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CONTAINING ELECTROLYTE ADDITIVES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
62/596,034, filed December 7, 2017. The entirety of the above referenced application is

hereby incorporated by reference.

BACKGROUND
Field
[0002] The present application relates generally to electrolytes for energy storage
devices. In particular, the present application relates to electrolytes and additives for use in

lithium-1on energy storage devices with silicon-based anode materials.

Description of the Related Art

[6003] As the demands for both zero-emission electric vehicles and grid-based
energy storage systems increase, lower costs and mmprovements i energy density, power
density, and safety of lithium (Li}-ion batteries are highly desirable. FEnabling the high
energy density and safety of Li-ion batteries requires the development of high-capacity, and
high-voltage cathodes, high-capacity anodes and accordingly functional electrolytes with
high voltage stability, interfacial compatibility with electrodes and safety.

6064} A hthium-ion battery typically includes a separator and/or electrolyte
between an anode and a cathode. Tn one class of batteries, the separator, cathode and anode
materials are individually formed into sheets or films. Sheets of the cathode, separator and
anode are subsequently stacked or rolled with the separator separating the cathode and anode
{e.g., electrodes) to form the battery. Typical electrodes include electro-chemically active
material layers on electrically conductive metals {e.g., aluminum and copper). Films can be
rolled or cut into pieces which are then layered into stacks. The stacks are of alternating
electro-chemically active materials with the separator between them,

[6005] S1 13 one of the most promusing anode materials for Li-ion batteries due to

its high specific gravimetric and volumetric capacity (3579 mAb/g and 2194 mAh/cnt’ vs.
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372 mAhl/g and 719 mAh/cm® for graphite), and low lithiation potential (< 0.4 V vs. Li/Li7).
Among the various cathodes presently available, lavered lithiom transition-metal oxides such
as Ni-rich LifNixCoyMn{ Al}1x+5]02 (NCM or NCA) are the most promising ones due to their
high theoretical capacity {~ 280 mAh/g) and relatively high average operating potential (3.6
V ovs Ly/Li"). In addition to Ni-rich NCM or NCA cathode, LiCoO» (LCO) 15 also a very
attractive cathode material because of s relatively high theoretical specific capacity of
274 mAh ¢, high theoretical volumetric capacity of 1363 mAhem™, low self-discharge,
high discharge voltage, and good cycling performance. Coupling 51 anodes with high-
voltage Ni-rich NCM {or NCA) or LLCO cathodes can deliver more energy than conventional
Li-1on batteries with graphite-based anodes, due to the high capacity of these new electrodes.
However, both Si-based anodes and high-voltage Ni rich NCM (or NCA) or LCO cathodes
face formidable technological challenges, and long-term cycling stability with high-Si
anodes paired with NCM or NCA cathodes has yet to be achieved.

[0006] For anodes, silicon-based materials can provide significant improvement
in energy density. However, the large volumetric expansion (>300%) during the Li
alloying/dealloving processes can lead to disintegration of the active material and the loss of
electrical conduction paths, thereby reducing the cycling life of the battery. In addition, an
unstable solid electrolvte interphase (SEI} layer can develop on the surface of the cycled
anodes, and leads to an endless exposure of St particle surfaces 1o the liquid electrolyte. This
results i an 1rreversible capacity loss at each cycle due to the reduction at the low potential
where the liquid electrolyte reacts with the exposed surface of the St anode. In addition,
oxidative instability of the conventional non-aqueous electrolyte takes place at voltages
beyvond 4.5 V, which can lead to accelerated decay of cycling performance. Because of the
generally inferior cycle life of 81 compared to graphite, only a small armount of 51 or S1 alloy
is used in conventional anode materials.

(6607} The NCM (or NCA} or LCO cathode usuvally suffers from an nferior
stability and a low capacity retention at a high cut-off potential. The reasons can be ascribed
to the unstable surface layer’s gradual exfoliation, the continuous electrolyte decomposition,
and the transition metal 1on dissolution into electrolyte solution. The major imutations for
LCO cathode are high cost, low thermal stability, and fast capacity fade at high current rates

or during deep cycling. LCO cathodes are expensive because of the high cost of Co. Low
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thermal stability refers to exothermic release of oxygen when a hithium metal oxide cathode
15 heated. In order to make good use of 51 anode//NCM or NCA cathode-, and St
anode//LCO cathode-based Li-ion battery systems, the aforementioned barriers need to be
overcome.

[0008] One strategy for overcoming these barriers mncludes exploring new
electrolyte additives in order to make good use of Si anode//NCM or NCA cathode-, and S1
anode//LCO cathode-based full cells. The next generation of electrolyte additives to be
developed should be able to form a umform, stable SEI layer on the surface of 81 ancdes.
This layer should have low impedance and be electronically msulating, but ionically
conductive to Li-ion.  Additionally, the SEI layer formed by the additive should have
excellent elasticity and mechanical strength to overcome the problem of expansion and
shrinkage of the 51 anode volume  On the cathode side, the 1deal additives should be
oxidized preferentially to the solvent molecule in the bare electrolyte, resulting n a
protective cathode electrolyte interphase (CEI film formed on the surface of the Ni-rich
NCM {or NCA) and LCO cathodes. At the same time, it should help alleviate the dissolution
phenomenon of transition metal ions and decrease surface resistance on cathode side. In
addition, they could help improve the physical properties of the electrolyte such as tonic

conductivity, viscosity, and wettability.

SUMMARY
6069} In some aspects, energy storage devices are provided. In some
embodiments, the energy storage device mcludes a first electrode and a second electrode,
wherein at least one of the first electrode and the second electrode 15 a Si-based electrode. In
some embodiments, the energy storage device includes a separator between the first
electrode and the second electrode. In some embodiments, the energy storage device
mecludes an electrolyte.  In some embodiments, the energy storage device includes at least

one electrolyte additive comprising a compound of Formula (A):
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[6010] In some embodiments, Ri1 1s selected from the group consisting of a C1-C8
altkyl substituted by F, an alkoxy-alkyl substituted by F, and alkenyloxy-alkyl In some
embodiments, each Rz, Rs, and R4 is independently an —H or a C1-C8 alkyl substituted by F.
In some embodiments, Ri 18 C1-C10 alkyl substituted by ¥ or -CHz-ORs.  In some
embodiments, Rs 1s a CI1-CI10 alkyl substituted by F or a C1-Co alkenyl In some
embodiments, each Ra, R3, and Rs 15 independently an —H or —CFs.

[6011] In some embodiments, the second electrode 15 a Si-domunant electrode. In
some embodiments, the second electrode comprises a self-supporting composite material
film. In some embodiments, the composite material film comprises greater than 0 % and less
than about 90 % by weight of silicon particles, and greater than 0 % and less than about 90 %
by weight of one or more types of carbon phases, wheren at least one of the one or more
types of carbon phases is a substantially continuous phase that holds the composite material
film together such that the silicon particles are distributed throughout the composite material
film.

[6012] In some embodiments, the electrolyte further comprises fluoroethylene
carbonate (FEC). In some embodiments, the electrolyte is substantially free of non-fluorine
containing cyclic carbonate.

