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Background

 Pouch cell designs offer enhanced specific energy and
energy densities compared to conventional deigns with
metallic cell cases.

« Better form factor and packing efficiency.
o Attractive option for short-life missions.

e Limitation: Ablility to maintain hermiticity of the cell
through its lifetime
— Electrolytes with high vapor pressure.
— High temperature operations
— Performance under hard vacuum.,



NESC-Battery Working Group Review —NASA Battery workshop 2007 @

JPL

Recommendations for Aerospace
Applications of Pouch Cells

Objective:

* Evaluate performance limitations related to thermal and vacuum
environment

Approach:

 Perform focused research tasks to collect data related to corrosion
of pouch materials in Li-lon cells

» Generate recommendations for design considerations for pouch
cells for aerospace applications

» Generate document outlining design, envelope requirements/limits
for aerospace applications
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Alliant 25 Ah Lithium-lon Polymer Cells for 2001 Mars Lander
Discharge Characterization at Low Temperature (-20°C)
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Alliant 25 Ah Lithium-lon Polymer Cells for 2001 Mars Lander
Cycle Life Performance at Room Temperature ( 23 °C)

35
Alliant Tech 25 Ahr Lithium lon Cell
30 5.0 Amp Charge Current (C/5)to 4.1V
0.500 Amp taper current cut-off (C/50)

- 5.0 Amp Discharge Current (C/5)to 3.0V
E 25 1 Temperature = 23°C
=
‘o 20
@©
o
@©
)
w 15 1
=
©
c
O 10 A
i
a 100 % DOD Cycling Performed After Storage

5 Cell Stored at 10°C on the Buss (70% SOC)

Total Storage Time > 12 Months
(Initial Capacity Prior To Storage = 29.45 Ahr)
0 T T T T T T
0 50 100 150 200 250 300 350

Cycle Number

* Alliant 25 AHr cell was observed to have a high capacity fade upon cycling
* Cell vented after 300 cycles (100% DOD)
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Alliant 25 Ah Lithium-lon Polymer Cells for 2001 Mars Lander
Cycle Life Performance at Room Temperature ( 23 °C)
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* Prior to cell venting, cell performance characterized by dramatic
increase in C/D ratio (suggesting parasitic reaction is occurring).
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Planned Tests for Pouch Cell Tests

Tests
Manufacturer| Type Chemistry Chara- Cycling at
oL Thermal Vac o
cterization 40°C
Pouch Cells | ED2-LT electrolyte 1 LTR(;T:;QG
Quallion
Pouch Cells | ED1-LT electrolyte 1
SKC Pouch Cells Gel Polymer 2 2 1+1
Compact power | Pouch Cells Gel Polymer 2 2 1+1
LTC Pouch Cells Li-ion 2 2 1+1
Electrovaya? | Pouch Cells Li-ion 2 2 1+1
Another? Pouch Cells Li-ion 2 2 1+1

» Additionally thermal acoustic IR tests (at MSA) if possible
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SKC Polymer 3.7 Ah Lithium-lon Cells

Initial Characterization/Conditioning at 20°C

» Conditioning Cycling
» 5 Cycles (100% DOD) performed at 20°C
» C/5 Charge Rate (0.740 A) to 4.100 V
» Charge taper current cut-off = C/100 (0.037 A)
» C/5 Discharge Rate (0.740 A) to 2.750 V

» Current-Interrupt Impedance Measurements
» Performed at 4 different SOC (100, 75, 50 and 25% SOC)
» Pulse Current = 3.70 A (1.0C discharge rate)
» Pulse Duration = 60 Seconds
» Rest period following pulse = 2 hrs
> 25 % of capacity discharged between pulses (C/10 discharge rate)
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SKC Polymer 3.7 Ah Lithium-lon Cells
Initial Characterization/Conditioning at 20°C (Cell SKCO01)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Initial Characterization/Conditioning at 20°C - Discharge Capacity (Ah)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Initial Characterization/Conditioning at 20°C - Discharge Energy (Wh/Kg)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Initial Characterization/Conditioning at 20°C- Current-Interrupt Impedance (100 % SOC)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Initial Characterization/Conditioning at 20°C-Summary (Seven Cells)

Cell Cell Initial Calculated | Calculated Calculated

Cell ID We?ght We?ght Initial Car:alaI:ity Initial Watt{ Initial Impedance | Impedance Impedance

(Grams) (kg) Voltage (Ah) Hours Whikg (mChms) (mChms) (mChms)

g (100% S0OC) | (T5% SOC) | (50% SOC)
SKC01 78.56 | 0.0786 | 3.824 3.3940 | 12.825 | 163.25 27.30 30.81 36.95
SKCO03 79.03 | 0.0790 | 3.826 3.3729 | 12.744 | 161.26 27.88 31.34 38.02
SKC04 78.68 | 0.0787 | 3.825 3.3783 | 12.764 | 162.22 28.08 31.18 37.24
SKCO05 78.95 | 0.0790 | 3.826 3.3834 | 12.791 | 162.02 26.72 29.94 35.76
SKCO06 78.67 | 0.0787 | 3.825 3.3878 | 12.797 | 162.67 29.03 32.62 38.81
SKCO07 79.63 | 0.0796 | 3.820 3.3958 | 12.825 | 161.06 25.53 28.91 35.14
SKCO08 79.05 | 0.0791 3.828 3.3873 | 12.821 | 162.19 22.52 28.83 29.82
Average | 78.94 | 0.079 3.825 3.386 12.795 | 162.10 26.72 30.52 35.96
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SKC Polymer 3.7 Ah Lithium-lon Cells

