Lithium-lon Cells with Safe and Low-Flammability
Electrolytes

M. C. Smart, L. D. Whitcanack, F. C. Krause, C. Hwang,
W. West, J. Soler and B. V. Ratnakumar

Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA 91109-8099

2060 - Lithium Battery Safety Conference

September 5-6, 2012
San Diego, CA

Copyright 2012. All rights reserved.



High Energy Li-lon Cells for Future Space Missions

« Current and Future missions
— Astronaut's Extra Vehicular Activities
— Human Landers
— Planetary Habitat

« High energy batteries for applications with long cycle /
calendar life)

« Safe, reliable Li-ion cell with > 200 Wh/kg and good
cycle life (> 1000 Cycles)

« High voltage and high capacity cathodes (Li-rich,
manganese rich layered layered composite oxides.

« Safe (Low flammability) electrolytes
« Ultra-high energy batteries with Moderate Lifetime

« Safe and reliable Li-lon cells with > 250 Wh/kg and
cycle life > 200 cycles

« Combination of high energy cathode, safe electrolyte,
with a high-capacity lithium alloy anode (Li-Si)

Lander
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Thermal Runaway Assessment through ARC Studies

Thermal Ramp Response (100% SOC

Stage 3: 180°C and above — Explosive decomposition (lame)

)

Stagre 1: Room Temperature to 150°C — Ouset of thermal runaway r Stage | (RT-150°C):
w1 hM o .
Stage I: 150°C 180°C = Venting and accelerated heating (sinoke)

* Reaction and breakdown of SEI passivation layer on anode results in
exothermic reduction of electrolyte by lithiated carbon

Ramp Temperatures Differential Temperature Rate » Stiee 3 (150°C. 180°¢
Stage 1 SETT Stage 3 - .

180 « w | Funaway * Contimed clectrolyte reaction at anode

300 Diock Temp] | ﬁ 15— Accataration !1' * Onset of oxidation of electrolyte at cathode surface
g 50 b — Coll Ternp - Clvwmst [ [ z I. x
st | £E® ‘ T /_[ # Stage 3 (180°C and above):

150 F P * Cathode decomposition releasing oxygen which

| e i e ; ; ;

= e exothermically reacts at high rate with electrolyte

50 - w . .

, * Final breakdown of anode passivation layers and subsequent reaction
e 10 ’ : P
2000 25 100 150 200 250 * Exothenmic decomposition of free elecirolyte
Temperature (C)

« Failure propagated through the electrolyte.

« Low (or No) Flammability electrolyte is expected to enhance the safety of Li-ion cell
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Previous Work on Flame Retardant
Additives in Li-ion Batteries

» Most flame retardant additives utilized contain phosphorus

» Aromatic and alkyl phosphates most common
» Tradeoff exists between flame retarding capabilities and electrochemical
stability
» Halogenated phosphate compounds

» Tris (2,2,2-trifluoroethyl) phosphate reported to be one of the most
promising FRAs examined to date - excellent performance characteristics’

» Other potential FRAs include:

> Phosphites’- P(lll) oxidation state may lead to improve stability and act as
Lewis acid scavenger

> Phosphonates?
» Phosphoramides
» Phosphazenes*

1) K. Xu, S. Zhang, J. L. Allen, T. R. Jow J. Electrochem. Soc., 2002, 149, A1079

2) (a) S. S. Zhang, K. Xu, and T. R. Jow, Journal of Power Sources 113 (1), 166-172 (2003), (b) Nam, T.-H.,
Shim, E.-G_, Kim, J.-G., Kim, H.-S., Moon, S.-1., Journal of Power Sources 180 (1), 561-567 (2008).

3) J.K.Feng, X. P. A1, Y. L. Cao, and H. X. Yang, J. Power Sources, 177, 194-198 (2008).

4) T. Tsujikawa, K Yabuta, T. Matsushita, T. Matsushima, K. Hayashi, M. Arakawa, J. Power Sources, 189 (1)
429-434 (2009).
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\ /\ into three electrolyte cells with LiNi,Co,,0, cathodes,
k MCMB anodes, and Li metal reference electrodes
Diethvl Tris(2,2,2-trifluoroethyl)
lethy phosphate 1) Y. E. Hyung, D. R. Vissers, K. Amine, J. Power Sources, 2003, 119-121, 383
Ethvlprgég;‘mate (TFPa) 2) K. Xu, M. S. Ding, S. Zhang, J. L. Allen, T. R. Jow, J. Electrochem. Soc. 2002, 149, A622
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Development of Electrolytes with Flame Retardant Additives

> Electrolytes and approaches investigated in NCA and NCO systems:

