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Electrolytes based on bis(fluorosulfonyl)imide (FSI) with a range of LiFSI salt concentrations 

were characterized using physical property measurements, as well as NMR, FT-IR and Raman 

spectroscopy. Different from the behavior at lower concentrations, the FSI electrolyte 

containing 1:1 salt to IL mole ratio) showed less deviation from the KCl line in the Walden 

plot, suggesting greater ionic dissociation. Diffusion measurements show higher mobility of 

lithium ions compared to the other ions, which suggests that the partial conductivity of Li+ is 

higher at this higher composition. Changes in the FT-IR and Raman peaks indicate that the cis-

FSI conformation is preferred with increasing Li salt concentration.  

 

 

Introduction 

Because of their negligible vapor pressure and wide 

electrochemical windows, ionic liquids (ILs) have been 

considered viable replacements for current organic-liquid based 

electrolytes for lithium batteries.
1
 Of the various ILs studied, 

those which include the bis(fluorosulfonyl)imide (FSI) anion 

have gained significant attention for their relatively low viscosity 

and high conductivity.
2
 This anion was first introduced by 

Armand et al.,
3
 and organic liquids containing lithium FSI were 

successfully used as lithium battery electrolytes by Zaghib et al.
4
. 

Matsumoto et al.
2
 reported that FSI based ILs show fast charging 

ability with LiCoO2 cathodes, and Ishikawa et al.
5
 demonstrated 

stable cycling ability with graphite anodes, with no organic 

diluents or additives.
5
 There have also been many subsequent 

studies applying this FSI based electrolyte in lithium batteries.
6-13

 

Some drawbacks of this IL have also been reported, including 

concerns about high temperature stability and its corrosive 

properties.
14-16

 

To understand the superior qualities of FSI based ILs - in 

particular low viscosity and high conductivity, there have been 

many investigations of their physicochemical and 

electrochemical properties, including comparative studies with 

ILs based on the similar bis(trifluoromethylsulfonyl)imide (TFSI) 

anion. Zhou et al. and Paillard et al. investigated the 

electrochemical and physicochemical properties of FSI based ILs 

and their solutions containing Li salts, and demonstrated their 

superiority compared to the respective TFSI counterparts.
9, 10

 

One interesting aspect of this anion is its conformational 

equilibrium, and since the conformational structure of FSI is 

similar to that of TFSI, most of this research was originally 

performed on TFSI, and subsequently similar approaches were 

taken to see if FSI showed different behavior. For example, 

Johansson et al. estimated, using ab-initio theoretical calculations, 

that the TFSI anion can adopt 2 different conformers in liquids.
17
 

Fujii et al. confirmed, using Raman spectroscopy and molecular 

dynamics (MD), that TFSI has 2 conformers: C1 (cis-) and C2 

(trans-) which are in equilibrium in the liquid state.
18
 They then 

showed that the C1(cis-) form is dominant at higher 

temperatures, and claimed that the low melting point of TFSI 

based ILs is related to this behavior.
18
 Umebayashi et al. 

extended this research to ILs containing Li salts, and showed that 

TFSI ILs prefer cis- conformations and coordinate Li
+
 to form 

Li(TFSI)2
-
 or LiC2mimTFSI

+
 (1-ethyl-3-methylimidazolium 

TFSI). In Li(TFSI)2
-
, the Li

+
 coordinates with 4 oxygen atoms in 

2 TFSI anions.
19
 Shirai et al. also studied the effects of LiTFSI 

salt concentration on speciation and coordination in N,N-diethyl-

N-methyl-N-(2-methoxyethyl) ammonium TFSI by investigating 

the Raman and NMR shifts.
20
 In their study, Li coordinates with 

4 oxygen atoms within 2 TFSI anions to form Li(TFSI)2
-
 at low 

Li salt concentration, but forms a lithium oligomer at high Li 

concentrations.
20
 In addition, Ishiguro et al. studied the 

temperature dependence of the speciation in a highly 

concentrated LiTFSI (0.171 mol fraction) in C2mimTFSI solution, 

and showed that the cis-form of TFSI is more stable than the 

trans-form at high lithium salt concentration.
21
 This research 

group also compared the coordination behavior of other metal 

ions such as Li
+
, Na

+
, K

+
 and Cs

+
 in solution of their TFSI salts 

in C2mimTFSI.
22
 

After Beran et al.’s report on the cis- form of the FSI anion in 

LiFSI salts, showing coordination of Li
+
 and oxygen atoms in the 

FSI anion resulting in clustering around Li
+
,
23
 Fujii et al. 

