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ODbjective:

* Assess viability of using Yardney lithium-ion cells/batteries for the Mars
Science Laboratory (MSL) Curiosity Rover Mission.

- Assess whether lithium-ion cells/batteries manufactured by Yardney Technical
Products, Inc. can meet all MSL mission requirements.

- Support the MSL mission by providing capacity fade and impedance growth
projections to assist in the determination of the health of the Curiosity

battery. Approach

- Perform a number of mission specific characterization tests to determine
technological readiness and ability to meet mission requirements for the
MSL project.
* Perform acceptance testing of flight and "flight-type” cells and Rover
Battery Assembly Units (RBAUs) for the MSL project.
Perform mission simulation testing on 20Ah and 43 Ah Yardney Li-ion cells
fabricated for the MSL project:
* Launch load profile simulation

* Launch pad and cruise period simulation

» Cruise period trajectory correction maneuvers

- Entry, descent, and landing (EDL) pulse load profile simulation

- Surface operation temperature and load profile simulation
Periodic diagnostic determination of capacity and impedance under various conditions.
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Mars Science Laboratory (MSL) Curiosity Rover

Launch Date: November 26, 2011
Landing Date: August 6, 2012

Science Goals: To assess habitability: whether Mars
ever was an environment able to support microbial life.

The biggest, most advanced suite of instruments
ever sent to the Martian surface.

Analyze dozens of samples scooped from the soil
and cored from rocks in the onboard laboratory
to detect chemical building blocks of life (e.g.,
forms of carbon) on Mars.

Landing: Parachute assisted and powered descent,
lowered on tether like sky crane.

Programmatic Goals : To demonstrate the:

Highl

Ability to land a very large, heavy rover to the
surface of Mars (future Mars Sample Return)
Ability to land more precisely in a 20-kilometer
(12.4-mile) landing circle
long-range mobility (5-20 kilometers or about 3
to 12 miles)
ights:
Curiosity has operated over 1500 Sols to-date
After 2 years and almost 9 km of dr'ivin?,
Curiosity has reached the base of Mount Sharp
During the first year, the rover fulfilled its
major science goal of determining whether Mars
F;er offered conditions favorable for microbial
ife.

As of Sol 1507, Curiosity has driven 9.16 miles
(or 14.75 kilometers)

Battery Details

Two 8-cell batteries in parallel (8s2p).

24-32.8 V, 86 Ah (MER, Grail, Juno Chemistry)
Qualification Temperature range: -30° to +40°C.
Operating Temperature Range: -20° to +30°C
Required Life: ~ 4 years

Surface Life: 670 Sols of operation.

Battery temperature controlled with a combination
of heaters and radiators
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Performance Requirements for MSL Rover Mission

Operation for more than 40 months after launch and a calendar life of > 4 years.
Consist of two Li-ion rechargeable batteries, each with a nameplate capacity rating of
43 Ah for redundancy.

Surface Operation Capability:

> Support 670 sols of surface operations with two discharge cycles per sol, with one
cycle being 1000Wh at 0°C and 17.2A

> Possess capability of meeting the performance requirements with an average battery
temperature of +15°C and an absolute maximum of +30°C on the surface of Mars.

> The Rover Battery provides a capacity of > 59 Ah at 0°C and C/5 end of life.
Launch Capability:

> The Rover Battery supports 1300 Wh during launch at 20° and 30°C at a 34 A max
discharge current.

EDL Capability:
> Provides capability of supporting a 21 A load for 18 mSec (each battery).
> Supports sequential (grouped) pyro events as close together as 120 mSec.
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Performance Demonstration of Yardney Li-Ion Cells for MSL
Overview of Test Plan
>  Yardney 20 Ah Li-ion Cells (1t Generation MSL Cell Design):

> Initial characterization over a number of temperatures (20°, 0°, -10°, and -20°C)

» Discharge rate characterization
» Up to C rate discharge, at 30°, 20°, 10°, 0°, -10°, -20°, -30°, -40°C
Charge rate characterization

Launch characterization

vV VYV VY

Cycle life characterization (100 % DOD) at different temperatures
> Surface operation mission simulation testing
> Yardney 43 Ah Li-ion Cells (29 Generation MSL Cell Design):
> Initial characterization over a number of temperatures (20°, 0°, -10°, and -20°C)

> Discharge rate characterization

> Up to C rate discharge, at 30°, 20°, 10°, 0°, -10°, -20°, -30°, -40°C
> Cycle life characterization (100 % DOD) at different temperatures
> Accelerated shallow DOD (40-60%) cycle life testing

> Mission simulation testing
> On-pad storage characterization
> Cruise simulation testing

> Surface operation mission simulation testing
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Performance Testing of Yardney MSL 20 Ah Li-Ion Cells
Mission Simulation Testing

» Cell Group 1 (Cells: MSL-147, MSL-150, MSL-153)

»> Cells subjected to 30°C for only 10.5 days (removed and stored at ambient)
» Cells in full SOC under OCV conditions
» 360 Days at 25-30°C Cruise condition, 50% SOC bus storage

»>Cell Group 2 (Cells: MSL-141, MSL-142, MSL-143)

» Cells subjected to 30°C for full 21 day period
» Cells in full SOC under OCV conditions
» 360 Days at 25-30°C Cruise condition, 70% SOC bus storage

» After completing the cruise simulation and characterization, all of the cells
were subjected to surface operation mission simulation testing.
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» The health of the cells is periodically determined
throughout the life at various temperatures:
0 +20°C, 0°C, -10°C, and -20°C.
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>  Approximately 13.77% capacity loss has been observed at +20°C (with the

Group 1 cells) after completing pad storage + cruise + 1100 sols of operation. 50
>  More impedance growth was observed for the Group 2 cells, which is
attributed to high pad storage temperature and high SOC during cruise. .

Performance of Yardney MSL 20 Ah Li-Ion Cells

Characterization Testing at 20°C
After Completing Pad Storage, Cruise Storage and 1100 Sols on the Surface

Mars Science Laboratory (MSL)
20 Ah Li-lon Cells
MCMB - LiNiyCo,_,0,Cells
ATLO Lot Cells

Temperature =20°C
3.0V to 4.10V, C/5 Rates
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Performance of Yardney MSL 20 Ah Li-Ion Cells

Characterization Testing at - 20°C
After Completing Pad Storage, Cruise Storage and 900 Sols on the Surface
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Mars Science Laboratory (MSL)
20 Ah Li-lon Cells
MCMB - LiNi,Co, ,0;,Cells
ATLO Lot Cells

Temperature = - 20°C
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M Reversible Capacity (Ah) After 70 Days of Cruise Storage

O Reversible Capacity (Ah) After 360 Days of Cruise Storage

B Reversible Capacity (Ah) After 100 Sols of Surface Operation
[ Reversible Capacity (Ah) After 200 Sols of Surface Operation
M Reversible Capacity (Ah) After 300 Sols of Surface Operation
O Reversible Capacity (Ah) After 400 Sols of Surface Operation
M Reversible Capacity (Ah) After 500 Sols of Surface Operation
M Reversible Capacity (Ah) After 600 Sols of Surface Operation
M Reversible Capacity (Ah) After 700 Sols of Surface Operation
M Reversible Capacity (Ah) After 800 Sols of Surface Operation
@ Reversible Capacity (Ah) After 900 Sols of Surface Operation
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Mars Science Laboratory (MSL)
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Temperature = - 20°C
Cell state of Charge = 80%
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21 Days at 30°C
360 Days at 30-35°C
70% SOC (3.80V)

M Initial Impedance (mOhms)

m Impedance (mOhms) After 21 Days of Storage

W Impedance (mChms) After 70 Days of Cruise Storage

H Impedance (mOhms) After 360 Days of Cruise Storage

O Impedance (mOhms) After 100 Sols of Surface Operation
E Impedance (mOhms) After 200 Sols of Surface Operation
B Impedance (mOhms) After 300 Sols of Surface Operation
m Impedance (mOhms) After 400 Sols of Surface Operation
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> Larger capacity fade characteristics for Group 1 and Group 2
were observed at -20°C compared with the warmer temperatures.