[6013] In some embodiments, the elecirolyte additive 1s selected from the group
consisting of 4-(Trifluoromethyl}-1,3-dioxolan-2-one (TFPC), 4, 4-Bis(trifluoromethyl}-1,3-
dioxolan-2-one {including cis, trans and racemate forms), 4,5-Bis{Triflusromethyl}-1,3-
dioxolan-2-one, 1,1, 2-Tos{trifluoromethyl jethylene carbonate,
Tetrakis(trifluoromethylethylene carbonate, 4-(Fluoromethyi)-1,3-dioxolan-2-one, 3.3-
Difluoropropylene  carbonate, 4-(2,2,3,3,4,4 4-Heptafluorobutyl}-1,3-dioxolan-2-one, 4-
(2,2,3,3,4,4,5,5,5-Nonafluoropentyl}-1,3-dioxolan-2-one, 4-(2,2,3,3,4,4,5,5,6,6,7,7,7-
Tridecafluorcheptyi}-1,3-dioxolan-2-one, 4-[{2,2,2-Trifluoroethoxymethyl}-1,3-dioxolan-2-
one, 4-[(2,2,3,3,3-Pentafluoropropoxyymethyl}-1,3-dioxolan-2-one, 4-[(2,2,3,3,4,4,4-
Heptafluorobutoxy)methyli}-1, 3-dioxolan-2-one, 3-{(2,2 3,3-Tetrafluoropropoxy)ymethyl}-1,3-
dioxolan-2-one,  4-{(2,2,3,4,4,4-Hexatluorobutoxyymethyl]-1,3-dioxolan-2-one,  4-{{2,2-
Difluoroethoxy methyl}-1,3-dioxolan-2-one, 4-[(Hexafluoroisopropoxymethyl}-1,3-
dioxolan-2-one, 4-[{1H,1H-Perfluorchexoxy)methyl]-1,3-dioxolan-Z-one, 4-[{1H 1H 9H-

Perfluorononoxymethyil-1,3-dioxolan-Z-one, 4-[(1H,1H,7H-Perfluoroheptoxymethyl}-1,3-
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dioxolan-2-one, 4-[{ 1H, 1H,2H,2H-Perfluorchexoxy ymethyl]-1,3-dioxolan-2-one, and 4-

[(4,4,5,5,5-Pentafluoropentoxy)methyl]-1,3-dioxolan-2-one.

BRIEF BESCRIPTION GF THE DRAWINGS

[0014] Figure 1 depicts a cross-sectional schematic diagram of an example of a
lithium-1on battery 300 implemented as a pouch cell

[6015] Figure 2 depicts an Arbin pulse function.

[0016] Figures 3A and 3B show the capacity (A) and capacity retention (B) of an
embodiment of Si-dominant anode//LiCo0: cathode full cells, respectively.

[6017] Figures 4A and 4B show the average impedance before (A} and after (B)
cycling of an embodiment of Si-domunant anode//LiCo0: cathode full cells, respectively.

[00138] Figures 5A and 5B show the average resistance before (A} and after (B)
cycling of an embodiment of Si-dominant anode//LiCo0:2 cathode full cells, respectively.

[0019] Figures 6A and 6B show the average resistance after 10s charge (A} and
discharge (B} of an embodiment of Si-dominant anode//LiCoQO2 cathode full cells,
respectively.

0026} Figures 7A and 7B show the average resistance after 30s charge (A} and
discharge (B} of an embodiment of Si-dominant anode//LiCoQO2 cathode full cells,

respectively.

DETAILED DESCRIPTION

Defimtions

[0021] The term “alkyl” refers to a straight or branched, saturated, aliphatic
radical having the number of carbon atoms indicated. The alkyl moiety may be branched or
straight chain. For example, C1-C6 alkyl includes, but 1s not limited to, methyl, ethyl,
propyl, 1sopropyl, butyl, isobutyl, sec-butyl, tert-butyl, pentyl, isopentyl, hexyl, etc. Other
alkyl groups include, but are not limited to heptyl, octyl, nonyl, decyl, etc. Alkyl can include
any number of carbons, such as 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1-11, 1-12 2-3,
2-4, 2-5, 2-6, 3-4, 3-5, 3-6, 4-5, 4-6 and 5-6. The alkyl group is typically monovalent, but

can be divalent, such as when the alkyl group hinks two moieties together.
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[6022] The term “fluorc-alkyl” refers to an alkyl group where one, some, or all
hydrogen atoms have been replaced by fluorine.

[0023] The term “alkylene” refers to an alkyl group, as defined above, linking at
least two other groups, i.e., a divalent hydrocarbon radical. The two moteties linked to the
alkylene can be linked to the same atom or different atoms of the alkylene. For instance, a
straight chain alkylene can be the bivalent radical of — (CHobew— wherenis 1, 2, 3,4, 5,6, 7,
8,9, or 10. Alkylene groups mclude, but are not limited to, methylene, ethylene, propylene,
isopropylene, butylene, isobutylene, sec-butvlene, pentylene and hexylene.

[0024] The term “alkoxy” refers to alkyl group having an oxygen atom that either
connects the alkoxy group to the point of attachment or 15 linked to two carbons of the
altkoxy group. Alkoxy groups include, for example, methoxy, ethoxy, propoxy, 1so-propoxy,
butoxy, 2-butoxy, iso-butoxy, sec-butoxy, tert-butoxy, pentoxy, hexoxy, etc. The alkoxy
groups can be further substitited with a variety of substituents described within.  For
example, the alkoxy groups can be substituted with halogens to form a “halo-alkoxy™ group,
or substituted with fluorine to form a “fluoro-atkoxy™ group.

[6025] The term “alkenyl” refers to either a straight chain or branched
hydrocarbon of 2 to 6 carbon atoms, having at least one double bond. Examples of alkenyl
groups include, but are not himited to, vinyl, propeny!, isopropenyl, 1-butenyl, 2-butenyl,
isobutenyl, butadienyl, 1-pentenyl, 2-pentenyl, isopentenyl, 1 3-pentadienyl, 1 4-pentadienyl,

I-hexenyl, 2-hexenyl, 3-hexenyl, 1,3-hexadienyl, 1,4-hexadienyl, 1 ,5-hexadienyl,

2, 4-hexadienyl, or 1,3,5-hexatnenyl. Alkenyl groups can also have from 2 t0 3, 210 4, 2 to
5,3t04,3105,3t06,41t05, 4106 and 5 to 6 carbons. The alkenyl group is typically
monovalent, but can be divalent, such as when the alkeny! group links two moteties together.

[6026] The term “alkenylene” refers to an alkenyl group, as defined above,
linking at least two other groups, 7.¢., a divalent hydrocarbon radical. The two moieties
linked to the alkenylene can be linked to the same atom or different atoms of the alkenylene.
Alkenyiene groups include, but are not limited to, ethenylene, propenylene, isopropenylene,
butenylene, 1sobutenylene, sec-butenvlene, pentenvlene and hexenylene.

[0027] The term “alkynvl” refers to either a straight chain or branched
hydrocarbon of 2 to 6 carbon atoms, having at least one triple bond. Examples of alkynyl

groups include, but are not himited to, acetylenyl, propynyl, 1-butynyl, 2-butynyl, 1sobutynyl,
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sec-butynyl,  butadiynyl, I-pentynyl, 2-pentyunyl, isopentynvl, 1 3-pentadivnyl,
I, 4-pentadiynyl, 1-hexynyl, 2-hexynyl, 3-hexvnyl, 1,3-hexadiynyl, 1,4-hexadiynyl,
1,5-hexadiynyl, 2, 4-hexadiynyl, or 1,3,5-hexatriynyl. Alkynyl groups can also have from 2
03,2t04,2t05,3t04,3105,31t06,41t035,41t06and 35 to6 carbons. The alkynyl group
s typically monovalent, but can be divalent, such as when the alkynyl group links two
moteties together.

[6028&] The term “alkynviene” refers to an alkynyl group, as defined above,
linking at least two other groups, 7.e., a divalent hydrocarbon radical. The two moieties
linked to the alkynylene can be linked to the same atom or different atoms of the alkynylene.
Alkynylene groups include, but are not limited to, ethynylene, propynylene, butynylene,
sec-butynylene, pentynylene and hexynylene.

