wo 2017/160588 A 1[I I 00000 O O

(43) International Publication Date
21 September 2017 (21.09.2017)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2017/160588 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:

F28D 15/02 (2006.01) HOIM 10/26 (2006.01)
F28D 15/04 (2006.01) HOIM 10/50 (2006.01)
HOIM 6/04 (2006.01) HOIM 10/6569 (2014.01)

International Application Number:
PCT/US2017/021586

International Filing Date:
9 March 2017 (09.03.2017)

Filing Language: English
Publication Language: English
Priority Data:

62/310,278 18 March 2016 (18.03.2016) US

Applicant: COLORADQO STATE UNIVERSITY RE-
SEARCH FOUNDATION [US/US]; P.O. Box 483, Fort
Collins, Colorado 80522 (US).

Inventor: BANDHAUER, Todd; P.O. Box 483, Fort
Collins, Colorado 80522 (US).

Agent: HORVATH, Raymond F.; 5100 Eden Avenue,
Suite 303, Edina, Minnesota 55436 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: MULTI-FUNCTIONAL ELECTROLYTE FOR THERMAL MANAGEMENT OF LITHIUM-ION BATTERIES

Fig. 1A

E

Condenser

L

Assembled Celt

N

Liguid Return

Vapor

Vapor Channels in
Positive Electrodes

Separator:
Solvent Wick

Section View

(57) Abstract: The high thermal conduction resistances of a lithium-ion batter}' (LIB) severely limit the effectiveness of a conven -
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MULTI-FUNCTIONAL ELECTROLYTE FOR THERMAL
MANAGEMENT OF LITHIUM-ION BATTERIES

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. §11%e} to U.S. Provisional Patent

Application No. 62/310,278, filed March 18, 2016, which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

Lithium-ion batteries (LLIB) continue to have inherent thermal limitations that severely
atfect their performance in large battery packs. Large battery packs can consist of tens to
thousands of individual cells, all of which generate heat during normal operation. If not
properly managed, this heat can cause significant capacity degradation, and, in some cases, the
ternperature of the cell can trigger thermal runaway. This can increase the temperature of
neighboring cells and cause thermal runaway to be triggered. As a result, these packs require a
sophisticated thermal management system (TMS). The state-of-the-art TMS provide significant
external liquid cooling to each cell within the pack, such as the one seen in the Chevrolet Volt.
However, LIB have ioherently low thermal conductivity which leads to high temperature
gradients through the thickness of the cell. Unfortunately, no commercial TMS 1s capable of
directly managing the ioternal cell temperature, and, despite sigonificant optimization efforts
underway, these TMS still account for a significant percentage of the total pack weight and
volume. Accordingly, a practical thermal management system that can provide internal cooling
to an electrochemical cell to avoid the overheating problems inherent with current battery

technologies would be a benefit to many devices that depend renewable energy.

SUMMARY

The high thermal conduction resistances of lithium-ion batteries severely limit the
effectiveness of conventional external thermal management systems. To remove heat from the
insulated interior portions of the cell, a large temperature difference is reguired across the cell,
and the center of the electrode stack can exceed the thermal runaway onset temperature even
under normal cycling conditions. One potential solution 18 to remove heat locally inside the cell
by evaporating a volatile component of the electrolyte. In this system, a high vapor pressure co-
solvent evaporates at a low temperature prior to triggering thermal runaway. The vapor
generated is transported to the skin of the cell, where it is condensed and transported back to the
internal portion of the cell via surface tension forces. For this system to function, a co-solvent
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that has a boiling point below the thermal runaway onset temperature must also allow the cell to
function under normal operating conditions.

Integrating a thermal management system (TMS} internal to each cell by using a multi-
functional electrolyte (MFE} can serve two functions simultaneously: transport of lithium-ions
and rernoval of heat through passive evaporation. As heat is generated within the cell, a volatile
electrolyte co-solvent is evaporated in small channels located in the positive electrode
(Figure 1) The evaporated co-solvent is then condensed on the skin of the cell and
reincorporated into the liquid electrolyte. The liquid-vapor phase change process absorbs a
significant amount of energy per unit mass of volatile co-solvent evaporated, and occurs at a
niear constant temperature once the bubble point of the mixture is reached. This system has the
potential to provide continuous, passive thermal management through the entirety of every cell
within a large pack.

Accordingly, this disclosure provides a method for thermal management of a battery, the
method comprising:

regulating the temperature of a battery, wherein the batitery comprises one or more
electrodes perfused with one or more flow channels that are submerged in a multi-functional
electrolyte (MFE), and the MFE comprises a mixture of a lithium salt, an organic electrolyte,
and a volatile fluorinated hydrocarbon;

wherein when the temperature of the battery exceeds a safe limit, the MFE heats to the
bubble point of the MFE,

a) the fluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;

b} the vapor is released to a condenser by passing through the flow channels in each

perfused electrode;

¢} the tluorinated hydrocarbon vapor phase-changes to a liquid-phase by condensing in

the condenser; and

d) the condensed flucrinated hydrocarbon recycles by returning to the MFE;

wherein the battery temperature 18 regulated by a cycle of a) to d) of absorbing thermal
energy, passing the vapors of hydrofluorocarbon through flow channels in the electrode,
condensing the vapors to the liquid-phase, and returning the condensed fluorinated hydrocarbon
to the MFE, thereby cooling the battery internally.

This disclosure also provides an electrochemical cell with internal thermal management
comprising;

an electrode perfused with one or more flow channels that are submerged in a mult-

functional electrolyte (MFE), and the MFE comprises a mixture of a lithium salt, an organic
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electrolyte, and a volatile fluorinated hydrocarbon;
wherein when the temperature of the battery exceeds a safe limit, the MFE heats to
the bubble point of the MFE,
a) the tluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;
by the vapor is released to a condenser by passing through the flow channels in the
perfused electrode;
¢} the fluorinated hydrocarbon vapor phase-changes to a liquid-phase by condensing in
the condenser; and
d) the condensed fluorinated hydrocarbon recycles by returning to the MFE;
wherein the battery temperature is regulated by a cycle of a) to d) of absorbing thermal
energy, passing the vapors of hydrofluorocarbon through flow channels in the electrode,
condensing the vapors to the liquid-phase, and returning the condensed fluorinated hydrocarbon
to the MFE, thereby cooling the electrochemical cell internally.
Additionally, this disclosure provides an internally refrigerated electrochemical cell
comprising:
an electrode perfused with one or more flow channels;
a hiquid wicking structure embedded within at least one flow channel; and
an inert refrigerant that permeates through the wicking structure, and is muscible,
partially miscible, or non-miscible with an electrolyte in an electrochemical cell;
wherein when the temperature of the battery exceeds a sate hit,
a} arefrigerant within the wicking structure phase-changes to a vapor by absorbing thermal
energy;
b} the vapor is released to a condenser by passing through the flow channels in the perfused
electrode;
¢} the refrigerant vapor phase-changes to a hiquid-phase by condensing in the condenser;
and
dy the condensed refrigerant recycles by returning to the flow channels by the wicking
structures;
wherein the electrochemical cell temperature is regulated by a cycle of a) to d) of
absorbing thermal energy, passing the vapors of refrigerant through flow channels in the
electrode, condensing the vapors to the liquid-phase, and returning the condensed refrigerant to
the flow channels, thereby cooling the electrochemical cell internally.
Any one of the above embodiments can include a composition of the of the multi-

functional electrolyte (MFE), the composition comprising: a fluorinated hydrocarbon and an
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electrolyte mixture in a ratio of about 1.1, a hithium salt v the mixture in a concentration of
about 0.1 molar to about 2 molar, or about 0.1 molal to about 2 molal; and an optional solid
electrolyte interphase (SEI) stabilizer; wherein the fluorinated hydrocarbon comprises HFE-
7000, HFE-7100, HFE-7200, HFE-7300, HFE-7600, FC-72, perflenapent, R134a a R400
refrigerant, or a R700 refrigerant,

the organic electrolyte comprises ethyl methyl carbonate, diethyl carbonate, dimethyl
carbonate, ethylene carbonate, propylene carbovate, vinylene carbonate, fluoroethylene
carbonate, or an organic tonic liquid, and

the lithium  salt  comprises lithium  hexafluorophosphate  (LiPFe),  lithium
hexafluoroarsenate  (LiAsHs), lithium  bis{oxalate)borate  (LiB(C:04)), lithium  triflate
(LiSO3CF3), lithium bis(trifluromethylsulfonyl mide (LiTFSH), lithium
bis(pentafturcethylsulfonyl jimide {(LiBETI}, or fithium nonafluorobutylsulfonyl
trifluoromethylsulfonyl imide (LiIFBMS).

Furthermore, certain  specific  embodiments  describing  low  boiling  point
hydrofiuoroethers (HFE) have been proven to be compatible with LIB chemistry. In this
disclosure, HFE-7000 and cthyl roethyl carbonate (EMC) 1:1 by velume are used to solvate 1.0
M LiTFSI to produce a candidate electrolyte for the proposed cooling system. Copper
antimonide (Cu2Sb) and lithium iron phosphate (LiFePO4) are used 1n a full cell architecture
with the candidate electrolyte in a custom electrolyte boiling facility. The facility enables direct
viewing of the vapor generation within the full cell and characterizes the galvanostatic
electrochemical performance. Test results show that the LFP/CuaSb cell is capable of operation

even when a portion of the more volatile HFE-7000 1s continuously evaporated.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the specification and are included to further
demonstrate certain embodiments or various aspects of the invention. In some instances,
embodiments of the invention can be best undersiood by referring to the accompanying
drawings in combination with the detailed description presented herein. The description and
accompanying drawings may highlight a certain specific example, or a certain aspect of the
invention. However, one skilled in the art will understand that portions of the example or aspect
may be used in combination with other examples or aspects of the invention.

Figure 1A-E. Proposed Internal Thermal Management System for Lithium-{on Battery
using a Volatile Co-Solvent 1n Electrolyte (a); Proposed Internal TMS in 18650 Cell (b),
Representative Vapor Generation Channel Created in a Positive Electrode (¢}, Embodiment 1 of
Proposed Internal TMS with External Liguid Cooled Condenser on Edge Face of LIB Cells (d};
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Embodiment 2 of Proposed Internal TMS with External Air Cooled Condenser on Large Face of
LIB Cells ().

Figure 2. Equivalent Circuit Model Used for Impedance Fitting.

Figure 3. Electrochemical Stability Window Measured with a GCE WE, Li metal
CE/RE, 10 mV s-1 Scan Rate, 0.5 Vand 5 V vs. Li/Li+ Swiiching Potentials,

Figure 4A-4C  LTO/Li Cell Data (a) Lithiation and Delithiation Capacity and
Coulombic Efficiency, 386 uA cm™ at 25°C (b) Nyquist Plot at 1 V vs. Li/Li™ After 10 and 20
Cycles {(¢) Nyquist Plot at 2 V vs. Li/Li" After 10 and 20 Cycles.

Figure 3A-3C. CuwSb/Li Cell Data (a) Lithiation and Delithiation Capacity and
Coulombic Efficiency, 87.7 uA cm™ at 25°C (b) Nyquist Plot at 0.5 V vs. Li/Li" After 10 and 20
Cycles (¢) Nyquist Plot at 0.95 V vs. Li/Li" After 10 and 20 Cycles.

Figure 6A-6C. LFP/Li Cell Data {a) Lithiation and Delithiation Capacity and
Coulombic Efficiency, 386 pA cm™ at 25°C (b) Nyquist Plot at 2.5 V vs. Li/Li™ After 10 and 20
Cycles (¢) Nyquist Plot at 4 V vs. L/Li™ After 10 and 20 Cycles.

Figure 7A-7C. Half Cell 20th Cycle Voltage vs. State of Lithiation (a) LTG/Li (b)
Cu2Sb/Li (¢) LFP/LL

Figure 8A-8C. Average EIS Fit Parameters for Half Cells after Cycle 10 and 20, All
Potentials are vs. LI/Li" (a) Ra (b) Ru (¢) Qau

Figure 9A-9C. LFP/CuSb Cell Data (a) Charge and Discharge Capacity and
Coulombic Efficiency, 175 pA em™ at 25°C (b) Nyquist Plot at 1.75 V After 10 and 20 Cycles
{c) Nyquist Plot at 3.5 V After 10 and 20 Cycles.

Figure 10A-10C  LFP/LTO Cell Data (a) Charge and Discharge Capacity and
Coulombic Efficiency, 291 pA cm™ at 25°C (b) Nyquist Plot at 1.5 V After 10 and 20 Cycles (¢}
Nyquist Plot at 2.5 V After 10 and 20 Cycles.

Figure 11A-11C. Average EIS Fit Parameters for Full Cells after Cycle 10 and 20 (3)
Re (b) Ret (©) Oat.

Figure 12A-12B. Full Cell 20" Cycle Voltage vs. Depth of Discharge (a) LFP/CuzSh
{by LFP/LTO.

Figure 13. Electrolyte Boiling Facility.

Figure 14. Electrolyte Boiling Facility: Exploded View of the Test Section.

Figure 15, Pre-Boiling Chronopotentiogram of LFP/CuSb Cell during Cycles 1-10
with System Temperature and Pressure Traces.

Figure 16. LFP/Cu2Sh Cell Capacity and Coulombic Efficiency versus Cycle Number,
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Figure 17 Boiling Chronopotentiogram of LFP/CuwSb Cell during Cycles 11-20 with
System Temperature and Pressure Traces.

Figure 18 View of Evaporation Channel while Cycling LEP/Cu2Sb Cell at 0.5C with 4
W of Heat Input.

