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ABSTRACT 

In this study we investigated the influence of five different cations on the physical-chemical 

properties of protic ionic liquids (PILs) based on bis(trifluoromethanesulfonyl)imide (TFSI-).  

We showed that the viscosities, ionic conductivities, densities and thermal properties of these 

PIL are strongly affected by the structure of the protic cation. Furthermore, the influence of the 

cation structure on the lithium coordination was investigated by Raman spectroscopy for all 

investigated PIL-based electrolytes for lithium-ion batteries (LIBs). This investigation clearly 

demonstrates, that the lithium average coordination number in PIL-based electrolytes is strongly 

affected by (ring) size and the number of protons on the cations structure and, more importantly, 

it might be significantly lower (more than 60%) of that of electrolytes containing aprotic ionic 

liquids (AILs). Electrochemical performances of these PILs-based electrolytes were then also 

investigated to dress some conclusion on their applicability for LIB.  
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INTRODUCTION 

Ionic Liquids (ILs) are nowadays considered as one of the most interesting class of chemical 

compounds.1-3 ILs might display high chemical and electrochemical stability, a negligible 

volatility and a very low flammability. Due to these properties their use as electrolytes in 

electrochemical storage devices, e.g. lithium-ion batteries (LIBs), has been intensively 

investigated in the last years. These studies indicated that ILs are very attractive electrolytes. 4-9 

Nevertheless, it has been shown that the performance of IL-based LIBs is limited by mainly two 

factors: (i) the relatively high viscosity of ILs and (ii) the relatively low mobility of the lithium 

ions in these types of (solvent-free) electrolytes.1, 3, 9 Consequently, the introduction of strategies 

able to improve the transport properties of IL-based electrolytes appears of extreme importance 

to enable their use in LIBs. Furthermore, also the cost of ILs should be carefully considered, as it 

is still too high for the use in commercial devices.  

It is important to notice that most of the studies dedicated to the use of ILs as electrolytes for 

LIBs have been carried out using mainly aprotic ionic liquid (AILs).2-3, 5-7, 9-10 Nevertheless, we 

recently showed that protic ionic liquids (PILs), which are another subclass of ILs, possess all 

favorable properties of these chemicals and can also be successfully introduced in LIBs.11-14 Our 

studies indicated that there are marked differences in terms of lithium-ion coordination as well as 

lithium-ion environment between AIL- and PIL-based electrolytes.15 These differences have a 

significant impact on the behavior of LIBs, leading to a higher performance when PIL-based 

electrolytes are used.14, 16 Furthermore, since PILs are typically easier to synthesize and 

(potentially) cheaper than AILs, the use of this subclass of ILs could be also convenient in view 

of the commercialization of IL-based LIBs. 



 4 

Although some aspects related to the chemical-physical and electrochemical properties of PIL-

based electrolytes for LIBs have been already considered, a deeper understanding of the behavior 

of these novel electrolytes is urgently needed. Among others, an investigation of the influence of 

ion chemistry on the chemical-physical properties of PIL-based electrolytes appears especially 

important.17-24 As a matter of fact, such information could supply valuable indication in view of 

the design of PILs tailored for LIB applications.25-28 

In this study, we investigated the influence of five different cations on the physical-chemical 

properties of PILs containing the anion bis(trifluoromethanesulfonyl)imide (TFSI-) as well as on 

the lithium coordination of PIL-based electrolytes for LIBs. Initially the ionic conductivity, 

viscosity, density and thermal properties (melting and decomposition temperatures) of the neat 

PILs have been investigated. Afterwards, the lithium coordination of the PIL-based electrolytes 

was studied using Raman spectroscopy. Finally, the electrochemical stability and also the 

performance of lithium iron phosphate (LFP) electrodes in the considered PIL-based electrolytes 

was investigated with particular regards to the performance at high current densities. 