*1.0M LiPF; EC+EMC+TPP (20:75:5 vol %)
*1.0M LiPF; EC+EMC+TPP (20:70:10 vol %)

. 1.0M LiPF, EC+EMC+TPP (20:65:15vol %) <«  /arying Goncentration

of TPP

*1.0M LiPF; EC+EMC+DTFEC+TPP (20:50:20:10 vol %)
*1.0M LiPF; EC+EMC+DTFEC+TPP (20:30:40:10 vol %)

+ 1.0M LiPF, EC+EMC+TFEMC+TPP (20:50:20:10 vol %) < Use of Fluorinated

Linear Carbonates

* 1.0M LiPF;, FEC+EMC+TPP (20:70:10 vol %)
» 1.0M LiPF, FEC+EMC+TPP (20:65:15 vol %) U -

se of Fluorinated
- 1.0M LiPF6 FEC+EMC+TFEMC+TPP (20:50:20:10 vol ¢ 70) Ethylene Carbonate

- 1.0M LiPF, FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC

- 1.0M LiPF, EC+EMC+TPP (20:75:5 vol %) + 1.5% VC

- 1.0M LiPF, EC+EMC+TPP (20:65:15 vol %) + 1.5% VC .

- 1.0M LiPF, FEC+EMC+TPP (20:65:15 vol %) + 1.5% v¢ <  Use of Additives
(Vinylene Carbonate)

Where DTFEC = di-2,2 2-trifluoroethyl carbonate
TFEMC = 2,2,2-trifluoroethyl methyl carbonate

FEC = mono-fluoroethylene carbonate
TPP = triphenyl phosphate

Flammability tests have been
performed on select samples by
Prof. Lucht at Univ. Rhode Island
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Laboratory Cells through Prototype Li-lon Cells

Electrolytes were assessed in MCMB Carbon-LiNiCoO, glass wound
(cylindrical) cells of 400-450 mAh size with Li metal reference

electrodes.

Performed assessment of performance (charge-discharge) at different
rates and temperatures, high temperature resilience and detailed
individual electrochemical kinetic measurements.

Early studies led to the identification of TPP as providing the best
overall performance (i.e., cycle life, rate capability, and the ability to be
coupled with high voltage systems).

Prismatic 7 Ah cells (NCP 7) with MCMB anode and LiNi0.8C00.2)2
Cathode fabricated by Yardney Technical Products.

Electrolytes with Flame Retardant additives or Co-solvents
1.0 M LiPF5 EC+EMC+TPP+VC (20:74:5:1.5 viv %)
1.0 M LiPF; EC+EMC+TFEB (20:60:20 v/v %)
(TFEB=2,2,2-trifluoroethyl butyrate)
1.0 M LiPF; EC+EMC (20:80 v/v %)
1.0 M LiPF; EC+DEC+DMC+EMC (1:1:1:3 viv %)
1.0 M LiPF; EC+DEC+DMC (1:1:1 v/ %) (Baseline )
2003 MER Rover Electrolyte)

I
G £ L

Triphenyl phosphate (TPP)

Lithion

20 Ah LiHon Cell
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Cell Voltage (V)

Yardney 7 Ah Li-lon Cells with Gen-1 LF ( Low Flammability) Electrolyte
Discharge Performance at 20°C and -20°C

5.0 5.0
LithionfYardney 7 AHr Li-lon Cell Lithion/Yardney 7 AHr Li-lon Cell
4.5 MCMB Carbon-LiNiCoAlO; 4.5 MCMB Carbon-LiNiCoAlO;
1.0M LiPF¢ EC+EMC+TPP+VC (19.7:73.9:4.9:1.5viv % | 1.0M LiPF; EC+EMC+TPP+VC (19.7:73.9:4.9:1.6 viv %)
4.0 4,0
- Cell LW473 Cell LW473
35 3.5 i%;
3.0 N 2 3.0 = A
25 g 25 2 %
» _,I % . ‘ 5 ::’!:
= an
2.0 . - = 2.0 1 |
@ Capacity at 20C (C Discharge Rate) &) @ Capacity at - 20C (C Discharge Rate)
1.5 — Capacity at 20C (Ci2 Discharge Rate) 1.5 1 Capacity at - 20C (C/2 Discharge Rate)
m Capacity at 20C (C/5 Discharge Rate) Temper'a‘rure - 20°C ® Capacity at - 20C (C/5 Discharge Rate) Ternper'a'l'ur'e - - ZOoC
1.0 — 4 Capacity at 20C (C/10 Discharge Rate) 1.0 & Capacity at - 20C (C/10 Discharge Rate)
» Capacity at 20C (C/20 Discharge Rate) 1.400 Amp Charge current (C/5) to 4.1 V ¢ Capacity at - 20C (C/20 Discharge Rate) 1.400 Amp Charge current (C/5) to 4.1 V
1 - || TaperCut-Off at0.025 A (- C/28 L 1| . || TaperCutOff at0.025 A (- C/2 L
0.5 Capacity a1 20C (CI50 Discharge Rate) Cell (?hP:rlge?i at R'F prior to L{T di&cho;lge 0.5 Capacity at - 20C (CI30 Discharge Rate) Cell t?l'll):rrgel&li at R'F prior to L!T discslfgrge
& Capacity at 20C (C/00 Discharge Rate) 4 Capacity at - 20C (C/100 Discharge Rate]
0-0 T T T T T T T 0 -0 T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7
Discharge Capacity (Ah) Discharge Capacity (Ah)

