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h()ouxm/mv Purpose

Quallion has been in development of expanding the operating
temperature of lithium-ion cells.

The primary goal of this project is to minimize the electrode
design change and utilize the same class of active materials to
be produced under the Title Il contract.

Electrode design was based on prior work for high power
electrodes and long life chemistry utilized in our medical and
satellite lithium cells.

In addition, under a SBIR contract with NASA, Quallion evaluated
various electrolytes to optimize the low temperature performance
(charge/discharge). Some of these electrolytes were provide
through a collaboration with NASA/JPL

The following presentation shows the performance of the down-
selected electrolytes in various cell form factors and electrode
designs

Powering Life.



O Outline
QUALLION

e Electrolyte Conductivity
e 300mAh High Power Baseline Test Cells
- Wide temperature rate capabilities
— High temperature storage stability
— Cycle life
e 300mAh Power-Energy Balance Test Cells
- Wide temperature rate capabilities
- High temperature storage stability
e Q18650-HP
— Mechanical design trade study
- Rate capabilities
— Preliminary cycle life
® Prototype Small Prismatic Cell
- Room and low temperature rate capabilities
- Low temperature cycle life
— Preliminary cycle life
e Prototype Large Satellite Cell Build
e Conclusions & Acknowledgements Powering Life.



(@ SOA COTS Cell

COTS cell solution is an inexpensive solution, but it has limitation-
“Low Temperature Capability”.
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Cion Electrolyte Conductivity
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e Small, 300mAh test cell

® High power electrode design

e 10C (3A) rated cell capability

e Low temperature electrolytes
- EC/EMC (Control)
— Quallion low temperature electrolyte A-1
- JPL low temperature electrolyte M-1

Baseline High Power Cell Design

Powering Life.



C....  BTE370-HP Mechanical Design
f@@

True Capacity / mAh* 300
Energy Density / Wh/kg* 108
Energy Density /| Wh/I* 200
_ _ 30x 18 x10
Dimensions / mm*
{ (HxWxT)
\ | Weight / g* 10.00 £ 0.75

« Electrical Characteristics
* Nominal Capacity = 300 mAh
» Target Operating Range = -70°C to +85°C
« Rated for 10C discharge over entire temperature range (15C Possible)
Heritage Materials

* Active materials are the same as Quallion SATELLITE cells

« USG T3 program enables Quallion to produce Cathode and Anode
materials in-house by 2012

* Designed values Powering Life.



C ... Rate Test Summary for BTE370-HP
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Charge : 1.0CmA, 4.1V CCCV C/20 mA cutoffat RT
Discharge:0.2,0.5,1, 2,5, 10, 15CmAto 2.7V at RT
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(@ C/2 Discharge from -55° to +85°C

Voltage/V

for A-1 Cell

Discharge at C/2 from -55 to +85 C
4.25
——_55°C —=--40°C —+—-20°C
4.00 W e 0°C 120°C  ——+40°C
3.75 oz - oo Wi~~~ O-+60°C —+—+71°C —#%=+85°C
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300mAh Prismatic Cell
2.25 HChemistry:NCA/C = |eoommo e i oo oo oo
Electrolyte:A-1
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Discharge capacity/ Ah

Charge: 1CmA, 4.1V CCCV C20 mA cutoffatRT

Discharge : 0.5CmA to 2.0V at-55,-40,-20 , &0 &to 2.7 Vat
+20,+40,+60, +71 ,& +85 C

I Single cell; Over 32 cycles at different rates and temperatures I Powering Life




| C/2 Discharge from -55° to +71°C
QUALLION for M-1 Cell

Discharge at C/2 from -55f to +85/C
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300mAh Prismatic Cell
225 4 Chemistry:NCA/C  |eceeeeee .2
Electrolyte:M-1
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Discharge capacity / Ah

Charge:1CmA, 4.1V CCCV CR0mA cutoffatRT
Discharge : 0.5CmA to 2.0V at-55f, -40f, -20f, & 0f & to 2.7 V at
+20f, +40f, +60f, & +711C

I Single cell; Over 32 cycles at different rates and temperatures I

Powering Life.



(@, 10C Discharge at -40°C for
b QUALLION A-1 and M-1

-40 C Discharge at 10C
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Charge:1 CmA, 4.1V CCCV CR20 mA cutoffatRT . .
Discharge : 10 CmA to 2.0 VV at-40 C Powering Life.