 

EXPERIMENTAL SECTION 
 

PILs Synthesis and Electrolyte Preparation 

The PILs N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide (PyrH4TFSI), 

pyrrolidinium bis(trifluoromethanesulfonyl)imide (PyrHHTFSI), piperidinium 

bis(trifluoromethanesulfonyl)imide (PipHHTFSI), N-Ethylimidazolium 

bis(trifluoromethanesulfonyl)imide (ImC2HTFSI) and 1,1'-Carbonyl-pyrrolidin-pyrrolidinium 

bis(trifluoromethanesulfonyl)imide (DiPyrHTFSI) were synthesized following a procedure 

similar to that described elsewhere.29 A schematic of the synthesis can be found in the supporting 
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information. 1-Butylpyrrolidine (Aldrich, 98 %), Pyrrolidine (Aldrich, 99 %), Piperidine 

(Aldrich, 99 %) and 1-Ethylimidazole (Aldrich, 95%) were distilled directly before use 1,1'-

Carbonyldipyrrolidine (Alfa Aesar, 98 %), HCl (30 %, Merck Suprapur®) and LiTFSI (3M) 

were used as received. At the end of the synthesis, the obtained PILs were dried under vacuum 

(10-3 mbar) at 60 °C. The water content in the PIL samples was then measured using coulometric 

Karl-Fischer titration, and was found to be lower than 10 ppm in each case. Samples and 

electrolytes were prepared in an argon-filled glove box with oxygen and water contents lower 

than 1 ppm. Figure 1 shows the structures of the cations contained in the PIL and the 

corresponding TFSI- anion investigated in this study.  

 

  

Figure 1. Cations and anion structures of the investigated protic ionic liquids: a) [PyrHH]+, b) 

[PipHH]+, c) [PyrH4]+, d) [ImC2H]+, e) [DiPyrH]+, f) [TFSI]-. 

It is mentionable, that the 1H-NMR of the [DiPyrH][TFSI] showed, that the position of the proton 

is not necessarily located at the nitrogen, since there is an equilibrium between two mesomeric 

forms. The data showed, that over 80 % of the protons are located at the nitrogen and less than 
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20 % located at the oxygen and thereby offering a special charge delocalization. The NMR 

characterization of all PILs is available in the supporting information. The NMR measurements 

have been carried out with a Bruker Avance (II) 200, Avance (I) 400 and Avance (III) 400. For 

the measurements in DMSO-d6, the rest signal of the solvent (δ = 2.50 ppm, qu) was used as 

internal standard. 

Ionic Conductivity, Viscosity, Density and Thermal Properties of Selected PILs  

The ionic conductivity, viscosity and density of the PILs were determined as reported in 

reference.30 VTF parameters have been calculated using the following two equations. Equation 1 

shows the VTF-equation for the inverse conductivity (resistivity, denoted Р), while the equation 

2 report the VTF-equation for the viscosity. 

𝑃𝑃 = 𝑃𝑃0 ∙  𝑒𝑒
𝐵𝐵𝑐𝑐

𝑇𝑇−𝑇𝑇0,𝑐𝑐  Equation 1 

𝜂𝜂 = 𝜂𝜂0 ∙  𝑒𝑒
𝐵𝐵𝑣𝑣

𝑇𝑇−𝑇𝑇0,𝑣𝑣  Equation 2 

(Р0, Bc, T0,c) and (η0, Bv, T0,v) represent the type fitting parameters associated to equations 1 and 

2, respectively. 

Thermogravimetric analysis of the ILs was carried out using the experimental procedure 

reported in reference.14 Differential scanning calorimetry measurements were carried out using a 

Discovery DSC instrument (TA Instruments). High-temperature aluminum pans loaded with 10-

20 mg samples were used for the tests. All samples were heated to 40°C for equilibration, then 

cooled to −150 °C and heated up to 100 °C three times with a heating rate of 5 °C min-1, using 

nitrogen as purge gas (10 cm3 min-1). 
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Raman spectroscopy 

Raman spectra of all samples were recorded and analyzed by following the same experimental 

technique and protocol as reported by our group previously.15 

 

Electrochemical characterization 

All the electrochemical tests were carried out with 3-electrode Swagelok® type cells. The cells 

were assembled in an argon-filled glove box with oxygen and water contents lower than 1 ppm. 

The Electrochemical stability windows (ESW) of all investigated ionic liquids have been 

evaluated carrying out linear sweep voltammetry (LSV) experiments in order to determine the 

anodic and cathodic limit of each IL separately. Fresh ionic liquids were used for the evaluation 

of each cathodic and anodic limit. During these experiments, the potential was scanned from 

OCV (which was recorded for at least 3 hours, until is was stable) toward positive and negative 

potentials. All measurements were carried out using a silver wire as pseudo-reference. During 

the time of each sweep, which was in the order of 30-45 minutes, the potential of the reference 

electrode was stable. 

