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@..... Background and Relevance

e NASA (JSC —Darcy et al) is developing thermal propagation-resistant high
power/voltage batteries, demonstrating in 2 kWh battery module operating
at 3C, with a specific energy >160 Wh/kg and > 200 Wh/I.

— JPL is performing a comprehensive performance assessment of various high
energy/high power 18650 Li-ion chemistries

e JPLis planning for an Europa surface mission (Lander), the lcy moon of
Jupiter, with the goal of detecting biosignatures in the icy crust

— Lander would be powered by a high energy primary battery (Li-CF,),
— Carrier (Cruise Stage): Li-ion battery

— Descent Stage element would have high energy Li-ion batteries (in conjunction
with solar array for the Cruise stage and exclusively for the Descent Stage)

 Applications: Planetary helicopters, Planetary Ascent vehicles
Unmanned aerial vehicles, Hybrid power systems

Pre-Decisional Information — For Planning and Discussion Purposes Only



Nasa ST Entry, Descent, and Landing

California Institute of Technology

Deploy supersonic chute, start Terminal Descent, mach 2.0 (8.0 km, T-150 sec)

\ @ 4+— Jettison supersonic chute (5.5 km, T-130 sec)

\

Entry J\ -— Deploy subsonic chute, jettison heatshield, mach 0.8,
Phase o o _@_ Radar starts generating altitude and velocities (3.7 km, T-100 sec)

(Entry starts e °
10-30 min after 4

Cruise separation) Radar scans landing area, generate terrain map,
@ designates safe landing site. Shortly afterward,
®

ignite descent engines, jettison subsonic chute.
® (0 5 km, T-30 sec)

@ @ Powered Descent
“ ‘e, Phase .-’
.Il

Descend to S m directly above I sit

Parachute phase

Lower rover
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S Europa Lander Descent Stage

California Institute of Technology

Mission Concept Requirement
*Energy: ~2375 Wh

*Power: 3375 W (peak)

185 minutes

*Battery temperature 0-70°C
*Approximately 20-25 kg

Sample
Collection
Device

Transfer Dock
& Mechanism

Sample Excavation Tool

Notional Lander Design

Original Battery Design Concept

*Primary Batteries and thermal
batteries
*Primary Battery through 180 min

* LiI/CF,—MnO, 12s12p (144 D
cells)

— Power: 790 W; Energy: 2237 Wh |
*Thermal Batteries for high power (3) .

— MSL Pyro batteries

— Power: 3375 W; Energy: 138 Wh

— Duration: 5 min

e Current Baseline
— High Energy/Power Li-ion battery

Pre-Decisional Information — For Planning and Discussion Purposes Only
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@mpulsmmTrade off: Li-ion Battery vs Hybrid Li-CFX primary + Thermal

California Institute of Technology

Hybrid (high-rate) Li-CFX vs Li-ion as a function of Coast Duration
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e Baseline system (CFx + thermal) doesn’t decrease with the coast duration (battery size driven by the
power of hybrid CFX battery, not energy).

e Li-ion battery size decreases almost linearly with the coast duration, since the size is driven by the
energy (considerable power margin)
e Easier flexibility and modularity and testability
Pre-Decisional Information — For Planning and Discussion Purposes Only
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COTS 18650 Cells
(259- 276 Wh/kg and 704-735 Whil)

Batch 1 cells Batch 2 cells

LG M36 LG M36

LG MJ1 LG MJ1

Panasonic BJ Panasonic/Sanyo GA,
Samsung 35E Samsung 3

Sony VC7 (Bottom Vent) Samsung 36G

Types of Tests

Initial Characterization

Rate characterization
» At different rates and temperatures
» High rate testing

EIS (Electrochemical Impedance)
Cycle life testing

Radiation exposure to 18 MRad
High rate testing

High Energy and High Power COTS LI-lon Cells

Performance Characteristics

Characteristic LG MJ1|Samsung 35E| Panasonic GA | Sony VC7
Capacity at C/10 atRT,Ah | 3.41 349 3.34 35
Energy, Wh 12.46 12.7 12.16 12.72
DC Internal Resistance, mOhm | 33 35 33 3
Mass, g 46.9 46 47 474
Specific Energy, Wh/kg 266 276 259 269
Energy Density, Whl 720 733 704 735
Voltage range: 4.2to 2.5V
KB6
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wsmmenes DPA Of High Energy and High Power Li-lon Cells

