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Systematic analyses of electrolyte physicochemical properties are important to screen ionic liquids (ILs) and understand the electrochemical performance of supercapacitor electrolytes. This study harmonizes the evaluation of electrochemical performance and transport properties of eight shortlisted ILs from 22 commercially available hydrophobic ILs toward achieving a [image: image] 5 V supercapacitor capable of high-temperature operation (up to 353.15 K). The eight ILs are N-Propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([Pyr 1, 3] [TFSI], N-Pentyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([Pyr 1, 5] [TFSI]), N-Propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide ([Pyr 1, 3] [FSI]), 1-Methyl-1-(2-methoxyethyl)pyrrolidinium Bis(trifluoromethanesulfonyl)imide ([Pyr 1, 102] [TFSI]), 1-Methyl-1-propylpiperidinium bis(trifluoromethanesulfonyl)imide ([Pip 1, 3] [TFSI]), 1-Methyl-1-propylpiperidinium bis(fluorosulfonyl)imide ([Pip 1, 3] [FSI]), N-Trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)imide ([N 111, 3] [TFSI]), N-Trimethyl-N-hexylammonium bis(trifluoromethanesulfonyl)imide ([N 111, 6] [TFSI]). The density, viscosity, and ionic conductivity of the eight ILs were measured between 278.15 and 373.15 K to confirm the effects of temperature and ion structure before electrochemical characterization. The [FSI]-based ILs ([Pip 1, 3] [FSI] and [Pyr 1, 3] [FSI]) showed lower densities and viscosities compared to other ILs among the eight based on [TFSI]. Consequently, the highest conductivity was obtained for [Pyr 1, 3] [FSI]. Cyclic voltammetry and impedance spectroscopy was performed on supercapacitors assembled with the eight ILs as electrolytes between 298.15–353.15 K. Conclusion from the two-electrode supercapacitors using multi-walled carbon nanotubes showed the 6 most-applicable ILs towards the targeted ≥ 5 V SC at high temperature are [Pip 1, 3] [TFSI] (5.4 V), [Pip 1, 3] [FSI] (5 V), [N 111, 3] [TFSI] (5.1 V), [N 111, 6] [TFSI] (5.2 V), [Pyr 1, 102] [TFSI] (5.2 V), and [Pyr 1, 5] [TFSI] (5.2 V).
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1 INTRODUCTION
Supercapacitors (SCs) have gained much research attention for energy storage because of their fast charging and discharging, high cycle life, safe operation, and high power density. (Bahaa et al., 2019; Naseri et al., 2022; Pershaanaa et al., 2022). The efforts to increase SC energy density continue due to voltage range limitations in aqueous electrolytes. The limited voltage limits SC technology applications even though they have several intriguing properties. (Balamurugan et al., 2018; Bahaa et al., 2022a). Undesired reactions like hydrogen and oxygen evolution in SCs with aqueous alkali and acidic electrolytes hinder potential windows and cause terminal degradation. (Muzaffar et al., 2019; Guo et al., 2022). Therefore, other electrolytes should be considered to solve the potential window limitations toward increasing energy density and capacitance of assembled SCs. (Qi et al., 2017; Bahaa et al., 2022b).
The application of ionic liquids (ILs), especially room temperature ILs, is increasing in different fields such as energy storage, (Eftekhari, 2017; Qi et al., 2019; Lethesh et al., 2021), liquid-liquid extraction (Shah et al., 2016; Marsousi et al., 2019; Phakoukaki et al., 2022), and biomass processing. (Halder et al., 2019; Jing et al., 2021; Achinivu et al., 2022). Due to their design flexibility and intrinsic mobility of ions, ionic liquids (ILs) are promising for electrochemistry. (Eftekhari, 2017). ILs, like molten salts, are a mobile ion matrix rather than a solvent, at least in electrochemistry. (Eftekhari et al., 2016). The high electrochemical stability window of many ILs provides a platform for designing electrochemical energy storage systems with high-energy densities–making them good candidates for supercapacitors, particularly those based on double-layer charging. (Haque et al., 2021; Miao et al., 2021).
