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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(

"

( )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.F."Orsini"et"al.,"J."Power"Sources"76,"19829"(1998)"
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Ionic liquids (ILs)!
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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!

BhaVacharyya"et"al.,"Nature"Mater."(2010)"
Basile,"et"al.,"Electrohem."Commun."(2013)"
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Computa8onal(Study(of(Li0doped(ILs(with(Experimental(Valida8on(
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Interfacial"Proper,es"

 [pyr14][TFSI]!

Bulk"Proper,es"

 [pyr14][TFSI]!

Ψ+"
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 [pyr14][TFSI]!

Bulk"Proper,es" •  Quantum(chemistry((QC)(of(Li/Anion(clusters:""
-  Li"solva,on"structure/energe,cs"
-  IR/Raman"spectra"
-  electrochemical"windows"

•  DFT0MD(simula8on(of(Li0doped(liquid:""
-  Li"solva,on"structure"
-  IR"spectra"
-  electrochemical"windows"

•  Polarizable0MD((APPLE&P)(simula8on(of(Li0
doped(liquid:""
-  Li"network"structure"
-  transport"proper,es"
-  transport"mechanisms"
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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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Stable solvation shells of Li+ (QC Clusters)!
!
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Many potential 2, 3, and 4 anion Li+ solvation shells !

2-anion! 3-anion! 4-anion!

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

Li[TFSI]!

Li[FSI]!

Li[BF4]!



Raman analysis of Li[TFSI] (QC Clusters)!
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2 and 3 [TFSI] coordination are shifted!
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Figure 1: Energetically favorable [Li(Anion)
n
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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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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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[Li(TFSI)2]
-
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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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Figure 4: Raman active SN stretch, ⌫
s

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

n

](n�1)� clusters and (d) from the experiments of
Fujii and coworkers12 for [EMIM][FSI] in both the neat form and that having xLi = 0.225
Li[FSI]. A scaling factor of 0.963 was applied to our computational frequencies, which brings
the ⌫

s

(SN) stretch frequencies of isolated FSI into agreement with the experimental measure
from the neat ionic liquid.
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Raman analysis of Li[FSI] (QC Clusters)!
!
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2 and 3 [FSI] coordination are shifted!
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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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Li solvation shell stability (DFT-MD Liquid)!
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Highly unfavorable configurations exchange anions within 20 ps!

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

J.B."Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"
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Stable solvation shells of Li+ (DFT-MD Liquid)!

11"
2, 3 anion Li+ solvation shells for TFSI/FSI!

4 anion Li+ solvation shell for BF4 !

2-anion! 3-anion! 4-anion!

Li[TFSI]!

Li[FSI]!

Li[BF4]!
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Figure 7: Apparent diffusion coefficient of (Dapp(t)) as a function of time from (a-c) DFT-
MD and (d-f) PFF-MD simulation at T = 363 K using small cells having 8, 10, and 12 pairs
of [pyr14][TFSI], [pyr13][FSI], and [EMIM][BF4], respectively, with one cation replaced by
Li+. The values of Dapp as given are representative of a many time-origin averages, No for
both the 100 ps DFT-MD simulations (No = 20) and the 6 ns PFF-MD simulations (No =
300).
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Li+ Diffusion coefficients (DFT-MD Liquid)!
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Diffusion from ~100 ps DFT-MD order of magnitude agreement with experiment!

DFT"(50ps)" DFT"(∞)" Exp."

[pyr14]
[TFSI]"

1.91" 0.71" 0.34"

[pyr13]
[FSI]"

1.64" 0.78" 0.47""

[emim]
[BF4]"

1.03" 0.79" 0.65""

Diffusion"Coefficients"x"1010"(m2/s)"

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

100+"ps;"8812"pairs;"T"="363"K"
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Unoccupied""
Bands"

Occupied""
Bands"

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

[pyr14][TFSI]" 4.6" 6.5" 3.886"

[pyr13][FSI]" 4.7" 6.7" 4.386"

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

Electrochemical windows (DFT-MD Liquid)!

Electrochemical window of liquids with pure 
and hybrid functionals bounds experiment!

Electrochemical"Windows"(eV)"

J.B."Haskins,"et"al.,"J.#Phys.#Chem.#B#119,"14705"(2015)"
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Radial distribution functions (PFF-MD)!
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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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High accuracy comparison (PFF-MD)!
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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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PFF-MD radial distributions in good agreement with DFT-MD!
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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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Diffusion (PFF-MD)!
!