The tests were carried out at 40 °C and the temperature was controlled by a Binder MK 53 

climatic chamber. Lithium iron phosphate (LFP) composite electrodes were prepared as reported 

in reference.31 The composition of the dry electrodes was 85 wt.% of the active material LFP 

(Südchemie), 10 wt.% of conductive agent Super C65® (TIMCAL®) and 5 wt.% of sodium 

carboxymethyl cellulose (CMC, WALOCEL™) as binder. The electrode mass loading was 1.5 

mg cm-2; the electrode area was 1.13 cm2. LFP-based electrodes were used as working 

electrodes, a silver wire was used as pseudo-reference electrode (potential ~3 V vs. Li/Li+) and 
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an oversized activated carbon-based electrode (DLC Super 30®, NORIT®) was used as counter 

electrode. As separator, a Whatman GF/D glass microfiber filter (675 µm thickness) drenched 

with 150 µL of electrolyte was used. All the electrochemical measurements were carried out 

using a MACCOR Series 4000 battery tester. Constant current cycling (CC) was carried out at 40 

°C using current densities ranging from 1C to 20C taking into account the theoretical capacity of 

LFP of 170 mAh g-1 when cycled between 2.8 V and 4.2 V vs. Li/Li+.
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RESULTS AND DISCUSSION 

Ionic Conductivity, Viscosity and Density 

As mentioned in the introduction, the transport properties are particularly important in view of 

the use of ILs in LIBs and, more in general, in electrochemical devices. It has been widely 

reported that the ion size and shape and thereby charge distribution leads to different interactions 

between the ions. These factors are strongly influencing the ionic conductivity and viscosity of 

ILs.20, 22, 32-33 Figure 2 (a) compares the ionic conductivities of all investigated PILs in the 

temperature range between 30 °C to 80 °C. Even if some of the PILs had melting points below 

30 °C, only the properties in a region where all of the PILs were liquid are compared. For 

comparison, also the AIL [Pyr14][TFSI] has been included in the figure. At 40 °C the PIL 

[ImC2H][TFSI] exhibits the highest ionic conductivity (6.05 mS cm-1), while the [DiPyrH][TFSI] 

has the lowest (1.67 mS cm-1). From the measurement two distinct “groups” of PILs can be 

identified. The first group, which displays higher ionic conductivity, includes the PILs 

containing the cations imidazolium and pyrrolidinium. Among them, the former shows higher 

ionic conductivity with respect to the latter. Specifically, the trend shown by the figure is: 

[ImC2H]+ > [PyrHH]+ > [PyrH4]+ > [Pyr14]+. The second group, which reveals lower ionic 

conductivity, includes the PILs having the cation [PipHH]+ or [DiPyrH]+. In this case, the PIL 

containing [PipHH]+ shows a slightly higher ionic conductivity compared to the one with 

[DiPyrH]+. At lower temperature, the ionic conductivities of the PILs belonging to the first group 

are ca. 2-3 mS cm-1 higher than those exhibited by the second group. At higher temperature such 

as 80 °C, this difference becomes more pronounced and a difference of more than 9 mS cm-1 can 

be observed. The different ionic conductivities reported above clearly show how strong the 

influence of the cation size/shape is, as well as the influence of the side chain on the chemical-
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physical properties of PILs.22, 32, 34 In the past it has been shown that imidazolium-based ILs tend 

to have higher ionic conductivities compared to other types of ILs. Therefore, the high ionic 

conductivity of the [ImC2H][TFSI] is not surprising.32 Also the trend of decreasing ionic 

conductivity for increasing alkyl sidechain lengths, as observed for the pyrrolidinium-based PILs 

belonging to the first group, appears in line with previous findings.22, 32 Taking into account that 

the difference in terms of ionic conductivities between [PipHH][TFSI] and [PyrH4][TFSI] is much 

larger than that observed between [PyrH4][TFSI] and [PyrHH][TFSI], it appears that ring size has 

a much stronger influence on the ionic conductivity than the length of the alkyl sidechain.  

