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Low Temperature Li-Ion Batteries

> NASA desires Li-ion batteries than can operate over a wide
temperature range for future planetary lander and
rover applications (i.e., -60 to +30°C).
» DOE desires Li-ion batteries than can operate over a wide
temperature range (i.e., -30 to +60°C). and provide good life
characteristics for HEV and PHEV 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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Li-Ion Battery- A Preferred Solution over SOA

Significant enhancement in the mission with 4X improvement in mass and ~ 8X
enhancement in volume compared Ni-Cd and Ni-H,.

Enables missions (Mars and Lunar) due to wide range of operating temperatures,
especially at low temperatures down to -40°C, due to the of non-aqueous
electrolyte solutions.

— Some of the recent electrolyte formulations extend this range to -60°C.
Excellent coulombic and energy efficiency (reduced radiator)
No compromise on cycle life comparable to nickel systems
— About 30,000 cycles demonstrated at partial DOD .
Calendar life as good as with nickel systems

— Over six years demonstrated in real-time tests.

— Tolerance to high intensity radiations,

— Demonstrated to over 16 MRad cumulative radiation.
Reduced maintenance (reconditioning)

— No memory effect (low voltage plateau)
Safety, especially in human exploration missions

— Safety demonstrated in robotic missions, with charge control electronics, when
needed. Human-rated safety yet to be demonstrated.
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Why Battery Performance Degrades at Low Temperatures?

Increased cell polarizations in general
— Ohmic, kinetic as well as mass transfer
Increased Ohmic polarization
— Mainly contributed by the electrolyte
« Reduced lonic mobility in electrolyte.

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

* Reduced ionic strength due to lower solubility at low temperatures.
Slower electrode kinetics
— Slower charge transfer at the electrodes governed by Arrhenius dependence.
— Charge-transfer over film-covered electrodes?
Enhanced mass transfer polarization
— Slow diffusion of (Li*) ion in solution caused by increased electrolyte viscosity
— Slower diffusion of reactant/product species in the electrode lattices (bulk diffusion).
— Surface films complicating the charge transfer process.
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Rechargeable Lithium-Ion Batteries
The Challenges of Operating at Very Low Temperatures

Low Operating Cell Potentials
— High cell impedance leading to severe polarization
Poor Discharge Rate Capability
— High cell impedance
— Sluggish electrode kinetics
— Low electrolyte conductivity
Poor Charge Capability
— Inability to fully charge the battery, even at low rates.
— Possibility of lithium plating on anode, rather than intercalating
— Sustained lithium plating leads to life limiting degradation
Potentially Poor Life Characteristics
— Aggressive low temperature electrolytes often degrade at high temperature
— Reaction of plating lithium can lead to impedance growth

— However, if the battery is managed properly, the low temperature operation can
be beneficial to long life.
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Low Temperature Lithium lon Electrolytes

Electrolyte Development: Approach/Background
General Approaches to Improve Low Temperature Performance of SOA Electrolytes

» Optimization of linear carbonate type and concentration

» Optimization of cyclic carbonate concentration (i.e., EC content)
» Use of aggressive low viscosity co-solvents

» Optimization of electrolyte salt type and concentration

» Use of “SEI promoting” additives

» These approaches are often used in conjunction to achieve desired result.
» In addition, the specific application can influence low temperature electrolyte
selection (i.e., low temperature requirement, life requirement, or the need for high
temperature resilience, etc.).
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Low Viscosity, Low Melting Electrolyte Co-Solvents
Candidate High Molecular Weight Ester-Based Co-Solvents

: Viscosity . Dielectric
Chemical Structure Name m.p. b.p 50y | P | Consant
O
)k _CH, Ethyl acetate -84°C 77°C 0.902
H3C 0] CHy
(0]
I Methyl propionate | -87.5°C | 79.8°C | 0.431 cP | 0.915 | 6.200
Jko _CHy_ Ethyl propionate -73°C 99°C 0.888
Jk ¢ Methyl butyrate | -85.8°C | 102.8°C | 0.541 cP | 0.898 | 5.48
CH2
JL /CH2 Ethyl butyrate -93°C 120°C | 0.639cP | 0.878 | 5.18
“~cH, Hy
Propyl -95.2°C | 143°C 0.873 | 4.3
oo s ijo Oy gCHs ropyl butyrate
O
HBC/CHz\CHZJkO/CHz\CH/ZCHz\CHa Butyl butyrate -91.5°C | 164°C 0.829
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Cell Voltage (V)

A123 2.20 Ah High Power Lithium-Ion Cells

Discharge Rate Characterization Testing at - 30°C

Discharge Capacity (Ah) Discharge Energy (Wh/Kg)

4.0 4.0
A123 Systems Li-dlon Cell A123 Systems Li-lon Cell
Carbon-LiFePO, Carbon-LIFePO,
3.5 1.0 MLiPFg EC+EMC+MB (1:1:8 viv %) 3.5 1.0 M LiPFg EC+EMC+MB (1:1:8 viv %)
9
3.0
oy,
%,.“ E
505600400500 SEHEO0L08000000 000 s, @
P NS i AN g
a 3
2.0 o 2.0 n i 1
+ Discharge Rate = C/10 (0.220 A) * B:ggng:gz g:g:f g;%%ﬁg%“
i - Iy = K
0.22 Ainp Charge Current {CH0) to 360V & D!scharge Rate = CI5 (0.440 A) 0.22 Amp Charge Current {C/10) to 3.60 V + Discharge Rate = CI2 (1100 A)
0.110 Amp taper current cut-off (C/20) ¢ D!SCharge Rate = CI2 {1.100 A} 0.110 Amp taper curreit cut-off (C/20) o Discharge Rate = C (2.200 A)
1.5 1 Dischargeto 2,00V || o= Discharge Rate =C (2.200 A) - 1.5 \ Dischargeto 200 Y. ] + Discharge Rate = 2C (4.400 A) ]
CH0,C/5, €72, €, 2C, 3C, 4C and 5 Discharge Rates + Discharge Rate =2C (4.400 A) €10, C5, 12, €, 2C, 3C, 4C and 5 D'SC"“rge Rates + Discharge Rate = 3C (6.600 A)
Chamber Temperature = -30°C + Discharge Rate = 3C (6.600 A) Chamber Temperature = - 30°C » Discharge Rate = 4C (8.800 A)
= Discharge Rate =4C (8.800 A) + Discharge Rate =5C (11.00 A)
« Discharge Rate =5C (11.00 A)
1.0 T T T 1-0 T T T T T T
0 10 20 30 40 50 60 70 80 90

0.00 020 040 0.60 0380 1.00 120 140 1.60 180 200 220

Discharge Capacity (Ah) Discharge Energy (Wh/Kg)

> 1.4M LiPF, in EC+EMC+MB (10:10:80)

> Cell both charged and discharge at -30°C
> The use the low viscosity, low melting ester

co-solvent methyl butyrate results in high
electrolyte conductivity at low temperatures.