17"Li-doping suppresses diffusion of all ions!
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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

49

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

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
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+ = 0.15. MD simulation results (solid
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Figure 13: Ionic conduction of (a) [pyr14][TFSI] in both the neat form and that having
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Li
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[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!

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

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



Room-T Li transport (PFF-MD)!
!
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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!

J.B."Haskins,"et"al.,""J.#Phys.#Chem.#B#118,"11295"(2014)"
O."Borodin,"et"al.,"J.#Phys.#Chem.#B#110,"16879"(2006)"

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



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)!
!

20"

Network Li+ share bridging anions!

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



Li+ … Li+ networks (PFF-MD)!
!
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Figure 8: Li-cluster size statistics given as a function of cluster size at T = 298 K for (a)
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Li+…Li+ networks present at all levels of doping!

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

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



Li+ … Li+ networks (PFF-MD)!
!

22"

Apparent coordination decreases through Li-networks!

Table 2: Room temperature measures of average Li+ network size, hNLi...Lii, the average
number of anions in the solvation shell of a given Li+, hni, and total number of unique anions
solvating all Li+, hN�

s

i, normalized by total number of Li-ions, NLi, as taken from PFF-MD
simulation with 144-216 ion pairs.

xLi hNLi...Lii hni hN�
s

i/NLi

[pyr14][TFSI] 0.05 1.1 3.3 3.3
0.15 1.4 3.3 2.8
0.33 1.5 3.6 2.2

[pyr13][FSI] 0.05 1.1 3.8 3.7
0.15 1.4 3.9 3.1
0.33 1.6 4.0 2.5

[EMIM][BF4] 0.05 1.2 3.9 3.7
0.15 1.4 3.9 3.2
0.33 1.7 4.0 2.6

39

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



Room-T diffusion kinetics!

23"

[pyr14][TFSI]! [pyr13][FSI]! [EMIM][BF4]!
xLi! Dveh/Dtot! Dveh/Dtot!

!
Dveh/Dtot!

0.05! 0.69! 0.81! 0.89!
0.10! 0.66! 0.85! 1.07!
0.33! 0.59! 0.73! 0.91!

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

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

25"

Two electrode simulations performed as a function of electrode voltage drop!

z!

x!

Lz = 10 nm!

Pictorial)view)

Figure 1: Pictorial example of an ionic liquid (0.8[pyr14][TFSI] + 0.2Li[TFSI]) interfaced
with ideal basal-plane graphite electrodes as modeled in the present work. The distance
between the electrodes in the non-periodic z-direction, Lz, is 10 nm. Lithium ions are shown
as enlarged yellow atoms.
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ΔΨ = Ψ+-Ψ- = constant"



Electric Double Layer (EDL)!

26"
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Polarization influence on the EDL!

27"

Polarization opposes formation of the EDL!
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Figure 8: Comparison of (a) the average induced dipole normal to the electrode, µz, for
[EMIM] and [BF4] and (b) the net ion distribution, �g = gcations � ganions, as a function of
distance from a surface cation in the rk direction and the electrode surface, �z. Results are
shown for our Lz = 10 nm model capacitor having � = 0 V. More cation concentration
is represented by blue regions while anion concentration is represented by red regions. The
direction of the average induced dipole in a given accumulation of ions is indicated by black
arrows.
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Figure 8: Comparison of (a) the average induced dipole normal to the electrode, µz, for
[EMIM] and [BF4] and (b) the net ion distribution, �g = gcations � ganions, as a function of
distance from a surface cation in the rk direction and the electrode surface, �z. Results are
shown for our Lz = 10 nm model capacitor having � = 0 V. More cation concentration
is represented by blue regions while anion concentration is represented by red regions. The
direction of the average induced dipole in a given accumulation of ions is indicated by black
arrows.
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Ion density profiles: [pyr14][TFSI]!
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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: [pyr14][TFSI]!
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Li+ disrupts the EDL and accumulates in 2nd layer!
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Li+ binding at the interface: [pyr14][TFSI]!

31"
Li+ accumulates in the second molecular layer!

(a)!

(b)!

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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Cathode"

(a)!

(b)!

