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Ionic liquids for electrochemical applications!
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•  Advanced(electrodes:"help"stabilize"
cycling"against"Li8metal"

(
•  Li0ion(ba2eries:"possible"safer"
alterna.ve"to"organic"electrolytes"

"
•  Supercapacitors:(double"layer"
capacitor"electrolyte""

"
•  Electrodeposi8on:"wide"
electrochemical"window"solvent"

•  Biofuel(cells:"replace"water"as"more"
stable"solvent(

"
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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.F."Orsini"et"al.,"J."Power"Sources"76,"19829"(1998)"



Computational modeling of Li-doped ionic liquid electrolytes!
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•  Comprehensive"analysis"of"structure,"
thermodynamics,"and"transport""

•  Three"dis.nct"ionic"liquid"systems"

•  Six"Li8doping"levels"(xLi="0"–"0.33)""

•  Four"temperatures"(T"="298"–"393"K)"
" " " " " " " ""

•  Polarizable"force"field"
"
•  Long"simula.on".mes"(200"ns)"

•  Cross8checked"with"different"codes"

 [pyr14][TFSI]!

O."Borodin,"J.#Phys.#Chem.#B#113,"11463"(2009)"
O."Borodin,"et"al.,"J.#Phys.#Chem.#B#110,"627986292"(2006)"
O."Borodin,"et"al.,"J.#Phys.#Chem.#B#110,"629386299"(2006)"
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Outline!
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1.  Li+"solva.on"structure"

2.  Transport"proper.es""

3.  Li+"transport"mechanism"



Ionic liquids!
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[TFSI]-     bis(trifluoromethylsufonyl)imide!

[FSI]-     bis(fluorosufonyl)imide!

[BF4]-     boron tetrafluoride!

[pyr14]+     N-methyl-N-butylpyrrolidinium+!

[pyr13]+     N-methyl-N-proylpyrrolidinium+!

[EMIM]+     1-methyl-3-ethylimidazolium+!
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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]!

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

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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Chosen for supression of dendrites on Li+ metal anodes*!

Bhabacharyya"et"al.,"Nature"Mater."(2010)"
Basile,"et"al.,"Elechem."Commun."(2013)"



Radial distribution functions!
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Figure 2: T = 298 K radial distribution functions for ionic liquid ions as a function of Li-salt
doping. Distributions are provided for cations with other cations (g++), cations with anions
(g+�), and anions with anions (g��) for (a,d,e) [pyr14][TFSI], (b,e,h) [pyr13][FSI], and (c,f,i)
[EMIM][BF4].
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Radial distribution functions!
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(a)! (b)! (c)![Li][TFSI]!!"#$# [Li][FSI]!!$#%# [Li][BF4]!
!$#
%#

P("1"1"2) = 64 %! P("1"1"1"1) = 81 %! P("1"1"1"1) = 83 %!Figure 6: Most likely Li+ coordination complexes found in (a) [pyr14][TFSI], (b)
[pyr13][FSI], and (c) [EMIM][BF4] at T = 298 K and x

Li

+ = 0.05.
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Solvation shells of Li+!

9"

3 anion coordination for [TFSI] and 4 for [FSI] and [BF4]!
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Li+/Anion bonding!
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SUPPLEMENTARY MATERIAL 2
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Figure S2. Depiction of monodentate (a-c) and bidentate (d-f) binding

states for Li[TFSI], Li[FSI], and Li[BF4]. Average bond distances at T =

298 K are included.
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Monodentate bonding preferred at high Li-doping!



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!

11"

Network Li+ share bridging anions!



Li+ … Li+ networks!
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Figure 8: Li-cluster size statistics given as a function of cluster size at T = 298 K for (a)
[pyr14][TFSI], (b) [pyr13][FSI], and (c) [EMIM][BF4].
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Li+…Li+ networks present at all levels of doping!
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Figure 12: Diffusion coefficients for [pyr14][TFSI] in both (a) the neat form and (b) that
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Li

+ = 0.10,
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+ = 0.10 as a function of
T . MD simulation results (solid symbols) are compared with available experiments (outlined
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Diffusion!

14"Li-doping suppresses diffusion of all ions!



Ionic conductivity!
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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

Li

+ = 0.15. MD simulation results (solid
symbols) are compared to experimental measures (outlined symbols).5,19,22,24,53
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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

Li

+ = 0.15. MD simulation results (solid
symbols) are compared to experimental measures (outlined symbols).5,19,22,24,53
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Li-doping suppresses conductivity of all systems!



Room-T Li transport!
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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,
(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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Li+ contribution to conduction plateaus at high salt doping!



What is the mechanism for 
Li-diffusion?!

18"



What is the mechanism for Li-diffusion?!

19"

Hopping of Li+ through exchange of anions!

Anion Exchange!



What is the mechanism for Li-diffusion?!

20"

Net motion of Li+ with the solvation shell!

Vehicular!



Li+/Anion residence times!
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Figure 16: Residence time (⌧Li/�) of Li+ with ionic liquid anions, given (a) as a function of
x
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+ at T = 298 K and (b) as a function of T at x
Li

+ = 0.10.

52

0 0.1 0.2 0.3 0.4
xLi+ (mole fraction Li-salt)

1

10

100

oLi
 / 

-  (n
s)

[pyr14][TFSI]
[EMIM][BF4]
[pyr13][FSI]

300 325 350 375 400
T (K)

1

10

100

oLi
 / 

-  (n
s)

[pyr14][TFSI]
[EMIM][BF4]
[pyr13][FSI]

(a)

(b)

T = 298 K

xLi+ = 0.10

Figure 16: Residence time (⌧Li/�) of Li+ with ionic liquid anions, given (a) as a function of
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[TFSI] has longer residence times than other anions!
!

Note: residence time of [TFSI] 30 ns at room-T!



Room-T diffusion kinetics!

22"

[pyr14][TFSI]! [pyr13][FSI]! [EMIM][BF4]!
xLi! %Dveh! %Dveh!

!
%Dveh!

0.05! 69! 81! 89!
0.10! 66! 85! 107!
0.33! 59! 73! 91!

Vehicular mechanism dominates the diffusion and 
increases in importance with decreasing anion size !



Conclusions!

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

• High Li-doping induces monodentate bonds!

• Networks present at even low-levels of doping!

• Transport properties in good agreement with experiment!
- Li+ diffusion follows [BF4] > [FSI] > [TFSI]!
- Li+ conduction contribution plateaus at high doping levels!
!

• Li+ transport by anion exchange secondary to the vehicular 
mechanism!

• Future work: properties at electrified interfaces!

Contact:"john.w.lawson@nasa.gov"


