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WO 2020/005988 PCT/US2019/039054
SAFETY LAYER FOR BATTERY CELLS
CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/689,746, filed on June 25, 2018 and entitled “SYSTEM AND METHOD FOR
MANUFACTURING BATTERY SAFE LAYER,” the disclosure of which is incorporated

herein by reference in its entirety.
TECHNICAL FIELD

[0002] The subject matter described herein relates generally to battery cells and more

specifically to techniques for manufacturing safe layers for use in battery cells.

BACKGROUND

[0003] A battery cell can overcharge, overheat, and/or short circuit during operation.
For example, an overcurrent can occur when the battery cell is overcharged and/or develops
an internal short circuit. Overcurrent can cause irreversible damage to the battery cell. In
particular, overcurrent can lead to thermal runaway, a hazardous condition in which
undissipated heat from the overheating battery cell accelerates exothermic reactions within
the battery cell to further increase the temperature of the battery. The consequences of
thermal runaway can be especially dire including, for example, fire, explosions, and/or the

like.

SUMMARY

[0004] Systems, methods, and articles of manufacture, including batteries and battery
components, are provided. In some implementations of the current subject matter, there is
provided a battery cell. The battery cell may include: a first electrode; a second electrode

having an opposite polarity as the first electrode; a first current collector electrically coupled
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with the first electrode; a second current collector electrically coupled with the second
electrode; and a safe layer interposed between the first electrode and first current collector,
the safe layer configured to respond to being exposed to a target temperature by at least
interrupting a current flow in the battery cell, the safe layer interrupting the current flow in
the battery cell by at least forming a non-conductive gap between the first electrode and the
first current collector, and the safe layer comprising a polymer selected based at least on the

target temperature.

[0005] In some variations, one or more features disclosed herein including the
following features can optionally be included in any feasible combination. The polymer may
include one or more sidechains selected based at least on the target temperature. The
polymer may include a first sidechain instead of a second sidechain such that the safe layer

interrupts the current flow in response to a first temperature and not a second temperature.

[0006] In some variations, the safe layer may include a first polymer instead of a
second polymer such that the safe layer interrupts the current flow in response to a first
temperature and not a second temperature. The safe layer may be formed from the first
polymer instead of the second polymer in order to increase or decrease a temperature at
which the safe layer forms the non-conductive layer to interrupt the current flow in the
battery cell. The safe layer may further include a first quantity of the first polymer instead of
a second quantity of the first polymer such that the safe layer interrupts the current flow in

response to the first temperature and not a second temperature.

[0007] In some variations, the safe layer may be further configured to interrupt the
current flow in the battery cell in response to being exposed to a first voltage. The safe layer
may include the first polymer instead of the second polymer such that the safe layer interrupts

the current flow in response to the first voltage and not a second voltage.
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[0008] In some variations, the polymer may include a poly (methyl methacrylate)

such that the safe layer interrupts the current flow at a temperature of 255°C.

[0009] In some variations, the polymer may include a polypropylene such that the

safe layer interrupts the current flow at a temperature of 248°C.

[0010] In some variations, the polymer may include a polyethylene such that the safe

layer interrupts the current flow at a temperature of 217°C.

[0011] In some variations, the polymer may include a poly (vinyl alcohol) such that

the safe layer interrupts the current flow at a temperature of 64°C.

[0012] In some variations, the polymer may include a poly (vinyl chloride) such that

the safe layer interrupts the current flow at a temperature of 83°C.

[0013] In some variations, the polymer may include a poly (vinylidene fluoride) such

that the safe layer interrupts the current flow at a temperature of 355°C.

[0014] In some variations, the polymer may include a polystyrene and/or a

polysulphones such that the safe layer interrupts the current flow at a temperature of 302°C.

[0015] In some variations, the polymer may include a poly butadiene such that the

safe layer interrupts the current flow at a temperature of 327°C.

[0016] In some variations, the polymer may include a nylon 6-6 such that the safe

layer interrupts the current flow at a temperature of 342°C.

[0017] In some variations, the polymer may include a poly (1,4 phenylene sulfide)

such that the safe layer interrupts the current flow at a temperature of 502°C.

[0018] In some variations, the polymer may include a polyhedral oligomeric
silsesquioxane (POSS). The polymer may include a glycidyl polyhedral oligomeric

silsesquioxane (EP0409), a methacryl polyhedral oligomeric silsesquioxane (MAO735), a
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TrisilanolPhenyl polyhedral oligomeric silsesquioxane (SO1458), and/or a OctaMaleamic

Acid polyhedral oligomeric silsesquioxane (CA0298).

[0019] In some variations, the polymer may include a conductive polymer. The
conductive polymer may be a polyacetylene, a polypyrrole, a polyindole, a polyaniline, a

poly(p-phenylene vinylene), and/or a poly(3-alkylthiophenes).

[0020] In another aspect, there is provided a method for forming a safe layer. The
method may include: forming a safe layer by coating, spraying, and/or depositing one or
more materials forming the safe layer. The safe layer may be configured to be interposed
between an electrode and a current collector electrically coupled with the electrode. The safe
layer may be further configured to respond to being exposed to a target temperature by at
least interrupting a current flow in a battery cell comprising the electrode, the current
collector, and the safe layer. The safe layer may interrupt the current flow in the battery cell
by at least forming a non-conductive gap between the electrode and the current collector.
The one or more materials forming the safe layer may include a polymer selected based at

least on the target temperature.

[0021] In some variations, one or more features disclosed herein including the
following features can optionally be included in any feasible combination. The safe layer
may include a first polymer instead of a second polymer such that the safe layer interrupts the

current flow in response to a first temperature and not a second temperature.

[0022] In some variations, the polymer may include one or more sidechains selected
based at least on the target temperature. The polymer may include a first sidechain instead of
a second sidechain such that the safe layer interrupts the current flow in response to a first

temperature and not a second temperature.
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[0023] In some variations, the one or more materials forming the safe layer may be

coated, sprayed, and/or deposited on a metal foil.

[0024] In some variations, the electrode may be formed by at least coating the safe

layer with one or more materials comprising the electrode.