It is interesting to notice that when the viscosity data of the PILs are considered, a different 

trend with respect to the one seen for the ionic conductivities is observed. As shown inFigure 2 

(b), although also in this case the two groups mentioned above are observed, the trend for the 

viscosity of the investigated ILs is [PipHH]+ > [DiPyrH]+ > [PyrHH]+ = [Pyr14]+ > [ImH2]+ > 

[PyrH4]+. At 40 °C, the lowest measured viscosity is 29.23 mPa s for the [PyrH4][TFSI], while the 

highest value is observed for the [PipHH][TFSI] (99.48 mPa s). As shown, at lower temperature 

the two groups display markedly different viscosities (ca. 130 mPa s between the highest and 

lowest measured viscosities). As expected, when the temperature increases up to 80 °C the 

viscosities are becoming more similar and a difference of “only” ca. 11 mPa s is observed 

between [DiPyrH][TFSI] and [PyrH4][TFSI]. As stated before, not only the size of the ions matter, 

but also the interactions between the ions play an important role. Very likely, the trend reported 

above is the result of the interplay of different kinds of interactions, e.g. van der Waals 

interactions and H-bonds, which are taking place between the ions of the PILs.24, 34-35 An 

interesting feature is observed with the pyrrolidium structure as the viscosity of the [PyrHH]+ is 

close to that observed with the [Pyr14]+ but both are much higher than the viscosity of the 
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[PyrH4]+. This observation may be associated to the cohesive energy in each IL, which tends to 

prove that a well-balanced van der Waals and Coulombic interactions in solution enhances the 

transport properties of selected ILs. Figure 2 (c) and (d) show that, for all the investigated PILs, 

the temperature dependence on both the resistivity and viscosity is well described by the 

corresponding Vogel-Tamman-Fulcher (VTF) type fitting equation. The best fitting parameters 

for each VTF equation are reported in Table 1, along with their correlation coefficient (R2).  The 

value of T0, Р0/η0 and B reported in the table represent the ideal glass transition temperatures, 

resistivity/viscosity at infinitely high temperatures and a factor related to the fragility of the 

material, respectively.36-38 When comparing the ideal glass-transition temperatures derived from 

the ionic conductivity and viscosity measurements, it can be seen that the corresponding values 

for each IL show a good correlation with a deviation between these data lower than 7 % in each 

case. Furthermore, it is also interesting to notice that the higher the T0 of the resistivity, the lower 

is the measured ionic conductivity. For the T0 values derived from the viscosity measurements, 

however, this trend is not that clear. As a matter of fact, the PIL with the highest measured 

viscosity ([PipHH][TFSI]) has a calculated T0 comparable to the pyrrolidinium- and imidazolium-

based PILs. 

The densities of the considered ILs in the temperature range between 30 °C and 80 °C are 

shown in Figure 3. As visible, the order of the measured densities follows the trend: [PyrHH]+ > 

[ImC2H]+ > [PipHH]+ > [DiPyrH]+ > [PyrH4]+ > [Pyr14]+. All measured densities are comprised 

within 1.25 and 1.60 g cm-3, which are values in line with those already reported for other IL.20, 

39-41 
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Figure 2. Ionic conductivity (a), viscosity (b) of the investigated ILs and their corresponding 

VTF plots (c) and (d). The solid lines represent the VTF fittings. 

 

Table 1. VTF parameters for the resistivity and viscosity of the investigated ILs 

Ionic liquid Resistivity Viscosity 

T0,c/K Р0/μΩ cm-1 Bc/K R2 a T0v/K η0/ mPa s Bv/K R2 a 

[DiPyrH][TFSI] 198.0 2.059 653.4 0.9999 192.0 0.130 787.0 0.9998 

[PipHH][TFSI] 195.0 1.708 666.3 1 181.0 0.107 902.7 0.9999 

[PyrH4][TFSI] 183.0 2.159 580.8 0.9999 185.0 0.200 637.6 1 

[PyrHH][TFSI] 179.0 1.582 638.6 1 187.0 0.268 632.5 0.9999 

[ImC2H][TFSI] 180.0 2.148 577.9 0.9999 178.0 0.307 628.3 0.9999 

[Pyr14][TFSI] 183.0 2.408 577.6 0.9999 177.0 0.254 687.1 0.9999 
a Correlation coefficient 
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Figure 3. Density of the neat ILs in the temperature range between 30 °C and 80 °C. 