.()QUM,ON Storage of BTE370-HP Cell at
+60°C/5 Weeks & 100% SOC
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V) -
40% 300mAh BTE370-HP
Chemistry: NCA/C
30% - Electrolyte: Varied
-—-EC/EMC --EC/EMC Storage: +60 C/5 Weeks; 100% SOC
0% Capacity Check:
o T7 Discharge: 1CmAto 2.7V at RT
—=A1 AT Charge: 1CmAto 4.1V CCCV C/20
10% 4 e W mA cutoff at RT
2 | M-1 |/ M-1 Discharge: 1CmAto 2.7 VatRT
0%
Initial Capcity Capacity Remaining Recoverable Capacity

Powering Life.



()QUALLION
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Storage of BTE370-HP Cell with A-1 at

+80°C/8 Weeks & 100% SOC

\

A

\

A

NP Z\

)4

%

| Capacity Recovery
After Storage

h

10%

300mAh Prismatic Cell (BTE370-HP)

| JChemistry: NCA/C

Electrolyte: A-1
Storage: +80°C/8 Weeks; 100% SOC

_||Capacity Check (Every 2 Weeks):

Discharge: 1CmA to 2.7V at RT
Charge: 1CmA to 4.1V CCCV C/20

mA cutoff at RT - A A1
Discharge : 1CmA to 2.7 V at RT
Initial 2 wk 2 wk 4 wk 4 wk 6 wk 8 wk 8 wk
Capacity Remaining Recovered Remaining Recovered Remaining Remaining Recovered

Powering Life.



‘()QUMON 1C/5C Charge-Discharge Rate Cycling
of BTE370-HP at Room Temperature

110

| Cycling to 100% DOD
100 |

90

80 .
= 70 ¥ o
%
© 60
)
o
O 50
o 300mAh Prismatic Cell
a 40 Chemistry: NCA/C r
30 Capacity Check (Every 400 cycles):
Discharge: 1CmA to 2.7V at RT [
Charge: 1CmA to 4.1V CCCV C/20
20 {— = FEC/EMC mA cutoff at RT i
Discharge : 1CmA to 2.7 V at RT
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Cycle number

Charge : 1.0 CmA, 4.1V CCCV C/20 mA cutoff at RT
Discharge : 5.0 CmA to 2.7 V at RT Powering Life.
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® Same chemistry as baseline cell
® Improved energy density

e Rated up to 5C, with 10-15C possible at room
temperature

e Low temperature electrolytes
- EC/EMC (Control)
— Quallion low temperature electrolyte A-1
—- Low temperature electrolyte M-1

Power-Energy Balance Cell Design

Powering Life.



(@ BTE370-PE Mechanical Design
f@@

True Capacity / mAh* 325
Energy Density / Wh/kg* 120
Energy Density /| Wh/I* 210
_ ] 30x 18 x10
Dimensions / mm*
{ (HxWxT)
\ e Weight / g* 9.50 + 0.75

» Electrical Characteristics
* Nominal Capacity = 300 mAh
» Target Operating Range = -70°C to +85°C
« Rated for 5C discharge over entire temperature range (10C Possible)
Heritage Materials
» Active materials are the same as Quallion SATELLITE cells

« USG T3 program enables Quallion to produce Cathode and Anode
materials in-house by 2012

. * Designed values Powering Life.
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o  Rate Test Summary for BTE370-PE
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Charge:1.0C mA, 4.1V CCCV CR0mA cutoffat RT
Discharge:0.2,0.5,1, 2,5, 10, 15CmAto 2.7V at RT

Powering Life.
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C/2 Discharge Summary for BTE370-PE
with A-1 from -40° to +85°C

Discharge at C/2 from -55 to+85 C
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Discharge capacity / Ah

Charge : 1CmA, 4.1V CCCV C20 mA cutoffatRT

Discharge : 0.5CmA to 2.0V at-55 ,-40 ,-20 , &0 &to 2.7 V at

+20,+40 ,+60,+71 ,&+85 C . "
Powering Life.