extended their TFSI research to FSI, and demonstrated that FSI 

also behaves similarly to TFSI. FSI shows cis- and trans- 
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equilibrium in the liquid state, and the low viscosity of FSI is 

also related to this conformational equilibrium.
24, 25

 The same 

conclusion was also reached separately by Lopes et al., based on 

Raman spectroscopy and MD calculations.
26
 Recently, some 

interesting findings were reported by Huang et al., who noted 

from DSC studies that an exothermic reaction occurs when LiFSI 

is added into an FSI based IL, Raman spectroscopy was used to 

show that the Li cation is strongly associated with the FSI 

anion.
27
 

Recently, we have shown that solutions containing a high Li 

salt concentration, up to 0.5 mol fraction (3.2 mol.kg
-1
), in an FSI 

electrolyte can successfully cycle Li | LiCoO2 cells, with fast 

charging and discharging rate capability (up to 5 C rate at 25 °C), 

in spite of the high viscosity and relatively low conductivity of 

these solutions.
28
 This suggests that the Li transport mechanism 

at high lithium salt concentration (> 1.6 mol.kg
-1
) is different 

from that at lower lithium concentration (< 1.6 mol.kg
-1
).

28
 In this 

present study, we now probe the intermolecular interactions to 

understand why this behavior occurs. We look at physical 

property changes across a range of Li salt concentrations in 

C3mpyr FSI electrolyte, and use ionic conductivity, DSC, FT-IR, 

Raman and diffusion NMR measurements to elucidate the 

conduction mechanisms in these electrolytes. 

 

Experimental 

Materials: 

N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide 

(C3mpyrFSI, purity > 99.9%) and lithium 

bis(fluorosulfonyl)imide (LiFSI, purity > 99.5%) were both 

sourced from Suzhou Fluolyte Co., Ltd., China. Lithium metal 

was sourced from China Energy Lithium Co., Ltd. (purity > 

99.9%). 

 

Figure 1 The structure of the ionic liquid in this research, N-

propyl-N-methylpyrrolidinium (C3mpyr) 

bis(fluorosulfonyl)imide (FSI) 

 

Electrolytes in this work were prepared by adding LiFSI salts 

into C3mpyrFSI IL and stirring for 24 hours at room temperature 

in an Ar-filled glove box. Moisture contents (< 20 ppm) and 

halides (Cl < 1 ppm) of all electrolytes were determined via Karl 

Fisher titrations (Metrohm) and ICP measurements, respectively. 

Table 1 lists the concentrations of each electrolyte and the molar 

ratio of each ion in solution. The highest Li salt concentration in 

this experiment was 3.2 mol.kg
-1
, which has one Li

+
 and one 

C3mpyr for every two FSI ions in the solution (i.e., 0.5 mol 

fraction). 

 

Table 1 Composition of electrolytes investigated. 

 

LiFSI conc. 

(mol.kg-1) 

Molar ratio of each ion 
FSI : Li 

Li+ C3mpyr FSI 

0 (neat IL) 0 0.50 0.50  

0.4 0.06 0.44 0.50 8.3 

0.8 0.10 0.40 0.50 5 

1.2 0.14 0.36 0.50 3.6 

1.6 0.17 0.33 0.50 2.9 

2.0 0.19 0.31 0.50 2.6 

2.4 0.21 0.29 0.50 2.4 

2.8 0.23 0.27 0.50 2.2 

3.2 0.25 0.25 0.50 2 

 

Conductivity, DSC, Viscosity and Density: 

To measure ionic conductivity, samples were placed in a sealed 

glass conductivity dip-cell equipped with two porous platinum 

electrodes; all preparations took place inside an Ar- filled glove 

box. 0.01 M KCl solution was used to determine the cell 

constant, before and after each sample measurement. The ionic 

conductivity was measured from -50 to 100 °C (with 10 minutes 

stabilization time after the sample reach the target temperature) 

and then back to 30 °C to check if there was any hysteresis.  

