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ABSTRACT

A solid polymer electrolyte for a battery is disclosed. The solid polymer electrolyte includes a
first polymer capable of solvating a lithium salt, a lithium salt, and a second polymer which is
at least partially miscible with the first polymer or rendered at least partially miscible with the

first polymer; at least a portion of the second polymer being crystalline or vitreous at the

internal operating temperature of the battery.
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ELECTROLYTE FOR LITHIUM POLYMER BATTERIES

FIELD OF THE INVENTION

[0001] The present invention relates to a solid polymer electrolyte for lithium

batteries and more specifically to a polymer electrolyte which has increased mechanical

resistance.

BACKGROUND OF THE INVENTION

[0002] A lithium battery using a lithium metal as a negative electrode has excellent
energy density. However, with repeated cycles, such a battery can be subject to dendrites’
growths on the surface of the lithium metal electrode when recharging the battery as the
lithium 10ons are unevenly re-plated on surface of the lithium metal electrode. To minimize
the effect of the morphological evolution of the surface of the lithium metal anode including
dendrites growth, a lithium metal battery typically uses a solid polymer electrolyte as
described 1in US Pat. No. 6,007,935. Over numerous cycles, the dendrites on the surface of
the lithium metal anode may still grow to penetrate the electrolyte even though the electrolyte
1s solid and cause °‘soft’ short circuits between the negative electrode and the positive
electrode, resulting in decreasing or poor performance of the battery. Theretore, the growth of
dendrites may still deteriorate the cycling characteristics of the battery and constitutes a

major limitation with respect to the optimization of the performances of lithium batteries

having a metallic lithium anode.

[0003] Thus, there is a need for a solid electrolyte with increased mechanical strength
which is also adapted to reduce or inhibit the effect of the growth of dendrites on the surtace

of the metallic lithium anode.

STATEMENT OF THE INVENTION

[0004] One aspect of the present invention is to provide a solid polymer electrolyte
for a battery, the solid polymer electrolyte including a first polymer capable of solvating a
lithium salt, a lithium salt, and a second polymer which is at least partially miscible with the
first polymer or rendered at least partially miscible with the first polymer; at least a portion
the second polymer being crystalline or vitreous at an internal operating temperature of the

battery.

[0005] In one aspect of the invention, the second polymer is rendered miscible with

the first polymer through a compatibilizer.
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[0006] Another aspect of the invention 1s to provide a battery having a plurality of
electrochemical cells, each electrochemical cell including a metallic lithium anode, a cathode,
and a solid polymer electrolyte positioned between the anode and the cathode, the solid
polymer electrolyte including a first polymer capable of solvating a lithium salt, a lithium
salt, and a second polymer which is at least partially miscible with the first polymer or
rendered at least partially miscible with the first polymer; at least a portion of the second
polymer being crystalline or vitreous at an internal operating temperature of the battery, the
second polymer remaining crystalline or vitreous in the solid polymer electrolyte thereby
increasing the mechanical strength of the solid polymer electrolyte to resist growth ot

dendrites on the surface of the metallic lithium anode.

[0007] Embodiments of the present invention each have at least one of the above-
mentioned objects and/or aspects, but do not necessarily have all of them. It should be
understood that some aspects of the present invention that have resulted from attempting to
attain the above-mentioned objects may not satisfy these objects and/or may satisty other

objects not specifically recited herein.

[0008] Additional and/or alternative features, aspects and advantages of the

embodiments of the present invention will become apparent from the following description

and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a better understanding of the present invention as well as other aspects and

further features thereof, reference is made to the following description which is to be used in

conjunction with the accompanying drawings, where:

[0010] FIG. | is a schematic representation of a plurality of electrochemical cells

forming a lithium metal polymer battery.

