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Attorney Docket No.12015WO11

ELECTROLYTE FORMULATIONS FOR LITHIUM ION BATTERIES

BACKGROUND OF THE INVENTION

[0001] The present invention is in the field of battery technology and, more
particularly, electrolyte formulations that enable both low temperature and high

temperature operation of lithium ion batteries.

[0002] Certain applications for lithium ion batteries require wide operating
temperature ranges. In general, the power capability of lithium ion batteries suffers at
low temperature due to one or more of the following factors: 1) an increase in viscosity
of the electrolyte resulting in slower lithium ion diffusion; 2) a decrease in the ionic
conductivity of the electrolyte; 3) a decrease in ionic conductivity of the solid electrolyte
interphase (SEI) on the anode; and 4) a decrease in the diffusion rate of lithium ions

through the electrode materials, especially the anode materials.

[0003] Inthe past, solutions to the problems associated with operating a lithium ion
battery at low temperature have involved adding solvents that have very low melting
points and/or low viscosity to the electrolyte formulation. Such additional solvents can
help prevent the electrolyte solution from freezing or having substantially increased
viscosity at low temperatures. However, such additional solvents tend to be
detrimental to the high temperature performance of a lithium ion battery, and in

particular the high temperature cycle life.

[0004] Certain of the shortcomings of known electrolyte formulations are
addressed by embodiments of the invention disclosed herein by, for example,
improving power performance at low temperature without substantially decreasing
high temperature cycle life. Embodiments herein include additives and combinations
of additives that improve the power performance at low temperature, but improve or

maintain the high temperature cycle life relative to a baseline electrolyte formulation.
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BRIEF SUMMARY OF THE INVENTION

[0005] Embodiments of the invention include a lithium ion battery cell having a first
electrode, a second electrode formed of lithium titanate and an electrolyte solution.
The electrolyte solution includes additives or combinations of additives that improve
the power performance at low temperature, but improve or maintain the high

temperature cycle life relative to baseline electrolyte formulation.

[0006] In some embodiments, the electrolyte formulation includes a fluorinated
additive having chemical structure selected from the group consisting of carbonate,
borate, oxaborolane, phosphate, phosphonate, phosphazene, ester, and
combinations thereof. In some embodiments, the fluorinated additive includes a

trifluoroethyl group.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS

[0007] Figure 1 illustrates a schematic of a lithium ion battery implemented in

accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0008] The following definitions apply to some of the aspects described with
respect to some embodiments of the invention. These definitions may likewise be
expanded upon herein. Each term is further explained and exemplified throughout the
description, figures, and examples. Any interpretation of the terms in this description

should take into account the full description, figures, and examples presented herein.

L]

[0009] The singular terms “a,” “an,” and “the” include the plural unless the context
clearly dictates otherwise. Thus, for example, reference to an object can include

multiple objects unless the context clearly dictates otherwise.

[0010] The terms “substantially” and “substantial” refer to a considerable degree or

extent. When used in conjunction with an event or circumstance, the terms can refer
2
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to instances in which the event or circumstance occurs precisely as well as instances
in which the event or circumstance occurs to a close approximation, such as
accounting for typical tolerance levels or variability of the embodiments described
herein.

[0011] The term “about” refers to the range of values approximately near the given
value in order to account for typical tolerance levels, measurement precision, or other

variability of the embodiments described herein.

[0012] A rate “C” refers to either (depending on context) the discharge current as
a fraction or multiple relative to a “1 C” current value under which a battery (in a
substantially fully charged state) would substantially fully discharge in one hour, or the
charge current as a fraction or multiple relative to a “1 C” current value under which
the battery (in a substantially fully discharged state) would substantially fully charge in
one hour.

[0013] To the extent certain battery characteristics can vary with temperature, such
characteristics are specified at room temperature (about 25 degrees C), unless the

context clearly dictates otherwise.

[0014] Ranges presented herein are inclusive of their endpoints. Thus, for

example, the range 1 to 3 includes the values 1 and 3 as well as intermediate values.

[0015] The term “NMC” refers generally to cathode materials containing
LiNixMn,Co,Ow, and includes, but is not limited to, cathode materials containing
LiNio.33Mnp.33C00.3302.

[0016] Figure 1 illustrates a lithium ion battery 100 implemented in accordance with
an embodiment of the invention. The battery 100 includes an anode 102, a cathode
106, and a separator 108 that is disposed between the anode 102 and the cathode
106. In the illustrated embodiment, the battery 100 also includes an electrolyte 104,
which is disposed between the anode 102 and the cathode 106 and is formulated to

remain substantially stable during battery cycling.

[0017] The operation of the battery 100 is based upon reversible intercalation and

de-intercalation of lithium ions into and from host materials of the anode 102 and the
3
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cathode 106. Referring to Figure 1, the voltage of the battery 100 is based on redox
potentials of the anode 102 and the cathode 106, where Li ions are accommodated or

released at a lower potential in the former and a higher potential in the latter.