3 ®
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A123 2.20 Ah High Power Lithium-Ion Cells

Discharge Rate Characterization Testing at - 60°C

AJ102 AJ103 AJ232 AJ233 |
1.40 M LiPF6 in EC+EMC+MB 1.40 M LiPF6 in EC+EMC+MB
(10:10:80 viv %) (10:10:80 viv %) A123 SSDE Control A123 SSDE Control
Temperatur Rate Current (A} Capacity |Watt-Hours Energy % of Room | Capacity |Watt-Hourz| Energy % of Room | Capacity |Watt-Hourz | Energy % of Room | Capacity | Watt-Hours | Energy % of Room
e (oC) o (Ahn) (Whp (Whikg) Temp (Ah) wh) (Whikg) Temp (An) (Wh) (Whikg) Temp (m&h) (Wh) (Wh/Kg) Temp
o
[If\ti'tigl] Cl5 0.400 | 2.3217 | 7.5530 | 107.00 | 100 | 22821 | 7.4221 |106.24 | 100 |2.4010| 7.810 [111.32| 100 |2.4093 | 7.839 | 112.02| 100

-60°c| Ci2 1.100 | 0.0898 | 0.1910 | 2.71 3.87 | 0.7494 | 1.5624 | 22.37 | 32.84 | 0.0000 | 0.000 | 0.000 | 0.000 | 0.0000| 0.000 | 0.000 | 0.000

-60°C| CI5 0.440 | 1.2106 | 27412 | 38.83 | 52.14 | 1.2578 | 2.8808 | 41.24 | 55.12 | 0.0000 | 0.000 | 0.001 | 0.001 | 0.0000 | 0.000 | 0.000 | 0.000

-60°C| CHO | 0.220 |1.4242 | 3.3823 | 47.91 | 61.34 | 1.4210 | 3.3948 | 48.59 | 62.27 | 0.0002 | 0.000 | 0.005 | 0.007 | 0.0000| 0.000 | 0.001 | 0.001

-60°Cc| Ci20 | 0.110 | 1.6361 | 4.0506 | 57.38 | 70.47 | 1.6078 | 3.9929 | 57.16 | 70.45 | 0.0086 ( 0.019 | 0.275 | 0.359 | 0.0067 | 0.015 | 0.211 | 0.278

-60°C| Ci50 | 0.044 |1.8093 | 4.6657 | 66.10 | 77.93 | 1.7726 | 4.5778 | 65.53 | 77.68 | 0.0005 | 0.001 | 0.014 | 0.020 | 0.0009 | 0.002 | 0.029 | 0.039

-60°C| C/M00 | 0.022 | 2.0490 | 5.54569 | 78.56 | 88.26 | 1.9891 | 5.3904 | 77.16 | 87.16 | 0.0112 | 0.026 | 0.373 | 0.468 | 0.0153 | 0.036 | 0.513 | 0.636

> Electrolyte = 1.4M LiPF, in EC+EMC+MB (10:10:80)
> Over 50Wh/kg can be delivered at -60°C
using a €/20 discharge rate and over
47Wh/kg with at C/10 rate.

However, there is a further desire to improve

the high temperature life characteristics.
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CellValtage [V}

Al123 LiFePO,-Based Lithium-Ion Cells

Results of Initial Characterization

5.00 T
* Cell Vollage
A123 Systems Li-lon Cell —— Cumnenl (Amps)
450 Carbon-LiIFePO, 3
1.2ZMLiFF; in EC+EMC+ME (20:20:60) + 4% FEC
Cell AFC-04

4.00 5
A% I SR W ST S S ‘3
fm'-“'"-\- .g
4 p— -1
T
3.00 3 2
3
o

0.44 Amp Charge Current {CI5) to 3.60 V
2.50 0.110 Amp taper current cutoff (C/20) & 2
0.44 Amp Discharge Current 1o 2.00 V
Temperature = 202C
200 1
1.5oiaiﬁ,;ﬂ l]ilu—_r o
1] 10 20 30 40 50 &0 70 80 a0

Time (Hours)

» Cells obtained from A123 Systems contains

promising JPL developed electrolytes, namely
1.2M LiPF,; in EC+EMC+MB
(20:20:60 vol %) + 4% FEC and

1.2M LiPF,; in EC+EMC+MB
(20:20:60 vol %) + 2% VC
» A123 Systems is actively developing Li-ion
batteries for automotive applications
» Currently testing technology over a wide
range of conditions (i.e.,-60 to +60°C).
> The use of electrolyte additive intended to
improve the high temperature life

Discharge Capacity (Ah)

Discharge Capacity {Ah)

characteristics.