ILs are made up of cation-anion pairs, and the pairing allows tuning of their physicochemical properties to the application. (Giernoth, 2010; Nasir Shah et al., 2022). A systematic study of both physicochemical and transport properties of commercially available ILs helps researchers select suitable ILs for their applications, thereby speeding up product development and improving process economics. (Shah et al., 2015; Lethesh et al., 2019). Experimental data from such systematic studies also helps improve the accuracy of the property prediction models, which can subsequently be applied in IL process design and development. (Venkatraman and Lethesh, 2019). A peculiar characteristic of ILs, which often complicates property measurements, is that their physicochemical properties can significantly vary with the impurities present, especially when novel ILs are to be developed/synthesized in-house. (Freire et al., 2007). As reported earlier, (Seddon et al., 2000), impurities such as water and halides can significantly affect the properties of ILs and distort measurements. Purifying ILs is tedious and cumbersome, increasing the price of ILs while making their large-scale applications economically less viable. (Chakrabarti et al., 2014; Mourad et al., 2017). Admittedly, the properties of ILs also largely depend on the nature of the cations and anions used. (Jeong et al., 2019). A further understanding of their physicochemical properties is necessary to select a suitable option from commercially available ILs for a particular application, process, or device design. (Stettner and Balducci, 2021; Wang et al., 2022). Mass and ionic transport is an important consideration for high-performing and safe-energy storage systems applying ILs. Therefore, targeting high ionic conductivity with reasonable transport properties helps avoid side reactions that can cause degradations to shorten cycle life. (Wang et al., 2014). Additionally, transport properties influence the practical electrochemical stability window and the overall energy density of the assembled device.
This study harmonizes the evaluation of both electrochemical and transport properties of shortlisted ILs from 22 commercially available ILs as design considerations toward achieving a ≥5V supercapacitor capable of high-temperature operation (up to 353.15 K). Our design process for this purpose, consistent with state-of-art (Anouti et al., 2008; Lin et al., 2011; Timperman et al., 2012), is summarized in the schematic of Figure 1. We follow the target of 5 V based on detailed electrochemical stability window evaluations of the same 22 ILs reported in our recent study. (Chellappan et al., 2022). Herein, observations from the physicochemical property measurements are subsequently used to shortlist eight ILs. The list is then narrowed to the most promising electrolyte systems after they are tested as electrolytes for high-voltage supercapacitors at elevated temperatures (up to 80°C), applying a practical electrode material.
[image: Figure 1]FIGURE 1 | Schematic of the IL screening process for the ≥5 V supercapacitor at elevated temperatures.
2 EXPERIMENTAL
2.1 Chemicals
The names, abbreviations, and CAS registry numbers of the ILs evaluated in this study are given in Supplementary Table S1. All 22 ILs were purchased at 99.9 % purity from Solvionic (France) and obtained in Argon-packed containers. All the ILs were used as received without additional purification. The water content in the ILs is less than 20 ppm—as per the material safety data sheet from the supplier. Multi-walled carbon nanotubes (MWCNTs) were purchased from Applied Nano-Structured Solutions (USA). (Susantyoko et al., 2017)
2.2 Density and viscosity measurements
The densities and viscosities of the ILs were measured at atmospheric pressure using SVM 3001 density and viscosity meter (Anton Par, Germany)—calibrated with its accompanying reference standards. Densities (ρ) and dynamic viscosities (η) of the ILs were measured from 278.15 to 373.15 K. Standard measurement uncertainties are u(ρ) = ± 0.00001 g cm−3, u(η) = ± 0.32% mPa.s, and u(T) = ± 0.01 K.
2.3 Ionic conductivity measurement
Electrochemical impedance spectroscopy (EIS) was applied to determine the dc-ion conductivity in temperatures ranging from 278.15 to 353.15 K. Details of the measurement setup and process are summarized as follows (see illustration in Supplementary Figure S1).
A TSC 1600 closed measuring cell attached to a Microcell HC setup (RHD instruments GmbH and Co. KG) was used to measure the sample’s impedance. Sealed IL samples were opened inside an Argon-filled glove box (MBRAUN, Germany) at H2O and O2 concentrations <0.1 ppm. For each experiment, 1.2 mL of the respective IL samples were deposited into the cells. The three-electrode cell sets up a platinum counter electrode with its crucible, while a 0.25 mm-diameter platinum wire isolated by the glass is the working electrode. AgCl-coated Ag wire was used as a pseudo-reference. This reference’s stability was analyzed in our previous work (Chellappan et al., 2022), which shows that the established Ag/Ag+ quasi-reference is −0.355 V vs. Fc/Fc+ at 298.15 K—with a temperature coefficient of approximately [image: image] mV/K. The airtight measurement cell was moved outside the glovebox for EIS characterization with an AutoLab PGSTAT302N Potentiostat (Metrohm, Germany).