[0029] The term “cycloalkyl” refers to a saturated or partially unsaturated,
monocyclic, fused bicyclic, bridged polycyclic, or spiro ring assembly containing from 3 to
12, trom 3 to 10, or from 3 to 7 ring atoms, or the number of atoms indicated. Monocyclic
rings include, for example, cyclopropyl, cyclobutyl, cyclopentyl, eyclohexyl, and cyclooctyl.
Bicychic and polycyclic rings include, for example, norbornane, decahydronaphthalene and
adamantane. For example, C3-C8 cycloalkyl includes cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, cyelooctyl, and norbornane. As used herein, the term “fused” refers to two rings

which have two atoms and one bond in common. For example, in the folowing structure,

rings A and B are fused ' As used herein, the term “bridged polycyclic” refers to

compounds wherein the cycloalkyl contains a linkage of one or more atoms connecting non-

& .“f \\\
P* el
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adjacent atoms. The following structures and are examples of “bridged”
rings. As used herein, the term “spiro” refers to two rings which have one atom in common
and the two rings are not hinked by a bridge. Examples of fused cycloalkyl groups are
decahydronaphthalenyl, dodecahydro-1H-phenalenyl and tetradecahydroanthracenyl;

examples of bnidged cycloalkyl groups are bicyclof[l 1. 1]pentyl, adamantanyl, and

~3
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norbornanyl, and examples of spuo cycloalkyl groups include spiro[3 3lheptane and
spiro[4.5]decane.

[0030] The term “cycloalkylene”™ refers to a cvcloalkyl group, as defined above,
hinking at least two other groups, e, a divalent hydrocarbon radical. The two moieties
linked to the cycloalkvlene can be linked to the same atom or different atoms of the
cycloalkylene.  Cycloalkylene groups include, but are not limited to, cyclopropylene,
cyclobutylene, cyclopentyvlene, cyvclohexylene, and cyclooctylene.

[0031] The term “aryl” refers to a monocychc or fused bicyche, tricychic or
greater, aromatic ring assembly containing 0 to 16 ring carbon atoms. For example, aryl may
be phenvi, benzyl or naphthyl, preferably phenvl Aryl groups can be mono- di- or
tri-substituted by one, two or three radicals. Preferred as aryl 1s naphthyl, pheny! or phenyl
mono- or disubstituted by alkoxy, phenyl, halogen, alkyl or trifluoromethyl, especially
phenyl or phenvi-mono- or disubstituted by alkoxy, halogen or trifluoromethyl, and in
particular phenyl

[0032] The term “arvlene” refers to an aryl group, as defined above, linking at
least two other groups. The two moteties linked to the arylene are linked to different atoms
of the arviene. Arylene groups include, but are not imited to, phenylene.

[0033] The term “heteroaryl” refers to a monocyclic or fused bicychic or tricychic
aromatic ring assembly containing S to 16 ring atoms, where from 1 to 4 of the ring atoms
are a heteroatom each N, O or S. For example, hetercaryl includes pyridyl, indolyl,
mdazolyl, quinoxalinyl, quinolinyl, isoqunolinyl, benzothienvl, benzofuranyl, furanyl,
pyrrolyl, thiazolyl, benzothiazolyl, oxazolyl, 1soxazolyl, triazolyl tetrazolyl, pyrazolyl,
immidazolyl, thienyl, or any other radicals substituted, especially mono- or di-substituted, by
e.g. alkvl, mitro or halogen Pyridyl represents 2-, 3- or 4-pyridvi, advantageously 2- or
3-pyridyl. Thienyl represents 2- or 3-thienyl Quinolinyl represents preferably 2-, 3- or
4-quinolinyl.  Isoqumolinyl represents preferably 1-, 3- or 4-isoquinolinyl. Benzopyranyl,
benzothiopyranyi represents preferably 3-benzopyranvi or 3-benzothiopvranyl, respectively.
Thiazolyl represents preferably 2- or 4-thiazolyl, and most preferred 4-thuazolyl, Triazolyl is
preferably 1-, 2- or 5-(1,2,4-tniazolyl). Tetrazolyl is preferably S-tetrazolyl.

[6034] Preferably, hetercaryl is pyridyl, indolyl, quinolinyl, pyrrolyl, thiazolvl,

isoxazolyl, trnazolyl, tetrazolyl, pyrazolvl, imidazolyl, thienyl, furanyl, benzothiazolyl,

8-
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benzofuranyl, soquinolinyl, benzothienyl, oxazolyl, mdazolyl, or any of the radicals
substituted, especially mono- or di-substituted.

[6035] The term “heteroalkyl” refers to an alkyl group having from 1 to 3
heteroatoms such as N, O and 8. The heteroatoms can also be oxidized, such as, but not
limtted to, ~-S{0}- and -5{0O):-. For exarople, hetercalkyl can include ethers, thioethers,
alkyi-amines and alkyl-thiols.

[6036] The term “heteroalkylene” refers to a hetercalkyl group, as defined above,
linking at least two other groups. The two moieties linked to the heteroalkylene can be
linked to the same atom or different atoms of the heteroalkyliene.

6037} The term “heterocycloalkyl” refers to a ring system having from 3 ring
members to about 20 ring members and from 1 to about S hetercatoms such as N, O and S,
The heteroatoms can also be oxidized, such as, but not limited to, -8(0})- and -5(0O)2-. For
example, heterocycle includes, but 1s not limited to, tetrahydrofuranyl, tetrahydrothiophenyl,
morpholino, pyrrohidiny],  pyrrolinyl,  inmudazolidinyl, wmidazolinyl,  pyrazohdinyl,
pyrazolinyl, piperazinyl, piperidinyl, mndolinyl, quinuchdinyl and
1.4-dioxa-8-aza-spiro{4.5]|dec-8-vi

[6038] The term “heterocycloalkylene™ refers to a heterocyclaltkyl group, as
defined above, linking at least two other groups. The two moieties linked to the
heterocycloalkylene can be linked to the same atom or different atoms of the
heterocycloalkylene.

[0039] The term “optionally substituted” is used herein to indicate a moiety that
can be unsubstituted or substituted by one or more substituent. When a moiety term 1s used

without specifically indicating as substituted, the moiety 1s unsubstituted.

[0040] To overcome the current obstacles associated with developing high-energy
full-cells with Si-based anodes, the next generation of oxidation-stable electrolytes or
electrolyte additives are developed. The electrolvte or electrolvte additives can form a
stable, electronically insulating but ionically conducting SEI layer on the surface of Si
anodes. Additionally, these electrolytes or additives may also help modify cathode surfaces,

formung stable CEI layers. These could enable the electrochemical stability of Li-ion

0.
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batteries when cycled at higher voltages and help with calendar Iife of the batteries. In
addition, to alleviate battery safety concerns, these additives may impart an increased thermal
stability to the organic components of the electrolyte, drive a rise in the flash point of the
electrolyte formulations, increase the flame-retardant effectiveness and enhance thermal
stability of SEI or CEI layers on the surface of electrodes.

[0041] In the present disclosure, the use of chemical compounds comprising
cvelic carbonate electrolyte additives for energy storage devices with Si-dominant anodes are
described. Due to their unique chemical structures and functional groups, cyclic carbonate
containing  electrolyte  additives may bring the following benefits: (1) stabilize
solid/electrolyte interface film to reduce electrolyte reactions {oxidation on the NCM, NCA,
or LCO cathode and reduction on the 81 anode}, prevent Si anode volume expansion, and
protect transition metal ton dissolution from NCM or NCA cathode and stabilize the
subsequent structure changes; and avoid the exothermic reaction between the released
oxygen for LCO and organic electrolyte and enhance the thermal stability of LCO cathode;
and (it} reduce the flammability and enhance the thermal stability of organic electrolytes and
merease the safety of electrolyte solutions. Due to thewr versatility in reaction chemustry and
overall stability in electrochemical environments, as well as have excellent flame resistance
or fire retardant properties, involving cyclic carbonate containing electrolyte additives into
electrolyte solutions may help improve both overall electrochemical performance and safety
of Si anode-based Li-ion batteries.