Discharge Rate Characterization at 20°C

SKC Polymer 3.7 Ah Li-ion Cells
Carbon-LiCo0O,
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Cell Voltage (V) and Current (A)
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Discharge to 250 V
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Cell Voltage (V)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Discharge Rate Characterization at 20°C

Discharge Capacity (Ah) Discharge Energy (Wh/kg)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Discharge Rate Characterization at 10°C

Discharge Capacity (Ah) Discharge Energy (Wh/kg)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Discharge Rate Characterization at - 10°C

Discharge Capacity (Ah)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Discharge Rate Characterization at - 20°C

Discharge Capacity (Ah) Discharge Energy (Wh/kg)
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SKC Polymer 3.7 Ah Lithium-lon Cells

Charge Rate Characterization at Various Temperatures

SKC Polymer 3.70 Ah Lidon Cell

(Cell SKCO1)
Parcent

Temp | 52 2T o | | 5 oy | Y| s
20°C cito 0370 | 3.658 | 10.251 |100.00| 100.00 | 14.228 | 14.079 | 98.95
Cis 0740 | 3.679 | 5.496 |100.57| 100.57 | 14.378 | 14.121 | 98.21

ci3 1233 | 3.686 | 3.637 |100.78| 100.78 | 14.495 | 14137 | 97.53

ciz 1850 | 3.691 | 2.750 |100.91| 100.91 | 14.616 | 14.150 | 96.81

c 3700 3.692 | 1.928 |100.93| 100.93 | 14.885 | 14.144 | 95.02

o'c cro 0.370 3.650 | 10.950 |100.00| 99.79 | 14.366 | 13.798 | 96.05
Cis 0.740 3.641 | 6.599 | 99.75 | 99.54 | 14.528 | 13.737 | 94.55

cia 1233 | 3.634 | 5103 | 99.56 | 99.35 | 14.704 | 13.696 | 93.15

crz 1850 | 3.628 | 4.519 | 99.39 | 99.19 | 14.851 | 13.644 | 91.87

c 3700 | 3.613 | 4452 | 98.98 | 98.77 | 15.088 | 13.512 | 89.55

Aqo°e | <o 0370 | 3.511 | 12.606 |100.00| 95.97 | 14133 | 12,799 | 90.56
cis 0.740 | 3450 | 8.715 | 9827 | 94,31 | 14146 | 12,517 | 88.49

ci 1.233 | 3.356 | 6.528 | 9558 | 91.73 | 13.941 | 12.088 | 86.71

ciz 1850 | 3.281 | 6.160 | 93.45 | 89.68 | 13.739 | 11.742 | 8547

c 3700 | 3.200 | 6.346 | 91.16 | 87.490 | 13.437 | 11.432 | 85.08

20°c| S 0370 | 3.168 | 12.706 |100.00| B86.59 | 12.960 | 11.171 | 86.20
Cli5 0.740 3.095 | 9.469 | 97.70 | B4.60 | 12.897 | 10.823 | B3.92

i3 1233 3.024 | 9.266 | 95.48 | B2.68 | 12.680 | 10.542 | 83.14

ciz 1.850 2,959 | 9.459 | 93.42 | 80.B0 | 12.422 | 10.307 | B82.97

c 3700 | 2.901 | 9.532 | 91.57 | 79.20 | 12,182 | 10.108 | 82.98

.3p°c| ©no 0370 | 2.485 | 14.000 |100.00| 67.93 | 10.406 | 8.091 | 77.75
cis 0.740 | 2.460 | 14.000 | 99.02 | 67.26 | 10.330 | 7.980 | 77.25

cri 1233 | 2411 | 14.000 | 97.02 | 6591 | 10.126 | 7.799 | 77.02

ciz 1850 | 2.377 | 14.000 | 95.64 | 64.97 | 0.962 | 7.730 | 7744

c 3700 | 2,348 | 14.000 | 94.50 | 64.19 | 9.863 | 7.597 | 77.03

.40°c| ©Mo 0370 | 0.242 | 1.521 |100.00| 6.61 0.867 | 0.426 | 49.12
ci5 0.740 0112 | 0.735 | 46.22 | 3.06 0.403 0.278 68.95

cia 1233 0.088 | D589 | 36.53 | 242 0.318 0.237 T4.44

ciz 1.850 0.085 | 0.565 | 3495 | 2.3 0.304 0.224 T73.48

c 3700 | 0.094 | 0.659 | 38.92 | 2.57 0.339 | 0.237 | 69.94

Data discussed in detail in the
companion presentation “Safe
Charge Rates in Lithium-lon Cells”

Electrochemical Technologies Group
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Quallion 4 Ah Lithium-lon Pouch Cells

» Quallion 4 Ah Prismatic 7 Ah Li-ion Cells
» 20 Cells Received Total (12 cells under D-RATS Program)

» Five different electrolyte types
» Quallion Low Temperature Electrolyte (“ED-1") 4 Cells
» Quallion Low Temperature Electrolyte (“ED-2") 4 Cells
» Quallion Baseline Electrolyte (“ED-1") 2 Cells
» JPL Low Temperature Electrolyte (JPL-2)
» JPL Low Temperature Electrolyte (JPL-5)