California Institute of Technology

Identification and characterization of various elements

Cell Type Anode Cathode Separator e CID (shown in 35E):
L (mm) |W (mm) | L (mm) |W (mm)|Thickness (mm) -
Panasonic BJ 603.3 60.32 584.2 54.77 0.018
LG M36 653.2 60.32 606.4 59.63 0.02
LG MJ1 660.4 60.32 609.6 58.74 0.015
Samsung 35E 603.3 60.32 615.9 57.94 0.015
Sony VC7 603.3 59.53 6159 59.53 0.018

e Mandrel (shown in 35E):
-

Evidence of some corrosion
in Sony VC7 cells

High Energy and High Power Li-lon Cells KB7



DPA of High Energy and High Power Li-lon Cells

Jet Propulsion Laboratory
California Institute of Technolo qn

Cells Chemistries

Anodes
o Cells dissected in the

discharged state and the  SABsE10
components were subjected e
to ex-situ analyses —— SOVC7-10

— XRD for cathodes and

anodes
— NMR and MS for electrolyte
_ SEM and EDAX ||

e e

==

20 30 40 50 60 70 80
2 theta / degrees
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et Proution Labrson DPA of Li-lon Cells - Cathodes

California Institute of Technology

Diffraction typical for LiMO, layered

structure (e.g. NMC, NCA) plus Al foil (111)/(001) peak shows variations

 LeMJ1 —— LGMJ1
 SA3SE-10 —— SA35E-10
PBJ.10 | PBJ-10
— LM36-10 - — LM36-10
— SOVC7-10 — SOVC7-10
N R j\_J\ N LMO CA ~
| JL\ N
| w l
| 2|0 I 3|0 | 4|0 | 5|0 | 6|0 | 7|0 | 8|0 1|4 | 1|6 I 1|8 | 2|0 I 2|2 | 2|4
2 theta / degrees 2 theta / degrees
« NCA: Lithium Nickel Cobalt Aluminum Oxide (LiNiy 5C0g 15Aly o5) L e
« LMO: Lithium Manganese Spinel Oxide (LiMn,O,)  n
« NMC: Lithium Nickel Manganese Cobalt Oxide (LiNi;_,,Mn,Co0,0,) P
iammm @B ey =" % TEtsescscatmamamas =
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Cathode Analyses

Jet Propulsion Laboratory
California Institute of Technology

W Spectrum 5
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N(i\i-sf R DPA of Li-lon Cells- Summary

Anode Cathode Electrolyte
LGMJ1 graphite Nig81C00.13Mng g by EDX’ EC, DMC, LiPFg LiFS! (lots)
SA35E-10 graphite, ~2% Si by EDX Nig 53C0q 15Aly 0, by EDX EC, DMC, additive, LiPF,, LiFSI
PBJ-10 graphite Niq.g1C0q 16Alg o4 by EDX EC, DMC (assumed), LiPFy, LiFSI
LM36-10 graphite (less crystalling)  NiggsCo12Alg 0, and LiMn,04 (95:5)°  EC, DMC, LiPFg, LiFSI (lots)
SOVC7-10 graphite (least crystalline)  NiggoCog0eAloop bY EDX® EC, DMC (assumed), LiPF, LiFSI (least)
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EIS after conditioning (Batch1 cells)
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Cells have very good cell-to-cell reproducibility in EIS spectra at +20 °

'IC'ypicaI Eq. Circuit

Panasonic BJ cells appear to have greater film resistance, possibly due to suspected low-
temperature optimized electrolyte
LG M36 shows narrowest loop in BOL spectrum

High Energy and High Power Li-lon Cells
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Cycle life at +20 °C — Batch 1

100% DOD cycling at C/5,4.10-3.00 V

Specific Energy, Wh/kg

Energy Efficiency

240

Cyéle life of various cells at 20°C
C/5 = 0.58A rate, 4.1-3.0V

100

Cycle life of various cells at 20°C
0;5 = OISBA rate, 4-1'3-0 V

- 220§ 98 I
o
=
< X
= ~
3 20 2
2 ©
o E 94/ |
‘5 180 =
0 r
& > LGMJ1-05 LG MJ1-05
s LG M36-05 92 = LG M36-05
= Panasonic BJ-05 *  Panasonic BJ-05
1607 « Samsung 35E-05 ° Samsung 35E-05 @ °
= Sony VC7-07 ° e Sony VC7-07 .
0 100 200 300 400 500 0 100 200 300 400 500
Cycle no. Cycle no.
» All the cells have shown good cycle life
« LG Chem MJ1 cells exhibit the highest specific energy and efficiency
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i}y Jet Propulsion Laboratory
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EIS vs. cycle life at +20 °C

