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Overview

• Start Date = October 2009 
• End Date = October 2014
• Percent complete = 10% 

• Barriers addressed
– Enhance low temperature performance

– Define performance limitations that limit life

– Develop long life systems stable at high voltage

• Total project funding
– 875K total (~ 175K/year)
– Contractor share = 0K

• Funding received
FY’09 = 0 K
FY’10 = 175K

Timeline

Budget

Barriers

• Univ. Rhode Island (Brett Lucht)
(Analysis of harvested electrodes, on-going collaborator) 

• Argonne Nat. Lab (Khalil Amine)
(Source of electrodes, on-going collaborator) 

• Material Methods, LBNL (John Kerr) 
(Evaluation of novel salt, ex-situ analysis) 

• A123 Systems, Inc. 
(Electrolyte development, on-going collaborator) 

• Quallion, LCC. 
(Electrolyte development, on-going collaborator) 

• Yardney Technical Products
(Electrolyte development, on-going collaborator)

• Saft America, Inc.
(Collaborator, industrial partner under NASA program)

• NREL (Smith/Pesaran)
(Supporting NREL in model development by supplying data)

Partners
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• Develop advanced Li‐ion electrolytes that enable cell operation over a wide 
temperature range (i.e., ‐30 to +60oC).

• Improve the high temperature stability and lifetime characteristics of wide 
operating temperature electrolytes. 

• Improve the high voltage stability of these candidate electrolytes systems to 
enable operation up to 5V with high specific energy cathode materials. 

• Define the performance limitations at low and high temperature extremes, as 
well as, life limiting processes.   

• Demonstrate the performance of advanced electrolytes in large capacity 
prototype cells. 

Objectives

Milestones
Month/Year Milestone or Go/No-Go Decision
March 2010 Milestone: Prepare and characterize LiPF6‐based carbonate blend electrolytes containing 

novel additives. 

Sept 2010 Milestone: Prepare and characterize experimental laboratory cells containing Gen‐1 
electrolytes and identify performance limiting characteristics at different temperatures.

Sept. 2010 Milestone:  Demonstrate improved performance of Gen‐I electrolyte over a wide 
temperature range compared with the baseline electrolyte (i.e., 1 M LiPF6 in EC:DEC 1:2), 
especially at ‐30oC, in experimental and prototype cells 
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• Electrolyte Development Approach: 
– Optimization of carbonate solvent blends 
– Use of low viscosity, low melting ester-based co-solvents 
– Use of fluorinated esters and fluorinated carbonates as co-solvents
– Use of novel “SEI promoting” and thermal stabilizing additives
– Use of novel non-fluorine based salts (with Materials Methods, LBNL)

• Electrolyte  Characterization Approach: 
– Ionic conductivity and cyclic voltammetry measurements 
– Performance characteristics in ~ 400 mAh three electrode cells

• MCMB /LiNi0.8Co0.2O2 cells, Graphite /LiNi1/3Co1/3Mn1/3O2 cells
• Use of high specific energy electrode materials (from in-house NASA program)
• Electrochemical Impedance Spectroscopy (EIS) Measurements as function of 

temperature, high temperature storage, and cycle life
• DC Tafel and linear (micro) polarization measurements on electrodes
• Ex-situ analysis of harvested electrodes (URI and LBNL)

– Performance characteristics in coin cells
• Evaluation of electrolytes in conjunction with high voltage cathodes

• Performance evaluation in prototype cells 
– Yardney, A123, Saft, and/or Quallion Cells (0.300 mAh to 7 Ah size prototype cells)
– Cells will be procured and/or obtained through on-going collaborations

Technical Approach
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Summary of Technical Accomplishments
1)  Demonstrated improved performance with wide operating temperature 

electrolytes containing ester co-solvents (i.e., methyl propionate and ethyl 
butyrate) in Quallion prototype cells.
• At -40oC, the JPL developed MP-based electrolyte was demonstrated to deliver 

over 60% of the room temperature capacity using a 5C rate. 
2) Investigated a number of electrolyte additives to improve the performance of  

methyl propionate and methyl butyrate-based blends in MCMB-LiNiCoO2 cells.    
• Formulations possessing mono-fluoroethylene carbonate (FEC), LiBOB, lithium 

oxalate, and vinylene carbonate have shown promise in experimental cells. 
• Performed extensive electrochemical characterization to determine the 

degradation modes when subjected to extreme temperatures.
3) Investigated the use of methyl propionate-based electrolyte containing additives 

in conjunction with LiNi1/3Co1/3Mn1/3O2 and Li(Li0.17Ni0.25Mn0.58)O2 cathode 
materials in experimental cells.  

