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Types of Planetary Missions
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Fahrenheit Celsius

1000°

Extreme Temperatures for NASA

« Low temperature Systems (for Mars and
Beyond)
* Primary batteries (80 to -115 °C to date)
» Rechargeable Batteries (-70 °C to date )
« High Temperature Systems (Inner Planets)
* Primary Batteries (465 °C)
» Rechargeable Batteries (350 to 400 °C)
* Fuel Cell Based Systems (up to 850 °C)
* High Intensity Radiation Environments

* Primary batteries
« Rechargeable Batteries
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Europa Lander Concept Background

- NASA 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

- JPL is 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-CFy)

« 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

Predecisional information, for planning and discussion only jpl.nasa.gov



Notional Entry, Descent, and Landing

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

2 : <4+— Jettison supersonic chute (5.5 = sec)
4 J P h 5.5 km, T-130
Entry 6 PREREES Deploy subsonic chute, jettison heatshield, mach 0.8,

Phase L] il . Radar starts generating altitude and velocities (3.7 km, T-100 sec)
(Entry starts » ° /

4
10-30 min after  ® ¢ AR

Cruise separation) et / Radar scans landing area, generate terrain map,
99—

e designates safe landing site. Shortly afterward,
® ignite descent engines, jettison subsonic chute.
ars ac oo $» ./ I 5]
Parachute phase ~ o 3. e (0;]“” T30 sec)
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Descend to 5 m directly above landing sit

Lower rover on tether

Upper
stage fly
away after
rover
touchdown
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Europa Lander Descent Stage

* Mission Concept Requirement Notional Descent Stage Design
* Energy: ~2375 Wh
« Power: 3375 W (peak)
* 185 minutes
- Battery temperature 0-70°C
* Approximately 20-25 kg

- Original Battery Design Concept

« Primary Batteries and thermal batteries

Primary Battery through 180 min Li/CFx—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

* Current Baseline

High Energy/Power Li-ion battery
Predecisional information, for planning and discussion only jpl.nasa.gov




Trade off: Li-ion Battery vs Hybrid Li-CFX primary +
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Baseline system (CFy + thermal)
doesn’t decrease with the coast
duration (battery size driven by the
power of hybrid CFX battery, not
energy).

Li-ion battery size decreases
almost linearly with the coast
duration, since the size is driven
by the energy (considerable power
margin)

Easier flexibility and modularity
and testability

jpl.nasa.gov



High Energy and High Power COTS Ll-lon Cells
COTS 18650 Cells (259- 276 Wh/kg and 704-735 Wh/I)

Types of Tests
 |nitial 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

Characteristic LG MJ1|Samsung 35E| Panasonic GA | Sony VC7
Capacity at C/10 at RT,Ah | 3.41 3.49 334 35
Energy, Wh 12.46 12.7 12.16 12.72
DC Internal Resistance, mOhm| 33 35 33 31
Mass, g 46.9 46 47 474
Specific Energy, Wh/kg 266 276 259 269
Energy Density, Wh/I 720 733 704 735

Voltage range: 4.2t0 2.5V

Predecisional information, for planning and discussion only
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DPA of High Energy and High Power Li-lon Cells

Identification and characterization of various elements

Cell Type sl e Separaios * 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 59.53 615.9 59.53 0.018 S Botiorl vent (\'(77, 36G):

r T p———
a LEFE = T

* Mandrel (shown in 35E):

™

Evidence of some corrosion
in Sony VC7 cells

High Eneragy and High Power Li-lon Cells

Predecisional information, for planning and discussion only
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DPA of High Energy and High Power Li-lon Cells

XRD of anodes

— LGMJ1

« Cells dissected in the — SA35E-10
discharged state and the PBJ-10
components were subjected —— LM36-10
to ex situ analyses —— SOVC7-10

XRD for cathodes and
anodes

NMR and MS for electrolyte
SEM and EDAX

i
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DPA of High Energy and High Power Li-lon Cells
XRD of cathodes

Diffraction typical for LiMO, layered
structure (e.g. NMC, NCA) plus Al foil
—— LGMJ1
—— SA35E-10
PBJ-10
—— LM36-10
—— SOVC7-10

t J\A.A-'«..
W .