Differential scanning calorimetry (DSC) was carried out on a TA 

instruments™ DSC 2910. Samples (~10 mg) were sealed in Al 

hermetic pans (part numbers 900793.901, 900794.901) and then 

were cooled by liquid nitrogen at 10-20 °C.min
-1
 to -150 °C. The 

DSC traces were recorded during heating at 10 °C.min
-1
 to 100 

°C. 

An Anton Paar™ Automated Micro Viscometer with VisioLab 

ver. 1.0.1 was used to measure viscosity from 25 to 60 °C. An 

Anton Paar™ DMA 4500M was used to measure density over 

the same temperature range.  

 

FT-IR: 

A Perkin Elmer™ Spectrum 400 FT-IR/FT-NIR Spectrometer 

with Spectrum ver. 6.3.4 software was used to record FT-IR 

spectra. A diamond crystal ATR was used at ambient 

temperature using a sealed ATR cell with a KBr window under 

argon. The spectrum was accumulated 32 scans from 4000 cm
-1
 

to 450 cm
-1
 with 1 cm

-1
 resolution. 

Raman: 

A Perkin Elmer™ Ramanstation 400F with Spectrum ver. 

10.03.06.0100 was used to measure Raman spectra. All spectra 

were measured at ambient temperature in a glass sample vial 

from 1600 cm
-1
 to 200 cm

-1
 range with 4 cm

-1
 resolution and 16 

scans. The acquired spectrum was subtracted with a spectrum 

acquired from an empty glass vial. Baseline correction (linear at 

the two end) and normalization to the highest peak or area were 

applied to the spectra. 

 

Diffusion NMR: 

Pulse-field gradient stimulated echo (PFG-STE) diffusion 

measurements were performed on a Bruker 300 MHz Ultrashield 

with Avance I console utilizing a Diff30 diffusion probe and 

GREAT60 amplifier, following the method described by Bayley 

et al.
29
 The diffusivities of 

1
H and 

19
F nuclei were measured for 

the C3mpyr cation and FSI anion. 
7
Li spectra and diffusivities 

were also measured; the chemical shifts are reported relative to a 

2 M LiCl solution. Each sample was packed to a height of 50mm 

in a 5mm Schott E NMR tube in an Ar filled glove box and 

sealed with Teflon tape and a cap. Each sample was measured 

from 278 – 333 K. 
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Results and Discussion 

Conductivity and DSC: 

Figure 2(a) shows the ionic conductivity data of LiFSI in 

C3mpyrFSI at concentrations from the neat IL to 3.2 mol.kg
-1
. 

The ionic conductivity values of the neat C3mpyrFSI were 5.6 

mS.cm
-1
, 6.5 mS.cm

-1
, and 7.4 mS.cm

-1
 at 20, 25 and 30 °C 

respectively, which is lower than the values reported by previous 

researchers,
2, 5, 6, 8, 14, 30, 31

 but closer to more recently reported 

data.
32
 We assume this difference arises from variations in the 

purity of the neat IL.  

 

 

Figure 2 (a) Temperature dependence of ionic conductivity of 

C3mpyrFSI with different LiFSI concentrations, (b) Dependence 

of ionic conductivity on LiFSI concentration in C3mpyrFSI at 

25 °C 

 

The neat IL changes into a solid or plastic crystal phase 

between -5 and -10 °C with a huge decrease in ionic conductivity. 

This phase transition shifts to more negative temperatures with 

increased salt concentration: it is between -15 and -20 °C for 0.4 

mol.kg
-1
 solution and between -25 and -30 °C for 0.8 mol.kg

-1
 

solution. This phase transition was not observed down to -50 °C 

when the salt concentration was 1.2 mol.kg
-1
 or greater. We note 

that the ionic conductivity of the 0.8 mol.kg
-1
 sample in the solid 

phase below -30 °C is higher than that of 0.4 mol.kg
-1
 in the solid 

phase or those for the electrolytes of higher salt concentrations 

(in their liquid state) at the same temperature. The ionic 

conductivity of the electrolytes in the solid phase has an 

optimum point, whilst in the liquid phase, conductivity appears 

to decrease as the salt concentration increases. A similar trend 

was also observed by Paillard et al. for LiFSI –C4mpyrFSI 

electrolyte.
10
 This suggests that the ionic conduction mechanism 

in the solid phase of the FSI electrolyte is quite different to that 

in the liquid phase. Figure 2(b) demonstrates the concentration 

dependence of ionic conductivity in C3mpyrFSI electrolytes, 

from neat IL through to 3.2 mol.kg
-1
 at 25 

o
C, showing that the 

conductivity continuously decreases with increasing salt 

concentration in the liquid phase.  