> Approximately 32.5% capacity loss has been observed at - 20°C (with the
Group 1 cells) after completing pad storage + cruise + 900 sols of operation.
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Performance of Yardney MSL 20 Ah Li-Ion Cells

Characterization Testing at Various Temperatures
After Completing Pad Storage, Cruise Storage and 1,100 Sols on the Surface
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> The capacity loss observed is more significant at low temperatures.
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Performance of Yardney MSL 43 Ah Li-Ion Cells

Characterization Testing at 20°C
After Completing Pad Storage, Cruise Storage and 900 Sols on the Surface

Mars Science Laboratory (MSL)
43 Ah Li-lon Cells
MCMB - LiNi,Co4 0, Cells
"Flight-Like" Cells

8.60 Amp Charge Current (C/5) to 4.1V
0.860 Amp taper current cut-off (C/50)
8.60 Amp Discharge Current (C/5) to 3.00V

Temperature= 20°C

10.5 Days at 30°C (100% SOC)
10.5 Days at 25°C (50% SOC)
100 Days at 30°C (50% SOC)
48 Days at 25°C (50% SOC)
196 Days at 25°C (70% SOC)
18 Days at 12.5°C (100% SOC)

MSL-683

W Initial Capacity (Ah)

H Reversible Capacity (Ah) After Pad Storage (21 Days)

[ Reversible Capacity (Ah) After 360 Days of Cruise Storage

B Reversible Capacity (Ah) After 100 Sols of Surface Operation
O Reversible Capacity (Ah) After 200 Sols of Surface Operation
O Reversible Capacity (Ah) After 300 Sols of Surface Operation
B Reversible Capacity (Ah) After 400 Sols of Surface Operation
[ Reversible Capacity (Ah) After 500 Sols of Surface Operation
O Reversible Capacity (Ah) After 600 Sols of Surface Operation
M Reversible Capacity (Ah) After 700 Sols of Surface Operation
O Reversible Capacity (Ah) After 800 Sols of Surface Operation
M Reversible Capacity (Ah) After 900 Sols of Surface Operation

Average
Capacity
Loss 11.76%

MSL-755

Cell Impedance (mOhms)
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Mars Science Laboratory (MSL)
43 Ah Li-lon Cells
MCMB - LiNi,Co,,0,Cells
"Flight-Like" Cells

M Initial Impedance (mOhms)

O Impedance (mOhms) After 21 Days of Storage

B Impedance (mOhms) After 360 Days of Cruise Storage

® Impedance (mOhms) After 100 Sols of Surface Operation
o Imped {mOhms) After 200 Sols of Surface Operation

10.5 Days at 30°C (100% SOC)
10.5 Days at 25°C (50% SOC)
100 Days at 30°C (50% SOC)
48 Days at 25°C (50% SOC)
196 Days at 25°C (70% SOC)

18 Days at 12.5°C (100% SOC)

Impedance (mOhms) After 300 Sols of Surface Operation
N Impedance (mOhms) After 400 Sols of Surface Operation
N Impedance (mOhms) After 500 Sols of Surface Operation
O Impedance (mOhms) After 600 Sols of Surface Operation
B Impedance (mOhms) After 700 Sols of Surface Operation
B Impedance (mOhms) After 800 Sols of Surface Operation
O Impedance (mOhms) After 900 Sols of Surface Operation

15.0 Amp Discharge Pulses (5 sec duration)
2 Hour Rest Periods Before and After Pulses
8.60 Ah Discharged Between Pulses
(20% SOC based on 43 Ah Nameplate Capacity)
Temperature = 20°C

MSL-683

80% S0C

Average Impedance
Increase = 246.0%

MSL-755

 The capacity fade and impedance growth observed with the 43 Ah cells as a result of the
cruise period was somewhat greater than seen with the 20 Ah. This is primarily attributed to
the more realistic cruise simulation conditions (including temperature and cell SOC).
> Pad Characterization:

> Cells subjected to 30°C for 10.5 days (cells at 100% SOC, OCV conditions)
> Cells subjected to 25°C for 10.5 days (cells at 50% SOC, OCV conditions)

> Cruise Characterization:
> 100 days at 30°C (50% SOC), 48 days at 25°C (50% SOC), 196 days at 25°C (70% SOC), 18 days at 12.5°C (70% SOC)

11
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Discharge Capacity {Ah)

Performance of Yardney MSL 43 Ah Li-Ion Cells

Characterization Testing at 20°C
After Completing Pad Storage, Cruise Storage and 900 Sols on the Surface
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» The capacity fade and impedance growth observed with the 43 Ah cells as a result of the
cruise period was somewhat greater than seen with the 20 Ah. This is primarily attributed to
the more realistic cruise simulation conditions (including temperature and cell SOC).
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Performance of Yardney MSL 43 Ah Li-Ion Cells

Summary of Calculated Impedance of MSL Curiosity Batteries Obtained
From Telemetry Data and Simulated Ground Test Data (Heater Operation)

MSL battery impedance calculated from telemetry at10°C 22 °C
overlaid with 44 Ah cell simulations at 10 °C

0.250
——MSL-683 x 8
MSL-755 = 8
* MSL-701 = 8
0.200 = MSL-BATT1
—_ + MSL-BATTZ2
g ® 10.76°C
=
O 1 2 0 9 L] 08 ™
® 0.150 o
Q
c Pt
s e
g- " 10,30 °C
g 0.100
a. 10,00 °C
[
£
33
m
0.050 *
0.000
0 200 400 600 800 1000 1200 1400

Sol

* Current efforts are focused on evaluating the impedance of the flight batteries determined from telemetry data and
comparing it with comparable data generated on the ground test units subjected to mission simulation cycling.

* By briefly enabling the mobility heaters on the rover, we are able to estimate the internal resistance under
controlled conditions (i.e., current injection/interruption measurements).

e Simulated heater operation was performed on 43 Ah cells undergoing mission simulation testing.

* Generally, good agreement was observed when comparing comparable measurements at 10°C (i.e., ~ 125-140
mOhms was observed after completing 600 sols for both the flight batteries and ground test cells.

 Measurements help to validate relevance of ground testing data.
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Performance of Yardney MSL 43 Ah Li-Ion Cells

Performance Testing in Support of MMPAT

» In support of the JPL developed Multi-Mission Power Analysis Tool (MMPAT), we
have completed a number of performance characterization tests that have been
designed to aid in the creation of detailed cell polarization tables:

» Discharge rate characterization testing:

— Six different discharge rates evaluated = C20, C/10, C/5, C/4, C/3, and C/2

— Five different temperatures evaluated = 25°, 20°, 10°, 0°, -10°, and —20°C

— Taper charge and taper discharge implemented

— Cells discharged to 2.50 V (with taper discharge to C/100 in all cases)

« Charge rate characterization testing:

— Six different discharge rates evaluated = C20, C/10, C/5, C/4, C/3, and C/2

— Five different temperatures evaluated = 25°, 20°, 10°, 0°, -10°, and —20°C

— Taper charge and taper discharge implemented
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Performance of Yardney MSL 43 Ah Li-Ion Cells
Performance Testing in Support of MMPAT

» After completing the discharge and charge rate testing, a determination was
made as to which rates and at which temperatures result in the cell skin
temperature readings that deviate significantly from the defined characterization
temperature.

» |If the cell temperature deviates during any part of the cycle by more than ~ >
2°C from the desired temperature, the test will be repeated at these charge and
discharge rates with the product controlling the chamber temperature to
compensate for the cell heat generation.

Product Controlled Temperature Testing

C/3 Discharge at -20°C C/2 Discharge at -20°C
5.00 20 5.00 20
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4.00 14.33 Amp Discharge Current (C/3) to 2.50 V 0 4.00 21.5 Amp Discharge Current(Ci2) to 2.50 V 0
0.430 Amp taper current cut-off (C/100) 0.430 Amp taper current cut-off (C/100)
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NASA’'s Mars InSight Lander

Anticipated Launch Date: May 2018

InSight (Interior Exploration using Seismic
Investigations, Geodesy and Heat Transport)
is a NASA Discovery Program mission that
will glace a single geophysical lander on Mars
to study its deep interior.

Mission will consist of a spacecraft built by
Lockheed Martin Space Systems Company
based on a design that was successfully used
for NASA's Phoenix Mars lander mission

Science Goals:.

- InSight is a terrestrial planet explorer
that will address the processes that
shafed the rocky planets of the inner solar
system (including Earth) more than four

billion years ago

- InSight will probe beneath the surface of
Mars, detecting the fingerprints of the
processes of terrestrial planet formation

In January 2016, the March 2016 launch
date of InSight mission was suspended to
allow the repair of a leak in a section of the
prime instrument in the science payload.

Battery Details

Two 8-cell batteries (connected in parallel)

Manufactured by Eagle-Picher Technologies /
Yardney Division

24-32.8 V (Phoenix Battery Design)
Qualification Temperature range: - 40°C to +50°C.
Operating Temperature Range: -30° to +35°C

 Required Life: ~ 4 years

Surface Life: 709 Sols of operation.

ELECTROCHEMICAL TECHNOLOGIES GROUP
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ODbjective:

The primary objective of this test program is to characterize four
different cell chemistries across the range of temperatures, with an
emphasis upon the low temperature performance.

Test objective is to down select cell chemistry that meets mission
requirements most successfully.

Test program serves as technology validation activity if down-selection
deviates from the heritage chemistry.

Goal is to characterize the cells under flight-relevant conditions to enable
an informed decision for the technology down-selection prior to the CDR,
and provide sufficient information to determine if all requirements are met.

Approach:

Obtain prototype cells consisting of four different cell chemistries from

Yardney Technical Products.

Cell design is based on the format utilized for the Mars Phoenix Lander
Implement a long term testing program, focused on determining: (i) the
charge and discharge characteristics over a wide temperature, (ii) cycle
life performance under mission relevant conditions, and (iii) accelerated
cycling at high temperatures.
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Key Battery Performance Requirements for InSight

> Operation for more than 40 months after launch and a calendar
life of > 4 years.