[0025] In some variations, the safe layer may be treated to at least crosslink a

plurality of polymer chains comprising the safe layer.

[0026] In some variations, the safe layer may be subjected to a heat treatment. The
safe layer may be heat treated at 150°C for 16 hours. The safe layer may be heat treated

under vacuum
[0027] In some variations, the safe layer may be subjected to a chemical treatment.

[0028] In some variations, the safe layer may be subjected to a radiation treatment

including by being exposed to an ultraviolet (UV) light, a B-ray, and/or an X-ray.

[0029] The details of one or more variations of the subject matter described herein are
set forth in the accompanying drawings and the description below. Other features and
advantages of the subject matter described herein will be apparent from the description and
drawings, and from the claims. While certain features of the currently disclosed subject
matter are described for illustrative purposes, it should be readily understood that such
features are not intended to be limiting. The claims that follow this disclosure are intended to

define the scope of the protected subject matter.

DESCRIPTION OF DRAWINGS

[0030] The accompanying drawings, which are incorporated in and constitute a part

of this specification, show certain aspects of the subject matter disclosed herein and, together
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with the description, help explain some of the principles associated with the disclosed

implementations. In the drawings,

[0031] FIG. 1 depicts a schematic diagram illustrating an example of a battery cell

consistent with implementations of the current subject matter;

[0032] FIG. 2 depicts a flowchart illustrating a process for forming a safe layer

consistent with implementations of the current subject matter;

[0033] FIG. 3A depicts an example of an heat treated safe layer consistent with

implementations of the current subject matter;

[0034] FIG. 3B depicts an example of a heat treated safe layer consistent with

implementations of the current subject matter;

[0035] FIG. 3C depicts another example of a heat treated safe layer consistent with

implementations of the current subject matter;

[0036] FIG. 3D depicts another example of a heat treated safe layer consistent with

implementations of the current subject matter; and

[0037] FIG. 3F depicts another example of a heat treated safe layer consistent with

implementations of the current subject matter.

[0038] When practical, similar reference numbers denote similar structures, features,

or elements.

DETAILED DESCRIPTION

[0039] A battery cell can include at least one safe layer to mitigate and/or eliminate
the operational hazards of the battery cell including, for example, overcharging, overheating,
short-circuiting, and/or the like. As noted, the overcharging, overheating, and/or short-
circuiting of the battery cell can lead to thermal runaway, a dangerous condition in which the
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battery cell undergoes a precipitous increase in temperature. Accordingly, the safe layer can
be configured to respond to an increase in temperature by interrupting a flow of current
within the battery cell. For example, when the battery cell is exposed to temperatures
exceeding a threshold value, the safe layer can undergo a phase transition that causes the safe
layer to expand and/or contract. The expansion and/or contraction of the safe layer can cause
an electric decoupling within the battery cell, for example, between an electrode of the
battery cell and a corresponding current collector. It should be appreciated that the electric
decoupling can interrupt the flow of current within the battery cell, thereby arresting
exothermic reactions within the battery cell and any further increase in the temperature of the

battery cell.

[0040] FIG. 1 depicts a schematic diagram illustrating an example of a battery cell
100 consistent with implementations of the current subject matter. The battery cell 100 may
be any type of battery cell including, for example, a metal battery (e.g., a lithium (Li) battery,
sodium (Na) battery and/or the like), a metal ion battery (e.g. lithium (Li) ions, sodium (Na)
ions, and/or the like), an ionic liquid or solid state electrolyte based battery, a water-based
battery (aqueous solution electrolyte), and/or the like. Referring to FIG. 1, the battery cell
100 may include a first electrode 110a and a second electrode 110b. The first electrode 110a
and the second electrode 110b may have opposite polarities. For example, the first electrode
110a may be a cathode of the battery cell 100 while the second electrode 110b may be an
anode of the battery cell. As shown in FIG. 1, the first electrode 110a may be electrically
coupled with a first current collector 120a while the second electrode 110b electrically
coupled with a second current collector 120b. Moreover, as shown in FIG. 1, the battery cell
100 may include a separator 130 interposed between the first electrode 110a and the second

electrode 110b. Although not shown, it should be appreciated that the battery cell 100 may
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include one or more electrolytes including, for example, liquid electrolytes, solid state

electrolytes, and/or the like.

[0041] Referring again to FIG. 1, the battery cell 100 may include one or more safe
layers including, for example, a safe layer 140 interposed between the first electrode 110a
and the first current collector 120a. The safe layer 140 may be electrically conductive due to
the inclusion of one or more conductive materials including, for example, carbon black, nano
carbon tubes, graphene, and/or the like. It should be appreciated that the safe layer 140 may
be interposed between the second electrode 110b and the second current collector 120b
instead of the first electrode 110a and the first current collector 120b. Moreover, the battery
cell 100 may also include additional safe layers including, for example, another safe layer
interposed between the second electrode 110b and the second current collector 120b in
addition to the safe layer 140 interposed between the first electrode 110a and the first current

collector 120b.

[0042] The safe layer 140 may be configured to interrupt current flow within the
battery cell 100 when the battery cell 100 is subject to a temperature, voltage, and/or current
that exceeds a threshold value, thereby mitigating the hazards that arise when the battery cell
100 is overcharged, overheated, and/or develops an internal short circuit. In some
implementations of the current subject matter, the safe layer 140 may interrupt current flow
within the battery cell 100 by at least forming a nonconductive gap between the first
electrode 110a and the first current collector 120a. For example, the safe layer 140 may form
the nonconductive gap by at least expanding and/or contracting in response to the battery cell
100 being exposed to an above-threshold temperature, voltage, and/or current. Alternatively
and/or additionally, the safe layer 140 may interrupt current flow within the battery cell 100
by at least forming a high-resistance gap between the first electrode 110a and the first current

collector 120a. For instance, the safe layer 140 may form the high-resistance gap by at least
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undergoing an increase in electrical resistivity in response to the battery cell 100 being

exposed to an above-threshold temperature, voltage, and/or current.