[0018] Lithium titanate (e.g., LisaTisO12; other stoichiometric ratios are included in
the definition of lithium titanate) (“LTO”) can be used as an active electrode material
for an electrode in battery cell applications that require high power but do not require
high energy density. Batteries with LTO electrodes can operate at a potential of about
1.55 V. In many lithium ion batteries using conventional electrolyte formulations,
components within the electrolyte solution facilitate the in-situ formation of a protective
film during the initial battery cycling. This protective film is referred to as a solid
electrolyte interphase (SEI) layer on or next to an anode. The anode SEI can inhibit
further reductive decomposition of the electrolyte components. However, it has been
observed that SE| formation generally does not occur in battery cells with LTO anode.
Recalling the factors above that are believed to limit low temperature performance ((1)
an increase in viscosity of the electrolyte resulting in slower lithium ion diffusion; (2) a
decrease in the ionic conductivity of the electrolyte; (3) a decrease in ionic conductivity
of the SEI on the anode; and (4) a decrease in the diffusion rate of lithium ions through
the electrode materials, especially the anode materials), the lack of SEI on an LTO
anode means that the electrolyte formulation strongly influence the low temperature

performance of batteries with LTO anodes.

[0019] At high temperature, stability of the battery cell can become compromised.
Instability at high temperature is believed to be due to: 1) increased reactivity of
electrolyte with an active material; 2) accelerated decomposition of LiPFs, which
generates decomposition products that can be reactive with the both the electrolyte
and the electrode active materials; 3) gas generation (primarily Hz2) due to presence of
aprotic solvents and small amounts of water Parasitic reactions driven by the
decomposition products can result in loss of cell capacity and further decomposition

of any SEI.

[0020] Referring specifically to battery cells containing an LTO electrode, the high

temperature stability of the electrolyte formulation can be compromised by catalytic
4
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effects of the titanium in certain oxidation states. At a higher oxidation state, titanium
tends to undergo a proton extraction reaction that is believed to be one of main failure

mechanisms of LTO anode.

[0021] Conventional solutions for the high temperature problem generally consist
of applying coatings to the surface of the LTO electrode material, doping and particle
coating. However, such methods tend to be ineffective and detrimental to low

temperature power performance.

[0022] The low temperature performance of cells having LTO anodes is generally
believed to be limited by the bulk solvent properties. That is, because there is no SEI
formed on LTO surface to affect the low temperature performance, the low
temperature performance must be significantly affected by the bulk solvent properties.
Accordingly, it is expected that the addition of an additive would generally increase the
cell impedance, and therefore negatively affect the low temperature performance. As
a result, little work has been done in the past to investigate the effect of additives in

an electrolyte formulation in LTO-based batteries.

[0023] Low temperature performance in lithium ion batteries can be characterized
by the area specific impedance (ASI), which includes contributions due to the
electrode materials, the possible SEI layers formed on those materials, and the bulk
electrolyte properties. As this is a measure of impedance, low ASI values are
desirable.

[0024] High temperature performance is characterized by measuring the change in
ASI| after storage at elevated temperature. Again, small changes in the ASI after
storage are desirable, as that would indicate stability of the cell while stored at elevated

temperature.

[0025] Asis described in detail in co-pending application US 14/746,746 (Docket #
12013US01), which application is incorporated by reference herein in its entirety,
electrolyte formulations for wide temperature range performance on LTO anodes must
include solvents with good low temperature properties (low melting point, low viscosity,

high conductivity, etc.). Additives that can form conductive and robust protection layer

5



WO 2016/209844 PCT/US2016/038575

on LTO surface to not only improve interfacial ionic conductivity but also mitigate

catalytic reactivity of Ti®*/Ti** especially at elevated temperatures.

[0026] In certain embodiments, the addition of a single additive compound
improves the low temperature power performance of batteries having LTO anodes.

For example, tris(2,2,2-trifluoroethyl)borate (structure (a)):

F i F
F—pF
F (@)

improves low temperature power performance. Another additive compound, tris(2,2,2-

trifluoroethyl)phosphate (structure (b)):
F

Fj~F
0
R fl’\ F
F>§\ e O/?(F
(b)

also improves low temperature power performance. Still another additive compound,

methyl 2,2,2 -trifluoroethyl carbonate (structure (c)):
%
o0.__0O
Y T F
O (0)

improves low temperature power performance.

[0027] The low temperature power performance of batteries having LTO anodes
and containing electrolyte formulations including these additives is presented below in
Table 2.
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[0028] In certain embodiments, the addition of a single additive compound
improves the high temperature stability of batteries having LTO anodes. For example,
tris(2,2,2-trifluoroethylborate (structure (a) above) improves high temperature
stability. Also, 4,45, 5-tetramethyl-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborolane

(structure (d)):

Fo
improves high temperature stability. Ethyl difluoroacetate (structure (e)):
0
/\OJJ\(F
F (e

also improves high temperature stability. Another additive compound, diethyl

(difluoromethyl)phosphonate (structure (f)):

Fo _F
Y

_ P
O (f)

improves high temperature stability. The additive compound hexakis(1H,1H-

trifluoroethoxy)phosphazene (structure (g)):
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also improves high temperature stability. Still another additive compound, bis(2,2,2-

trifluoroethyl)carbonate (structure (h)):

O
R F
Saa el

improves high temperature stability.

(h)

[0029] In certain embodiments of additive combinations disclosed herein, the
electrolyte formulation includes certain boron-containing additives. The boron-
containing additives are often strong electrophiles. In other words, they readily react
with reductive decomposition intermediates from solvents and salts on the anode,
which may result in a thinner but more thermally stable SEI. Effective boron-containing
additives are believed to be highly activated compounds that contain at least one
activated B-O bond.