Figure10:RepresentativebindingofLi
+

withanionsinthedoublelayerat(a)negative
electrodepotentialand(b)positiveelectrodepotential.Theredandbluebarsindicatethe
(x,y)planeoftheanodeandcathodesurfaces,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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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!

Fs"="8101.6"kcal/mol"
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Capacitance fluctuation formulas and electrode effects!

33"

Validated fluctuation formulas for capacitance!

average potential on one of our electrodes is given by h i = ⌦�1
R
 e��HdRdP . As with

surface charge previously, the derivative of this quantity with respect to � may be taken

to yield
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, (11)

where � =  � h i. For the systems of interest in the present work, we have found,

numerically, that
⌦

@ 
@� 

↵
, representing the instantaneous change of electrode potential with

a change in potential difference, is 0.5 and -0.5 for the positive and negative electrodes,

respectively, to within the nearest thousandth. For reasons previously described, the final

two terms in Eq. 11 are vanishingly small and are not included in the current computations.

The total expression for differential capacitance for either the positive or negative electrodes

is then given as

C� =
@h�i
@h i =


�A h|�|��i+

⌧
@�

@� 

��
�A h|�|� i+

⌧
@ 

@� 
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, (12)

where C� indicates capacitance in the constant-� ensemble.

Complementary thermodynamic expressions can be derived for our model capacitor in

the constant-� ensemble. The Helmholtz free energy can again be determined from F =

���1ln(⌦); however, the simpler form of the constant-� Hamiltonian when compared to

that of the constant-� case leads to

@F

@�
=

X

i

@F

@qi

@qi
@�

. (13)

As a constant value is used for each surface charge atom, @F@� further reduces to h i, the

average potential on the electrode. Concerning capacitance using constant-� electrodes, the

quantities of interest are @�/@h� i and @�/@h i, where the potential difference between

the electrode and the potential of each electrode are ensemble averages as the potential is
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Figure 5: Comparison of the differential capacitance obtained from Lz = 4 nm systems hav-
ing (a) constant-� and (b) constant-� electrodes. Capacitance from both the fluctuation
formulas (solid lines) as well as the numerical derivative of the charge density (dashed lines)
are provided.
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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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Specific energy estimate!

35"

[pyr13][FSI] highest energy from both experiment and theory!

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"

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

Assume"specific"surface"area"1074"m2/g""



Conclusions!

36"

• 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!
!

• Li+ disruption of the electric double layer!

• Fluctuation formulas and camel-type shape of capacitance!
!
• Future work: inclusion of more realistic interfacial effects to 
refine capacitance!
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Influence of Li+-doping on anion distributions!
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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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Figure 2: T = 298 K radial distribution functions for ionic liquid ions as a function of Li-salt
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Small anion separation around Li+!



Density!
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Figure 10: Density of (a) neat ionic liquids as a function of system T and (b) ionic liquids
at T = 298 K as a function of Li-salt doping. MD simulations (filled symbols) are compared
to available experimental measures(open symbols).19,26,61
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Viscosity!
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Figure 11: Shear viscosity of (a) [pyr14][TFSI], (b) [EMIM][BF4], and (c) [pyr13][FSI] for
neat systems and those having x
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+ = 0.10 as a function of T . Experimental comparisons
are included for both systems.19,22,24,45
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Computational measures of thermodynamics and transport!

41"

[pyr14][TFSI]! [pyr13][FSI]! [EMIM][BF4]!
ρ(! 1421.5" 1367.9" 1296.9"

D+(! 0.097" 0.118" 0.326"

D0(! 0.081" 0.121" 0.228"

DLi(! 0.046" 0.069" 0.101"

μ(! 150" 89" 107"

λ(! 1.67" 3.35" 11.45"

Density:(ρ((kg/m3)((|((Diffusion:(D((1e010(m2/s)((|((Viscosity:(μ((cP)((|((Conduc8vity:(λ((mS/cm)!

•  Greater ion mobility with decreasing density and ion size!

•  High accuracy of predicted properties:!
-  density within ~1%!
-  diffusion within 10-25%!
-  conductivity within 10-20%!
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Figure 14: Comparison of experimental measures of � for 0.5 m Li[BF4] in [EMIM][BF4],
0.5 m Li[FSI] in [pyr13][FSI], and 0.5 m Li[TFSI] in [pyr14][TFSI]. Experimental measures of
� for 1 M Li[PF6] in 1:1 ethylene carbonate:dimethyl carbonate (EC:DMC), a typical Li-ion
electrolyte, are also included.