Figure 19 Post-Boiling Chronopotentiogram of LFP/CuxSb Cell during Cycles 21-30
with System Temperature and Pressure Traces.

Figure 206, LFP/Cu2Sb Voltage versus Capacity for Cycles 10, 20, and 30

DETAILED DESCRIPTION

This disclosure describes a continuous, passive internal thermal management system
(TMS) for lithium-ion batteries (L1Bs) that utilizes a multi-functional electrolyte (MFE) within
the cell to absorb and reject internally generated heat. As shown in Figare 1, the cell 1s modified
to approximate a loop heat pipe architecture. As heat is generated during cell operation, a
volatile electrolyte co-solvent 15 evaporated 1n small chanvels created in the positive electrode
where no electrochemical reactions occur. The evaporated co-solvent is then condensed on the
interior walls of the cell, such as the thin edge of a LIB cell, and retncorporated into the liquid
electrolyte. External air or liquid removes the heat of condensation from the surface of the
battery, which can substantially reduce the temperature difference between the center of the cell
and the external cooling medium relative to conventional cooling systems.

The internal TMS concept 15 also proposed for an 18650 cell architecture (Figure 1b).
For this architecture, the jelly roll is held in the center of the cell can with plastic jelly roll
supports. The uniform separation created between the jelly roll and the 18650 steel provides an
internal annular condenser for vapor generated within the channels of the positive electrode.
External convection cooling is applied to the exterior casing of the 18650 steel can to provide
the condensing power required.

The cell modifications for the proposed internal TMS include the creation of evaporation
channels and the integration of a condenser. The evaporator channels can be manufactured
during the shurry coating process or completely removed after the electrode has been
manutactured. Tn commercial cells, slurry-based positive electrode coatings uniformly cover the
entire surface of the aluminum current collector and can range in thickness from 50-100 um. To
create these evaporation channels during electrode manufacturing, the slurry 18 spread uniformly
on the aluminum current collector everywhere except for masked portions designated for
channels. Once the solvent used tor slurry suspension has been evaporated and the electrode is

calendared to its final thickness, the channel masking material can be removed without
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disturbing the surrounding coating. Alternatively, manufactured positive electrodes with a
uniform active material coating can be modified to contain the channels. The active material
coating can simply be abrasively removed from the aluminum current collector using a metal
spatula or similar device. This type of channel manufacturing process is not a production-worthy
approach, but it suffices for validation of the concept. In both of the proposed manufacturing
methods, the channels extend the entire vertical length of the electrode. Figure 1c shows a
representative vapor generation channel that was created after the electrode material was
uniformly coated on the current collector.

The proposed internal TMS has two embodiments. In Figure 1a, the condenser for the
proposed internal TMS is shown integrated into the thin edge of the LIB cell. In this particular
embodiment, a liquid coolant can flow through a structure in thermal contact with the condenser
on the edge of the battery. Figure 1d shows a larger embodiment of the proposed internal TMS
with a liquid cooled heat exchanger in contact with the thin edge of a group of cells. Water has
an order of magnitude greater thermal conductivity and four times greater specific heat than air.
This requires significantly less surface area for water to reject the same about of heat as air. A
second embodiment of the proposed internal TMS is shown in Figure 1e. In this system, 1 mm
spacing is created between every two cells to create a flow path for cooling air flow. This style
of cell spacing is used in the Chevrolet Volt LIB pack; however, in the Volt, aluminum cooling
plates occupy the 1 mm spacing. The system impact of the two proposed embodiments of the
internal TMS is compared to the Chevrolet Volt in Table 1.

Table 1: System Impact of Proposed Internal TMS Compared to Chevrolet Volt

Proposed Proposed

Calculated Quantity Embodiment 1 Embodiment2  Chevrolet Volt
Total Cell Volume (L) 40.3 40.3 403
Total Cell Mass (kg) 107 107 108
External Cooling System 0.08 403 403
Volume (L)
External Cooling System 0.52 0.005 756
Mass (kg)
Pack Gravimetric C it

ac rjwlme ric Capacity 35 236 994
(Whkg™)
Pack Volumetric Capacity

623 570 582

(WhL")

The MFE for the internal TMS described above requires specific thermal and
electrochemical properties for the internal TMS to operate. The volatile co-solvent must have a
low boiling point (< 45°C at 1 atm) to provide the isothermal heat absorption at temperatures

below those associated with capacity degradation (> 50°C) and the onset of thermal runaway (>
7
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70°C). The co-solvent must be miscible with the organic carbonate solvents that are
commonplace to liquid lithium-ion electrolytes. The solvent mixture containing the volatile co-
solvent must be capable of solvating a 1.0 M concentration of lithium salt to achieve a maximum
ionic conductivity, and it should demonstrate a sufficient electrochemical stability window to
enable reversible redox reactions at the anode and cathode interfaces of the cell. Finally, the
MFE must also show cycling capability with lithium-ion insertion electrodes.

Hydrofluoroethers (HFE) are a candidate co-solvent for MFE because they can have a
high vapor pressure, are aprotic, have a reasonably high dielectric constant (>50 to be
comparable to cyclic carbonate co-solvents, or >5 for linear carbonate co-solvents), and are
chemically compatible co-solvent with lithium-ion battery materials. There have been four HFE
considered as co-solvents for lithium-ion electrolytes: HFE-7100, HFE-7200, HFE-7300, and
HFE-7600. Another is HFE-7000 which has an ideal boiling point for the proposed internal
TMS (34°C at 1 atm) and a similar molecular structure (Table 2) to HFE-7100, which has been

successfully demonstrated as a co-solvent in lithium-ion batteries.

Table 2. Molecular Structure of Volatile Co-Solvents for an MFE.

Boiling Vapor Absolute

Candidate  Pointat 1 Pressure at Viscosity at Dielectric  Chemical
Co-Solvent  atm (°C)  25°C (atm) 25°C (cP) Constant  Formula Molecular Structure

20

FF F
HFE 7000 34 0.638 0.45 7.4 C4H3F70 %
FF F
HFE 7100 60 0.609 0.58 7.4 CsH3F»O %i
F FFE FF F
FC-72 56 0.296 0.64 1.8 CeF14 F
F FF FF F
Perflenapent 292 0.857 0.472 1.8 CsFiz F

The studies described in this disclosure characterize the boiling and non-boiling
electrochemical performance of a candidate MFE containing HFE-7000 as the volatile co-
solvent. Ethyl methyl carbonate (EMC) was chosen as a carbonate co-solvent in the electrolyte
mixture (see Table 3). Lithium bis(trifluoromethane sulfonyl) imide (LiTFSI) salt was chosen
for its high thermal stability, ionic conductivity, and solubility in electrolyte solutions not
containing high dielectric constant solvents. Upon sufficient demonstration of compatibility in

8
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lithium-ion chemistry under normal operating conditions, the MFE was investigated in a custom
electrolyte boiling facility to evaluate its thermal and electrochemical performance under
continuous evaporation in a full cell architecture. The results show the feasibility of an internal

TMS that utilizes the electrolyte as a heat transport medium.

Table 3. Organic Carbonate Solvents for LIB Liquid Electrolytes.

Organic Boiling  Meltin Absolute
Carbonat Pointat1 gPoint Viscosity at Dielectric  Chemical
¢ Solvent atm (°C) (°C) 25°C (cP) Constant Formula  Molecular Structure

Dimethyl _° °
Carbonate 90.5 0.5 0.626 3.1 C3HsOs3
(DMC)

Ethyl

(EMC)

(@] (@]
Methyl e ~—
107.5 -53.8 0.690 2.9 C4HsOs3
Carbonate
O O
\/

Diethyl ~
Carbonate 126.8 -43 0.75 2.8 CsHi1003 \ﬂ/

(DEC)

0]

Propylene o)
Carbonate 2417  -48.8 2.5 64.4 C4HsO5 j
(PC)

O
Ethylene 186 O
Carbonate 248.2 36.4 s 90.5 CsH10Os
(EC) (40 °C)

Definitions

The following definitions are included to provide a clear and consistent understanding of
the specification and claims. As used herein, the recited terms have the following meanings.
All other terms and phrases used in this specification have their ordinary meanings as one of
skill in the art would understand. Such ordinary meanings may be obtained by reference to
technical dictionaries, such as Hawley’s Condensed Chemical Dictionary 14" Edition, by R.J.
Lewis, John Wiley & Sons, New York, N.Y., 2001.

References in the specification to "one embodiment", "an embodiment", etc., indicate
that the embodiment described may include a particular aspect, feature, structure, moiety, or
characteristic, but not every embodiment necessarily includes that aspect, feature, structure,
moiety, or characteristic. Moreover, such phrases may, but do not necessarily, refer to the same
embodiment referred to in other portions of the specification. Further, when a particular aspect,
feature, structure, moiety, or characteristic is described in connection with an embodiment, it is
within the knowledge of one skilled in the art to affect or connect such aspect, feature, structure,

moiety, or characteristic with other embodiments, whether or not explicitly described.
9
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[T

The singular forms "a," "an," and "the" include plural reference unless the context clearly
dictates otherwise. Thus, for example, a reference to "a compound" includes a plurality of such
compounds, so that a compound X includes a plurality of compounds X. It is further noted that
the claims may be dratted to exclude any optional element. As such, this statement is intended

"N

to serve as antecedent basis for the use of exclusive terminology, such as "solely,” "only," and
the like, in connection with any element described herein, and/or the recitation of claim elements
or use of "negative” limitations.

The term "and/or" means any one of the items, any combination of the items, or all of the
items with which this term 1s associated. The phrases "one or more" and "at least one" are
readily understood by one of skill in the art, particularly when read in context of its usage. For
example, the phrase can mean one, two, three four, five, six, ten, 100, or any upper limit
approximately 10, 100, or 1000 times higher than a recited lower limit.

As will be understood by the skilled artisan, all numbers, including those expressing
quantities of ingredients, properties such as molecular weight, reaction conditions, and so forth,
are approximations and are understood as being optionally meditied in all instances by the term
"about." These values can vary depending upon the desired properties sought to be obtained by
those skilled in the art utilizing the teachings of the descriptions herein. It is also understood
that such values inherently countain variability necessarily resulting from the standard deviations
found in their respective testing measurements. When values are expressed as approximations,
by use of the antecedent "about," it will be understood that the particular value without the
modifier "about” also forms a further aspect.

The terms "about" and "approximately” are used interchangeably. Both terms can refer to
a variation of + 5%, + 10%, + 20%, or + 25% of the value specitied. For example, "about 50"
percent can in some embodiments carry a varation from 45 to 55 percent, or as otherwise
defined by a particular claim. For integer ranges, the term "about” can include one or two
integers greater than and/or less than a recited integer at each end of the range. Unless indicated
otherwise herein, the terms "about" and "approximately” are intended to include values, e.g.,
weight percentages, proximate to the recited range that are equivalent in terms of the
functionality of the individual ingredient, composition, or embodiment. The terms "about” and
"approximately” can also modify the end-points of a recited range as discussed above in this
paragraph.

As will be understood by one skilled in the art, for any and all purposes, particularly in
terms of providing a written description, all ranges recited herein also encompass any and all

possible sub-ranges and combinations of sub-ranges thereof, as well as the individual values

10



WO 2017/160588 PCT/US2017/021586

making up the range, particularly integer values. It is therefore understood that each unit
between two particular units are also disclosed. For example, if 10 to 15 is disclosed, then 11,
12, 13, and 14 are also disclosed, individually, and as part of a range. A recited range {(e.g.,
weight percentages or carbon groups) includes each specific value, integer, decimal, or identity
within the range. Any listed range can be easily recognized as sufficiently describing and
enabling the same range being broken down into at least equal halves, thirds, quarters, fifths, or
tenths. As a non-limiting example, each range discussed herein can be readily broken down into
a lower third, middle third and upper third, etc. As will also be understood by one skilled in the
art, all language such as "up to", "at least", "greater than”, "less than", "more than”, "or more",
and the like, include the number recited and such terms refer to ranges that can be subsequently
broken down into sub-ranges as discussed above. In the same manner, all ratios recited herein
also include all sub-ratios falling within the broader ratic. Accordingly, specific values recited
for radicals, substituents, and ranges, are for illustration only; they do not exclude other defined
values or other values within defined ranges for radicals and substituents. It will be further
understood that the endpoints of each of the ranges are significant both in relation to the other
endpoint, and independently of the other endpoint.

One skilled in the art will also readily recognize that where members are grouped
together in a common manner, such as in a Markush group, the invention encompasses not only
the entire group listed as a whole, but each member of the group individually and all possible
subgroups of the main group. Additionally, for all purposes, the invention encompasses not only
the main group, but also the main group absent one or more of the group members. The
invention therefore envisages the explicit exclusion of any one or more of members of a recited
group. Accordingly, provisos may apply to any of the disclosed categories or embodiments
whereby any one or more of the recited elements, species, or embodiments, may be excluded
from such categories or embodiments, for example, for use in an explicit negative limitation.

The term "contacting" refers to the act of touching, making contact, or of bringing to

)
immediate or close proximuty, including at the cellular or rolecular level, for example, to bring
about a physiological reaction, a chemical reaction, or a physical change, e g, in a solution, in a
reaction mixture, in vifro, or in vivo.

The terms "inhibit", "inhibiting", and "inhibition" refer to the slowing, halting, or
reversing the growth or progression of a disease, infection, condition, or group of cells. The
inhibition can be greater than about 20%, 40%, 60%, 80%, 90%, 95%, or 99%, for example,

compared to the growth or progression that occurs in the absence of the treatment or contacting.
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The term “substantially” as used herein, is a broad term and is used 1n its ordinary sense,
including, without limitation, being largely but not necessarily wholly that which 1s specified.
For example, the term could refer to a numerical value that may not be 100% the full numerical
value. The full numerical value may be less by about1%, about 2%, about 3%, about 4%, about
5%, about 6%, about 7%, about 8%, about 9%, about 10%, about 15%, or about 20%.