» Cells containing an electrolyte with a flame retardant additive (i.e., 7.0 M LiPF4 in
EC+EMC+TPP+VC) are observed to display good performance over a range of
temperatures.
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Yardney 7 Ah Prismatic Li-lon Cells with Gen 1 LF Electrolyte
Discharge Performance at - 40°C

5.0

Lithion/Yardney 7 AHr Li-lon Cell
4.5 MCMB Carbon-LiNiCoAIO,
1.0M LiPF; EC+EMC+TPP+VC (19.7:73.9:4.9:1.5viv %)

4.0 §
3.5
2 3.0
g) Y
8§ 25 ., %
: NN
% 2'0 hd v i g o C‘;
Q o Energy at - 40C (C Discharge Rate)
1.5 — + Energy at - 40C (C/2 Discharge Rate)
m Energy at - 40C (C/5 Discharge Rate) Cell LW473
1.0 — a Energy at - 40C (C/10 Discharge Rate)
o Energy at - 40C (C/20 Discharge Rate) Temper‘a-rur-e = - 40°C
0.5 +— o Energy at - 40C (C/50 Discharge Rate)
s Energy at - 40C (C/100 Discharge Rate)
0|0 ) I I | 1 | I |
0 10 20 30 40 50 60 70 80 90

Discharge Energy (Wh/Kg)

« Cells containing an electrolyte with a flame retardant additive (i.e., 7.0 M LiPF; in EC+EMC
+PP+VC) are observed to display good performance over a range of temperatures.
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Yardney 7 Ah Prismatic Li-lon Cells with Gen 1 LF Electrolyte
100 % DOD Cycle Life Testing at Room Temperature

10.00
9.00 Yardney 7 Ah Li-lon Cells
' MCMB Carbon-LiNiCoAIO,
8.00
— L
£=
< 7.00
>
=
& 6.00
© * 1.40 A Charge Current (C/5) to 4.1V
g‘ C/100 Taper Current Cut-Off (0.070 A)
) 5.00 1.40 A Discharge Current (C/5) to 2.75V
@ ' Temperature=23°C
{=2]
s
© 4.00
S
0 3.00 * LW472 -1.0M LiPF6 in EC+EMC+TPP+VC (19.7:73.9:4.9:15viv%)
a .
® LW467 -1.0M LiPF6 in EC+EMC+TFEB (20:60:20 viv %)
2.00
+ LW465 -1.0M LiPF6 in EC+EMC+PB (20:60:20 viv %)
1.00 © Y705-1.0M LiPF6 in EC+DEC+DMC (1:1:1 v/iv%) (NCO Cathode)
0.00

0 100 200 300 400 500 600
Cycle Number

- Cells containing an electrolyte with a flame retardant additive (i.e., 7.0 M LiPF; in EC
+EMC+TPP+VC) are observed to display good cycle life compared to the baseline

formulation.
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Gen 2 LF Electrolyte for Yardney Li-lon cells

Discharge Characteristics of Three Electrode MCMB-LiNi,Co,_ O, Cells

Voltage (V)

1.50

1.00

0.50

0.00

MCMB Carbon-LiNiCoQ, Cells

5§50 mA Discharge current to 2.00 V
Temp=0°C

2.00 -

+ 1.0 MLiPF6 in EC+DMC+DEC (1:1:1 viv %)

® 1.0 MLiPFé FEC+EMC+TFEMc+TPPa (20:50:20:10 viv %)
4 1.0 MLiPFé FEC+EMC+TPPa (20:70:10 viv %)

+ 1.0 MLiPFé EC+EMC+TFEMC+TPPa (20:50:20:10 viv %)
© 1.0 MLIPF6 FEC+EMC+TFEMc+TPPa (20:50:20:10 viv %)