[0030] In some embodiments, the boron-containing additive is a compound

represented by structural formula (i):
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OR;

B

R3O/ \OR2 (i)

where at least one of R4, R2 and Rz includes a fluorine. R1, Rz and are independently
selected from the group consisting of substituted C1-C2o alkyl groups, substituted C+-
C2o alkenyl groups, substituted C4-C2o alkynyl groups, and substituted Cs-Czo aryl
groups. At least one of the substitutions is a fluorine, and other additional substitutions
are possible, include further fluorine substitutions. Preferred embodiments include
tris(2,2,2-trifluoroethyl)borate and its derivatives.

[0031] In some embodiments, the boron-containing additive is a compound

K i
)

where R includes at least one electron-withdrawing moiety. Examples of electron

represented by structural formula (j):

%
N

AN

withdrawing moieties include fluorine atoms, certain fluorine substituted structures,
and structures having unsaturated carbons. Preferred embodiments include certain
oxaborinanes and oxaborolanes. Preferred embodiments include 4,4,5,5-

tetramethyl-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborolane and its derivatives.

[0032] The high temperature stability of batteries having LTO anodes and
containing electrolyte formulations including these additives is presented below in
Table 2.

[0033] In certain embodiments, combinations of additives improve the wide

9
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operating temperature performance of lithium ion batteries having LTO anodes.
Additive combinations were tested based on the improvements observed for the
electrolyte formulations includes a single additive. For example, if additive A improves
low temperature properties while additive B and additive C only improve high
temperature properties, additive A would then be tested in combination with additive
B and in combination with additive C. Notably, combining an additive shown to improve
low temperature power performance with an additive shown to improve high
temperature stability does not necessarily result in a formulation with improved low
and high temperature properties. The combinations sometimes perform synergistically

and sometimes do not.

[0034] A set of three low temperature additives were chosen to be combined with
a set of five high temperature additives. The three low temperature power performance
additives were tris(2,2,2-trifluoroethyl)borate (“TTFEB”, tris(2,2,2-
trifluoroethyl)phosphate (“TTFEP”) and methyl 2,22 -trifluoroethyl carbonate
(*“MTFEC”). The five high temperature stability additives were TTFEB, 4,4,5,5-
tetramethyl-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborolane (“TFMPDB”), ethyl
difluoroacetate (“EDFA”), diethyl (difluoromethyl)phosphonate (*“DFMP”), and lithium
bis(oxalato)borate (“LiBOB”). In this case, LiBOB was used as a control. Thus, there
were a total of 14 combinations as shown in Table 1 below. In general, additives were

combined at their optimal concentration as determined by single additive testing.

Table 1: Summary of Additive Combinations

2% TTFEB 0.5% TTFEP 2% MTFEC
TS |, x x
0.5% TTFEB X X
0.5% TFMPDB X X X
0.5% DFMP X X X
2% EDFA X X X

10
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[0035] The following examples describe specific aspects of some embodiments of
the invention to illustrate and provide a description for those of ordinary skill in the art.
The examples should not be construed as limiting the invention, as the examples
merely provide specific methodology useful in understanding and practicing some

embodiments of the invention.

EXAMPLES

[0036] Electrolyte Solution Formulation. Electrolyte formulas included a lithium salt
and a solvent blend. The lithium salt was LiPFs, and was used at a concentration of
1.2M. Solvent blends were formulated from propylene carbonate (PC), sulfolane (SL),
ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), diethyl carbonate (DEC),
methyl butyrate (MB) and methyl acetate (MA). Seven different solvent blends

formulations were used:
Solvent Blend 1: PC/EMC/DMC/MB (20/30/40/10 by volume)
Solvent Blend 2: SL/EMC/DMC/MB (20/30/40/10 by volume)
Solvent Blend 3: PC/SL/EMC/DMC/MA (5/15/30/40/10 by volume)
Solvent Blend 4: PC/SL/EMC/DMC/MB (12.5/12.5/28.1/37.5/9.4 by volume)
Solvent Blend 5: SL/EMC/DMC/MA (25/28.1/37.5/9.4 by volume)
Solvent Blend 6: SL/EMC/DMC/DEC (25/28.1/37.5/9.4 by volume)
Solvent Blend 7: PC/EMC/DMC/MB (33.3/25/33.4/8.3 by volume)

[0037] Additives were included at concentrations varying between 0.5 % and 2.0 %

by weight. A control electrolyte containing no additives was also used.

[0038] Battery Assembly. Battery cells were formed in a high purity argon filled
glove box (M-Braun, O2 and humidity content < 0.1 ppm). A LiNixMnyCo,02 (NMC,
X+Y+Z =1) cathode material and a lithium titanate (LTO) anode material were used.
Each battery cell includes the composite cathode film, a polyolefin separator, and the

composite anode film. Electrolyte formulations were made according to the ratios and

11
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components described herein and added to the battery cell.

[0039] Electrochemical Formation. The formation cycle for these NMC//LTO
battery cells was a 6 hour open circuit voltage (OCV) hold followed by a charge to 2.8
V at rate C/10, with a constant voltage (CV) hold to C/20. The formation cycle was
completed with a C/10 discharge to 1.5 V. All formation cycles were run at room

temperature.