50

Experimental comparison of ionic conductivity to that of 
Li-ion battery organic electrolytes!

42"

Mid-T ion conductivity comparable to conventional electrolytes!



Prevalent Li+/Anion solvation shells!

43"

(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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Figure S3. Most likely Li

+
-anion coordination shells found in (a)

[pyr14][TFSI], (b) [pyr13][FSI], and (c) [EMIM][BF4] for a T range 298

K to 393 K. The values are averaged over simulations at x

Li

+ = 0.05, and

the shells are defined by the number of monodentate (1) and bidentate

(2) anions in the shell.
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Li
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(2) anions in the shell.

•  4-5 anion neighbors in Li+ solvation shell: [TFSI] (3-4), [BF4] (4), [FSI] (3-5)!
•  [Li(TFSI)2]- and [Li(FSI)3]-2 from experiment (J.C. Lassegues, et al., J. Phys. Chem. A 

113, 305 (2009) and K. Fujii, et al., J. Phys. Chem. C 117, 19314 (2013))!



Li+-Li+ distributions!
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Figure 7: Radial distribution function of Li+ ions with other Li+ ions for [pyr14][TFSI],
[pyr13][FSI], and [EMIM][BF4] at T = 298 K. The evolution of a large peak at 4 Å indicates
formation of clusters.

43

Li+ …. Li+ networks at most doping levels!
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Influence of Li+ … Li+ networks on structure!

45"

Li+ …. Li+ networks induce cis-conformers and monodentate bonds!



Solvation shells of Li+!

46"

3 anion coordination for [TFSI] and 4 for [FSI] and [BF4]!
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Figure 6: Infra-red signature of Li+ in (a) [pyr14][TFSI], (b) [pyr13][FSI], and (c)
[EMIM][BF4] as obtained from both 100 ps DFT-MD simulations at T = 363 K and DFT
computations of the geometry optimized [Li(Anion)

n

](n�1)� clusters presented in Table 1.
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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!
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What is the mechanism for Li-diffusion?!

49"

Hopping of Li+ through exchange of anions!

Anion Exchange!



What is the mechanism for Li-diffusion?!

50"

Net motion of Li+ with the solvation shell!

Vehicular!



Li+/Anion residence times!

51"
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Figure 16: Residence time (⌧Li/�) of Li+ with ionic liquid anions, given (a) as a function of
x

Li

+ at T = 298 K and (b) as a function of T at x
Li

+ = 0.10.
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52

[TFSI] has longer residence times than other anions!
!

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

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



Room-T diffusion kinetics!

52"

[pyr14][TFSI]! [pyr13][FSI]! [EMIM][BF4]!
xLi! Dveh/Dtot! Dveh/Dtot!

!
Dveh/Dtot!

0.05! 0.69! 0.81! 0.89!
0.10! 0.66! 0.85! 1.07!
0.33! 0.59! 0.73! 0.91!

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



Interfacial Structure Simulations!

53"

Two electrode simulations performed as a 
function of electrode voltage drop!

z!

x!

Lz = 10 nm!

Pictorial)view)

Figure 1: Pictorial example of an ionic liquid (0.8[pyr14][TFSI] + 0.2Li[TFSI]) interfaced
with ideal basal-plane graphite electrodes as modeled in the present work. The distance
between the electrodes in the non-periodic z-direction, Lz, is 10 nm. Lithium ions are shown
as enlarged yellow atoms.
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Capacitance fluctuation formulas and electrode effects!