1.0 MLiPF6 EC+EMC+DTFEC+TPP (20:50:20:10 viv %)

* 1.0 MLiPF6é EC+EMC+TPP (20:70:10 viv %) Baseline Electrolyte

(MER Electrolyte) [

~ C/8 Discharge Rate at 0°C

10 20 30 40 50 60 70 80 90 100

Percentof Room Temperature Capacity (%)

* Increasing TPP content (5% to 15%)

1)1.0 M LiPFg in EC+EMC+TPP (20:70:10 vol %)

2)1.0M LlPFG in EC+EMC+TPP (20:65:15 vol %) * The incorporation of FEC into electrolytes
3)1.0 M LiPF; in FEC+EMC+TPP (20:70:10 vol %) » The use of fluorinated carbonates (i.e.,
4)1.0 M LiPF, in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC L e
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Discharge Characteristics Graphite / LINIiCoAlO, 7 Ah Cells
Conditioning at 20°C - Comparison of Electrolyte Types

40.00
4.5 ,
Yardney 7 Ah Li-Ion Cells
Yardney 7 Ah Li-Ion Cells 35.00 Graphite - LiNi,Co, ,Al0;
Graphite - LiNi,Co,_AIO;
3.6 Amp Discharge Pulses (60 sec duration)
30.00 2 Hour Rest Periods Before and After Pulses
1.75 Ah Discharged Between Pulses (25% S0C)
Temperature = 20°C o
z
E 25.00
g £ . )
> g 2000 o 4
o] 1.40 Amp Charge Current (C/5)to 4.1V ]
=) 0.070 Amp taper current cut-off (C/100) g
> 1.40 Amp Discharge Currentto 2.75 V o
= 3.0 Temperature = 20°C E 15.00 e —
© = ™ _— ==
Q
& 1.0M LiPF6 in EC+EMC+TPP (20:70:10 vol %) 10.00
2.5 1 + 1.0M LiPF6 in EC+EMC+TPP (20:65:15 vol %) —#— 1.0M LiPF6 in EC+EMC+TPP (20:70:10 vol %)
+ 1.0M LiPF6 in FEC+EMC+TPP (20:70:10 vol %) 5.00 == 1.0M LiPF8 in EC+EMC+TPP (20:65:15 vol %)
@ 1.0M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC ) =#=1.0M LiPFB in FEC+EMC+TPP (20:70:10 vol %)
2.0 o~ 1.0MLiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5%VC
0 20 40 60 80 100 120 140 0.00

Discharge Energy (Whkg) 100 % S0C 80 % SOC 60 % SOC 40 % SOC 20 % SOC

- Upon being subjected to initial capacity and impedance characterization at 20°C, all
cells displayed comparable performance.
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Cycle Life Testing of Graphite / LiNiCoAlO, 7 Ah Cells
100 % DOD Cycle Life Performance

12.00

Yardney 7 Ah Li-lon Cells
Graphite-LiNiCoAIO,

1.40 A Charge Current (C/5)to 4.1V
C/100 Taper Current Cut-Off (0.070 A)
1.40 A Discharge Current (C/5) to 2.75V
Temperature=23°C

4.00 —o— LW630 -1.0M LiPF6 in EC+EMC+TPP (20:70:10 viv %)

Discharge Capacity (Ah)
(=]
s

~+— LW635 -1.0M LiPF6 in EC+EMC+TPP (20:65:15 vol %)

2 00 LW639 -1.0M LiPF6 in FEC+EMC+TPP (20:70:10 vol %)

~4— LW645 -1.0M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC

0.00

0 100 200 300 400 500 600 700
Cycle Number

Initial results are very promising, suggesting good compatibility with the system.
Excellent cycle life has been obtained thus far (> 600 full depth of discharge cycles).
Cells containing up to 15% FRA display good life.

The use of fluorinated co-solvents does not have a negative impact on life.
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Impedance (mOhms)

30.0

28.0

240

220

200

18.0

16.0

14.0

Cycle Life Testing of MCMB-1028 / LiNiCoO, 7 Ah Cells
100 % DOD Cycle Life Performance: Impedance Growth

Yardney 7 Ah Li-Ion Cell
Graphite- LiNiCoAlO,
1.0M LiPF; in FEC+EMC+TPP (20:70:10vol %)

+ Cell LW-639 - 100% Life Test at 20C (100% SOC)
A Cell LW-639 - 100% Life Test at 20C (80% 50C)

Call LW-639 - 100% Life Test at 20C (60% SOC)

* Cell LW-639 - 100% Life Test at 20C (40% 50C)

4

Cell LW-639

Temperature= 23°C

100% DOD Cycle Life Test
1.40 A Charge Current [C/S)to 4.1V
C/100 Taper Current Cut-Off (0.070 A)
1.40 A Discharge Current {C/f5) to .75V

