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tive electrode in a battery. The metal negative electrode may be lithium metal, sodium metal,
magnesium metal, zinc metal, or alloys of the metals listed. The composite separator includes
a matrix and reinforcing material introduced into the matrix to increase fracture toughness of
the composite separator. The composite separator comprises, either wholly or in part, a layer
of reinforced polymer, ceramic or glassy lithium ion conductor. The matrix of the composite
separator can include polyethylene oxide, LLZO, LiPON, or LATP. The reinforcing material
of the composite separator can include fibers, particles, plates, or layers. The reinforcing ma-
terial can include silicate glass, carbon nanotubes, silver nanowires, silicon carbide particles,
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COMPOSITE REINFORCED SOLID ELECTROLYTE TO PREVENT PROTRUSIONS

Priority Claim

[0001] This application claims priority to U.S. provisional patent application number
62/547,155, filed on August 18, 2017 and entitled “Composite Reinforced Solid Electrolyte to

Prevent Protrusions,” the disclosure of which is incorporated herein by reference in its entirety.

Technical Field

[0002] This disclosure generally relates to batteries, and more particularly to solid state

scparators for battcrics.

Background

[0003] Unless otherwise indicated herein, the materials described in this section are not prior
art to the claims in this application and are not admitted to the prior art by inclusion in this
section.

[0004] A battery utilizes a negative clectrode, a positive electrode, and an clectrolyte to
convert chemical energy into electrical energy. Each of the negative electrode and the positive
electrode includes an external terminal connection configured to connect the battery to an
external device and deliver electric power to the external device. The electrolyte provides an
ionic pathway between the negative electrode and the positive electrode within the battery. The
clectrolyte is conductive to ions but not conductive to clectrons. When the battery is used to
complete an electric circuit with an external device, the negative eclectrode acts as a source of

clectrons and the positive electrode accepts electrons as the battery is discharged. The
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electrolyte allows ions to transport current within the battery while the electrons flow through the
external circuit. In solid state batteries, a solid material is used for the electrolyte. The solid
material also acts to mechanically prevent contact between the negative electrode and positive
electrode and may be referred to as a separator.

[0005] Batteries are being developed that utilize active metals or metal alloys as a negative
clectrode. A common metal of interest for the negative electrode is lithium metal. One advantage
of batteries containing metal or metal alloy negative electrodes is the potential for increased
energy density compared with state of the art lithium-ion batteries. However, one challenge is
that the cells can short due to growth of metal protrusions from the negative electrode toward the
positive clectrode. Physical modcls have predicted that a flat scparator with a shecar modulus in
excess of about 6 GPa should prevent the growth of lithium metal protrusions and enable the
cycling of lithium metal. However, it has been observed that lithium protrusions grow through
separators with shear modulus in excess of 6 GPa. It is believed that this growth occurs through

cracks that propagate through brittle solid electrolytes.

Summary

[0006] A solid composite battery separator is used to enable the use of a metal negative
electrode in batteries. The negative electrode may be lithium metal, sodium metal, magnesium
metal, zinc metal, or alloys of the metals listed. The composite separator consists, either wholly
or in part, of a layer of reinforced polymer, ceramic or glassy lithium ion conductor. Examples of
suitablc clectrolytes include polycthylenc oxide, LLZO, LiPON, or LATP. The rcinforcement
can include fibers, particles, or plates. Examples of suitable materials for reinforcement include

silicate glass, carbon nanotubes, silver nanowires, silicon carbide particles, and metallic particles.
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The reinforcement is introduced to the brittle separator to increase fracture toughness and
decrease growth of metal protrusions, thus enabling cycling of a cell containing a metal negative
electrode without shorting. In addition to enabling the cycling of lithium metal batteries, the
composite electrolyte can also be applied to other metal batteries; such as sodium, magnesium, or

zinc, as well as alloy batteries such as lithium-silicon alloys.