6042} Typical carbon anode electrodes include a current collector such as a
copper sheet. Carbon 1s deposited onto the collector along with an mactive binder maternal.
Carbon 15 often used because it has excellent electrochemical properties and is also
electrically conductive. I the current collector layer {e.g., copper layer) was removed, the
carbon would likely be unable to mechanically support itself  Therefore, conventional
electrodes require a support structure such as the collector to be able to function as an
electrode. The electrode (e g., anode or cathode) compositions described in this application
can produce electrodes that are self-supported. The need for a metal foil current collector is
eliminated or mimimized because conductive carbonized polymer 1s used for current
coliection i the anode structure as well as for mechanical support. In typical applications

for the mobile industry, a metal current collector is typically added to ensure sufficient rate

-10-



WO 2019/113527 PCT/US2018/064589

performance. The carbonized polymer can form a substantially continuous conductive
carbon phase in the entire electrode as opposed to particulate carbon suspended in a non-
conductive binder in one class of conventional lithtum-ion battery electrodes. Advantages of
a carbon composite blend that utilizes a carbonized polymer can include, for example, 1)
higher capacity, 2) enhanced overcharge/discharge protection, 3) lower irreversible capacity
due to the elimination {or minimization) of metal foil current collectors, and 4) potential cost
savings due to simpler manufacturing.

[6043] Anode electrodes currently used m the rechargeable lithium-ion cells
typically have a specific capacity of approximately 200 nulliamp hours per gram (including
the metal fou current collector, conductive additives, and binder material). Graphite, the
active material used in most hithium ion battery anodes, has a theoretical energy density of
372 mulharmp hours per gram {mAh/g). In comparison, silicon has a hugh theoretical capacity
of 4200 mAh/g. In order to increase volumetric and gravimetric energy density of hithium-
ion batteries, silicon may be used as the active material for the cathode or anode. Several
types of silicon materials, e g, silicon nanopowders, silicon nanofibers, porous silicon, and
ball-milled silicon, have also been reported as viable candidates as active materials for the
negative or positive electrodes. Small particle sizes (for example, sizes in the nanometer
range) generally can increase cycle life performance. They also can display very high nitial
wreversible capacity. However, small particle sizes also can result in very low volumetric
energy density (for example, for the overall cell stack) due to the difficulty of packing the
active material. Larger particle sizes, (for example, sizes in the micron range) generally can
result in higher density anode material. However, the expansion of the silicon active material
can result in poor cycle life due to particle cracking. For example, silicon can swell in excess
of 300% upon lithium insertion. Because of this expansion, anodes including silicon should
be allowed to expand while maintaining electrical contact between the silicon particles.

[6044] Cathode electrodes described herein may mclude metal oxide cathode
materials, such as Lithiuom Cobalt Oxide (LiCo02) (LCO), Ni-rich oxides, high voltage
cathode materials, lithium-rich oxides, nickel-rich layered oxides, lithrum-rich layered
oxides, high-voltage spinel oxides, and high-voltage polyanionic compounds. Ni-rich oxides
and/or hugh voltage cathode materials may mclude NCM and NCA. One example of NCM

material includes LiNiosCoooMne20r (NCM-622).  Lithium rich oxides may include
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xEoMnGs (- LaNLCopMnedGa. Nickel-rich layered oxides may inchude LiNiiaMiaO:
{where M = Co, Mn or Al). Lithium rich layered oxides may include LiNu+dM1«O» (where
M = Co, Mn or Ni}. High-voltage spinel oxides may inchude LiNiosMm sOs. High-voltage
polyanionic compounds may nclude phosphates, sulfates, silicates, etc.

[0045] As described herein and i US. Patent App. No. 13/008,800 and
13/601,976, entitled “Composite Materials for Electrochemical Storage” and “Silicon
Particles for Battery Electrodes,” respectively, certain embodiments utilize a method of
creating monolithic, self-supported anodes using a carbonized polymer. Because the
polymer is converted into an electrically conductive and electrochemically active matrix, the
resulting electrode 15 conductive enough that, in some embodiments, a metal foil or mesh
current collector can be omitted or munumized. The converted polymer also acts as an
expansion buffer for silicon particles during cycling so that a high cycle life can be achieved.
In certain embodiments, the resulting electrode is an electrode that is comprised substantially
of active material. In further embodiments, the resulting electrode is substantially active
material. The electrodes can have a high energy density of between about 500 mAh/g to
about 1200 mAb/g that can be due to, for example, 1} the use of silicon, 2} elimunation or
substantial reduction of metal current collectors, and 3) being comprised entirely or
substantially entirely of active material

[0046] As described herein and in US. Patent App. No. 14/800380, entitled
“Electrolyte Compositions for Batteries,” the entirety of which is hereby incorporated by
reference, compostie materials can be used as an anode in most conventional Li-1on batteries;
they may also be used as the cathode mn some electrochemical couples with additional
additives. The composite materials can also be used in either secondary batteries {e.g,,
rechargeable} or primary batteries (e.g., non-rechargeable). In some embodiments, the
composite materials can be used in batteries implemented as a pouch cell, as described n
further details herein. In certain embodiments, the composite materials are self-supported
structures. In further embodiments, the composite materials are self-supported monolithic
structures. For example, a collector may be included in the electrode comprised of the
composite material. In certain embodiments, the compostte material can be used to form
carbon structures discussed in U.S. Patent App. No. 12/838,368 entitled “Carbon Electrode

39

Structures for Batteries,” the entirety of which is hereby incorporated by reference.
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Furthermore, the composite matenals described herein can be, for example, silicon
composite materials, carbon composite matenials, and/or silicon-carbon composite materials.

[0047] In some embodiments, a largest dimension of the silicon particles can be
less than about 40 um, less than about 1 pm, between about 10 nm and about 40 pm,
between about 10 nm and about 1 wm, less than about 500 nm, less than about 100 nm, and
about 100 nm. All, substantially all, or at least some of the silicon particles may comprise
the largest dimension described above. For example, an average or median largest dimension
of the silicon particles can be less than about 40 pm, less than about 1 um, between about 10
nm and about 40 um, between about 10 nm and about 1 um, less than about 500 nm, less
than about 100 nm, and about 100 nm. The amount of silicon in the composite material can
be greater than zero percent by weight of the mixture and composite material. In certain
embodiments, the mixture comprises an amount of silicon, the amount being within a range
of from about 0 % to about 90 % by weight, mncluding from about 30 % to about 80 % by
weight of the muxture. The amount of silicon 1n the composite material can be within a range
of from about 0 % to about 35 % by weight, including from about 0 % to about 25 % by
weight, from about 10 % to about 35 % by weight, and about 26 % by weight. In further
certain embodiments, the amount of silicon in the mixture 1s at least about 30 % by weight.
Additional embodiments of the amount of silicon i the composite material include more
than about 50 % by weight, between about 30 % and about 80 % by weight, between about
50 % and about 7C¢ % by weight, and between about 60 % and about 80 % by weight
Furthermore, the stlicon particles may or may not be pure silicon. For example, the silicon
particles may be substantially silicon or may be a silicon alloy. In one embodiment, the
silicon alloy includes silicon as the primary constituent along with one or more other
elements.

[0048] As described herein, micron-sized silicon particles can provide good
volumetric and gravimetric energy density combined with good cycle hife.  In certan
embodiments, to obtain the benefits of both micron-sized silicon particles {e.g., high energy
density) and nanometer-sized silicon particles (e.g., good cycle behavior), silicon particles
can have an average particle size in the micron range and a surface including nanometer-

sized features. In some embodiments, the silicon particles have an average particle size (e g,
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average diameter or average largest dimension) between about 0.1 um and about 30 um or
between about 0.1 wm and all values up to about 30 pm. For example, the silicon particles
can have an average particle size between about 0.5 um and about 25 um, between about 0.5
um and about 20 wm, between about 0.5 wm and about 1S pm, between about 0.5 pm and
about 10 pm, between about 0.5 um and about 5 um, between about 0.5 um and about 2 pm,
between about I pm and about 20 um, between about 1 um and about 15 um, between about
I um and about 10 um, between about 5 um and about 20 um, etc. Thus, the average
particle size can be any value between about 0.1 um and about 30 pm, eg., 0.1 pm, 0.5 pm,
o, S pm, 10 pm, 15 um, 20 pm, 25 pm, and 30 pm.