2.50
A123 Systems Li-lon Cells
Carbon-LiFePQ,
2.00
1.50
1.00 4 2.20A4 Charge Current (1.0 CRate)to 380V
. Ci50 Taper Current Cut-Of (0.044 4)
2204 Discharge Current (1.0 C Rate] to 2.0V
Temperature= 60°C \
0.50 - a Cell ACC-03 - A123 Baseline
= Cell AFC-03 - EC+EMC+MB+FEC
+ Cell AVC-03 - EC+EMC+MB+VC
0.00 . . . .
0 500 1000 1500 2000 2500
Cycle Number
3.00
A123 Systems Li-lon Cells
2.50 4 Carbon-LiFePO,
§ W
1.50 -
2.204 Charge Current (1.0 C Rate) to 3.60V
CI50 Taper Current Cut-Off (0.044 A)
2204 Discharge Current (1.0 C Rate) to 2.0V
1-w | “Mplrﬂlul’l = 23°C 1
. J
- Cell ACC-07 - A123 Baseline
0.50 + Cell AFC-07 - EC+EMC+MB+FEC
= Cell AVC-07 - EC+EMC+MB+VC
0.00

1} 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Cycle Number
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Cell Voltage {V)

Cell voltage {V)

A123 2.20 Ah High Power Lithium-Ion Cells

Discharge Rate Characterization Testing
Temperature = -30°C; Cells Discharged to 0.50V
Baseline Electrolyte

5.00
A123 Systems Lidon Cell
4.50 | Carbon-LiFePO,
COTS Baseline Cell
5.00
4.00 + Discharge at 5.04 [2.3€ Rate] I
. ® Discharge at 7.54 (3.4C Rate) i
1.50 Cell charged at 20°C prior to discharge & Discharga at 10.04 (4.3C Rata) 4.50 | A123 SyStems_ Li-lon Cell || + Discharge at 5.0A (2.3C Rate) |
Temperature = - 30°C & Discharge at 12.54 {5.7C Rate] - ) ) Carbon-LlFePo4 o Discharge at 7.5A (3.4C Rate)
) & Discharge at 15.08 (6.8C Rate) 1.2M LiPF; in EC+EMC+MB (20:20:60) + 2% VC ) & i i
3.00 + Discharge at 17.54 {8.0C Rate) | 4 Discharge at 10.0A (4.5C Rate)
4 Discharge at 20.04 (3.1C Rate) 4.00 = Discharge at 12.5A (5.7C Rate) |
2.50 = Disehargs st 22 54 (10.2C Rata] o Discharge at 15.0A (6.8C Rate)
+ Discharge at 35.04 {114 Rate] Cell charged at 20°C prior to discharge & } -
2.00 3.50 Temperature = - 30°C — + Discharge at 17.5A (8.0C Rate) |
4 Discharge at 20.0A (9.1C Rate)
1.50 3.00 @ Discharge at 22.5A (10.2C Rate) .|
E + Discharge at 25.0A (11.4C Rate)
1.00 o
-1
b
0.50 =
Q
=
0.00 <
0.00 0.50 1.00 1.50 2.00 2.50 ©
Discharge Capacity (Ah)
T
5.00 Cell AVC-05
as0 Au::::}ﬁrn"!‘:l:;:%“l Cell + Dischargeat 3.0A [2.3C Rate)
1.2ZM LIPF in EC+EMC+MB (20:20:60) + 4% FEC # Discharge at 7.54 (3.4C Rate]
4 Discharge at 10.04 [4.5C Rate) 0.50
a.00 ) -
) = Discharge at 12.54 [5.7€ Rate]
Cell charged at 20°C prior to discharge © Dlscharge at 13,04 [E.5C Rate]
3.50 | Temperature = - 30°C + Discharge at 17.54 [8.0C Rate] 0.00
b ! 4 Discharge st 20.0A [9.1C Rate) -
3.00 + | ® Plsharge st 2154 [10.2C Rata) 0.00 0.50 1.00 1.50 2.00 2.50
| # Discharza at 25,04 [11,3C Rats)
Discharge Capacity (Ah)

than 11C discharge rates at -30°C, with over 90%

of the room temperature capacity being delivered.
»Whereas, negligible capacity delivered with the
baseline system under similar conditions.

Discharge Capacity (Ah)
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Cell Voltage (V)
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A123 2.20 Ah High Power Lithium-Ion Cells

Discharge Rate Characterization Testing
Temperature = - 60°C; Rate = C/5; Cells Discharged to 0.50V

A123 Systems Li-lon Cells

Carbon-LiFePO,

+ Cell ACC-01 [Baseline A123 Electrolyte]
® Cell ACC-02 [Baseline A123 Electrolyte]

4 Cell AVC-01 [LiPF6 in EC+EMC+MB (20:20:60) + 2% VC]
u Cell AVC-02 [LiPF6 in EC+EMC+MEB {20:20:60) + 2% VC]

o Cell AFC-01 [LiPF6 in EC+EMC+MB (20:20:60) + 4% FEC]
+ Cell AFC-02 [LiPF6 in EC+EMC+MB (20:20:60) + 4% FEC]

C/5 Discharge Rate (0.440 A)

Cell charged at 20°C prior to discharge

Temperature = - 60°C

0.0

T T T T T
10.0 20.0 30.0 40.0 50.0
Percent of Room Temperature Capacity (%)

70.0

5.00

4.50

A123 Systems Li-lon Cells
Carbon-LiFePO,

—+—Cell ACC-01 [Baseline A123 Electrolyte]
==—Cell ACC-02 [Basaling A123 Electrolyta]
s Cell AVC-01 [LIPFE in EC+EMC+MB (20:20:60) + 2% VC)
e Cell AVC-02 [LIPFE in EC+EMC+MB (20:20:60) + 2% VC)

= 3.00 o Call AFC-01 [LIPFG in EC+EMCHME (20:20:60) # 4% FEC]
o ——Coll AFC-02 [LIPFE in EC+EME+MB [20:20:50) + 4% FEC]
® 250
s
=
= .00
8
1.50
C/5 Discharge Rate (0.440 A)
1.00
0.50 Cell charged at 20°C prior to discharge
Temperature = - E0°C
0.00
0.00 0.20 0.40 0.60 0.80 1.00 120 140 1.60 1.80
Discharge Capacity (Ah)
5.00 30
450 A123 Systems Li-lon Cell 20
Carbon-LiIFePO,
1 iPF; in EC +MB (20: + 4%
400 . 2ZMLIFF; in EC+EMC+MB (20:20:60) + 4% FEC 10
E2
3.50 g 0
+ # Voltage
S a0 5 e I -10
o
=
£ 250 20
s
E 2.00 0.44 Amp Charge Cusrent [C5) o 380V | 30
0.110 Amp taper current cut-off (Cr20)
C/5{0.440 A} Discharge to0.50 V
1.0 —mm Chamber Temperature = - 60°C 40
1.00 ! -50
0.50 60
0.00 T T T -70
0 5 10 15 20
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Cell Yoltage (V)

