprises
measuring an electrochemical cell’s voltage, current, impedance, resistance, pressure,
temperature, evolved gases, or physical deformations.

21. An electrochemical cell having a Li-metal negative electrode made by the
method of any one of claims 1-20.

22. An electrochemical cell having a Li-metal negative electrode healed by the
method of any one of claims 1-20.

23. A method for healing an electrochemical cell, the method comprising

ultrasonically vibrating a metal negative electrode in the electrochemical cell.

24, The method of claim 23, wherein the electrochemical cell is in a battery.
25. The method of claim 23 or 24, wherein the battery is in a car.
26. The method of claim 23 or 24, wherein the battery is in use in a car.
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