4) Investigated the use of lithium dinitramide (LiDNA) as a potential electrolyte 
additive.  Preliminary results suggest efficient SEI formation is occurring with 
good reversibility.
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Yardney 7 Ah Prismatic Li-Ion Cells
Characterization of Cells Containing Advanced Electrolytes

100 % DOD Cycle Life Testing at Room Temperature
Discharge Capacity (Ah) at 20oC

• Cells containing an electrolytes with ester co-solvents display comparable 100% DOD life characteristics compared
to the all carbonate baseline electrolyte. 

• Addition of small proportions of ester co-solvents improved the rate capability at low temperatures.

6

Early development effort supported by NASA ESMD Program. 

Technical Accomplishments
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Yardney 7 Ah Prismatic Li-Ion Cells
Characterization of Cells Containing Advanced Electrolytes

100 % DOD Variable Temperature Cycling 
Percentage of Initial Capacity (%)

Variable temperature cycling between a wide range of temperatures (i.e., +50oC to -20oC)  represents 
a stressful test resulting in decreased low temperature capabilities. 

The ester-based solutions display decreased tolerance to high temperature excursions.
Desire to improve the high temperature resilience of ester based formulations.  
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Technical Accomplishments
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Quallion Prototype Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at Various Temperatures
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Methyl propionate containing electrolytes have displayed dramatically improved rate capability compared to
the baseline DOE formulation (i.e., 1.2M LiPF6 in EC+EMC (30:70).

Quallion developed electrolytes also display impressive improvements at low temperatures.  

Quallion collaboration supported by NASA SBIR Program.
(H. Tsakamoto, M. Tomcsi, M. Nagata, and V. Visco) 

Technical Accomplishments
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Quallion Prototype Li-Ion Cells
Wide Operating Temperature Electrolytes

Discharge Characterization at -40oC

Baseline Electrolyte MP-Based Electrolyte
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Methyl propionate containing electrolytes have displayed dramatically improved rate capability at -40oC
compared to the baseline DOE formulation (i.e., 1.2M LiPF6 in EC+EMC (30:70).

Significantly higher capacity and operating voltage delivered at high rate .  

Technical Accomplishments
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Quallion Prototype Li-Ion Cells
Wide Operating Temperature Electrolytes

Variable Temperature Cycling over a Wide Temperature Range
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Both JPL and Quallion developed electrolyte display wide operating temperature range (-40 to +70oC). 
There is room for improvement with regard to the high temperature resilience.  

Although reasonable cycle life is observed at 50oC, the advanced wide operating temperature
Electrolyte display higher capacity fade compared to DOE baseline chemistry. 

Technical Accomplishments
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A number of electrolyte additives were explored in a robust solvent system (EC+EMC) with the 
intent of improving high temperature resilience 

After being subjected to high temperature cycling, the electrolytes containing 
the VC and the lithium oxalate additives yielded the best performance.  

Experimental lithium‐ion cells (MCMB‐LiNiCoO2) fabricated with 
electrolytes containing various additives. 

Performance of High Temperature Resilient Li-Ion Electrolytes

11

Technical Accomplishments
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Performance of High Temperature Resilient Li-Ion Electrolytes
Experimental lithium‐ion cells (MCMB‐LiNiCoO2) fabricated with 

electrolytes containing various additives. 

• The degradation of the anode kinetics was slowed most dramatically by the 
incorporation of VC and lithium oxalate into the electrolytes 

• The greatest retention in the cathode kinetics was observed in the cell   
containing the electrolyte with FEC added. 

• Studies are also focused upon determining the high temperature resilience
of these solutions in relation to other all electrolyte mixtures designed for 
wide temperature range of operation. 

12

Technical Accomplishments
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1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) 

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 4% FEC

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 2% lithium oxalate

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 2% VC

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 0.10M LiBOB

MCMB Carbon-LiNiCoAlO2 Cells
25 mA Discharge current to 2.00 V

Temp = - 30oC
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1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) 

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 4% FEC

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 2% lithium oxalate

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 2% VC

1.2 M LiPF6  EC+EMC+MP  (20:20:60  v/v %) + 0.10M LiBOB

MCMB Carbon-LiNiCoAlO2 Cells
100 mA Discharge current to 2.00 V

Temp = - 30oC

Experimental lithium‐ion cells (MCMB‐LiNiCoAlO2) fabricated with 
methyl propionate–based electrolytes containing various additives. 

