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(37) ABSTRACT

A process of synthesizing a solid state lithium 10n conductor
includes mechanically milling at least two precursors so as
to form crystalline L1i.MgBr,. For instance, the mechanical
milling can be carried out using a planetary mill. Moreover,

in a practical application, the precursors include LiBr and
MgBr.
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LITHIUM-ION CONDUCTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 62/9377,733, filed Nov. 19,

2019, entitled “LITHIUM-ION CONDUCTOR?”, the disclo-
sure of which 1s hereby incorporated by reference.

BACKGROUND

[0002] Various aspects of the present invention relate
generally to lithnum-ion conductors and specifically to
halide-based lithium-1on conductors

[0003] Solid state batteries are considered next generation
batteries, and a key component of solid state battery systems
1s a good solid electrolyte (SE). Inorganic SE systems
include oxides, sulfides, and halides. Sulfides and halides
have low elastic modulus compared to oxides, so high
densification (required for high effective 10on transport) can
be achieved simply by compression. In contrast, oxide
system requires sintering at high temperature. Sulfides are
heavily investigated currently due to the high 1onic conduc-
tivity. However, sulfides could react with H,O (water) and
torm toxic H,S (Hydrogen sulfide). Halides are also hygro-
scopic but no hazardous materials 1s generated from the
reaction. Therefore, halides are saler alternative to sulfides.
In addition, halides have better electrochemical stability
than sulfides, resulting 1n better interfacial properties with
high voltage cathodes.

BRIEF SUMMARY

[0004] According to aspects of the present disclosure, a
process of synthesizing a halide based SE includes mechani-
cally milling at least two precursors so as to form crystalline
Li;MgBr, (LMB). For instance, the mechanical milling can
be carried out using a planetary mill. Moreover, 1n a practical
application, the precursors include LiBr and MgBr,. In some
embodiments, the conductor 1s formed without further treat-
ment.

[0005] According to further aspects of the present disclo-
sure, a solid-state battery comprises a lithium 1on conductor
comprised of a mechanochemically synthesized LMB.

[0006] According to yet further aspects of the present
disclosure, a process of creating a lithtum-1on cell comprises
mechanically milling at least two precursors so as to form
crystalline LMB 1n powder form, pressing the powder into
a pellet, and attaching lithium foils both sides of LMB
(symmetric cell). Same LMB can be sandwiched between a
lithium foil and cathode forming full solid-state lithium

cell).

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0007] FIG. 1 1s a flow chart illustrating a process for
synthesizing [.1,MgBr, (LMB), according to various aspects
of the present disclosure;

[0008] FIG. 2 1s an X-Ray Powder Difiraction (XRD)
pattern of L1, MgBr, (LMB) synthesized by processes
described herein;

[0009] FIG. 3A1s an impedance spectrum of a Li/LMB/L1
symmetric cell at room temperature, according to various
aspects of the present disclosure;
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[0010] FIG. 3B i1s an Arrhenius plot of the Li/LMB/Lia
symmetric cell over a temperature range of —46° C. to 182°
C., according to aspects of the present disclosure;

[0011] FIG. 4 15 a cyclic voltammetry result of a cell with
LMB SE and Li counter electrode at room temperature,
according to various aspects of the present disclosure; and

[0012] FIG. § a differential scanning calorimetry result of
LMB, according to various aspects of the present disclosure.

DETAILED DESCRIPTION

[0013] A mechanochemical synthesis route was used to
create L1, MgBr, (LMB). Precursors (L1Br and MgBr,) were
mechanically milled 1n a sealed container by a planetary
mill, and 1n some instances the sealed container includes an
argon atmosphere. Crystalline LMB was formed without
turther treatment. An X-ray powder diffraction (XRD) pat-
tern of the milled sample showed that the sample includes no
impurities. FIG. 1 1s a flow chart 1llustrating a process 100
for creating LMB. At 102, the precursors (e.g., LiBr and
MgBr, ) are sealed 1n a container. In some embodiments, the
sealed container has an inert atmosphere such as argon. At
104, the two precursors are mechanically milled within the
sealed container. For example, a planetary mill may be used
to mechanically mill the precursors. In various embodi-
ments, the mechanical milling 1s performed at room tem-
perature. In some embodiments, the mechanical milling 1s
performed at less than forty degrees Celsius. In many
embodiments, the mechamical milling 1s performed between
twenty and thirty degrees Celsius. In several embodiments,
the mechanical milling 1s performed between twenty and
twenty-five degrees Celsius.

[0014] FIG. 2 illustrates an XRD pattern of LMB synthe-
s1zed by the mechanochemical process (100, FI1G. 1), where
the solid-line graph 1s a calculated XRD pattern (1.e., a
desired result) and the dotted-line graph 1s an XRD pattern

of the synthesized LMB (1.e., actual result).

[0015] Thus, the process (100, FIG. 1) described above
synthesizes a LMB. Further, the LMB was synthesized 1n
such a way to produce desired transport properties such that
ionic conductivity of the LMB changes over temperature.
The synthesized LMB powder was pressed 1nto a pellet at
360 MPa. L1 (Lithium) foils were attached to both sides of
the pellet by pressing at 360 MPa. This process creates a

L1/ LMB/L1 cell.