Jfo

20 30 40 50 60 70 80
2 theta / degrees

Predecisional information,

(111)/(001) peak shows variations

— LGMJ1
—— SA35E-10
PBJ-10
— LM36-10
— SOVC7-10

2 theta / degrees

for planning and discussion only jpl.nasa.gov



DPA of Li-lon Cells- Summary

LGMJ1 Graphite Nip §1C0g 13Mng o6 by EDX  EC, DMC, LiPFg, LiFSI (lots)
SA35E-10 Graphite, ~2% Si by EDX Nij g3C0, 45Al, o, by EDX EC, DMC, additive, LiPFg, LiFSI
PBJ-10 Graphite Nig 51C0Og 16Alg 04 by EDX EC, DMC (assumed), LiPFg, LiFSI

Nig 86C0g.12Alg o2 @nd

LM36-10  Graphite (less crystalline) | ;i 5 ” d5:5)
2V ;

EC, DMC, LiPFg, LiFSI (lots)

EC, DMC (assumed), LiPFg, LiFSI

SOVC7-10 Graphite (less crystalline) Nig 9oC0g osAly 02 by EDX (least)

Predecisional information, for planning and discussion only jpl.nasa.gov



Cycle life at +20 °C — Batch 1
100% DOD cycling at C/5,4.10 -3.00 V

Specific energy / Wh kg™

Specific Energy, Wh/kg Energy Efficiency
240 : ‘ 100 :
Cycle life of various cells at 20°C Cycle life of various cells at 20°C
C/5 = 0.58A rate, 4.1-3.0V C/5 = 0.58A rate, 4.1-3.0V
220} 98 - » All the cells have shown
" e good cycle life
> « LG Chem MJ1 cells exhibit
200 e . .
g the highest specific energy
£ and efficiency
180/ s
* LG MJ1-05 s LG MJ1-05
° LG M36-05 92 = LG M36-05
*  Panasonic BJ-05 *  Panasonic BJ-05
1607 e« Samsung 35E-05 R e Samsung 35E-05
s Sony VC7-07 © = Sony VC7-07 o
0 160 260 360 460 500 9OO 100 260 300 460 500
Cycle no. Cycle no.
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EIS vs. cycle life at +20 °C

-0.025 -0.020 -0.025
EIS on LG MJ1 cells at +20°C, 4.10 V EIS on LG M36 cells at 20°C, 4.10 V EIS on Samsung 35E cells at 20°C, 4.10 V
C/5 cycle life at +20°C cycle life at +20 °C cycle life at 20°C
-0.020 -0.020
-0.015
e LG MJ1, acceptance
-0.015 LG MJ1, 100 prdes - LG MB36, acceptance -0.015 - Samsung 35E, acceptance
G -= LG MJ1, 300 cycles c <+ LG M36, 100 cycles c ~+  Samsung 35E, 100 cycles
\E + LG MJ1, 400 cycles \E -= LG MB36, 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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. -0.005 T
-0.008 N -0.005 " 41;?: 4
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R o gl EAT
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. Typical Eq. Circuit
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cycle life at +20 °C C/5 cycle life at 20°C
CV‘I Cm
-0.020 ¢
—0.06¢ R,
- Sony VC7, acceptance
S VC7, 100 { 3
-0.015 : ngi VC7, 300 253: * BJ, acceptance 25
G 4 Sony VC7, 400 cycles (o] * BJ,100cyocles o R Ry
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L)
Re P‘
R.
-0.005 Ry > o
<> % ’
g 1 "
4 I 3
0.000 L 0
0.020 0.025 0.030 0.035 0.040 0.045) 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 25 50
Z./Q Z./Q 710
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All cells have shown some
growth impedance over 500
cycles