100

200 300 400
Cycle Number

500

600

Impedance (mOhms)

50.0
50 Yardney 7 Ah Li-Ion Cells
. Graphite- LiNiCoAlO,
40.0 A Cell LW-630 - 1.0M LiPFE in EC+EMC+TPP (20:70:10)
* Cell LW-835 - 1.0MLiPF& in EC+EMC+TPP (20:65:15)
35.0
+ Cell LW-639 - 1.0MLiPF& in FEC+EMC+TPP (20:70:10)
300 O Cell LW-645 - 1.0M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10)
250 ©
20.0 - —
re + & — —%
15.0
10.0 100% DOD Cycle Life Test
1.80 A Charge Current (C/5)to 4.1V
/100 Taper Current Cut-Off [0.070 A)
5.0 1.40 A Discharge Current {C/5) to 2,75V
Temperature= 23°C
0.0 T T T
0 100 200 300 400 500

Cycle Number

* Incorporation of TPP does not result in significant impedance growth during cycling.

* Use of FEC and TPP increases the cell impedance modestly.

600

* Use of TFEMC results in increased cell impedance and accelerated impedance growth during
cycling.
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Cycle Life Testing of Graphite / LiNiCoAlO, 7 Ah Cells
30 % DOD Cycle Life Performance

4.40
Lithion/Yardney 7 Ah Li-lon Cells
Graphite-LiNiCoAIO,
4,20
30% DOD LEQO Test at 23°C

4.00 (a) 4.20 A Discharge current (0.60 C)
& 30 min Discharge (2.10 Ah)
% (b) 2.80 ACharge current (0.40C)
> 380 3.950 V Con. potential charge
5 60 Minute Charge Period
&
£
3] o
2 3.60 4
o
S
2
w 3.40

+ LW628 -1.0M LiPF6 in EC+EMC+TPP (20:70:10 viv%)
320 » LW633 -1.0M LiPF6 in EC+EMC+TPP (20:65:15 vol % )
) o LW638 -1.0M LiPF6 in FEC+EMC+TPP (20:70:10 vol %)
+ LW643 -1.0M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC
3.00 | |

0 100 200 300 400 500 600 700 800
Cycle Number

»  We are currently evaluating a number of cells which possess electrolytes with (a) higher TPP content
(up to 15%), (b) the use of FEC in lieu of EC, and (c) the addition of 2,2 2-trifluoroethyl methyl carbonate
(TFEMC). Initial results are very promising, suggesting good compatibility with the system.
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Discharge Characteristics Graphite / LINiCoAlO, 7 Ah Cells @
Discharge Characterization Testing at 20°, 0°, and -20°C

11.0
Yardney 7 Ah Li-Ion Cells
Graphite - LiNi,Co,_,AlO, Cells
10.0
9.0 -
= N} 20°C
<
8.0
£
g .
% \:} 0°C
(¥
o 7.0 -
£o
v
=
.g -20°C
8.0 1 —+—1.0 M LiPF6 in EC+EMC+TPP (20:70:10 vol %) \J
—4—1.0 M LiPF6 in EC+EMC+TPP (20:65:15 vol %)
3.0 1 _e—1.0 MLiPF6 in FEC+EMC+TPP (20:70:10 vol %)
—de—1.0 M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10 vol %) + 1.5% VC
4-0 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Discharge Current (Amps)

* Cells charged at room temperature and discharged at the respective temperature.
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cell Voltage (V)

Discharge Characteristics Graphite / LINICoAlO, 7 Ah Cells
Discharge at -20°C: Electrolytes with 10% TPP Content

FEC-Based Electrolyte EC-Based Electrolyte

5.00 5.00
Yardney 7 Ah Li-Ion Cell Yardney 7 Ah Li-Ion Cell
4.50 Graphite - LiNi,Co,_, AlO, Cell 4.50 _Graphite - LiNi,Co,,0,AlCell
1.0M LiPF; in FEC+EMC+TPP (20:70:10 vol %) 1.0M LiPF; in EC+EMC+TPP (20:70:10 vol %)
4.00
3.50
3.00
)
L
g 2.50
= 200
3
150 + Discharge at 0.070 A (C/100 Rate) 150 + Discharge at 0.070 A (C/100 Rate) n
’ ¢ Discharge at 0.140 A (C/50 Rate) ) * Dischargeat 0.140 A (C/50 Rate)
Cell charged at 20°C prior to dischar & i Cell charged at 20°C prior to discharge L » Discharge at 0.350 A (Cf20 Rate)
1.00 [?empemmmp_ rto d ge | |  » Dischargeat 0.350 A (C/20 Rate) | 1,00 ~{ Temperature = . 200C
= Discharge at 0.700A (C/10 Rate) = Discharge at 0.700 A (C/10 Rate)
0.50 o Discharge at 1.400 A (C/5 Rate) | 0.50 o Dischargeat 1.400 A (Cf5 Rate) -
+ Dischargeat 3.500 A (C/2 Rate) + Discharge at 3.500 A (C/2 Rate)
0.00 . . . . 0.00 . . .
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 2.0 9.0 0.0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Discharge Capacity (Ah) Discharge Capacity (Ah)