> Consist of two Li-ion rechargeable batteries (connected in parallel)
> Surface Operation Capability:

> The battery shall support 709 sols of surface operations over a
temperature range of -30°C to +35°C

> Each 8-cell battery shall be able to support a 5A charge rate
over the entire allowable flight temperature range of-30°C to
+35°C

> Each 8-cell battery shall provide at least 25 Ah at -25°C
beginning of life over the voltage range of 24.0V to 32.80V
using a C/5 rate (5.0A)

ELECTROCHEMICAL TECHNOLOGIES GROUP
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Development of Advanced Low Temperature Electrolytes

Demonstration of Ester-Based Electrolytes in Yardney Prototype Cells

Performance at -40°C (C/2 Rate)

Lithion/Yardney 7 AHr Li-Ion Cells
# MCMB Carbon-LiNi,Ce,;_ 0,
#
C/2 Discharge Rate (3.50 A) Temperature = - 40°C
T

1,400 fump Chasgs eurrant {£5] 16 4,10
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An electrolyte formulation containing methyl propionate, 1.0M LiPF,
EC+EMC+MP (20:60:20 v/v %) was demonstrated to provide
Improved low temperature performance over baseline all carbonate-
based electrolytes (including the heritage blend), while still providing

Performance at -40°C (C Rate)
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reasonable high temperature resilience.

M.C. Smart, and B.V. Ratnakumar, L.D. Whitcanack, K.A. Smith, S. Santee, R.
Gitzendanner, V. Yevoli, “Li-lon Electrolytes Containing Ester Co-Solvents for Wide
Operating Temperature Range”, ECS Trans. 11, (29) 99 (2008).

80

M. C. Smart, B. V. Ratnakumar, K. B. Chin, and L. D. Whitcanack, “Lithium-lon

Electrolytes Containing Ester Co-solvents for Improved Low Temperature
Performance”, J. Electrochem. Soc., 157 (12), A1361-A1374 (2010).
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Performance Testing of Yardney NCP-25x Lithium-Ion Cells
Summary of Test Plan for InSight

» Next Generation Yardney NCP-25x Li-lon Cells

> 18 Cells are currently on test possessing four chemistry variations
> Cell are 25 Ah Nameplate capacity (based on Yardney NCP-25-1 design)
> Cells are being subjected to performance testing to determine applicability to InSight

Standard Heritage Electrolyte
Heritage (Control /

Toureadlig) | e (NCO) MCMB Nominal 1 .0M LiPF, in EC+DEC+DMC
(2:1:1)
Heritage, Low- Low-Ester, Low-Temperature
Temperature LiNiCoO, (NCO) MCMB Nominal 1.0M LiPF. in EC+EMC+MP
Electrolyte (2%:60:20)
NextGen Chemistry, - Low-Ester, Low-Temperature
Low-Ti LiNiCoalo, (Nca)  Modified —  inal
ow-Temperature  LiNICoAIO, (NCA) o Nominal 9 oM LipF, in EC+EMC+MP
Electrolyte (20:60:20)
NextGen Ch Ve Standard Heritage Electrolyte
extGen Chemistry, s odifie . .
Heritage Electrolyte LINICOAIO, (NCA) Graphite Nominal = 1.0M LiPFg in EC+DEC+DMC

(1:1:2)

ELECTROCHEMICAL TECHNOLOGIES GROUP
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Performance Testing of InSight Yardney
NCP-25-6 Li-Ion Cells

Status of Group 1 Cell Testing

Status of Group 1 Cells (6 Cells):

Undergoing mission-like cycling at +30°C, +20°C, and -25°C (one cycle per sol)
(Performed in groups of 10 cycles at each temperature)
e  Subjected to +35°C cycling, 7 day stand test at +25°C, and DBR characterization
 NCA cells completed over 640 cycles; NCO cells discontinued after completing 340 cycles
* To date, the flight like cells have completed the following:
* 160 cycles at +30°C using low rate (capacity = 25 Ah)
e 150 cycles at +20°C using low rate (capacity = 25 Ah)
* 160 cycles at - 25°C using low rate (full DOD cycling, 3.0V to 4.10V)

«  Characterization cycling performed at different temperatures periodically to gauge
performance and determine health: (Full DOD C/5 rates used in all cases, 3.0V to 4.1V):

Temperature = +20°C; Total number of cycles = 54
Temperature = - 25°C; Total number of cycles = 54
Temperature = - 30°C; Total number of cycles = 40
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Results of Group 1 Cell Testing
Summary of Results (Discharge Capacity, Ah)

65
InSight 25 Ah Li-lon Cells: NCP25-1 and NCP-5 Design Cells
60 Heritage and Low Temperature Electrolytes
MCMB - LiNiKCDeI_KOzDr GraphitE - LiNiﬂ_EUCDU_15AIU_U502
"Flight-Like" Cells

55
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Results of Group 1 Cell Testing

Performance at -25°C After Initial Exposure to +35°C
Comparison of Different Chemistries
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@
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=
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3
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2.2 —
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Cell IN-122 = NCO and Low Temperature Electrolyte (After 35C Exposure)
2 CellIN-123 =NCO and Low Temperature Electrolyte

mCell IN-123 =NCO and Low Temperature Electrolyte (After 35C Exposure)
@ Cell IN-094 = NCA and Low Temperature Electrolyte
A Cell IN-094 = NCA and Low Temperature Electrolyte (After 35C Exposure)

4 Cell IN-095 = NCA and Low Temperature Electrolyte
# Cell IN-095 = NCA and Low Temperature Electrolyte (After 35C Exposure)

5 10 15 20 25 30
Discharge Capacity (Ah)

> Cells with NCA and Low Temperature Electrolyte deliver 31% more capacity
at -25°C compared with heritage chemistry and display much higher operating
voltage throughout the discharge.

* The NCA-based cells display enhanced resilience to high temperatures.

23

35

ELECTROCHEMICAL TECHNOLOGIES GROUP




Results of Group 1 Cell Testing
Summary of Results (Discharge Capacity at 20°C)

Discharge Capacity (Ah) at 20°C Cell Impedance (mQ) at 20°C

50.00 24.00
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» Good capacity retention and low impedance growth was observed with the NCA+LTE cells
— NCA+LTE cells delivered > 91% of the initial capacity after completing 633 cycles (> 2.35 years)
— NCA+LTE cells displayed less than half the impedance of the NCO systems, and the impedance growth

Is much lower
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Results of Group 1 Cell Testing
Summary of Results (Discharge Capacity at -25°C)

Discharge Capacity (Ah) at -25°C Cell Impedance (mQ) at -25°C
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 The NCA+ Low Temperature Electrolyte chemistry delivers improved capacity at -25°C compared

with the NCO heritage and displays dramatically better low temperature capacity retention
throughout the life of the cells.
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Results of Group 4 Cell Testing
Summary of Results (Discharge Capacity, Ah)

65
InSight 25 Ah Li-lon Cells: NCP-5 Design Cells
60 1 After7 Day Heritage and Low Temperature Electrolytes
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 NCA-based cells that contain the low temperature MP-based electrolyte and the heritage all
carbonate-based electrolyte performed very comparably throughout the testing.
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Results of Group 2 Cell Testing
Summary of Results (Discharge Capacity, Ah)

InSight 25 Ah Li-lon Cells: NCP25-1 and NCP-5 Design Cells
Heritage and Low Temperature Electrolytes
MCMB - LiNich1_x020r Graphile - LiNinlgchQIA]sAlg.nsog
"Flight-Like" Cells

Group 2 Cells

+20°C

5.00 Amp Charge Current (C/5) to 4.1 V at 20°C and 0°C
2.50 Amp Charge Current (C/10) to 4.1 V at - 20°C and - 25°C
0.500 Amp taper current cut-off (C/50)

5.00 Amp Discharge Current (C/5) to 3.00 V

Discharge
Rate
Testing

Charge
Rate
Testing
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Cycle Number

» After (a) initial characterization at different temperatures (20, 0, -20, and -25°C), (b) discharge rate characterization (down
to -30°C), (c) charge rate characterization (down to -30°C), and (d) diagnostic testing at -40°C, the cells have been subjected
to (e) continuous cycling at -30°C to assess robustness. Over 140 cycles completed at flight-like conditions at -30°C

e Cells still display > 95% of original capacity at +20°C (Testing discontinued to accommodate other tests)
* Completed over 345 cycles and displayed excellent resilience to cycling at -30°C
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Performance Testing of InSight Yardney
NCP-25-6 Li-Ion Cells

Status of Group 3 Cell Testing

o Status of Group 3 Cells (3 Cells):

 Accelerated partial DOD (60%) cycling at high temperature (+33°C)

« Completed over 1,382 cycles (1,200 cycles at 60% DOD at +33°C)

» Accelerated cycling at +33°C represents worst case thermal environment
* Cycle life performance does not reflect cruise and calendar fade