DSC heating traces from -120 to 100 °C are presented in 

figure 3 (a) and (b). There are several endothermic transitions in 

neat C3mpyrFSI (fig 3(a) bottom curve), including a low energy 

solid-solid phase transition (phase III – II) with a peak at -78 °C, 

a combined endothermic-exothermic peak at -46 °C which was 

described as a mesostable phase transition by Zhou et al.,
9
 a 

solid-solid phase transition (phase II-I) at -16 °C and a melting 

transition (phase I-liquid) at -6 °C. This DSC result is exactly the 

same as that reported previously by Zhou et al.,
9
 and similar to 

those reported by Huang et al.
27
, and Kunz et al.,

33, 34
 except for 

small peak temperature differences which are probably because 

of the different scan rate. When Li salt was added to C3mpyrFSI 

to make a 0.4 mol.kg
-1
 solution, the melting point decreased to -

15
 
°C, which correlates with the previous conductivity data. An 

exothermic crystallization peak was observed at -60 °C, and a 

glass transition at -95 °C. The glass transition temperature moved 

from -95 °C to -72 °C with the introduction of the lithium salt. 

The crystallization peak was not observed when the LiFSI salt 

concentration was 0.2 or 0.3 mol.kg
-1
 (not shown), but was 

observed when it was 0.5 mol.kg
-1
 or higher (figure 3 (b)). Huang 

et al has also described similar behaviour in solutions of LiTFSI 

in C3mpyrFSI or C3mpyrTFSI.
27
 However, Paillard et al.

10
 did 

not observe this peak for solutions of LiFSI (from 0 to 2.06 

mol.kg
-1
) in C4mpyr FSI (which has one more methyl group in 

the chain attached to the pyrrolidinium ring). Instead they found 

that the IL solutions remained amorphous from neat IL up to a 

molar ratio of LiFSI : C4mpyr FSI of 0.4 : 0.6. This may be 

caused by different thermal histories during the DSC 

experiments or may suggest that crystal formation in this FSI 

electrolyte system more readily occurs with the smaller C3mpyr 

cation. 

 

 

 

Figure 3 DSC traces for C3mpyrFSI with LiFSI ionic liquids 

as a function of LiFSI concentration. a) neat C3mpyrFSI and 0.4 

mol.kg
-1
 LiFSI added, b) 0.8 to 3.2 mol.kg

-1
 LiFSI added. The 

numbers provided indicate the temperatures of the peak positions. 

 

At higher concentrations, we do note that there is evidence, in 

some cases, that multiple steps exist in the Tg shown in figure 3 

(b). This may not be unexpected due to the high salt 

concentrations used here; while they are clearly miscible at room 

temperature there appears to be a phase separation in the glassy 

state as shown by the steps in Tg.  

 

Density, Viscosity and Walden plots: 

A Walden plot based on the Walden equation (eq. 1) described 

by Angell and co-workers is an effective qualitative method to 

characterise the properties of an IL.
35
 

 

  	��� = ′� ,  (1) 

 

where Λ is the molar conductivity,  � is the viscosity, � is an 
adjustable parameter and C is a temperature dependent constant. 

The Walden plots of each concentrated electrolyte are shown 

in figure 4. The slopes of the plots are from 0.9 to 0.95, which is 

similar to the values generally observed for other ILs.
35-39

 The �	 
values, which represent the distance from the “ideal” aqueous 
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KCl line, change from -0.009 to -0.446 when going from the neat 

IL to 2.4 mol.kg
-1
 LIFSI. The trend then changes direction; at 3.2 

mol.kg
-1
 LiFSI, �	 = -0.355. High ionicity is usually indicated by 

data that lies close to the aqueous KCl line (� = 1, �	 = 0) in the 
Walden plot;

35, 40
 lines far from the ideal line (C' << 0) mean that 

more ions are associated in various forms.
41
 Hence, the 

conductivity did not decrease as much as the viscosity increased 

when the salt concentration increased from 2.4 mol.kg
-1
 to 3.2 

mol.kg
-1
, which again implies that there may be a different 

conduction mechanism in the solution with the highest lithium 

concentration; this mechanism may be related to Li coordination 

with surrounding ions. 