Brief Description of the Drawings

[0007] FIG. 1 depicts a crack propagating in a brittle separator.

[0008] FIG. 2 depicts crack propagation impeded in a composite separator with rods of high
tensile strength.

[0009] FIG. 3 depicts crack propagation impeded in a composite separator with particles of
high ductility.

[0010] FIG. 4 depicts crack propagation impeded in a composite separator with particles of
high fracture toughness.

[0011] FIG. 5 depicts crack propagation impeded in a composite separator with plates of
high fracture toughness.

[0012] FIG. 6 depicts crack propagation impeded in a composite separator with plates of
high ductility.

[0013] FIG. 7 depicts crack propagation impeded in a composite separator with layers of
high ductility.

[0014] FIG. 8 depicts crack propagation impeded in a composite separator with layers of

high fracture toughness.
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Detailed Description

[0015] FIG. 1 depicts a crack 100 propagating in the direction of arrow 104 through a solid
separator 108 of a battery (not shown). Propagation of the crack 100 through the separator 108
enables growth of lithium protrusions through the separator 108. Such growth is undesirable
because it breaks down the separation between the anode and cathode in the battery, which can
cause the battery to short.

[0016] To impede the propagation of the crack 100 through the separator 108, a composite
clectrolyte 108°, shown in FIGs. 2-8, has been developed. The composite electrolyte 108°
includes a matrix 112 and reinforcing material 116. The matrix 112 is made up of a solid lithium
ion electrolyte, such as, for example, polyethylene oxide, LLZO, LiPON, LATP, Li2S-P2S5,
Li3PS4, or any other solid lithium ion conductor. The reinforcing material 116 is introduced into
the matrix 112 to increase the fracture toughness of the composite electrolyte 108" by interfering
with the propagation of cracks, including micro-cracks, in the composite electrolyte 108".

[0017] In the embodiment shown in FIG. 2, the reinforcing material 116 is introduced into
the matrix 112 as a plurality of rods, or fibers, with high tensile strength. The fibers can be made
of, for example, at least one of silica glass, polystyrene, carbon nanotubes, silver nanowires, and
other high tensile strength fibers. Each of the fibers has a diameter Dr that is less than 1 micron.
Prcferably, the diamcter Dr of cach of the fibers is Icss than 0.1 micron. In altcrnative
embodiments, fibers having other diameters are also possible. Each of'the fibers has a length Ly
such that a length to diameter ratio of the fibers is greater than 2:1. Preferably, the length to
diameter ratio is greater than 5:1. In alternative embodiments, fibers having other length to

diameter ratios are also possible. Each of the fibers also has a tensile strength that is greater than
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a tensile strength of the matrix 112. Preferably, the tensile strength of each fiber is at least ten
times the tensile strength of the matrix 112.

[0018] In the embodiment shown in FIG. 3, the reinforcing material 116 is introduced into
the matrix 112 as a plurality of particles having high ductility. The particles can be made of, for
example, at least one of silver, steel, copper, polypropylene, and lithium. Each of the particles
has a diameter Dp that is less than 10 microns. Preferably, the diameter Dr of each of the
particles is less than 1 micron. In alternative embodiments, particles having other diameters are
also possible. Each of the particles also has a ductility that is greater than a ductility of the
matrix 112. Preferably, the ductility of each particle is at least ten times the ductility of the
matrix 112.

[0019] In the embodiment shown in FIG. 4, the reinforcing material 116 is introduced into
the matrix 112 as a plurality of particles having high fracture toughness. The particles can be
made of, for example, at least one of steel, titanium, aluminum, diamond, tungsten carbide, and
silica. Like the particles having high ductility, shown in FIG. 3, each of the particles having high
fracture toughness has a diameter Dp that is less than 10 microns. Preferably, the diameter Dp of
cach of the particles is less than | micron. In alternative embodiments, particles having other
diameters are also possible. Each of the particles also has a fracture toughness that is greater
than a fracturc toughness of the matrix 112. Preferably, the fracturc toughncss of cach particle is
at least ten times the fracture toughness of the matrix 112.