ELECTROCHEMICAL TECHNOLOGIES GROUP
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Results of Group 3 Cell Testing

Summary of Results (Discharge Capacity, Ah)

55
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0.500 Amp taper current cut-off (C/50) Heritage arl';lﬂ%liﬂon- -Il-j'mpg roatuéefrledrmytes
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» The Group 3 cells were cycled at high temperature +33°C and periodically characterized at +20°, -25°, and-30°C
e The NCA+LTE cell IN-132 delivered 18.79 Ah at -25°C (cycle 1,378) and 16.31 Ah at -30°C (cycle 1,382)
In contrast, the NCO+Heritage only delivered 0.100 Ah and the NCO+LTE delivered 0.084Ah at -25°C (cycle 1,378)
» Cells cycled under flight-like conditions (i.e., C/5 charge rate to 4.10V)
» Cells have completed 1,200 accelerated cycles at high temperature (i.e., 33°C)
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Results of Group 3 Cell Testing

Summary of Results (Capacity and Impedance at 20°C)

Discharge Capacity (Ah) at +20°C

50.00

InSight 25 Ah Li-lon Cells: NCP25-1 and NCP-5 Design Cells
Heritage and Low Temperature Electrolytes

45.00 MCMB - LiNi.Co4.,0z2 or Graphite - LiNip goCop 15Alp 0502

"Flight-Like" Cells

40.00

o M

30.00

25.00

20.00 \t\

5.00 Amp Charge Current {Ci5) to 4.1V
0.500 Amp taper current cut-off (C/50)
15.00 5.00 Amp Discharge Current (C/5) o 3.00 V

Temperature = 20°C

Discharge Capacity (Ah)

10.00
# Cell IN-121 = NCO and Heritage Electrolyte
5.00 A Cell IN-128 = NCO and Low Temperature Electrolyte
©Cell IN-132 = NCA and Low Temperature Electrolyte
0.00

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Total Number of Cycles Completed

Cell Impedance (mOhms)

40.0

36.0

320

28.0

24.0

20.0

16.0

12.0

©
o

4.0

0.0

Cell Impedance at +20°C

o Initial Characterization at JPL
m After 60 High Temp Cycles
m After 120 High Temp Cycles
m After 180 High Temp Cycles
After 240 High Temp Cycles
After 300 High Temp Cycles
m After 360 High Temp Cycles
W After 420 High Temp Cycles
W After 480 High Temp Cycles
After 540 High Temp Cycles
® After 600 High Temp Cycles
After 660 High Temp Cycles
H After 720 High Temp Cycles
® After 780 High Temp Cycles
After 840 High Temp Cycles
m After 900 High Temp Cycles

InSight 25 Ah Li-lon Cells: NCP25-1 and NCP-5 Design Cells |
Heritage and Low Temperature Electrolytes
MCMB - LiNi,Coy ,0; or Graphite - LiNiy30Cop.1sAli0s0:
“Flight-Like" Cells

NCO + Heritage Electrolyte

15.44

alldl

IN-121

12.5 Amp Discharge Pulses (5 sec duration)
2 Hour Rest Periods Before and After Pulses
5.0 Ah Discharged Between Fulses
{20% SOC based on 25 Ah Nameplate Capacity)
Temperature = +20°C

20.14
mo2

IN-128 IN-132

NCO + Low Temp Electrolyte NCA + Low Temp Electrolyte

« The NCA +LTE cell displays good tolerance to high temperatures (i.e., 33°C) and lower impedance growth

compared to the NCO heritage cell.

« The trend in the capacity retained as a result of the high temperature cycling is the following:
» NCO+Heritage (27.43 Ah, 83.4%) > NCA+LTE (31.0 Ah, 80.2%) > NCO+LTE (22.07 Ah, 67.5%)
o After > 900 cycles, the NCA cell impedance is roughly a third of the NCO heritage chemistry.
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Results of Group 3 Cell Testing

Summary of Results (Discharge Capacity at -25°C)

Discharge Capacity (Ah) at -25°C

Cell Impedance at -25°C

35.00 160.0
®Initial Characterization at JPL InSight 25 Ah Li-on Cells: NCP25-1 and NCP-5 Design Cells
InSight 25 Ah Lilon Cells: NCP25-1 and NCP-5 Design Cells 150.0  After Acceleratad Cycling (60 Cycles) || Heritage and Low Temperature Electrolytes
Heritage and Low Temperature Electrolytes u After Accelerated Cycling (120 Cycles) MCMB - LiNi,Coy,0; or Graphite - LiNiy sCoy.15Al050;
MCMB - LiNi,Co4.40z or Graphite - LiNip goCoqg.15Alp.0502 140.0 H After Accelerated Cycling (180 Cycles) "Flight-Like" Cells
30.00 “Flight-Like” Cells ' After Accelerated Cycling (240 Cycles)
130.0 After Accelerated Cycling (300 Cycles) 12.5 Amp Discharge Pulses (5 sec duration)
' B After Accelerated Cycling (360 Cycles) 2 Hour Rest Periods Before and After Pulses
120.0 After Acceleratad Cycling (420 Cycles) 5.0 Ah Discharged Between Pulses
" o After Accelerated Cycling (480 Cycles) (20% SOC based on 25 Ah Nameplate Capacity)
25.00 110.0 After Accelerated Cycling (540 Cycles) Temperature = - 25°C
= - : m After Accelerated Cycling (600 Cycles)
v After Accelerated Cycling (660 Cycles)
100.0 yeiing ¥
-S- \ g w After Accelerated Cycling (720 Cycles) ImPEda nce at 80% SOC
2 20.00 O 90.0 W After Accelerated Cycling (780 Cycles)
‘S \g\o £ After Accelerated Cycling (840 Cycles) 76.2
g — 80.0 m After Accelerated Cycling (900 Cycles) m)
® # Cell IN-121 = NCO and Heritage Electrolyte b After Accelerated Cycling (960 Cycles) 7
Q
@ 15.00 A Cell IN-128 = NCO and Low Temperature Electrolyte [ % 70.0 “fl
B0 ° g il
E @ Cell IN-132 = NCA and Low Temperature Electrolyte g 60.0
=
g £ 500
B 10.00 =
Q v 40.0 30.0
© mi)
30.0
2.50 Amp Charge Current (C/10) to 4.10V A !
5.00 — or 5.00A Charge Current (C/5} to 4.10V < 20.0
0.500 Amp taper current cut-off (C/50)
5.00 Amp Discharge Current (C/5) to 3.00 V 10»0
Temperature= - 25°C
+ - -
0.00 ————————— s AT . 0.0
IN-121 IN-128 IN-132
0 100 200 300 400 500 600 700 800 9S00 1000 1100 1200 1300 1400
NCO + Heritage Electrolyte NCO + Low Temp Electrolyte NCA + Low Temp Electrolyte

Total Number of Cycles Completed

e The low temperature performance of the NCA +LTE cell was superior to that of the NCO-based cells, and that
capability was preserved much better after being subjected to high temperature cycling.
» After completing over 1,200 total cycles, the NCA +LTE cell delivered over 90 times the capacity of either NCO cell
e The trend in the capacity delivered at -25°C after extensive cycling is the following:
e NCA+LTE (20.11 Ah, 67.0%) > NCO+LTE (0.210Ah, 0.93%) > NCO+Heritage (0.176Ah, 0.80%)
ELECTROCHEMICAL TECHNOLOGIES GROUP
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Discharge Capacity (Ah)

Results of Group 3 Cell Testing

Summary of Results (Performance at -30°C)

5.00 200
35.00 NCPZIgiigr':thzf Ah‘ll__i.lantI:EIIl: . 5,00 Amp Charge Current (C/5)to 4.4V
InSight 25 Ah Li-lon Cells: NCP25-1 and NCP-5 Design Cells as0 J 1M LR EE&.;'.Acc.gqp%u:sg:zm -l s.o?;‘f.ﬁp“s;"u':?;:l‘éf.‘,_":ﬁzgﬂifﬂw L so0
Heritage and Low Temperature Electrolytes gt Lo g 402 emparaire =
30.00 MCMB- LiNi,Co, .0, or Graphite - LiNig 3,C0; 5Aly 0:0, e
"Flight-Like" Cells gop De— g SN 00
= 4Pl 2
25.00 —a & : : : : i g
§ 3.50 i f f B 10,0 !
z . 3 H H g
z . " l l E
. i [
20.00 5 3.00 f= X | { 200
\ Cell IN-132
250 -30.0
15.00 # Cell IN-121 = NCO and Heritage Electrolyte . :"' IN-132 (C:;;alzt;:;altigg :; c?:: :;:;
emp
4 Cell IN-128 = NCO and Low Temperature Electrolyte 200 tomperature. <00
10.00 © Cell IN-132 = NCA and Low Temperature Electrolyte o 1o B 30 40 50 &0 7 & o0
b Time (Hours)
5.00A Charge Current (C/5)to4.10 V
\ 0.500 Amp taper current cut-off (C/50) 4.4
5.00 *~ 5.00 Amp Discharge Current (C/5) to 3.00V
Temperature= - 30°C - - -
4.2 < InSight 25 Ah Lidon Cell: NCP25-5 with Low Temp Electrolyte |
1.0M LiPF; in EC+EMC+MP [20:60:20 vol %
Cell IN-132 Graphite - LiNi, ,Coy ‘.,.ialn_.,so, cell !
4.0 4 “Flight-Like" Cell |
0.00 : : : . : o —t——— 4k
300 400 500 600 700 8OO 900 1000 1100 1200 1300 1400 3.8 Charactarzation st -3RC
Total Number of Cycles Completed after completing
3.6 - 1200 cycles at high
S temperature.
S R
- - = 32 + 1st Discharge
After completing 1080 high temperature cycles (and over 1240 total E + 2nd Discharge \\\\
cycles), the NCA+LTE dramatically outperforms the heritage 0 o — I \
chemistry at -30°C (i.e., delivering 17.5 Ah compared with negligible 28 - 1
- . 5.00 Amp Charge Current (C/5) to 4.1V Chargeat - 30°C Charge at +20°C
capacity for the heritage cell) 26 11 08 Dacrar Cures 50 300 ¥
emperature = - 30
No evidence of Li plating was observed with the cells using a C/5 24 : ; - - p )

charge rate (5.0A) at -30°C.