[6049] The composite material can be formed by pyrolyzing a polymer precursor,
such as polyamide acid. The amount of carbon obtained from the precursor can be about 50
weight percent by weight of the composite material. 1n certain embodiments, the amount of
carbon from the precursor in the composite material 1s about 10 % to about 25 % by weight.
The carbon from the precursor can be hard carbon. Hard carbon can be a carbon that does
not convert into graphite even with heating 10 excess of 2800 degrees Celsius. Precursors
that melt or flow during pyrolysis convert into soft carbons and/or graphite with sufficient
temperature and/or pressure. Hard carbon may be selected since soft carbon precursors may
flow and soft carbons and graphite are mechanically weaker than hard carbons.  Other
possible hard carbon precursors can include phenolic resins, epoxy resins, and other
polymers that have a very high melting point or are crosslinked. In some embodiments, the
amount of hard carbon in the composite material has a value within a range of from about 10
% to about 25 % by weight, about 20 % by weight, or more than about 50 % by weight. In
certain embodiments, the hard carbon phase is substantially amorphous. In other
embodiments, the hard carbon phase is substantially erystalline. In further embodiments, the
hard carbon phase includes amorphous and crystalline carbon. The hard carbon phase can be
a matrix phase in the composite material. The hard carbon can also be embedded in the
pores of the additives including stlicon. The hard carbon may react with some of the
additives to create some materials at interfaces. For example, there may be a silicon carbide

layer between silicon particles and the hard carbon.
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[605¢] In certain embodiments, graphite particles are added to the mixture.
Advantageously, graphite can be an electrochemically active material in the battery as well
as an elastic deformable material that can respond to volume change of the silicon particles.
Graphite 1s the preferred active anode material for certain classes of lithium-ion batteries
currently on the market because it has a low wrreversible capacity. Additionally, graphite 1s
softer than hard carbon and can better absorb the volume expansion of silicon additives, In
certain embodiments, a largest dimension of the graphite particles 1s between about 0.5
nucrons and about 20 microns. All, substantially all, or at least some of the graphite particles
may comprise the largest dimension described herein. In further embodiments, an average or
median largest dimension of the graphite particles 1s between about 0.5 microns and about 20
nuicrons. In certain embodiments, the muxture includes greater than 0 % and less than about
80 % by weight of graphite particles. In further embodiments, the composite material
includes about 40 % to about 75 % by weight graphite particles.

[6051] In certain embodiments, conductive particles which may also be
electrochemically active are added to the mixture. Such particles can enable both a more
electronically conductive composite as well as a more mechanically deformable composite
capable of absorbing the large volumetric change mourred during lithiation and de-lithiation.
In certain embodiments, a largest dimension of the conductive particles 15 between about 10
nanometers and about 7 mullimeters. All, substantially all, or at least some of the conductive
particles may comprise the largest dimension described herein. In further embodiments, an
average or median largest dimension of the conductive particles is between about 10 nm and
about 7 millimeters. In certain embodiments, the mixture includes greater than zero and up
to about 80 % by weight conductive particles. In further embodiments, the composite
material includes about 45 % to about 80 % by weight conductive particles. The conductive
particles can be conductive carbon including carbon blacks, carbon fibers, carbon nanofibers,
carbon nanotubes, graphite, graphene, etc. Many carbons that are considered as conductive
additives that are not electrochemically active become active once pyrolyzed in a polyvmer
matrix.  Alternatively, the conductive particles can be metals or alloys including copper,
nickel, or stainless steel.

[0052] The composite material may also be formed into a powder. For example,

the composite material can be ground mnto a powder. The composite matenal powder can be
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used as an active material for an electrode. For example, the composite matenal powder can
be deposited on a collector in a manner similar to making a conventional electrode structure,
as known n the industry.

[6053] In some embodiments, the full capacity of the compostte material may not
be utilized during use of the battery to improve battery hife {e.g., number charge and
discharge cycles before the battery fatls or the performance of the battery decreases below a
usability level). For example, a composite material with about 70 % by weight silicon
particles, about 20 % by weight carbon from a precursor, and about 10 % by weight graphite
moay have a maximum gravimetric capacity of about 2000 mAb/g, while the composite
material may only be used up to a gravimetric capacity of about 550 to about 850 mAh/g.
Although, the maximum gravimetric capacity of the composite material may not be utilized,
using the compostte material at a lower capacity can still achieve a higher capacity than
certain hithium ion batteries. In certain embodiments, the composite material 1s used or only
used at a gravimetric capacity below about 70 % of the composite material’s maximum
gravimetric capactty. For example, the composite material s not used at a gravimetric
capacity above about 70 % of the composite material’s maximum gravimetric capacity. In
further embodiments, the composite material is used or only used at a gravimetric capacity
below about 50 % of the composite material’s maximum gravimetric capacity or below about

30 % of the composite matenal’s maximum gravimetric capacity.

Electrolvte

[0054] An electrolvie for a lithium ton battery can include a solvent and a hithium
ion source, such as a lithium-containing salt. The composition of the electrolyie may be
selected to provide a lithium 1on battery with improved performance. In some embodiments,
the electrolyte may contain an electrolyte additive. As described herein, a lithium ion battery
may include a first electrode, a second electrode, a separator between the first electrode and
the second electrode, and an electrolyie n contact with the first electrode, the second
electrode, and the separator. The electrolyte serves to facilitate 1onic transport between the
first electrode and the second electrode. In some embodiments, the first electrode and the

second electrode can refer to anode and cathode or cathode and anode, respectively.
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[6055] In some embodiments, the electrolyte for a luthuum ion battery may
include a solvent comprising a fluorine-containing component, such as a fluorine-containing
cyclic carbonate, a fluorine-containing linear carbonate, and/or a fluorcether. In some
embodiments, the electrolyte can mclude more than one solvent.  For example, the
electrolyte may include two or more co-solvents. In some embodiments, at least one of the
co-solvents in the electrolyte s a fluorine-containing compound. In some embodiments, the
fluorine-containing  compound mayv be fluorcethylene carbonate (FEC), 1,1,2,2-
tetrafluoroethyl 2,23 3-tetrafluoropropyl ether, or difluoroethylene carbonate (F2EC). In
some embodiments, the co-solvent may be selected from the group consisting of FEC, ethyl
methyl  carbonate (EMC), 11,2 2-tetrafluorcethyl 2,23 3-tetrafluoropropyl  ether,
diftuoroethylene carbonate (F2EC), ethylene carbonate (EC), diethyl carbonate (DEC),
dimethy! carbonate (BMC), propylene carbonate (PC}), and gamma- Butyrolactone (GBL).
In some embodiments, the electrolyte contains FEC. In some embodiments, the electrolyte
contains both EMC and FEC. In some embodiments, the electrolyte may further contain
1,1,2,2-tetrafluoroethyl 2,23 3-tetrafluoropropy! ether, EC, DEC, DM, PC, GBL, and/or
F2EC or some partially or fully fluorinated linear or cyclic carbonates, ethers, etc. as a co-
solvent. In some embodiments, the electrolyte is free or substantially free of non-fluorine-
containing cyclic carbonates, such as EC, GBL, and PC.

[6056] As used herein, a co-solvent of an electrolyte has a concentration of at
least about 10% by volume (vol%). In some embodiments, a co-solvent of the electrolyte
may be about 20 vol%, about 40 vol%, about 60 vol%, or about 80 vol%, or about 90 vol%
of the electrolyte. In some embodiments, a co-solvent may have a concentration from about
10 vol% to about 90 vol%, from about 10 vol% to about 80 vol%, from about 10 vol®e to
about 60 vol%, from about 20 vol® to about 60 vol®s, from about 20 vol%s to about 50 vol%,
from about 30 vol% to about 60 vol%, or from about 30 vol®s to about 50 vol%.

[0057] For example, in some embodiments, the electrolyte may contain a
fluorine-containing cyclic carbonate, such as FEC, at a concentration of about 10 vol% to
about 60 vol%, including from about 20 vol% to about 50 vol%, and from about 20 vol% to
about 40 vol%. In some embodiments, the electrolyte may comprise a linear carbonate that
does not contain flourine, such as EMC, at a concentration of about 40 vol% to about 90

vol%, including from about 50 vol% to about 80 vol%, and from about 60 vol%s to about 80
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vol%. In some embodiments, the electrolyte may comprise 1,1,2,2-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether at a concentration of from about 10 vol% to about 30 vol%, including
from about 10 vol% to about 20 vol%.