All cells have shown some growth impedance over 500 cycles

-0.025— | -0.020 -0.025
EIS on LG MJ1 cells at +20°C, 4.10V | EIS on LG M36 cells at 20°C, 4.10 V EIS on Samsung 35E cells at 20°C, 4.10V
C/5 cycle life at +20°C | cycle life at +20 °C cycle life at 20°C
-0.020 | -0.020|
| -0.015 |
+ LG MJ1, acceptance | |
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EE LG MJ1, 400 cycles | : = LG M36, 300 cycles “"E =  Samsung 35E, 300 cycles
N LG MJ1, 500 cycles | N + LG M36, 400 cycles N | +  Samsung 35E, 400 cycles
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ey 4+ Sony VC7, 400 cycles [=] - BJ 300 oycles N
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Typical Eq. Circuit

LG M36 and Samsung 35E cells had the least growth, while Panasonic cell shows the highest
growth during cycling.

Impedance from the second loop is dominant (Charge transfer kinetics of cathode)
High Energy and High Power Li-lon Cells
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e Cycle life at 0 °C - (Batch 2 cells)

California Institute of Technology

Specific Energy, Wh/kg Energy Efficiency

210, N 100 S S
Cycle life at 0°C

OB OO%S o . C/5 = 0.58A rate, 4.1-3.0V

200 '

190

Specific energy / Wh kg™
Watt-hour efficiency / %

180 90
170 Cycle life at 0°C o
C/5 = 0.58A rate, 4.1-3.0V
85

o LG MJ1-15 o LG MJ1-15

160 4 LG M36-06 4 LG M36-06
*  Sanyo GA-105 *  Sanyo GA-105
¢ Samsung 35E-16 ¢ Samsung 35E-16
o Samsung 36G-106 o Samsung 36G-106

0 20 40 60 80 100 0 20 40 60 80 100
Cycle no. Cycle no.

» All the cells have shown high specific energy of 190 Wh/kg at OC, with LG
Chem MJ1 cells offering the ~205 Wh/kg.
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s EXPOSUre to Cobalt-60 (°°Co) Radiation

California Institute of Technology

 Two exposures: 12 Mrad and 8 Mrad for a total of 20 Mrad TID (12 MRad for planetary
protection and 8 MRad from the Jupiter/Europa environment

o Cells were at full SOC (4.10 V) during exposure
« Control cells: At the same temperatures the radiation cells experienced during irradiation

Cell 5 Temperature, 8/1/2018
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Irradiation of cells in two stages

Jet Propulsion Laboratory

California Institute of Technology
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36G VC7
0 Mrad, 12 Mrad, 20 Mrad

hashed: O rad control group, after stand periods equivalent to irradiation duration
» All the cells show impressive tolerance to radiation with about <2% capacity loss

Samsung 35E Samsung 36G

Sanyo GA

LG MJ1

LG M36

M36

Solid: radiation exposed
(compared to control cells) after 20 Mrad exposure.

* Again, LG Chem MJnghcgr!ls have_tpe highest s%ecific energy
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EIS (at 20C) after Radiation (Batchl)
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Only very small increase in series resistance
Increase in breadth of impedance loop
Minimal change in Sony VC7 cells and maximum change in Panasonic BJ cells
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Specific Energy, Wh/kg

Specific energy / Wh kg

240

220
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180
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0....160...

Cycle life of various cells at 20°C

_ C/5 = 0.58A rate, 4.1-3.0 V

o S T, 0 Mrad
\m. %w?mmm.m%%mmm&m

20 Mrad

LG MJ1-06

LG MJ1-08 (20 Mrad)

LG M36-05

LG M36-08 (20 Mrad)
Panasonic BJ-05
Panasonic BJ-08 (20 Mrad)

= %X B B @

200 300 400 500

Cycle no.

Cycle life at +20 °C - Irradiated (20 Mrad) vs. control

Energy Efficiency

Wh efficiency / %
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* % 0

Cycle life of various cells at 20°C
C/5 = 0.58A rate, 4.1-3.0V

LG MJ1-06

LG MJ1-08 (20 Mrad)

LG M36-05

LG M36-08 (20 Mrad)
Panasonic BJ-05
Panasonic BJ-08 (20 Mrad)

100 200 300 400 500

Cycle no.

Radiated cells are cycling well; slightly lower specific energy, but less fade rate.

