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Green Aviation at NASA
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UAVs: NASA “Greased-Lightning” 

Solar-Battery Hybrid: NASA “Pathfinder” Battery-Gas Hybrid: Boeing “SUGAR Volt” 

Efficient Aircraft: NASA LEAPTech 



Li-Air Batteries for Electric Aircraft

Green Aviation Battery Requirements
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Battery Research for Green Aviation at NASA

5"

( )F. Orsini et al.rJournal of Power Sources 76 1998 19–29 25

Lirseparator interface. Thus, the moss caused the separa-
tor disconnection from the lithium which became isolated
from the polymer electrolyte. This drastic deterioration of
the interface seemed to be the reason for the rapid capacity
decrease observed for that cell. This effect was strongly
enhanced with increasing the cycle number so that after 50

Ž .cycles Fig. 5c a very thick mossy layer has formed. In
this extreme case, one should be aware that the cutting and
the cooling of the battery could accentuate the poor ap-
pearance of the interface, and could explain the large
empty space between the lithium and the separator. The
morphology of the mossy layers, which were mainly the

Ž .Li-deposits during the charge s , is shown in Fig. 6. After
one charge the moss appeared porous and probably crystal-
lized, while it was more and more compact for the further
charges. The effect of the cycling is then the formation of
a more and more important amount of moss, whose mor-
phology slowly changed to a more dense texture.
To observe the growth of true dendrites, similar experi-

ments were carried out on lithium batteries cycled at
higher current rates. The polarization was larger, and the
capacity decrease faster than for a Cr5 cycling rate. After
one charge to 4.5 V corresponding to the extraction of 0.65
Li from the Mn-spinel, the cell was cut, transferred, and
observed within the SEM. Fig. 7a shows a general view of
the cell section, which presents an inhomogeneous Lirsep-

Ž .arator interface. After only one charge lithium deposition
the lithium surface was already pushed aside from the
separator, due to the growth of the lithium deposits at the
lithium–polymer interface that are visible at a higher
magnification in Fig. 7b and c. More precisely two kinds
of lithium deposits can be distinguished on the Li-surface:

Ž . Ž .aggregates Fig. 7c and tangled dendrites Fig. 8 . Note

that the morphology of the aggregate looks like the moss
Ž .deposited during a first charge at Cr5 Fig. 6a . According

to the Li-surface state and to the separatorrLi contact, the
lithium plating led either to true dendrites or to aggregates.
Nevertheless these aggregates seemed to be ‘pressed den-
drites’ which could not grow freely. This assumption is
uncertain because of the poor physical pressure applied by
the separator against the lithium. Finally the shape of the
deposits reported here is comparable with previous studies
w x9 . However, rarely has such a three-dimensional aspect of
the dendrites in a complete battery been so clearly ob-
served.

3.2. Copper cells

To determine the importance of the substrate, we de-
cided to study the phenomena of Li-plating on copper
instead of lithium. Copper cells were cycled at a low rate
Ž . Ž 2 .Cr10 to obtain a current density 0.45 mArcm of Cu
comparable to a lithium battery cycled at Cr5. A typical
galvanostatic cycling curve is shown in Fig. 9. Fresh and
cycled cells were then observed by SEM to determine the
morphology of the deposited lithium. For the non-cycled
cell, the lithium-free Cu grid was embedded in the elec-
trolyte polymer, which was completely fused with the
cathode-separator part, and the copperrseparator interface

Ž . Ž .was well defined Fig. 10 . After one charge Fig. 11 a
moss appeared that tends to push the separator away, as in
the case of the lithium batteries. The EDS spectra of this
moss as well as its morphology were similar to those
observed upon cycling for the lithium batteries. The influ-
ence of the lithium plating rate on its morphology was also

Fig. 8. Dendrite formed in a lithium battery after one charge at 2.2 mArcm2.
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Li-Air Batteries for Electric Aircraft
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Ionic Liquid Electrolytes for Li-metal Electrodes
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Chosen for suppression of dendrites on Li+ metal anodes

BhaGacharyya"et"al.,"Nature"Mater."(2010);"Basile,"et"al.,"Electrohem."Commun."(2013)"
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Figure 1: Representation of the cations (a) and anions (b) of the three ionic liquids consid-
ered in this work: [pyr14][TFSI], [pyr13][FSI], and [EMIM][BF
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[pyr14][TFSI]! [pyr13][FSI]! [EMIM][BF4]!
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Figure 1: Representation of the three ionic liquids considered in this work: (a)
N -methyl-N -butylpyrrolidinium bis(trifluoromethylsufonyl)imide ([pyr14][TFSI]), (b) N -
methyl-N -propylpyrrolidinium bis(fluorosufonyl)imide ([pyr13][FSI]), and (c) 1-ethyl-3-
methylimidazolium boron tetrafluoride ([EMIM][BF