4.5

4.0
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M. C. Smart, B. V. Ratnakumar, M. R. Tomcsi, M. Nagata, V. Visco, and H. Tsukamoto, “Performance of Wide Operating Temperature Range Electrolytes

Quallion Prototype Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at Various Temperatures

C/10 Discharge at -40°C

Quallion Prototype Lithium-lon Cells

Quallion and JPL Low Temperature Electrolytes

i
IoTmMoOOon®

Temperature =

- 40°C Discharge Current=0.025 A

¢/5 Charge current to 4.1V
Taper Cut-Off = C/100
Cellcharged at RT prior to LT discharge

C/10 Discharge Rate

\

AE,B,H,D,C,F,G

4 Cell NEC-09-1.2M LiPF6 EC+EMC (30:70)

© Cell NEC-11-1.2M LiPF6 EC+EMC (30:70)

4 Cell NA1-20 - Quallion Low Temperature Electrolyte "A1"

# Cell NA1-21 - Quallion Low Temperature Electrolyte "A1"

< Cell NA3-46 - Quallion Low Temperature Electrolyte "A3"

o Cell NMP-09 - JPL Low Temperature Electrolyte (EC+EMC+MP)
4 Cell NMP-10 - JPL Low Temperature Electrolyte (EC+EMC+MP)
@ Cell NEB-22 - JPL Low Temperature Electrolyte (EC+EMC+EB)

In collaboration with Quallion (NASA SBIR Program), excellent low temperature

10 20 30 40 50 60
Discharge Energy (Wh/Kg)

70 80

90

Cell Yoltage (V)

4.5

4.0

3.5

3.0 &

1.5

1.0

0.5

0.0

5C Discharge at -40°C |

Quallion MCMB-LiNiCoAlOQ; Lithium-lon Cells

Quallion and JPL Low Temperature Electrolytes

5.0 C Discharge Rate Temperature

- - 40°C

IMTMMOOD>

4 Cell NEC-08-1.2M LiPF6 EC+EMC (30:70)

D,G,F,C,G,E

@ Cell NEC-11-1.2M LiPF6 EC+EMC (30:70)
4 Cell NA1-20 - Quallion Low Temperature Electrolyte "A1"

# Cell NA1-21 - Quallion Low Temperature Electrolyte "A1"
< Cell NA3-46 - Quallion Low Temperature Electrolyte "A3"
o Cell NMP-09 - JPL Low Temperature Electrolyte (EC+EMC+MP)

4 Cell NMP-10 - JPL Low Temperature Electrolyte (EC+EMC+MP)
@ Cell NEB-22 - JPL Low Temperature Electrolyte (EC+EMC+EB)

5 10 15 20 25 30 35 40 45
Discharge Energy (Wh/Kg)

rate capability has been demonstrated with advanced electrolytes.

in Quallion Prototype Li-Ion Cells”, 2010 Power Sources Conference, Las Vegas, NV, June 16, 2010.
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Cell Voltage (V)

Quallion Prototype Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at Various Temperatures

C/2 Discharge at -60°C (Wh/kg) C/10 Discharge at -60°C (Wh/kg)

4.5 4.5
Quallion MCMB-LINiCoAlQ; Lithium-lons Quallion MCMB-LiNiCoAIQ; Lithium-lons
4.0 Quallion and JPL Low Temperature Electrolytes 4.0 Quallion and JPL Low Temperature Electrolytes
f
3.5 ) Temperature = - 60°C
Discharge Current=0.125 A Temperufure = - 60°C ji;
3.0 -
2z
]
2.5 =2
=
o
2.0 = -
% Discharge Current=0.025 A A c F B D E
15 o 1.5
A = Cell NEC-07-1.2M LiPF6 EC+EMC (30:70) C/2 Discharge Rate A 4.Cell NEC.07-1.2M LiPF6 EC-ENC (30:70) L C/10 Discharge Rate
1.0 — B —=— Cell NA1-19 - Quallion Low Temperature Electrolyte "A1" 1.0 H B mcell NA1-19 - Quallion Low Temperature Electrolyte “A1
B C —e— Cell NAZ-35 - Quallion Low Temperature Electrolyte "A2" c © Cell NA2-35 - Quallion Low Temperature Electrolyte "A2" C/5 Charge currentto 4.1 V
D —+— Cell NA343 - Quallion Low Temperature Electrolyte "A3" €/ Charge current to 4.1V 05 H D o cenna3-43 - Quallion Low Temperature Electrolyte "A3° | |  Tapercut-offat ~c/100
05 ™| E —0— Cell NMP-08 - JPL Low Temperature Electrolyte (EC+EMC+MP) — Taper Cut-Off at ~C/100 — " E OCell NMP-08 - JPL Low Temperature Electrolyte (EC+EMC+MP) Cells charged at 20°C
F —— Cell NEB-20 - JPL Low Temperature Electrolyte (EC+EMC+EB) Colischargedat 20° 0.0 Fecennes20- spL Low Temperature Electiolyle (EC+EMC1EB)
00 ' ‘ ' ' ‘ ' ‘ o 1|o 20 30 M 50 60
0 5 10 15 20 25 30 35 40 .
Discharge Energy (Wh/Kg) Discharge Energy (Wh/Kg)

*  In collaboration with Quallion (NASA SBIR Program), excellent low temperature

rate capability has been demonstrated with advanced electrolytes.