DESCRIPTION OF PREFERRED EMBODIMENT(S)

[0011] Figure 1 illustrates schematically a lithium metal polymer battery 10 having a
plurality of electrochemical cells 12 each including an anode or negative electrode 14 made

of a sheet of metallic lithium, a solid electrolyte 16 and a cathode or positive electrode film

18 layered onto a current collector 20. The solid electrolyte 16 typically includes a lithium
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salt to provide 1onic conduction between the anode 14 and the cathode 18. The sheet of
lithium metal typically has a thickness ranging from 20 microns to 100 microns; the solid
clectrolyte 16 has a thickness ranging from 10 microns to 50 microns, and the positive

electrode film 18 typically has a thickness ranging from 20 microns to 100 microns.

[0012] The internal operating temperature of the battery 10 in the electrochemical
cells 12 1s typically between 40 °C and 100 °C. Lithium polymer batteries preferably include
an internal heating system to bring the electrochemical cells 12 to their optimal operating

temperature. The battery 10 may be used indoors or outdoors in a wide temperature range

(between -40 °C to +70 °C).

[0013] The solid polymer electrolyte 16 according to the invention is composed of a
blend of at least two polymers and a lithium salt. A first polymer having the ability to
dissolve the lithium salt to form a conductive medium for lithium 1ons migrating between the
anode 14 and the cathode 18 such as for example polymers of the polyether family which
includes polyethylene oxide (PEQO), polypropylene oxide (PPO), polybutylene oxide (PBO)
and so on, and copolymers comprising or including one of these polymers. The first polymer
is preferably a polyethylene oxide (PEO) based polymer or copolymer. The first polymer can
be in a solid, or gel state in the electrolyte. The second polymer is at least partially miscible
with the first polymer or rendered at least partially miscible with the first polymer through a
compatibilizing agent so that the two polymers form a phase in the electrolyte where the
polymer chains of both of them are entangled at the molecular level. The role of the second
polymer is to increase the mechanical resistance of the solid electrolyte 16 to the growth of
lithium dendrites on the surface of the sheet of Lithium metal. The second polymer may be

non-solvating to the lithium salt since the first polymer is adapted to solvate the lithium salt.

[0014] The solid polymer electrolyte 16 is stronger than prior art solid polymer
electrolytes and may therefore be made thinner than prior art polymer electrolytes. As
outlined above the solid polymer electrolyte 16 may be as thin as 10 microns. A thinner

electrolyte in a battery results in a lighter battery and therefore a battery having a higher
energy density. The increased strength of the blend of polymers may also render the solid
polymer electrolyte 16 more stable in processes. The solid polymer electrolyte 16 1s more
tear resistant and may be less likely to wrinkle in the production process. The adhesion
properties of the solid polymer electrolyte 16 may be adjusted with the ratio of the
constituents of the blend (first and second polymer and lithium salt) to improve the

processing of the solid polymer electrolyte and the manufacturing of the battery.
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[0015] The second polymer may be crystalline (or partially crystalline) or vitreous. In
the case where the second polymer is crystalline such as polyvinylidene fluoride co-
hexafluoropropylene (PVDE-HFP), its melt temperature must be higher than the internal
operating temperature of the battery. PVDF-HFP copolymers have a melt temperature of
about 135 <. In the blend of the first polymer and the second polymer, portions of the
molecules of the second polymer are able to form crystallites which are dispersed in the
miscible phase of the electrolyte and remain crystalline even at the internal operating
temperature of the battery which is between 40 °C and 100 °C. These crystallites provide
strength to the solid electrolyte 16 and improve the mechanical resistance of the solid
electrolyte 16. In a battery having a metallic lithium anode, the solid electrolyte 16 is more
resistant to the growth of lithium dendrites and more specifically the polymer blend of the
solid electrolyte 16 improve the resistance of the solid electrolyte 16 to penetration or

perforation by the dendrites’ growth on the surface of the metallic lithium anode.