4

]).
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 [pyr14][TFSI]

•  Quantum(simula?ons(for(structure:""
-  small"systems"
-  Li/Anion"cluster"structure/energe.cs"
-  Li8salt"in"liquid"MD"simula.on"
-  valida.on"of"classical"approaches"
(

•  Classical(Polarizable0MD((APPLE&P)(
simula?on(for(transport:""
-  large"systems"
-  diffusion"and"ionic"conduc.vity"
-  influence"of"Li8networks"
-  transport"mechanisms"

Computational Study of Electrolytes

Simulations provide insight into solvation and transport of 
Li-salts (difficult to assess from experiment)

Borodin,"J.#Phys.#Chem.#B#113,"11463"(2009);"J"Haskins,"et"al.,""J.#Phys.#Chem.#B#118,"11295"(2014);""
C"Bauschlicher,"et"al.,"J.#Phys.#Chem.#B#118,"10785"(2014);"J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"



Stable Solvation Shells of Li[TFSI] (Quantum)
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Many potential 2, 3, and 4 anion Li+ solvation shells 

Cluster(structures(

(a)! (b)! (c)!

(d)! (e)! (f)!

(g)! (h)! (i)!

Figure 1: Energetically favorable [Li(Anion)
n

](n�1)� clusters from B3LYP/6-31+G** com-
putations. Displayed are clusters having (a,d,g) n = 2, (b,e,h) n = 3, and (c,f,i) n = 4 anions
for (a-c) [TFSI], (d-f) [FSI], and (g-i) [BF4]. From DFT-MD simulations of liquids, solvation
shells corresponding to clusters (a), (b), (d), (e) and (i) are found to be stable at 363 K.
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2-anion 3-anion 4-anion

C"Bauschlicher,"et"al.,"J.#Phys.#Chem.#B#118,"10785"(2014);"J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"



Raman Analysis of Li[TFSI] (Quantum)
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2 and 3 [TFSI] coordination are shifted
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[TFSI]-

[Li(TFSI)2]
-

[Li(TFSI)3]
2-

Exp.

neat xLi = 0.33

Figure 3: Raman active coupled CF3 bend, �
s

(CF3), SN stretch, ⌫
s

(SN), modes of [TFSI]
as determined by DFT for (a) n = 2, (b) n = 3, and (c) n = 4 [Li(TFSI)

n

](n�1)� clusters
and (d) from the experiments of Lassegues and coworkers9 for [BMIM][TFSI] in both the
neat form and that having xLi = 0.33 Li[TFSI]. A scaling factor of 0.987 was applied to our
computational frequencies, which brings the �

s

(CF3) stretch frequencies of isolated TFSI
into agreement with the experimental measure from the neat ionic liquid.
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J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015);"J"Lassegues,"et"al.,"J.#Phys.#Chem.#A#113,"305"(2009)"



Li Solvation Shell Stability (Quantum)
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Highly unfavorable configurations exchange anions within 20 ps

Li[FSI]2" Li[FSI]3"

J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"

208100"ps;"12816"pairs;"T"="363"K"
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Stable Solvation Shells of Li[TFSI] (Quantum)
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2-anion 3-anion 4-anion

2, 3 anion Li+ solvation shells for Li[TFSI]

C"Bauschlicher,"et"al.,"J.#Phys.#Chem.#B#118,"10785"(2014);"J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"
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Electrochemical Window (Quantum)

J"Haskins,#et#al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"

Unoccupied""
Bands"

DFT"(PBE)" DFT"(HSE06)" Exp."

[pyr14][TFSI]" 4.6" 6.5" 6"

[pyr13][FSI]" 4.7" 6.7" 6"

[EMIM][BF4]" 3.9" 5.4" 4.3"

Electrochemical window of liquids with pure 
and hybrid functional bounds experiment

Electrochemical"Windows"(eV)"
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High Accuracy Comparison (Quantum/Classical)
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Figure 2: Radial distribution function (g(r)) as obtained by PFF-MD and DFT-MD simu-
lation at T = 363 K for Li+ with the ionic liquid anions (a) [TFSI], (b) [FSI], and (c) [BF4]
as well as with the (d) O atoms in [TFSI], O atoms in [FSI], and F atoms in [BF4]. The
radial distributions are averaged over a 100 ps DFT-MD trajectory and a 6 ns PFF-MD
trajectory, with one Li+ in ionic liquid systems having 8, 10, and 12 pairs for [pyr14][TFSI],
[pyr13][FSI], and [EMIM][BF4], respectively.
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Classical radial distributions in good agreement with DFT-MD