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)

jpl.nasa.gov
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Sony VC7

Samsung 35E  Samsung 36G

Sanyo GA

LG MJ1

M36 MJ1

LG M36

hashed: 0 rad control group, after stand periods

equivalent to irradiation duration
 All the cells show impressive tolerance to

Solid: radiation exposed; 0 Mrad, 12 Mrad, 20

Mrad
(compared to control cells) after 20 Mrad

exposure.
« Again, LG Chem MJ1 cells have the highest

radiation with about <2% capacity loss

specific energy

Irradiation of cells in two

stages

VC7

36G

GA
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EIS (at 20 °C) after Radiation (Batch1)

* 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

Predecisional information, for planning and
discussion only

0.025 0.025 0.030
EIS on LG MJ1 cells at +20°C EIS on LG M36 cells at +20°C EIS on Sony VC7 cells at +20°C
Before/after Co y exposure Before/after Co y exposure Before/after Co y exposure
Measured and irradiated at 4.10 V Measured and irradiated at 4.10 V 0.025 | Measured and irradiated at 4.10 V
0.020 0.020
-+ LGMJ1-08, 0 Mrad -+ LGM36-08, 0 Mrad -+ SOVC7-08, 0 Mrad
-  LGMJ1-09, 0 Mrad —~+  LGMS36-09, 0 Mrad 0.020 -+ SOVC7-09, 0 Mrad
0.015 > LGMJ1-08, 12 Mrad 0.015 °©  LGM36-08, 12 Mrad » SOVC7-08, 12 Mrad
(o] LGMJ1-09, 12 Mrad (o] LGM36-09, 12 Mrad (o] »  SOVC7-09, 12 Mrad
~ -+ LGMJ1-08, 20 Mrad ~ -+ LGM36-08, 20 Mrad ~ 0.015 —~+  SOVC7-08, 20 Mrad
N = LGMJ1-09, 20 Mrad N = LGM36-09, 20 Mrad N = SOVCT7-09, 20 Mrad
" 0010 " 0010 '
0.010
0.005 0.005
0.005
0.000 . 0.000 0.000
0.025 0.030 0.035 0.040 0.045 0.050) 0.020 0.025 0.030 0.035 0.040 0.045) 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Z./Q Z./Q Z./Q
0.030
EIS on Samsung 35E cells at +20°C EIS on Panasonic BJ cells at +20°C
Before/after “Co y exposure 0.040 | Before/after *Co y exposure
0.025 | Measured and irradiated at 4.10 V Measured and irradiated at 4.10 V
-+~ SAS35E-08, 0 Mrad - PBJ-08, 0 Mrad
0.020 - SAB35E-09, 0 Mrad 0.030 - PBJ-09, 0 Mrad
> SA35E-08, 12 Mrad > PBJ-08, 12 Mrad
(o] SA35E-09, 12 Mrad (o] PBJ-09, 12 Mrad
\E 0.015 —~+  SA35E-08, 20 Mrad \E —~  PBJ-08, 20 Mrad
h;l_ = SA35E-09, 20 Mrad ".‘_ 0.020 = PBJ-09, 20 Mrad
0.010
pd 0.010
0.005 P [V S
wk i e, e
SN
] . s
0.000 0.000—BF .
0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.030 0.040 0.050 0.060 0.070 J p | .nasa. g oVv
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Cycle life at +20 °C - Irradiated (20 Mrad) vs. control

Specific Energy, Wh/kg

Energy Efficiency

240

N
N
o

200

180

Specific energy / Wh kg™

1601

* % a =] ]

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

LG MJ1-06

LG MJ1-08 (20 Mrad)

LG M36-05

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

100 200 300 500

Cycle no.

400

Wh efficiency / %

100

96

94+

921

90

>

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

* % B B e ©

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

Cycle no.