• At low temperatures, the best performance was obtained with the addition of 
VC and FEC to the MP-based electrolyte formulations. 

• The polarization of the cell containing LiBOB was more pronounced that the 
other cells with additives, presumably due to the filming process at the anode. 
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Technical Accomplishments
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1.20 M LiPF6  EC+EMC+MP (20:20:60 v/v %) 
1.20 M LiPF6  EC+EMC+MP (20:20:60 v/v %) + 4% FEC
1.20 M LiPF6  EC+EMC+MP (20:20:60 v/v %) + lithium oxalate
1.20 M LiPF6  EC+EMC+MP (20:20:60 v/v %) + 2% VC
1.20 M LiPF6  EC+EMC+MP (20:20:60 v/v %) + 0.10M LiBOB

Temperature = - 20oC

MCMB Carbon-LiNiCoAlO2 Cells
Lithium Reference Electrode 

Experimental lithium‐ion cells (MCMB‐LiNiCoAlO2) fabricated with 
methyl propionate–based electrolytes containing various additives. 

• FEC was observed to enhance the lithium kinetics of the MCMB anode, 
whereas the other additives appeared to impede the kinetics (especially LiBOB).
• VC and LiBOB were observed to most dramatically enhance the kinetics of 
the cathode at low temperatures.  All additives appeared to improve the kinetics 
somewhat.  
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Promising electrolyte additives were explored in a wide operating temperature range solvent systems 
(EC+EMC+MP) with the intent of improving high temperature resilience

Technical Accomplishments
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MCMB Carbon-LiNiCoO2 Cells
25 mA Discharge current to 2.00 V

Temp = - 40oC
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1.2 M LiPF6  EC+EMC+MB  (20:20:60  v/v %) 

1.2 M LiPF6  EC+EMC+MB  (20:20:60  v/v %) + 4% FEC

1.2 M LiPF6  EC+EMC+MB  (20:20:60  v/v %) + 2% lithium oxalate

1.2 M LiPF6  EC+EMC+MB  (20:20:60  v/v %) + 2% VC

1.2 M LiPF6  EC+EMC+MB  (20:20:60  v/v %) + 0.10M LiBOB

MCMB Carbon-LiNiCoO2 Cells
100 mA Discharge current to 2.00 V

Temp = - 40oC

Experimental lithium‐ion cells (MCMB‐LiNiCoO2) fabricated with 
methyl butyrate–based electrolytes containing various additives. 

• LiBOB was observed to improve
the low temperature performance.

• The benefit of LiBOB was determined
to be due to improved kinetics at the cathode. 

15

Technical Accomplishments
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MCMB Carbon-LiNiCoO2 Cells
Lithium Reference Electrode 

Temperature = - 30oC

Experimental lithium‐ion cells (MCMB‐LiNiCoO2) fabricated with 
methyl butyrate–based electrolytes containing various additives. 

Promising electrolyte additives were explored in a wide operating temperature range solvent systems 
(EC+EMC+MB) with the intent of improving high temperature resilience.

Some additives have the beneficial effect of improving the lithium kinetics through the formation of 
desirable SEI layers on both electrodes. 

Technical Accomplishments
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1.20 M LiPF6 EC+EMC+MB (20:20:60  v/v %)  

1.20 M LiPF6 EC+EMC+MB (20:20:60  v/v %) + 4% FEC 

1.20 M LiPF6 EC+EMC+MB (20:20:60  v/v %)  + 2% lithium oxalate

Argonne National Lab. Electrodes
Graphite-LiNi1/3Co1/3Mn1/3O2 Cell

1.20 M LiPF6 EC+EMC+MB (20:20:60  v/v %) Based Electrolytes
Temp = - 40 oC

25.0 mA Discharge Current

C/4 Discharge at -40oC

Experimental lithium‐ion cells (Graphite‐LiNi1/3Co1/3Mn1/3O2) fabricated with 
methyl butyrate–based electrolytes containing various additives. 

Electrodes provide by Khalil Amine (Argonne National Lab.)
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Electrolytes With Operating Temperature Performance 
and High Voltage Stability

Formation Characteristics in Li-Li(Li0.17Ni0.25Mn0.58)O2 cells 

A promising wide operating temperature range electrolyte formation (EC+EMC+MP+ FEC) was 
evaluated with high voltage, high specific energy cathode materials.

Formation characteristics very comparable to all carbonate baseline electrolytes. 