High Energy and High Power Li-lon Cells
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e :
Gy o Discharge rate test at +20 °C

California Institute of Technology

45 a5
LG Chem "DBM361865" Li-lon Cell Sony "US18650VC7" Lidon Cell
w0 By a0 8 “pipacesememn
scharge to 1 :
/20, CHO, C/S, €13, CFZ, 1.?2. and 1,5C Discharge Rates Ci20, CHMO, CI5, c.ls_D(l:.slih:’nu{;! ?ﬂ:D‘ \.':C Discharge Rates
Chamber Temperature = 20°C éha;nbe; TEn;pelra[ur.e = 20°C
= R e — e e S 35
& )
= =
= — 2
3 3 . ge Rate = C/20 (0.145A) 3 30 * Discharge Rate = C/20 {0.145 A)
+ Discharge Rate = CM0(0.29 A) Q + Discharge Rate = C/10 (029 A)
= Discharge Rate = C/5(0.58 A) * Discharge Rate = C/5 (0.58 A)
@ Discharge Rate = C/3 (0.967 A) Cell LGM36-01 © Discharge Rate = C/3 (0.967 A) Cell SOVCT-01
25 ¢ Discharge Rate =0.5 C (1.45 A) 25 © Discharge Rate = 0.5 C {1.45 A)
+ Discharge Rate =1.00 C (2.900 A) + Discharge Rate = 1.00 C (2.900 A)
* Discharge Rate = 1.50 C (4350 A) LG Chem M36 * Discharge Rate = 1.50 C (4.350 A) Sony VC7
20 r T T T T
20 T T T - T T T T T T
0 0 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Percent of C/20 Capacity Delivered at 20°C Percent of C/20 Capacity Delivered at 20°C
45 45
Samsung "INR 18650 35E" Li-lon Cell
Panasonic "NCR 18650 BJ" Li-lon Cell
0.29 Amp Charge Current (C/10) to 410V
0058 Amp taper current cut-off (C/50) 4'0 g
Discharge to 3.0V
Ci20, ©A0, G5, C/3, CJ2, 1.0C, and 1.5C Discharge Rates
Chamber Temperature = 20°C Cell PBJ-01
E) S 35
. s
< £
g g 0.20 Amp Charge Current {CHO) to 410V
3 a0 Dis charge Rate = C/20 (0.145 A) = g T T T
1l 1.0¢, 1:
© + Discharge Rate = C/10 (0.29 A) S e amber Temparature = 200G "
= Discharge Rate = C/5 (0.58 A)
o Discharge Rate = C/3 (0967 A) Cell SA35E-01 * Dischargo Rate = C/20 (0.145 A)
25 * Discharge Rate = 0.5 C (1.45 A) 25 1 D D!schargl Rate = C/10 (0.29 A)
4 Discharge Rate = 1.00 C (2.900 A) * Discharge Rata = C/5(058 )
e Discharge Rate = 1.50 C (4 350 E © Discharge Rate = C/3 (0.967 A) .
is charg . A) Samsung 35 © Discharge Rate = 0.5 C (1.45 A) Panasor“c BJ
« Discharge Rate = 1.00 C (2.900 A)
20 T T T T T T T T T T 20 - . . .
0 0 20 30 40 50 60 70 80 9% 100 110 0 0 20 30 40 50 60 70 80 90 100 110
Percent of C/20 Capacity Delivered at 20°C Percent of C/20 Capacity Delivered at 20°C

e Excellent rate capability with LG M36 Cells (90% of the capacity, 190

Wh/kg at 1.5C rate
High Energy and High Power Li-lon Cells KB20



s e DiSCharge rate Effect (20 °C) —Radiated vs Control

California Institute of Technology

11.0 T .
* Discharge rate test at +20 °C
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£ 95¢
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85| - LGM36-14 (control) w
- LGMJ1-09 (20 Mrad)
-  LGMJ1-14 (control)
- SA35E-09 (20 Mrad)
80k -#- SA35E-14 (control) ]
® SOVC7-09 (20 Mrad)
& SOVC7-14 (control)
7.5 ; : : ; :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Rate / A

* No change in the rate capability after radiation exposure (20 Mrad)
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High Rate Testing (9.6 A)