500

Radiated cells are cycling well; slightly lower specific energy, but less fad rate.
Predecisional information, for planning and discussion only
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Discharge rate Effect
(20 °C) —Radiated vs
Control

* No change in the rate capability after radiation
exposure (20 Mrad)

Energy / Wh

11.0

10.5

10.0

951

9.0

85r

8.0F

7.5

Discharge rate test at +20 °C

TEIRTEY

LGM36-09 (20 Mrad)
LGM36-14 (control)
LGMJ1-09 (20 Mrad)
LGMJ1-14 (control)
SA35E-09 (20 Mrad)
SA35E-14 (control)
SOVC7-09 (20 Mrad)
SOVC7-14 (control)

0.0

0.5 1.0

1.5 2.0 25 3.0
Rate/ A
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High Rate Testing

Discharge profiles at 9.6 A - Comparison of cells
Considerable cell warm up in a convectively controlled chamber

4.00

CC 9.6 A discharge at +20 °C
convectively controlled chamber

40

Voltage / V
w
N
(&)

3.007

2.75¢

LG M36

LG MJ1

Panasonic NCR BJ
Samsung 35E
Sony VC7

asp————

0.50 1.00 1.50 2.00
Discharge capacity / Ah

15

9, / @anjesadwal

Voltage / V

4.00

o
N
(&)

3.00

2.75¢

2.50
0

CC 9.6 A discharge at +30 °C
convectively controlled chamber

50
145
40 g'
30cC| 3
-
135 &
=
(]
N
30 o
-~ LG M36
-+ LG MJ1 25
= Panasonic NCR BJ
%~ Samsung 35E
-+ Sony VC7
i ‘ ' 20
.00 0.50 1.00 1.50 2.00 2.50

Discharge capacity / Ah
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High Rate Testing

Discharge profiles at 9.6 A - Comparison of cells

Considerable cell warm up in a convectively controlled chamber
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
155 375N
50 @ | 3.50 o
> 3 |> 3
~ o ~ o
® ®
()] = | O =
= 145 8 2325 o
pL) c |8 c
— = |= =
$ 28 =
3.00F 40 & 3.00¢ o
- LG M36 - LG M36
2.75: * LGMI 35 275 * LGMI | 45
-=  Panasonic NCR BJ = Panasonic NCR BJ
% Samsung 35E % Samsung 35E
-+ Sony VC7 -+ Sony VC7
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
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Conclusions and Future Plans

 Conclusions

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

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

* Future Plans

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

- 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

Predecisional information, for planning and discussion only jpl.nasa.gov



Why Lithium-Sulfur Batteries?

1000

/A

Potential (V versus Li/Li")

|
f
100

2[;0 300 400 560 / / 1600
Whikg

1500

301

A

Li,S, ¥R

Charge process

Potos BN
Li,S, LSy LiS,

Discharge process EID.S
> )

1,000
Capacity (mAhg™)

Li-S Cell Configuration

<

The wound cell has tabs welded
to metal spray connections & is
vacuum sealed into an
aluminized foil bag.

Metakzed Thin Fim
Li Anode ——%
£

--‘

Separalor / Electrolyte

! al
Metalized Thin FI|/

High specific capacity of 1670 mAh/g vs <300 mAh/g for Li-ion
cathodes; High theoretical specific energy of 2567 Wh/kg vs
~1200 Wh/kg for Li-ion.
Current developmental cells are ‘Pouch cells’ with 250-400 WH/kg
(Sion Power and Oxis Energy).
Higher Wh/kg gives lower cycle life.
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Discharge >

<

Challenges with Li/S Chemistry —

Cathode S Li,Ss Li,Se Li;S; Li,S;
Charge (Li plating)
Anode Discharge (Li stripping) ~ C@thode

(-) (*+)

Polysulfides insoluble
Diffusion compounds
Porous through

*

( Separator Separator
- <

5

= =

% : Ss Li,S; Li,S¢ Li,S, Li,S; Li

3 T > vt

E 13 Polysulfides reduction on the Anode surface o

3 Li
Anode Lithium plating-stripping

Polysulfide Shuttie

. * Anode passivation and dendrite

~{cnarger | formation.