The EIS experiment was done according to manufacturer-supplied application notes (Falk, 2013) for dc-ion conductivity measurement. Impedance spectra of the samples were obtained at set temperatures with 10 mV voltage amplitude in a frequency range of 150 kHz–5 kHz. Subsequent equivalent circuit analysis of the EIS spectra fit was performed following the application note, ensuring negligible shifts of process-related time constants. The modified Randle’s equivalent circuit is seen in Supplementary Figure S1 where total resistance (Rs + Rct) represents the resistance across the IL. The dc-ion conductivity for the ILs at each temperature is then obtained as the product of (Rs + Rct) and a cell constant (15.7 cm−1). Temperature increment of the setup was done gradually in five steps (from 278.15 to 353.15 K), with a 10-min waiting time between steps for temperature equilibration.
2.4 Two—electrode electrochemical characterization
An EL-Cell PAT-Tester-i-16 (GmbH-Germany) was utilized for cyclic voltammetry (CV) and EIS in two-electrode configurations. Aluminum and copper plungers were used as positive and negative electrode supports/current collectors. Custom MWCNT electrodes of 1.6 cm diameter, whose fabrication is described in our earlier work, (Susantyoko et al., 2017), were used as working electrodes on both sides. The electrode preparation is summarized thus: MWCNT flakes were mixed with 200 mL DI-water: ethanol solution (in 2:1), while the mixture was exfoliated for 10 min using tip sonication. The resulting slurry was cast on a copper foil sheet, and the final MWCNTs casted sheet was dried at 100°C for 1 h before use.
The separator for the two-electrode supercapacitor arrangement was a Whatman GF/A microfiber filter (260 µm thickness), while PEEK-type insulation sleeves were used for precise concentric alignment of the cell arrangement for high-temperature purposes. All electrolytes were handled in an Argon-filled glovebox, while the closed, completely air/water-secluded cell assemblies were transferred outside the glovebox for electrochemical testing. The CV tests were performed at a scan rate of 20 mV/s between 298.15–353.15 K, while two-electrode EIS was performed with 10 mV amplitude between 100 kHz—0.1 Hz in the same temperature range. Each cell arrangement had 120 µL of the respective IL electrolytes for the two-electrode characterizations.
3 RESULTS AND DISCUSSION
3.1 Electrochemical stability and density measurements
Given our supercapacitor’s 5 V design goal, a recap of the electrochemical stability window (ESW) measurements from our earlier work (see Supplementary Table S1) shows that 15 of the 22 commercial ILs satisfy the criteria, albeit with the measurements on standard platinum electrodes. The tangent fits around the CV vertex potentials technique have been applied (Mousavi et al., 2015) to determine the ESWs. This technique accounts for the impacts of mass transfer in the electrolyte bulk, the electrode matrix (for porous electrodes), and the electrolyte-electrode interface to provide a more realistic quantification of electrochemical stability. These mass transfer considerations dictate the effective ionic diffusivity in the system, which is proportional to the slopes of the tangent fits. (Mousavi et al., 2015; Bard et al., 2022). All else being the same, an increasing tangent slope shows lower effective ion diffusivity, while lower tangent slopes indicate higher mass transport constraints on diffusivity, as shown in Supplementary Figure S2. Supplementary Figure S2 also depicts the real anodic and cathodic potential limits of the tested ILs in the standard system, which helped us select the optimum ILs for the practical system. Based on this method, eight ILs, which show the best mass transport characteristics and could be operated safely from low to high temperatures (among the 15 with >5 V ESW), have been selected here in this study. The eight most promising ILs are [Pyr 1, 3] [TFSI], [Pyr 1, 3] [FSI], [Pyr 1, 5] [TFSI], [Pyr 1, 102] [TFSI], [Pip 1, 3] [TFSI], [Pip 1, 3] [FSI], [N 111, 3] [TFSI], and [N 111, 6] [TFSI]. These ILs include pyrrolidinium, piperidinium, and tetraalkylammonium cations combined with either bis(trifluoromethane sulfonyl) imide (TFSI) and bis(flurosulfonyl)imide (FSI) anions (see Supplementary Table S1). Another rationale behind the initial 22 commercial ILs screened was their hydrophobicity, relatively low viscosity, and reasonably good conductivity, making them good candidates for electrochemical applications.
