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Outline @
» DOE desires Li-ion batteries than can operate over a wide
temperature range (i.e., -30 te +60°C). and provide good life
characteristics for HEV and PHEV applications

#* NASA also desires Li-ion batteries than can operate over a wide
temperature range for future planetary lander and rover applications.

Objectives and Approach

*  Develop advanced Li-ion electrolytes that enable cell operation over a wide
temperature range (i.e., -60 to +60°C).

* Improve the high temperature stability and lifetime characteristics of wide
operating temperature electrolytes.

+ Define the performance limitations at low and high temperature extremes, as
well as, life limiting processes.

* Demonstrate the performance of advanced electrolytes in large capacity
prototype cells.
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Why Battery Performance Degrades at Low Temperatures?

* Increased cell and electrode polarizations in general
— Ohmic, kinetic as wellas mass transfer
* Increased Ohmic polarization
— Mainty contributed by the electrohte
* Reduced lonic mobility in electrohte.

— Slow diffusion of ions mainhy due to increased viscosity of solvent
components

* Reduced ionic strength due to lower solubility at low temperatures.
*  Slower electrode kinetics
— Slower charge transferat the electrodes governed by Arrhenius dependence.
— Charge-transfer over film-covered electrodes?
* Enhanced masstransfer polarization
— Slow diffusion of (L7} ion in solution caused by increased electrohyte viscosity
— Slower diffusion of reactant/product speciesin the electrode lattices (bulk diffusion]).
— Surface fims complicating the charge transfer and diffusion process.
* Likelihood of lthium plating is possible at high charge rates at lows temperatures
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Low Temperature Lithium lon Electrolytes
Electrolyte Development: Approach/Background
General Approaches to Improve Low Temperature Performance of S0OA Electrolytes

¥ Optmization of inear carbonate type and concentration

# Optimization of cyclic carbonate concentration{i.e., EC content)
¥ Use of aggressive low viscosity co-solvents

¥ Optimization of electrolyte salttype and concentration

¥ Use of “SEI promoting”™ additives

¥ These approaches are often wsad in conjunction toachisve desired rasult.
# Inaddition, thespecificapplication caninfluence low temperature electrolste
szlection (1.2, low tempemters requirement, life requirement, orthe need forhizh
temperator resilisnce, 2te ).
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Low Temperature Lithium Ion Cells and Batteries

Performance Summary of Early Generation Low Temperature
Li-Ion Electrolytes Developed at JPL
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Lithion 8 Ah Li-Ion Cells for Mars Exploration Rover (MER) @

Dizcharge Rate Characterization at Various Temperatures

Discharge Capacity (Ah) Discharge Energy (Wh/kg)
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+ LowEC All Carbonate-Based Electrolytes

Robust electrolytes

Generally provide long life characteristics

Wide operating temperature range

L imited high rate capability at low temperatures

1.0 M LIPF, EC+DEC+DMC [1:1:1 viv) {JPL} == faj
1.0 M LIPF, EC+DMC-EMC [1:1:1: viv) [ARMY) -
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Performance Testing of SAFT DD-Size Lithium-Ion Cells

Cell Performance at Low Temperatures: JPL Electrolyte

Discharge Capacity (C/10 Rate)
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* Low ethylene carbonate-based electrolytes result in improved
low temperature rate capability.
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Performance Testing of SAFT DD-Size Lithium-Ion Cells

Prototype cells containing low

100% DOD Cycle Life Performance
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> Cell has been on test over & years !!
# Cell contains low EC-content electrolytes.

» Cells have been demonstrated to provide good low temperature perf
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» LowEC Electrolytes with Low Ester Content

20 % EC Content, 20% Ester Content

Improved conductivity at low temperature
Improved resilience to high temperature exposure

compared to solutions with higher ester content

Wide operating temperature range
Good rate capability at low temperatures
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Yardney 7 Ah Prototype Cells with Advanced Electrolytes @

Low Temperature Discharge Performance at -40°C (C/10 Rate)
Discharge Capacity (Ah, % of Room Temperature)
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Yardney 7 Ah Prototype Cells with Advanced Electrolytes
Low Temperature Discharge Performance at -40°C (C Rate)
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Yardney 7 Ah Prototype Cells with Advanced Electrolytes
Low Temperature Discharge Performance of Prototype Cells

Discharge Capacity (Ah) Discharge Energy (VWh/Kag)
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*  Cells containing the methyl propionate-based electrolyte were observed to
performwell downto -60°C using a C/10 discharge rate.
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Yardney 7 Ah (HCFT_‘] Prismatic Li-Ion Cells

Characterization of Cells Containing Advanced Electrolytes
100 % DOD Cycle Life Testing

Discharge Capacity (Ah,%)at 20=C
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=  Ester-baved electrolytes have been observed to display generally good cycle life characteristics.
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Variable Temperature Cycling
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Variable temperature cycling between a wide range of temperatures (Le +80-C to -20°C) represents
a stressful test resulting in decreased low temperature capabilities.
The ester-based solutions display decreased tolerance to hizgh temperature evonrsions.
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« Low EC Electrolytes with Medium Ester Content
— 20 % EC Content, 60% Ester Content

compared to solutions with
lower EC content

Excellent conductivity at low temperature
Reasonable resilience to M%? temperature exposure

igher ester content and

Wide operating temperature range

Excellent rate capability at low temperatures

Solutions optimized to give high rate c:apabi.'i:y at low
.