 

 

Figure 4 Walden plots showing relationships between inverse 

viscosity and molar conductivity for C3mpyrFSI with different 

LiFSI concentrations and the neat IL 

 

Diffusivity and Ionicity: 

To understand the local environment surrounding Li
+
 and its 

effects on ionic mobility and conductivity, 1D NMR spectra and 

PFG-STE NMR diffusion coefficients for 
7
Li, 

1
H, and 

19
F were 

measured.  

In order to set the pulse sequence for the PFG-STE experiment, 

we have measured the 1D NMR spectra, Figure 5, which shows 

that the 
7
Li NMR peak position unexpectedly shifts to more 

negative values with increasing Li salt concentration in the 

electrolytes. This suggests that, as the number of Li
+
 ions in the 

ionic liquid increases, its nearest neighbour environment (and 

possibly its coordination) changes, resulting in the observed 

chemical shift. We did not observer similar shifts in either the 
19
F 

and 
1
H spectra under the same experimental conditions, thereby 

allowing us to rule out magnetic susceptibility effects for the 

shift in the 
7
Li spectra.

42
 This is somewhat in contrast to work by 

Shirai et al. in their studies on the effect of LiTFSI concentration 

in N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium TFSI; 

they observed a 
19
F NMR peak shift to higher ppm, whilst the 

7
Li 

peak did not move.
20
 With the support of Raman data, they 

concluded that Li forms Li(TFSI)2
-
 in lower concentration 

solutions and forms a Li oligomer (as also observed in 

Li2emim(TFSI)3 ILs by Matsumoto et al.
43
) at higher salt 

concentrations. Given that our results for the FSI electrolytes 

presented here are the opposite of those found for the TFSI 

system, this suggests, somewhat surprisingly, that the 

coordination of Li in the FSI based ILs is likely to be different.  

 

 

Figure 5 
7
Li NMR chemical shifts at 25 °C (2 M LiCl 

reference). Arrow indicates direction of increasing LiFSI 

concentration. 

 

The diffusivities of each ion in both the neat IL and the LiFSI 

solutions, as measured by PFG-STE NMR, are presented in 

figure 6. The diffusivities of all ions decreased as the Li
+
 

concentration in solution increased. Figure 6(a) shows the 

diffusivity plots for neat C3mpyrFSI, where FSI is faster than 

C3mpyr at 25 °C. The difference in diffusivity between the two 

ions became smaller at 60 °C. When 0.8 mol.kg
-1
 of LiFSI salt 

was added into the neat IL (figure 6(b) and table 2), the order of 

diffusivities of the ions at 25 °C was FSI > C3mpyr > Li
+
. As Li 

salt concentration is further increased up to 3.2 mol.kg
-1
, the 

diffusivities of all ion species are decreased. Presumably the 

addition of Li
+
 decreases the fluidity of the entire system and 

hence all ions show a decreased diffusivity, however, as seen 

from figure S1, the rate at which the diffusion coefficient 

decreases with increasing LiFSI concentration is greatest for the 

FSI ion, followed by C3mpyr and finally the Li
+
 diffusivity. 

Since a high Li
+
 concentration means a relatively smaller amount 

of C3mpyr interacting with the FSI, this trends implies that the 

Li
+
 ion has a much stronger influence on the FSI diffusion and 

thus possibly implies a more aggregated structure whereby the 

ions are not moving independently of one another but rather as a 

larger species. Interestingly, for all concentrations, the 

temperature dependence of the diffusion coefficients for both 

cations is almost identical, indicating similar activation energies, 

whereas the anion appears to have an apparently smaller 

activation energy for all compositions, even in the neat ionic 

liquid. 
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Figure 6 Diffusivities of Li
+
, C3mpyr and FSI ions measured 

using PFG-STE NMR from 25 °C to 60 °C. (a) neat C3mpyrFSI; 

(b) 0.8 mol.kg
-1
, (c) 1.6 mol.kg

-1
, (d) 2.4 mol.kg

-1
, and (e) 3.2 

mol.kg
-1
 LiFSI in C3mpyrFSI. 