[0020] In the embodiment shown in FIG. 5, the reinforcing material 116 is introduced into
the matrix 112 as a plurality of plates having high fracture toughness. The plates can be made of,
for example, at least one of steel, titanium, aluminum, diamond, tungsten carbide, and silica.

Each of the plates has a thickness Tp that is less than 10 microns. Preferably, the thickness Tp of
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cach plate is less than 1 micron. In altermative embodiments, plates having other thicknesses are
also possible. Each of the plates has a greatest side length Lp such that a greatest side length to
thickness ratio is greater than 2:1. Each of the plates also has a fracture toughness that is greater
than a fracture toughness of the matrix 112. Preferably, the fracture toughness of each plate is at
least ten times the fracture toughness of the matrix 112.

[0021] In the embodiment shown in FIG. 6, the reinforcing material 116 is introduced into
the matrix 112 as a plurality of plates having high ductility. The plates can be made of, for
example, at least one of silver, steel, copper, polypropylene, and lithium. Like the plates having
a high fracture toughness, shown in FIG. 5, each of the plates having a high ductility has a
thickness Tp that is less than 10 microns. Preferably, the thickness Tp of each plate is less than 1
micron. In alternative embodiments, plates having other thicknesses are also possible. Each of
the plates has a greatest side length Lp such that a greatest side length to thickness ratio is greater
than 2:1. Each of the plates also has a ductility that is greater than a ductility of the matrix 112.
Preferably, the ductility of each plate is at least ten times the ductility of the matrix 112.

[0022] In the embodiment shown in FIG. 7, the reinforcing material 116 is introduced into
the matrix 112 as at least one layer having high ductility. The at least one layer can be made of,
for example, at least one of lithium metal, polyethylene oxide, lithium-silicon alloy, lithium-gold
alloy, and lithium-tin alloy. Thc at lcast onc laycr has a thickness Tt that is less than 100
microns. Preferably, the thickness Tr, of the at least one layer is less than 10 microns. In
alternative embodiments, layers having other thicknesses are also possible. The at least one layer
also has a ductility that is greater than a ductility of the matrix 112. Preferably, the ductility of

the at least one layer is at least ten times the ductility of the matrix 112.
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[0023] In the embodiment shown in FIG. &, the reinforcing material 116 is introduced into
the matrix 112 as at least one layer having high fracture toughness. The at least one layer can be
made of, for example, at least one of LLZO, LLTO, LiPON, and LATP. Like the at least one
layer having high ductility, shown in FIG. 7, the at least one layer having high fracture toughness
has a thickness Tt that is less than 100 microns. Preferably, the thickness Tt of the at least one
layer is less than 10 microns. In alternative embodiments, layers having other thicknesses are
also possible. The at least one layer also has a fracture toughness that is greater than a fracture
toughness of the matrix 112. Preferably, the fracture toughness of the at least one layer is at least
ten times the fracture toughness of the matrix 112.

[0024] In alternative embodiments, the reinforcing material 116 can be introduced into the
matrix 112 as a combination of two or more of fibers with high tensile strength (shown in FIG.
2), particles with high ductility (shown in FIG. 3), plates with high ductility (shown in FIG. 6), at
least one layer with high ductility (shown in FIG. 7), particles with high fracture toughness
(shown in FIG. 4), plates with high fracture toughness (shown in FIG. 5), and at least on¢ layer
with high fracture toughness (shown in FIG. 8).

[0025] In each of the embodiments shown in FIGs. 2-8, the reinforcing material | 16 may or
may not be electronically conductive. In each of the embodiments shown in FIGs. 2-6, the
rcinforcing matcrial 116 may or may not be ionically conductive. In embodiments where the
reinforcing material 116 is introduced as a layer, as shown in FIGs. 7 and §, the layer should be
ionically conductive to a degree greater than 10 S/cm. Preferably, the layer should be ionically
conductive to a degree greater than 10 S/cm.