The density of ILs mainly depends on cation-anion interactions and the packing of molecules. In general, the nature of the IL anions strongly influences density. To further corroborate our mass transport discussions, we measured the density of the ILs in the same temperature range of 278.15 K–373.15 K. The measurement results are presented in Figures 2A, B. See Supplementary Tables S2 and S3 for the data.
[image: Figure 2]FIGURE 2 | Density measurements with temperature for the eight shortlisted ILs. (A) [FSI] anion-based. (B) [TFSI] anion-based. Markers represent experimental data. Lines represent the correlation fits of density as a function of temperature (T) using: [image: image], where correlation coefficients are A (g cm-3), B (g cm-3 K−1), and C (g cm-3 K−2). See Supplementary Material for details and reference of curve fits.
As expected, the density of all ILs measured decreased linearly with increased temperature (in K). Among the ILs studied, [N 111, 6] [TFSI] and [Pip 1, 3] [TFSI] showed the lowest density values at 298.15 K (1.3293 and 1.3297 g cm−3, respectively). This observation, particularly for [N 111, 6] [TFSI], was consistent with earlier reports that an increase in the alkyl spacer length can decrease the density of ILs. (Lethesh et al., 2014). This might be because of the compression in the aliphatic region due to the van der Waals forces, which will affect the free volume of the ILs. (Shah et al., 2015). This trend was also observed in the case of pyrrolidinium-based ILs. For instance, the density of [Pyr 1, 3] [TFSI] is 1.4275 g cm−3 at 298.15 K, which is reduced to 1.3611 g cm−3 when the alkyl spacer length increased to five carbon atoms for [Pyr 1, 5] [TFSI]. [Pyr 1, 102] [TFSI] displayed the highest density (1.4533 g cm−3) at a similar experimental condition, which is in agreement with the earlier reports that shorter ether groups make increased-density ILs. (Raj et al., 2017). Among the two anions studied, [FSI] anion-based ILs generally showed a lower density than [TFSI] anions, as seen in Figure 2. The lower density for [FSI] anion-based ILs may be because of the smaller size of the [FSI] anion compared to [TFSI] anion. The effect of relative ion sizes was also observed when comparing the density of pyrrolidinium and piperidinium-based ILs.
Our density measurements for some select ILs were compared with available literature-reported values in Supplementary Table S4, further validating the reproducibility of our experimental data and procedure. While the earlier reported density data were performed at room temperature, the respective ILs have been tested in a wide operating temperature range, opening the pathway for practical applications at extreme temperatures. Practical applications like redox-flow or hybrid batteries often require fluid flow properties of the electrolyte, like density. In addition, packing and sealing supercapacitors for high-temperature operation also require known fluid flow properties.
3.2 Dynamic viscosity and ionic conductivity
The dynamic viscosities of the eight shortlisted ILs were measured between 278.15 K and 373.15 K. The measured viscosity values shown in Figures 3A–D for the eight ILs range from 41.36 mPa s to 158.75 mPa s at 298.15 K. A quick survey indicates that our dynamic viscosity results also agree with the literature (see Supplementary Table S4). The numerical values of results in Figure 3 are also tabulated in the (Supplementary Tables S5 and S6). At 298.15 K, the lowest viscosity was observed for [Pyr 1, 3] [FSI] (41.36 mPa s), while [N 111, 6] [TFSI] showed the highest viscosity of 158.75 mPa s at 298.15 K. In the case of pyrrolidinium-based ILs, the increase in the alkyl chain length on the cation led to increased viscosity.
[image: Figure 3]FIGURE 3 | The dynamic viscosity measurements with temperature for the eight shortlisted ILs. (A,C) [FSI] anion-based. (B,D) [TFSI] anion-based. Markers represent experimental data points. Lines in (A) and (B) represent the correlation fits of viscosity as a function of temperature (T) using the classical Vogel−Fulcher−Tammann (VFT) equation: [image: image]. Where correlation coefficients are [image: image] (mPa.s), D (K), and [image: image] (K). See the Supplementary Material for details and reference of curve fits.
