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Battery Research for Green Aviation at NASA
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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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Ionic Liquid Electrolytes for Supercapacitors
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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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Ion accumulation at the surface: [pyr14][TFSI]
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Figure 7: Composition of the surface ion layer, N , (a, c, and e) and net increase in surface
ion density, �N (b, d, and f) for ionic liquids having xLi values of 0.0 and 0.2. Potential is
referenced to the potential of zero charge found at � = 0 V. Data in (e) is reproduced
from a previous work.85
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Ion depletion at high voltage
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Figure 9: Color contour plot of ion densities in (a,d,g) [pyr14][TFSI], (b,e,h) [pyr13][FSI],
and (c,f,i) [EMIM][BF4] as a function of distance from the electrode with 0 V < � < 4.2
V. Net ion density, or cation density minus anion density, is shown for ionic liquids in the
neat form (a,b,c), as well as those having xLi = 0.2 (d,e,f). Also shown is the density of Li+
(g,h,i) in ionic liquid systems having xLi = 0.2.
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Li+ Influence on the EDL
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Li+ disrupts the EDL and accumulates in 2nd layer
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Li+ binding at the interface: [pyr14][TFSI]
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Li+ accumulates in the second molecular layer
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Figure 10: Representative binding of Li+ with anions in the double layer at (a) negative
electrode potential and (b) positive electrode potential. The red and blue bars indicate the
(x,y) plane of the anode and cathode surfaces, respectively.
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Free energy barrier to Li+ intercalation: [pyr14][TFSI]
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Figure 11: Solvation free energy of Li+ in our three neat ionic liquids as a function of
distance from the electrode. Shown are the F s profiles against electrodes having � = 0 V
(solid black line) as well as against the negative electrode (dashed red line) and the positive
electrode (dashed-dotted blue line), where � between the electrodes is held at 4.2 V.
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Solvation free energy concurs with Li-density
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Influence of Li+ on capacitance
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Figure 3: Differential capacitance as a function of surface potential of our three ionic liquid
systems having xLi values of 0.0 (a,c,e) and 0.2 (b,d,f). Data in (e) is reproduced from a
previous work.85
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Electrochemical windows (DFT-MD Liquid)

Electrochemical windows bound experiment

J.B."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"Windows"(eV)"

10"PFF8MD"configura.ons;"24"pairs;"T"="298"K"

Occupied""
Bands"



Specific energy estimate
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Specific energy estimates predict experimental trends

J"Haskins,#et#al.,""J.#Phys.#Chem.#C#(2016)##

Assume"specific"surface"area"1074"m2/g"
Specific"Energy"="0.5Cdl(EW)2"""

E"(Wh/m2)" E"(Wh/kg)"

[pyr14][TFSI]" Theory" 0.781.3" 0.881.4"

Exp." 1.483.5" 1.583.8"

[pyr13][FSI]" Theory" 0.781.4" 0.881.5"

Exp." 3.586.8" 3.887.3"

[EMIM][BF4]" Theory" 0.580.9" 0.581.0"

Exp." 1.381.5" 1.481.6"



Conclusions
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• Li+ disruption of the electric double layer

• Magnitude of capacitance is a weak function of Li-doping

• Capacitance profile shows variation with Li-doping

• Electrochemical stability a weak function of Li-doping

• Computed specific energy in good agreement with experiment