 

Ionicity, Proton Transfer and Dissociation Degree 

In order to investigate the ionic nature of PILs more in detail, a Walden plot (Figure 4) was 

made.23, 42 This plot is generally used to determine the ionicity of ionic liquids by directly 

relating their molar conductivity and fluidity at a given temperature.18 The values are then 

compared with the so-called “ideal” KCl-line, derived from a 0.01 M aqueous KCl solution, 

where the ions are fully dissociated.42 Since PILs are generally synthetized by a neutralization 

reaction between a Brønsted base and a Brønsted acid, the properties of PILs are strongly 

dependent on the equilibrium between the ionic liquid and the corresponding educts, namely the 

proton transfer degree between them. This equilibrium, which is governed by the difference in 

pKa values of the acid and the base, determines the ionicity of the PIL.23, 42-44 In literature, 

different values for a minimum ∆pKa required for complete proton transfer are suggested, 

ranging between > 4 and > 10.17, 45-46 It has been previously reported that many PILs have a 

lower ionicity than their corresponding AILs. This has led to many PILs being considered as 
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“poor” ionic liquids.22 As shown in Table 2, the ionicity of all the considered PILs ranges 

between 69 % and 72 %. These values, although they are lower than the one observed for the 

AIL [Pyr14][TFSI] (81 %), are higher than most of the reported or suggested for PILs in 

literature.22 Taking into account the results reported above, all investigated PILs could be 

considered as “good” ionic liquids. 

         

Figure 4. Walden plot of the neat ILs. 

Table 2. Calculated ionicity of the ILs derived from the Walden plot.  

IL Ionicity / % 

[Pyr14][TFSI] 81 

[PyrH4][TFSI] 70 

[PyrHH][TFSI] 72 

[PipHH][TFSI] 72 

[ImC2H][TFSI] 72 

[DiPyrH][TFSI] 69 
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Thermal Properties 

High thermal stability is one of the key requirements for the electrolytes of LIBs. As shown in 

Figure 5, all PILs considered in this study display good thermal stability. [DiPyrH][TFSI], which 

displays the lowest thermal stability, shows a significant weight loss over 200 °C. The other PILs 

exhibit higher thermal stability: [PyrH4][TFSI] decomposes above 250 °C, while the other PILs 

are stable up 300 °C and thereby are comparable with the AIL [Pyr14][TFSI]. It is also interesting 

to notice that a weight loss at temperature higher than the boiling points of the corresponding 

amines is an indication for decomposition rather than evaporation of a molecular species and 

thereby the full proton transfer to the cation of the PILs may be expected. This is not surprising, 

since the [TFSI]- anion with a pKa value of -1417 was present in the ILs. In combination with 

typical pKa values of amines, all the considered PILs fulfill the before mentioned requirement of 

a high ∆pKa. This also supports the classification of “good” ionic liquids using the Walden plot 

for the investigated PILs. 

In order to allow the use of an electrochemical device over a wide temperature range, the 

melting point also plays a significant role. It has been reported that PILs similar to AILs, can 

have low melting points.46 The melting temperature of each investigated PIL is presented in 

Table 3. As shown in the table, [DiPyrH][TFSI] did not show any sign of crystallization, but only 

a glass transition (Tg) observed at -58 °C. This Tg value is in good agreement with T0 values 

reported in Table 2 within a deviation up to 11 %. [ImC2H][TFSI] showed the lowest melting 

point (9 °C), while the pyrrolidinium- and piperidinium-based PILs have a melting point close to 

37 °C and 41 °C, respectively. The melting point displayed by these latter PILs are all higher 

than that of [Pyr14][TFSI] (-6 °C47). Melting temperatures reported in Table 3 seem to follow a 
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general trend, which is mainly depending on the charge localization, size and shape of the cation. 

In the case of the pyrrolidinium series, the degree of symmetry of groups attached on the 

positively charged Nitrogen atom tends to increase the melting temperature of ILs, as this 

process is mainly entropy driven. In fact, it is obvious to see that the order of the measured 

melting temperature (or Tg) follows the trend: [PyrHH]+ > [PyrH4]+ > [Pyr14]+ > [DiPyrH]+. 