[0043] According to some implementations of the current subject matter, to form a
nonconductive gap between the first electrode 110a and the first current collector 120a, the
safe layer 140 may generate a gas and/or a liquid that vaporizes to form the gas. The
nonconductive gap between the first electrode 110a and the first current collector 120a may
be formed when the gas separates the current collector 100 from the corresponding electrode.
Alternatively and/or additionally, the safe layer 140 may decompose and/or delaminate in
order to form the nonconductive gap between the first electrode 110a and the first current
collector 120a. For example, a lithium salt in the electrolyte of the battery cell 100 may
respond an above threshold temperature and/or voltage by at least decomposing to form one
or more reactants that trigger a decomposition and/or delamination of the safe layer 140. For
instance, lithium hexafluorophosphate (LiPFs) in the electrolyte of the battery cell 150 may
decompose to form hydrofluoric acid, which may further react with a carbonate (e.g., calcium
carbonate (CaCQs3)) in the safe layer 140 to form a fluoride (e.g., calcium fluoride (CaF3))
and carbon dioxide (CO») gas. As another example, lithium tetrafluoroborate (LiBF4) in the
electrolyte of the battery cell 100 may decompose to form lithium fluoride (LiF) and boron
trifluoride (BF3) gas. The terphenyl (e.g., ortho-terphenyl) included in the electrolyte may
further react with the safe layer 140 by at least polymerizing with polymers and/or terphenyl

analogs (e.g., para-terphenyl) included in the safe layer 140.

[0044] In some implementations of the current subject matter, the composition of the
safe layer 140 may be varied in order to suit the application associated with the battery cell
100. For example, the composition of the safe layer 140 may be varied in order to achieve a
target temperature and/or a target voltage at which the safe layer 140 interrupts current flow

within the battery cell 100. That is, the composition of the safe layer 140 may be varied such
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that the safe layer 140 interrupt current flow within the battery cell 100 at a temperature

and/or a voltage suitable for the application associated with the battery cell 100.

[0045] In some implementations of the current subject matter, the safe layer 140 may
be formed from one or more polymers. Each molecule (e.g., macromolecule) of a polymer
may include a backbone chain, which may be a longest series of covalently bonded atoms
forming a continuous chain of the molecule. Furthermore, each molecule of the polymer may
include one or more sidechains, which may be attached to the backbone chain via ionic bonds
or covalent bonds. It should be appreciated that different polymers within a same family of

polymers may include the same backbone chain but one or more different sidechains.

[0046] As shown in Table 1 below, different families of polymers may exhibit
different thermal decomposition temperatures and/or electrochemical decomposition
voltages. Moreover, different polymers within the same family of polymers may exhibit
different thermal decomposition temperatures and/or electrochemical decomposition voltages
depending on the sidechains associated with each polymer. It should be appreciated that the
thermal decomposition temperature of a polymer is typically directly proportional to the
electrochemical decomposition voltage of the polymer. That is, a polymer exhibiting a low
thermal decomposition temperature may also exhibit a low electrochemical decomposition

voltage.

[0047] Different polymers may decompose at different temperatures and/or voltages
due to a number of structural factors (e.g., variations in backbone chains, end groups,
sidechains, crosslinking groups, and/or the like) and/or environmental factors (e.g., oxidation
environment, corrosive environment, and/or the like). For example, different polymers may
include different sidechains including, for example, triphenyl phosphite or analogs, bi phenyl
or O-terphenyl or its derivatives, phenyl-R-phenyl, 2 5-Di-tert-butyl-1,  4-bis (2-
methoxyethoxy) benzene, cyclohexyl benzene, dimethoxydiphenyl silane or its analogs, vinyl

10
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carbonate, and/or the like. A polymer with a stronger sidechain may exhibit a higher thermal
decomposition temperature and/or electrochemical decomposition voltage than a polymer
with a weaker sidechain. As used herein, the strength of the sidechain of a polymer may
correspond to a quantity of energy required to detach the sidechain from the backbone chain
of the polymer. For example, a covalently bonded sidechain may be stronger than an
ionically bonded sidechain such that a polymer with a covalently-bonded sidechain may
exhibit a higher thermal decomposition temperature and/or electrochemical decomposition

voltage than a polymer with an ionically-bonded sidechain.

[0048] Alternatively and/or additionally, different crosslinking agents may be added
to a polymer including, for example, derivatives of ethylene glycol di(meth)acrylate,
derivatives of methylenebisacrylamide, formaldehyde-free cross linking agents,
divinylbenzene, and/or the like. Accordingly, the temperature and the voltage at which the
safe layer 140 undergoes decomposition may be adjusted by at least varying the types and/or
proportions of the one or more polymers forming the safe layer 140 including, for example,
the sidechains and/or the crosslinking agents included in the polymers forming the safe layer

140.

[0049] For example, as shown in Table 1, the safe layer 140 may include poly(1,4
phenylene sulfide) and/or a higher proportion of poly(1,4 phenylene sulfide) in order to
increase the temperature and/or voltage at which the safe layer 140 decomposes.
Alternatively, the safe layer 140 may include poly (vinyl alcohol) and/or a higher proportion
of poly (vinyl alcohol) in order to decrease the temperature and/or voltage at which the safe
layer 140 decomposes. It should be appreciated that a variety of gases may be generated
during the decomposition of the safe layer 140 formed from one or more polymers including,

for example, hydrogen (H»), methane (CH4), carbon monoxide (CO), carbon dioxide (CO»),

11
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and/or the like. As noted, the safe layer 140 may generate the gas in order to form a

nonconductive gap between the first electrode 110a and the first current collector 120a.