M. C. Smart, B. V. Ratnakumar, M. R. Tomcsi, M. Nagata, V. Visco, and H. Tsukamoto, “Performance of Wide Operating Temperature Range Electrolytes
in Quallion Prototype Li-Ion Cells”, 2010 Power Sources Conference, Las Vegas, NV, June 16, 2010.
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Discharge Capacity (Ah)

Quallion Prototype 12 Ah Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at Various Temperatures

18.0 5.00

Quallion 12 Ah Li-Ion Cells
16.0 MCMB Carbon - LiNiCoAlO,

Quallion 12 Ah Li-Ion Cell
4.50 MCMB Carbon - LiNiCoAIO,

M 1.20M LiPF; in EC+EMC+MP (20:20:60 v/v %)
14.0 —.-_E-_-_“—-\_i .00
————— v '\F 20°C gy
12.0 — e —
- .‘F 3.50
— —a -50°C
&
\ = 3.00
K
8.0 2
E 250 + Discharge at 0.240A (C/50 Rate)
6.0 * " @ Discharge at 0.600A (C/20 Rate)
Baseline Electrolyte Disch t 1.200A (C/10 Rat
2t -50°C \ ——1.20 M LiPF6 in EC+EMC (30:70 v/v %) b Flechares (/10 Rate) $
4.0 - Quallion Electralyte AL 2.00 = Discharge at 2.400A (C/S Rate)
. uallion Electrol <]
o Disch: t 6.000A (C/2 Rat
\ =#—1.20 M LiPF6€ in EC+EMC+MP (20:20:60 v/v %) TSE aree @ ¢ =te)
2.0 —=—1.20 M LIPF6 in ECHEMC+MP (20:20:60 vfv %) +4% FEC | | 150 * Discharge at 1200A(1.0CRatel | | Cell charged at 20°C prior to discharge
3 4 Discharge at 18.00A (1.5C Rate) Temperature = - 30°C
o Discharge at 24.00A (2.0C Rate)
0.0 : = @ =
1.00
0 0.5 1 1.5 2 2.5

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Discharge Rate (C) Discharge Capacity (Ah)

Methyl propionate-based electrolyte was previously demonstrated to have dramatically improved rate capability
compared to the baseline DOE formulation (i.e., 1.2M LiPF, in EC+EMC (30:70) in 0.25 Ah cells.

* Performance successfully demonstrated in larger capacity prismatic 12 Ah cells.

» Quallion collaboration supported by NASA SBIR Program.
(H. Tsakamoto, M. Tomcsi, M. Nagata, and V. Visco)
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Quallion Prototype 12 Ah Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at Various Temperatures

5.00
5.0 ) ;
Quallion 12 Ah Li-Ion Cell Disch + 0290 [C/50 o)
45 Quallion 12 Ah Li-Ion Cell 450 | MCMEB Carbon - LiNiCoAlO; || ¢ Tiechargeat T =
MCMB Carbon - LiNiCoAlO, 1.20M LiPF; in EC+EMC+MP (20:20:60 viv %) o Dischargeat 0.600A (C/20 Rate)
4 Discharge at 1.200A (C/10 Rate)
4.0 4.00 = Dischargeat 2.400A (C/5 Rate) |
35 i o o Discharge at 6.000A (C/2 Rate)
) 3.50 + Dischargeat 12.00A (1.0C Rate) |
S 30 s ’ : » Dischargeat 18.00A (1.5C Rate)
© Y 3 o Dischargeat 24.00A (2.0C Rate)
g 25 & 3.00 3
S 2
= 20/ + Temperature=20C =
& i + Temperature = 0C O 250 £
* Temperature = - 10C Cell charged at 20°C prior to discharge :'““‘
1.5 — Temperature = -20C [ m %
. Temxrature =.30C C/5 (2.400 A) Discharge to 2.00V 2.00
1.0 o * Temperature = -40C ’
) + Temperature = - 50C
0.5 » Temperature = - 60C Cell QP-66 150 Cell chargedat 20°C priorto discharge
' Temperature = - 60°C
1.20 M LiPF, in EC+EMC+MP (20:20:60 v/v %)
0-0 T T T T T T T T T T T T T T 1 00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 } ‘ ' ' ‘ ' ‘ ' ' ' ‘
0 1 2 3 4 5 6 7 8 9 10 11

Discharge Capacity (Ah) Discharge Capacity (Ah)

*  Methyl propionate-based electrolyte demonstrated to have good performance down to -60°C,
whereas the baseline electrolyte displays negligible capacity under these conditions.
*  Currently performing life tests (~ 50% DOD) in which the capacity, impedance, and rate capability
at low temperature will be periodically measured.
e Itis anticipated that the addition of FEC will improve the life characteristics.

» Quallion collaboration supported by NASA SBIR Program.

(H. Tsakamoto, M. Tomcsi, M. Nagata, and V. Visco)
ELECTROCHEMICAL TECHNOLOGIES GROUP
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Cathode Potential (V vs Li*/Li)