[G058] In some embodiments, the electrolyte s substantially free of cychc
carbonates other than fluorine~containing cyclic carbonates (1.e., non-fluorine-contaming
cyclic carbonates). Examples of non-fluorine-containing carbonates include EC, PC, GBL,

and vinylene carbonate (V).

Flectrolvie Additives

6059} In some embodiments, the electrolyte may further comprise one or more
additives. As used herein, an additive of the electrolyte refers to a component that makes up
less than 10 % by weight (wt%6) of the electrolyte. In some embodiments, the amount of
each additive in the electrolyte may be from about 0.2 wi% to about 1 wt%, 0.1 wt% to about
2 wt%, 0.2 wt% to about 9 wi%, from about 0.5 wit% o about 9 wi%, from about 1 wi% to
about © wi%e, from about T wi% {0 about 8 wi%, from about 1 wit% to about 8 wt¥s, from
about | wt% to about 7 wit%, from about 1 wi% to about 6 wi%s, from about 1 wt% to about 5
wit%, from about 2 wt% to about 5 wt%, or any value in between. In some embodiments, the
total amount of the additive(s) may be from from about 1 wt% to about 9 wt%, from about 1
wi%s 1o about & wi%, from about 1 wit% to about 7 wi%e, from about 2 wi% to about 7 wite,

or any value in between.

Cychic Carbonate Compound

[0060] In some embodiments, the cyclic carbonate can be a compound of

Formula (A) having the structure:

Re  Ra(ay,
[8061] In some embodiments, R 15 selected from the group consisting of a C1-C8
alkyl substituted by F, an alkoxy-alkyl substituted by F, and alkenvloxy-alkyl In some

embodiments, Ri is selected from the group consisting of an alkoxy-alkyl substituted by F
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and alkenyloxy-alkyl. In some embodiments, Ri 1s selected from the group consisting of a
C1-C8 alkyl substituted by F and alkenyloxy-alkyl. In some embodiments, Ry 15 selected
from the group consisting of a C1-C8 alkyl substituted by F and an alkoxy-alkyl substituted
by F. In some embodiments, Ry 1s C1-C10 alkyl substituted by F or -CH2-ORs. In some
embodiments, Ry 1s C1-C10 alkyl substituted by F. In some embodiments, Ri 15 -CH2-ORs.

[0062] In some embodiments, Rs is a C1-C10 alkyl substituted by F or a C1-C6
alkenyl. In some embodiments, Rs 15 a C1-C10 alkyl substituted by ¥, In some
embodiments, Rs s a C1-C6 alkenyl.

[0063] In some embodiments, each Rz, R3, and R4 1s independently an —H or a
C1-C8 alkyl substituted by F. In some embodiments, each Rz, Rs, and R4 15 independently a
C1-C8 alkyl substituted by F. In some embodiments, each Ro, Rs, and Rs 13 an ~H. In some
embodiments, each Rz, Rs, and Ru 15 independently an —H or —CF5. In some embodiments,
each Rz, Rs, and Rais an —H. In some embodiments, each Ro, Rs, and Ry is a —CFx.

[6064] The electrolyie or additive may comprise a cyclic carbonate. In some
embodiments, the additive may be an additive chemucal compound comprising cychic
carbonate. In some embodiments, the cyclic carbonate may be included in the electrolyte as
a co-solvent. In other embodiments, a cyclic carbonate may be included n the electrolyte as
an additive. For example, the electrolyte may contain a cyclic carbonate as a co-solvent at a
concentration of about 10 vol % or more. In other embodiments, the electrolyte may contain
a cyclic carbonate compound as an additive at less than 10 weight %.

[6065] In some embodiments, the cyclic carbonate compound s selected from 4-
(Trifluoromethyl)-1,3~dioxolan-2-one (TFPC), 4,4-Bis(trifluoromethyl)~-1,3-dioxolan-2-ove
(including cis, trans and racemate forms), 4,5-Bis(Tritfhuoromethyl}-1,3-dioxolan-2-one,
1, 1,2-Trs(trifluoromethyl}ethylene carbonate, Tetrakis{trifluoromethyljethyviene carbonate,
4-{Fluoromethyl}-1,3-dioxolan-2-one, 3,3-Diflucropropylene carbonate, 4-(2,2,3,3,4,4 4-
Heptafluorobutyl)-1,3-dioxolan-2-one, 4-(2,2,3,3,4,4,5,5,5-Nonatluoropentyl)-1,3~-dioxolan-
2-one, 4-(2,2,3,3,4,4,5,5,6,6,7,7,7-Tridecafluorcheptyi)-1,3-dioxolan-2-one, 4-{(2,2,2~
Trifluoroethoxyymethyl]-1,3-dioxolan-2-one, 4-[(2,2,3,3,3-Pentatluoropropoxy ymethyl}-1,3-
dioxolan-2-one, 4-[(2,2,3,3,4.4,4-Heptafluorobutoxyymethyl}-1,3-dioxolan-2-one, 3-
1(2,2,3,3-Tetrafluoropropoxy ymethyl]-1,3-dioxolan-2-one, 4-[(2,2,3,4,4.4-

Hexafluorobutoxy ymethyl}-1,3-dioxolan-2-one, 4-{(2,2-Difluoroethoxymethyl}-1,3-
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dioxolan-2-one, 4-[(Hexatluorotsopropoxy ymethyl}-1,3-dioxolan-2-one, 4-f(1H,TH-
Perfluorohexoxyymethyl]-1,3-dioxolan-2-one, 4-[(1H,1H,9H-Perfluorononoxy)ymethyl}-1.3-
dioxolan-2-one, 4-[(1H, 1H, 7H-Perfluorcheptoxy ymethyl}-1,3-dioxolan-2-one, 4-
{(1H,1H,2H, 2H-Perfluorohexoxy)methyl}-1,3-dioxolan-2-one, 4-{(4,4,5,5,5-
Pentafluoropentoxyymethyli-1,3-dioxolan-2-one, and their corresponding partially-, or
perfluoroalkyl-substituted ethylene carbonates as well as other partially- or per-fluorine-
containing heterocyclic carbonates

[6066] Example structures of cyclic carbonate compounds and are shown below:
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(6067} In some embodiments, a hthium-containing salt for a hthium jon battery
may comprise hithium hexafluorophosphate (LiPFs).  In some embodiments, a lithium-
containing salt for a lithium on battery may comprise one or more of lithium
tetrafluorcborate  (LiBF4), lithiom hexafluoroarsenate monochydrate (L1AsFe), hithiom
perchlorate  (LiCl(4), lithwm  bis{trifluoromethanesulfonybimude  (LiTFSI),  Iithium
bis(fluorosulfonylyionde  (LaFSEH,  ltlium  bis(oxalato}borate  (LiBOB),  lithwm
diftuoro{oxalate}borate (LiDFOB), lithium triffate (LACF380s), lithium tetrafluorooxalato
phosphate (LTFOP), fithium diftuorophosphate (LiPOoFy), fithium
pentafluoroethyltrifluoroborate (IiFAB), and hithium 2-trifluoromethyl-4,5-
dicyanoimudazole (LiTDI), etc. In some embodiments, the electrolyte can have a salt
concentration of about 1 moles/L (M)},

[6068] These electrolyte additives, along with the electrolytes, can be reduced or
self~polymerize on the surface of St anode to form a SEI layer that can reduce or prevent the
crack and/or the continuous reduction of electrolyte solutions as the silicon containing anode
expands and contracts during cycling. Furthermore, these electrolyte additives, along with
the electrolyte solvents, may be oxidized on a cathode surface to form a CEI layer that can
suppress or minimize further decomposition of the electrolyte on the surface of the cathode.
Without being bound to the theory or mode of operation, it is believed that the presence of
cyclic carbonates in the electrolyte can result in a SEI and/or CEI layer on the surface of
electrodes with improved performance. An SEI laver comprising a cyclic carbonate

compound may demonstrate improved chemical stability and increased density, for example,
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compared to SET layers formed by electrolytes without additives or with traditional additives.
As such, the change in thickness and surface reactivity of the miterface laver are himited,
which may m turn facilitate reduction in capacity fade and/or generation of excessive
gaseous byproducts during operation of the lithium ion battery. A CFEI laver comprising a
cyclic carbonate compound may demonstrate may help numimize the transition metal ion
dissolutions and structure changes on cathode side and may provide favorable kinetics
resulting in improved cycling stability and rate capability. In some embodiments, electrolyte
solvents comprising cychic carbonate may be less flammable and more flame retardant.