[0050]  Table 1

Polymer Decomposition Temp. Group effect

Poly (methyl methacrylate) 528K (255°C)

Polypropylene 521K (248°C)

Polyethylene 490K (217°C)

Poly (vinyl alcohol) 337K (64°C) Presence of hydro oxide group
reduces decomposition
temperature

Poly (vinyl chloride) 356K (83°C) Presence of chloride reduces
decomposition temperature

Poly (vinylidene fluoride) 628K (355°C) Presence of fluoride increases
decomposition temperature

Polystyrene 575K (302°C)

Poly butadiene 600K (327°C)

Nylon 6-6 615K (342°C)

Poly(1,4 phenylene sulfide) | 775K (502°C)

Polysulphones 575K (302°C)

[0051] In some implementations of the current subject matter, the safe layer 140 may
be formed from one or more types of polyhedral oligomeric silsesquioxanes (POSS). The
one or more types of polyhedral oligomeric silsesquioxane (POSS) may incorporated into the
one or more polymers forming the safe layer 140. Polyhedral oligomeric silsesquioxanes
(POSS) may be class of nanostructured chemicals that bridges the gap between ceramic and
organic materials. Accordingly, it should be appreciated that the inclusion of one or more
types of polyhedral oligomeric silsesquioxanes (POSS) in the safe layer 140 may improve the
performance of the safe layer 140 without any compromise to the mechanical properties of
the safe layer 140. Some POSS may contain some side groups for adjusting thermal
decomposition temperature and electrochemical decomposition temperature. For instance,
POSS-PEGs has eight polyethylene glycol sidechains with a low glass transition temperature
(7,) as well as a low melting temperature (7n) whereas POSS-benzyl;(BFsLi); is a Janus-like
POSS with hydrophobic phenyl groups and —Si—O-BFsLi ionic groups clustered on one side

of the SiOjs cube. Alternatively and/or additionally, aryl-containing lithium
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perfluorosulfonates may form family of salts having optimal electrochemical performances
including high cation transference numbers. This family may be extended to include

polysilsesquioxanes in which every silicon atom bears one lithium perfluorosulfonate group.

[0052] In some implementations of the current subject matter, the safe layer 140 may
include a polymer such as polyphosphazenes with various sidechains including, for example,
IN=P{OCHCFanly [N=P(OCHCF; {OCH{(CF LW CFaH]y; IN=P{OCeHs}a;
[ N=P(OCHOCHCHOCH:3 s, IN=P{OCH:COOLi i}, and/or the hike. Various kinds of
synthetic polvimers may also be used to form the safe layer 140, The sidechains included in
the synthetic polymers may be varied in order to achieve a target thermal decomposition
temperature and/or a target electrochemical decomposition voltage at which the safe layer
140 interrupts current flow within the battery celi 100, Examples of synthetic polymers
include styrene butadiene rubber (SBR)-based binders, polyvinylidene fluoride (PVDF)-
based binders, carboxymethyl cellulose (CMC)-based binders, poly(acrylic acid) (PAA)-
based binders, polyvinyl acids (PVA)-based binders, poly(vinylpyrrolidone) (PVP)-based

binders, and/or the like.

[0053] In some implementations of the current subject matter, the safe layer 140 may
include a conductive polymer. Examples of conductive polymers include linear-backbone

"polymer blacks" (e.g., polvacetvlene, polvpvrrole, polyindole, polvaniline, and/or the like)

and their copolymers, polv{p-phenyiene vinylene} (PPV) and its derivatives, and poly(3-

alkylthiophenes). To further illustrate, Table 2 below depicts examples of organic conductive

polymers.

[0054]  Table 2

13
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No Heteroatom Nitrogen-containing Sulfur-containing
Poly{fluorene)s poly({pyrrole)s (PPY) poly{pyrrole)s (PPY)
polyphenylenes polycarbazoles polycarbazoles
polypyrenes polyindoles polyindoles
polyazulenes polyazepines polyazepines
polynaphthalenes polyanilines (PANI) polyanilines (PANI)
Poly{acetylene)s (PAC)

Poly{p-phenylene vinylene) {PPV)

[0055] In some implementations of the current subject matter, the safe layer 140 may
include a positive thermal coefficient (PTC) material including, for example, polyethylene
(PE) and carbon black, polyvinylidene fluoride (PVDF) and carbon black, an inorganic
conductive ceramic (e.g., barium titanium oxide (BaTiOz) and/or the like) and polyethylene
(PE). Alternatively and/or additionally, the safe layer 140 may be formed from a binder and
a compound that is configured to decompose in response to an above-threshold temperature,
voltage, and/or current. The decomposition of the compound may result in the formation of
the nonconductive gap and/or the high resistance gap between the first electrode 110a and the

first current collector 120a.

[0056] In some implementations of the current subject matter, the safe layer 140 may
be formed from a material that undergoes a solid-to-solid phase transition when subject to
heat such as, for example, an inorganic conductive ceramic (e.g., barium titanium oxide
(BaTiO») and/or the like), metal-like carbides (e.g., zirconium carbide (ZrC), titanium carbide
(TiC), and/or the like), nitrides (e.g., titanium nitride (TiN), tantalum nitride (TaN),
aluminum nitride (AIN), boron nitride (BN), and/or the like), and/or the like. It should be
appreciated that the solid-to-solid phase transition, which may be triggered by exposure to
heat, may be accompanied by a decrease in electrical conductivity. For example, when the
safe layer 140 is formed from a doped and/or an undoped inorganic conductive ceramic (e.g.,

barium titanium oxide (BaTi0,) and/or the like), which may be optionally combined with one

14
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or more oxides (e.g., titanium oxide (TiO2) and/or the like) and/or carbonates (e.g., sodium
carbonate (Na2COs), potassium carbonate (K2COs), calcium carbonate (CaCOs), and/or the
like), the safe layer 140 may become an insulator at temperatures above 130°C. Alternatively
and/or additionally, when the safe layer 140 is formed from a metal-like carbide (e.g.,
zirconium carbide (ZrC), titanium carbide (TiC), and/or the like), the electrical conductivity
of the safe layer 140 may initially be high (e.g., up to 10.5 siemens per centimeter (S/cm)) but

may decrease as the safe layer 140 is subject to rising temperatures.

[0057] In some implementations of the current subject matter, the formation of the
safe layer 140 may include subjecting the safe layer 140 to a treatment configured to
crosslink the polymer chains forming the safe layer 140. For example, the safe layer 140 may
be subject to a chemical treatment, heat treatment, and/or radiation treatment (e.g., exposure
to ultraviolet (UV) light, B-ray, X-ray, and/or the like). FIGS. 3A-F depicts the effects of
subjecting the safe layer 140 to a heat treatment. Table 3 below further summarizes the

effects of subjecting the safe layer 140 to a heat treatment.