13"
J"Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"
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Diffusion (Classical)

14"Measures within 10% of experiment
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Figure 12: Diffusion coefficients for [pyr14][TFSI] in both (a) the neat form and (b) that
having x

Li

+ = 0.10, [EMIM][BF4] in both (c) the neat form and (d) that having x
Li

+ = 0.10,
and [pyr13][FSI] in both (e) the neat form and (f) that having x

Li

+ = 0.10 as a function of
T . MD simulation results (solid symbols) are compared with available experiments (outlined
symbols).19,21,24,45
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Ionic Conductivity (Classical)
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Li-doping suppresses conductivity of all systems

J"Haskins,"et"al.,""J.#Phys.#Chem.#B#118,"11295"(2014)"

0.1

1

10

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.20
xLi+ = 0.18 (exp)

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.10
xLi+ = 0.09 (exp)

Tokuda

Hayamizu
Galinski

(a) [pyr14][TFSI]

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(b) [EMIM][BF4]

0.1

1

10

100

2.6 2.8 3 3.2 3.4
1000/T (K-1)

0.1

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.15
xLi+ = 0.13 (exp)

Tokuda

Hayamizu
Galinski

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(c) [pyr13][FSI]

0.1

1

10

100

2.6 2.8 3 3.2 3.4
1000/T (K-1)

0.1

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.10

Tokuda

Hayamizu
Galinski

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(c) [pyr13][FSI]

0.1

1

10

λ 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.20
xLi+ = 0.18 (exp)

1

10

100

λ 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.10
xLi+ = 0.09 (exp)

Tokuda

Hayamizu
Galinski

(a) [pyr14][TFSI]

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(b) [EMIM][BF4]

0.1

1

10

100

2.6 2.8 3 3.2 3.4
1000/T (K-1)

0.1

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.10

Tokuda

Hayamizu
Galinski

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(c) [pyr13][FSI]

0.1

1

10

100

2.6 2.8 3 3.2 3.4
1000/T (K-1)

0.1

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.15
xLi+ = 0.13 (exp)

Tokuda

Hayamizu
Galinski

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(c) [pyr13][FSI]

0.1

1

10

100

2.6 2.8 3 3.2 3.4
1000/T (K-1)

0.1

1

10

100

h 
(m

S/
cm

)

xLi+ = 0.0
xLi+ = 0.0 (exp)
xLi+ = 0.15
xLi+ = 0.13 (exp)

Tokuda

Hayamizu
Galinski

[EMIM][BF4]

0.9[EMIM][BF4] + 0.1[Li][BF4]

(c) [pyr13][FSI]

Figure 13: Ionic conduction of (a) [pyr14][TFSI] in both the neat form and that having
x

Li

+ = 0.20, (b) [EMIM][BF4] in both the neat form and that having x
Li

+ = 0.10, and (c)
[pyr13][FSI] in both the neat form and that having x
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Room-T Li Transport (Classical)

16"

Li+ contribution to conduction plateaus at high salt doping

J"Haskins,"et"al.,""J.#Phys.#Chem.#B#118,"11295"(2014);"O"Borodin,"et"al.,"J.#Phys.#Chem.#B#110,"16879"(2006)"
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Figure 15: Li-doping dependence of the T = 298 K transport properties, (a-c) shear viscosity,
(d-f) lithium diffusion, and (g-i) the lithium contribution to ionic conduction, for the three
ionic liquids considered in this work. MD simulation results (solid symbols) are compared
to available experiments (outlined symbols).5,10,14,19,21,24,53
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Figure 15: Li-doping dependence of the T = 298 K transport properties, (a-c) shear viscosity,
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1-coordinated! 2-coordinated!

3-coordinated!4-coordinated!

Figure 9: Representative configuration of a lithium cluster taken from a T = 298 K
[pyr14][TFSI] system having x

Li

+ =0.33 (F atoms removed for clarity).
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Li+ … Li+ networks (PFF-MD)

17"

Network Li+ share bridging anions

J"Haskins,"et"al.,""J.#Phys.#Chem.#B#118,"11295"(2014)"



Conclusions

18"

• Computational study of Li-doped ILs with experimental 
validation

• Solvation structure identification through complimentary 
simulation approaches

• Influence of networks on experimental anion solvation number

• Bulk transport and electrochemical properties in good 
agreement with experiment