[0069] In some embodiments, a hithium ton battery comprising an electrolvie
composition according to one or more embodiments described herein, and an anode having a
composite electrode film according to one or more embodiments described herein, may
demonstrate reduced gassing and/or swelling at about room temperature {e.g., about 20°C to
about 25°C) or elevated temperatures (e.g, up to temperatures of about 85°C), increased
cycle life at about room temperature or elevated temperatures, and/or reduced cell
growth/electrolyte consumption per cvele, for example compared to lithium ion batteries
comprising conventionally available electrolyte compositions in combination with an anode
having a composite electrode film according to one or more embodiments described herein.
In some embodiments, a lithium ion battery comprising an electrolyte composition according
to one or more embodiments described herein and an anode having a composite electrode
film according to one or more embodiments described herein may demonstrate reduced
gassing and/or swelling across various temperatures at which the battery may be subject to
testing, such as temperatures between about -20°C and about 130°C {e.g., compared to
hithium ton batteries comprising conventionally available electrolyte compositions m
combination with an anode having a composite electrode film according to one or more
embodiments described herein).

(6070} Gaseous byproducts may be undesirably generated during battery
operation, for example, due to chemical reactions between the electrolyte and one or more
other components of the lithium ion battery, such as one or more components of a battery
electrode. Excessive gas generation during operation of the lithium ion battery may
adversely affect battery performance and/or result 1in mechanical and/or electrical failure of

the battery. For example, undesired chemical reactions between an electrolyte and one or
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more components of an anode may result 1 gas generation at levels which can mechanically
{e.g., structural deformation) and/or electrochemically degrade the battery. In some
embodiments, the composition of the anode and the composition of the electrolyte can be

selected to facilitate desired gas generation.

Foergy Storage Device

6071} The electrolytes and electrolvte additives described herein may be
advantageously uvtilized within an energy storage device. In some embodiments, energy
storage devices may include batteries, capacitors, and battery-capacitor hybrids. In some
embodiments, the energy storage device comprise lithium. In some embodiments, the energy
storage device may comprise at least one electrode, such as an anode and/or cathode. In
some embodiments, at least one electrode may be a Si-based electrode.  In some
embodiments, the Si-based electrode 1s a Si-dominant electrode, where silicon 1s the majority
of the active material used in the electrode (e g., greater than 50% silicon). In some
embodiments, the energy storage device comprises a separator. In some embodiments, the
separator is between a first electrode and a second electrode.

[0072] In some embodiments, the energy storage device comprises an electrolyte.
In some embodiments, the electrolyte comprises a solvent, solvent additive and/or compound
as described previously herein.  For example, in some embodiments, the electrolyte

comprises a cyclic carbonate compound as described previously herein.

Pouch Cell

[6073] As described herein, a battery can be implement as a pouch cell. Figure 1
shows a cross-sectional schematic diagram of an example of a lithium ion battery 300
mplemented as a pouch cell, according to some embodiments. The battery 300 comprises an
anode 316 in contact with a negative current collector 308, a cathode 304 in contact with a
positive current collector 310, a separator 306 disposed between the anode 316 and the
cathode 304. In some embodiments, a plurality of anodes 316 and cathode 304 may be
arranged mnto a stacked configuration with a separator 306 separating each ancde 316 and
cathode 304. Each negative current collector 308 may have one anode 316 attached to each

side; each positive current collector 310 may have one cathode 304 attached to each side.
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The stacks are immersed 1o an electrolyte 314 and enclosed in a pouch 312, The anode 302
and the cathode 304 may comprise one or more respective electrode films formed thereon
The number of electrodes of the battery 300 may be selected to provide desired device
performance.

[6074] With further reference to Figure 1, the separator 306 may comprise a
single continuous or substantially continuous sheet, which can be interleaved between
adjacent electrodes of the electrode stack. For example, the separator 306 may be shaped
and/or dimensioned such that 1t can be positioned between adjacent electrodes in the
electrode stack to provide desired separation between the adjacent electrodes of the battery
300. The separator 306 may be configured to facilitate electrical insulation between the
anode 302 and the cathode 304, while permitting ionic transport between the anode 302 and
the cathode 304. In some embodiments, the separator 306 may comprise a porous material,
meluding a porous polyolefin material.

[8075] The lithium 1on battery 300 may include an electrolyte 314, for example
an electrolyte having a composition as described herein. The electrolyte 314 1s in contact
with the anode 302, the cathode 304, and the separator 306.

[8076] With continued reference to Figure 1, the anode 302, cathode 304 and
separator 306 of the hithium ton battery 300 may be enclosed in a housing comprising a
pouch 312 In some embodiments, the pouch 312 may comprise a flexible matenial. For
example, the pouch 312 may readily deform upon application of pressure on the pouch 312,
including pressure exerted upon the pouch 312 from within the housing. In some
embodiments, the pouch 312 may compnise aluminum. For example, the pouch 312 may
comprise a laminated aluminum pouch.

[6677] In some embodiments, the lithium ion battery 300 may comprise an anode
connector {not shown) and a cathode connector (not shown) configured to electrically couple
the anodes and the cathodes of the electrode stack to an external circuit, respectively. The
anode connector and a cathode connector may be affixed to the pouch 312 to facilitate
electrical coupling of the battery 300 to an external circuit. The anode connector and the
cathode connector may be affixed to the pouch 312 along one edge of the pouch 312, The
anode connector and the cathode connector can be electrically insulated from one another,

and from the pouch 312. For example, at 1zast a portion of each of the anode connector and
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the cathode connector can be within an electrically insulating sleeve such that the connectors

can be electrically insulated from one another and from the pouch 312

EXAMPLES

[6078] The below example devices and processes for device fabrication generally
described below, and the performances of lithium 1on batteries with different electrolytes and
electrolvte additives are evaluated.

[6079] In the examples below, the four IR fields are values calculated by an
Arbin pulse function that 15 depicted in Figure 2, which calculates the average IR of 10
pulses, wherein: B IR Res: Ti = 100 ms, performed at the beginning of discharge {cell in
charged state at end of rest period); E IR Res: Ti =100 ms, performed at the end of
discharge (cell in discharged state at end of rest period); and S-layer cells: To + Ik = -100 mA,

Io —Im = -250 mA.

[0080] The batteries shown in Figures 3A-7B are Si-dominant anode and LiCoO2
cathode 5 layer pouch cells. The Si-domunant anodes contain about 80 wt%s 51, 5wt
graphite and 15wt% glass carbon (from resim), and are laminated on 1Sum Cu foil. The
average loading is about 3.8mg/cm?.  The cathodes contain about 97 wt% LiCoOs, 1wit%
Super P and 2wit% PYDF5130, and are laminated on 15um Al foil. The average loading 1s
about 28 mg/cm?. The electrolytes of the control cells contain 1M LiPFs in FEC/EMC (3/7
wile), while the electrolvies of the cells of one embodiment contain 1M LiPFs in FEC/EMC
(3/7 wt%) and an electrolyte additive of 2wt% TFPC.