[0058]  Table 3

No. | Temperature (C°) Under In air Comments
vacuum (no
vaccum)

1 No treatment N/A N/A Many Cracks
2 125°C for 10 min X Some cracks
3 240 °C for 10 min X Less cracks
4 240°C for 30 min X Less cracks

5 150°C for 16 hrs X No cracks

[0059] Subjecting the safe layer 140 to a treatment to crosslink the polymer chains
forming the safe layer 140 may enhance the structural integrity of the safe layer 140. For
example, as shown in FIG. 3A, the safe layer 140 without any heat treatment may exhibit
cracks. By contrast, FIGS. 3B-F depict the effects of treating the safe layer 140 at different

temperatures over various lengths of time, which may include a reduction in the quantity of
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cracks present in the safe layer 140. For instance, FIG. 3B depicts the safe layer 140 being
heat treated at 125°C for 10 minutes, FIG. 3C depicts the safe layer 140 being heat treated at
240°C for 10 minutes, FIG. 3D depicts the safe layer 140 being heat treated at 240°C for 30
minutes, and FIG. 3E depicts the safe layer 140 being heat treated at 150°C for 16 hours

under vacuum.

[0060] As shown in FIGS. 3B-F, treating the safe layer 140 at higher temperatures
and/or over longer time periods may increase the structural integrity of the safe layer 140
including by decreasing the quantity of cracks present in the safe layer 140. For example, the
safe layer 140 shown in FIG. 3C, which is heat treated at 240°C for 10 minutes, may exhibit
fewer cracks than the safe layer 140 heat treated at 125°C for 10 minutes shown in FIG. 3B.
Meanwhile, the safe layer 140 shown in FIG. 3D, which is heat treated at 240°C for 30
minutes, may exhibit even fewer cracks than the safe layer 140 heat treated at 240°C for 10
minutes shown in FIG. 3C. Nevertheless, as shown in FIG. 3E, treating the safe layer 140 at

150°C for 16 hours and under vacuum may render the safe layer 140 crack-free.

[0061] FIG. 2 depicts a flowchart illustrating a process 200 for forming a safe layer
consistent with implementations of the current subject matter. For example, the process 200
may be performed in order to forming the safe layer 140 including the first electrode 110a
coupled with the safe layer 140. In some implementations of the current subject matter, the
safe layer may be formed by coating, spraying, and/or depositing a layer of one or more
materials forming the safe layer (202). For example, the safe layer may be formed by one or
more coating technique including, for example, micro-gravure coating, slot die coating,
reverse roll coating, and/or the like. Alternatively and/or additionally, the safe layer may be
formed by one or more spraying and/or deposition techniques including, for example, vapor
deposition, electron beam deposition, ion assistant deposition, atomic layer deposition, and/or
the like. The formed safe layer may be subject to one or more treatments (204). For
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instance, the safe layer may be be subject to a drying treatment to remove solvent and/or a
cross-linking treatment to rigidify the one or more materials forming the safe layer.
Alternatively and/or additionally, the safe layer may be subject to a chemical treatment, a
heat treatment, and/or a radiation treatment (e.g., exposure to ultraviolet (UV) light, B-ray, X-
ray, and/or the like). Heat treating the safe layer may enhance the structural integrity of the

safe layer including by reducing the quantity of cracks present in the formed safe layer.

[0062] According to some implementations of the current subject matter, the safe
layer of the battery cell can be formed together with an electrode layer of the battery cell. For
instance, the safe layer 140 may be formed along with the first electrode 110a of the battery
cell 100. As such, an electrode layer may be formed on the safe layer by at least disposing a
layer of electrode material on a surface of the safe layer (206). For example, the electrode
material can be disposed on the surface of the safe layer by one or more coating techniques
including, for example, slot die coating, reverse roll coating, and/or the like. The formed
electrode layer may be subject to a drying treatment in order to remove solvent from the

electrode layer (208).

[0063] Example Safe Layer 1

[0064] In some implementations of the current subject matter, the safe layer 140 may
be formed by dissolving 1 gram of EP0409 (glycidyl polyhedral oligomeric silsesquioxane
(POSS)) into 50 grams of tetrahydrofuran ((CH2);CH20). Furthermore, 5 grams of poly
acrylic monomer can be added to the EP0409 solution as well as 50 grams of nano-sized
calcium carbonate (CaCOs3). The EP0409 solution can further be combined with 1 gram of a
conductive addititive (e.g., carbon black and/or the like) and 0.1 grams of an initiator (e.g., 2,
4, 6-trimethyl benzoyl-diphenyl Phosphine oxide). The resulting slurry can be coated onto a
metal foil (e.g., 14 um aluminium (Al) foil, 8 um copper foil), or the like) with a loading of

0.7 miligrams per square centimeter (mg/cm?). The coating may be performed by an
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automatic coater at a speed of 1.5 meters per minute. The automatic coater may include a
first gravature coating header with three 2-meter long heating zones that are each set at
approximately 60°C and an ultraviolet (UV) light source positioed above the slurry being
coated onto the metal foil to form the safe layer 140. The automatic coater may further
include a second slot die coating header and heating zones for coating and drying a layer of
the material forming the first electrode 110a, which may be deposited on a surafce of the safe

layer 140.

[0065] Alternatively, the safe layer 140 may subject to an ultravoilet (UV) light
treatment subsequent to drying and before the first electrode 110a is applied to the surface of
the safe layer 140 by a slot die coater. The slot die coater applying the first electrode 110°

may include three heating zones set to the temperatures 90°C, 135°C, and 135°C.