Discharge Capacity (Ah)
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Performance Testing of InSight Yardney
NCP-25-6 Li-Ion Cells

Status of Group 5 Cell Testing

 Mission Simulation Testing (3 Cells)

Initial Characterization at +20°C, 0°C, and -25°C

Flight-like Acceptance Testing
. Capacity Verification at +20°C
High Current Battery Capacity at +0°C (2 Cycles)
Charge Retention Test at + 20°C (2 Cycles)
Battery Impedance Test at 50% SOC at +20°C
Battery Acceptance Random Vibration Test
Post Random Vibration Capacity Verification at +20°C (2 Cycles)

 Battery TVAC Cycling (2 Non-Op TVAC Cycles, 6 Op/Non-Op Cycles
Post Thermal Vacuum/Thermal Cycle Battery Capacity at +20°C

Repeat of Characterization at +20°C, 0°C, and -25°C
Pre-Launch Stand Test at +25°C (100% SOC)

Launch Simulation at +25°C

Repeat of Characterization at +20°C, 0°C, and -25°C

Cruise Simulation Testing Test (70% - 100% SOC, +5°C to -18°C)
Repeat of Characterization at +20°C, 0°C, and -25°C

Storage Simulation Testing

ELECTROCHEMICAL TECHNOLOGIES GROUP



Performance Testing of InSight Yardney Li-Ion Cells
Status of Group 5 Cell Testing

60
InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
35 A'_’r':itt?:;e 1 1.0M LiPF; in EC+EMC+MP (20:60:20 vol %)
Temperature = GraphltelI-FlFlerlgl?EiowéAIIEI,,%Oz Cell
50 ||+ 35°C to-30°C || Ight-Like™ Le
Operational
45
~ 40
Z i " - & +20°C
Z 35
5 e o 2 0°C
@
8 30
E ‘:_-‘T‘_ ' ® ; ® .25°C
b
a Pre-Launch Stand
20 Testand Lauch Cruise Simulation Storage Simulation
Simulation Duration = 208 Days Duration = 90 Days
Temperature = Temperature = +5°C to - 18°C Temperature = 0°C
15 +25°C
10
—a— InSight Cell IN-2184
5 —a—InSight Cell IN-2186
—o—InSight Cell IN-2187
3/8/15 5/17/15 7/26/15 10/4/15 12/13/15 2/21/16 5/1/16 7/10/16

» Lessthan 1.8 % capacity loss was observed at all three temperatures after being subjected to
acceptance testing, long term cruise simulation, and 3 months of post-cruise storage.
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Performance Testing of InSight Yardney Li-Ion Cells
Status of Group 5 Cell Testing

Capacity and Impedance at +20°C

InSight Cell IN-2184 InSight Cell IN-2186 InSight Cell IN-2187
Percent Percent Percent Percent Percent Percent
Ah of Initial | Wh | ofInitial | mOhms| Ah of Initial | Wh | ofInitial | mOhms| Ah of Initial | Wh | of Initial | mOhms
(%) (%) (%) (%) (%) (%)

Initial Performance at

20°C 38.459 100 140.6 100 2.197 |38.5250| 100 140.81 100 2.142 | 38.643 100 141.26 100 2.081
+

Performance at +20°C
After Acceptance Testing

38.292 | 99.57 | 139.91 | 99.51 | 2.417 | 38.351 | 99.55 | 140.11 | 99.50 | 2.283 | 38.507 | 99.65 | 140.69 | 99.60 | 2.185

Performance at +20°C
After Pre-Launch Stand Test | 37.955 | 98.69 | 138.72 | 98.66 2.643 | 38.051 | 98.77 | 139.07 | 98.77 2.399 | 38.181 | 98.80 | 139.56 | 98.80 2.301

and Launch Simulation

Performance at +20°C
After Cruise Simulation

37.839 | 98.39 | 138.23 | 98.32 | 3.052 | 37.894 | 98.36 | 138.51 | 98.37 | 2.515 | 37.997 | 98.33 | 138.93 | 98.35 | 2.368

Performance at +20°C
After 3 Months of Storage

37.807 | 98.30 | 138.07 | 98.20 | 3.210 | 37.898 | 98.37 | 138.49 | 98.35 | 2.606 | 37.959 | 98.23 | 138.77 | 98.24 | 2.441

» Lessthan 1.8 % capacity loss was observed at all three temperatures after being subjected to
acceptance testing, long term cruise simulation, and 3 months of post-cruise storage.
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Performance Testing of InSight Yardney Li-Ion Cells
Status of Group 5 Cell Testing

Capacity and Impedance at - 25°C

InSight Cell IN-2184 InSight Cell IN-2186 InSight Cell IN-2187
Percent Percent Percent Percent Percent Percent
Ah of Initial | Wh | of Initial | mOhms| Ah ofInitial | Wh | of Initial | mOhms| Ah of Initial [ Wh | of Initial | mOhms
(%) (%) (%) (%) (%) (%)

Initial Performance at

25°C 28.993 100 102.65 100 18.054 |28.6807| 100 101.21 100 18.976 | 29.035 100 102.73 100 18.109

Performance at - 25°C

29.367 | 101.29 | 104.64 | 101.93 | 16.089 |29.2640 | 102.03 | 104.10 | 102.86 | 16.400 | 29.556 | 101.79 | 105.39 | 102.59 | 15.552
After Acceptance Testing

Performance at - 25°C
After Pre-Launch Stand Test | 29.016 | 100.08 | 103.19 | 100.52 | 16.938 |28.8975| 100.76 | 102.61 | 101.39 | 17.237 | 29.192 | 100.54 | 103.9 | 101.14 | 16.425
and Launch Simulation

Performance at - 25°C

28.819 | 99.40 | 102.30 | 99.65 | 18.146 |28.8725| 100.67 | 102.55 | 101.32 | 17.908 | 28.690 | 98.81 | 101.64 | 98.94 | 18.360
After Cruise Simulation

Performance at - 25°C

28.835 | 99.46 | 102.38 | 99.73 | 17.951 |28.8802 | 100.70 | 102.62 | 101.39 | 17.780 | 28.649 | 98.67 | 101.48 | 98.78 | 18.268
After 3 Months of Storage

» Lessthan 1.8 % capacity loss was observed at all three temperatures after being subjected to
acceptance testing, long term cruise simulation, and 3 months of post-cruise storage.
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Cell voltage (V)
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0.00

Performance Testing of InSight Yardney NCP-25-6 Cells

Evaluation of Low Temperature Performance for Future Potential
NASA Missions to Icy Moons

InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
1.0M LiPFg in EC+EMC+MP (20:60:20 vol %)
Graphite - LiNij goC0q.15Al050; Cell
"Flight-Like™ Cell

OO0 000000000

000000000
o o'y
T

2.50 -

2.00 -

» Discharge at 0.125 A (C/200 Rate)
+ Dischargeat 0.250 A (C/100 Rate)
« Discharge at 1.250 A (C/20 Rate)
» Discharge at 2.500 A (C/10 Rate)
= Discharge at 5.000 A (C/5 Rate)

o Dischargeat 12.50 A (C/2 Rate)

By
R,
%,
@
@

i\

Cell IN-2215

Cell chargedat 20°C priorto discharge

Temperature = - 40°C
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Discharge Energy (Wh/Kg)

Cell Voltage (V)

5.00

2.00

1.00

0.50

0.00

InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
1.0M LiPFg in EC+EMC+MP (20:60:20 vol %)
Graphite - LiNij 30C 0 45Aly 0502 Cell
"Flight-Like" Cell

Discharge at 0.125 A (C/200 Rate)
+ Discharge at 0.250 A (C/100 Rate)
-+ e Dischargeat 1.250 A (C/20 Rate)
» Discharge at 2.500 A (C/10 Rate)
= Discharge at 5.000 A (C/5 Rate)
|| o Dischargeat 12.50 A (C/2 Rate)

Cell IN-2215

Cell chargedat 20°C priorto discharge
Temperature = - 40°C

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
Discharge Capacity (Ah)

> The next generation InSight chemistry containing the MP-based low temperature electrolytes
delivers good rate capability at -40°C , delivering over 102 Wh/kg at a C/2 rate (or 12.50A).