For instance, the viscosity increased from 61.19 mPa s (for [Pyr 1, 3] [TFSI]) to 97.38 mPa s at 298.15 K when the alkyl spacer length increased to five carbon atoms to make [Pyr 1, 5] [TFSI]. This increase in viscosity for the pyrrolidinium-based ILs was attributed to the higher Van der Waals interaction between the longer alkyl groups. (Schrekker et al., 2008; Filippov et al., 2014). A similar trend was observed for tetra alkyl ammonium-based ILs at similar experimental conditions, where [N 111, 3] [TFSI] reported 78.92 mPa s. The ether-functionalized ILs showed lower viscosity compared to their alkyl analogs. For example, the [Pyr 1, 102] [TFSI] showed lower viscosity (54.61 mPa s) compared to [Pyr 1, 3] [TFSI] (61.19 mPa s) and [Pyr 1, 5] [TFSI] (97.38 mPa s) at 298.15 K, which is related to the flexibility in rotation offered by the oxygen atom on the ether functionality. (Fleshman and Mauro, 2019).
As expected, a significant decrease in the viscosity of all the ILs under investigation was observed at elevated temperatures (up to 373.15 K). The results showed that at high temperatures, the viscosities of the eight ILs became more similar, which is an advantage in improved mass transport. The dc-ionic conductivity measurements (from 278.15 K to 358.15 K) for the eight ILs, [Pyr 1, 3] [TFSI], [Pyr 1, 5] [TFSI], [Pyr 1, 3] [FSI], [Pyr 1, 102] [TFSI], [Pip 1, 3] [TFSI], [Pip 1, 3] [FSI], [N 111, 3] [TFSI], and [N 111, 6] [TFSI], are presented in Figure 4A (see data in Supplementary Table S7). Ionic conductivity and viscosity of IL electrolytes are linked and crucial since they directly affect their ability to serve as charge carriers in energy storage applications. Higher viscosities result in lower ionic conductivities and vice versa. Therefore, Figure 4B relates molar conductivity to viscosity and also shows the deviation of measurements to the ideal Walden plot line. The link between conductivity and viscosity references ionic mobility/diffusivity under current flow being affected by viscosity. (Watanabe et al., 2017; Kar et al., 2019). The advantage of ILs over organic solvent-based electrolytes at higher temperatures is that ionic conductivity significantly improves (as viscosity drops) in ILs. In addition, there are often safety, vaporization, or precipitation concerns with organic solvents, which is not the case with ILs.
[image: Figure 4]FIGURE 4 | (A) Dc-ionic conductivity of the eight shortlisted ILs at temperatures from 278.15 K to 358.15 K in a three-electrode system. Markers represent experimental data points. Lines represent the correlation fits of ionic conductivity as a function of temperature (T) using the equation: [image: image], where correlation coefficients are [image: image] (mS cm-1), E (K), and [image: image] (K). (B) Walden plots of molar conductivity, Λ [image: image], and viscosity η for ILs. The experimental points were fitted using: log Λ = log C′ + α log η−1. See Supplementary Material for details and reference of curve fits.
Combining observations in Figure 3, Figure 4A, [Pyr 1, 3] [FSI] stands out in terms of highest conductivity (≈21.5 mScm−1) with the lowest recorded viscosity (≈9.9 mPa s) at a high temperature of 358.15 K. At the other end of the spectrum, [N 111, 6] [TFSI] showed the lowest conductivities (Figure 4) as it records the highest viscosities (Figure 3) in the measured temperate range.
The other ILs also follow the same expected viscosity and ionic conductivity dependency. Furthermore, [Pyr 1, 3] [FSI] appears as the most attractive in terms of conductivity and viscosity. The pyrrolidinium cation-based ILs in the shortlist also appear generally adequate, while [Pip 1, 3] [FSI] and [N 111, 3] [TFSI] are also worthy of secondary attention in terms of conductivity and viscosity. The impact of alkyl chain lengths plays a role in the pyrrolidinium cation-based ILs.
3.3 Two-electrode cell electrochemical performance
CV and EIS were conducted in a two-electrode setup using a typical carbon-based electrode material to validate the electrochemical stability findings from Pt electrodes and the transport parameters discussed in previous sections of this work. As observed in this study, there was no significant correlation between high ionic conductivity and observed ESW on standard Pt electrodes (Section 3.1). When typical porous carbon electrode materials are involved, the practical ESW available for meaningful charge storage depends on many factors governing the cell’s ion-ion, ion-bulk electrolyte, bulk electrolyte-bulk electrode, and ion-electrode interface interactions. (Chen et al., 2013). With CV measurements, we can at least qualitatively observe the outcomes of these interactions, determine the charge transport at the electrode/electrolyte interface, and subsequently quantify charge storage.