Similarly, by increasing the number of Carbon atoms attached on the carbon ring from 

pyrrolidium to piperidium seems to increase the size and the symmetry of the cation leading thus 

by an increase of the melting temperature.  

It is mentionable that the solidification of the considered PILs occurred several degrees below 

their melting temperatures (this is also the reason why some measurements were possible, even if 

the measured data was collected below the melting temperature of the respective IL). This is in 

accordance with the supercooling behavior of ILs in general.48-49 

  

Figure 5. Thermal stability of the neat ILs. Temperature ramp: 10 °C min-1. 
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Table 3. Melting temperatures of the neat PILs 

PIL mp / °C 

[PyrH4][TFSI] 30 

[PyrHH][TFSI] 37 

[PipHH][TFSI] 41 

[ImC2H][TFSI] 9 

[DiPyrH][TFSI] -58a 

[Pyr14][TFSI] -647 
a glass transition 

 

 

Lithium-Ion Coordination 

In order to prepare electrolytic solution suitable for LIBs, the investigated ILs were mixed with 

the lithium salt LiTFSI. For the sake of comparison, in all the electrolytes the molar fraction of 

LiTFSI was fixed to 0.1. The ion-ion interactions taking place in these electrolytes have been 

investigated using Raman spectroscopy. As reported by several authors, in TFSI-based ILs the 

coordination of the anion [TFSI]- can be well addressed considering the peak at a wavenumber of 

~ 742 cm-1, which corresponds to the contraction/expansion of the whole TFSI- anion as well the 

presence of two different conformers. Upon Li+ addition, this peak is partially shifted to higher 

wavenumbers, resulting in a shoulder of the respective peak. The analysis of this latter shoulder 

can be used to gain information about the number of [TFSI]- coordinated with Li+.50-52 In a 

previous article, we showed that in pyrrolidinium TFSI-based PILs the cation-anion interaction is 
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stronger than that in TFSI-based AILs and, as a consequence of this interaction, the number of 

[TFSI]- anions coordinating Li+ is significantly lower in PILs with respect to AILs.15 

Figure 6 displays the Raman spectra of the neat ILs investigated in this study. For comparison, 

the Raman spectrum of the pure [Pyr14][TFSI] is also included in the figure. As shown, in the 

case of [DiPyrH][TFSI] the peak relative to the [TFSI]- environment mentioned above is located 

at the same wavenumbers to that of the [Pyr14][TFSI], indicating that these two ILs display a 

comparable cation-TFSI interactions. For all the others PILs the situation is slightly different and 

the considered peak was shifted towards higher wavenumbers. As previously reported, such a 

shift indicates that the cation-anion interaction existing in these PILs is stronger compared to that 

of AILs.15 It is interesting to notice that the structure of the cation has an influence on the ion-ion 

interaction and the more protonated the cation, the stronger is its interaction with the anion. This 

latter point is clearly shown by the fact that the shift of [PyrH4]+ and [ImC2H]+ ( > 743 cm-1) is 

lower than that observed for [PyrHH]+ and [PipHH]+ ( > 744 cm-1).  

Figure 7 compares the spectra of electrolytic solutions suitable for LIBs containing the 

investigated ILs and LiTFSI. As mentioned above, the area of the peak evolving upon Li+ 

addition can be used to estimate the lithium ion environment.30 As shown, the area of this peak is 

strongly dependent on the cation-anion interaction occurring in the IL and the stronger is this 

latter interaction, the lower is the area of the evolving peak. Using the spectra, we then calculated 

the lithium coordination number (of Li+ coordinated by [TFSI]-) for all ILs.  