 

The diffusivity of each ion followed a simple Arrhenius 

equation: 

  

 � =	�
 ���(	−	
��

��
	),  (5) 

 

where, D is diffusivity at each temperature, D0 is self diffusion 

constant, EA is activation energy and R is the gas constant. The 

calculated D0 and EA values are presented in table 2. Both the self 

diffusion constants and activation energies of all ion species 

increased with increased Li salt concentration, hence the 

diffusivity decreased with increased salt concentration because of 

the increased activation energy, which is related to the strength 

of interaction between the ions.  

 

Table 2 Parameters from Arrhenius fits to diffusivity data: self 

diffusion constant, D0 and activation energy, EA for each ion in 

C3mpyrFSI ionic liquid as a function of LiFSI concentration. (< 

±5%) 

 

 Li+ C3mpyr FSI 

D0  

(m
2
.sec

-1
) 

EA  

(kJ.mol
-1
) 

D0  

(m
2
.sec

-1
) 

EA  

(kJ.mol
-1
) 

D0  

(m
2
.sec

-1
) 

EA  

(kJ.mol
-1
) 

Neat IL - - 3.5e-7 23 9.0e-8 19 

0.8 

mol.kg-1 

5.9e-7 26 6.2e-7 25 1.4e-7 22 

1.6 

mol.kg-1 

1.2e-6 29 1.4e-6 29 1.4e-7 23 

2.4 

mol.kg-1 

3.2e-6 33 2.8e-6 32 2.7e-7 26 

3.2 

mol.kg-1 

4.3e-6 34 3.2e-6 33 5.4e-7 29 

 

 

According to Seki
44
, who compared ILs containing 

imidazolium and phosphonium cations, a higher D0 value results 

in lower viscosity and density, and higher ionic conductivity. 

However, in contrast to Seki’s study with different ion species, 

our present system has the same cation and anion, and only 

differs in lithium concentration. In our case, the highest D0 value 

occurs at the highest concentration, which is the sample with the 

highest viscosity and density and lowest ionic conductivity.   

The diffusivity obtained by PFG-NMR does not distinguish 

between ion pairs and dissociated ions and is, rather, the average 

diffusivity over all possible species.
29
 The NMR conductivity 

ΛNMR, as calculated from the Nernst-Einstein equation (equation 

3), assumes contributions from all individual ions, regardless of 

ion association. However, the molar conductivity obtained by 

impedance spectroscopy, Λimp, only includes conductivity due to 

dissociated ions or charged aggregates.
29
 Hence, the ratio Λimp / 

ΛNMR is referred to as the ionicity, and represents the degree of 

ion correlation within the IL; if the ionicity is unity, all ions are 

assumed to be dissociated and no ion pairs or ionic clusters are 

present.
29, 44-47

 The calculated ionicity values for each solution are 

presented in table 3. The ionicity increases as temperature 

increases, but decreases with increased salt concentration; 

consistent with the previous interpretation of the diffusivity data. 

One interesting point here is that the ionicity was lowest when 

the Li salt concentration was 2.4 mol.kg
-1
 and increased again at 

3.2 mol.kg
-1
, after the addition of more Li salt. This also 

correlates with the Walden plot (shown previously in figure 4). 

This may indicate that the increased Li
+
 concentration enhances 

the ion pair association or clustering for the neat IL to the 2.4 

mol.kg
-1
 solutions but adding more Li

+
 up to 3.2 mol.kg

-1
 does 

not contribute to ion pairing or clustering; instead the additional 

Li may exist as free Li
+
 on the time scales of the measurements 

here. 

 

Table 3 ‘Ionicity’ of electrolytes indicating the degree of ion 

dissociation at each temperature and lithium salt concentration. 