[0066] Example Safe Layer 11

[0067] In some implementations of the current subject matter, the safe layer 140 may
be formed by dissolving 1 gram of MAO735 (methacryl polyhedral oligomeric silsesquioxane
(POSS)) into 50 grams of tetrahydrofuran (THF) and mixing 5 grams of poly acrylic
monomer into the resulting solution. Furthermore, 50 grams of nano sized CaCO3, 1 gram of
a conductive additive (e.g., carbon black and/or the like), and 0.1 grams of an initiator can be
added to MAO735 solution to form a slurry. The slurry can be coated onto aluminium (Al)
foil with the loading 0.7 miligrams per square centimeter (e.g., mg/cm?). A layer of a slurry
forming the first electrode 110a may be coated on a surface of the safe layer 140. An
ultraviolet (UV) light and a heating zone can be set up during the coating to treat the safe

layer 140 and/or the first electrode 110a.

[0068] Example Safe Layer 111
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[0069] In some implementations of the current subject matter, the safe layer 140 may
be formed by dissolving 0.8 grams TF-4000 into 8 grams of N-Methyl-2-pyrrolidone (NMP)
to form a solution that is then combined with a solution formed by mixing 4.8 grams of
polyvinylidene difluoride (PVDF) with 55 grams of N-Methyl-2-pyrrolidone (NMP). The
resulting slurry can be mixed with 34.08 grams of nano calcium carbonate (CaCOs3) for 20
minutes at 5000 revolutions per minute. Furthermore, the slurry can be coated onto 15
millimeter thick aluminum (Al) foil using an automatic coating machine with a first heat zone
set to approximately 135°C and a second heat zone set to approximately 165°C to remove the
solvent N-Methyl-2-pyrrolidone (NMP) and form a dried solid with a loading of
approximately 0.7 milligrams per square centimeter (mg/cm?). According to some
implementations of the current subject matter, a conductive additive (e.g., carbon black
and/or the like) can be omitted from the slurry forming the safe layer 140. In such instances,
the conductivity of the safe layer 140 may be derived from intermixing between the materials
forming the safe layer 140 and the materials forming the first electrode 110a during the

coating and/or the calendaring process.

[0070] In some implementations of the current subject matter, the first electrode 110a
may be formed along with the safety layer 140. For instance, the first electrode 110a may be
formed by dissolving 21.6 grams of polyvinylidene difluoride (PVDF) in 250 grams of the
solvent N-Methyl-2-pyrrolidone (NMP) and adding 18 grams of a conductive additive (e.g.,
carbon black and/or the like) to the resulting solution. This slurry of polyvinylidene
difluoride (PVDF), N-Methyl-2-pyrrolidone (NMP), and a conductive additive can be missed
for 15 minutes at 5000 revolutions per minute before 560.4 grams of LiNii;3C01sMn1302
(NMC) is added to the slurry and mixed for 30 minutes at 5000 revolutions per minute. The
resulting slurry can then be coated on a surface of the safe layer 140, for example, using an

automatic coating machine with a first heat zone set to approximately 85°C and a second heat
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zone set to approximately 135°C. It should be appreciated that the slurry can be exposed to
heat in order to remove the solvent N-Methyl-2-pyrrolidone (NMP) and form a dry solid with

a loading of approximately 19.5 milligrams per square centimeter (mg/cm?).

[0071] Example Safe Layer 1V

[0072] In some implementations of the current subject matter, the safe layer 140 may
include MAO735 (methacryl polyhedral oligomeric silsesquioxane (POSS)), which may be a
hybrid molecule having an inorganic silsesquioxane at its core and one or more organic
methacrylate groups attached at the corners of the cage. The safe layer 140 may be formed
by dissolving 5 grams of the MA0735 into 100 grams of tetrahydrofuran ((CH»);CH-O).
Furthermore, 5 grams of polystyrene and 0.2 grams of carbon black may be added to the
MAO735 solution and mixed at a high speed (e.g., >6000 revolutions per minute). The
resulting slurry may be coated onto aluminium (Al) foil, for example, using a gravure coater,
with of loading 0.3 miligrams per square centimeter (mg/cm?). The resulting safe layer 140
may be subject to an ultraviolet (UV) light treatment before a layer of lithium cobalt oxide

(LiCo0») forming the first electrode 110a is coated on a surface of the safe layer 140.

[0073] Example Safe Layer V

[0074] In some implementations of the current subject matter, the safe layer 140 may
include SO1458 (TrisilanolPhenyl polyhedral oligomeric silsesquioxane (POSS)), which may
be a hybrid molecule having an inorganic silsesquioxane at its core, organic phenyl groups
attached at the corners of the cage, and three active silanol functionalities. The safe layer 140
may be formed by dissolving 5 grams of the SO1458 into 100 grams of tetrahydrofuran
((CH»)3CH:0) before adding 5 grams of polystyrene and 0.2 grams of carbon black. The
solution may be mixed at a high speed (e.g., >6000 revolutions per minute) before the

resulting slurry is coated onto aluminium (Al) foil, for example, using a gravure coater, with
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of loading 0.3 miligrams per square centimeter (mg/cm?). The resulting safe layer 140 may
be subject to an ultraviolet (UV) light treatment before a layer of lithium cobalt oxide

(LiCo0») forming the first electrode 110a is coated on a surface of the safe layer 140.

[0075] Example Safe Layer VI

[0076] In some implementations of the current subject matter, the safe layer 140 may
include CA0298 (OctaMaleamic Acid polyhedral oligomeric silsesquioxane (POSS)), which
may be a hybrid molecule having an inorganic silsesquioxane at its core and organic
OctaMaleamic acid groups attached at the corners of the cage. The safe layer 140 may be
formed by dissolving 5 grams of the CA0298 into 100 grams of tetrahydrofuran
((CH»)3CH;0). Furthermore, 5 grams of poly (vinylidene fluoride) (PVDF) and 0.2 grams of
carbon black may be added to the CA0298 solution and mixed at a high speed (e.g., >6000
revolutions per minute). The resulting slurry may be coated onto aluminium (Al) foil, for
example, using a gravure coater, with of loading 0.3 miligrams per square centimeter
(mg/cm?). The resulting safe layer 140 may be subject to an ultraviolet (UV) light treatment
before a layer of lithium cobalt oxide (LiCoQ>) forming the first electrode 110a is coated on a

surface of the safe layer 140.