Figure 8 shows a comparison of the lithium coordination numbers of all investigated 

electrolytes. As shown, in the case of solution containing [Pyr14][TFSI] the lithium ions are 

coordinated by ca. two [TFSI]- anions. This result is perfectly in line with the finding of previous 

works.50-53 The average lithium coordination number of the solution containing [DiPyrH][TFSI] 
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is in the same order of that of [Pyr14][TFSI], although the error associated to this measurement 

appears quite high. Most likely, this high error is caused by a peak related to the cation close to 

the peak used for the determination of the average coordination number. In all other electrolytes 

the average lithium coordination number appears lower than that of the [Pyr14][TFSI]-based 

electrolyte. For example, the electrolyte containing the cation [ImC2H][TFSI] shows an average 

Li+ coordination number of 1.5 [TFSI]-, whereas the value decreases to 0.8 when the cation 

[PyrH4]+ is present. In the case of the electrolytes containing [PyrHH]+ and [PipHH]+ the average 

coordination numbers further decrease to 0.5 and 0.4, respectively. These results confirm that the 

lithium environment in PILs could be significantly different than the one of the AIL. 

Furthermore, these numbers also give a clear indication about the strong influence of the cation 

chemistry, especially with respect to the ring size and the number of protons, on the average 

lithium ion coordination in PIL-based electrolytes for LIBs. To the best of our knowledge, this is 

the first study that reports this latter and important finding in such a systematic way. 

    

Figure 6. Raman spectra of the neat ILs in the wavenumber range between 760 and 730 cm-1. 
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Figure 7. Raman spectra of solutions containing LiTFSI (molar fraction 0.1) and ILs in the range 

between 760 and 730 cm-1. The colored lines represent the measured data, the circles represent 

the fitted curve and the grey lines represent the two individual fitted peaks for coordinated and 

non-coordinated [TFSI]- anions. 

           

Figure 8. Average coordination numbers of [TFSI]- anions (n) coordinating Li+ in the 

investigated electrolytes derived from the Raman intensities of the characteristic [TFSI]- band 

between 760 and 730 cm-1. 
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Electrochemical Characterization 

It is well known that the cathodic stability of PILs is determined by the deprotonation of the 

cation followed by the reduction of the proton, independently of the cation structure.29, 54 On the 

other hand, the nature of the anion is mainly determining the anodic stability of PILs.13 Figure 9 

compares the overall electrochemical stability windows (ESW) of electrolytic solution 

containing the investigated PILs and having a concentration of LiTFSI equal to 0.5 M. The 

measurements have been carried out using a silver quasi reference electrode and, in order to give 

an indication about the use of these electrolytes in LIB, the values of voltage are also reported vs. 

an approximated scale Li/Li+. As shown, the electrolytes containing [DiPyrH][TFSI] displays the 

lowest ESW, which is in the order of 1.2 V. Both the cathodic and anodic stabilities of this 

electrolyte appear significantly lower than those of the other electrolytes and, most likely, they 

are both determined by the decomposition of the cation [DiPyrH]+. The other electrolytes display 

a rather comparable anodic stability, which is determined by the anion [TFSI]-.47, 55 On the other 

hand, the cathodic stability limits of the electrolytes appears different and that of the electrolytes 

containing the cations [PipHH]+, [PyrHH]+ and [PyrH4]+ results lower than that of the electrolyte 

containing [ImH2
+] (ca. -0.8 V vs. Ag and ca. -0.5 V vs. Ag, respectively). These latter findings 

are in agreement with previous works, which showed that the cathodic stability limit of PILs is 

much higher compared to AILs.13, 29, 54  
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Figure 9. Electrochemical stability window of the investigated electrolytes at 40 °C. In all 

electrolyte the concentration LiTFSI was 0.5 M. The Li/Li+ scale is estimated. 

 

Taking into account the results described above, the ESW of the investigated PIL-based 

electrolytes appears high enough for a use in LIB containing lithium iron phosphate (LFP) as 

cathodic materials.12 As mentioned in the introduction, in our previous works we showed that the 

use of PIL-based electrolytes in LIB is especially favorable at higher current densities. For this 

reason, also the following investigation will focus on the use of the investigated electrolytes at 

elevated C-rates.14, 16 Figure 10 compares the specific discharge capacities delivered by LFP 

electrodes at current densities ranging from 1C to 20C, when used in combination with the 

investigated PIL-based electrolytes. For comparison, the behavior of the same electrode in an 

electrolyte containing the “conventional” [Pyr14][TFSI] is included in the figure. Details about 

the voltage profiles of the positive and negative electrode of the investigated cells are given in 
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the supporting information. As shown, the best performance in terms of both, specific capacity 

and capacity retention, was achieved using the electrolyte containing [PyrH4][TFSI]. On the other 

hand, the worst overall performance was observed when [DipyrH][TFSI] was used. The 

performance observed in [PyrHH][TFSI] and [ImC2H][TFSI] appears rather comparable and both 

of them are superior to that observed in [PipHH][TFSI]. The performance observed in 

[Pyr14][TFSI], although higher than that of [PipHH][TFSI] and [DipyrH][TFSI], appears overall 

lower than observed in the other imidazolium and pyrrolidinium based PILs.  