» Completed the following initial characterization tests:
» 5 Cycles at 20°, 0°, and -20°C
» C/5 Charge current (1.40 A) to 4.1V, 0.070 A Taper current cut-off (C/100)

» C/5 Discharge current (1.40 A)to 2.75 V
» Current-interrupt pulse measurements performed vs. SOC

> Initiated the following initial characterization tests:
» Charge Characterization vs. Temperature
» Low Temperature Discharge Characterization

Electrochemical Technologies Group
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Quallion 4 Ah Lithium-lon Pouch Cells

Initial Characterization/Conditioning at 20°C
Summary of Conditioning Results

Cell Cell Initial Calculated | Calculated | Calculated
Cell ID Weight Weight Initial ety Initial Watt- Initial Impedance | Impedance | Impedance Electrolyte
(Grams) (kg) Voltage (Ah) Hours Whikg (mOhms) (mQOhms) (mQOhms) Type
(100% SOC) | (80% SOC) | (60% SOC)
QA05 | 79.18 | 0.0792 | 3.426 | 4.3847 | 16.009 | 20219 | 29.98 39.52 30.44 ED-1
QA06 | 78.39 | 0.0784 | 3.446 | 4.3864 | 16.019 | 204.34 | 29.83 39.22 29.68 ED-1
QA07 | 79.11 | 0.0791 | 3.451 | 4.3714 | 15.951 | 201.63 | 30.98 40.74 33.88 ED-1
QA08 | 79.92 | 0.0799 | 3.703 | 4.3750 | 15.963 | 199.73 | 32.88 42.50 34.10 ED-1
QB04 | 78.47 | 0.0785 | 3.477 | 4.2074 | 15.626 | 199.14 | 35.86 45.93 37.16 ED-2
QBO5 | 78.69 | 0.0787 | 3.461 | 3.5360 | 12.640 | 160.63 | 65.23 77.21 68.67 ED-2
QBO6 | 79.28 | 0.0793 | 3.480 | 4.2537 | 15.477 | 195.22 | 35.48 47.46 37.92 ED-2
QBO7 | 79.07 | 0.0791 | 3.483 | 4.2530 | 15.492 | 195.93 | 31.43 42.65 32.20 ED-2
QX010 | 80.31 | 0.0803 | 3.431 | 4.3436 | 15.818 | 196.96 | 33.88 44.10 34.49 2 el
Electrolyte
QX018 | 79.66 | 0.0797 | 3.4176 | 4.3172 | 15.712 | 197.24 | 34.56 45.93 35.78 2 Eerehe
Electrolyte
Average | 79.21 | 0.08 | 3.48 4.25 15.47 | 195.30 | 36.01 46.53 37.43
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Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at 20°C - Discharge Energy (Wh/Kg)

5.0

4.5 Quallion 4.0 Ah Pouch Li-lon Cells
Baseline Electrolyte Type

E
(] Cell QX010
3 Q
§ 3.0
Q
=
T 25
o 197.2 Whikg
+ 1st Discharge
20 1+ 2nd Discharge
+ 3rd Discharge 0.300 Amp Charge Current (C/5) to 4.10 V
. 0.040 Amp taper current cut-off (C/100)
15 1 * 4h D!SCharge —  0.800 Amp Discharge Current (C/5) to 2.75 V
+ oth Discharge Temperature = 20°C
1-0 T T T T T T T T
0 25 50 75 100 125 150 175 200 225

Discharge Energy (Wh/kg)

» High specific energy observed (195-205 Wh/kg) with cells at 20°C
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Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at 20°C - Impedance Characteristics

4.50 8
Cell QX010 Quallion 4.0 Ah Pouch Li-lon Cells
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5 T 0.80 Ah Discharged Between Pulses (20 % SQC)
Te?nperature:ZD“C Varylng StateS_Of_Charge (SOC)
3.00 2
2.75 FLAFER A AR A LR Y 1
250 -ummnnns S — ‘- " AR — ’ x Lo
0 5 10 15 20 25 30
Time (Hours)
100 % S0OC 80 % SOC 60 % SOC 40 % SOC 20 % SQC
Tirme Cel Impgggnce cel Impgjelﬂlnce cel Impgjélﬂlnce Cel Impgjelﬂlnce Cel Impgjelilnce
{Minutes) | Woltage (Ohms) Yoltage (Ohms) Voltage (Ohms) Voltage (Ohms) Voltage (Ohms)
Initial v | 4 09812 384527 3.66018 358792 345052
Low 4 01404 374472 3.58480 351675 324239
5 408408 | 003502 3 83566 0.04547 365423 0.03471 358877 0.03601 342047 | 009354
15 408469 | 003532 3.83703 0.04616 3.65606 0.03563 359167 0.03746 343526 | 0.09644
30 408438 | 0.03517 383749 0.04639 365621 0.03571 359274 0.03799 343771 | 0.09766
&0 408316 | 003456 383658 0.04593 3 65637 0.03578 359380 0.03853 343908 | 009834
120 408011 0.03304 3 83566 0.04547 3 65606 0.03563 358442 0.03883 343816 | 009789
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JdPL

Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at 0°C - Discharge Capacity (Ah)