(< ±5%) 

ΛImp / ΛNMR 25 °C 30 °C 40 °C 50 °C 60 °C 

Neat IL 0.56 0.57 0.57 0.58 0.58 

0.8 

mol.kg-1 

0.50 0.51 0.51 0.53 0.53 

1.6 

mol.kg-1 

0.46 0.48 0.49 0.50 0.50 

2.4 0.35 0.36 0.37 0.39 0.40 

3.0 3.1 3.2 3.3 3.4

2E-11

3E-11

4E-11

5E-11

6E-11

 Li
+

 C
3
mpyr

+

 FSI
-

(b)

3.0 3.1 3.2 3.3 3.4

1E-11

2E-11

3E-11

1000K / T

(d)

3.0 3.1 3.2 3.3 3.4
2E-11

3E-11

4E-11

5E-11

6E-11

7E-11

8E-11

9E-11
D
 /
 m

2
.s

-1
(a)

3.0 3.1 3.2 3.3 3.4

1E-11

2E-11

3E-11

4E-11

D
 /
 m

2
.s

-1

(c)

3.0 3.1 3.2 3.3 3.4

5E-12

7.5E-12

1E-11

1.25E-11

1.5E-11

1.75E-11

2E-11
2.25E-11
2.5E-11

D
 /
 m

2
.s

-1

1000K / T

(e)
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mol.kg-1 

3.2 

mol.kg-1 

0.39 0.40 0.42 0.43 0.43 

 

 

We have calculated using Nernst-Einstein equation (eq. 3) the 

Li
+
 partial conductivity from the NMR diffusivity data presented 

in figure 6 and the result is shown in figure 7. While the actual 

total conductivity decreases (figure 2(a) and (b)) with increased 

salt concentration, the Li
+
 partial conductivity increases up to 1.6 

mol.kg
-1
 the contributions of the C3mpyr and FSI

 
conductivities 

decrease as the relative molar fraction of Li
+
 increases.  

 

 

Figure 7 The partial conductivity of Li
+
 in the solution, 

calculated from the ionic mobility data. 

 

A reciprocal viscosity vs. lithium diffusion coefficient plot to 

check Li
+
 solvation number using Stoke-Einstein relationship is 

demonstrated in supplementary figure 4. It is shown that the 

effective radii of Li
+
 is not changing with temperature.  

 

FSI configuration with Li salts:  

In order to rationalise the increased partial Li
+
 conductivity 

and the phenomena observed in the ionicity plot, we have used 

FT-IR and Raman spectroscopy to study the interactions between 

Li
+
, C3mpyr, and FSI.

.
 The FT-IR and Raman spectra for each Li 

salt concentration are presented in figure 8. We have assigned the 

peaks based on the assignments for 0.5 mol.kg
-1
 LiTFSI in 

C3mpyrFSI by Hardwick et al.
48
 

Figure 8 (a) presents the FT-IR spectra for various LiFSI 

concentrations in the C3mpyrFSI. The S-N-S stretching peaks at 

730 and 830 cm
-1
 respectively, become restricted and shift to 

higher wavenumber, with S-F asymmetrical stretching (830 cm
-1
) 

closer to the peak position in the pure LiFSI salt. These changes 

are anticipated as both symmetric and asymmetric bond 

stretching in FSI will be strongly associated with the Li ion.    

Figure 8 (b) shows the FT-IR spectra for the asymmetric SO2 

bending that is located at 564 cm
-1
. A shoulder appears at ~595 

cm
-1
 which increases in intensity with increasing salt 

concentration, a phenomena was has also been reported by 

Huang et al.
27
 Raman peaks in figure 8 (c) and 8 (d) were 

assigned according to the previous reports by Fujii et al.
18
 and 

Castriota et al.
49
.  The data show that the peaks at 1215 cm

-1
 

(υ(SO2)) and 720 cm
-1
 (υs(SNS)) are shifted  toward higher 

frequency and peak broadening occurs as the LiFSI salt 

concentration increases. Together, these three spectra imply there 

are changes in the coordination between FSI and Li
+
 which we 

ascribe to ion-paring effects in the electrolyte. Due to the high 

salt concentrations, and the peaks in the spectra being quite broad 

in nature, we would also expect that there are higher levels of 

ion-pairing present such as doubles, triples and polymer-like 

aggregates. This observation is consistent with the ionicity data 

presented earlier. Hardwick et al. also reported that the Raman 

peaks shift to higher frequency for the TFSI system (figure 8 (c)) 

which indicates that Li
+
 is bound to the TFSI anion

50
; this 

interpretation is consistent with our observations in the FSI 

system studied here.  