[0077] Example Safe Layer VII

[0078] In some implementations of the current subject matter, the safe layer 140 may
include polyvinylidene fluoride (PVDF), which may increase the decomposition temperature
of the safe layer 140. The formation of the safe layer 140 may include dissolving 94 grams
of polyamide-imide (PAI) in 940 grams of N-Methyl-2-pyrrolidone (NMP) solvent.
Meanwhile, 5 grams of polyvinylidene fluoride (PVDF) may be dissolved into 172.5 grams
of N-Methyl-2-pyrrolidone (NMP) solvent. Furthermore, 1 gram of carbon black may be

mixed with 200 grams of N-Methyl-2-pyrrolidone (NMP) solvent at 6000 revolutions per
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minute for three hours. The carbon black solution may be mixed for another three hours in an
ultrasonic bath to maximize the homogeneity of the carbon black slurry. The polyamide-
imide (PAI) solution, the polyvinylidene fluoride (PVDF) solution, and the carbon black
solution may be combined and mixed at 6000 revolutions per minute for one hour. Once the
resulting slurry is determined to exhibit an appropriate viscosity (e.g., as measured by a
rheometer fitted with spindle no. 6 and set at 50 revolutions per minute), the slurry may be
coated onto aluminum (Al) foil by an automatic coater at a rate of 2 meters per minute and
with a target loading of 0.2 milligrams per square centimeter. The first drying zone, the
second drying zone, and the sixth drying zone of the automatic coater may be set to 50°C
while the third drying zone, fourth drying zone, and fifth drying zone of the automatic coater

may be set to 60°C.

[0079] As noted, in some implementations of the currents subject matter, the
structural integrity of the safe layer 140 may be enhanced by at least subjecting the safe layer
140 to a chemical treatment, heat treatment, and/or radiation treatment (e.g., exposure to
ultraviolet (UV) light, B-ray, X-ray, and/or the like). For example, the safe layer 140 may be
heat treated in order to minimize the quantity of cracks present in the safe layer 140. As
shown in FIG. 3F, heat treating the safe layer 140 at 150°C for 16 hours and under vacuum

may render the safe layer 140 crack-free.

[0080] In some implementations of the current subject matter, the safe layer 140 may
be formed together with the first electrode 110a. To form the first electrode 110a, a
polyvinylidene fluoride (PVDF) solution may be formed by combining 15 grams of
polyvinylidene fluoride (PVDF) and 172.5 grams of N-Methyl-2-pyrrolidone (NMP) solvent.
Furthermore, 10 grams of carbon black may be mixed with the polyvinylidene fluoride
(PVDF) solution first at 1000 revolutions per minute for ten minutes and then at 8000

revolutions per minute for 60 minutes. The polyvinylidene fluoride (PVDF) solution may be
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combined with 970 grams of lithium cobalt oxide (LiCo0O,) as well as some quantitiy of N-
Methyl-2-pyrrolidone (NMP) solvent before being mixed for a total of two hours in which the
polyvinylidene fluoride (PVDF) solution subject to 10 minutes of being mixed at 1000

revolutions per minute for every 30 minutes of being mixed at 6000 revolutions per minute.

[0081] The viscosity of the resulting slurry may be determined by a rtheometer (e.g,,
at fitted with spindle no. 6 and set at 50 revolutions per minute). Moreover, additional
quantities of N-Methyl-2-pyrrolidone (NMP) may be added to the slurry in order to achieve a
viscosity of approximately 2500 centipoise (cP) and a final solid content of approximately
66.7%. Once the slurry is determined to exhibit the desired viscosity and solid content, an
automatic coater may form the first electrode 110a by at least coating the slurry on a surface
of the safe layer 140 at a rate of 2 meters per minute and with a target loading of
approximately 20 milligrams per square centimeter. The first drying zone of the automatic
coater may be set to 70°C, the second drying zone of the automatic coater may be set to
100°C, the third drying zone of the automatic coater may be set to 120°C, the fourth drying
zone of the automatic coater may be set to 140°C, the fifth drying zone of the automatic
coater may be set to 130°C, and the sixth drying zone of the automatic coater may be set to
90°C. It should be appreciated that the first electrode 120a may also be subject to a chemical
treatment, heat treatment, and/or radiation treatment (e.g., exposure to ultraviolet (UV) light,
B-ray, X-ray, and/or the like) in order to enhance a structural integrity of the first electrode

120a.

[0082] In the descriptions above and in the claims, phrases such as “at least one of” or
“one or more of” may occur followed by a conjunctive list of elements or features. The term
“and/or” may also occur in a list of two or more elements or features. Unless otherwise
implicitly or explicitly contradicted by the context in which it used, such a phrase is intended
to mean any of the listed elements or features individually or any of the recited elements or
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features in combination with any of the other recited elements or features. For example, the
phrases “at least one of A and B;” “one or more of A and B;” and “A and/or B” are each

29

intended to mean “A alone, B alone, or A and B together.” A similar interpretation is also
intended for lists including three or more items. For example, the phrases “at least one of A,
B, and C;” “one or more of A, B, and C;” and “A, B, and/or C” are each intended to mean “A
alone, B alone, C alone, A and B together, A and C together, B and C together, or A and B

and C together.” Use of the term “based on,” above and in the claims is intended to mean,

“based at least in part on,” such that an unrecited feature or element is also permissible.

[0083] The subject matter described herein can be embodied in systems, apparatus,
methods, and/or articles depending on the desired configuration. The implementations set
forth in the foregoing description do not represent all implementations consistent with the
subject matter described herein. Instead, they are merely some examples consistent with
aspects related to the described subject matter. Although a few variations have been
described in detail above, other modifications or additions are possible. In particular, further
features and/or variations can be provided in addition to those set forth herein. For example,
the implementations described above can be directed to various combinations and
subcombinations of the disclosed features and/or combinations and subcombinations of
several further features disclosed above. In addition, the logic flows depicted in the
accompanying figures and/or described herein do not necessarily require the particular order
shown, or sequential order, to achieve desirable results. Other implementations may be

within the scope of the following claims.
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CLAIMS

What is claimed is:

1. A battery cell, comprising:

a first electrode;

a second electrode having an opposite polarity as the first electrode;

a first current collector electrically coupled with the first electrode;

a second current collector electrically coupled with the second electrode; and

a safe layer interposed between the first electrode and first current collector,
the safe layer configured to respond to being exposed to a target temperature by at
least interrupting a current flow in the battery cell, the safe layer interrupting the
current flow in the battery cell by at least forming a non-conductive gap between the
first electrode and the first current collector, and the safe layer comprising a polymer

selected based at least on the target temperature.