4.50
Quallion 4.0 Ah Pouch Li-Ion Cells
Baseline Electrolyte Type
4.00 %
Cell QX018
< 3.50
% + 1st Discharge (Cell charged at 20C) *
g 4 2nd Discharge (Cell charged at 0C) ‘ f';_
:2 3.00 + 3rd Discharge (Cell charged at 0C)
— ) + 4th Discharge (Cell charged at 0C) #
8 + 5th Discharge (Cell charged at 0C)
3.948 Ah
250 0.300 Amp Charge Current (C/5) to 4.10 V
' 0.040 Amp taper current cut-off (C/100)
0.800 Amp Discharge Current (C/5) to 2.75V
Temperature = 0°C
2.00 T T T T T T T T

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50

Discharge Capacity (Ah)

Quallion Baseline Electrolyte
Electrochemical Technologies Group
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JdPL

Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at 0°C - Discharge Energy (Wh/Kg)

4.5
Quallion 4.0 Ah Pouch Li-lon Cells
Baseline Electrolyte Type
4.0 &
Cell QX018
= 35
7]
E 0.300 Amp Charge Current (C/5) to 4.10 V A
_0 0.040 Amp taper current cut-off (C/100) 3
] 0.300 Amp Discharge Current (C/3) to 2.75 V '
— 3.0 5
T Temperature = 0°C i
o
+ 1st Discharge (Cell charged at 20C) 175.9 Whikg
25 4 2nd Discharge (Cell charged at 0C)
+ 3rd Discharge (Cell charged at 0C)
+ 4th Discharge (Cell charged at 0C)
# 5th Discharge (Cell charged at 0C)
2.0 T T T T T T T
0 25 50 75 100 125 150 175 200

Discharge Energy (Wh/kg)

» High specific energy also observed with cells at 0°C
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Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at - 20°C - Impedance Characteristics

4.50 10

Cell QX018 Quallion 4.0 Ah Pouch Li-lon Cells
100 % soc Baseline Electrolyte Type 9

Lower impedance observed with
4.00 the Li stripﬁing process in contrast 8
80 % SocC to the Li* de-intercalation process
3.75 7
157 mOhm LU O L
3.50 6

4.25

=
m - —
= Lithium strlpplng <
‘;5 3.25 5 5
= 277 mOhm =
O 3.00 4 ©
2.0 Amp Discharge Pulses (60 sec duration)
2 Hour Rest Periods Before and After Pulses 335 mOhm
2.75 7 0.80 Ah Discharged Between Pulses (20 % SOC) 3
Temperature = - 20°C
2.50 2
—e— Cell Voltage (V)
2'25 Y A —i— Current (A) 1
2.00 ikt A & Stk ' T ' ' A—‘ ' ' —— 0
0 2 4 6 8 10 12 14 16 18 20

Time (Hours)



NESC-Battery Working Group Review —NASA Battery workshop 2007

JPL

Quallion 4 Ah Lithium-lon Pouch Cells
Initial Characterization/Conditioning at - 20°C - Charge Behavior at -20°C

6.0 6
. . Cell QX018
Quallion 4.0 Ah Pouch Li-lon Cells Q
< 50 Baseline Electrolyte Type 5
1=
g
=] -
@ <
=2 { =
EE =
Q0
o ©
& Amps

- 30 P 32
c (8]
® + Volts o
> 5
@ 2.0 — +Amp-Hr 2 5
j=7]
E 0.400 Amp Charge Current (C/10) to 4.10 V
re) 0.040 Amp taper current cut-off (C/100)
2 0.800 Amp Discharge Current (C/5) to 275 V
E 1.0 Temperature = - 20°C 1

0.0 - 0

Time (Hours)

No indications for Li plating during the preceding charge at -20°C
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JdPL

Quallion 4 Ah Lithium-lon Pouch Cells
Discharge Performance (C/2 Rate) at Various Temperatures

Quallion 4.0 Ah Pouch Li-Ion Cells
Gr'aphi're = LiNi1/3CO1/3MrI1/302

C/2 Discharge Rate (2.00 A)

—
= .
Q i g
o 25 ~
g £y, ! f i i - ;i
o e I ™ '3,_\- -\L b ; —
2 20 \ / A a/‘ X
- Y \ \ \'.
S 15 y
- 50°C - 40°C - 30°C - 20°C
1.0
+ Cell QX018 - Baseline Electrolyte 1.50 Amp Charge current to 4.1V
. r = K ] Taper Cut-Off at 0.040 A (~ C/100) A
0'5 4 Cell QX222 Elec"myte Type JPL-2 Cells charged at RT prior to LT discharge
¢ Cell QX523 - Electrolyte Type = JPL-5
0.0 I I I I I I I I I |

0 10 20 30 40 50 60 70 80 9 100 110

Percent of Room Temperature Capacity (%)
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Quallion 4 Ah Lithium-lon Pouch Cells
Discharge Performance (C/2 Rate) at - 40°C

Percent of Room Temp Capacity (%)