» Demonstrates that technology is well suited to support high power transmission events.

M. C. Smart. et al., “The Use of Low Temperature Electrolytes in High Specific Energy Li-lon Cells for Future
NASA Missions to Icy Moons”, 229th Meeting of the Electrochemical Society, San Diego, California, June 1, 2016.
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5.00 5.00
InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
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Temperature = - 50°C
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0.0 10.0 15.0 20.0 25.0 30.0 35.0

NASA Missions to Icy Moons

Temperature = - 50°C

Discharge Capacity (Ah)

2.00

1.50

Performance Testing of InSight Yardney NCP-25-6 Cells
Evaluation of Low Temperature Performance for Future Potential

Temperature = - 60°C

InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
1.0M LiPF; in EC+EMC+MP (20:60:20 vol %)
Graphite - LiNig0C0g.45Al5.050; Cell
"Flight-Like" Cell

9]

2%

Cell IN-2215

TeTe TR e 0

2 ==
3 Pas’
L

P

» Discharge at 0.125 A (C/200 Rate)
e Discharge at 1.250 A (C/20 Rate)
+ Discharge at 2.500 A (C/10 Rate)
= Discharge at 5.000 A (C/5 Rate)

o Discharge at 12.50 A (C/2 Rate)

2,

| | Cellchargedat 20°C priorto discharge | |

Temperature = - 60°C

0.0

5.0 10.0 15.0

20.0 25.0 30.0

Discharge Capacity (Ah)

35.0

> The next generation InSight chemistry containing the MP-based low temperature electrolytes
delivers good rate capability at -50°C , delivering over 90 Wh/kg at a C/2 rate (or 12.50A).

» Good performance also demonstrated at -60°C
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Anticipated Launch Date: TBD (2020's)

NASA's planned Europa mission would conduct
a detailed reconnaissance of Jupiter's moon
'E:ciropa and to investigate its habitability for
ife.

The mission would send a radiation tolerant
spacecraft into a long, looping orbit of
uropa to perform repeated close flybys.

Planned NASA -selected Instruments:.
Plasma Instrument for Magnetic
Sounding (PIMS)
Interior Characterization of Europa using
Magnetometry (ICEMAG)
Mapping Imaging Spectrometer for Europa
eyt Spectromer or urr

Europa Imaging System (ELS)
Radar for Europa Assessment and Sounding:
Ocean to Near-surface (REASON)

Europa Thermal Emission Imaging System (E-
THEMIS)

Mass Spectrometer for Planetary
Exploration/Europa (MASPEX)

Ultraviolet Spectrograph/Europa (UVS)
Surface Dust Mass Analyzer (SUDA)

Key Driving Battery Requirements

Long life = 11 years (long cruise period)
High radiation tolerance

High specific energy

Operating Temperature Range: 0° to +30°C
The preliminary architecture for the
Europa mission is to use a battery design
consisting of high specific energy small
18650-size Li-ion cells, to capitalize on
their internal safety functions, high
capacity, and excellent cell-to-cell
reproducibility.

ELECTROCHEMICAL TECHNOLOGIES GROUP
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NASA's Planned Europa Mission:

Lithium-Ion 18650 Cell Chemistry Assessment

The Europa Mission has identified a number of viable small cell Li-ion
options that are good candidates for the project, which provide high
specific energy and good performance characteristics.

>

>
>
>

Molicel ICR-M 18650 Cells
Molicel ICR-J 18650 Cells
Panasonic NCR-B 18650 Cells
Panasonic NCR-A 18650 Cells

An in-house performance assessment program has been initiated to
determine the viability for the Europa project, which includes the following:

>

YV V V V V

Radiation tolerance (subjected to Co% gamma rays)
Cycle life performance under various conditions
Storage life testing at the cell level (at 0°C and +25°C)
High temperature storage characterization (+30°C)
8-Cell module 100% DOD cycle life testing at +20°C
8-Cell module long term storage life testing at +0°C

ELECTROCHEMICAL TECHNOLOGIES GROUP
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NASA's Planned Europa Mission:

Lithium-TIon 18650 Cell Chemistry Assessment

0 Summary of cell high temperature storage results: characterization at +0°C

Percentage of Initial Capacity (Ah) at 0°C

104.00

102.00

98.00

96.00

94.00

Percentage of Initial Capacity at 0°C (%)

92.00

90.00

100.00 i

Panasonic and E-One Moli 18650 Li-lon Cells
High Temperature (+30°C) Storage Characteristics

Ci5 Charge Currentto 41V
C/50 Taper Current Cut-off (C/50)
C/5 Discharge Current to 3.00 V
Temperature = 0°C

5 10 15

20

« Panasonic NCR-A (Cell 25A)
A Panasonic NCR-A (Cell 26A)
< Panasonic NCR-B (Cell 29B)
o Panasonic NCR-B (Cell 30B)
4 E-One Moli ICRM (Cell ICRM-18)
» E-One Moli ICRM (Cell ICRM-19)

25 30 35 40

Days of Storage at +30°C (Full SOC)

45

Watt-Hours at 0°C

Watt Hours Delivered (Wh) at 0°C

10.00

Panasonic and E-One Moli 18650 Li-lon Cells
High Temperature (+30°C) Storage Characteristics

9.50

CI/5 Charge Currentto 4.1V
CI50 Taper Current Cut-off (C/50)
C/6 Discharge Current to 3.00 V
9.00 Temperature = 0°C

—_— ¥ B +
8.50 o

= Panasonic NCR-A (Cell 25A)
4 Panasonic NCR-A (Cell 26A)
<+ Panasonic NCR-B (Cell 29B)
= Panasonic NCR-B (Cell 30B)
4 E-One Moli ICRM (Cell ICRM-18)
» E-One Moli ICRM (Cell ICRM-19)

7.50

7.00
1] 5 10 15 20 25 30 35 40 45
Days of Storage at +30°C (Full SOC)

E-One Moli cells have displayed the least amount of permanent capacity fade.
Cells subjected to 40 days of storage at +30°C.
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NASA's Planned Europa Mission:
Lithium-Ion 18650 Cell Chemistry Assessment

0 Summary of String Level, Long Term Storage Life and Cycling Testing:
U Three different module designs: (i) NCR-A, (ii) NCR-B, (iii) Moli ICR-M (Supplied by ABSL)
U Validate cell dispersion characteristics; Modules do not contained pre-matched cells
U Strings characterized for capacity and impedance (at 20° and 0°C) periodically

Panasonic NCR-A Module Moli ICR-M Module
4 4 120 40 1 ) 1 I 120
(o | |Temeerure| | Panasonic 8:Cell Liion Battery Module L o | [Tonpemuee | EOnemonscel Liongatery moaute || e Al five modules display little

increase in voltage dispersion with
storage and cycling.

e Maximum voltage dispersion is
observed at the end of discharge.

*  The E-One Moli string displays

sion (mV)

Battery Voltage (V)

Battery Voltage (V)
Cell Voltage Dispersion (mV)

Cell Voltage Disper

) e A greater voltage dispersion on
T discharge due to the presence of
- Panasonic s;ﬁzﬂl‘!.::r&nczla;nery Module - - | E-One Molls;g;l‘.lalc_';]lgg eslllgnery Module - one Weak Ce_“ (I'e" presumably
020 : 10 a0 —— Luo lower capacity compared to the
L Nlaf L me s Tes)
; o oy aveGOOY Y S-S p— o aveoumy "%« \oltage dispersion will be tracked
3 mof 3 o 3105 throughout the testing of all 5
e i modules (both cycle life and
h storage life testing).
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NASA's Planned Europa Mission:

Lithium-Ion 18650 Cell Chemistry Assessment

0 Summary of String Level, Long Term Storage Life at 0°C:

Bus Storage at +0°C (Module Data)
Capacity Delivered at +20°C

104
Panasonic NCR-A, NCR-B, and MoliICR-M 18650-Size Li-lon Cells
8-Cell String Modules
102 Long Term Storageat 0°C

=
o o
@ <

9% + Panasonic NCR-B 8-Cell String

+ Panasonic NCR-A 8-Cell String
# E-One Moli ICRM 8-Cell String

94

Percent of Initial Capacity (Ah, %)

€5 Charge Current (to 4.10V)
C/50 Taper current cut-off 0.52 Amp
Lo | cI/5Discharge Currentto 3.00 V
Temperature= 20°C

50
o 50 100 150 200
Storage Duration (Days)