Technical Accomplishments
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Electrolytes With Operating Temperature Performance 
and High Voltage Stability

Rate Capability at Low Temperature

Cells containing an electrolyte containing methyl propionate and mono-fluoroethylene carbonate perform well 
with a high voltage cathode, delivering improved rated capability at lower temperatures.

19

Technical Accomplishments
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JPL Data (Three Electrode 0.400Ah Cells)
Formation Characteristics of Three Electrode MCMB-LiNixCo1-xO2 Cells

20

Lithium dinitramide was investigated as a potential electrolyte additive, with the intent of producing 
robust, protective SEI layers on carbon. 

Study performed in collaboration with Steve Jaffe (Material Methods)

Technical Accomplishments
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Formation Characteristics of Three Electrode MCMB-LiNixCo1-xO2 Cells

Preliminary results suggest that the LiDNA salt 
in conjunction with a Lewis base (i.e., dimethyl acetamide, DMAc) 

can result in higher reversible capacity compared with the baseline formulation. 
It appears as though the LiDNA is participating (and possibly the Lewis Base) in 

formation of the SEI layer, with the onset of decomposition occurring at ~ 2.0 – 2.5V / Li+

Excellent reversibility displayed over the first five formation cycles

Comparison of Electrolytes: Reversible Capacity After Formation Cycling 

21

Technical Accomplishments
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Summary
• Met programmatic milestones for program. 

• Demonstrated improved performance with wide operating temperature electrolytes 
containing ester co‐solvents (i.e., methyl propionate and ethyl butyrate) in Quallion prototype 
cells:

• At ‐40oC, the JPL developed MP‐based electrolyte was demonstrated to deliver over 60% 
of the room temperature capacity using a 5C rate. 

• Demonstrated cycle life over a wide temperature range (‐40 to +70oC)

• Developed a number of methyl propionate and methyl butyrate containing electrolyte that 
contain various additives intended to improve the high temperature resilience:

– Demonstrated improved low temperature performance with many formulations.

– Improved low temperature electrode kinetics observed with many additives.

– Studied degradation modes when exposed to high temperature cycling. 

– Formulations possessing mono‐fluoroethylene carbonate (FEC), LiBOB, lithium oxalate, 
and vinylene carbonate have shown promise in experimental cells. 

– Investigated with many chemistries (i.e., LiNiCoO2, LiNiCoAlO2, LiNi1/3Co1/3Mn1/3O2, 
Li(Li0.17Ni0.25Mn0.58))

• Investigated the  use of lithium dinitramide (LiDNA) as a potential electrolyte additive.  
Preliminary results suggest efficient SEI formation is occurring with good reversibility.

22
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Future Work
• Continue the investigation of the use of additives in conjunction with 

ester-based wide operating temperature range electrolytes.
– Expand study to include other potential additives. 

– Study the cycle life behavior and high temperature resilience more thoroughly. 

– Correlate trends in electrochemical data with charge/discharge behavior

– Identify performance limiting aspects at extreme temperatures

• Continue the investigation of LiDNA as an electrolyte additive.
– Investigate the life characteristics.   

– Explore the utility of the salt in conjunction with alternate solvent mixtures.

– Explore concentration effects. 

• Investigate the performance of candidate wide operating 
temperature electrolytes using different chemistries.

– Demonstrate the performance with high voltage mixed metal oxides.   

• Demonstrate the performance of advanced electrolytes in prototype cells.
– A123 26650 (2.2 Ah) Cells (LiFePO4 Chemistry). 

– Yardney 7 Ah Cells (LiNiCoO2 Chemistry). 

– Quallion Prototype Cells (LiNiCoO2 Chemistry). 
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Collaborations
• Quallion, LCC: Provided prototype cells , on-going collaborator (NASA  SBIR Phase II)
• A123 Systems, Inc. : Provided prototype cells with DOE developed electrolyte, on-going collaborator 
• Argonne Nat. Lab (Khalil Amine):  ANL provided electrodes for evaluation (on-going collaborator)
• Material Methods, LBNL (John Kerr):  Mat Methods provided novel lithium dinitrimide salt
• Yardney Technical Products:  Electrolyte development, on-going collaborator)
• Univ. Rhode Island (Brett Lucht):  Analysis of harvested electrodes, (on-going collaborator) 
• Saft America, Inc.: Collaborator, industrial partner under NASA program
• NREL (Smith/Pesaran):  Supporting NREL in model development by supplying prototype cell data.
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