4.5
4o Quallion 4.0 Ah Pouch Li-Ion Cells
2 Gr'nphi‘l’e = LiNi1;3C01;3Mﬂ1;302
3.5
C/2 Discharge Rate (2.00 A)
~ 3.0
s Temperature = - 40°C
o 2.5
8 \
S 20
g 1.5 - + Cell @X018 - Baseline Electrolyte
« Cell @QX220 - Electrolyte Type = JPL-2
1.0 1|+ CellGX222-Electrolyte Type =JPL2 [  TypurcuonwosioAq ey
+ Cell QX523 - Electroly'le Twe = JPL-5 Calls charged at RT prier to LT discharge
0.5 1 = Cell @X524 - Electrolyte Type = JPL-5
+ Cell QX530 - Electrolyte Type = JPL-5
0-0 T T T T T T
0 10 20 30 40 50 60

Percent of Room Temperature Capacity (%)

70

Discharge Capacity (Ah)

4.5
4.0 Quallion 4.0 Ah Pouch Li-Ion Cells
3 Eraphite - LiNi;3C0;3Mny,302
3.5
C/2 Discharge Rate (2.00 A)
3.0
s o Temperature = - 40°C
g 25 - :
:g 2.0
% 1.5 - + Cell QX018 - Baseline Electrolyte
o . | » Cell QX220 - Electrolyte Type = JPL-2 1,80 Amp Charge current to 4.1V
1.0 + & Cell QX222 - Electrolyte Type = JPL-2 Taper Cut-Off at 0,040 A (- C/00}
* + Cell QX523 - Electrolyte Type = JPL-5 Calls charged st RT peior to LT discharge
| 8 Hour Soak Pariod Prier Ta Discharge
0.5 || ° CellQxX524-Electrolyte Type = JPL-5
|+ cell X530 - Electrolyte Type = JPL-5
0.0 T : . . ;
0.0 0.5 1.0 1.5 2.0 25 3.0
Discharge Capacity (Ah)
4.5 -
w0 Quallion 4.0 Ah Pouch Li-Ion Cells
. Graphite - LiNi;3Coy/3Mny 30,
35
C/2 Discharge Rate (2.00 A)
- 30
= Temperature = - 40°C
& 25 .
£
S 20
g 15 | 4 Cell QX018 - Bassline Electrolyte
2 o Cell @X220 - Electrolyte Type = JPL-2
10! 4 Call @X222 - Electrolyte Type = JPL-2 | ;"“’"::"o;:;;':_";‘-;:‘ .|
x « Cell QX521 - Electrolyte Type = JPL.5 Calls :::rglda(ﬂ’l prier 1o LT Sschargs
o Cell @X524 - Electrolyte Type = JPL-5
0.5 + Coll GX530 - Eloctrolyte Type = JPL-5
0 10 20 30 40 50 60 70 80 90 100

Discharge Energy (Wh/Kg)

Electrochemical Technologies Group
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Quallion 4 Ah Lithium-lon Pouch Cells
Discharge Performance (C/2 Rate) at - 50°C

Percent of Room Temp Capacity (%)

4.5

4.0 |

35

Quallion 4.0 Ah Pouch Li-Ion Cells
G‘Pﬂp"li‘f! o LiNi1;3C°1;3Mﬂ1;30z

3.0

C/2 Discharge Rate (2.00 A)

Temperature = - 50°C

Cell Voltage (V)

1.3

1.0

0.5

# Cell OX01B - Baseline Electrolyte

= Cell X220 - Electrolyte Type = JPL-2
& Cell OX222 - Electrolyte Type = JPL-2
+ Cell QX523 - Electrolyte Type = JFLE
@ Cell QX524 - Elsctrolyte Type = JPLS
+ Cell QX530 - Electrolyte Type = JFLS

1.50 Amp Charge current to 4.1V
Taper Cut-Off 3t 0.040 A (~ CI00)
Cells charged at RT priorto LT discharge

0.0

T T T T T T

10 20 30 40 50 60 70

Percent of Room Temperature Capacity (%)

Cell Voltage (V)

Discharge Capacity (Ah)

4‘5 -
$od | Quallion 4.0 Ah Pouch Li-Ion Cells
3 G'I'dphi‘f! = LiNiy3C01,3Mn; 202
3.5 -
i C/2 Discharge Rate (2.00 A)
3.0
Temperature = - 50°C
“{;_usstgssss:::::::2!:325331"”’“3 1Lt ennan,,,
2.0 e Nttaa,, T tees, Ttee.,
15 Cell QX018 - Baseline Electroly
o Cell QX220 - Electrolyte Type = JPL-2 e e e Y
1.0 & Cell QX222 - Electrolyte Type = JPL-2 Taper Cut-Off at 0.040 A [~ CHO0)
: + Cell QX523 - Electrolyte Type = JPL-5 CARS GiechR) #¢ BT oror to LT hechr
0.5 || © Cell QX524 - Electrolyte Type = JPL-5 a
: + Cell QX530 - Electrolyte Type = JPL-5
0.0 + T T T T T T -
0.0 0.3 0.5 0.8 1.0 1.3 1.5 1.8
Discharge Capacity (Ah)
Discharge Energy (Wh/KQ)
4.5
A% Quallion 4.0 Ah Pouch Li-Ion Cells

- Graphite - LiNiy/3Co1/3Mny/30:

C/2 Discharge Rate (2.00 A)

% Temperature = - 50°C
i=1
]
=
(=]
=
g 15 | & Coll QX018 - Basskine Eectrolyte
= Cell QX220 - Elsctrolyte Type = JPL2
1.0 _| 4 Coell 0222 - Electrolyte Type = JPL-Z :‘::?um;m l:vwc:ix:
 Coll GX523 - Elnctrolyts Typs = JPLS Calls charged at RT paier to LT discharge
05 = Coll X524 - Electrolyte Type = JPLE
) | * Cell G¥830 - Electrolyte Type = JPLE
0.0 T T T T T :
0 10 20 30 40 50 60