« Cells containing electrolytes with 10% TPP (with and without FEC) displayed good
performance at -20°C.
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5.00

4.50

4.00

3.50

3.00

2.50

Cell Voltage (V)

2.00

1.50

100 ||

0.50

0.00

Discharge Characteristics Graphite / LINICoAIO, 7 Ah Cells

Discharge at -40°C: Electrolyte with 10% TPP Content

10% TPP Content

Yardney 7 Ah Li-Ion Cell
Graphite - LiNi,Co,_AlQ; Cell
1.0M LiPF; in EC+EMC+TPP (20:70:10 vol %)

+ Discharge at 0.070 A (C/100 Rate)

@ Discharge at 0.140 A |C/50 Rate)

Cell charged at 20°C prior to discharge 4 Discharge at 0.350 A (C/20 Rate)
40°C

Temperature = -

= Discharge at 0.700 A (C/10 Rate)

© Discharge at 1.400 A (C/5 Rate)

+ Discharge at 3.500 A (C/2 Rate)

T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Discharge Capacity (Ah)

8.0

Cell Voltage (V)

15% TPP Content

Yardney 7 Ah Li-Ion Cell
Graphite - LINi,Co,,Al0, Cell
1.0M LiPF; in EC+EMC+TPP (20:65:15 vol %)

+

T

(=]

1.50

25 U%%‘i
N Y N )

+ Discharge at 0.070 A (C/100 Rate)
» Discharge at 0.140 A (C/50 Rate)

1.00 *{

0.50

0.00

Cell charged at 20°C prior to discharge
Temperature = -40°C

+ Dischargeat 0.350A (C/20 Rate)
= Discharge at 0.700 A (C/10 Rate)
o Discharge at 1.400 A (C/5 Rate)
+ Discharge at 3.500 A (C/2 Rate)

0.0

10 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Discharge Capacity (Ah)

Decreased discharge rate capability was observed with higher TPP content.
However, reasonable performance was obtained at -40°C.
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Discharge Characteristics Graphite / LINiCoAlO, 7 Ah Cells

Discharge Characterization Testing at -40°C: Comparison of Electrolyte Types

5.0
Yardney 7 Ah Li-Ion Cells
4.5 Graphite - LiNi,Co,_(Al)O, Cells
4.0 C/10(0.700 A) Dischargeto 2.00V
Chamber Temperature= - 40°C
S 30
)
(=)}
S 25
=)
>
5 2.0
o +1.0M LiPF6 in EC+EMC+TPP (20:70:10)
1.5 4 1.0M LiPF6 in EC+EMC+TPP (20:65:15) [
1.0 1 +1.0M LiPF6 in FEC+EMC+TPP (20:70:10) ||
1.0M LiPF6 in FEC+EMC+TFEMC+TPP (20:50:20:10) + 1.5%VC
0.5 m
+ 1.0M LiPF6 in EC+DEC+DMC (1:1:1) (Baseline Electrolyte)
0-0 L 1 1 L] 1 1 T 1
0 10 20 30 40 50 60 70 80 90
Discharge Energy (Wh/Kg)

* Cells containing 10% have been observed to perform better than the baseline

» electrolyte at -40°C (C/10). Cell designs are comparable, however, some difference are present.,
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Quallion MCMC-LiNiCoAlO, Prototype Cells
Initial Characterization at 20°C