Technical Accomplishments
Quallion Prototype 0.25 Ah Li-Ion Cells

Discharge Characterization at Low Temperatures

We are currently evaluating a number of 0.30 Ah C Rate Discharge at -50°C
Quallion cells with the following JPL electrolytes: 5.00
: : 90 o,
1.2M LiPF6 in EC+EMC+MP (20:20:60) + 4% FEC Quallion MCMB-LINICeAIO, Lithium-Ton Cells
1.2M LiPF6 in EC+FEC+EMC+MP (10:10:20:60) 450 0250A Discharge to 20V
1.2M LiPF6 in FEC+EMC+MP (20:20:60) .00
1.2M LiPF6 in EC+EMC+MP (20:20:60) + 0.10M LiBOB $
Cell charged at 20°C prior to discharge
350 Temperature = -50°C
4.25 R
Tafel Polarization Measurments
4.90 MCMB Carbon-LiNiCoAlO; Cells E
Lithium Referance Electrode u
i LI Y] %ﬂ
415 - 5 %
=
10 8 )
Temperature = - 40°C « 1.20M LiPF6 in EC#EMC+MP (20:20:60 vol %) + 4% FEC
® 1.20M LiPF6 in EC+EMC+MP (20:20:60 vol %) + 4% FEC
4.05 — 150 4 1.20M LiPF6 in ECHFEC+EMC+MP (10:10:20:60 vol %)
LiNiCoAlO, Electrodes \ s ¥ 1.20M LiPF6 in ECHEC+EMC+MP (10:10:20:60 vol %)
400 100 © 1.20M LiPF6 in FEC+EMC+MP (20:20:60 vol %)
« 1.20M LiPF6 in FEC+EMC+MP (20:20:60 vol %)
+ 1.20 M LIPFG EC+EMC+MP (20:20:60 viv %) 4 1.20M LiPF6 in ECHEMC+MP (20:20:60 vol %) +0.10M LIBOB
3.96 + 1.20 M LiPFE EC+EMC+MP (20:20:60 viv %) + 4% FEC 0.50 @ 1.20M LiPF6 in EC#EMC+MP (20:20:60 vol %) + 0.10M LIBOB
® 1.20 M LIPF6 EC+EMC+MP (20:20:60 viv %) + lithium oxalate ¢ 1.20M LiPF6 in EC+EMC (30:70 vol %)
3.80 +————1 . 1.20MLIPF6 EC+EMC+MP (20:20:60 viv %) + 2% VC 4 1.20M LiPF6 in EC+EMC (30:70 vol %)
£ 1.20 M LiIPF6 EC+EMC+MP (20:20:60 viv %) + 0.10M LiBOB 0.00 T T T T T ‘ T
3.85 . . 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
0.0001 0.0010 0.0100 0.1000

Current (Amps) Discharge Capacity (Ah)

* Electrolytes selected for evaluation include methyl propionate-based electrolytes with increasing
FEC content and the use of LIBOB as an additive.
e All electrolytes are observed to provide improved performance at high rates at very low temperatures
compared with the baseline electrolytes, with the LiBOB outperforming all formulations.
* The incorporation of LiBOB has been attributed to increase cathode Kkinetics at low temperatures,

e As determined by Tafel Polarization measurements performed on 3-electrode cells.
ELECTROCHEMICAL TECHNOLOGIES GROUP



Cell Voltage (V) and Current (A)
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5.0

4.0
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Lithium Batteries Capable of Operating at Very Low Temperatures

Performance Testing of High Rate, Gel Polymer Electrolyte Li-Ion Cells

Performance of Ester-Based Electrolytes at Low Temperatures

PAUSE Aerobot Load Simulation at —60°C

PAUSE Aerobot Load Profile
Duty cycle consists of varying current levels
0.250 A for 2.00 minutes duration (80%)

Temperature = - 60°C

0.750 A for 0.50 minutes duration (20%) |

Compact Power 7 Ahr-Size Lithium-lon Cells
High Power Prismatic Gel Electrolyte Cells
JPL Low Temperature Electrolyte

1.0M LiPF, EC+EMC+EB

\

(1:1:8 v/v %)

—

\

Cell LGV5

\

—o—Volts
—— Amps
—o— Cell Temperature

~—

0 5 10 15

At —60°C, the high power cell containing the methyl-butyrate (MB)-containing electrolyte
delivered over 12 hours of operation under PAUSE load profile.

M. C. Smart, B. V. Ratnakumar, A. Behar, L.D. Whitcanack, J.-S. Yu, M. Alamgir, “Gel Polymer Electrolyte Lithium-Ion
Cells with Improved Low Temperature Performance”, J. Power Sources, 165 (2), 535-543 (2007).

20 25 30 35
Time (Hours)

50

r 30

-
s =)
Temperature (°C)

&
S

-50

Investigated possibility of using low temperature Li-ion
cells for the Picosat and UAV Systems Engineering
(PAUSE) Project
(collaboration with Dr. Alberto Behar, JPL).

The PAUSE project utilizes a zero-pressure balloon and
a prototype Mars aerobot science gondola to study the
atmosphere, and is potentially subjected to very low
temperatures depending upon location and altitude.

Objective is to replace the currently used Li-SO,
primary batteries, which are unable to operate
effectively below - 40°C under current load profile.

ELECTROCHEMICAL TECHNOLOGIES GROUP



Low Temperature Lithium Primary Batteries
Background: Mars DS2 Microprobe Spacecraft

Launched on January 1999

Two microprobes (2.4kg) piggybacked on P -
Mars Polar Lander mission gl |

Intended as a low cost, high risk/high

payoff mission Flox Cable _
. (Data Path) Accelerometer
DeS I g n : Sample Collector
— No parachute: dropoff penetrator Drill Motor : s
— Aftbody with batteries & telecom stays on T o E L
surface e ",
— Forebody penetrates, ~ 1 meter —‘
— Drill scoops soil sample into chamber |
— Heat, vaporize, and analyze for H,0O DS2 spacecraft

— Transmit water and other science data

ELECTROCHEMICAL TECHNOLOGIES GROUP



Low Temperature Lithium Primary Batteries
Background: Mars DS2 Battery

Lithium-Thionyl Chloride Chemistry

— Lianode|0.5M LiGaCl, in SOCI,
catholyte|porous carbon cathode current
collector

Predicted operational temperature at
nominally -80°C

“Pancake” electrode design (vertical
stacking)

Two 4 cell batteries per spacecraft
Battery voltage: 6-14V
Battery Capacity:

— 550 mAhr capacity @ -80°C (iU L ) |

— 2Ahat25°C @mwm.&‘ .

Shelf Life: 2.5 Years
Shock Tolerance: >80,000 g shock DS2 lithium-thionyl chloride cells and batteries
Developers/Suppliers:

— JPL/Yardney Technical Products

ELECTROCHEMICAL TECHNOLOGIES GROUP



Low Temperature Lithium Primary Batteries
Motivation for New Battery Research

« How does an analogous penetrator mission

to outer planetary moons (e.g. Europa, Titan)
at ca. -160°C draw power?
|
— Maximum solar flux at Europa is only 34 W/m? vs. Batter)

1371 W/m?2 at low earth orbit

_ _ Europa/Titan
— Lowest possible operating temperature for any Surface

battery is -80°C Temperature -
I I

— Heaters add undesirable power drains, mass,
complexity

— Radioisotope heaters or radioisotope thermoelectric | . . = o o 5
generators are generally more costly than other
heating technologies and have low power density
* Proposed solution: Develop advanced
catholytes with lower liquid range to infuse
into existing cell design to allow for low-cost,
ultra-low temperature batteries.