[0016] The PVDE-HFP co-polymers are not miscible with the polymers of the
polyether family such as PEO. However, the presence of lithium salts which acts as a
compatibilizer between the PVDF-HFP co-polymer and the polyether polymer renders the
PVDEF-HFP co-polymer partially miscible with the polyether polymer in the solid polymer
electrolyte. In one preferred embodiment of the solid polymer electrolyte 16, PEO, PVDE-
HFP and lithium salt are mixed in a ratio of between 30%/W and 70%/W of PEO, between
20%/W and 60%/W of PVDF-HFP and between 10%/W and 25%/W of lithium salt. For
example, the solid polymer electrolyte 16 blend may consist of 55%/W PEO, 30%/W PVDF-
HFP and 15%/W lithium salt. In the blend of PEO and PVDF-HFP, clusters of the molecules
of PVDE-HFP form crystallites which are dispersed in the miscible phase of the electrolyte

and remain crystalline at the internal operating temperature of the battery.

[0017] During the manufacturing process of the solid polymer electrolyte including
polyether such as PEO and PVDF-HFP, it has been found that the introduction of the lithium
salt after the polyether and PVDE-HFP have been mixed together enables the PVDEF-HEP to

remain more crystalline and form larger crystallites which increase the mechanical strength of

the solid polymer electrolyte 16.

[0018] Compatibilizers are compounds that are able to link non-miscible compounds
by providing a bridge between the otherwise non-miscible compounds such as polyethers and

PVDE-HFP to form at least one homogenous domain containing both polymers.

MONTREAL:1881203.]
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[0019] In the case where the second polymer is vitreous (i.e. glassy) such as
polymethylmethacrylate (PMMA), its glass transition temperature must be higher than the
operating temperature of the battery. The PMMA polymer has a glass transition temperature
of about 115 <C and is completely miscible with polymers of the polyether family such as
PEO resulting in a homogenous blend. However, the molecules of PMMA remain in their
vitreous state in the solid polymer electrolyte at the internal operating temperature of the
battery. The chains of molecules of PMMA remaining in their vitreous state are dispersed in
the miscible phase of the homogenous blend of polyether-PMMA and provide added strength
to the solid polymer electrolyte 16 and improve its mechanical resistance. In a battery having
a metallic lithium anode, the solid polymer electrolyte 16 is more resistant to the growth of
lithium dendrites and more specifically to penetration or perforation by the dendrites’ growth
on the surface of the metallic lithium anode. The chains of molecules of PMMA remaining 1n
their vitreous state dispersed in the miscible phase of the homogenous blend provide a
stronger barrier to dendrites’ growth than prior art polyether based electrolytes. In one
preferred embodiment of the solid polymer electrolyte 16, PEO, PMMA and lithium salt are
mixed in a ratio of between 45%/W and 80%/W of PEO, between 10%/W and 30%/W of
PMMA and between 10%/W and 25%/W of hithium salt. For example, the solid polymer
electrolyte 16 blend may consist of 70%/W PEO, 15%/W PMMA and 15 %/W lithium salt.

[0020] The second polymer is not necessarily mechanically stronger than the first
polymer. It is the ability of the second polymer to remain crystalline or vitreous, depending
on the case, at the internal operating temperature of the battery that improves the mechanical
strength of the solid polymer electrolyte 16 and more specifically the resistance of the solid
polymer electrolyte 16 to penetration or perforation by dendrites’ growths. While the first

polymer softens at the internal operating temperature of the battery, the second polymer

remains crystalline or vitreous.

[0021] In general, the specific ratio of the first polymer and the lithium salt in the

solid polymer electrolyte 1s tailored as a function of the desired electrochemical performance

of the battery being produced.

[0022] The solid polymer electrolyte 16 may also consists of a first polymer having
the ability to dissolve the lithium salt to form a conductive medium for the lithium 1ons
migrating between the anode 14 and the cathode 18 such as polymers of the polyether family
which 1ncludes polyethylene oxide (PEO), and a second and third polymer, at least one of