Discharge Energy (Wh/Kg)

70

Electrochemical Technologies Group
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LTC-Gaia 1.35 Ah Prismatic Li-lon Cells
Discharge Rate Performance at 20°C

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

5.00 5.00
LTC 1.35 Ah Prismatic Li-Ion Cell ‘ LTC 1.35 Ah Prismatic Li-Ion Cell
MCMB - LiNi Co (o] ¥ MCMB - LINIQ 30600 2003
I e | Cell LTCO4 '
4.00 - 4.00 2000,
-~ Cell LTCO4
g 3.50 = 350
Q ihina
& —— CI5 Charge Rate t0 4.20 V W =
% ’ Gakte= A Tanet Cuant=ULUl 3 3.00 C/5 Charge Rate to 4.20 V
2 ok Tanprire s 20 | > 0.0135 A Taper Current Cut-Off
3 g 2.50 — Temperature = 20°C
o + Discharge at 20C (C/20 Rate) Cell LTC 04 '
2.00 + Discharge at 20C (C/10 Rate) Cell LTC 04 2.00 —— . Discharge at 20C (/20 Rate) Cell LTC 04
1.50 + Discharge at 20C (C/5 Rate) Cell LTC 04 + Dischmge at 20C (C/10 Rate) Cell LTC 04
: ) 1.50 | 4 Discharge at 20C (C/5 Rate) Cell LTC 04
o Discharge at 20C (C/2 Rate) Cell LTC 04 » Discharge at 20C (C/2 Rate) Cell LTC 04
100 ' ! ' ' ' 1.00 : : : : : : :
0.00 0.25 0.50 0.75 1.00 1.25 1.50

0 20 40 60 80 100 120 140 160

Bischarge Capacity (AHr) Discharge Energy (Watt-Hr/Kg)
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LTC-Gaia 1.35 Ah Prismatic Li-lon Cells
Discharge Rate Performance at 0°C

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

Cell Voltage (V)

5.00 5.00
450 LTC 1.35 Ah Prismatic Li-Ion Cell - LTC 1.35 Ah Prismatic Li-Ton Cell
: MCMB - LINIg “COQ 2502 Cell LTCO4 4 MCMB - LlNIo Hﬂcoﬂ 2002
— Cell LTCO4
4.00 - 4.00
3.50 S 350
C/5 Charge Rate to 4.20 V g
3.00 | 0.0135 A Taper Curr.erln Cut-Off | g 3.00 .
Charged at 20°C = C/5 Charge Rate to 4.20 V
= 0.0135 A Taper Current Cut-Off
2.50 E 2.50 | Charged at 20°C
2.00 |- - Dischargeat 0C(C/2 Rate) Cell LTC 04 200 + Discharge at 0C (C/2 Rate) Cell LTC 04 |
+ Discharge at 0C (C/5 Rate) Cell LTC 04 ¢
: Temperature = OOC = Discharge at 0C (C/5 Rate) Cell LTC 04 ‘ Temperature = OOC
1.50 - " Dischargeat 0C(C/10 Rate) Cell LTC 04 P 1.50 s Discharge at 0C (C/0 Rate) Cell LTC 04 2
+ Discharge at 0C (C/20 Rate) Cell LTC 04 « Discharge at 0C (C/20 Rate) Cell LTC 04 ‘
1.00 - ' ' ' ' ' 1.00 . . . : : :
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 0 20 40 60 80 100 120 140

Discharge Capacity (AHr) Discharge Energy (Watt-Hr/Kg)
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JPL

LTC-Gaia 1.35 Ah Prismatic Li-lon Cells
Discharge Rate Performance at - 20°C

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

5.00

LTC 1.35 Ah Prismatic Li-Ion Cell

4.50 MCMB - LiNig goCog 2002

g LTC 1.35 Ah Prismatic Li-Ion Cell
e T ——— MCMB - LINID SQCDQ zuOg

Cell LTCO4

4.00 (E— -

S 3.50 = Cell LTCO4

. % g 3.00

@ ~ o 3

E.' 3.00 - C/5 Charge Rate to 420V | . 8

- 0.0135 A Taper Current Cut-Off % (=} C/5 Charge Rate to 4.20 V
g Charged at 20°C \ 2 2.50 —— 0.0135 A Taper Current Cut-Off
= 250 T Charged at 20°C

hd (6]

o 2.00 + Discharge at -20C (C/20 Rate) Cell LTC 04 2.00

» Discharge at -20C (C/10 Rate) Cell LTC 04 4 Discharge at -20C (C/20 Rate) Cell LTC 04 Temper'otur'e = -20°C

1.50 | = Discharge at -20C (C/5 Rate) Cell LTC 04 150 o Discharge at -20C (C/10 Rate) Cell LTC 04
. + Discharge at -20C (C/5 Rate) Cell LTC 04

Discharge at -20C (C/2 Rate) Cell LTC 04
= Discharge at -20C (C/2 Rate) Cell LTC 04
1 |OU I T T T 1 .00 T T T T T T