The eight shortlisted ILs are subsequently adopted to assemble symmetric supercapacitor systems with two MWCNTs-based electrodes. Here, each cation family among the eight shortlisted ILs has been analyzed accordingly. EIS was performed before and after the CV tests to monitor possible changes within the system. The CV tests were performed with increasing upper vertex potential steps to maintain the integrity of the system (given the possibility of irreversible changes close to potential limits).
Figures 5A–D introduce the results from supercapacitors assembled with the piperidinium cations-based ILs among the shortlisted. The figures show the CVs, initial EIS spectra before CV, and EIS spectra after CV for both supercapacitors assembled with [Pip 1, 3] [TFSI] and [Pip 1, 3] [FSI] from 298.15 K to 353.15 K.
[image: Figure 5]FIGURE 5 | Two-electrode supercapacitor characterization at different temperatures using the piperidinium cation-based ILs among the eight shortlisted ILs. (A) Steady-state CV for [Pip 1, 3] [TFSI]. (B) EIS spectra initially before and after CV for [Pip 1, 3] [TFSI]. (C) Steady-state CV for [Pip 1, 3] [FSI]. (D) EIS spectra initially before and after CV for [Pip 1, 3] [FSI].
[Pip 1, 3] [TFSI] delivered a practical potential window as high as 5.4 V, after which significant degradation occurred when we increased the operating potential to 5.5 V (Figure 5A). The supercapacitor with [Pip 1, 3] [FSI] within the same temperatures gave a slightly lower potential window of 5 V (Figure 5C). Section 2.3 of this work explains that the obtained EIS spectra have been analyzed using the equivalent circuit model in Supplementary Figure S1. As expected, the EIS results in Figures 5B, D generally show better mass transport with increasing temperature due to decreasing viscosity. Consequently, recorded currents in the CVs also increase with temperature elevation. The equivalent series resistance (Rs) at most temperatures for the supercapacitor with [Pip 1, 3] [FSI] was lower than that with [Pip 1, 3] [TFSI] due to the lower viscosity and higher conductivity of [Pip 1, 3] [FSI], compared to [Pip 1, 3] [TFSI] (see Figure 3). Obtained charge transfer resistance (Rct) from the equivalent circuit consistently increased with temperature for the system with [Pip 1, 3] [FSI], which is higher than that with [Pip 1, 3] [TFSI].
Figure 6 compares the CV and EIS results from the supercapacitors assembled with the tetra-alkyl ammonium-based ILs in the shortlist ([N 111, 6] [TFSI] and [N 111, 3] [TFSI]). Quite similar potential windows (5.2 V and 5.1 V) were obtained for the systems with [N 111, 6] [TFSI] and [N 111, 3] [TFSI, respectively, before degradation became more apparent (see Figures 6A, C). Noticeable enhancement in the conductivity (consequently, Rs) is recorded with increasing temperature for both [N 111, 6] [TFSI] and [N 111, 3] [TFSI] systems (Figures 6B, D). However, [N 111, 6] [TFSI] appears to be more sensitive to temperature than [N 111, 3] [TFSI]. Figures 7A–H present the CV and EIS results of supercapacitors assembled with the selected pyrrolidinium-based ILs. As with the other systems, Rs decreases with increasing temperature for the supercapacitors applying pyrrolidinium-based ILs in Figure 7.
[image: Figure 6]FIGURE 6 | Two-electrode supercapacitor characterization at different temperatures using the tetra-alkyl ammonium cation-based ILs among the eight shortlisted ILs. (A) Steady-state CV for [N 111, 6] [TFSI]. (B) EIS spectra initially before and after CV for [N 111, 6] [TFSI]. (C) Steady-state CV for [N 111, 3] [TFSI]. (D) EIS spectra initially before and after CV for [N 111, 3] [TFSI].
[image: Figure 7]FIGURE 7 | Two-electrode supercapacitor characterization at different temperatures using the pyridinium cation-based ILs among the eight shortlisted ILs. (A) Steady-state CV for [Pyr 1, 3] [TFSI]. (B) EIS spectra initially before and after CV for [Pyr 1, 3] [TFSI]. (C) Steady-state CV for [Pyr 1, 5] [TFSI]. (D) EIS spectra initially before and after CV for [Pyr 1, 5] [TFSI]. (E) Steady-state CV for [Pyr 1, 102] [TFSI]. (F) EIS spectra initially before and after CV for [Pyr 1, 102] [TFSI]. (G) Steady-state CV for [Pyr 1, 3] [FSI]. (H) EIS spectra initially before and after CV for [Pyr 1, 3] [FSI].