[6081] In the examples shown tn Figures 3A-7B, the long-term cycling for both
control and TFPC additive-containing cells include: (i) At the 1% cyele, charge at 0.5C to 4.3
V for 5 hours, rest S minutes, Ims IR, 100ms IR, discharge at 0.2C t0 2.75 V, rest S minutes,
Ims IR, 100ms IR; and (i) from the 2™ cycle, charge at 0.5C to 4.3 V until 0.05C, rest 5
minutes, Ims IR, 100ms IR, discharge at 0.5 t0 3.3 V, rest 5 minutes, ims IR, 100ms IR
After each 49 cycles, the test conditions in the 1% cycle were repeated.

[0082] In addition, both control and TFPC-contaming celis were formatted for 6

cycles at the following conditions before long-term cycling: (i) At the 1% cycle, Rest §
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minutes, charge at 0.025C to 25% nommnal capacity, charge at 0.2C to 4.3 V until 0.05C, rest
3 minutes, discharge at 0.2C to 3.3 V, rest 5 minutes; and (it) from 2™ to 6 ¢ycles, charge at
0.5C to 4.3 V until 0.05C, rest S minutes, discharge at 0.5C t0 3.3 V| rest 5 munutes.

[6083] Figure 3A demonstrates the capacity and Figure 3B demonstrates the
capacity retention of a control battery {(shown as a dotted line) and a batiery of one
embodiment with 2 wit% TFPC (shown as a solid line}. The results of Figures 3A and 3B
demonstrate that the TFPC additive-containing electrolyte-based system has a better capacity
and capacity retention than the control system after about 200 cyeles at 0.5C/O.5C
charge/discharge processes.

[6084] Figure 4A demonstrates the average impedance before cycling and Figure
4B demonstrates the average impedance after cycling of a control battery {shown as a dotted
line}, and a battery of one embodiment with 2 wi% TFPC (shown as a solid line). The results
of Figures 4A and 4B demonstrate that the TFPC additive-containing electrolyte system has
a lower impedance after about 200 cycles than the control system.

[G085] Figure 5A demonstrates the average resistance before cycling and Figure
5B demonstrates the average resistance after cycling of a control battery {shown as a dotted
line}, and a battery of one embodiment with 2 wt% TFPC (shown as a solid line). The results
of Figures SA and 5B demonstrate that the TFPC additive-contaiming electrolyte system has
a lower resistance than the control system after about 200 cycles.

[0086] Figure 6A demonstrates the average resistance after 10s charge and Figure
68 demonstrates the average resistance after 10s discharge processes of a control battery
{shown as a dotted line), and a battery of one emboduuent with 2 wt% TFPC (shown as a
solid line}. The results of Figures 0A and 6B demonstrate that the TFPC additive-containing
electrolyte system has a lower resistance after 10s charge/discharge processes than the
control system after about 200 cycles.

[0087] Figure 7A demonstrates the average resistance after 30s charge and Figure
7B demonstrates the average resistance after 30s discharge processes of a control battery
{shown as a dotied hne), and a battery of one embodiment with 2 wt% TFPC {shown as a
solid line}. The results of Figures 7A and 7B demonstrate that the TFPC additive-containing
electrolyte system has a lower resistance after 30s charge/discharge processes than the

control system after about 200 cycles.
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[00838] In other embodiments not shown, the electrolytes of the cells contain 1M
LiPFs 1o FEC/EMC (3/7wi%) with 5wi% TFPC. In other embodiments not shown, the
electrolytes of the cells contain 1M LiPFs in FEC/HFDEC/EMC (3/3.5/3 5wt%) with 2wt%
TFPC. In other embodiments not shown, the electrolytes of the cells contain 1M LiPFs in
FEC/HFDEC/EMUO (3/3.5/3.5wt%) with Swt% TFPC. These examples also demonstrated
improved battery functions when TFPC was used as an additive as compared to controls.

(06089 Various embodiments have been described above.  Although the invention
has been described with reference to these specific embodiments, the descriptions are intended to
be illustrative and are not mntended to be limiting.  Various modifications and applications may
occur to those skilled 1n the art without departing from the true spurit and scope of the mvention

as defined m the appended claims.
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WHATIS CLAIMED IS;

I An energy storage device comprising:

a first electrode and a second electrode, wherein at least one of the first electrode and
the second electrode is a Si-based elecirode;

a separator between the first electrode and the second electrode;

an electrolyte; and

at least one electrolyte additive comprising a compound of Formula (A}

O

PN

O O

Re R (A,
wherein:

Ry 18 selected from the group consisting of a C1-C8 alkyl substituted by F, an alkoxy-
alkyl substituted by F, and alkenyloxy-alkyl; and

each Ry, R, and R4 5 independently an —H or a C1-C8 alkyl substituted by F.

2. The energy storage device of Claim 1, wherein:

Ri1s C1-C10 alkyl substituted by F or -CH2-0R5; and

Rsisa C1-C10 alkyl substituted by F or a C1-Co alkenyl.

3. The energy storage device of Claim 1, wherein:

each Rz, R, and Ra is independently an —H or —CFs.

4. The energy storage device of Claim 1, wherein the second electrode 15 a Si-
dominant electrode.

5. The energy storage device of Claim 1, wherein the second electrode
comprises a seif-supporting composite matenial film.
6. The energy storage device of Claim 5, wherein the composite material film
COmprises:

greater than O % and less than about 90 % by weight of silicon particles, and

greater than 0 % and less than about 90 % by weight of one or more types of carbon
phases, wherein at least one of the one or more types of carbon phases is a substantially
continuous phase that holds the composite material film together such that the silicon

particles are distributed throughout the compostte material film.
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7. The energy storage device of Claim 1, wherein the electrolyte further

comprises fluoroethylene carbonate (FEC).

8. The energy storage device of claim 7, wherein the electrolyte is substantially
free of non-fluorine containing cyclic carbonate.

9. The energy storage device of Clamm 1, wherein the electrolyte additive 1s
selected from the group consisting of 4-(Trifluoromethyl)-1,3-dioxolan-2-one (TFPC), 4,4-
Bis(trifluoromethyl)-1,3-dioxolan-2-one (including cis, trans and racemate forms), 4.5-
Bis{Trifluoromethyl)-1,3-dioxolan-2-one,  1,1,2-Trs{triftuoromethyljethylene  carbonate,
Tetrakas(tnfluoromethyllethylene  carbonate, 4-(Fluoromethyl)}-1,3-dioxolan-2-one, 3,3-
Difluoropropylene  carbonate,  4~(2,2,3,3,4.4,4-Heptafluorobutyl)-1,3-dioxolan-2-one,  4-
{(2,2,3,3,4,4,5,5,5-Nonafluoropentyl)-1,3~-dioxolan-2-one, 4-(2,23,3.4,455,66,7,7,7-
Tridecafluoroheptyl)-1,3-dioxolan-2-one, 4-[(2,2,2-Trifluoroethoxyymethyl}-1,3-dioxolan-2-
one, 4-[(2,2,3,3,3-Pentafluoropropoxy ymethyl}-1,3-dioxolan-2-one, 4-[(2,2,3,3,4,4 4~
Heptafluorobutoxymethyl}-1,3-dioxolan-2-one, 3-[(2,2,3,3-Tetrafluoropropoxymethyl}-1,3-
dioxolan-2-one,  4-{(2,2,3.4 4 4-Hexafluorobutoxyymethyl}-1,3-dioxolan-2-one,  4-[(2,2-
Difluoroethoxy ymethyl}-1,3-dioxolan-2-one, 4-[{Hexafluoroisopropoxy ymethyl}-1,3-
dioxolan-2-one, 4-[(1H,1H-Perfluorohexoxy)methyl]-1,3-dioxolan-2-one, 4-[(1H, 1H,9H-
Perfluorononoxyymethyil-1 3-dioxolan-2-one, 4-[(1H,1H,7H-Perfluorcheptoxy)methyl}-1,3-
dioxolan-2-one, 4-[(1H,1H,2H,2H-Perfluorohexoxy)methyl}-1,3-dioxolan-2-one, and 4-

{(4,4,5,5,5-Pentafluoropentoxyymethyi]-1,3-dioxolan-2-one.
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