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 0 20 40 60 80 100 120 140
Discharge Capacity (AHr) Discharge Energy (Watt-Hr/Kg)

Temperature = -20°C
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JPL

Performance Testing of High Rate, Gel Polymer Electrolyte Li-lon Cells
Cycle Life Performance at Room Temperature (100% DOD)

Discharge Capacity (Ah) Watt-Hour Efficiency (%)
9.00 100
8.00 LG Chem/ Compact Power 7 Ahr-Size Lithium-lon Cells | LB, T SRR ~
High Power Prismatic Gel Electrolyte Cells o '5"‘?5“"3(" = Sl 5_.;‘*&‘_{«3.3!1 TORry Y f -b&{(iﬂ:'.'."‘- o v
. + 57 wppeapygeireivb it diiat L 2.6 gt

7.00 N T A P S e ]
i 6.00 = = :
< 3 2 b ‘ Compact Power 7 Ahr-Size Lithium-lon Cells
P o> 96 -4| High Power Prismatic Gel Electrolyte Cells
‘G 5.00 c
S M K]
3 - S 95

4.00 =
‘: 31} 1.40 Amp Charge Current (C/5) to 4.1V
o » 94 0.140 Ampt taper current cut-off (C/50)
:i 3.00 I. 1.40 Amp Discharge Current top 3.0V
K — ﬁ 93 Temperature = 23°C
E 200 4 1.40 Amp Charge Current (C/5) to 4.1V =
[a] . 0.140 Ampt taper current cut-off (C/50) 92

1.40 Amp Discharge Current top 3.0V .
1.00 1 Temperature = 23°C [ 91 « CPOT
I
0.00 T T T T 90 )
1] 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Cycle Number
Cycle Number

* Over 4,800 deep discharge cycles have been demonstrated with minimal
capacity fade (100 % DOD, 3.0-4.1V) (~ 61 % of initial capacity)

* Very high, and stable, watt-hour efficiency observed (~97%) throughout
cycling attributable to stable chemistry and cell design.

* On test since Feb. 2002 (> 5.0 years)
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JPL

Performance Testing of High Rate, Gel Polymer Electrolyte Li-lon Cells
Cycle Life Performance at Room Temperature (30% DOD)

End-of-Discharge Voltage (EODV) 100% DOD Capacity Checks
10
4.20
9 . Compact Power 7 Ahr-Size Lithium-lon Cells
Compact Power 7 Ahr-Size Lithium-lon Cells High Power Prismatic Gel Electrolyte Cells
4.00 High Power Prismatic Gel Electrolyte Cells | 8
t
s y 30 % DOD LEO Cycling at 23°C = T
s 3.80 - i | < Mda .
o 6 R = £4g
= Iy feieenas
g § 5 TYIbiee ._“‘."._”_’.. Sskia i
& 3.60 8 T
2 v 4
o >
o 2 3
5 340 3 30 % DOD LEO Cycling at 23°C
- 5 {a) 4.20 A Discharge current (0.8 C)
i 2 30 min Discharge (2.10 Ahr) 100 % DOD Capacity Checks
{6) 2.80 A Charge current (0.4 C) C/5 Charge Rate (1.4 A) to 4.10 V
3.20 - | 1 4.0 V Con. potential charge Taper Current Cut-Off = 0.140 A (C/50)
o B0:min Charge poriod C/5 Discharge Rate (1.40 V) to 3.00V
Temperature = 23°C
3 00 0 T T T T T
o 5000 10000 15000 0000 E000 40000 0 5000 10000 15000 20000 25000 30000
Cycle Number Cycle Number

» Over 28,000 30% DOD cycles have been demonstrated (LEO test) to-date
* 100 % DOD capacity checks taken every 500 cycles
* > 70% of initial capacity observed after 27,000 cycles
 Minimal change in EODV observed
* On test since March. 2002 (> 5.0 years)



Charge Current (A)

10.00

9.00 -
8.00 -
7.00 -
6.00 -
5.00 -
4.00 -
3.00 ~
2.00 4

1.00 -

S — —

0.00
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Compact Power Gel Polymer Electrolyte Li-lon Cells
Charge Rate Characterization Tests
Performance at 23°C

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

Cell charged to 4.1V
0.140 Amp taper cument cut-off (C/50)

Temperature = 23°C

0.700 Amp Charge current (0.10 C)
1.400 Amp Charge current (0 20 C)
2 121 Amp Charge current (0 30 C)

*m s e

5 250 Amp Charge current (0 75 C)
7.000 Amp Charge current (1.00 C)

(
(
(
3.500 Amp Charge current (0.50 C)
(
(
(

» 8750 Amp Charge current (1 25 C)

S

0

1

2 3 4 5 6 7 8 9 10
Time (Hours)

11

12

Charge Capacity (Ah)

Cell Voltage (V)

12
Compact Power 7 Ahr-Size Lithium-lon Cells
10 High Power Prismatic Gel Electrolyte Cells
Cellchargedto 4.1V
0.140 Amp taper current cut-off (C/50)
84 Temperature = 23°C
s
A 5
6 - / R ._.' &
* + & o
- i & 0’
s 5 &
SO 4
4+ Lo ey
Y 4 0.700 Amp Charge current (0.10 C)
+ 1.400 Amp Charge current (0.20 C)
= 2.121 Amp Charge current (0.30 C)
24 + 3.500 Amp Charge current (0.50 C)
5.250 Amp Charge current (0.75 C)
| « 7.000 Amp Charge current (1.00 C)
2 8.750 Amp Charge current (1.25 C)
04 ‘ f ‘ ‘ ‘ 1 f f 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (Hours)
5.00
480 | Compact Power 7 Ahr-Size Lithium-lon Cells
" High Power Prismatic Gel Electrolyte Cells
4.60
Cell charged fo 4.1V
4.40 1+ 0.140 Amp taper current cut-off (C/50)
Temperature = 23°C
4,20 +