200
0.45 . o o
180 Quallion MCMB-LINICoAIQ, Lithium-lon Cells
Quallion MCHMB-LINICOAIO, Lithium-lon Cells Impedance Characteristics
0.40 Conditioning at 20°C
160
0.35
—_! = =!=!' 140 - - - - 3
0.30 l 7 B
— - . v % 120
0.25 T — ¢ —
g 100
0.050 Amp Charge Current {C/3) to 410V o
0.20 (;}5}05%5:mp[§apehl curn::nt cut-off {é};j}ﬂ{r 3
- i mp Discharge Current to 2. . |
=900 a 8+ 0.250 Amp Discharge Pulses (§ sec )
Temperature =20°C E 2 Hour Rest Periods Before and After Pulses
- 0.050 Ah Discharged Between Pulses
0.15 S 60 (20% SOC based on 0.250 Ah Nameplate Capacity)
#~1.20M LiPF6 in EC+EMC (30:70 vol %) Temperature = 20°C
0.10 =4—1.20M LiPF6 in EC+EMLC (30:70 vol %)
=+=1.0M LiPF6 + 0.15M LiBOB in EC+EMC+TPP (20:70:10 vol %) 40
—-#-1.0M LiPF6 + 0.15M LiBOB in EC+EMC+TPP (20:70:10 vol %
0.05 : " { vol %) —5-1.0M LiPF6 + 0.15M LIBOB in EC+EMC+TPP (20:65:15 vol %)
—4—L.0M LiPF6 + 0.15M LiBOB in EC+EMC4TPP (20:65:15 vol %) 20 .
—e—1.0M LiPF6 + 0.15M LiBOB in EC+EMC+TPP (20:65:15 vol %) ~+1.201 LiPF6 in EC+EMC (30:70 vol %)
0.00 T T 0 : :
1 2 3 4 5 100 %S0C 80 % SOC 60 % SOC 40 % SOC 20 % 50C
Cycle Number

« Formulations containing TPP in conjunction with LiBOB were also evaluated in prototype
cells containing MCMB and LiNiCoAIO,.

+ Testing is aimed at demonstrating the rate capability, cycle life performance at various
temperatures, and safety characteristics.
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Cell Voltage (V)

Quallion MCMC-LiINiCoAIlO, Prototype Cells
Rate Characterization at 20°C

10 % TPP

4.5
Quallion MCMB-LiNiCoAIO, Lithium-on Cell
1.0M LiPF; + 0.15M LiBOBE in
4.0 EC+EMC+TPP (20:70:10 vol %)
N Cell DET-01
2 >
35 Bty
3.0 — 0.050 Amp Charge Current (CM10) 410V
0.005 Amp taper current cut-off (C/50)
Discharge to 2.00 V
CI2, C, 2C, 3C, AC and 5C Discharge Rates
25 1| Chamber Temperature = 20°C
+ Discharge Rate = C/2 (0.125 A)
2.0 1 A Discharge Rate =1.0 C (0.250 A)
+ Discharge Rate = 2.0 C (0.500 A)
15 o Discharge Rate = 3.0 C (0.750 A)
) + Discharge Rate = 4.0 C (1.000 A)
* Discharge Rate =5.0 C (1.250 A)
1.0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Discharge Capacity (Ah)

* Good rate capability was observed (up to 5C rates) at 20°C in cells with TPP in the electrolyte.

0.35

Cell Voltage (V)

4.5
Quallion MCMB-LiNiCoAlOQ, Lithium-lon Cell
1.0M LiPFg + 0.15M LIBOB in

4.0 EC+EMC+TPP (20:65:15 vol %) (I

h/ . Cell DBT-17

S
3.5 : it
. Y -
3.0 — 0.050 Amp Charge Current {C/A40} 410V \
0,005 Amp taper current cut-off (C/50)
Discharge to 2.00 VW
Cf2, C, 2C, 3C, 4C and 5C Discharge Rates

2.5 1| Chamber Temperature = 20°C

+ Discharge Rate = C/2 (0.125 A) \ i i
2.0 +— 4 Discharge Rate = 1.0 C (0.250 A) \aa

* Discharge Rate = 2.0 C (0.500 A)
1.5 o Discharge Rate = 3.0 C (0.750 A)

! = Discharge Rate = 4.0 C (1.000 A)

» Discharge Rate = 5.0 C (1.250 A)

1.0 . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30

10 % TPP

Discharge Capacity (Ah)

0.35

* Modestly lower rate capability was observed with the solution with 15% TPP compared to 10%.
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Quallion MCMC-LiINiCoAIlO, Prototype Cells
Initial Characterization at 20°C

5.00
Quallion MCMB-LINiCoAlQ, Lithium-Ion Cell
4.50 Cell DBT-13
4.00
3.50
_ 3.00
2
e 250
= 20°C
L 200 \
3 -60°C -50°C  -40°C
© 150
* Discharge at +20C (C/5 Rate)
1.00 + Discharge at -40C (C/20 Rate)
4 Discharge at -50C (C/20 Rate)
0.50 + Discharge at -60C (C/20 Rate)
1.0M LiPFs + 0.15M LiBOB in EC+EMC+TPP (20:65:15 vol %)
0.00

0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350

Discharge Capacity (Ah)

* A cell containing an electrolyte with 15% TPP is observed to perform at low temperatures.
* Rate characterization testing over the full range of temperatures and rates is in progress.
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Results from Electrolytes Evaluated in the MPG-111-Toda System

Voltage (V)