104

Panasonic NCR-A, NCR-B, and MoliICR-M 18650-Size Li-lon Cells
8-Cell String Modules
102 1 Long Term Storageat 0°C
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+ Panasonic NCR-A 8-Cell String
96 4+ Panasonic NCR-B 8-Cell String
= E-One Maoli ICRM 8-Cell String
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CI5 Charge Current(to 4.10V)
a2 CI50 Taper current cut-off 0.52 Amp
CI5 Discharge Currentto 3.00 V
Temperature = 0°C

a0
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Moli ICR-M 8-Cell Module displays minimal cell dispersion during storage
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Cell dispersion characteristics after 6 months are very comparable to
beginning of life behavior
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NASA's Planned Europa Mission:
Lithium-Ion 18650 Cell Chemistry Assessment

0 Summary of String Level Cycle Life Testing :

U  Two different cell designs: (i) NCR-A, and (ii) Moli ICR-M 418 E-One Moli 8-Cell Li-lon Battery Module }7
(NCR-B is completed) 416 100% DOD Cycls Life at 420°C
U Modules fabricated by ABSL (8s1p modules) 414 %“c,:hm‘;c“:“:.:.’u“:”;‘iﬁ‘fg;g:]'}*
U Validate cell dispersion characteristics (up to 300 cycles) g 4n e
O Cycling performed at +20°C (100 % DOD, 24V to 32.80V) g' 410 S—
O A total of 300 cycles should be completed to establish g 408
dispersion characteristics 4.06
U Strings characterized for capacity and impedance a0
O At 20° and 0°C every 100 cycles o
4.00

O This testing has been completed on Panasonic NCR-B strings 0 50 100 150 200 250 300

Cycle Number

110

Panasonic and E-One Moli 8-Cell Li-lon Battery Modules Mlnlmal Ce// VO/tage disperSion

Cycle Life Performance at+20°C

105 observed on charge (EOCV) after
: . completing 300 cycles (< 15 mV)
= .
g ) \ h‘_'“__\“'
s S
g w RS ‘ —]
é l + Panasonic NCR-A 851p Medule

84— | 100%DOD Cyclingat +20°C
Charge Cuent = C/5 Rates

Gharge Voltage = 32.80 V (G/50 Taper)
Discharge Curent = C/5 Rate

Discharge Cut-off = 24.0V

T r r T T T T - -
0 25 50 73 100 125 150 175 200 225 250 275 300
Cycle Number
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Summary and Conclusions

e MSL Curiosity:

Good consistency has been observed with the on-going mission simulation testing of the
24Ah and 43Ah Li-ion cells.

To-date, approximately 12% capacity loss has been observed with the 43 Ah cells after being
subjected to pad conditions, cruise, and 900 sols of simulated surface operation.

Ground testing impedance measurements have correlated well with telemetry data
obtained from the rover after enabling mobility heaters.

A number of tailored charge and discharge characterization tests have been performed in
support of MMPAT development.

* InSight Mission:

Due to the need for good low temperature capability throughout the mission, and the
favorable results obtained with this testing program, the InSight project has adopted the
NCA+LTE chemistry for the flight battery.

Beginning of life (BOL), the NCA-based cells delivered >15% improvement in the capacity
and energy delivered at ambient temperature and 31% more capacity at -25°C compared to
the NCO-based chemistries.

Real-time mission simulation testing has demonstrated minimal capacity loss (< 1.8%) after
being subjected to flight-like acceptance testing, pad simulation, cruise simulation, and 3
month of prolonged storage.

 Planned Europa Mission :

45

String level module testing has demonstrated minimal voltage dispersion with life, when
subjected to 100% DOD life testing and long term storage testing at 0°C.
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Results of Group 4 Cell Testing

Summary of Results (Capacity and Impedance at 20°C)
Comparison with Group 1 Cell Testing

Cell Impedance at +20°C

10.00
InSight 25 Ah Lidon Cells: NCP-5 Design Cells e bl e ol Sl ol
2 Heritage and Low Temperature Electrolytes
Heritage and Low Temperature Electrolytes 9.00 Graphite - LiNig.5,C0p.1:Alu0:0;
Graphite - LiNiys,Cog.1:Al0s0; "Flight-Like"Cells
"Flight-Like" Cells
8.00 12,5 Amp Discharge Pulses (5 sec duration)
- 2 Hour Rest Periods Before and After Pulses
L"’:‘!‘_‘-‘—-—-—‘— —— n —- - —= - n 5.0 Ah Discharged Between Pulses
S~ S— 7.00 J Values represent 80% SOC
-'E Temperature = 20°C
=
+ Cell IN-2107 = NCA + Heritage Electrolyte g 6.00 # Cell IN-2107 = NCA + Heritage Electrolyte
® Cell IN-2113 = NCA + Heritage Electrolyte i ® Cell IN-2113 = NCA + Herlitage Electrolyte
o]
® Cell IN-2131 = NCA + Heritage Electrolyte S 5.00 ® Cell IN-2131 = NCA + Heritage Electrolyte
= Cell IN-094 = NCA + Low Temp Electrolyte 'f::.-_ = CellIN-094 = NCA + Low Temp Electrolyte
Cell IN-095 = NCA + Low Temp Electrolyte E 400 Cell IN-095 = NCA + Low Temp Electrolyte
3
v}
3.00
5.00 Amp Charge Current(C/5) to 4.1V
{ 0.600 Amp taper current cut-off (C/60) 2.00 B~ =
5.00 Amp Discharge Current(C/%) to 3.00 V
Temperature = 20°C
1.00
Group 1 and Group 4 Cells
0.00
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Cycle Number Cycle Number

The NCA+LTE cells displayed modestly higher capacity fade rate with cycling
compared with the NCA+heritage cells.

However, somewhat lower impedance growth was observed with the NCA+LTE cells.
Cells were subjected to +35°C testing, a 7 day stand test, and cycling over a wide
temperature range (+30° to -25°C)
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Discharge Capacity (Ah) at -25°C
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Results of Group 4 Cell Testing

Summary of Results (Capacity and Impedance at -25°C)
Comparison with Group 1 Cell Testing

Cell Impedance at -25°C

0

50.00
g = g InSight 25 Ah Li-lon Cells: NCP-5 Design Cells
InS]ght 25 Ah Lidon Colls: NCP-5 Design Cells Heritage and Low Temperature Electrolytes
Heritage and Low Temperature Electrolytes | 45.00 Graphite - LiNig.s,C00.15Al0s0;
Graphite - LiNiy 5,C 0y, 15Al050; “Flight-Like" Cells
“Flight-Like" Cells
40.00
5.00 Amp Charge Current (C/6)to 41V ) )
0.500 Amp taper current cut-off (C/50) 35.00 12.5 Amp Discharge Pulses (5 sec duration)
5.00 Amp Discharge Current (C/6)to 3.00V —_ = 2 Hour Rest Periods Before and After Pulses
Temperatura = - 25°C 3 5.0 Ah Discharged Between Pulses
'S Values represent 80% SOC
[ ~— £ 30.00 Temperature = - 25°C
- = = - R — ™ 'E:
ot g
S 25.00
-]
Q
o
£ 2000
+ Cell IN-2107 = NCA + Heritage Electrolyte §
= Cell IN-2113 = NCA + Heritage Electrolyte 15.00
# Cell IN-2131 = NCA + Heritage Electrolyte + Cell IN-2107 = NCA + Heritage Electrolyte
» Cell IN-094 = NCA + Low Temp Electrolyte 10.00 ® Cell IN-2113 = NCA + Heritage Electrolyte
Cell IN-095 = NCA + Low Temp Electrolyte @ Cell IN-2131 = NCA + Heritage Electrolyte
5.00 = Cell IN-094 = NCA + Low Temp Electrolyte
Group 1 and Group 4 Cells Cell IN-095 = NCA + Low Temp Electrolyte
0.00
50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Cycle Number Cycle Number

The NCA+LTE cells displayed modestly higher capacity fade rate at -25°C with cycling
compared with the NCA+heritage cells.