3.40 4

3.20 {

0.700 Amp Charge current (0.10 C)
1.400 Amp Charge current (0.20 C)
2.121 Amp Charge current (0.30 C)
3.500 Amp Charge current (0.50 C)
5.250 Amp Charge current (0.75 C)
7.000 Amp Charge current (1.00 C)
8.750 Amp Charge current (1.25 C)

»

-

3.00

Electrochemical Technologies Group

1 2 3 4 5 6 7 8 9 10 1

Time (Hours)
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Performance Testing of High Rate, Gel Polymer Li-lon Cells
with Ester-Based Electrolytes at Low Temperatures

 High power 7 Ah cells fabricated by Compact
Power,Inc. (LG Chem) containing JPL developed

Low temperature electrolytes: 3
1.0 MLiPF; EC+EMC (1:9 viv %)
« 1.0MLiPF; EC+EMC+EB (1:1:8 v/v %)
« 1.0MLiPF; EC+EMC+MB (1:1:8 v/v %)
e 1.0 MLiPF, EC+DEC+DMC+EMC (1:1:1:2 v/v %)
e 1.0 MLiPF, EC+DEC+DMC+EMC (1:1:1:3 v/v %)
e 1.0 M LiPF, EC+DEC+DMC (1:1:1) (Baseline — 2003
MER Rover Electrolyte)

gy . .
&‘q_'-ﬂ Li-lon polymer latiney
G Py I, - b= 3

Weeneial Capoity - aboue Tk

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

with Ester-Based Electrolytes at Low Temperatures
Discharge Performance at —60°C (C/20 Rate)

4.50

L6 Chem /Compact Power 7 Ahr-Size Lithium-Ion Cells

4.00 - High Power Prismatic Gel Electrolyte Cells
JPL Low Temperature Electrolytes

3.50

C/20 Discharge Rate
0.350 Amp Discharge Current to 2.00 V

Temperature = - 60°C

3.00
. B
%

< e
(0
0 250
% '("‘Q,( . """""‘"«m«m«m«,«'
i / r««««««(« e
o 2.00 “wo
z GEN1 cEN2
8 1.50 A (2003 MER) Electrolyte
—e— 1.0M LiPF6 EC+EMC+MB (1:1:8 v/v %)
1.00 {1 —+ 1.0MLiPF6 EC+EMC+EB (1:1:8 viv %)
—e— 1.0M LiPF6 EC+EMC (1:9 v/v %)
0.50 e~ 1.0M LiPF6 EC+DEC+DMC+EMC (1:1:1:2 Vv %)
—e— 1.0M LiPF6 EC+DEC+DMC (1:1:1 v/v %)
0-00 T T T T
0 20 40 60 80 100

Percent of Room Temperature Capacity (%)

 Over athreefold improvement in the low temperature performance of
ester-based electrolytes compared with earlier generation ternary
mixture (MER 2003 Rover electrolyte)
M. C. Smart, B. V. Ratnakumar, L.D. Whitcanack, Ji-Sang Yu, Mohamed Alamgir, “Low Temperature Ester-

Based Electrolytes and their Demonstration in High Power, Gel Polymer Electrolyte Lithium-ion Cells” , 207t
Meeting of the Electrochemical Society, Quebec City, Canada, May. 19, 2005.
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Performance Testing of High Rate, Gel Polymer Li-lon Cells
with Ester-Based Electrolytes at Low Temperatures
Discharge Performance at — 60°C

100

90

80

—70

Percent

—60 of

Significant Cell
SelfHeating | 50 Room
on Discharge Temp
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* Nearly full capacity was delivered with the methyl-butyrate (MB) containing
electrolyte at —60°C using low rates (C/100) and still delivered ~ 85% of the

room temperature capacity using higher rates (C/20).
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Performance Testing of High Rate, Gel Polymer Li-lon Cells
with Ester-Based Electrolytes at Low Temperatures

Discharge Performance at — 40°C (MB-Based Electrolyte)
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 High discharge pulses supported at -40°C (e.g., 5C rates as in HEV
Load profile for “cold cranking” requirements
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P
Summary

* Pouch cells from different manufacturers, e.g., SKC (gel polymer),
Quallion, Compact Power (gel polymer) and LTC Li-ion cells have
been well characterized at different temperatures for their capacities
as function of charge and discharge rates and impedance from DC
current-interrupt method. These data will serve as baseline for the
thermal vac/high temperature cycling tests.

* The specific energies of the pouch cells are indeed 20-30% higher
than the conventional metal-cased cells

* Plans are underway to perform EIS measurements as well before
initiating thermal vac, high temperature cycling and possibly variable
temperature cycling, in addition to room temperature cycling to
assess the integrity of the plastic enclosures.

 Also plans are underway to include other pouch cells (eg., Saehan)

Electrochemical Technologies Group
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