Discharge profiles at 9.6 A - Comparison of cells

CC 9.6 A discharge at +20 °C CC 9.6 A discharge at +30 °C
convectively controlled chamber convectively controlled chamber
4.00 - 40 4.00; 50
135 45
30 @ 50 40 @
> 3 > 3
~ o ~ | b
® @
o = (] - -
> 25 % >3.25/ 35 &
— - — | -
S Sl 13 4
20 8 .00~ 30 8
- LG Mss | e LG Mse.
275 * LGMJ 15 275 * LGMA 25
-#-  Panasonic NCR BJ 1 —=  Panasonic NCR BJ 0
#»  Samsung 35E 200 C | # Samsung 35E 30 C
-+ Sony VC7 +  Sony VC7
250 10 0 20
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Discharge capacity / Ah Discharge capacity / Ah
» Considerable cell warm up in a convectively controlled chamber
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T — High Rate Testing (9.6 A)

California Institute of Technology

Discharge profiles at 9.6 A - Comparison of cells

CC 9.6 A discharge at +40 °C CC 9.6 A discharge at +50 °C
convectively controlled chamber convectively controlled chamber
4.00; 60 4.00; 70
3.75 @
3.50 = -
> f 3 > 3
O - = O =
g’ 3.25+ Q g’ 8
= f = = =
S I P 4
3.00°¢ 6 6
| - LG M36 | e LG M36
2.75; * LGMJT 35 275 <+ LGMJ 45
| e P ic NCR BJ = P ic NCR BJ
|+ Sameung 35 40°C |+ Sameung 35 50°C
| -+ SonyVC7 | -+ SonyVvC7
2.50 30 2.50 ; 40
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Discharge capacity / Ah Discharge capacity / Ah

» Considerable cell warm up in a convectively controlled chamber
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High Rate Testing (9.6 A)

CC 9.6 A discharge of LG MJ1 CC 9.6 A discharge of LG M36 CC 9.6 A discharge of Samsung 35E
4 00' convectively controlled chamber 70 4 00' convectively controlled chamber 70 4.00 convectively controlled chamber .
LG Chem MJ1 ' LG Chem M36 ' ~ Samsung 35E
3.75 3.75 & 3.75 = 60
3.50 g' 3.50 g' 3.50! (B
> 3> 3 |> %
~ L e o |~ - o
Q E Q E Q o -
2325 = | @325+ = | 2325 40 8
. 5 |2 5 (2 ;
> - ~ |[= ~ g g, ~
3.00 S| 300 S| 300 130 &
o LG MJ1,+20°C e o LG M386, +20°C A + L +20°
2.75 <+ LG MJ1,+30°C 20 2.75} <+ LG MS38, :30 °C 20 2.75: . 2222% gg: :gg g 120
= LG MJ1, +40°C = LG M36, 440 °C = Samsung 35E, +40 °C
= LG MJ1, +50°C # LG M36, +50 °C Samsung 35E, +50 °C
2.50 10 2.50 10 2.50 : L — ' '10
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
Discharge capacity / Ah Discharge capacity / Ah Discharge capacity / Ah
CC 9.6 A discharge of Panasonic NCR-BJ CC 9.6 A discharge of Sony VC7
ctivel trolled chamb i
3.75 —onvectively controtec chamber 70 4.0p S0NVectively controlled chamber o
Panasonic BJ ' - Sony VC7
2.50 160 3.75 K, 60
« LG Chem cells provide , | e
150 @ 3.50] 150 @
. . , 03
high power densities at ~ |> 32 I 22 | _ 2
o i (] o L | =
0 2 . 2138 o _ s
20-50C, while other 8 '405’ 8325 o g
o o ®
. . - S 3.00 _ N - .
chemistries provide only ls0 3| 00~ “ 03
at warm temperatures. . _ aEw |
1 -+~ Panasonic NCR BJ, +20 °C 20 2751 == Sony VC7, +20°C 20
+  Panasonic NCR BJ, +30 °C = +  Sony VCT7, +30 °C |
-=  Panasonic NCR BJ, +40 °C = Sony VC7, +40 °C
+ Panasonic NCR BJ, +50 °C | I Sony VC7, 450 °C |
2.50 10
2'5(9.00 0.50 1.00 1.50 2.00 2.5100 0.00 0.50 1.00 1.50 2.00 2.50

Discharge capacity / Ah

Discharge capacity / Ah
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Conclusions and Future Plans

e Conclusions

 Recent Li-ion 18650 COTS cells provide high specific energy
and high power density, good cycle life and resilience to high-
Intensity radiation environments.

LG Chem MJ1 cells show impressive performance in all the
categories.

e Future Plans

» Testing of multi-cell modules (8S5P) for cell divergence during
cycling and storage

o Capacity retention during (cruise) at different States of Charge
» Post-radiation performance (storage and cycling)

» Destructive Physical Analysis of irradiated cells for an
understanding of radiation effects
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