The term “ionic liquid” {or “molten salt”} refers to a salt in the liquid (or molten state).
In some contexis, the term refers to salts whose melting point is below 100 °C, is near or below
room temperature, or is near or below ambient temperature. A salt is a molecule having a cation
and an anion forming an ionic bond, which is usually stronger than the Van der Waals forces
between the molecules of ordinary liquids. Examples include compounds based on the 1-ethyi-
3-methylimidazolium (EMIM) cation.

While ordinary hiquids such as water are predominantly made of elecirically neutral
molecules, tonic liguids are largely made of ions. These substances are variously called liquid
electrolytes, 1onic melts, 1onic fluids, fused salis, liquid salts, or ionic glasses.

Ionic liquids are described as having many potential applications at near room
temperature and low temperatures.  They can be used in catalysis, gas handling,
pharmaceuticals, cellulose processing, nuclear fuel reprocessing, solar thermal energy, waste
recycling, carbon, capture, and electric batteries. However, ionic hiquids are often moderate to
poor conductors of electricity, non-ionizing, highly viscous, and frequently exhibit low vapor
pressure.

Room temperature tonic hiquids consist of bulky and asymmetric organic cations such as,

but not hmited to

,  P-alkyl-3-methylinidazolivm,  l-alkylpyrnidiniom,  N-methyl-N-
alkylpyrrolidinium and ammonium ions, and also phosphonium cations. A wide range of anions
are employed, ranging from, but not limited to, simple halides, which generally suffer high
melting points, to inorganic antons such as tetrafluoroborate and hexafluorophosphate, and to
large  organic  anions  like  bistriflimide  (synonymously  referred to as,
bis(trifluromethylsulfonylimide, or TFSI), triflate or tosylate. There are also many potential
uses of ionic liquids with simple non-halogenated organic anions such as formate, alkyisulfate,
alkylphosphate or glycolate. When both the cation and anion are organic tons then combined
they would be an organic ionic liquid that could be used as an electrolye.

An electric battery i1s a device consisting of one or more electrochemical cells with
external connections provided to power electrical devices such as flashlights, smartphones, and
electric cars. The term "battery” is a common term to describe an electrochemical storage

system. A "cell" is a basic electrochemical unit that contains the basic components, such as
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electrodes, separator, and electrolyie. A "battery” or "battery pack” is a collection of cells or cell
assemblies which are ready for use, as it contains an appropriate housing, electrical
interconnections, and possibly electronics to control and protect the cells from failure. In this
regard, the simplest "battery" is a single cell with perhaps a small electronic circuit for
protection.

A hithium-ion battery or Li-ion battery 1s a type of rechargeable battery in which lithium
ions ruove from the negative electrode to the positive electrode during discharge and back when
charging. Li-ion batteries use an intercalated lithium compound as one electrode material,
compared to the metallic hithium used in a non-rechargeable lithium battery. The electrolyte,
which allows for ionic movement, and the two elecirodes are the constituent components of a
lithium-ion battery cell.

The term “perfuse” is referring to electrodes which bave one or more channels or “flow
channels” to allow the passage of a mixture, a liquid, a gas or a vapor. It is analogous to veins or
arteries in tissue that circulate blood and nutrients.

The term “bubble point” refers to the temperature {at a given pressure} where the first
bubble of vapor 15 formed when heating a liquid consisting of two or more components. Given
that vapor will probably have a different composition than the liquid, the bubble point (along
with the dew point) at different compositions are useful data when designing distillation type
systems. For a single component, the bubble point and the dew point are the same and are
referred to as the boiling point.

The term “vapor” refers to a substance diffused or suspended, for example, in the air, or
in the vacant areas inside an electrochemical cell. In this disclosure, “vapor” may also be used
interchangeably with the term “gas”, which is one of the fundamental states of matter.

The term “phase-change” refers to any substance that changes from one state to another,
with possible states being, for example, gas, liquid, and solid. Substances typically (but not
always) phase change to the closest related state, such as liquid to gas, or gas to liquid. Each
phase represents a quantity of energy being absorbed, or released. The more energy that a
substance contains, the more likely that individual molecules or atoms will be able to resist
intermolecular forces and spread apart. The thermal energy inside an electrochemical cell or
battery can cause a hiquid to phase-change to a gas or vapor. When the gas or vapor is cooled by,
for example, a condenser or a condensing unit, the gas or vapor phase-changes to a liquid.

The term “condenser” refers to a device or unit used in systems involving heat transfer
that condense a substance from its gaseous to its liquid state, by cooling it. In so doing, the latent

heat 1s given up by the substance, and will transfer to the condenser coolant. Condensers are

i
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typically heat exchangers which have various designs and come in many sizes ranging from
rather small (hand-held) to very large industrial-scale units used in plant processes. For example,
a refrigerator uses a condenser to get rid of heat extracted from the interior of the unit o the
outside air. Condensers are used in air conditioning, industrial chemical processes such as
distillation, stearn power plants and other heat-exchange systems, such as an electrochemical cell
or battery that are described in this disclosure. Use of cooling, for example, water or surrounding
air as the coolant 18 common in many condensers.

An electrolyte is a substance that produces an electrically conducting solution when
dissolved in a polar solvent, such as water. The dissolved electrolyte separates into cations and
anions, which preferably disperse uniformly through the solvent. When the electrolyte’s
composition comprises other additives, which enhance the function of the electrolyte, or gives
the electrolyte other functional properties, then such an electrolyte s herein referred to as a
“multi-functional electrolyte”.

The term “fluorinated hydrocarbon™ is used herein interchangeably with the terms
fluorocarbons, or perfluorocarbons. A fluorinated hydrocarbon comprises carbon and fluorine.
In this disclosure, some or all the hydrogens in a fluorinated hydrocarbon are replaced with
fluorine. The flucrinated hydrocarbon may also further comprise other hetercatoms, such as,
oxygen. Fluorocarbons and their derivatives are useful fluoropolymers, refrigerants, solvents,
and anesthetics. Fluorinated hydrocarbons can be volatile, or easily evaporated at normal or
near normal atmospheric teroperatures, because they have a high vapor pressure, which give
them properties that are useful as refrigerants. When an electrolyte comprises a fluorinated
hydrocarbon in the mixture, the partial pressure of the fluorinated hydrocarbon in the nmuxture
contributes to the total pressure in the system. This type of electrolyte mixture is an example of
a multi-functional electrolyte.

The term “thermal runaway” refers to situations where an increase in temperature
changes the conditions in a way that causes a further increase in temperature, often leading to a
destructive result. It 1s a kind of uncontrolled positive feedback. Thermal runaway describes a
process which is accelerated by increased temperature, in turn releasing energy that further
increases temperature. In chemistry (and chemical engineering), it is associated with strongly
exothermic reactions that are accelerated by temperature rise. In electrical engineering, thermal
runaway 1s typically associated with increased current flow and power dissipation, which can
also trigger exothermic chemical reactions in some applications. For example, the onset of a

thermal runaway in a lithium battery can occur between 80 °C to 100 °C.
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The term “safe limit” refers to a type of threshold himit value. In this disclosure, the
composition of a multi-functional electrolyte would be formulated to regulate the internal
temperature of an electrochemical cell or battery, and maintain an internal temperature that is
sufficiently below the onset of thermal runaway. The design of the cell or battery would
predicate the value of a maximum internal temperature that 1s considered safe.

The term “wicking structure” refers to a device that is designed to absorb or draw off a
fiquid by capiliary action.

Organic compounds that decompose electrodes during charge form a solid layer called
the solid electrolyte interphase (SEI), which 1s electrically insulating vet provides significant
ionic conductivity. The interphase prevents further decomposition of the electrolyte after
charging. For example, ethylene carbonate 1s decomposed at a relatively high voltage, 0.7 V vs.
lithium, and forms a dense and stable interface. Organic compounds can be used as additives in

an MFE to form and/or stabilize the SEL

Embodiments of the Invention

This disclosure provides various embodiments of the inventive concept for a battery or
an electrochemical cell. In a first embodiment, a method for thermal management of a battery is
described. The method comprises regulating the ternperature of a battery, wherein the battery
comprises one or more electrodes perfused with one or more flow channels that are submerged
in a multi-functional electrolyte (MFE), and the MFE comprises a mixture of a lithium salt, an
organic electrolyte, and a volatile fluorinated hydrocarbon; wherein when the temperature of the
battery exceeds a safe hinut, the MFE heats to the bubble point of the MFE,

a) the tluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;

by the vapor is released to a condenser by passing through the flow channels in each

perfused electrode;

¢} the tluorinated hydrocarbon vapor phase-changes to a liquid-phase by condensing in

the condenser; and

d) the condensed fluorinated hydrocarbon recycles by returning to the MFE;
wherein the battery temperature ts regulated by a cycle of a) to d) of absorbing thermal energy,
passing the vapors of hydrofluorccarbon through flow channels in the electrode, condensing the
vapors to the liguid-phase, and returning the condensed fluorinated hydrocarbon to the MFE,
thereby cooling the battery internally. This first embodiment can also apply to a single cell
battery, or an electrochemical cell.

In various embodiments, the fluorinated hydrocarbon comprises HFE-7000, HFE-7100,
HFE-7200, HFE-7300, HFE-7600, FC-72, perflenapent, R134a, a R400 refrigerant, or a R700
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refrigerant. The fluorinated hydrocarbon has a boiling point less than about 90 °C in various
other embodiments.

in other embodiments, the organic electrolyte comprises ethyl methyl carbonate, diethvl
carbonate, dimethyl carbonate, ethylene carbonate, propvlene carbonate, vinylene carbonate,
fluoroethylene carbonate, or an organic 1onic Hquid.

Various embodiments of the ionic liquid comprise a composition having at least one
cation selected from the group consisting essentially of ammonium, iraidazobium, pyrrolidinium,
pyridinium, phosphonium, and sulfonium, and at least one anion selected from the group
consisting essentially of alkylsulfate, tosylate, methansultonate,
bis(trifluoromethylsulfonylimide  ([TFSI]),  bis(pentafluorcethvisutfonyipmide  ([BETL]),
hexatluorophosphate, tetratluoroborate, perchlorate, and halide. Preferred cations are N-methyi-
N-propyipiperidinium, N N-dimethyl-N-ethyl{Z-methoxyethyDammontum, and N, N-diethyl-N-
methyl(2Z-methoxyethyDammonium.  Preferred anions are bis(irifluoromethylsulfonylimide,
bis(pentafluoroethylsulfonytiimide, and perchlorate.

Embodiments of  ionic figuids include ethyldimethylpropylammonium

bis(triftuoromethylsultony] imide, N N-diethyl-N-methyl(2~-methoxyethylammoniom
bis(triftuormethvisulfonyijimide, N,N-dimethyl-N-ethyl{Z-methoxyethylammonium
bis(trifluormethylsulfonylimide, I-butyl-1-methylpyrrolidinium
bis(trifluoromethylsultfonylimide, tributvimethylammonium methyl sulfate,
trihexyltetradecylphosphonium bis(trifluoromethylsulfonylamide, -n-butyl-3-

methylimidazolium  bis(trifluoromethylsulfonyljimide,  1,2,3-trimethylimidazolium  methyl
sulfate, triethylsulfonium bis(trifluoromethyisulfonyllimide, and I-butyl-1-methylpyrrolidinium
dicyanamide.

In various other embodiments, the lithium salt comprises hthium hexatluorophosphate
(LiPFs), lithium hexafluoroarsenate (LiAsFe), lithium bis(oxalate)borate (LiB{(C204)2), lithium
triflate (LiSOsCF3),  lithiam  bis(triifluromethylsulfonylyimide  (LiTFSD,  lithium
bis{pentafluroethylsulfonylimide (1iBETI), or fithiuro nonafluorobutylsulfonyl
trifluoromethylsuifonyl imide (LiFBMS).

In other erobodiments, the lithium salt can be any lithium salt. Lithium salis having
substantial thermal stability and solubility in the ionic liquid are preferred. Non-limiting
examples of preferred hithium salts comprise; lithium hexafluorophosphate, hithium chloride,
lithtium bromide, lithium hexafluorcarsenate, lithium perchlorate, lithium tetrafluorchorate,
fithiurn  bis(trifluoromethylsulfonybimide, lithium  tris(triflucromethylsulfonylmethide, and

lithium bis(oxalato) borate. The lithium salt concentration ranges from about 0.05M to about 5
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M (based on the molar concentration of the lithium salt), or lithium salt concentrations ranges
from about 0.1 M to about 2.5 M. In yet other embodiments, the concentration of the lithium
salt ranges from about 0.1 molar to about 2 molar, about 0.5 to about 1.5 molar, about 0.1 molal
to about 2 molal, or about 0.5 molal to about 1.5 molal.

In additional embodiments, each electrode that is perfused with one or more flow
channels comprises the positive electrode, or the negative electrode. In various embodiments,
the flow channels have a cross-sectional area defined by a first dimension in the range of about
10 um to about 200 pm, about 10 pm to about 100 um, or about 10 yum to about 50 pm, and a
second dimension in the range of about 10 pm to about 10 mm, about 10 um to about 5 mm,
about 10 pum to about 1 mm, about 10 um to about 500 yum, or about 10 pm to about 250 um.