Overall, Rs is expected to decrease with increasing temperatures due to improved conductivity with temperature, as shown earlier for the shortlisted ILs in Figure 4. The nominal values of Rs with temperature are also expected to show a minor difference in the recorded values before and after the CV due to possible electrode structure reorganization. The EIS analyses were performed before and after the CV tests to monitor significant form distortions in the EIS spectra with increasing temperature, directly indicating significant electrochemical instability or chemical irreversibility. The results so far show a significantly distorted EIS at 353.15 K for the supercapacitor applying [Pip 1, 3] [TFSI] (Figure 5B).
The supercapacitors with both ammonium cation-based ILs among the eight shortlisted are generally satisfactory, with the [N 111, 6] [TFSI] system appearing better than the [N 111, 3] [TFSI] system (Figure 6). However, only supercapacitors applying [Pyr 1, 3] [FSI] and [Pyr 1, 3] [TFSI] are satisfactory in terms of electrochemical stability among the pyrrolidinium-based ILs in the shortlist, as seen in Figures 7A–H.
The other pyrrolidinium-based ILs like [Pyr 1, 102] [TFSI] unfortunately show significantly distorted EIS spectra as temperature increases, especially after the CV (Figures 7E, F). The [Pyr 1, 3] [FSI] supercapacitor gave a 4.8 V potential window—close to the target. Interestingly, the supercapacitor with [Pyr 1, 3] [TFSI] recorded consistent CV with increasing temperature, albeit with a more limited potential window of approximately 4 V (Figures 7A, B), which is less than the 5 V design goal. Therefore, considering all discussed observations and the design goal of achieving a [image: image] 5 V supercapacitor capable of high-temperature operation (up to 353.15 K). The six most applicable systems to achieve our targeted SC ≥ 5 V are [Pip 1, 3] [TFSI] (5.4 V), [Pip 1, 3] [FSI] (5 V), [N 111, 3] [TFSI] (5.1 V), [N 111, 6] [TFSI] (5.2 V), [Pyr 1, 102] [TFSI] (5.2 V), and [Pyr 1, 5] [TFSI] (5.2 V). Table 1 summarizes the results of the electrochemical performance and characteristic parameters obtained from Figure 5 to Figure 7.
TABLE 1 | Potential window, equivalent circuit charge transfer, and series resistance (Rct and Rs, respectively) of supercapacitors applying the eight shortlisted ILs at different temperatures were obtained.
[image: Table 1]4 CONCLUSION
We present an essential systematic analysis of electrochemical and physicochemical aspects to screen commercial ILs as electrolytes for electrochemical applications. Based on prior electrochemical stability window measurements of 22 commercially available ILs and screening, the best candidates to achieve a >5 V supercapacitor capable of high-temperature operation (up to 80 deg. C, or 353.15 K). Using mass transport considerations from CV, we shortlisted the best eight ILs with >5 V stability window ([Pyr 1, 3] [TFSI], [Pyr 1, 3] [FSI], [Pyr 1, 5] [TFSI], [Pyr 1, 102] [TFSI], [Pip 1, 3] [TFSI], [Pip 1, 3] [FSI], [N 111, 3] [TFSI], and [N 111, 6] [TFSI]) among the 22. Measurements for density, dynamic viscosity, and ionic conductivity of the chosen eight ILs were performed between 298.15 and 353.15 K to corroborate mass transport. We surmise that practical applications of ILs in electrochemical energy storage (like supercapacitors herein or redox-flow and hybrid batteries) require known physical properties of the electrolyte at different temperatures. As expected, temperature increment significantly reduced viscosity and density for all the ILs, translating to an increase in ionic conductivity. However, the influence of ionic conductivity on electrochemical performance and stability is entirely different when applying standard Pt electrodes or typical porous carbon-based electrodes.
CV and EIS characterization of supercapacitors made with MWCNT electrodes adopting the eight shortlisted hydrophobic ILs (298.15–353.15 K) helped confirm the best ILs to achieve the >5 V for high-temperature application. We believe the systematic screening performed here for commercially available ILs can also be applied to newly synthesized ILs, especially considering electrochemical applications at high temperatures. Furthermore, we consider that possible improvements in the electrode–ILs interactions will vary when novel electrode materials are involved.
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