which remaining crystalline or vitreous, depending on the case, at the internal operating
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temperature of the battery. For example, a solid polymer electrolyte may be prepared with a
polyether blended with a second polymer consisting of PVDF-HFP and a third polymer
consisting of PMMA. In this particular case, the second polymer remains crystalline and third
polymer remains vitreous at the internal operating temperature of the battery thereby
improving the mechanical strength of the solid polymer electrolyte 16 and more specifically
the resistance of the solid polymer electrolyte 16 to penetration or perforation by dendrites’
growths. In one specific embodiment of the solid polymer electrolyte 16, PEO, PVDF-HEFP,
PMMA and lithium salt are mixed 1n a ratio of between 30%/W and 60%/W of PEQO, between
15%/W and 40%/W of PVDF-HFP, between 5%/W and 20%/W of PMMA and between
10%/W and 25%/W of lithium salt. For example, the solid polymer electrolyte 16 blend may
consist of 50%/W PEO, 20%/W PVDF-HFP, 15%/W PMMA and 15%/W lithium salt.

[0023] In each embodiment, the resulting solid polymer electrolyte 16 has a Young
modulus ranging from 2 MPa (290 psi) to 5 MPa (725 psi). By comparison, a polyether
based electrolyte typically has a Young modulus ranging from 0.5 MPa (72.5 pst) to 1 MPa
(145 psi).

[0024] Inorganic charges such as silica and/or a metal oxide such as magnesium oxide
may also be added to the polymeric electrolyte-lithium salt mixtures in order to enhance the
mechanical properties of the solid electrolyte. The inorganic charges may also improve the
ionic conductivity of the solid electrolyte. Up to 10% by volume of inorganic charges may

be added to the polymeric electrolyte-lithium salt mixtures.

{0025] The electrolyte can be manufactured by dissolution of the two or more
polymers and the lithium salt in a common solvent, or mix of solvents. The solvent or mix of

solvents is thereafter removed from the electrolyte prior to assembly into the electrochemical
cells 12 of the battery 10 to form a solid polymer electrolyte. The electrolyte can also be
made by blending in the melt state of the constituents of the electrolyte (polymers and/or

copolymers and lithium salt) in any mixing device such as extruders or kneaders and the like.

[0026] Modifications and improvement to the above described embodiments of the
present invention may become apparent to those skilled in the art. Furthermore, the
dimensions of features of various components that may appear on the drawings are not meant
to be limiting, and the size of the components therein can vary from the size that may be
portrayed in the figures herein. The scope of the present invention is therefore intended to be

limited solely by the scope of the appended claims.
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CLAIMS:

1. A solid polymer electrolyte for a battery, the solid polymer electrolyte including a
first polymer capable of solvating a lithium salt selected from the group consisting
of polyethylene oxide (PEO), polypropylene oxide (PPO), polybutylene oxide
(PBO) and copolymers thereof, a lithium salt, and a second polymer consisting of
polyvinylidene fluoride co-hexafluoropropylene (PVDF-HFP) copolymer which is
at least partially miscible with the first polymer or rendered at least partially
miscible with the first polymer; at least a portion of the second polymer remaining
crystalline at an internal operating temperature of the battery and a third polymer

consisting of polymethylmethacrylate (PMMA).

2. A solid polymer electrolyte as defined in claim 1, wherein at least a portion the
second polymer remaining crystalline in the solid polymer electrolyte 1s dispersed

in a miscible phase of the solid polymer electrolyte.

3. A solid polymer electrolyte as defined in claim 1 or 2, further comprising

inorganic charges selected from the group consisting of silica and metal oxides.

4. A solid polymer e¢lectrolyte as defined in one of claims 1 to 3, wherein the solid

polymer electrolyte has a Young modulus ranging from 2 MPa to 5 MPa.

S. A solid polymer electrolyte as defined in one of claims 1 to 4, wherein the second

polymer is rendered miscible with the first polymer through the lithium salt.

6. A solid polymer electrolyte as defined in one of claims 1 to 5, wherein the third

polymer is rendered miscible with the first polymer through the lithium salt.

7. A solid polymer electrolyte as defined in claim 1, wherein at least a portion the

third polymer remaining vitreous in the solid polymer electrolyte 1s dispersed in a

miscible phase of the solid polymer electrolyte.
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