Comparison of Electrolyte Types (After Formation)

5.00

4.50 1

4.00 %

3.50

3.00

2.50

2.00

1.50

1.00

0.50

0.00

MPG-111 Graphite-Toda LiNiMnCoO, Cells
C/20 Charge currentto 4.60 V or 4.80V

C/20 Discharge current to 2.00 V
Temp =23C

Baseline Electrolyte
EC+DEC+DMC |

Yardney Electrolyte
15 % DMMP

5% TPP JPL Gen #2 Electrolytes
N 10% TPP

(Charge to 4.60V)

JPL Gen #1 Electrolyte \

@ Baseline Electrolyte (1.0M LiPF6 in EC+DEC+DMC) (4.8V Charge)

« Yardney DMMP-Based Electrolyte (4.8V Charge)
© JPL GEN #1 Electrolyte (with 5% TPP) (4.80V Charge)
1.00 MLIPF6 EC+EMC+TPP (20:70:10 viv%) +0.05M LiBOB (4.6V Charge)

+ Baseline Electrolyte (1.0M LiPF6 in EC+DEC+DMC) (4.6V Charge)
© 1.00 MLIPF6 EC+EMC+TPP (20:70:10 viv%) +0.05M LiBOB + 1.5% VC (4.6V Charge)
4 1.00 MLIPF6 EC+EMC+TPP (20:70:10 viv%) +0.05M LIBOB (4.6V Charge)

¢ 1.00 MLIPF6 EC+EMC+TPP (20:70:10 viv%) +0.10M LiBOB (4.6V Charge)
+ 1.00 MLiPF6 EC+EMC+TPP (20:70:10 viv%) +0.15M LiBOB (4.6V Charge)

25 50 75 100 125 150 175 200
Discharge Capacity (mAh/g)

225 250

Comparable performance was obtained with the JPL Gen #2 electrolytes (containing LiBOB) compared
with the baseline solution.
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Argonne Conoco A12 Graphite-Toda HE 5050 LiNiMnCoO, Cells

Discharge Capacity (mAh/g)

300

250

200

150

100

50

Cycle Life Performance in Coin Cells at 23°C

Cononco A12 Graphite-Toda HE 5050 LiNiMnCoO, Cells
C/10 Charge currentto 4.550V
C/10 Discharge current to 2.50V
Temp = 23°C

Ad T =
‘w".'E%E-‘..l:‘h‘.'l\n

s
WL T L ey
—IhM,, P-i.,.,.

DOAA n".\r,v‘

1.2M LiPF6 in EC+EMC (30:70)

1.0 M LiPF6 EC+DEC+ DMC (1:1:1 v/v %)

1.00 M LiPF6 + 0.15M LiBOB in EC+EMC+TPP (20:70:10 vol %)

1.00 M LiPF6 + 0.15M LiBOB in EC+EMC+TPP (20:70:10 vol %)

1.0M LiPF6 +0.15M LiBOB in EC+EMC+MB +TPP (20:50:20:10)
1.0M LiPF6 +0.15M LiBOB in EC+EMC+MB +TPP (20:50:20:10)

¢ > b B 4 8

10

20

30 a0 50 60 70 80 90 100 110
Cycle Number
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SUMMARY and CONCLUSIONS

Performance in experimental three electrode MCMB-LINiCoO, Cells and
Graphite-LiNiCoAlO, Cells

— Many electrolytes containing flame retardant additives were observed to perform well in
experimental MCMB-LiNi,Co, O, cells.

— Various approaches have been taken to improve the compatibility within the systems,
including using VC, FEC, LiBOB and fluorinated carbonates.

Performance in large capacity prototype MCMB-LiINiCoO, Cells
* An electrolyte formulation containing 5% TPP content and the use of VC has been
demonstrated to provide good cycle life and rate capability in LCO-based cells.

Performance in large capacity prototype graphite-LiNiCoAlO, Cells

Electrolytes containing 10-15% TPP content (with and without the use of fluorinated solvents)
have been demonstrated to provide excellent cycle life and good discharge rate capability
over a wide temperature range in NCO-based cells.

*+ The use of FEC (which is envisioned to improve the safety of the electrolyte) appears to have
a beneficial effect upon life and does not negatively impact the low temperature capability.

* Although cells containing up to 15% TPP content display good life characteristics, some
negative impact upon the discharge rate capability was observed, largely due to the lower
ionic conductivity (which is more dramatic at low temperature temperatures).

Future efforts will be devoted to (a) establishing the safety characteristics of these
electrolytes in prototype cells in collaboration with Sandia National Lab., and (b) demonstrating
permutations of these electrolytes with advanced systems (i.e., NMC cathodes and Si Anodes).
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