In any one of the embodiments, the safe limit of the battery is below a temperature of
about 40 °C, about 50 °C, about 60 °C, about 70 °C, or about 80 °C. In other embodiments,
internal cooling of the battery inhibits the temperature of the battery exceeding about 50 °C,
about 60 °C, about 70 °C, about 80 °C, or about 90 °C, and avoiding a thermal runaway.

In additional embodiments, the MFE comprises a lithium organo-imide salt dissolved in
about equal volumes of an organic carbonate and a volatile fluorinated hydrocarbon to form a
homogeneous liquid solution of the MFE. In other embodiments, the MFE comprises a
homogeneous liquid solution of a lithium organo-imide salt and an organic carbonate, and the
homogeneous liquid solution is in contact with a volatile fluorinated hydrocarbon.

In any one of the embodiments, the battery comprises one or more electrochemical cells.
In other various embodiments, the electrochemical cell architecture comprises lithium iron
phosphate (LiFePOu), hithium nickel cobalt aluminum oxide (LiNiCoAlO2), lithium manganese
oxide {LiMn20s, or LizMuQs), Hithium nickel manganese cobalt oxide (LiNtMnCo(0z), lithium
cobalt oxide (LiCoO»), copper antimony (CuaSh), lithiated graphite (LiCs), lithium titanate
(L2110, or LiaT15002), or lithium sulfur (LizS).

In any one of the embodiments, a composition of the of the multi-functional electrolyte
(MFE) comprises: a fluorinated hydrocarbon and an electrolyte mixture in a ratio of about 1:1,
12, 13, 14, 15, 1:6, 117, 1:8, 1:9, 1110, 1:.20, 1:50, or 1:10; a lithium salt in the mixture in a
conceniration of about 0.1 molar to about 2 molar, about 0.5 {0 about 1.5 molar, about 0.1 molal
to about 2 molal, or about 0.5 molal to about 1.5 molal; and an optional solid electrolyte
interphase (SEI) stabilizer; wherein the SEI stabilizer comprises lithium hexafluorophosphate
{LiPFs), the fluorinated hydrocarbon comprises HFE-7000, HFE-7100, HFE-7200, HFE-7300,
HFE-7600, FC-72, perflenapent, R134a, a R400 refrigerant, or a R700 refrigerant, the organic

electrolyte comprises ethyl methyl carbonate, diethyl carbonate, dimethyl carbonate, ethylene
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carbonate, propylene carbonate, vinylene carbonate, fluoroethylene carbonate, or an organic
ionic liquid, and the lithium salt comprises lithium hexafluorophosphate (LiPFs), lithium
hexafluorcarsenate (LiAsFs), lithium bis(oxalateyborate  (LiB(C204)), lithium  triflate
(LiSOsCF3), fithium bis(trifluromethylsuifonyl imide (LiTFSD), lithium
bis{pentafluroethylsulfonylimide (1iBETI), or tithiuro nonafluorobutylsulfonyl
trifluoromethylsuifonyl imide (LiFBMS).

In a second embodiment, an electrochemical cell with internal thermal management
comprises: an electrode perfused with one or more flow channels that are submerged 1n a multi-
functional electrolyte (MFE), and the MFE comprises a mixture of a lithium salt, an organic
electrolyte, and a volatile fluorinated hydrocarbon, wherein when the temperature of the battery
exceeds a sate limit, the MFE heats to the bubble point of the MFE,

a) the fluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;

by the vapor is released to a condenser by passing through the flow channels in the

perfused electrode;
¢} the tluorinated hvdrocarbon vapor phase-changes to a liquid-phase by condensing in
the condenser; and

d) the condensed flucrinated hydrocarbon recycles by returning to the MFE;

wherein the battery temperature 18 regulated by a cycle of a) to d) of absorbing thermal
energy, passing the vapors of hydrofluorocarbon through flow channels in the electrode,
condensing the vapors to the liquid-phase, and returning the condensed fluorinated hydrocarbon
to the MFE, thereby cooling the electrochemical cell internally. In additional embodiments, the
MFE comprises a lithium organo-imide salt dissolved in about equal volumes of an organic
carbonate and a volatile fluorinated hydrocarbon to form a homogeneous liquid solution of the
MEFE.

in various embodiments, the flow channels have a volume of about 1 percent to about 20
percent, about | percent to about 10 percent, or about 1 percent to about 5 percent of the volume
of the electrodes. In other embodiments, the flow channels have an aspect ratio of about 1:1 to
about 100:1, about 1:1 to about 50:1, or about 1:1 to about 10:1. In other embodiments, the flow
chanunels have a radius of about 10 um to about 10 mm, about 10 pum to about 5 mm, about 10
um to about 1 mm, about 10 pm to about 500 um, about 10 um to about 100 um, or about 10
um to about 50 um. In additional embodiments, the condenser conductively transters heat to the
outer surface of the cell.

In any one of the embodiments, the battery comprises one or more electrochemical cells.

In vartous embodiments, operation of the battery results in heat formation, wherein a continuous
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cycle of a) to d) of absorbing thermal energy, passing the vapors of hydrofluorocarbon through
flow channels in the electrode, condensing the vapors to the liquid-phase, and returning the
condensed fluorinated hydrocarbon to the MFE, cools the battery internally by absorbing
thermal energy from a charging or a discharging electrode. In any of the embodiments heat
formation occurs during normal operation of the electrochemucal cell or battery, wherein normal
operation includes changing and discharging of the electrodes, and a continuous cycle of steps a}
to d) to cool the electrochemical cell or battery.
In a third embodiment, an internally refrigerated electrochemical cell comprises: an
electrode perfused with one or more flow channels; a liquid wicking structure embedded within
at least one flow channel; and an inert refrigerant that permeates through the wicking structure,
and is miscible, partially miscible, or non-miscible with an electrolyte in an electrochemical cell;
wherein when the temperature of the battery exceeds a safe limig,
ay a refrigerant within the wicking structure phase-changes to a vapor by absorbing thermal
energy;

b} the vapor is released to a condenser by passing through the flow channels in the perfused
electrode;

c} the refrigerant vapor phase-changes to a liquid-phase by condensing in the condenser; and

d} the condensed refrigerant recycles by returning to the flow channels by the wicking
structures;

wherein the electrochemical cell temperature is regulated by a cycle of a) to d) of
absorbing thermal energy, passing the vapors of refrigerant through flow channels in the
electrode, condensing the vapors to the liquid-phase, and returning the condensed refrigerant to
the flow channels, thereby cooling the electrochemical cell internally. In additional
embodiments, the wicking structure comprises an etched channel, a machined channel, a

sintered metal powder, a wire mesh, a ceramic, a polymer, or a glass.

Electrochemical Performance

Part 1 of this disclosure demonstrates the non-botling electrochemical performance of the
MFE (named E1). It was shown that E1 had an improved electrochemical stability window over
a baseline carbonate-only electrolyte (1.0 M LiPFs in 3.7 EC/DEC by wt. %) as measured on a
glassy carbon electrode. E1 was used in half and full cells with the following active materials:
lithium iron phosphate (LiFePQO4, LFP), lithium titanate oxide (LisaTisOwn, LTO), and copper
antimonide (CuzSb). CuaSb 1s an intermetallic electrode that offers an alternative to traditional
graphite negative electrodes. Binary lithium-metal electrodes have attracted attention due to very
high theoretical gravimetric and volumetric capacities and comparable operating potential range
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of 0-1 V vs. Li/Li” when compared to graphite. However, these binary metal systems experience
a significant volume change (100-300%) during the lithium insertion and extraction process,
which limits using such electrodes due to pulverization. These electrodes can also be modified to
include an electrochemically inactive metal that limits the volume expansion of the electrode at
the expense of the energy density. CuaSb is one such electrode material offering a theoretical
capacity of 323 mAh g and a high reversible cycling capacity up to 90% of the theoretical
between 0-1.2 V vs. LI/Li". More importantly, the full conversion of Cu28b to LizSh only
requires a 42% volume expansion. The MFE mixture does not contain SEI stabilizing additives
proven for graphite anodes (i.e. EC and LiPFs), therefore CunSb is selected for initial
investigations. Although it was not possible to control the exact CuzSbh lithiation potential in the
LFP/CuSb cell, the potential ideally was not less than 0.5 V vs. Li/Li" to limit solvent reduction
and complete conversion of CuwSb to LisSb. This afforded a preliminary investigation of the
coupled boiling and electrochemical performance of the MFE without substantial SEI formation
and minimal capacity fade in the electrodes. The electrochemical performance of the MFE can
be evaluated with graphite negative electrodes to provide direct comparison to state-of-the-art
IMIERY

Galvanostatic cycling studies at a 0.5 C rate showed that despite having a lower ionic

~r
/
i

conductivity (2.309 mS cm™ for E1, 7.258 m$8 cm™ for baseline), the El-containing cells had
comparable cycling capacity to the baseline electrolyte in all cell combinations except for LFP
half cells. It was believed that the aluminum corrosion reaction associated with the LiTFST salt
caused the significant capacity fade observed in the El-containing LFP half cells. Several
solutions to curb the aluminum corrosion reaction are possible, either by adding 1% by
electrolyte weight (0.1 M) LiPFe or 0.26 M of LiBOB. Impedance spectroscopy showed that the
cell and charge-transfer resistances were greater for the Bl cells in most instances due to the
E1’s lower ionic conductivity and reduced ability to form a stable SEI at the anode and cathode
interfaces. However, LTO and Cu:Sb half cells containing El showed decreased impedance as
cycle life increased, ultimately resulting in a lower 1mpedance than the baseline cells after 20
cycles. Improvements based on Addition of SEl-stabilizing additives such as EC are possible.
Both LFP/LTO and LFP/CuaShb cells were created to evaluate the electrochemical
performance of El in a full cell architecture. Although LFP/LTO cells showed significant
capacity fade for both E1 and the baseline electrolytes, LFP/CuzSh cells showed much more
stable cycling performance over the 20 observed cycles and only a minor capacity fade. The
aluminum corrosion reaction did not appear to be the source of capacity fade in the El

LEP/Cu25b cells, most likely due to the CuaSb anode’s limiting capacity. The potential of the
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LFP cathode never reached greater than 3.8 V vs. Li/Li", which is the potential at which the
corrosion reaction between LiTFSI and the aluminum current collector becomes active. The
slight capacity fade was believed to be due to excessive Li38b formation in the anode during
charge. A revised charging voltage limit is required to minimize the capacity fade associated
with excess Li3Sh formation in the CuzSb anode.

Part 11 of this disclosure describes the performance of a full cell during simultaneous
volatile co-solvent boiling and electrochemical cell cycling with a MFE which assesses the
feasibility of the proposed internal TMS. Since the use of high vapor pressure electrolytes is
counter-intuitive to conventional electrolyte design, physical observations of the boiling
electrolyte were gathered specifically on vapor generation and suppression of lithium salt
precipitation. Thermodynamic modeling of a binary mixture solvating a high concentration of
lithium salt 1s a complicated process requiring many assumptions; therefore, visual observations
of the vapor generation and measurements of the system temperature and pressure were made.
Visual observations were also used to assess it lithium salt precipitation occurs while the MFE 1s
boiling. Concurrently, the electrochemical performance was evaluated in a LFP/CuzSbh cell
submerged in the MFE with galvanostatic cycling under non-boiling and boiling test conditions.

The gathered results inform the future direction of the proposed internal TMS.

MNeon-Boiling Electrochemical Performance — Part |

Tonic Conductivity

The 1onic conductivity of the MFE was measured at room temperature using a contact
conductivity sensor. The measurement was compared to studies that have investigated other
HFE fluids in LIB electrolytes with carbonate co-solvents at high mixing ratios similar to that
used in this disclosure, and the resulis are summarized in Table 4 The salt LiBETI
{LIN(SO2C:Fsp), 18 a similarly composed organic salt to LiITFSE (LIN(SO:CFs)2), with a slightly
farger anion. Consequently, the greater size of the anion and relatively high viscosity of HFE-
7300 compared to other HFEs resulted in the lowest reported ionic conductivity of HFE-
containing electrolytes. In contrast, the room temperature ionic conductivity of the MFE
contatning HFE-7000 is greater than all other reported electrolyte mixtures containing HFEs
mixed at similar ratios with at least one carbonate co-solvent. The higher ionic conductivity of
the MFE 1s attnbuted to the lower wiscosity of HFE-7000 i comparison to previously
investigated HFE fluids. When incorporating HFE-7100 into a 1 M LiBETI in EMC electrolyte,
Arar (/. Applied Flectrochem., 32, 1071, 2002) observed an increase in ionic conductivity at
20% by volume HFE-7100, and only slightly lower ionic conductivity at 40% HFE-7100 than an
electrolyte solely composed of EMC. The ionic conductivity increase was attributed to the

21



WO 2017/160588 PCT/US2017/021586
fower viscosity of the HFE-7100 in comparison to EMC which enabled greater mobility of

solvated 1ons when mixed together.

Table 4, Comparison of MFE Tonic Conductivity with other HFE-Containing Electrolytes.
lopic Conductivity Viscosity of HFE

Study Electrolyte Composition (mS cm) Co-Solvent {cP)
This work I M LiTFSLin 1:1 HFE- 53 045

7000/EMC by vol.
I M LiTFSI in 8:2 HFE-

i o} 5
Aral 7100/EMC by vol. 097 058
. 1 M LiBETI in 5:45:50
Naoi et al EC/DEC/HFE-T300 by vol. ! 118
Nagasubramanian | M LiTFSIin 5:45:50 A 165
& Orendorff EC/DEC/HFE-7600 by vol. - '

(. Aras, J. Applied Electrochem., 32, 1071 (2002); Naoy, et al, J. Electrochem. Soc., 156, A27
(2009}, Nagasubramanian, et al, J. Power Sources, 196, 3604 (2011)).