However, somewhat lower impedance growth was observed with the NCA+LTE cells.
Cells were subjected to +35°C testing, a 7 day stand test, and cycling over a wide
temperature range (+30° to -25°C)
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Results of Group 2 Cell Testing
Summary of Results (Performance of IN-098 at -40°C)

C/10 (2.5A) to 4.10V at -40°C C/25 (1.0A) to 4.00V at -40°C

4.25 4.25
InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte InSight 25 Ah Li-lon Cell: NCP25-5 with Low Temp Electrolyte
1.0M LiPF; in EC+EMC+MP (20:60:20 vol %) 1.0M LiPF; in EC+EMC+MP (20:60:20 vol %)
4.00 Graphite - LiNig.3,C00.158l.050, Cell — 4.00 ¥ Graphite - LiNig 5yC0q 458l 050, Cell
"Flight-Like" Cell + "Flight-Like" Cell
3.75 Evidence of lithium 3.75
h : 1.00 Amp Charge Current (C/25) to 4.1V
plating on prior charge Cell IN-098 u.5uun.1a’:np t:::g:r current l.[:ut-nf]f 3:150)
at-40°c 5.00 Amp Discharge Current (C/5) to 2.50 V

3.50 - 3.50 Temperature =-40°C —
e 325 § 3.25 -
a 25.227 Ah 25.066 Ah
E v (to 3.0V) E / (to 3.0v)
§ 3.00 —  2.50 Amp Charge Current(C/10)to 4.1V S 3.00 /
= 0.500 Amp taper current cut-off (C/50) = 16.248 Ah
@ 5.00 Amp Discharge Current (C/5}to 2.50 v | 19943 Ah © (1o 3.00)
© 275 L Temperature= - 40°C (to3.0v) © 275 . \ \

2.50 X. \ 2.50 % 3

N 23.978 Ah 29.003 Ah + 1stDischarge 20.168 Ah 29.093 Ah
# 1st Discharge
2.25 ® 2nd Discharge Charged at -40°C H Charged at+20°C [ 2.25 ® 2nd Discharge Charged at -40°C to 4.0V || Charged at+20°C | |
A 3rd Discharge (€/10 Rate) (c/s Rate) Cell IN-098 (C/25 Rate) (c/5 Rate)
2.00 T T . T . T 2.00 T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Discharge Capacity (Ah) Discharge Capacity (Ah)
When NCA/LTE cells were cycled at -40°C using C/10 charge rate, Li plating was observed on the anode
» This is indirectly observed by the higher voltage plateau on the subsequent discharge (i.e., the

lower overpotential of lithium stripping compared to Li* de-intercalation from graphite).
Results led to the evaluation of lower charge rates and charge voltage test at -40°C (i.e., C/25

charge rate to 4.00V), where no evidence was observed.
Subsequent testing established only modest plating at -35°C (C/5 rates to 4.10V) and no plating

evident at -30°C (using C/5 charge rates to 4.10V)
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Cell Voltage (V)

Results of Group 2 Cell Testing

Summary of Results (Performance at -30°C)
Cycles 336-345 (14 set of 10 cycles performed at -30°C)

Cell IN-099 Cell IN-099

5.00 20.0 4,2
NCFZIQ-Sﬁigu?:hZE:\S #;#J;Ecl:eellérolyte 5.00 Amp Charge Current (C/5)to 4.1V 4.0 insiant 2'?0AG t:;g:'ﬁeélcfgnﬁéinﬁ;v&% !-500":"2;9\[“;:005'93“°|5‘t9
1.0M LiPF; in EC+EMC+MP (20:60:20 vol %) 0.500 Amp taper current cut-off (C/50) Graphlte"- L_|N|0,EU_CoPI,15AIU‘0502 Cell
4.50 1 Graphite - LiNig 5C0g.15Al5.2:0; Cell |- 5.00 Amp Discharge Current (C/5)to 3.00V - 10.0 Flight-Like™ Cell
"Flight-Like" Cell Temperature= - 30°C k
3.8
el ol ol o % % 3 n3 o3 o 0.0 Cell IN-099
AVAVAVAVAVAVAVAVA U IS
: i: E Charge at + 20°C
3.50 - : : : : : : : ; 10.0 g % 3.4 14— * ;SLD[;.sch:rge
AR AR AR AT NE=
it L = 321 o5t Discharge
3.00 ; ¥ ¥ * ¥ ¥ ¥ ¥ * ¢ ' -20.0 S ngng:x:::g: Charge at - 30°C \
i 207 e —
2.50 fw -30.0 © 10th Discharge 5.00 Amp Charge Current (C/5)to 4.1 V
+ ColliN0% 28 500 Amp Discharge Current (1546 3,00 V
+ Temp Cell IN-099 ’ P Tempergature= -3((J=Cl ’
2.00 T T T T T -40.0 26 T T T T T
0 25 50 75 100 125 150 0 5 10 15 20 25 30
Time (Hours) Discharge Capacity (Ah)
The Group 2 Cells were recently subjected to cycling continuously at -30°C (14th group of cycles)
The charging represents flight relevant conditions (5.00A charge current to 4.10V)
Cells have completed ~ 140 cycles under these conditions
Stable performance was observed

Cells have completed over 160 cycles at temperatures of -30°C or below (different conditions)
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55.0

50.0

Discharge Capacity (Ah)

30.0

25.0

» The NCA+ LTE chemistry has not displayed any deleterious effects as a result of cycling continuously at -30°C.

Results of Group 2 Cell Testing

Summary of Results (Capacity and Impedance

InSight 25 Ah Lidon Cells: NCP25-1 and NCP-5 Design Cells
Heritage and Low Temperature Electrolytes

MCMB - LiNi,Co4 x0; or Graphite - LiNig z0Cop 15Al5.0502

"Flight-Like" Cells 5.00 Amp Charge Current (C/5) to 4.1V

45.0

40.0 -

winftial Performance at 20C; Cycle =3
u After Discharge Rate and -30 Charge Rate ; Cycle = 62
 After All Charge Rate Testing; Cycle = 83

Temperature = 20°C

0.500 Amp taper current cut-off (C/50)
5.00 Amp Discharge Current (C/5) to 3.00 V

' After -40C Cycling (2 Cycles, ¢/ 10 Rate 10 4.10V); Cycle= 89
After -40C Cycling (2 Cycles, C/25 Rate 10 4.00V); Cycle=95
After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 108

 After -30C Cycling (10 Cycles, C/5 Rate 10 4.10V); Cycle= 121
After -35C Cycling (2 Cycles, C/5 Rate to 4.10V); Cycle = 127
' After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 140

After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 153
 After -35C Cycling (2 Cycles, /5 Rate to 3.80V); Cycle = 159

After -40C Cycling (2 Cycles, C/5 Rate to 3.80V); Cycle = 165
 After -30C Cycling (10 Cycles, C/5 Rate 10 4.10V); Cycle= 178
' After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 191
mAfter -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle = 207
 After -30C Cycling (10 Cycles, C/5 Rate 10 4.10V); Cycle= 226

After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle = 246

Group 2 Cells
36.75 36.90
Ah Ah

' After -30C Cycling (10 Cycles. C/5 Rate to 4.10V); Cycle = 266
 After -30C Cycling (10 Cycles, C/5 Rate 10 4.10V); Cycle= 286
' After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle = 306
 After -30C Cycling (10 Cycles. C/5 Rate to 4.10V); Cycle = 327
 After -30C Cycling (10 Cycles, C/5 Rate 10 4.10V); Cycle= 348

35.0 -

31.02 31.32 30.95 30.63
Ah ) Ah Ah Ah

IN-118 IN-120 IN-126 IN-127
NCO + Heritage Electrolyte NCO + Low Temp Electrolyte

IN-098

IN-099

NCA + Low Temp Electrolyte

Percent of Inital Capacity (%, Ah)

125

120

115

110

105

100

at 20°C)

winftial Performance at 200 ; Cycl = 3
mAfter Discharge Rate and 30 Charge Rate ; Cycle = 62
= After All Charge Rate Testing; Cycle = 83
After -40C Cycling (2 Cycles, /10 Rate to 4.10V); Cycle= 89
' After -40C Cycling (2 Cycles, /25 Rate to 4.00V); Cycle= 95
After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle= 108
 After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 121
After -35C Cycling (2 Cycles, €/5 Rate 10 4.10V); Cycle= 127
After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle= 140
 After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle= 153
After -35C Cycling (2 Cycles, C/5 Rate 10 3.80V); Cycle = 159
 After -40C Cycling (2Cycles. C/5 Rate to 3.80V); Cycle = 165
' After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle= 178
 After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle= 191
 After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 207
mAfter -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 226
After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle = 246
' After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 266
' After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 286
' After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 306
' After -30C Cycling (10 Cycles, C/5 Rate to 4.10V); Cycle = 327
' After -30C Cycling (10 Cycles, /5 Rate to 4.10V); Cycle = 348

InSight 25 Ah Li-lon Cells:

NCP25-1 and NCP-5 Design Cells
Heritage and Low Temperature Electrolytes
MCMB - LiNixCo,.x0; or
Graphite - LiNig 30C0g 15Alp 0502
"Flight-Like" Cells

5.00 Amp Charge Current (C/5) to 41 V
0.500 Amp taper current cut-off (C/50)
5.00 Amp Discharge Current (C/5) o 3.00 V
Temperature= 20°C

Group 2 Cells

IN-118 IN-120 IN-126
NCO + Heritage Electrolyte

Good retention of capacity is observed with a low capacity fade rate.
 The NCA+ LTE chemistry also displays very low impedance growth as a result of cycling over a wide

temperature range. This result is significant, since the harmful effects of lithium plating often manifests itself in

terms of increased impedance growth.
* In addition to a lower impedance growth rate, the absolute value of the impedance is less than half that of the
NCO systems.
* Itshould be noted that even though lithium plating was observed on a few cycles of the NCA cells under
aggressive conditions, no long-term negative impact upon performance was observed.
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IN-127 IN-098 IN-099

NCO + Low Temp Electrolyte NCA + Low Temp Electrolyte
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