(@, Storage of BTE370-PE Cell at
+60°C/5 Weeks & 100% SOC
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Percentage Room Temperature Capacity (1C)/ %

40% A
300mAh BTE370-PE Cell
30% Chemistry: NCA/C
(I R U Electrolyte: Varied
—&-EC/EMC -8-EC/EMC Storage: +60 C/5 Weeks; 100% SOC
20% 4 0000 e Capacity Check:
: ——A1 —— A1 Discharge: 1CmAto 2.7V at RT
Charge: 1CmAto 4.1V CCCV C/20
10% +4 e mA cutoff at RT
=~ MP-d -B-MP-d Discharge: 1CmAto 2.7 V atRT
0%
Initial Capcity Capacity Remaining Recoverable Capacity

Powering Life.



()OUALLION i _
18650 High Power Cell Design

® Same chemistry and mechanical parameters
as baseline 300mAnh cell

e Tunable rate capability based on design
e 30A discharge capability
e Uses Quallion A-1 electrolyte

Powering Life.



()OUALLION

Quallion Q18650-HP

At -40°C, 30C rate discharge capable

Cell Specifications

True Capacity / mAh* 1000
Energy Density / Wh/kg* 92
Energy Density /| Wh/I* 217
. i 65 x 18
Dimensions / mm
(Hxd)
Weight / g* 39+0.75

« Operating Range = -40°C to +71°C
« Heritage Materials
» Active materials are the same as Quallion SATELLITE cells

Powering Life.
21 * Calculated values based on design



(@ Q-18650-HP Mechanical Design
T Evaluation
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Charge : 1.0C A, 4.1V CCCV C/20 mA cutoff at RT
Discharge : 0.2, 0.5, 1, 2, 5, 10, 15, 20, 25, 30C Ato 2.7 V atlfi)TW
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ering Life.
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Q-18650-HP Mechanical
Evaluation—30A Discharge

30C Discharge

900mAh Q-18650-HP

Chemistry: NCA/C
Electrolyte: A-1

—o— Mechanical 1

—a— Mechanical 2
& Mechanical 3

—e— Mechanical 4
< Mechanical 5

Voltage / V

| Room Temperature [

1.00

0.10 0.20 0.30

0.40 0.50
Discharge capacity / Ah

Charge : 1.0 CA, 4.1V CCCV C/20 mA cutoff at RT
Discharge : 30 CAto 2.7V at RT

0.70 0.80 0.90

Powering Life.



' Discharge Rate Data of Quallion
QUALLION HP Ce"

Discharge of Cell from0.2A to 30A

4.25
Q18650-HP Cell ——02A —®-05A —41A
: Chemistry:NCA/C
4.00 1= Electrolyte:A-1 - 2A 5A  —=10A |
k: ~ B-15A —+—20A —%-25A
375 }," D I||,- —%-30A
>
S 3.50 -
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D 00 P .' C S \
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275 1| *Mechanical Design 5 o g——
250 1 1 1 1 I 1 T T T T
0 10 20 30 40 50 60 70 80 a0 100

Percentage of 1C Room Temperature Capacity / %

Charge: 1.0A, 4.1V CCCV C20 mA cutoffat RT
Discharge: 0.2,0.5, 1, 2, 5, 10, 15, 20, 25, 30At0o 2.7 VV at RT : '
Powering Life.



Voltage/V

.()QUMON Discharge Temperature Data of

Quallion HP Cell at 30C Rate

4.25 -

S | ~—40°C 20°C |
4.00 1Ah Q18650-HP DS
3.75 gp=--m=m=mmmmmmmmmmmmmmsmsmsmememeoooeoe- Chemistry:NCA/C -

Electrolyte:A-1 +40°C  —e—+60°C

T L B < Single cell; 29 cycles at different
' rates and temperatures
1.00 . . . . . .

000 010 020 030 040 050 060 070 080 090 100 110 1.20

Discharge capacity / Ah

Charge : 1.0A,4.1V CCCV C20 mA cutoffat RT
Discharge : 30CAto15Vat-40,-20,0 Cor 2.7V at
RT, +40, +60 , and +71 C

Powering Life.