[0040] Electrochemical Characterization. Initial area specific impedance (ASI) was
measured after setting the target state of charge (SOC) by discharging the cell at rate
of C/10 and then applying a 10 second pulse at a rate of 5C. Low temperature ASI
results were derived as follows: The cell was recharged to 2.8 V at a rate of C/5 at
room temperature, with a CV hold at C/10 followed by a one hour OCV hold. Then, the
ambient temperature was reduced to -25 degrees Celsius, followed by a 12 hour OCV
hold to allow the test system temperature to equilibrate. All discharges to the specified
SOC where conducted at -25 degrees Celsius at a rate of C/10, with a one-hour rest
at the specified SOC. A discharge pulse at 50% SOC was done at a rate of 2C for 10
seconds, followed by a 40 second rest. ASI was calculated from the initial voltage (V;)
prior to the pulse and the final voltage (Vi) at the end of the pulse according to Formula

(1), where A is the cathode area and i is the current:

Vi—-Vg)XA
(Vi-Vy)

l

ASI(Q - cm?) = (1)

After full recharge to 2.8 V at room temperature, the cells were then stored at 60
degrees Celsius at OCV for two weeks. After two weeks the cells were removed from
high temperature storage and then allowed to equilibrate to room temperature. The
AS| was then measured by the same protocol used to determine initial ASI (setting the

target SOC, and then applying a 10 second pulse at a rate of 5C).

12



WO 2016/209844 PCT/US2016/038575

RESULTS

[0041] The following tables present the results of the testing described herein of
certain embodiments of the invention. The tables below identity the additive or the
additive combination tested, with the concentration (described as a weight percent of
the total formulation) in parentheses. In the case of additive combinations, the solvent
blend is also identified. The tables also present the discharge capacity (in units of
mAh/cm?) measured at the first cycle and the coulombic efficiency (as a percent) of
the first cycle. To demonstrate the wide operating temperature performance, several
ASI| measurements are listed in the tables. The column labeled “-25C ASI” presents
the data collected from the low temperature measurements of ASI (in units of Q*cm?).
The column labeled “1st ASI” presents the data collected from the initial room
temperature measurements of ASI (in units of Q*cm?). The column labeled “2nd ASI”
presents the data collected from the measurements of ASI after high temperature
storage (in units of Q*cm?). The column labeled “Delta ASI” is the difference between
the 1st ASI| data and the 2nd ASI data. Thus, numbers lower than control for -25C ASI
and Delta ASI demonstrate improvements in low power performance and high
temperature stability, respectively. Further, for wide operating temperature
performance it is preferred that the values for 1st ASI be less than or equal to the 1st

ASI value of the control.

[0042] Table 2 presents the data from testing of single additives in the electrolyte
formulation PC/EMC/DMC/MB (20/30/40/10 by volume), 1.2M LiPFs. The additive
tris(2,2,2-trifluoroethyl) borate (TTFEB) at 2.0 weight percent demonstrates the largest
improvement in low temperature power performance, while methyl 2,2,2 -trifluoroethyl
carbonate (MTFEC) at 2.0 weight percent and tris(2,2,2-trifluoroethyl)phosphate
(TTFEP) at 0.5 weight percent also demonstrate improvement in low temperature

power performance.

[0043] Still referring to Table 2, diethyl(difluoromethyl)phosphonate (DFMP) at 0.5
weight percent demonstrates the largest improvement in high temperature stability.
The additives tris(2,2,2-trifluoroethyl)borate (TTFEB) at 0.5 weight percent, 4,4,5,5-
tetramethyl-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborolane (TFMPDB) at 0.5 weight

13



WO 2016/209844

PCT/US2016/038575

percent, and ethyl difluoroacetate (EDFA) at 2.0 weight percent demonstrate 1st ASI,

2nd ASI and Delta ASI values that are improved as compared to the control values.

Table 2: Summary of additives in solvent blend 1

Additive (wt %) Cyct Cyc1 | -25C | 1st | 2nd | Delta
Capacity | CE(%) | ASI | Asl | Asl | Asl
pacity
(mAh/cm?) (Q*cm?)
Control (0) 10 89.8 | 1385 | 15.8 | 26.5| 10.7
tris(2,2,2- 10 922 | 1093 | 17.1 | 278 10.7
trifluoroethyl)
borate (2.0)
methyl 2,2,2,- 10 90.8 | 1274 | 17.0 | 328 158
trifluoroethyl
carbonate (2.0)
tris(2,2,2- 10 902 | 1287 | 163 |33.9| 176
trifluoroethyl)
phosphate (0.5)
methyl 2,2,2,- 10 883 | 1334 | 19.0 |396| 206
trifluoroethyl
carbonate (0.5)
diethyl
(ifaronsthy) 1.0 90.7 | 1555 | 15.4 |19.1| 3.7
phosphonate (0.5)
tris(2,2,2- 10 922 | 1228 | 152 |225]| 7.3
trifluoroethyl)
borate (0.5)
hexakis(1H, TH- 10 902 | 1864 | 172 |247| 7.5
trifluoroethoxy)
phosphazene (2.0)
bis(2,2,2- 10 89.8 | 1649 | 168 | 251 | 83
trifluoroethyl)
carbonate (2.0)
4,4,5,5-tetramethyl-2- 1.0 914 | 1410 | 142 |23.0| 89
(4-trifluoromethyl
phenyl)-1,3,2-
dioxaborolane (0.5)
Ethyl difluoroacetate 10 206 137.0 14.0 | 23.1 9.1
20 . . . . 1] o

[0044]

Table 3 presents the data from testing of additive combinations in the

electrolyte formulation PC/EMC/DMC/MB (20/30/40/10 by volume), 1.2M LiPFe.