temperature without impacting life dramatical

1.2 M LiFF, EC+EMC+MF  (20:20:60 v/¥) MF = methyl propionate
1.2 M LiFF, EC+EMC+EF {20:20:60 v/v) EF = ethyl propionate
12 M LiPF, EC+EMC+ME (20:20:60 v/v) MB = methyl butyrate
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Quallion Prototype Li-Ion Cells @
Wide Operating Temperature Electrolytes
Dizcharge Characterization at Various Temperatures
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In collaboration with Quallion, excellent low temperature rate capability has
been demonstrated with advanced electrolytes.
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+ [ow EC Electrolytes with Medium Ester Content
and the use of Electrolyte Additives

20 % EC Content, 60% Ester Content

Excellent conductivity at low temperature

Improved resilience to high temperature exposure
compared to solutions with higher ester content and
lower EC content

Wide operating temperature range
Improved rate capability at low temperatures

Solutions optimized to give high rate capabﬂi?f at low
temperature without impacting life dramatically.

L1 M LaPF, BECHERCHALF (D60 viv) + 1% FEC
11 M LaPF, ECHERCHALP (D60 viv) +48 FEC

11 M LaPF, BECHERCHAE (201060 vi)+ 10 FEC
11 M LaPF, BECHERCHAE (2001060 vi)+ 480 FEC

12 M I5PF, BECHEMC+AE (D0:D10: 80 viv) +Eohiwm caalate
11 M LiPF, BCHERICHAIP (10 céd vi) + 1860
12 M I4PF, ECHEMCHAF (20: 20080 vh) +0 104 LiBOE

11 M 15PF, ECHERC+ME (101080 v/iv)+ Erhiwm caralate
11 M LiPF, BECHERICHAE [P Mcéd i)+ 28010
11 M LiPF, ECHERMCHAE (201008 viv)+ 0.10M LiBOE
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Experimental lithium-ion cells (MCMB-LiNICoAID,) fabricated with
mathyl prepienate—based electrolytes containing various additives.
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#  Promiving electrolyte additives were explored in a wide operating temperature range solvent systems
{EC=EMC=MAP) with the intent of improving hich temperature resilience

*  FEC was chserved to enhance the lithium knetcs of the MCME anods,
whereas the other addinves appeared to impede the kinencs (especially LiIBOE).
* W and LiBOE were observed to most dramatcally enkance the knesics of
the cathode at low temperatres. All addinves appeared to improve the knetics
somawhat
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A123 2.20 Ah High Power Lithium-Ion Cells

Discharge Rate Characterization Testing
Temperature=-30~C; Cellz Discharged to 0.50V
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»* The MB-based systems are copoble of supporting greater
than L1C discharge rates ot -30°C, with over 00%
of the room temperature capecity being delivered.
*Whereas, negligible capacity delivered with the
baseline system under similor corditions.
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A123 2.20 Ah High Power Lithium-Ion Cells @

Discharge Rate Characterization Testing
Temperature=-60°C; Rate = Cih; Cells Dischargedto 0.50W
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A123 2.20 Ah High Power Lithium-Ion Cells :

100% DOD Cycle Life Characterization Testing
Test Arficles (ThreeDifferent Electrolyte Variations)

Cycle Life Parformance at 23°C Variable Temperature Performance
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» Althocugh mogestly higher capacity fode rotes were observed with the MB-based
elecirolytes compored with the baseline, generally good cycle life charocteristics were
cbserved (i.e., over OO of the initial capacity after 7 000 oycles).

* Dbserved trend (in increasing capacity fade rate): Baseline « MB+WC « MB+FEC



A123 2.20 Ah High Power Lithium-Ion Cells

100% DOD Cycle Life Characterization Testing at 60eC
Test Articles [ ThreeDifferentElectrolyte Variations)

Percent of Initial Capacity at 60°C
Lischarge Capacity at 60°C
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» Sood performance has been demorstrated thus
far when cycling continuosusly ot +60°0
» 50A cerospace cells do not operate weill
at such temperatures without rapid copacity fode =
with the possibility of verting. " = " " -
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SUMMARY and CONCLUSIONS '@
«  Wide Operating Temperature Efectrolytes Demonstratedin Various
Prototype Cells
— A number of ester containing electrolytes have been evaluated in various chemistries [i.e.,
NCO, NCA, NCM, LFP)
— The lower moleculorweight esters provide higher electrolyte conductivity ond fow
temperoture capability, howewver, there is some diminished high temperoture resifience.
— Higher proportions of ester co-solwvent result in greater low temperature copability
— A number of odditives, including FEC, VC, and LiBOB were observed to improved the
electrode kinetics at low temperoture and leod to improved high temperature resifisnce.
*  Performance of A123 Cells Containing Low Temperature Electrolytes
— Excellent performance demonstrated down to-60°C.
—  While charging at -300C, cells were demonstrated to be able to support 5C discharge rotes.
— Best low temperature performance generally exhibited by electrolyte solution contaning o
low proportionof EC ond high proportionof MB, however, this chemistry waos observed to
degrode when exposed to high temperotures.
— The MB-bosed solutions comtaning higher EC-comtent dispioyed improved fow tempergtune
performance, while still providing reasonabie life characreristcs.
— The oll corbonate-bosed solutions disployed reasonable performance enhancement ot low
temperoture, while providing the best resilience tohigh temperature.
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