Capacity Retention (%)

l()OUALLION

120

100

80

30C Discharge Data Comparison

[ Quallion 18650 HP |
/ a—a
—4— 26650-SOA (Olivine System)
o—-18650-SOA (NMC System)
—&- Quallion 18650
|Discharge at 30CA down to 0.5V |
—2///
-50 -40 -30 -20 -10 0 10 20 30 40

Temperature (degC)

Powering Life.
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Retention/ %
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Q18650-HP Electrolyte Evaluation

0 2 4 6 8 10 12 14 16 18 20
Rate

Charge:1.0C A, 4.1V CCCV C20 mA cutoffatRT

22

24 26 28 30

Discharge:0.2,0.5,1, 2, 5, 10, 15, 20, 25, 30C Ato 2.7V at RT

Powering Life.



@ Preliminary 1C-1C Charge-Discharge
e Cycling of Q18650-HP

110

100

(o]
o
[

70 A

60 T17an Q18650-HP Cell

Chemistry: NCA/C
50 +{Separator: Pt
Electrolyte: Varied

Percentage 1C Room Capacity / %

Capacity Check:
40 11 Discharge: 1CmAto 2.7V atRT =~ [fr===============-mmmooooooooooooooooq ===
Charge: 1CmAto 4.1V CCCV C/20 OEC O0A1 BM-1
mA cutoff at RT
30 11 Discharge: 1CmAt0o2.7 VatRT = [T777-7777777m7mmsmomsmoosmoommoo
20 1 1 1 ! 1
0 200 400 600 800 1000 1200

Cycle number

Charge: 1 CmA, 4.1V CCCV C20 mA cutoffatRT

Discharge: 1 CmAto 2.7V atRT Power/'ng [ife



()OUALL/ON

® Same chemistry as baseline 300mAh cells
@ 30C capable discharge

- 955C possible
® Uses M-1 electrolyte

® Excellent low temperature cycling
performance

Prismatic Cell Design

Powering Life.



C i Prototype Prismatic Cell*

Cell Specifications

Rated Capacity / mAh* 2300
Energy Density / Wh/kg* 110
Energy Density /| Wh/I* 205
i i 5.3x2.1x0.25
Dimensions
(HxW xT)
Weight / g 750.75

« Operating Range =-40°C to +70°C
« Heritage Materials
« Active materials are the same as Quallion SATELLITE cells

« USG T3 program enables Quallion to produce Cathode and
Anode material in-house by 2012

" * Calculated values based on design Powering Life.
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Retention of 1C Capacity / %
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Discharge Rate Summary for
Prismatic Cells

=—Cell 2

_______________ .-Cefs |
1 2.30AhPrismatic

Chemistry:NCA/C
+---- Electrolyte:M-1

0 5

10 156 20 25 30 35
Rate

Charge:1.0C A, 4.1V CCCV CR20 mA cutoffatRT
Discharge:1, 15, 30CAto 2.7V at RT

40

Powering Life.



@ 15C Rate Discharge of Prismatic
N duaiiion Cell at -40°C

15C Discharge at-40 C

4.25
[ ]
4.00 rommmmmmmmmmmmmmmmmsmemmsmmmecmeeocmoeeceeecseoccoococooccsesoosoooooooooooooo S ONIEN
K e B et ettt ittt ettty ieleteteletelelsleisisilelelelelelelntnint st
2.30Ah Prismatic
3.5 Foc--crmemccmcmccmcmccmmccmcmccmcmccmesccmmccnesaccnemccnancenanaananaans Chemistry:NCA/C
Electrolyte:M-1
272 R
>
8 3.00 rmmmmmmmmmmmmmm e NNy, e
©
P 278 qrmeeeee e e
74% of 1TC Room
R ™ . Temperature Capacity |~
2.25
2.00
1 .75 ] ] ] ] ] ] I I I I I

000 025 0560 075 100 1256 1560 175 200 225 250 275
Discharge capacity / Ah

Charge:1.0CA, 4.1V CCCV C/20 mA cutoffat RT

Discharge : 15C A (32.25A)to 1.0V at-40 C Po Wer/'ng Life.



(@ Low Rate Discharge of Prismatic
N Cell at -65°C & -70°C

4,100 T

T 2.30Ah Prismatic Cell
3 5() g---====-=smeeemmemmececeeeesssesseeessseeeeseeseesssseessseaseesd Chemistry:NCA/C
T Electrolyte: JPL-1
3.00 B-mmmmmtmmmmmmmmmmmmmmmmmmmmmmoeooonomooooososooososssososssosooooossossosoosoooooososooeooooo-
PAVATTE Sttt e

250 ESEEE—————— ~40%o0f1CRoom [7] [T
2.25 Temperature Capacity fp--{ ===

500 —+—1C @-65deg
1.75 |
1.50 -
1.25 |
1.00 -
0.75 -
0.50 - - - - - . . .