Several combinations demonstrated improved wide operating temperature range

14



WO 2016/209844 PCT/US2016/038575

performance as compared to the control, including 2.0 weight percent MTFEC with 0.5
weight percent TTFEB, 2.0 weight percent MTFEC with 0.5 weight percent DFMP, 0.5
weight percent TTFEP with 0.5 weight percent TTFEB, 0.5 weight percent TTFEP with
0.5 weight percent DFMP, 2.0 weight percent TTFEB with 0.5 weight percent
TFMPDB, and 2.0 weight percent TTFEB with 0.5 weight percent DFMP. The
combination of 2.0 weight percent MTFEC with 0.5 weight percent LiBOB also showed

improved wide operating temperature range performance.

Table 3: Summary of additive combinations in solvent blend 1

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)

S°'Vf1’(‘)t E(;Z’i‘t?\/; with 10 89.8 | 1385 | 158 |26.5| 10.7
“’#TT';EE% ((%_%))/ 10 89.9 | 1317 | 130 |185]| 55
#”,:I\';Egéz(gg 10 913 | 1425 | 130 |19.1]| 6.1
Mg,'::l\'ig %:gg / 10 91.1 1142 | 135 |183| 48
MEEEX ((58)) / 11 80.7 | 3103 | 138 | 201 | 6.3
s %:gg / 10 912 | 1190 | 13.8 | 209 | 7.1
TTTTFFEEFE;(?O%/ 10 923 | 1175 | 13.7 |207| 7.0
TT;&EEE(;O('S_);) 10 89.8 | 1566 | 126 | 196 | 7.0
TET)EIEIFF’, ((%'_‘?)/ 10 918 | 1156 | 13.0 | 180 5.0
T;E':)Ei gg:gg / 10 90.3 | 1571 | 156 |25.9| 10.2
TJEEFE’; ((%'_%))/ 10 914 | 1526 | 13.8 |196| 57
TT;“;EEE(;Z('S_);) 10 896 | 1025 | 13.7 |17.8| 4.1
TET)EIEIE ((%'_%))/ 10 92.1 1010 | 134 |173| 38
T;E':)Ei g:gg / 10 92.2 974 | 152 |27.1] 119
e ((%'_%))/ 10 873 | 1449 | 163 | 244 81

15
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[0045] Table 4 presents the data from testing of additive combinations in the
electrolyte formulation SL/EMC/DMC/MB (20/30/40/10 by volume), 1.2M LiPFe.
Several of the additive combinations provided improved low temperature power
performance as compared to control and some additive combinations provided
improved high temperature stability as compared to control. For example, 2.0 weight

percent TTFEB with 0.5 weight percent TFMPDB showed improved performance.

Table 4. Summary of additive combinations in solvent blend 2

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
Solvent Blend 2 with 10 924 | 1013 | 153 |203| 5.0
no additive
“’#TT';EE% ((%_%))/ 10 919 | 1100 | 147 |199]| 53
#”,:I\';Egéz(gg 10 914 | 1182 | 156 |226| 7.0
Mg,'::l\'ig %:gg / 10 910 | 1004 | 132 |187]| 55
'VEEEX ((58)) / 10 90.1 989 | 132 |26.4| 132
MLTiggg §§12§ / 10 91.1 1164 | 139 | 204 | 65
1:F1:I'FFIEEFI;(?(5.55))/ 10 880 | 1225 | 162 |209| 47
TT;&EEE(;O('S_);) 10 915 | 1268 | 165 |21.7| 52
iz ((%'_‘?)/ 10 917 | 1281 | 151 |17.8]| 27
T;E':)Ei gg:gg’ 10 913 | 127.9 | 153 | 211 58
TJEEFE’; ((%'_%))/ 10 906 | 1144 | 161 |236| 7.5
TT;“;EEE(;Z('S_);) 10 91.9 99.9 | 142 | 188/ 46
TET)EIEIE ((%'_%))/ 10 845 | 1284 | 157 |187| 3.1
T;E':)Ei g:gg’ 10 863 | 1285 | 159 |243| 8.4
TJEEBB ((%-_%))/ 11 79.1 1206 | 15.8 | 19.3| 3.5
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[0046] Table 5 presents the data from testing of additive combinations in the
electrolyte formulation PC/SL/EMC/DMC/MA (5/15/30/40/10 by volume), 1.2M LiPFe.
Several of the additive combinations provided improved low temperature power
performance as compared to control and some additive combinations provided
improved high temperature stability as compared to control. For example, 2.0 weight
percent MTFEC with 0.5 weight percent TTFEB, 2.0 weight percent MTFEC with 0.5
weight percent DFMP, 0.5 weight percent TTFEP with 0.5 weight percent DFMP, and
0.5 weight percent TTFEP with 0.5 weight percent LiBOB showed improved

performance.