 

 

Figure 8 FT-IR transmittance and Raman spectra; (a) FT-IR 

from 900 to 700 cm
-1
, (b) FT-IR from 680 to 500 cm

-1
, (c) 

Raman from 1270 to 1190 cm
-1
, (d) Raman from 900 to 650 cm

-

1
 . Note that the intensities of the LiFSI salt spectra in FT-IR (a) 

(thin black) were magnified. (This figure, resolution, etc..) 

 

Furthermore, Fujii et al. calculated theoretical Raman peak 

positions and compared them with experimental Raman 

spectra.
24, 25

 The peaks for the trans-form of FSI (or C2 

conformer) were calculated in the liquid phase to be at 353, 316 

and 275 cm
-1
 and the peaks for a cis-form (or C1 conformer) 

were calculated as 344, 315 and 278 cm
-1
. While the absolute 

peak positions in this experiment are slightly different from these 

calculated values, we speculate that Figure 9 may show that the 

trans-form of the FSI conformer is changing into the cis-form 

with increasing Li
+
 concentration. 

The FT-IR and Raman spectra show that a percentage of FSI 

anions are converted from the trans- to cis- conformer as 

increasing amounts of Li salt is added to the IL. Fujii et al. have 

shown, using Raman and ab-initio calculations, that the binding 

energy of Li+ in the cis- conformer is lower than in the trans- 

conformer.51 Such a change may allow Li ions to move via a 

site activation model, analogous to that observed in polymer 

electrolytes. Furthermore, their recent research52 revealed that 
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unlike the [Li(NTf2)2]
- complex formed in NTf2 (or TFSI), 

[Li(FSI)3]
2- complex is preferentially formed in FSI-based ILs 

in the dilute region less than 1 mol.kg-1.52 Depletion of the FSI 

anion at the higher concentrations shown in this research (i.e. 

Li : FSI ratio approaching 2) may indicate formation of a 

smaller cluster (e.g. Li(FSI)2) which would result in different 

Li+ transport behavior to that observed in Fujii’s study. This 

would be consistent with the increase in population of the cis-

form of FSI with increasing Li+ concentration. One could 

therefore postulate that these changes may affect the transport 

mechanism of Li+ at these high salt concentrations, going from 

a 1:3 to 1:2 Li+:FSI speciation, but also from a vehicular 

transport dominated mechanism to a mixed conduction 

mechanism in these viscous systems. 

 

 

 
Figure 9 Selected regions of Raman spectra in 400 – 250 cm-1 

range. Note that all peaks were baseline corrected and 

normalized to the maximum intensity or area. Arrow indicates 

direction of increasing LiFSI concentration. 

 

Conclusions 

We have previously shown that high concentration FSI based 

ionic liquid electrolytes display interesting electrochemical 

properties, exhibit high Li
+
 transport number and excellent rate 

capability in lithium batteries. This work seeks to understand 

why this might be the case through the use of a number of 

different physical characterisation techniques. The conductivity, 

viscosity, density and DSC data for C3mpyrFSI with different 

LiFSI salt concentrations from 0 to 3.2 mol.kg
-1
 (1 : 1: 2 molar 

ratio of Li
+
 : C3mpyr : FSI) are reported. The Walden plots and 

ionicity data show that these electrolytes exhibit behaviour closer 

to that of an ideal IL at the higher salt concentration of 3.2 

mol.kg
-1
 (or 0.5 mol fraction). FT-IR and Raman spectra show 

two distinct behaviours; ion-paring with increasing salt 

concentration and a shift in the preferred conformation of the 

anion to a mixture of cis- / trans- FSI species. As the lithium 

concentration increases, the conformation of FSI changes from 

largely trans- to a mostly cis- form. The changes in the local 

structure of the FSI based electrolytes leads us to postulate that 

this may be the origin of the enhanced transport properties. 
7
Li NMR showed a shift to higher fields, consistent with a 

more electron-shielded environment as the Li
+
 concentration 

increased. The NMR diffusivity measurements show that, at a 

high lithium concentration, the mobility of Li
+
 relative to that of 

the other ionic species is greater than in solutions with lower 

lithium concentrations. These results may imply that the 

coordination of the lithium ion in the FSI based IL containing a 

high Li
+
 concentration is different, and that the Li

+
 transport 

mechanism may be different from that seen in TFSI based ILs or 

FSI based ILs at low Li salt concentrations. 
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