Flectrochemical Stability Window

The initial switching potentials selected (0.5 and 5 V vs. Li/Li™} proved to be sufficient
to capture the stability window of the electrolytes on a glassy carbon electrode (GCE). Both
baseline and E1 electrolytes reach their oxidative and reductive limits prior to the scan reaching
the switching potentials as indicated by the exponential growth in measured current seen
(Figure 3). As the potential is swept from the OCV towards the lower switching potential (0.5
V3, it can clearly be seen that the baseline electrolyte begins to decompose on the GCE around
1.5V vs. Li/Li". This observation is consistent with the first lithiation cycle of carbonaceous
electrodes which includes signiticant EC decomposition to form a stable solid electrolyte
interphase (SEI). The candidate electrolyie does not begin to show reductive decomposition until
the potential is swept below 1.0 V vs Li/Li". The baseline electrolyte also showed increased
oxidative decomposition at 4.2 V vs. Li/Li". Both electrolytes reach their oxidative limits by 5V
vs. Li/Li". E1 has improved stability compared to the baseline electrolyte, as less decomposition
current 18 measured over the entire potential range until the oxidative and reductive limits are
reached. This is a promising result as the baseline electrolyte is known to have a sufficient

electrochemical stability with the lithium-ion chemistry due to its ability to form a stable SEL

Half Cell Cycling

LTO, Cu:Sh, and LFP half cells were created to evaluate the electrochemical performance of the

baseline and candidate electrolytes with each active material. Cycling capacity and coulombic
efficiency in Figures 4-7 and impedance data in Figure 8 are an average of a minimum of three
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individual cells. EIS was used to determine the characteristic resistances of the cells with the
two different electrolytes to assess the electrode-electrolyte impedance effects of HFE-7000. To
date, these are the only itmpedance studies that investigated an HFE-containing electrolyte with
any active material other than carbon, and the first with HFE-7000. Impedance data was
coliected at the upper voltage and lower voltage himits of the cell at 10 and 20 cycles. The
impedance data were fit with the equivalent circuit model shown in Figure 2. Ro represents the
cell resistance: a series combination of resistances due to the electronic conductivity of the
electrodes and SEI and the ionic conductivity of the electrolvte. Re is the charge transfer
resistance, which is a measure of the resistance to ion-transfer through the SEI layer into the
active material. The CPE represents the imperfect capacitance of the electrochemical double
fayer on the surface of the active materials and required two parameters to define: Ju and o The
double-layer capacitance provides insight on the electrochemically active surface area of the
active material in the electrode. Wy is the infinite Warburg impedance associated with lithium-
ion magss transfer into the working electrode. All Nyquist plots are of a single cell representative
of the average impedance observed during testing.

Figures 4-6 present the half cell cycling data and Nyquist plots for LTO, CuaSb, and
LFP cells respectively. Figure 4a shows the lithiation and delithiation capacity and the
coulombic efficiency of the LTO half cells. The reported data 15 the average of three cells for
each electrolyte. Before cycling, the E1 cells had an open circuit potential (OCP) on average of
2.9V vs. Li/Li" while the B cells were 3.2 V vs. LI/Li". The E1 cells have a lower first cycle CE
{(83.6%) compared to B cells (89.4%). The low coulombic efficiency of the first cycle is
expected tor LTO, given inevitable impurities in the active material particles. Additionally, the
E1 LTO cells require 3 cycles to achieve a CE of greater than 98%, as compared to 1 cycle for B
cells. This indicates that the components of E1 are not as effective at initially passivating the
LTO pasticle surface. However, for all 20 cycles the E1 cells had a greater charge-discharge
capacity than the B cells. This suggests that El has improved surface wetting of the LTO
particle surface over the baseline due to the lower surface tension of HFE-7000, possibly
accounting for the greater charge-discharge capacity.

Figure 4b and Figure 4¢ show the measured impedance spectra for the LTO half cells at
the lower and upper voltage limit, respectively. The resulting impedance spectra show only one
characteristic tirae constant for the applied frequency range, which is expected for the complete
jithiation and delithiation of the LTO active material. Detailed EIS studies with carbonate-ouly
electrolytes have shown three characteristic fime constants exist during the two-phase LTO

lithiation-delithiation processes depending upon the state of lithiation. The EIS spectra obtained
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in this work were primarily evaluated for the cell resistance, charge-transfer resistance, and
double layer capacitance.

It can clearly be seen that the E1 LTGO/Mi cells have a higher cell resistance, Ko
(Figure 8a) which is attributed to the lower measured ionic conductivity compared to B. This
trend was seen for every cell combination studied with El Interestingly, the impedance
associated with the Re-CPE circuit of the E1 cells dropped significantly from 10 to 20 cycles
{(Figure 8b and Figure 8¢). The charge transter resistance (Ke) reduced by nearly one half while
the double-laver capacitance {Ja) doubled indicating an increase in the ionic conductivity of the
SEI and an increase of available LTO particle active surface area. This result suggests that the
initial LTO electrode-electrolyte passivation products formed during the first three cycles are not
stable; however, with additional cycling a more optimal SEI forms.

Figure 7a shows the 20 cycle LTO/Li cell voltage as a function of state of lithiation.
The data was plotted by normalizing the capacity to the lithiation capacity measured on the 20
cycle for each cell. The E1 cell appears to deliver more than 25% of its capacity below the
characteristic two-phase voltage plateau of LTO of 1.55 V vs. Li/Li". The two-phase reaction of
spinel L14Ti1s012 to Li7Tis01w2 rock salt occurs only at the 1.55 V plateau. It appears this change
to the lithiation potential indicates the E1 electrolyte causes a modification to the LTO active
material. It is thought that the decormposition reactions at the electrode interface produces a Tikn
lithium intercalating structure. The single-phase lithiation of a bronze-phase Ti(: structure has a
very simatlar sloping voltage versus capacity at the potentials seen in the E1 half cell. The
formation of the TiOx-like intercalating compound occurs between cycles 11-20 as evidenced by
the change in the Ro and CPE from 10 to 20 cycles. Based on the cycling capacity of the El
LTG cells, the introduction of this alternate hithium-intercalating phase is not detrimental to
cell’s reversibility. Further cycling is required to fully evaluate the impact of E1 on LTO, and if
the observed lithiation potential change is detrimental to long-term reversibility.

Figure Sa shows the cycling and coulombic efficiency performance of CuaSb/Li cells.
Before cycling, the E1 cells had an average OCP of 2.8 V vs. Li/Li" while the B cells had an
average of 3.3 V vs. Li/L1". For improved reversibility, the CuzSb electrode was only lithiated to
0.5 V vs Li/Li" to minimize the formation of LizSh. LisSb formation and subsequent copper
extrusion is the only capacity-producing reaction occurring at potentials below 0.5 V vs. Li/Li™
for the intermetallic electrode. It has been shown that complete copper extrusion from the CuaSb
structure causes severe capacity degradation as the LizSb can become electrically isolated from
the electrode. The first lithiation cycle of the cells was performed at a fifth of the cycling current

density. The E1 cells had a first cycie lithiation capacity of 312 mAh g, while the B cells had a
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capacity of 280 mAh g™ High first lithiation capacity loss has been observed for CuzSb anodes
manufactured from powders and 1s attributed to electrolyte reaction to oxides formed on the
surface of the active material particles during mamafacture. However, the direct
electrodeposition of Cu:Sb onto the copper current collector does significantly reduce the
amount of surface oxides formed, so the irreversible capacity loss can be primarily attributed to
electrolyte decomposition for SEI formation. The first lithiation capacity difference can be
attributed to the reduced passivation capability of E1 compared to B.

Both E1 and B CusSb/Li cells experienced increasing coulombic efficiency as cycle
number increased. Moreover, the ET cells saw a significant increase in the reversible capacity as
cycle number increased: an approximately 19 mAh g increase from cycle 2 to 20. This can be
attributed to the decreasing trapedance of the cell as seen in Figure 3b and Figure 5S¢ which
enables lithium trapped during the first lithiation of the electrode to be accessed. ¥Figure 8b
shows an approximate 20% decrease in Ko for E1 cells indicating the conductivity of the SEI
improves. A similar decrease in Ko is observed for B cells; however, this does not result in
improved cycling capacity as a slight capacity fade is observed throughout the 20 cycles. Figure
7h shows the 20" cycle voltage as a function of state of lithiation for the CusSb cells. Both the
El and B cells have very similar voltage profiles and overpotentials. This indicates identical
utilization of the two-phase region of CuzSb.
was selected as a cathode active material because of its relatively low redox potential (3.5 V vs.
L/Li") versus other lithium intercalating cathode chemistries. The choice of LFP precludes the
need to form a substantial SEI because the oxidative limit of the electrolyte is nearly 1 V above
the upper voltage Hmit of the LFP/Li cell (4 V vs. Li/Li7). The lower voltage limit (2.5 V vs.
Li/Li"y of the LFP half cell is also much greater than the reduction limit of the electrolytes
allowing both the E1 (94%) and B (96%) cells to have a much higher first cycle CE compared to
LTO and Cu:Sb half celis. However, after approximately six cycles, the reversible capacity
begins to fade for the B cells, and more dramatically for the E1 cells. The capacity fade seen in
the B cells can possibly be attributed to two degradation mechanisms: trace water contamination
in the cell and LFP active material particle cracking. The PFe anions in the B electrolyte readily
react with any trace H2O to form HF which is capable of dissolving iron from the olivine
structure of LFP, reducing the capacity of the cell.

The capacity fade seen in the E1 cells is attributed to the interaction of the aluminum
current collector and the LiTFSI salt. 1.0 M concentrations of LiTFSI has been shown to cause

aluminum current collector corrosion at potentials above 3.8 V vs. Li/Li™ in organic carbonate
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solvents. It was unclear if the upper voltage imit of 4 V vs. Li/Li" would cause aluminum
corrosion in the El1 cells or if the fluorinated HFE-7000 co-solvent would be capable of
providing aluminum passtvation by reacting to form LiF. Based on the results, it is clear that
HFE-7000 does not assist in aluminum current collector passivation as the cell impedance
continues to grow over the 20 cycles of the cell. Figure 6b and Figure 6¢ show the dramatic
growth in impedance from 10 to 20 cycles. Most notably, a 64% increase in R is observed at 4
V vs. L/Li" for El cells from cycles 10 to 20 (Figure 8b). This indicates that irreversible
aluminum corrosion is occurring at this potential and the E1 mixture is not capable of
passivating the surface of the aluminum, as the electrolyte continues to decompose. This effect
is also very evident in Figure 7¢ which shows the voltage versus state of lithiation for the 20%
cycle. The large voltage difference between the lithiation and delithiation curves for El indicates
large cell resistances resulting from the aluminum corrosion and electrolyte decomposition.
Several solutions have been identified for aluminum passivation in 1.0 M LiTFSI electrolytes.
The addition of another lithium salt, either 1% by electrolyte weight (0.1 M) LiPFe or 0.26 M of
LiBOB has proven to be sufficient for aluminum passivation. Further investigations will
conclude if either of these solutions provide an acceptable solution for reversible cycling

performance in El-containing LFP/Li cells.

Full Cell Cycling

After evaluating the performance of the electrolytes with half cell testing, full cells were
constructed of the following combinations: LFP/CuaSb and LFP/LTO. In both architectures, the
anode active material was the lirotting capacity. The cycling voltage limits for the LFP/CuaSb
full cells were determined from the half cell cycling voltage limits. The upper voltage limit of
the full cell (3.5 V) was determined by subtracting the delithiated LFP cathode potential (4 V vs,
Li/Li") from the lithiated potential of the CuzSbh anode (0.5 V vs. Li/Li"). The lower voliage
limit assumed the LFP cathode potential would remain near 3.5 V vs. Li/Li" due to the limiting
capacity of the CuzSb anocde, whose potential once fully delithiated would quickly rise. 175V
vs. LV/Li" for the CunSb anode was determined as a sufficient delithiated potential, which was
used as the lower voltage limit of the LFP/CuSb cell. The cvcling voltage limits for the
LFP/LTO full cells was determined by predicting the average potential of the cell to be
approximately 2 V since LFP has a two-phase voltage plateau of 3.5 V vs. Li/Li" and LTO has a
two-phase voltage plateau of 1.5 V vs. LI/Li". Because minimal capacity is delivered outside of
the two-phase region for both active matenials, the LFP/LTO voltage limits were extended by
0.5 V on either side of 2 V (1e, 1.5 V to 2.5 V). The same equivalent circuit was used for
impedance fitting as the half cells (Figure 2).
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Figure 9 and Figure 10 present the full cell cycling data and Nyquist plots for
LFP/CuSh and LFP/LTO cells respectively. Average EIS fit parameters (Ko, Ko, and QOa) for
both full cells are presented in Figure 11. The cycling and coulombic efficiency performance of
LFP/CuSb full cells is shown in Figure 93 The first charge coulombic efficiency for the El
cells (83%) was significantly higher than B cells (58%). Throughout the 20 cycles, the El cells
have a slightly greater coulombic efficiency suggesting that the E1 electrolyte offers improved
cell reversibility. Both electrolytes showed some capacity fade over the 20 cycles. The reduction
in capacity could be due to the sensitivity of the CuaSb anode on the cell voltage limits. If the
potential of the CuzSb electrode becomes lower than 0.5 V vs. Li/Li" in the full cell architecture,
copper will be extruded from the active matertal structure. As previously stated, this reduces the
reversible capacity of the active material independent of the electrolyte used and could be the
source of capacity fade. It is likely that the potential of the CuzSb anode was lower than ideal
threshold of 0.5 V vs. Li/Li" since it was the limiting capacity electrode of the full cell. No
optimization work has been performed on the voltage limits used for the cell to ensure minimal
LizSb formation occurs in the CuzSb anode. Song et al. showed the sensitivity of the CuaSb
anode to full cell voltage limits. The reversible capacity dramatically improved in a
LiNioeCoo1sAloosOr/CusSh cell with revised cell voltage limits to limit the CuzSh anode’s
potential to 0.65-1.4 V vs. Li/Li" as opposed to 0.1-1.2 V vs, Li/Li"

Figure 9b and Figure 9¢ show the impedance spectra of the LFP/CuaSb cell at the lower
and upper voltage limits. The resulting EIS fit parameters are seen in Figure 11 Interestingly,
the charge transfer resistance of the E1 cells is nearly half of the B cells at 20 cycles
(Figure 11b) Moreover, the charge transfer resistance at the upper voltage limit of the
LEP/CuaSh cell decreased as cycle number increased. This result indicates that more favorable
charge transfer kinetics through the SEI are present in the El cells. More importantly, this result
also shows that aluminum current collector corrosion on the LFP cathode is not present in the
El-containing full cells. The El-containing LFP/Li half cells had a growing charge transfer
resistance and severe capacity tade over the 20 cycles, but this 15 not the case for the full cells.
This is attributed to the positive electrode of the full cells never reaching a potential greater than
3.8 Vvs. LI/Li" to activate the aluminum corrosion reaction.