Table 5: Summary of additive combinations in solvent blend 3

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)

S°'Vf1’(‘)t aB(;Z’i‘t?Vg’ with 10 906 | 1301 | 125 | 16.0| 3.9
“’#TT';EE% ((%_%))/ 10 919 | 1025 | 13.9 | 157 | 24
#”,:I\';Egéz(gg 10 9.8 | 111.9 | 146 |210]| 67
Mg,'::l\'ig %:gg / 10 92.1 1263 | 136 |155| 2.3
MEEEX ((58)) / 10 90.4 | 1248 | 142 |183| 46
MLTiggg §§12§ / 10 912 | 1339 | 139 | 180 43
TTTTFFEEFE;(?O%/ 10 923 | 1009 | 17.0 |213| 48
TT;&EEE(;O('S_);) 10 896 | 1249 | 147 |219]| 76
TET)EIEIFF’, ((%'_‘?)/ 10 917 | 1265 | 140 |16.1| 25
T;E':)Ei gg:gg’ 10 90.3 | 1205 | 15.1 | 206 | 6.0
TJEEFE’; ((%'_%))/ 10 916 | 1144 | 145 |179| 36
TT;“;EEE(;Z('S_);) 10 92,6 90.8 | 135 |19.1| 62
TET)EIEIE ((%'_%))/ 10 92.4 902 | 131 |17.0| 45
T;E':)Ei g:gg / 10 92.3 874 | 133 [213]| 86
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Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)

TTFEB (2.0)/

LIBOB (0.5) 1.0 88.5 107.9 139 | 216 | 8.1

[0047] Table 6 presents the data from testing of additive combinations in the
electrolyte formulation PC/SL/EMC/DMC/MB (12.5/12.5/28.1/37.5/9.4 by volume),
1.2M LiPFe. Several of the additive combinations provided improved low temperature
power performance as compared to control and some additive combinations provided
improved high temperature stability as compared to control. For example, 2.0 weight

percent TTFEB with 0.5 weight percent TFMPDB showed improved performance.

Table 6: Summary of additive combinations in solvent blend 4

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
Solvent Blend 4 with 10 91.7 98.7 | 124 [182]| 57
no additive
“’#TT';EE% ((%_%))/ 10 9.2 | 1116 | 155 |30.0| 146
#”,:I\';Egéz(gg 10 905 | 1147 | 133 |18.1| 48
Mg,'::l\'ig %:gg / 10 9.0 | 127.0 | 15.9 |36.7| 207
'VEEEX ((58)) / 10 920 | 1404 | 16.8 | 250 82
MLTiggg §§12§ / 10 927 | 1168 | 16.1 |23.1| 7.0
1:F1:I'FFIEEFI;(?(5.55))/ 10 90.8 | 1343 | 143 |215| 7.2
TT;&EEE(;O('S_);) 10 924 | 1470 | 162 |183| 21
iz ((%'_‘?)/ 10 923 | 1311 | 134 |200]| 66
T;E':)Ei gg:gg / 10 924 | 1523 | 175 |244| 69
TJEEFE’; ((%'_%))/ 10 928 | 1089 | 144 |200]| 56
TT;“;EEE(;Z('S_);) 10 93.0 978 | 121 |156| 35
TET)EIEIE ((%-_%))/ 10 929 | 1224 | 155 |254| 99
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Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
TTFEB (2.0) /
EDFA (2.0) 1.0 85.5 154.9 16.0 | 259 | 9.9
TTFEB (2.0) /
LIBOB (0.5) 1.0 91.7 98.7 124 | 182 | 5.7

[0048] Table 7 presents the data from testing of additive combinations in the
electrolyte formulation SL/EMC/DMC/MA (25/28.1/37.5/9.4 by volume), 1.2M LiPFes.
Several of the additive combinations provided improved low temperature power
performance as compared to control. For example, 0.5 weight percent TTFEP with 0.5
weight percent TTFEB and 2.0 weight percent TTFEB with 0.5 weight percent DFMP

showed improved performance.

Table 7: Summary of additive combinations in solvent blend 5

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
Solvent Blend 5 with 10 925 | 1156 | 140 [183| 43
no additive
MTFEC (2.0) /
TTFEB (0.5) 1.0 90.5 101.0 156 [ 232 7.7
MTFEC (2.0) /
TFMPDB (0.5) 1.0 88.2 112.8 146 [31.0| 164
MTFEC (2.0) /
DFMP (0.5) 1.0 91.0 116.8 158 [ 26.4 | 106
MTFEC (2.0) /
EDFA (2.0) 1.0 89.7 110.9 144 (307 | 16.3
MTFEC (2.0) /
LIBOB (0.5) 1.0 91.5 107.9 16.3 [ 23.0| 6.7
TTFEP (0.5)/
TTFEB (0.5) 1.0 92.1 89.7 14.0 (184 | 4.4
TTFEP (0.5)/
TFMPDB (0.5) 1.0 92.0 139.0 16.3 240 | 7.6
TTFEP (0.5)/
DEMP (0.5) 1.0 92.0 126.9 159 (214 | 55
TTFEP (0.5)/
EDFA (2.0) 1.0 91.8 130.1 16.5 [ 238 | 7.3
TTFEP (0.5)/
LIBOB (0.5) 1.0 91.3 153.9 18.4 [ 229 | 45
TTFEB (2.0)/
TFMPDB (0.5) 1.0 92.8 109.7 14.8 (208 | 5.9

19



WO 2016/209844 PCT/US2016/038575
Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
TTFEB (2.0) /
DFMP (0.5) 1.0 92.5 86.5 13.8 | 181 | 43
TTFEB (2.0) /
EDFA (2.0) 1.0 92.5 113.0 156 |27.0| 114
TTFEB (2.0) /
LIBOB (0.5) 1.0 87.9 105.0 150 |23.0| 7.9

[0049]

Table 8 presents the data from testing of additive combinations in the
electrolyte formulation SL/EMC/DMC/DEC (25/28.1/37.5/9.4 by volume), 1.2M LiPFes.