Temperature (C)

ELECTROCHEMICAL TECHNOLOGIES GROUP



Low Temperature Lithium Primary Batteries

“Optimized” Catholyte System’
Base catholyte: Sulfuryl chloride fluoride (SO,CIF); m.p.
-125°C, b.p. 7°C

— SOCIF disproportionates with storage, SO,F, low b.p., and not likely to
reduce readily by Li

Co-solvent: chlorodifluoromethane; m.p. (CHCIF,); m.p. !

- 0 _A10
175°C, b.p. -41°C USC Purified SO,CIF
— Wide range of alkanes, halocarbons, chloroethane-butylnitrile binaries

examined

Salt: LiGaCl,

— Better low temperature conductivity than LiAICI,

Surfactant: 3 vol % of perfluoroether: Galden HT55

— Below -120°C, 1:1 SO,CIF:CHCIF, phase separates

— Addition of a perfluoroether suppresses the temperature of phase
separation

Halogen Passivation: Bromine (Br,)

— Li-SOCI, cells with BrCl, Cl, additives show reduced voltage delay

TW. C. West, A. Shevade, J. Soler, J. Kulleck, M. C. Smart, B. V. Ratnakumar, Matthew Moran, Ralf Haiges,
and G. K. Surya Prakash, J. Electrochem. Soc., 157, A571 (2010).
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Low Temperature Lithium Primary Batteries
3 Electrode Cell Study of Tafel Polarization

4 ‘ .
i | | | e Polarization of electrodes
35 e o Bune o | dominated by cathode for
g | ¢ %% -\ o | baseline thionyl chloride and
‘ ‘ ‘ optimized low temperature
~ 25f e Y - : .
S e Cathode 50°C 3 | formulation (non-vacuum filling
> 2 || © SCFcathode-80°C |........ A W . R o iSSUG).
% ¢ SCF Cathode -130°C
> 45| | © TCAnode-so’c | Loy R i At lower temperature, the anode
+  SCF Anode -80°C | . .
1 polarization becomes a more
1 1 1 1 significant contributor to cell
0.5 3 gt y /4 1 polarization
0 e mull A :
Qo1 oot 04 0 100 Low temperature formulation at

-130°C outperforms baseline

C A .
urrent (mA) formulation at -80°C

TC denotes the cell with 0.5 M LiGaCl, in SOCI, formulation and
SCF denotes the cell with Br, passivated 0.25 M LiGaCl, in 1:1
SO,CIF:CHCIF,~HT55 formulation.

TW. C. West, A. Shevade, J. Soler, J. Kulleck, M. C. Smart, B. V. Ratnakumar, Matthew Moran, Ralf Haiges,
and G. K. Surya Prakash, J. Electrochem. Soc., 157, A571 (2010).
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Low Temperature Lithium Primary Batteries

Cell Discharge Studies
I g uel e Discharging at -80°C, low

et e temperature formulation has flat
5 T-.gp°c |---12U.L atter 1.ho! u [,,,!,: ,,,,,, rge . R — il

k!

discharge profile, unlike sloped
discharge for baseline formulation.

z .
) When temperature is reduced to
©
S o -130°C, baseline formation fails as
- B —6— 0.5M LIGaCI4 in SOCIZ
8 1.5 o """ *EH‘O.ZSM LiGa§|4in SOZCIF—?rZ—CHCIFZ—HT55 EXPECtEd.

PN I NN R S AU S |

| 1 | * Low temperature formulation

05 e R o e discharges continuously with no

: : 1 | slope in discharge profile- lowest
operating temperature battery
ever reported.

| | |
0 510° 110* 1510* 210* 2510*
Discharge Time (Sec)

Discharge of 0.5M LiGaCl, in SOCI, cell and
Br,-passivated 0.25M LiGaCl, in 1:1 SO,CIF:CHCIF,- Lower temperatures briefly
HTS55 cell. The cells were filled at -80°C, equilibrated for -
1 h, discharged first at -80°C,and then cooled while exammed’ = be capable as low
discharging to -130°C. as -145°cC.

TW. C. West, A. Shevade, J. Soler, J. Kulleck, M. C. Smart, B. V. Ratnakumar, Matthew Moran, Ralf Haiges,
and G. K. Surya Prakash, J. Electrochem. Soc., 157, A571 (2010).
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Need for low temperature power

Cabllng from the WEB

*  Current practice: avionics in warm electronics box
(WEB) with radioisotope heat source to maintain -
40°C to +40°C

* Extensive cabling presents design, integration and
test challenge

* Battery power de-rated at lower temperatures

* Possible solution: Hybrid low temperature
battery-capacitor power systems

Mars Exploratlon Rover
Li ion battery

ELECTROCHEMICAL TECHNOLOGIES GROUP




Double-layer capacitors for low temperature
energy storage and power delivery Fletrocymical double ayer

BET surface area = 1344 m%/g

[

60

Technology need

. Storing electrical energy and delivering power at low temperatures
(<-30°C) remains a significant challenge

w
o

. Difficult to deliver high power effectively at low temperatures
(batteries derated due to slow kinetics)

N
o

£ (62
o o
—

P
Incremental pore surface area, m“g

-
o o
[ —

Objectives - T
25 30 35 40 45 50 55 60 65 70
0 Utilize the advantage of double-layer capacitors, which store energy Pore width, Angstroms
at the electrochemical double-layer (rather than intercalation and
redox processes, which are highly temperature sensitive)

o
[$)]
=
o
=
[$)]
N
o

Incremental pore surface area vs. pore width for
representative activated carbon electrode material

. Develop low temperature electrolytes to extend beyond -40°C limit
with commercial cells - 1000 —
. Target low equivalent series resistance (ESR) to effectively deliver < 100 o
power at low temperature = batte rie s 1 hour 1 second
10
. . . 5 | 10 hours D -
Potential applications = 1 ca 3
. Hybrid battery/capacitor low temperature power systems (with the % 0.1 0.03 SECU”F'
capacitor providing pulse power at low temperatures) L C;;:;m’;:
. — Bmiirf 0.01
Capacitor-only power systems, for !ow .du.ty cycle distributed sensor 10 100 1000 10000
platforms on planetary surfaces (with limited thermal )
management) Power density (W/kg)
. Fully testable thermal battery replacements High power density/moderate energy density of double-layer

capacitors can augment high energy density of batteries in low
temperature power systems
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Low Temperature Supercapacitors
Survey of Commericially Available Technology

Technical Approach: Design non-aqueous electrolyte formulations that
have high conductivity at low temperature, and much lower freezing points.