[0026] In each of the embodiments shown in FIGs. 2-8, loading of the reinforcing material

116 in the composite electrolyte 108" should be less than 50% by volume. Preferably, loading of
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the reinforcing material 116 in the composite electrolyte 108" should be less than 20% by
volume. Ideally, loading of the reinforcing material 116 in the composite electrolyte 108" should
be less than 10% by volume.

[0027] While various embodiments of the present disclosure have been shown and described,
it will be understood that other modifications, substitutions, and alternatives are apparent to one
of ordinary skill in the art. Such modifications, substitutions, and alternatives can be made

without departing from the spirit and scope of the disclosure.
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What is claimed is:

1. A composite electrolyte for use in a battery, the composite electrolyte comprising:
a matrix; and
a reinforcing material introduced into the matrix, the reinforcing material configured to

increase a fracture toughness of the composite electrolyte.

2. The composite electrolyte of claim 1, wherein:
the reinforcing material includes a plurality of fibers, each of the fibers having a tensile

strength that is greater than a tensile strength of the matrix.

3. The composite electrolyte of claim 1, wherein:
the reinforcing material includes a plurality of particles, each of the particles having a

ductility that is greater than a ductility of the matrix.

4. The composite electrolyte of claim |, wherein:
the reinforcing material includes a plurality of particles, each of the particles having a

fracturc toughncss that is grcater than a fracturc toughncss of the matrix.

5. The composite electrolyte of claim 1, wherein:
the reinforcing material includes a plurality of plates, each of the plates having a ductility

that is great than a ductility of the matrix.



WO 2019/034563 PCT/EP2018/071795

6. The composite electrolyte of claim 1, wherein:
the reinforcing material includes a plurality of plates, each of the plates having a fracture

toughness that is greater than a fracture toughness of the matrix.

7. The composite electrolyte of claim 1, wherein:
the reinforcing material includes at least one layer, the at least one layer having a ductility

that is greater than a ductility of the matrix.

8. The composite electrolyte of claim 1, wherein:
the reinforcing material includes at least one layer, the at least one layer having a fracture

toughness that is greater than a fracture toughness of the matrix.

9. A battery, comprising:

an anode made of one of lithium metal, magnesium metal, sodium metal, silicon, and
silicon oxide;

a cathode; and

an electrolyte separating the anode from the cathode, the electrolyte arranged in contact

with the anodc.

10. The battery of claim 9, wherein:

the electrolyte is a composite clectrolyte, including;:

a matrix; and

-10-
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a reinforcing material introduced into the matrix, the reinforcing material

configured to increase a fracture toughness of the composite electrolyte.

11. The battery of claim 9, wherein:
the reinforcing material includes a plurality of fibers, each of the fibers having a tensile

strength that is greater than a tensile strength of the matrix.

12. The battery of claim 9, wherein:
the reinforcing material includes a plurality of particles, each of the particles having a

ductility that is greater than a ductility of the matrix.

13. The battery of claim 9, wherein:
the reinforcing material includes a plurality of particles, each of the particles having a

fracture toughness that is greater than a fracture toughness of the matrix.

14. The battery of claim 9, wherein:
the reinforcing material includes a plurality of plates, each of the plates having a ductility

that is grcat than a ductility of thc matrix.

15. The battery of claim 9, wherein:

the reinforcing material includes a plurality of plates, each of the plates having a fracture

toughness that is greater than a fracture toughness of the matrix.

11 -
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16. The battery of claim 9, wherein:

the reinforcing material includes at least one layer, the at least one layer having a ductility

that is greater than a ductility of the matrix.
17. The battery of claim 9, wherein:

the reinforcing material includes at least one layer, the at least one layer having a fracture

toughness that is greater than a fracture toughness of the matrix.

12 -
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