Figure 12a shows the voltage of the LFP/Cu:Sb cells as a function of depth of discharge
for the 20 cycle. The plot was generated by normalizing the measured cell capacity to the total
charge capacity of the 20" cycle. It can clearly be seen that the E1 cells have a more narrow
cycling voltage window. This result suggests that the lithium intercalation and de-intercalation

kinetics in the active matertals is improved for the E1 cells; a consistently lower overpotential is
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measured over the entire state of charge window compared to B celis. This is a promising result
for the proposed E1 electrolyte mixture.

Figure 10a shows the cycling and coulombic effictency performance of LFP/LTO full
cells. Both the E1 and B cells have a first cycle coulombic efficiency of 84%. This value is
much higher than the coulombic etficiency seen for the LFP/CuaSb cells. At the upper and lower
voltage limits of the full cell, minimal active material particle passivation is required. Therefore,
minimal capacity 1s lost due to hithium consumption in SEI decomposition products on the first
cycle. However, over the course of the 20 cycles, significant capacity fade was observed for both
El and B cells. The rate of capacity fade for both electrolytes is also very similar. This result
suggests that despite the two different electrolyies, the same capacity fade mechanism is present
in the two cell types. Moreover, the rate of capacity fade is similar to that observed with the B-
containing LFP/L1 half cells indicating the mechanism could possibly be LFP active material
particle cracking.

Figure 16b and Figure 10¢ shows the cell impedance spectra at the lower and upper
voltage limits of the LFP/LTO cells. In particular, the cell resistance (Figure 11a) of the B cells
increased approximately 18% from cycles 10 to 20. The cell resistance for the El cells increased
as well, but only by approximately 5%. This increase could possibly be due to the LFP particle
cracking causing reduced electrical conductivity within the positive electrode. In addition, the
charge transfer resistance for both the B and E1 cells significantly increased at both the upper
and lower voltage limits (Figure 11b). This result indicates that continued decomposition
products are formed at the anode and cathode interfaces of the cell increasing the thickness and
impedance of the SEI Figure 12b shows the 20" cycle voltage versus depth of discharge for the
LEP/LTO cells. It can be seen that a larger overpotential is required for the E1 cells compared to
B cells for both charge and discharge at the same cycling rate. This relates directly to the lower
conductivity of the electrolyte and the larger impedances found tn the E1 cells compared to the

B cells.

Summary of Part I

The MFE contains an organic lithium salt solvated by a volatile co-solvent and a linear
organic carbonate co-solvent. HFE-7000 was selected as the volatile electrolyte co-solvent,
which has a boiling point of 34°C at 101 kPa. The low boiling point of HFE-7000 provides
isothermal heat absorption at temperatures below those associated with capacity degradation
(>S0°C) and thermal runaway (>70°C). The linear organic carbonate co-solvent is ethyl methyl
carbonate (EMC}, was selected because it forms high ionic conductivity electrolyte mixtures
with HFE-7100. HFE-7000 and EMC are used to solvate a 1.0 M concentration of lithium
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bis(trifluromethane sulfonyl) imide (LiTFSI) salt. LATFSI is chosen for its high solubility and
high conductivity in comparison to other organic lithium salts.

For the L.TO and CuaSb half-cell experiments, E1 cells had greater lithiation-delithiation
capacity than B cells. The greater capacity came in contrast to the greater cell resistance (Ka)
measured from impedance spectroscopy experiments. LTO half cells experienced the most
change in double layer capacitance and charge transfer resistance, with dramatic increases in the
double layer capacitance coupled with reduced charge transter resistance. This improvement
trend was also seen in the Hl-containing Cu:Sb half cells, but to a lesser degree. LFP half cells
struggled to operate reversibly for both the B and El electrolytes. Different capacity degradation
mechanisms are proposed for each, the most pressing of which is suppressing the possibility of
aluminum corrosion in El-containing LFP/Li cells.

El performed comparably well to the B electrolyte in the full cell tests. Although the El
cells had a higher cell resistance, the charge transfer resistance and double-layer capacitance
were on the same order as the B cells for both full cell types, and 1n some instances of the
LFP/CuxSh cells, even improved. Both cell types will benefit from improved cycling voltage
fimuts in future experiments that better maintain the state of hithiation in the electrodes to a more

reversible range.

Boiling Electrochemical Performance — Part I{

The pre-bolling data of cycles 1-10 15 shown in Figare 18 and Figure 16. The first
charge capacity was approximately 1.06 mAh cm™, with a first cycle coulombic efficiency (CE)
of 37.4% (Figure 16). The CE of the LFP/CuzSb cell in the botling facility was much lower than
that observed in part [ with the same electrode architecture in PFA T-cells (83%). The large first
charge capacity loss is attributed to the formation of the SEI on both the anode and cathode
interfaces as well as reactions with any surface oxides on the active materials and wetted
components of the boiling facility. After cycle 10, the reversible cycling capacity was
approximately 0.347 mAh ¢m™ During these cycles, the bulk electrolyte temperature and
absolute pressure of the MFE were on average 193°C and 51.7 kPa, respectively. HFE-7000
appears to be the primary contribution to the high vapor pressure of the MFE. HFE-7000 in pure
form has a vapor pressure of 556 kPa at 193°C. The slight temperature and pressure
fluctuations seen over the course of the 65 hours of this phase of the experiment are due to
changes in the room temperature; these small fluctuations are present in all phases of the
experiruent. The cell appears to have normal operation throughout the 10 cycles and establishes

an electrochemical performance baseline prior to boiling.
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At the conclusion of cycle 10, 4 W were supplied to the thin film heater. Vapor
generation was immediately observed (< 1.5 seconds) in the evaporation channel once the power
supply was turned on. The intensity of the vapor generation increased as both the heater and
electrolyte temperatures increased. After approximately 7 hours, the heater and bulk electrolyte
ternperatures  reach thermal equilibrium, and cycles 11-20 were started (Figure 17)
Interestingly, while the heater and bulk electrolyte temperatures increased, the voltage of the cell
decreased while under open-circuit conditions. Cell thermodynamics predict the potential to
increase with increasing temperature, indicating that the cell is self-discharging as the system
warms to thermal equilibrium. Over the course of the 7 hours, the cell voltage dropped by
approximately 0.5 V. Previously, we observed a reversible self-discharge caused by the
dissolution of surface species, such as the SEL The dissolution increases the reactivity of the
active materials which, tn furn, increases the rate of self-discharge. It appears this is the case for
the LFP/Cu:Sb cell, which has already demonstrated reduced performance in stable SEI
formation with the MFE 10 prior non-boiling experiments.

The average heater and bulk electrolvte temperatures during cycles 11-20 were 50.0°C
and 32.9°C, respectively. The average vapor pressure during the same time was 80.19 kPa. The
water circulating through the condenser remained at a constant temperature of 8°C throughout
cycles 11-20. The boiling temperature of the MFE, 32.9°C, is critical in evaluating the feasibility
of the proposed internal TMS. These results show that the MFE can be continuously boiled at
temperatures lower than those associated with capacity fade and thermal runaway. The
isothermal heat absorption provided by boiling HFE-7000 allows the cell to maintain safe
operation temperatures while effectively dissipating a very large heat flux (1.4 W cm™) applied
to the positive electrode.

To better understand the thermal dissipation performance of the LFP/CuxSh cell with the
MFE, the applied heat flux is compared to heat flux of the cells in the Chevrolet Volt battery
pack. The Chevrolet Volt battery TMS is designed to manage 0.35 kW of heat generation from
the 288-15 Ah pouch cells of the pack, each of which contains 16 unit cells (two-sided cathode,
separator, two-sided anode) with approximate electrode dimensions of 192 x 145 cm. By
estimating the electrode area, and normalizing the reported heat generation, the approximate heat
flux experienced by the electrodes of the cells during normal operation is 136 uW cm™, or four
orders of magnitude lower than the heat flux experienced by the LFP/CuwSb cell during this
experiment. Therefore, the results shown in Figure 17 represent an extreme case of heat flux,

such as thermal runaway of a neighboring cell in a large battery pack. Not only did the cell
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manage o dissipate the heat while maintaining a safe operating temperature, it was also capable
of cycling.

The chronopotentiogram in Figure 17 and the charge-discharge capacity in Figure 16
show the effect of the self-discharge during the 7 hour rest prior to cycle 11. The 11% ¢ycle
charge had a capacity of 0.616 mAh cm™. This is nearly double the charge capacity during the
10" cycle charge, 0.361 mAh cm™, indicating that additional electrolyte decomposition products
are formed to re-passivate the active material surface. After the 11% ¢ycle, the cell cycles more
reversibly and the coulombic efficiency improves. However, the cell never achieves a greater
coulombic efficiency than 84% during cycles 11-20. The reduced coulombic efficiency during
the boiling experiments can be attributed to two different mechanisms: Li;8b formation in the
CusSb anode and continual SEI decomposition. LisSb has more favorable formation kinetics at

higher temperatures. CuzSb is known to have high sensitivity to the potential vs. Li/Li", and

slight capacity fade is expected when cycled to potentials lower than 0.5 V vs. Li/Li". In the
LEP/CuaSb cell of this experiment, the CuaSb anode had the limiting capacity of the two
electrodes. Therefore, its potential vs. Li/Li™ varied much more significantly and was more
difficult to control. Potentials Jower than 0.5 V vs. LI/Li" causes excess formation of LizSh and
foss of electrical comtact with the surrounding copper, preventing de-intercalation of lithium.
This causes a high charge capacity and a low discharge capacity. The higher cell temperatures
did induce slight SEI decomposition, most notably during the self-discharge during the rest
period before cycle 11. Because the higher cell temperature 1s maintained during the bolling, this
slight SEI decomposition is expected to continue during the cycling of the cell, contributing to
the lower coulombic efficiency. Evaporating HFE-7000 from the MFE appears to have a much
jesser effect on the capacity fade and reduced coulombic efficiency than Liz8b formation in the
ancde and SEI decomposition due to higher cell temperatures. Cell voltage limits can be
adjusted to better manage the capacity-limiting CuzSb anode. Additionally, inclusion of SEI
stabilizing additives in the MFE, such as EC, could help to reduce the amount of SEI
decomposition when the temperature of the cell is increased.

Figure 18 shows a representative snapshot of the continuous vapor generation in the
evaporation channel of the LFP electrode during cycles 11-20. The elongation of the bubbles
indicates the boiling was confined into the channel bounded by the 1 mm thick piece of glass on
the backside of the Cu2Sb electrode (Figure 14). Upon sufficient heat absorption, the vapor
bubbles rapidly rose to exit the top of the channel and were just as rapidly replaced by the
formation of additional vapor bubbles. The high vapor pressure of the MFE indicates that HFE-

7000 accounts for the majority of the vapor phase, and therefore it is the primary constituent
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boiled in the channel. Visual observation showed no lithium salt precipitation at any location
within the test facility, including the evaporation channel because HFEs participate minimally in
the solvation of Li". Due to similarities in molecular structure of HFE-7000 and HFE-7100, the
same solvation performance of Li” can be expected in the MFE. Therefore, the increased
availability of HFE-7000 for evaporation, due to minimal participation in Li” solvation, further
supports the feasibility of the proposed internal TMS,

Figure 19 shows the post-boiling data collected on the LFP/CuaSb cell. After the 7 hour
rest, the bulk electrolyte cooled to an average temperature of 17.35°C and vapor pressure of
55.57 kPa for cycles 21-30. The vapor pressure of the system increased slightly from cycles 1-10
to cycles 21-30. The small increase of 3.87 kPa is attributed to the dissolution of the SEI during
the 7 hour rest prior to cycle 11. Decomposition and reformation of the SEI has been shown to
produce gaseous products 1n the electrolyte which caused the slight increase in the electrolyte
vapor pressure. The chronopotentiogram of Figure 19 shows very similar properties to those
seen in the previous 20 cycles. There appears to be a small SEI reformation capacity loss durning
the 21% charge, which had a coulombic efficiency of 75.1% (Figure 16). In subsequent cycles,
the coulombic efficiency quickly recovered to > 90%. The cell’s return to normal function after
the extreme heat flux was applied shows definite promise for the proposed internal TMS.