Some of the additive combinations provided improved low temperature power

performance as compared to control.

Table 8: Summary of additive combinations in solvent blend 6

DFMP (0.5)

Additive Cyc1 Cyc1 -25C 1st 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI ASI ASI
(mAh/cm?) (Q*cm?)
Solvent Blend 6 with 1.0 91.8 1051 | 149 | 181 | 33
no additive
MTFEC (2.0)/
Tres 0.8 1.0 91.8 1256 | 222 | 36.3 | 14.1
MTFEC (2.0) /
TPVIPOS 0.5 1.0 91.8 1290 | 15.7 | 28.8 | 13.1
MTFEC (2.0) /
bEMP 0.5, 1.0 893 1204 | 176 | 27.9 | 103
MTFEC (2.0) /
EDEA .0 1.0 89.2 120.9 | 17.5 | 120.7 | 103.2
MTFEC (2.0)/
B0 0.8 1.0 91.4 1474 | 174 | 244 | 7.0
TTFEP (0.5) /
e (0.9 1.0 92.5 1024 | 152 | 212 | 6.1
TTFEP (0.5) /
TEMPDE (05 1.0 92.5 1315 | 154 | 230 | 7.6
TTFEP (0.5) /
OFMP (0.9 1.0 92.2 1252 | 16.1 | 220 | 5.9
TTFEP (0.5) /
SDEA 3 o) 1.0 91.8 1154 | 147 | 241 | 94
TTFEP (0.5)/
505 (0.4 1.0 92.1 1318 | 14.9 | 196 | 47
TTFEB (2.0) /
TEMPDE 05 1.0 92.9 1168 | 15.7 | 213 | 56
TTFEB (2.0)/ 1.0 92.2 962 | 164 | 243 | 78
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Additive Cyc1 Cyc1 -25C 1st 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI ASI ASI
(mAh/cm?) (Q*cm?)

TTFEB (2.0) /

EDFA (2.0) 1.0 92.3 89.8 16.6 | 31.5 15.0
TTFEB (2.0) /

LiBOB (0.5) 1.0 88.3 113.8 18.0 | 33.0 15.0

[0050] Table 9 presents the data from testing of additive combinations in the
electrolyte formulation PC/EMC/DMC/MB (33.3/25/33.4/8.3 by volume), 1.2M LiPFe.
The additive combinations of 0.5 weight percent TTFEP with 0.5 weight percent
TTFEB, 0.5 weight percent TTFEP with 0.5 weight percent DFMP, 0.5 weight percent
TTFEP with 0.5 weight percent LiBOB, and 2.0 weight percent TTFEB with 0.5 weight
percent DFMP demonstrated improved wide operating temperature range

performance as compared to the control.

Table 9: Summary of additive combinations in solvent blend 7

Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
Solvent Blend 7 with 1.0 915 | 1485 | 155 |212]| 57
no additive
MTFEC (2.0) /
TTFEB (0.5) 1.0 91.1 116.5 136 |20.1| 6.6
MTFEC (2.0) /
TFMPDB (0.5) 1.0 90.4 106.8 140 | 204 | 6.4
MTFEC (2.0) /
DFMP (0.5) 1.0 88.1 129.7 156 | 252 | 9.6
MTFEC (2.0) /
EDFA (2.0) 1.0 85.5 118.6 142 | 277 | 135
MTFEC (2.0) /
LIBOE (0.5) 1.0 91.7 150.0 159 |249| 8.9
TTFEP (0.5) /
TTFEB (0.5) 1.0 91.8 110.6 13.8 | 186 | 4.8
TTFEP (0.5) /
TEMPDB (0.5) 1.0 89.6 123.5 152 | 231 | 7.9
TTFEP (0.5) /
DEMP (0.5) 1.0 89.7 135.8 13.7 |19.0| 5.2
TTFEP (0.5) /
EDFA (2.0) 1.0 88.3 116.5 131 |220| 8.9
TTFEP (0.5) /
LIBOB (0.5) 1.0 90.5 127.4 139 | 184 | 45
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Additive Cyc1 Cyc1 -25C 1st | 2nd | Delta
combination (wt%) Capacity CE (%) ASI ASI | ASI | ASI
(mAh/cm?) (Q*cm?)
TTFEB (2.0) /
TFMPDB (0.5) 1.0 92.9 107.3 140 |21.2| 7.1
TTFEB (2.0) /
DEMP (0.5) 1.0 92.3 100.5 129 | 16.1| 3.2
TTFEB (2.0) /
EDFA (2.0) 1.0 92.3 100.3 141 | 221 | 8.0
TTFEB (2.0) /
LIBOB (0.5) 1.0 87.8 129.1 147 | 231 | 8.4

[0051] For all of the additive and additive combinations that provided improved low
temperature power performance, high temperature stability, or both, no negative
effects on initial discharge capacities or coulombic efficiencies were observed as

compared to the control electrolyte formulations.