2. The battery cell of claim 1, wherein the polymer includes one or more

sidechains selected based at least on the target temperature.

3. The battery cell of claim 2, wherein the polymer includes a first sidechain
instead of a second sidechain such that the safe layer interrupts the current flow in response to

a first temperature and not a second temperature.

4. The battery cell of any of claims 1-3, wherein the safe layer comprises a first
polymer instead of a second polymer such that the safe layer interrupts the current flow in

response to a first temperature and not a second temperature.
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5. The battery cell of claim 4, wherein the safe layer is formed from the first
polymer instead of the second polymer in order to increase or decrease a temperature at
which the safe layer forms the non-conductive layer to interrupt the current flow in the

battery cell.

6. The battery cell of any of claims 4-5, wherein the safe layer further comprises
a first quantity of the first polymer instead of a second quantity of the first polymer such that
the safe layer interrupts the current flow in response to the first temperature and not a second

temperature.

7. The battery cell of any of claims 1-6, wherein the safe layer is further
configured to interrupt the current flow in the battery cell in response to being exposed to a
first voltage, and wherein the safe layer comprising the first polymer instead of the second
polymer such that the safe layer interrupts the current flow in response to the first voltage and

not a second voltage.

8. The battery cell of any of claims 1-7, wherein the polymer comprises a poly
(methyl methacrylate) such that the safe layer interrupts the current flow at a temperature of

255°C.

9. The battery cell of any of claims 1-8, wherein the polymer comprises a

polypropylene such that the safe layer interrupts the current flow at a temperature of 248°C.

10. The battery cell of any of claims 1-9, wherein the polymer comprises a

polyethylene such that the safe layer interrupts the current flow at a temperature of 217°C.

11. The battery cell of any of claims 1-10, wherein the polymer comprises a poly

(vinyl alcohol) such that the safe layer interrupts the current flow at a temperature of 64°C.
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12. The battery cell of any of claims 1-11, wherein the polymer comprises a poly

(vinyl chloride) such that the safe layer interrupts the current flow at a temperature of 83°C.

13. The battery cell of any of claim 1-12, wherein the polymer comprises a poly
(vinylidene fluoride) such that the safe layer interrupts the current flow at a temperature of

355°C.

14. The battery cell of any of claims 1-13, wherein the polymer comprises a
polystyrene and/or a polysulphones such that the safe layer interrupts the current flow at a

temperature of 302°C.

15. The battery cell of any of claims 1-14, wherein the polymer comprises a poly

butadiene such that the safe layer interrupts the current flow at a temperature of 327°C.

16.  The battery cell of any of claims 1-15, wherein the polymer comprises a nylon

6-6 such that the safe layer interrupts the current flow at a temperature of 342°C.

17. The battery cell of any of claims 1-16, wherein the polymer comprises a poly
(1,4 phenylene sulfide) such that the safe layer interrupts the current flow at a temperature of

502°C.

18.  The battery cell of any of claims 1-17, wherein the polymer includes a

polyhedral oligomeric silsesquioxane (POSS).

19. The battery cell of claim 18, wherein the polymer comprises a glycidyl
polyhedral oligomeric silsesquioxane (EP0409), a methacryl polyhedral oligomeric
silsesquioxane (MAO0735), a TrisilanolPhenyl polyhedral oligomeric silsesquioxane

(SO1458), and/or a OctaMaleamic Acid polyhedral oligomeric silsesquioxane (CA0298).
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20. The battery cell of any of claims 1-19, wherein the polymer comprises a

conductive polymer.

21. The battery cell of claim 20, wherein the conductive polymer comprises a
polyacetylene, a polypyrrole, a polyindole, a polyaniline, a poly(p-phenylene vinylene),

and/or a poly(3-alkylthiophenes).

22. A method, comprising:

forming a safe layer by coating, spraying, and/or depositing one or more materials
forming the safe layer, the safe layer configured to be interposed between an electrode and a
current collector electrically coupled with the electrode, the safe layer further configured to
respond to being exposed to a target temperature by at least interrupting a current flow in a
battery cell comprising the electrode, the current collector, and the safe layer, the safe layer
interrupting the current flow in the battery cell by at least forming a non-conductive gap
between the electrode and the current collector, and the one or more materials forming the

safe layer comprising a polymer selected based at least on the target temperature.

23. The method of claim 22, wherein the safe layer comprises a first polymer
instead of a second polymer such that the safe layer interrupts the current flow in response to

a first temperature and not a second temperature.

24, The method of any of claims 22-23, wherein the polymer includes one or more

sidechains selected based at least on the target temperature.

25. The method of any of claims 22-24, wherein the polymer includes a first
sidechain instead of a second sidechain such that the safe layer interrupts the current flow in

response to a first temperature and not a second temperature.
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26.  The method of any of claims 22-25, wherein the one or more materials

forming the safe layer is coated, sprayed, and/or deposited on a metal foil.

27. The method of any of claims 22-26, further comprising:
forming the electrode by at least coating the safe layer with one or more materials

comprising the electrode.

28. The method of any of claims 22-27, further comprising:
treating the safe layer to at least crosslink a plurality of polymer chains comprising the

safe layer.

29. The method of claim of 28, wherein the safe layer is subjected to a heat

treatment.

30.  The method of claim 29, wherein the safe layer is heat treated at 150°C for 16

hours, and wherein the safe layer is heat treated under a vacuum.

31 The method of any of claims 28-30, wherein the safe layer is subjected to a

chemical treatment.

32. The method of any of claims 28-31, wherein the safe layer is subjected to a
radiation treatment including by being exposed to an ultraviolet (UV) light, a B-ray, and/or an

X-ray.
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