54"

Validated fluctuation formulas for capacitance!
Electrode surface subtly influences capacitance!
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Figure 5: Comparison of the differential capacitance obtained from Lz = 4 nm systems hav-
ing (a) constant-� and (b) constant-� electrodes. Capacitance from both the fluctuation
formulas (solid lines) as well as the numerical derivative of the charge density (dashed lines)
are provided.
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Figure 6: Differential capacitance of an Lz = 10 nm capacitor as obtained from the use of
constant-� (dashed lines) and constant-� (solid lines) electrodes.
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average potential on one of our electrodes is given by h i = ⌦�1
R
 e��HdRdP . As with

surface charge previously, the derivative of this quantity with respect to � may be taken

to yield


@� 

@h i

��1

= �A h|�|� i+
⌧

@ 

@� 

�
+ �A� 

⌧
@|�|
@� 

� 

�
� �

⌧
@U

@� 
� 

�
, (11)

where � =  � h i. For the systems of interest in the present work, we have found,

numerically, that
⌦

@ 
@� 

↵
, representing the instantaneous change of electrode potential with

a change in potential difference, is 0.5 and -0.5 for the positive and negative electrodes,

respectively, to within the nearest thousandth. For reasons previously described, the final

two terms in Eq. 11 are vanishingly small and are not included in the current computations.

The total expression for differential capacitance for either the positive or negative electrodes

is then given as

C� =
@h�i
@h i =


�A h|�|��i+

⌧
@�

@� 

��
�A h|�|� i+

⌧
@ 

@� 

���1

, (12)

where C� indicates capacitance in the constant-� ensemble.

Complementary thermodynamic expressions can be derived for our model capacitor in

the constant-� ensemble. The Helmholtz free energy can again be determined from F =

���1ln(⌦); however, the simpler form of the constant-� Hamiltonian when compared to

that of the constant-� case leads to

@F

@�
=

X

i

@F

@qi

@qi
@�

. (13)

As a constant value is used for each surface charge atom, @F@� further reduces to h i, the

average potential on the electrode. Concerning capacitance using constant-� electrodes, the

quantities of interest are @�/@h� i and @�/@h i, where the potential difference between

the electrode and the potential of each electrode are ensemble averages as the potential is

12



Diffusion!

55"

Adjusting for time-scale and size effects brings DFT 
measure close to polarizable MD and experiment!

Table 3: Values of Dapp(t) (in units of 10�10 m2/s) for ions in ionic liquids at 363 K as
evaluated using both DFT-MD and PFF-MD. The total MD simulation length (tsim) in
picoseconds, the number of ion pairs in the MD simulation (Npairs), and the time (t) used to
evaluate Dapp(t) in picoseconds is given for each system. Values for the largest 144-216 Npairs

PFF-MD systems are interpolated to the DFT-MD xLi values from independent simulations
of xLi = 0.05, 0.10, and 0.15. Error as obtained from the standard deviation of the No time
origins used to average Dapp(t) is given for the DFT-MD results in parenthesis.

tsim Npairs t D+,app(t) D�,app(t) DLi,app(t)

[pyr14][TFSI] DFT-MD 0.1 8 0.05 6.47 (3.2) 6.10 (2.4) 1.91 (0.6)
PFF-MD 6.0 8 0.05 4.23 3.17 0.75

6.0 8 t ! 1 1.40 0.89 0.28
6.0 144 t ! 1 0.80 0.66 0.34

[pyr13][FSI] DFT-MD 0.1 8 0.05 4.78 (2.3) 4.27 (2.4) 1.64 (0.5)
PFF-MD 6.0 8 0.05 4.85 3.85 0.92

6.0 8 t ! 1 1.41 1.29 0.44
6.0 216 t ! 1 0.89 0.91 0.47

[EMIM][BF4] DFT-MD 0.1 8 0.05 7.77 (3.6) 3.78 (2.2) 1.03 (0.3)
PFF-MD 6.0 8 0.05 4.77 2.97 0.97

6.0 8 t ! 1 1.97 1.48 0.75
6.0 216 t ! 1 1.93 1.38 0.65
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Surface energy estimate!

56"
Experiments performed on glassy carbon!

Elec."Window"(eV)" Cdl"(F/m2)" E"(Wh/m2)"

[pyr14][TFSI]" Theory" 4.686.53" 4.4" 0.781.3"
Exp." 3.886" 13.9" 1.483.5"

[pyr13][FSI]" Theory" 4.786.4" 4.5" 0.781.4"
Exp." 4.386" 27.2" 3.586.8"

[EMIM][BF4]" Theory" 3.985.5" 4.5" 0.580.9"
Exp." 4.384.6" 9.9" 1.381.5"



Experimental analysis of capacitance!

57"
Experiments performed on glassy carbon!
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Figure 4: 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). Computational results are shown as
solid symbols, while the experimental capacitance on glassy carbon electrodes is given by
open symbols.
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