[0052] Without being bound to a particular hypothesis, theory, or proposed
mechanism of action, the performance improvement imparted by the additives or
combinations of additives is due to improvements in the SEI layer, specifically on the
LTO anode. LTO anodes operate at a much higher voltage than graphite anodes. At
these higher voltages, conventional additives used to produce SEI on graphite anodes
cannot be reduced to form a passivation layer on an LTO anode. However, the
chemical reduction potential at the electrode/electrolyte interface can be significantly
increased in presence of strong electron-withdrawing functionality. In embodiments
disclosed herein, the fluorinated groups in the additives provide that strong electron-
withdrawing functionality, which allows the additives to function as SEIl forming
additives to improve the low temperature power performance and/or high temperature
stability of LTO anodes. However, it is important to note that certain combinations of
fluorinated additives provide low temperature power performance, high temperature
stability, or both. It is not obvious which combinations will provide wide operating

temperature range performance.

[0053] Further, the additives and an additive compounds disclosed herein may
provide for the formation on an electrochemically active SEI that is formed due to the

specific chemical interactions between these additives and the LTO anode. That is,
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the reaction products formed by these additives and the LTO surface may facilitate the
formation of an electrochemically active SEI. This is a surprising result given that an
SEI formed on an LTO surface would be expected to increase the impedance of the
electrochemical cell, and indeed that increase in impedance is seen in certain

additives combinations in certain solvent blends found in the tables above.

[0054] The fluorinated chemical structures that have demonstrated improved low
temperature power performance, high temperature stability, or both include
carbonates, borates, oxaborolanes, phosphates, phosphonates, phosphazene, and
esters. It is anticipated, based on the disclosures supported by the testing herein, that
certain fluorinated version of these chemical structures will provide low temperature
power performance, high temperature stability, or both. Indeed, it is anticipated that
other strong electron-withdrawing functionality may be combined with the chemical
structures disclosed herein (e.q., carbonates, borates, oxaborolanes, phosphates,
phosphonates, phosphazene, and esters) to yield additive compounds that alone orin
combination will provide low temperature power performance, high temperature
stability, or both.

[00565] While the invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various
changes may be made and equivalents may be substituted without departing from the
true spirit and scope of the invention as defined by the appended claims. In addition,
many modifications may be made to adapt a particular situation, material, composition
of matter, method, or process to the objective, spirit and scope of the invention. All
such modifications are intended to be within the scope of the claims appended hereto.
In particular, while the methods disclosed herein have been described with reference
to particular operations performed in a particular order, it will be understood that these
operations may be combined, sub-divided, or re-ordered to form an equivalent method
without departing from the teachings of the invention. Accordingly, unless specifically
indicated herein, the order and grouping of the operations are not limitations of the

invention.
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CLAIMS

What is claimed is:

1. A lithium ion battery cell, comprising:

a first electrode;

a second electrode comprising lithium titanate; and

an electrolyte formulation comprising a first additive, wherein the first additive
comprises tris(2,2,2-trifluoroethyl)borate, and a second additive, wherein the second

additive comprises a fluorinated compound other than tris(2,2,2-trifluoroethyl)borate.
2. A lithium ion battery cell, comprising:
a first electrode;
a second electrode comprising lithium titanate; and

an electrolyte formulation comprising a first additive, wherein the first additive
comprises tris(2,2,2-trifluoroethyl)phosphate, and a second additive, wherein the
second additive comprises a fluorinated compound other than tris(2,2,2-

trifluoroethyl)phosphate.
3. A lithium ion battery cell, comprising:
a first electrode;
a second electrode comprising lithium titanate; and

an electrolyte formulation comprising a first additive, wherein the first additive
comprises methyl 2,2,2-trifluoroethyl carbonate, and a second additive, wherein the
second additive comprises a fluorinated compound other than methyl 2,2,2-

trifluoroethyl carbonate.

4. The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second
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additive comprises a fluorinated borate.

5. The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second

additive comprises a fluorinated oxaborolane.

6. The lithium ion battery cell of claim 5, wherein the second additive

comprises 4,4,5,5-tetramethyl-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborolane.

7. The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second

additive comprises a fluorinated ester.

8. The lithium ion battery cell of claim 7, wherein the second additive

comprises ethyl difluoroacetate.

9. The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second

additive comprises a fluorinated phosphonate.

10.  The lithium ion battery cell of claim 9, wherein the second additive

comprises diethyl (difluoromethyl)phosphonate.

11.  The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second

additive comprises a fluorinated phosphate.

12.  The lithium ion battery cell of claim 1 or 3, wherein the second additive

comprises tris(2,2,2-trifluoroethyl)phosphate.

13.  The lithium ion battery cell of any of claims 1, 2, or 3, wherein the second

additive comprises a fluorinated carbonate.

14.  The lithium ion battery cell of claim 1 or 2, wherein the second additive

comprises methyl 2,2,2-trifluoroethyl carbonate.
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