[0016] FIGS. 3A and 3B illustrate transport properties of
the synthesized LMB. Specifically, FIG. 3A 1s an impedance
spectrum of the LiYLLMB/Li1 cell using the synthesized LMB
at room temperature. Electrochemical impedance spectros-
copy was applied to the cell over a temperature range of
-46° C. to 182° C. A typical impedance of the Li/LMB/Li1
cell (FIG. 3A) has contributions from the bulk and grain
boundaries. Impedance fitting showed that the semicircle
does not start from zero on the real axis, so there 1s an
additional semicircle at higher frequencies (beyond the
measured range) that corresponds to bulk transport. This
attribution also corresponds well with typical capacitance
values of bulk and grain boundary processes. Therefore, the
span of the observed semicircle yields the grain boundary
resistance and the left intercept yields bulk resistance. The
bulk conductivity of the Li/LMB/Li cell was about 2x107>
S/cm (Siemens per centimeter) and the total conductivity
(includes grain boundary contribution) was 2x10~° S/cm at
room temperature.




US 2021/0151735 Al

[0017] FIG. 3B 1s an Arrhenius plot of the Li/LMB/L1 over
a temperature range of —46° C. to 182° C., where o 1s 10n1¢C
conductivity and T 1s absolute temperature.
[0018] Using the room-temperature synthesis process
above, the LMB was synthesized such that a bulk activation
energy 1s at 0.05 electron volts (eV) at low temperatures to
0.34 eV at temperatures above room temperature. This bulk
activation energy at low temperatures 1s something that has
never been produced for solid-state lithium-1on conductors,
which usually have a bulk activation energy of about 0.2 eV
at low temperatures.
[0019] A CV (cyclic voltammetry) plot of the synthesized
LMB 1s shown i FIG. 4. Three cycles of scan were
performed. There was no obvious oxidation/reduction peak
observed from 0 to 4.5 V, indicating good electrochemical
stability. The envelope of the forward and reverse scan 1s due
to capacitive eflect. FIG. 4 shows a CV result of a cell with
LMB electrode and L1 counter electrode at room tempera-
ture. The LMB electrode contains 5 wt % of electron
conductive carbon. The scan rate 1s 5 mV/s.
[0020] Further, FIG. 5 1s a differential scanning calorim-
etry (DSC) result of LMB that 1s 1n powder form and sealed
in an aluminum pan. Thus, the LMB synthesized from the
process described herein has no obvious thermal event until
the melting at 550° C., suggesting that the LMB phase was
stable until melting. The heat flow associated with the peak
at around 300° C. 1s too small to be any phase transition
event, so 1t may just be an mstrumental eflect.
[0021] The terminology used herein 1s for the purpose of
describing particular embodiments only and 1s not intended
to be limiting of the invention. As used herein, the singular
forms ““a”, “an” and *“the” are intended to include the plural
torms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”
and/or “comprising,” when used 1n this specification, specily
the presence of stated features, integers, steps, operations,
clements, and/or components, but do not preclude the pres-
ence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereol.
[0022] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function 1n combination with other
claimed elements as specifically claimed. The description of
the present disclosure has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the mvention in the form disclosed. Many
modifications and varnations will be apparent to those of
ordinary skill 1n the art without departing from the scope and
spirit of the invention. Aspects of the disclosure were chosen
and described 1n order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill in the art to understand the immvention for
various embodiments with various modifications as are
suited to the particular use contemplated.

What 1s claimed 1s:

1. A process of synthesizing a lithium 1on conductor,
comprising;
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mechanically milling at least two precursors so as to form

crystalline L1i6MgBrs (LMB) solid electrolyte.

2. The process of claim 1, wherein mechanical milling 1s
carried out using a planetary mill.

3. The process of claim 1, wherein mechanically milling
at least two precursors comprises:

mechanically milling a first precursor comprising LiBr

and a second precursor comprising MgBr.

4. The process of claim 1, wherein mechanically milling
occurs at room temperature.

5. The process of claim 4, wherein mechanically milling
occurs at a room temperature that 1s below 40 degrees
Celsius.

6. The process of claim 1, wherein mechanically milling
occurs 1nside an argon-filled container.

7. The process of claim 1, wherein mechanically milling
occurs inside a sealed container.

8. A process of synthesizing a lithium 1on conductor,
consisting of:

mechanically milling at least two precursors so as to form

crystalline Li;MgBr,.

9. The process of claim 8, wherein mechanical milling 1s
carried out using a planetary mill.

10. The process of claim 8, wherein mechanically milling
at least two precursors comprises:

mechanically milling a first precursor comprising LiBr

and a second precursor comprising MgBr,.

11. The process of claim 8, wherein mechanically milling
occurs at room temperature.

12. The process of claim 11, wherein mechanically mall-
ing occurs at a room temperature that 1s below 40 degrees
Celsius.

13. The process of claim 8, wherein mechanically milling
occurs 1nside an argon-filled container.

14. A process of creating a lithium-ion cell, comprising;

mechanically milling at least two precursors so as to form
crystalline L1 .MgBr, in powder form;

pressing the powder nto a pellet; and

attaching lithium foils to the pellet.

15. The process of claim 14, wherein mechanical milling
1s carried out using a planetary mull.

16. The process of claim 14, wherein mechanically mall-
ing at least two precursors comprises:

mechanically milling a first precursor comprising LiBr
and a second precursor comprising MgBr..

17. The process of claim 14, wherein pressing the powder
into a pellet comprises compressing the pellet at 360 MPa or
less.

18. The process of claim 14, wherein pressing the powder
into a pellet comprises compressing the pellet at 360 MPa or
greater.

19. The process of claim 14, wherein attaching lithtum
to1ls comprises compressing the pellet at 360 MPa or less.

20. The process of claim 14, wherein attaching lithium
foils comprises compressing the pellet at 360 MPa or
greater.
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