Solvent Freezing point (°C)
O o) O H;,C—C=—N
Ionic Conductivity vs. Temperature e
(o]
60.00 1 —— . H’““oCH3 o0
;D 75 M ANMF 3:1 methyl formate
A7 M AN-MF 3:1 0[
50.00 7 5025 MARMA B1 [777 777 7 oo i CH
*0.50 M AN-MA 31 ] HE O 3 98
+0.75 M AN-MA 31 . é methyl acetate
a1 MAN-MAZ1 o]
E 40.00 7 SMANEATT | T e T arTTTTET Il gz
S 8 g e Y -83.6
@ . - HC™ O TCH,
E_ . 8 - x ethyl acetate
B B0.00 e e Acetonitrile : methyl formate (31 volivol%) 70
% é ?_ x Acetonitrile : methyl acetate (3:1 vol/vol%) -7
% . _ w Acetonitrile : ethyl acetate (3:1 vol/vol%) -72
S 20,00 oo e i
(8] 4 ° « %
2 o * . X 70.0
10.00 _thx ----------------------------------------------------------------------------------- . PG :
o e (N I Sl R R 60.0
0.00 * — T T T T T T T 1 Low mp, high £ High mp, high €
70 60 50 -40 30 20 10 O 10 20 30 | [ 00 £
Temperature,c 4 BL | ®
Aie® 400 §
------------------------------------------------------------------------------- 300 E
2
Qo= A~ b o lorrod s I e et L L DL e L L ELELELEEELELLEEEL LR LY 200 2
> Mixed electrolyte co-solvent Low mp, fow s 5
MF
o~ AN LhaceadAdN wiimmes Alhemsmirmd | pHE T Ty 10.0
blends (i.e., AN-based) were observed w® e e,
° o ° T T T T T T T T 0.0
to provide the desired properties. 42 410 100 50 40 70 40 &0 40 0
Solvent melting peint, C
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Low Temperature Supercapacitors
Survey of Commericially Available Technology

10 F cell
Discharge current =1 A

Capacitance, farads

20°C
15°C
0,
10.00 - 07 10°C
, 5°C
9.00 106 @
8.00 - s ___oC
7.00 T+ 05
6.00 - = ) -5°C
: +04 A > 0
5.00 - o = —-10°C
4.00 - To03 35| S ——-15°C
“n
3.00 - 102 S -20°C
2.00 , . _ s .
1.00 4 —e— capacitance, farads —©— internal resistance, R |1 0.1 g -25°C
0.00 - \ \ \ \ 0 © -30°C
-60 -40 -20 0 20 40 -35°C
temperature, deg. C -40°C
-45°C
discharge time, seconds -50°C

Poor performance is observed at temperatures below -50°C

ELECTROCHEMICAL TECHNOLOGIES GROUP



Low Temperature Supercapacitors
Advanced Low Temperature Chemistries Evaluated in Experimental Coin Cells
2032 coin cells
Separator: 25 micron polyethylene (Tonen)
Electrodes: PACMM 203 activated carbon
Salt: Tetraethylammonium tetrafluoroborate

Electrolyte = 0.250 M TEATFB in 1:1 acetonitrile / methyl formate

0.250 M TEATFB 1:1 AN:MF

C=1F (+23°C)

C=1F (-80°C)
o9 41— ———— 3 iy
Discharge current =1 mA

0 T T T
0 500 1000 1500 2000

Discharge time (seconds)

DC Voltage (volts)

Extended operation to < -80°C as revealed by DC data
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Performance of large supercapacitor cells at -70°C

1.6 &

et it A S B S ey

1.4

1.2 A

DCVoltage
o
[5:s]

{sdwy) 1uaind

35000 37000 39000 41000  A3000 45000 47000 49000 51000 53000

Discharge time (seconds)

At -70°C, cell displays ~520 F capacity at 1 A and
Vmax = 1.5 V with very linear discharge
characteristics
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SUMMARY and CONCLUSIONS

« Demonstration of low temperature Li-ion batteries

Demonstrated improved performance with wide operating temperature electrolytes containing ester
co-solvents (i.e., methyl propionate and ethyl butyrate) in a number of prototype cells:

Successfully scaled up low temperature technology to 12 Ah size prismatic Li-ion cells (Quallion,
LCC), and demonstrated good performance down to -60°C.

Demonstrated wide operating temperature range performance (-60° to +60°C) in A123 Systems
LiFePO,-based lithium-ion cells containing methyl butyrate-based low temperature electrolytes.
These systems were also demonstrated to have excellent cycle life performance at ambient
temperatures, as well as the ability to be cycled up to high temperatures.

 Development of ultra-low temperature primary batteries

New ultra-low temperature battery systems have been identified based on sulfuryl chloride fluoride
catholytes, LiGaCl, salt, chlorofluorocarbon co-solvents, perfluoroether surfactants, and halogen
passivation.

We report a first known demonstration of cell operation at temperatures as low as -130°C, about
60°C lower than any other battery system reported.

Further studies need to be performed to incorporate the technology into commercially produced
prototype cells.

 Development of ultra-low temperature supercapacitors

Demonstrated capacitor operation to -80°C, enabled by AN-based/TEATFB formulation with the
addition of low melting formates and esters.

Key electrolyte design factors include volume of co-solvent and electrolyte salt concentration.

Continuing efforts include demonstrating in larger scale cells and investigating formulation targeted
at lower temperatures
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