These results give important indications about the use of PIL-based electrolytes in LIBs. First 

of all, they confirm that the use of PIL-based electrolytes enable the implementation of systems 

with higher performance compared to AIL-based electrolytes. Furthermore, they give an 

important indication about the great influence of the chemical-physical properties of these 

electrolytes on the performance of battery materials. As shown in Figure 10, the specific 

capacity delivered by LFP electrodes in [PyrHH][TFSI], [PyrH4][TFSI] and [ImC2H][TFSI] at 1C 

are 137 mAh g-1, 153 mAh g-1 and 137 mAh g-1, respectively. At 40 °C [PyrH4][TFSI] and 

[ImC2H][TFSI] display comparable viscosities, while the viscosity of [PyrHH][TFSI] is higher. On 

the other hand the average lithium coordination numbers of [PyrHH][TFSI] (0.5), [PyrH4][TFSI] 

(0.7) and [ImC2H][TFSI] (1.5) are rather different. Taking these values into account, it is 

reasonable to affirm that in electrolytes with comparable viscosities the performance of the LFP 

electrodes is mostly affected by the lithium coordination number (as for [PyrH4][TFSI] and 

[ImC2H][TFSI]).  In the case of electrolytes with different viscosities, the presence of a lower 

average lithium coordination number in the more viscous electrolyte seems to be able to 

compensate the unfavorable transport properties (as for [PyrHH][TFSI] and [ImC2H][TFSI]). 

However, it is important to remark that when the viscosity of two electrolytes is considerably 



 24 

different, e.g. as for [PipHH][TFSI] and [Pyr14][TFSI], the presence of a lower average 

coordination number in the more viscous electrolyte might be not sufficient to compensate the 

unfavorable transport properties of this latter electrolyte.  This situation is well seen when the 

performance of the LFP electrodes in [PipHH][TFSI] and [Pyr14][TFSI] is compared. As a matter 

of fact, although the coordination number of [PipHH][TFSI] is four times lower than that of 

[Pyr14][TFSI], the performance observed in this electrolyte was not higher than those observed in 

the AIL, especially at medium-high C-rates. Taking into account the result reported above, the 

viscosity and the average lithium coordination number appears therefore as the two most 

important aspects influencing the performance of battery electrode and the right balance between 

these two parameters appears crucial for the realization of advanced PIL-based electrolytes for 

LIBs. 

 

Figure 10. Rate capability of LFP electrodes in the investigated electrolytes. The tests were 

carried out at 40 °C using current densities ranging from 1 C to 20 C. 
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CONCLUSIONS 

In this study we investigated the influence of the cation chemistry on several chemical-

physical properties of 5 different TFSI-based PILs. We showed that the viscosities and ionic 

conductivities of these PIL are strongly affected by the characteristic of the cation, e.g. ring size 

and the alkyl chain length. The results of this investigation indicated that thermal stability and 

also the melting points of PILs are rather comparable to that of AIL. Furthermore, we also 

showed that the ionicity of PILs might be close to that of AILs and, therefore, PILs can be 

considered as “good” ionic liquids. 

The characteristic of the cation has a strong influence on the ion-ion interactions taking place 

in these ILs and in return, also in PIL-based electrolytes suitable for LIBs. We showed that the 

lithium average coordination number in PILs is strongly affected by (ring) size and the number 

of protons of the cations and, very important, it might be significantly lower (more than 60%) of 

that of AILs. Furthermore, we confirmed that the use of PIL-based electrolytes enable the 

implementation of systems with higher performance compared to AIL-based electrolytes. 

Finally, the results of this study indicated that PILs displaying a right balanced in term of (low) 

viscosity and (low) average lithium coordination number should be the goal for the realization of 

advanced PIL-based electrolytes for LIBs. 
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