 Sulfur expands by 79%

» Poor conductivity of S and its
discharge products.

» Polysulfides are soluble in many
solvents : Form Redox shuttle
and insulating layer (Li»S) on the

Predecisional information, for planning and discussion only anode jpl.nasa.ggy,,

» Dissolution of lithium polysulfides
(reduction products) forming
redox shuttle and affecting cycle
life, anode interface and
efficiency



Li/S Prototype Cells from Oxis Energy

Ten 20 Ah cells received from Oxis and are being tested at JPL

Predecisional information, for planning and discussion only

CellID Mass (9) | 1kHzZ(mQ) | ocv
AH260917-1 140.131 3.042 2.187 .
AH260917-2 | 139.500 3.001 2.185 Self D|SCharge
AH260917-3 140.195 2.995 2.185 OLS'03 OLS'04
AH260917-4 | 140.105 2.920 2.185 — .
AH260917-5 | 140.832 3.058 2.186 Initial capactty (Ah) | 19.08  19.01
BM260917-1 | 139.809 2.817 2.185 || Capacily after 1 week (Ah) | 17.03  16.75
BM260917-2 | 140.179 2.886 2.183 .

Self-discharge (%) | 10.8%  11.9%
BM260917-3 | 140.078 2.888 2.185
BM260917-4 | 140.115 2.893 2.185
BM260917-5 | 140.989 2.927 2.186
Average: 140.193 2.943 2.185
Stdev: 0.412 0.074 0.001

300

280

N
[«
o

N
N
o

Discharge Capacity (Ah)
N N
o N
o o

-
02
o

160

140

100.0%
e — 97.5%
' TN 95.0%
N >
b ~ c
-\ 92.5% :S
i 90.0% o
\ Q
£
L | 87.5% 2
- 3
. 85.0%
--0LS-01 Specific Energy oy
OLS-02 Specific Energy o
--0LS-01 Efficiency 82.5%
OLS-02 Efficiency
80.0%
0 20 40 60 80 100

Capacity retention %yﬁ"a coulombic efficiency
at C/5 charge/discharge rates at 20°C.

DC Impedance

Cell Impedance ( mQ)

Oxis Li/S cell
Nameplate Capacity:
19.50 Ah

100 % SOC 80 % SOC 60 % SOC 40 % SOC 20 % SocC

jpl.nasa.go
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24



. . C/5 Discharge at -10 °C
Li/S Prototype Cells from Oxis Energy .
2.3 -2
Performance vs. Temperature 22 [« 33
= OLS-05 =OLS-06 E’i; :: %
350 S 6 &
S1s 72
300 1.7 8 3
g 1.6 Q -9 ©
§ 250 15 10
< 0 5 10
2200 Discharge Capacity (Ah)
o)
1 150 25 -
© 24 —20 °C Initial —10°C
£ 0o o —0°C 10°C
§. o —-20°C 20 °C Final
50 “ B
0 $20 ﬁ
20 10 0 -10 -20 20 g1
Discharge Temperature (°C) 1.8
1.7

Capacity and specific energy at C/5 discharge rate at various temperatures. 1.6
After each discharge, the cells were equilibrated at 20 °C and charged at C/5 15
rate before the next discharge. The second set of 20 °C data correspond to
observed performance after the indicated discharges down to -20°C.
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16 Ah Second Gen. Oxis Cells w

1st cycle C/20 specific discharge energy: 420 Wh/kg 20

2.7
26
2.5
2.4

023

822

01
2.0
1.9
1.8
17

® C/20 Discharge
C/20 Charge

© C/10 Discharge
C/10 Charge

10 15 20
Capacity (Ah)
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Battery Facilities =~ Tvac chamber Gloveboxes
at JPL p— - BN

Dedicated battery test building with
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