000 025 050 075 100 125 1560 175 200 2256 250 275

Voltage /V

--C/5 @ -70deg

Discharge capacity / Ah

Charge:1.0C A, 4.1V CCCV C/20 cutoffatRT
Discharge : 1C Ato 05V at-65 C; C/5 Ato 0.5V at-70 C

| -Same cell for both tests; no capacity loss seen |

Powering Life.
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Percentage 1C Room Capacity/ %

105
<€—— -20 C Cycling
100 Q-=================csc-ccccmcoccocoooooo--
95 T\-~-mmmmmmmmmmommmmmmmmmmsoeceooceoeeo
90 --f--mmmmmmmmmmmmmmmmmommmomoomoooeoeeo
85 T mg Ty
80 frommmmmmmmmmmmmmmmmmmmmmmmme SN
75 +-----—- —-—Cell13  faeeeeee
2.30Ah Prismatic Cell
70 lChemistry: NCA/C
Electrolyte: M-1
65 H Capacity Check:
Charge: 1CmAto 4.1V CCCV C/20
mA cutoff at RT
60 7| Discharge: 1ICAt02.7 VatRT
55 I ] ) )

C/2 Charge/Discharge Cycling of
Prismatic Cell at -20° & -30°C

— | €= .30 C Cycling p————>

* Cycles 0, 11, 12
and 23 represent
capacity checks at
______________ RT

0 2 4 6 8

10 12 14 16 18 20 22 24
Cycle number

Charge : C/2 A, 4.1V CCCV C/h0 mA cutoff at-20 &-30 C
Discharge : C/2 Ato25V at-20 &-30 C

Powering Life.



@ Preliminary 1C-1C Charge-
0 Discharge Cycling Data

110

100

[Le}
o
[

70 1

I

50 +]2.30Ah Pouch Cell

Chemistry: NCA/C

Separator: PP/PE/PP

40 T|Electrolyte: M-1

Capacity Check (Each 200 Cycles):
Charge: 1CmAto 4.1V CCCV C/20

30 T mA cutoff at RT

Discharge: 1CmAto 2.7 V atRT

20 ] ] ] ] ] ] ] ] ]
0 100 200 300 400 500 600 700 800 900 1000

Cycle number

Percentage 1C Room Capacity/ %

Charge: 1 CmA, 4.1V CCCV C20 mA cutoffatRT

Discharge:5 CmAto 2.7V at RT Power/'ng | ife
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® Same chemistry as baseline cell
® Improved energy density

e Rated up to 5C, with 10-15C possible at room
temperature

® Low temperature electrolyte

Preliminary 15Ah Cell Design

Powering Life.



(@ Quallion 10Ah Cell
waion—— with Wide Operating Temperature

Cell Specifications

Theoretical Capacity / mAh* 10000
Energy Density /| Wh/kg* 82
Weight / g* 450

« Operating Range = -40°C to +71°C
« Heritage Materials
» Active materials are the same as Quallion SATELLITE cells
« Wide temperature electrolyte
« 5000 DOD 60% to 80% Cycling over Wide Temp Temperature Spectrum

« Cell to undergo life testing February 2011

Powering Life.
37 * Calculated values based on design



C i Summary and Future Work

e Summary

— High power 300mAh test cells show wide temperature
operating capabilities at high rate, excellent high temperature
stability, and excellent cycle life

— Power-energy hybrid 300mAh test cells show wide
temperature operating range and improved high temperature
stability while retaining some high rate ability

~- Q18650-HP cells can be “tuned” mechanically to get desired
rate and show wide operating temperature ranges at high rate

—- 2.3Ah Prismatic cells show high rate capability and excellent
low temperature stability

e Future Work

— Improve high temperature storage performance through
additives and alternative co-solvents

— Analyze 300mAh test cells with improved anode and cathode
chemistries

- Design and preparation of larger form factor cellsPopering Life.
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