The charge-discharge voltage profiles of the LFP/CuzSb cell during cycles 10, 20, and 30
are shown in Figure 20 The same characteristic voltage profile observed in cycle 10, is still
seen in cycles 20 and 30, This indicates the electrodes are utilizing the same capacity-producing
reactions, despite the multiple reformations of the SEI on the electrode surfaces. The capacity
separation of the charge-discharge profiles for each cycle is a direct indication of the coulombic
efficiency of the cycle. The lowest coulombic efficiencies of the cell occurred during cycles 11-
20; the 20" cycle had a coulombic efficiency of 78.4%. The poor coulombic efficiency
performance of the cell during botling was quickly overcome once the heat was removed, rising
t0 98.9% during the 25™ cycle. In addition, the energy efficiency of the cell over the 30 cycles
dropped shightly, from 72.9% at cycle 2 to 70.2% at cycle 30. The reduction can in energy
efficiency is due to the larger overpotentials during discharge observed at cycle 30 (Figure 28).
The LFP/CuaSb cell did experience capacity fade over the 30 cycles; the discharge capacity of
the 30% cycle is approximately only 73.5% of the discharge capacity of the 10" cycle. The
binary MFE mixture requires additional refinement to imaprove its electrochernical performance.
Nonetheless, the electrochemical performance demounstrated by the binary mixture under the

extreme heat flux 1s promising for proving the validity of the proposed internal TMS.

(42
R



WO 2017/160588 PCT/US2017/021586

The following Examples are intended to illustrate the above invention and should not be
construed as to narrow its scope. One skilled in the art will readily recognize that the Examples
suggest many other ways in which the invention could be practiced. It should be understood that
numerous variations and modifications may be made while remaining within the scope of the

invention.

EXAMPLES
Fxample 1.

The electrochemical analysis of the MFE in Part I was compared to a carbonate-only
electrolyte used in conventional lithium-ion cells. In this study, a mixture of 1.0 M LiPFs in 3.7
ethylene carbonate/diethyl carbonate by weight percent {manufactured by BASF) was used, and
is denoted as baseline or B electrolyte. The candidate MFE was a mixture of 1.0 M LiTFSI
{Aldrich) in 1.1 HFE-7000 GMYEMC (Aldrich) by volume percent, denoted as candidate or E1.
The HFE-7000 and EMC were degassed using a freeze-pump-thaw procedure before mixing
these together with LiTFSI. The ionic conductivity of the both electrolytes was measured with a
400 series endurance contact conductivity sensor (Rosemount Analytical) with a cell constant of
1.0 cm™. The baseline electrolyte had an ionic conductivity of 7.26 mS em™ at 22°C.

The electrochemical stability window was measured using cyclic voltammetry conirolled
by a Gamry Reference 3000 Potentiostat. The working electrode was glassy carbon (3 mm
diameter, BASI), the counter and reference electrodes were lithrum metal. The voltage was
scanned at 10 mV s from the OCV (3.08 V) down to 0.5 V, up to 5 V vs. Li/Li", and back to
the OCV.

The electrolytes were cycled in half and full cells with the tollowing active materials:
fithiuro iron phosphate (LiFePOs or LFP, Phostech), hithium titanate oxide (L14aTis012 or LTO,
Aldrich}, and copper antimonide (Cu2Sb). The cells were constructed from 19 mm PFA T-
fittings (Entegris) with the following architecture: electrode / separator (PP/PE, MTI) / glass
paper {Whatman) / separator / lithtum metal (half cells) or counter electrode (full cells).
Electrical contact was made with the electrodes using polished 19 rom alumioum (LFP
electrodes), copper (LTO and Cu:zSbh electrodes), and stainless steel rods (lithium). The LFP
electrode slurry contained 77.5% LFP, 1.1% ADX 161 PVDF (Kynar, aluminum current
collector binder), 6.4% 761 PVDF (Kynar, particle binder), 5.3% Super C65 (Timcal,
conductive additive), and 9.7% K86 graphite (Timcal, conductive additive) by weight percent
suspended with NMP solvent (Aldrich). The LFP slurry was coated onto 25 pm aluminum foil
and calendared to a final total thickness of approximately 100 pm with an average loading of 7.3

mg ¢cm™. The LTO electrode slurry contained 74.3% LTO, 1.7% ADX 161 PVDF, 9.6% 761
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PVIDF, 5% Super C65, and 9.4% KS6 graphite suspended with NMP solvent. The LTO slurry
was coated onto a 15 um copper foil and calendared to a final total thickness of approximately
55 um with an average loading of 4.1 mg cm™ The CuSb electrodes were produced at Prieto
Battery using room temperature aqueous electrodepaosition onto a 15 um copper foil substrate by
a process described by Mosby, et al (/. Am. Chem. Soc., 130, 10656, 2008). The CuzSb coating
thickness was approximately 3 um with an average loading of 2.1 mg cm™. All electrodes were
punched into 19 num disks and vacuum dried overnight for cell assernbly in an argon glove box
with < 0.5 ppm of O: and HoO (MBraun).

Each cell combination was cycled on a BT-2143 battery tester (Arbin} at an approximate
0.5C rate for a total of 20 cycles in an environmental chamber (Tenney) held at 25°C. The
current applied for each cell combination varied as did the cell voltage limits: 386 pA cm™ for
LFP/Li cells between 2.5 and 4 V vs. Li/Li™; 386 uA cm™ for LTO/Li celis between 1 and 2 V
vs. Li/Li*; 87.7 uA cm™ for CusSb/Li cells between 0.5 and 0.95 V vs. LI/Li";, 291 pA em™ for
LFP/LTO cells between 1.5 and 2.5 V; and 175 pA cm? for LFP/Cu28b cells between 1.75 and
3.5 V. In addition, the CuzSb/Li and LFP/CuaSb cells were cycled at an approximate 0.1C rate
for the first lithiation, 17.54 pA cm™ (half cells); or first charge, 52.63 pA cm™ (full cells). For
each cell combination, a minimum of three cells were tested. After 10 and 20 cycles, each cell
underwent potentiostatic electrochemical impedance spectroscopy (EIS) at the upper and lower
voltage limits to compare the impedance of the electrode-electrolyte interface of the baseline and
candidate electrolyte for each electrode combination. During EIS, a S mVums signal was applied
between the frequencies 0.1 Hz and 100 kHz. The resulting impedance data was fit with the
equivalent circuit model shown in Figure 2 that includes a constant phase element (CPE} in

place of a capacitor to better fit the measured data.

Example 2.

To evaluate the thermal and electrochemical performance of the boiling MFE in a LFP
cathode and CuzSb anode cell (Part 1), a custom electrolyte boiling facility was constructed,
shown in Figure 13. The facility uses a 10 W thin film heater (25.4 x 254 mm, Omega} to
interface with the backside of the LFP electrode, which contains a single evaporation channel in
the center of the active material coating. The facility and Cu:Sb electrode were designed to
provide direct viewing through a sight glass of the vapor generation chaonel of the LFP
electrode. The thin film heater simulates extreme heat generation in a LIB to continuously
generate vapor in the LFP electrode channel while the cell 1s cycled. It is important to note that

the applied heat is not representative of normal heat generation in a LIB, which is typically on
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the order of 100 W L, but is intended to represent thermal runaway of neighboring cells in a
worst case heating scenario. The surrounding infrastructure of the test facility mimics a loop
heat pipe. All generated vapor is routed out of the test section through 6.35 mum tubing and into a
shell-and-tube water-cooled condenser that is connected to the test section.

The facility utilizes T-type thermocouples to make several temperature measurements,
all of which were 7-point water bath calibrated from 0-90°C using an internal platinum
resistance thermometer standard with a NIST-traceable calibrated uncertainty of +0.012°C.
Three surface thermocouples are placed on the backside of the 10 W thin film heater, and the
reported data for the heater temperature i1s an average of these three measurements. The
maximum temperature difference between the lowest and highest measured temperature between
the three thermocouples was 1.55°C. The electrolyte bulk temperature i1s measured just outside
of the vapor generation channel using a 1.6 mm stainless steel probe thermocouple (shown in
Figure 17). The water condenser inlet and outlet temperatures are measured with 635 mm
stainless steel NPT embedded thermocouples. Additionally, the vapor pressure of the MFE is
measured with a 0-345 kPa pressure transmitter with an accuracy of +0.25% of the
measurement. A 0-60 V, 6 A maximum variable DC power supply (Instek SPS-606) provides
power to the thin film heater. A 250 W re-circulating water chiller {Thermo Scientific LC 250)
is interfaced with the shell-and-tube condenser.

Particular attention was given to the selection of electrolyte-wetted materials used in the
facility. The only wetted materials are 316 stainless steel, 3003 aluminum, unfilled PEEK
plastic, PTFE Teflon, and Parker compound FF500-75 (used for all o-rings). All wetted metaliic
components except for tubing were hand polished with Wenol metal polish. All components
{metallic and non-metallic) were then cleaned with the following solvents in the specified order:
acetone, methanol, and isopropanol. Finally, all components were vacuum dried overnight at
30°C before final assembly in an argon glove box.

The MFE electrolyte was prepared in an argon glove box (< 0.5 ppm O and H20,
MBraun). The HFE-7000 (3M) and EMC {Aldrich) solvents were degassed using the freeze-
pump-thaw procedure prior to mixing. The LiTFSI salt (Aldrich) was used as received. A 1.0 M
concentration of LiTFSI salt was solvated into a mixture containing 1:1 HFE-7000/EMC by
volume. Approximately 100 mL of electrolyte was mixed in a glass jar with a cap modified to
contain a dip tube. The tube extended to the bottom of the jar, allowing for only the hiquid phase
of the electrolyte to be drawn into the boiling facility.

The LFP/CuzSb full cell was capacity-limited by the CusSb electrode. The LFP electrode

contains two rectangular patches (19.1 x 7.62 mm) of active material separated by 6.35 mm to
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create a vapor generation channel (Figure 14). The LFP electrode slurry contained 77 5% LFP
{Phostech}, 1.1% ADX 161 PVDF (Kynar, aluminum current collector binder}, 6.4% 761 PVDF
{Kvnar, particle binder), 5.3% Super €65 (Timcal, conductive additive), and 9.7% K86 graphite
(Timcal, conductive additive) by weight percent suspended with NMP solvent {Aldrich). The
LFP slurry was applied to a 50 pm aluminum foil cut to its final shape. The electrode was
calendared to a total thickness of 93 um with an active material weight of 0.0225 g. The CuzSh
electrodes were fabricated by direct electrodeposition onto 25 pum copper foil by a process
described by Mosby, et al (/. Am. Chem. Soc., 136, 10656, 2008). Prior to electrodeposition, a
19.1 x 5.6 mm window was cut into the center of the copper foil to allow for direct viewing of
the evaporation channel on the LFP electrode. Kapton tape was used to mask all submerged
portions of the copper foil in the deposition electrolyte except for two locations of the same
approximate area of 19.1 = 7.62 mum on either side of the window, upon which 3 um of CuwSb
was deposited. The CuzSb electrode contained approximately 0.0130 g of active material. A 31.8
mm tall * 111 mm wide » 1 mm thick piece of borosilicate glass was placed on the backside of
the Cu:Sb electrode to confine any bubbles nucleated during the boiling process to the
evaporation channel only (Figure 14). A 25 um polypropylene/polyethylene separator (MTI)
was cut to ensure no electrical shorting between the anode and cathode and obstruction of the
LFP evaporation channel.

The assembly of the electrolyte boiling facility was accomplished in two phases: outside
and inside the argon glove box. Qutside of the glove box, the test section was assernbled. This
portion of the assembly included all components seen in Figure 14. To help with positioning the
electrodes and separator, strapping tape (10 mm wide » 0.03 mm thick, MTI) was used. Upon
completion of the test section, all components were pumped into the glove box. The test section
was connected to the surrounding loop heat pipe structure, the condenser water lines were
connected to the re-circulating chiller, all data acquisition was wired, and the electrodes leads
were connected to a potentiostat (Gamry, used for all experimenis) Finally, the electrolyte
botling facility was evacuated with a vacuum pump, sealed, and charged with the liquid MFE
contained in the glass jar with a dip tube. Using this method, the only components comprising
the vapor phase of the system were constituenis of the MFE mixture. The required volume of
electrolyte to completely submerge the LFP and CusSbh electrodes contained in the test section
was approxiroately 75 mL. Although large compared to the amount of active material contained
in the cell, the electrolyte fill volume was the consequence of designing the facility to enable
visual and quantitative boiling measurements. Future investigations will reduce the electrolyte

fill to more practical levels.
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Previous testing with the electrolyte boiling facility determined that 4 W of power
supplied to the thin film heater was sufficient to produce continuous vapor generation in the
channel of the positive electrode with the MFE. The LFP/CuzSb cell cycling voltage limits were
1.75-3.5 V. The testing procedure was split into three segments: pre-boiling cycling, boiling and
cycling, and post-boiling cycling. The pre-boiling cycling was accomplished in cycles 1-10. The
cell was cycled with a first charge current of 51.7 pA cm™. All remaining cycles were performed
with a cycling current of 172 uA cm™, which is approximately a 0.5C rate. Cycles 1-10 are used
to establish an electrochemical performance baseline prior to boiling the MFE. After the
completion of cycle 10, the DC power supply is turned on to apply 4 W to the thin film heater,
the condenser inlet water temperature 13 set to 8°C, and the cell is placed on a 7 hour rest for
thermal steady-state conditions to be achieved. After the rest, the cell 1s cycled 10 times while
the MFE is continuocusly boiled (cycles 11-20). Upon the completion of cycle 20, the power
supply 1s turned off and the cell is placed on a 7 hour rest for thermal steady-state conditions to
be achieved. Once cooled back to room temperature, the cell 15 cycled 10 more times (cycles 21-

30} to assess the electrochemical impact of the boiling electrolyte during cycles 11-20.

Summary

The electrochemical performance of a 1.0 M ILiTFSI binary electrolyte mixture
containing HFE-7000, a volatile co-solvent, was compared to a 1.0 M LiPFs EC/DEC baseline
electrolyte. The electrochemical stability on a glassy carbon electrode showed that the candidate
E1 electrolyte had improved oxidative and reductive stability compared to the baseline. In half
cell tests with CueSb and LTO anode active materials, the candidate electrolyte exceeded the
charge-discharge capacity of the baseline electrolyte. Impedance spectroscopy testing showed
El-containing cells had higher cell resistance due to lower ionic conductivity, but, in some
instances, had reduced charge transfer resistance and increased double-layer capacitance
compared to the baseline. Half-cell tests with LFP showed the HFE-7000 in the E1 electrolyte 13
not effective at passivating the aluminum current collector to the LiTFSI salt. Additional
refinement to the E1 electrolyte can mirumize these irreversible reactions. Full cell tests showed
that the E1 electrolyte is capable of cyeling, and, due to its reduced surface tension and
viscosity, had in many case higher capacity that cells with the baseline electrolyte and better
performance ionic conductivity than electrolytes with hydrotluorethers reported in the literature.

The thermal and electrochemical performance of a MFE containing a volatile co-solvent,
HFE-7000, has been demonstrated in a boiling facility cootainung a LFP/CuSb cell. Under
continuous vapor generation in the channel of the LFP electrode, the cell was capable of cycling
with an average coulombic efficiency of 80%. The coulombic efficiency loss during boiling

7
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compared to non-boiling, 1s attributed to Li3Sb formation in the CuzSb anode and continual SEI
decomposition at the higher temperatures of the cell. Boiling the MFE is not believed to be a
significant source of the capacity fade seen in the cell. The proposed internal TMS that relies on
evaporating HFE-7000 from MFE mixture has proven to be feasible. The heat flux applied to the
cell to induce the continual vapor generation far exceeded the internal heat generation of a LIB
during normal operation.

The electrochemical performance of the MFE can be evaluated with other high energy
electrodes including a graphite negative electrode and LiCoQO:z, LiNiosCooisAloosO:, and
LiNiysMnsCowsOr, among other positive electrodes. Utilizing these active materials,
particularly graphite, can include the addition of SEI stabilizing additives such as EC and LiPFe

into the MFE mixture.

While specific embodiments have been described above with reference to the disclosed
embodiments and examples, such embodiments are only illustrative and do not limit the scope of
the invention. Changes and modifications can be made in accordance with ordinary skill in the
art without departing from the invention in its broader aspects as defined in the following
claims.

All publications, patents, and patent documents are incorporated by reference herein, as
though individually incorporated by reference. No limitations inconsistent with this disclosure
are to be understood therefrom. The invention has been described with reference to various
specitic and preferred embodiments and techniques. However, it should be understood that
many variations and modifications may be made while remaining within the spirit and scope of

the invention.
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What is claimed is:

1. A method for thermal management of a battery, the method comprising:
regulating the temperature of a battery, wherein the battery comprises one or more
electrodes perfused with one or more flow channels that are submerged in a multi-functional
electrolyte (MFE), and the MFE comprises a mixture of a lithium salt, an organic electrolyte,
and a volatile fluorinated hydrocarbon;
wherein when the temperature of the battery exceeds a safe limit, the MFE heats to the
bubble point of the MFE,
a) the tluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;
by the vapor is released to a condenser by passing through the flow channels in each
perfused electrode;
¢} the tluorinated hydrocarbon vapor phase-changes to a liquid-phase by condensing in
the condenser; and
d) the condensed fluorinated hydrocarbon recycles by returning to the MFE;
wherein the battery temperature is regulated by a cycle of a) to d) of absorbing thermal
energy, passing the vapors of hydrofluorocarbon through flow channels in the electrode,
condensing the vapors to the liquid-phase, and returning the condensed fluorinated hydrocarbon

to the MFE, thereby cooling the battery internally.

2. The method of claim 1 wherein the fluorinated hydrocarbon comprises HFE-7000, HFE-
7100, HFE-7200, HFE-7300, HFE-7600, FC-72, perflenapent, R134a, a R400 refrigerant, or a

R700 refrigerant.

3. The method of claim 1 wherein the fluorinated hydrocarbon has a boiling point less than
about 90 °C.

4. The method of claim 1 wherein the organic electrolyte comprises ethyl methyl

carbonate, diethyl carbonate, dimethyl carbonate, ethvlene carbonate, propylene carbonate,

vinylene carbonate, flucroethylene carbonate, or an organic ionic liquid.

5. The method of claim 1 wherein the lithium salt comprises lithium hexafluorophosphate
(LiPFs¢), hithium hexafluorcarsenate (LiAsFs), lithium bis{oxalate)borate (LiB{C:04)2), lithium

triflate (LiSO:CF3),  lithium  bis(trifluromethylsulfonylimide  (LiTFSI),  lithium
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bis(pentafluroethylsulfonyDimide (LiBETT), or lithium nonaftuorcbutylsulfonyl

trifluoromethylsuifonyl imide (LiFBMS).

6. The method of claim 1 wherein the concentration of the lithium salt ranges from about

0.1 molar to about 2 molar, or about 0.1 molal to about 2 molal.

7. The method of claim 1 wherein each electrode that is perfused with one or more flow

channels comprises the positive electrode, or the negative electrode.

g The method of claim 1 wherein the flow channels have a cross-sectional area defined by
a first dimension in the range of about 10 pm to about 200 um, and a second dimension in the

range of about 10 pm to about 10 mm.

9. The method of claim 1 wherein the safe limit of the battery is below a teruperature of
60 °C.
10. The method of claim 1 wherein internal cooling of the battery inhibits the temperature of

the battery exceeding 80 °C, and avoiding a thermal runaway.

11, The method of clairo 1 wherein the MFE comprises a lithium organo-imide salt dissolved
in about equal volumes of an organic carbonate and a volatile fluorinated hydrocarbon to form a

homogeneous liquid solution of the MFE.

12. The method of claim 1 wherein the MFE comprises a homogeneous liguid solution of a
fithiuro organo-imide salt and an organic carbonate, and the homogeneous liquid solution 15 in

contact with a volatile fluorinated hydrocarbon.

13, The method of clatm 1 wherein the battery comprises one or more electrochemical cells.

14 The method of claim 13 wherein the electrochemical cell architecture comprises lithium
iron phosphate (LiFePOus), lithium nickel cobalt aluminum oxide (LiNiCoAlOs), lithium

manganese oxide (LiMu:Gs, or LuMnQs)

Ry

fithium nickel manganese cobalt oxide
(LiN:tMnCoOy), lithium cobalt oxide (LiCoOn), copper antimony (CusSb), lithiated graphite

(LiCe}, hithium titanate (Li2Ti03, or LigTis012), or lithium sulfur (L8).
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IS, A composition of the of the multi-functional electrolyte (MFE} of claim 1 comprising:

a fluorinated hydrocarbon and an electrolyte mixture in a ratio of about 1:1;

a lithium salt in the mixture in a concentration of about 0.1 molar to about 2 molar, or
about 0.1 molal to about 2 molal; and

an optional solid electrolyte interphase (SEI} stabilizer;
wherein

the tluorinated hydrocarbon comprises HFE-7000, HFE-7100, HFE-7200, HFE-7300,
HFE-7600, FC-72, perflenapent, R134a, a R400 refrigerant, or a R700 refrigerant,

the organic electrolyte comprises ethyl methyl carbonate, diethyl carbonate, dimethyl
carbonate, ethylene carbonate, propylene carbonate, vinylene carbonate, fluoroethylene
carbonate, or an organic tontc liquid, and

the lithium  salt comprises lithium  hexafluorophosphate  (LiPFe),  lithium
hexafluoroarsenate  (LiAsFs), lithium  bis{oxalate}borate (LiB(C:04)), lithium  triflate
{LiSOCFs), lithium bis(trifluromethylsulfonyl)imide (LiTFSH), lithium
bis(pentafiuroethylsulfonyl imide (LiBETI), or Hthium nonafluorobutylsulfonyl

trifluoromethylsulfonyl imide (LiFBMS).

16. An electrochemical cell with internal thermal management comprising:
an electrode perfused with one or more flow channels that are submerged in a multi-
functional electrolvie (MFE), and the MFE comprises a mixture of a lithium salt, an organic
electrolyte, and a volatile fluorinated hydrocarbon;
wheretn when the temperature of the battery exceeds a safe limit, the MFE heats to
the bubble point of the MFE,
a) the fluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy;
by the vapor is released to a condenser by passing through the flow channels in the
perfused electrode;
¢} the tluorinated hvdrocarbon vapor phase-changes to a liquid-phase by condensing in
the condenser; and
d) the condensed flucrinated hydrocarbon recycles by returning to the MFE;
wherein the battery temperature 18 regulated by a cycle of a) to d) of absorbing thermal
energy, passing the vapors of hydrofluorocarbon through flow channels in the elecirode,
condensing the vapors to the liquid-phase, and returning the condensed fluorinated hydrocarbon

to the MFE, thereby cooling the electrochemical cell internally.
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17. The electrochemical cell of claim 16 wherein the MFE comprises a lithium organo-imide
salt dissolved in about equal volumes of an organic carbonate and a volatile fluorinated

hydrocarbon to form a homogeneous liquid solution of the MIFE.

18. The electrochemical cell of claim 16 wherein the flow channels have a volume of about 1

percent to about 20 percent of the volume of the electrodes.

19, The electrochemical cell of claim 16 wherein the flow channels have an aspect ratio of

about 1:1 to about 100:1, or the flow channels have a radius of about 10 pm to about 10 mm.

20. The electrochemical cell of claim 16 wherein the condenser conductively transfers heat

to the outer surface of the cell.

21, A battery comprising one or more electrochemical cells of claim 16.

22, The battery claim 21 wherein operation of the battery results in heat formation, wherein a
contiruous cycle of a) to d) of absorbing thermal energy, passing the vapors of
hydrofluorocarbon through flow channels in the electrode, condensing the vapors to the liqud-
phase, and returning the condensed fluorinated hydrocarbon to the MFE, cools the battery

internally by absorbing thermal energy from a charging or a discharging electrode.

23, Aninternally refrigerated electrochemical cell comprising:

an electrode perfused with one or more tlow channels;

a liquid wicking structure embedded within at least one flow channel; and

an inert refrigerant that permeates through the wicking structure, and is miscible,

partially miscible, or non-miscible with an electrolyte in an electrochemical cell;

wherein when the temperature of the battery exceeds a safe limit,

a) a refrigerant within the wicking structure phase-changes to a vapor by
absorbing thermal energy;

b} the vapor is released to a condenser by passing through the tflow channels in
the perfused electrode;

¢y the refrigerant vapor phase-changes to a liquid-phase by condensing in the

condenser; and
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d} the condensed refrigerant recycles by returning to the flow channels by the

wicking structures;
wherein the electrochemical cell temperature is regulated by a cycle of a) to d) of
absorbing thermal energy, passing the vapors of refrigerant through flow channels in the
electrode, condensing the vapors to the liguid-phase, and returning the condensed refrigerant to

the flow channels, thereby cooling the electrochemical cell internally.

24, The apparatus of claim 23 wherein the wicking structure comprises an etched channel, a

machined channel, a sintered metal powder, a wire mesh, a ceramic, or a polymer.
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-22, drawn to thermal management of a battery.
Group il, claims 23-24, drawn to an internally refrigerated electrochemical cell.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: wherein when the temperature of the battery exceeds a safe limit, the MFE heats to the bubble point of the MFE, a) the
fluorinated hydrocarbon phase-changes to a vapor by absorbing thermal energy; b) the vapor is released to a condenser by passing
through the flow channels in each perfused electrode; c) the fluorinated hydrocarbon vapor phase-changes to a liquid-phase by
condensing in the condenser and d) the condensed fluorinated hydrocarbon recycles by returning to the MIFE as claimed therein is not
present in the invention of Group Ii. The special technical feature of the Group Il invention: a liquid wicking structure embedded within at
least one flow channel; and an inert refrigerant that permeates through the wicking structure, and is miscible, partially miscible, or
non-miscible with an electrolyte in an electrochemical cell; wherein when the temperature of the battery exceeds a safe limit, a) a
refrigerant within the wicking structure phase-changes to a vapor by absorbing thermal energy as claimed therein is not present in the
invention of Group |.

Groups | and |l lack unity of invention because even though the inventions of these groups require the technical feature of an electrode
perfused with one or more flow channels; temperature is regulated by a cycle of a) to d) of absorbing thermal energy, passing the vapors
of refrigerant through flow channels in the electrode, condensing the vapors to the liquid-phase, and returning the condensed refrigerant
to the flow channels, thereby cooling the electrochemical cell internally, this technical feature is not a special technical feature as it does
not make a contribution over the prior art.

Specifically, US 2003/0118880 A1 (ZIMMERMAN et al) 26 June 2003 (26.06.2003) teaches an electrode perfused with one or more flow
channels (Para. 20); temperature is regulated by a cycle of a) to d) of absorbing thermal energy, passing the vapors of refrigerant
through flow channels in the electrode, condensing the vapors to the liquid-phase, and returning the condensed refrigerant to the flow
channels, thereby cooling the electrochemical cell internally (Paras. 23-26 and Fig. 2).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - wo-search-report
	Page 67 - wo-search-report
	Page 68 - wo-search-report

