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A modified ionic liquid (IL)-based electrolyte, with conventional carbonates as the support solvent and lithium salt as the additive, was designed for a high-voltage electrochemical double-layer capacitor (EDLC). It is found that the employment of carbonate solvents enhances the ionic conductivity and decreases the viscosity of the electrolyte. At the same time, the addition of lithium salt plays a key role in the stabilization of the operating potential window and the modification of the passivation layer on the electrode. As a result, increased specific capacitance, improved cycle stability, and rate capability are demonstrated in the EDLC with an EMI-BF4/LiPF6/PC/DMC electrolyte at the upper voltage of 3 V, in contrast to that with pure IL and IL/carbonate mixture. This study primarily stresses the combination effect of Li salt and organic solvent in an IL electrolyte system for constructing advanced 3 V-class EDLC with excellent overall performance.
Keywords: electrochemical double layer capacitor, ionic liquid, lithium salt, capacitance, carbonate solvent, potential window
INTRODUCTION
The development of electronic devices and the utilization of various renewable energies have created an urgent demand for advanced energy storage devices (Huang et al., 2020; Yuan et al., 2021; Lu et al., 2021). Electric double-layer capacitors (EDLCs) (Zhang et al., 2018), also known as super capacitors, have received much attention in recent years due to their high power density and extremely long shelf-life. However, their low energy density greatly hinders the practical application. An important approach to tackle the problem is to further expand the working voltage of the capacitor since the safe operating voltage range for a conventional organic electrolyte based on quaternary ammonium salt dissolved in acetonitrile (AN) or propylene carbonate (PC) is generally lower than 2.7 V (Zhong et al., 2015).
Great efforts to develop advanced electrolytes with a wider stable potential window have been made (Balducci, 2016; Martins et al., 2018; Liu et al., 2019). Ionic liquids (ILs) (Armand et al., 2009) seem to be a promising volunteer for constructing high-voltage EDLCs due to their high electrochemical and chemical stability. For example, it has been reported that EMI-BF4 can solely act as the electrolyte of EDLCs with an operative voltage of more than 3 V, even 4 V (Brandt et al., 2013; Yu et al., 2014). However, most of the ILs suffer from low ionic conductivity and high viscosity, which usually leads to poor cyclability and rate performance of the EDLC. For this reason, some low-viscous organic solvents (such as PC, AN, r-butyrolactone) have been used in combination with ILs (Palm et al., 2013; Tian et al., 2018; Scalia et al., 2019). As a result, the power characteristic of the EDLC was improved at the expense of shrinking the potential window because these support solvents inevitably participated in electrolyte decomposition, and thus stable cycling at the limited voltage beyond 3 V is hard to obtain.
Recently, there have been reports demonstrating that an EDLC with a Li+ -containing IL provides increased double-layer capacitance and especially enhanced electrochemical stability compared to pure IL without Li salt (Murayama et al., 2005). These studies revealed that the cathodic potential limit can shift favorably in a more negative direction after the addition of Li salt in the IL because the “inhibiting effect” induced by Li+ prevents the reduction of cations in IL (Matsumoto et al., 2003; Fukuda et al., 2007). An expanded operating potential window (OPW) and improved capacitor properties were therefore obtained. However, up to now, research on a mixed system consisting of ionic liquid, Li salt, and carbonate solvent in EDLCs has been rarely reported. Herein, this work aims to design a novel IL-based electrolyte employing conventional carbonates (PC, DMC) as the support solvent and Li salt LiPF6 as the additive for high-voltage EDLCs. The combination effects of Li salt and organic solvent on the electrolyte property and EDLC performance were investigated, and the related mechanism was discussed intensively.
EXPERIMENTAL
Electrolyte Preparation
1-Ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4, >99%, H2O < 70 ppm), lithium hexafluorophosphate (LiPF6, >99%, H2O < 50 ppm), propylene carbonate (PC, >99%, H2O < 10 ppm), and dimethyl carbonate (DMC, >99%, H2O < 10 ppm) were purchased from Guotai Super Power Co. Ltd. and used as received without further purification. The detailed compositions of the investigated electrolytes prepared in an argon-filled glove box are listed in Table 1.
TABLE 1 | Compositions of the investigated electrolytes in the study.
[image: Table 1]The ionic conductivity and viscosity of the electrolyte at room temperature were measured by a conductivity meter (Mettler-Toledo) and viscosimeter (Brookfield), respectively. The moisture contents of the electrolytes were measured by the Karl Fisher titration method (Mettler-Toledo). The linear sweep voltammetry (LSV) of a stainless steel (SS)/Li cell was used to measure the potential threshold of the electrolyte with a scanning rate of 5 mV s−1.
Electrode and Cell Fabrication
Carbon electrode was prepared by mixing 85wt% active carbon (AC, Kuraray, YP-50F), 9wt% carbon black (CB, TIMCAL, Super P), 4wt% carboxymethylcellulose sodium (CMC, Nippon Paper Industries Co., Ltd., MAC500LC), and 2wt% styrene butadiene rubber (SBR, LG Chem, ADB81) on a piece of corrosive Al foil. The areal density of the electrode was around 7 mg cm−2, with the rectangular size of 45 mm × 40 mm, as exhibited in Figure 1A. The pouch-type EDLC (as shown in Figure 1B) was assembled by two identical carbon electrodes, a cellulose separator (NKK, TF4030), and the as-prepared electrolyte in the glove box.
[image: Figure 1]FIGURE 1 | Pictures of (A) the fabricated electrode and (B) the pouch-type EDLC.
Electrochemical Test
The cycle performance of the pouch-type EDLC was measured in a voltage range of 0.01–3 V, beginning with ten pre-cycles at 0.05 A g−1, and then performed at a constant current of 1 A g−1 on a LAND tester. The rate capability of the EDLC was also conducted at a constant current density from 1 to 10 A g−1 with an upper voltage of 3 V. The specific capacitance of the active material (Cs), energy density (E), and power density (P) of the EDLC was calculated according to the formulas below, respectively (Zhi et al., 2017):
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where I is the discharge current (A), △t is the discharge time (s), △V is the voltage window (V) excluding the IR drop during the discharge process, and m is the total mass of the active material on both electrodes (g).
Cyclic voltammetry (CV) of the EDLC was carried out at varied voltage windows or scan rates on a CHI660E electrochemical workstation. Electrochemical impedance spectroscopy (EIS) was measured from 100 kHz to 0.01 Hz with an AC perturbation of 5 mV. The surface morphology and elemental constitution of the carbon electrode after 3 V cycling were investigated by scanning electron microscopy (SEM, Gemini 300) and energy-dispersive x-ray spectroscopy (EDS), respectively.
RESULTS AND DISCUSSION
The conductivity and the viscosity of the various electrolytes are summarized in Table 2. The introduction of carbonate solvents in the EMI-BF4 increases the electrolyte conductivity due to distinctly decreased viscosity, especially for the PC-DMC mixture. Adding a small amount of LiPF6 into the IL/carbonate system leads to further improvement of the electrolyte ionic transport capability despite slightly increased viscosity, probably ascribed to the contribution of more mobile ions provided by the conductive salt. Ionic conductivity as high as 20.72 mS cm−1 is exhibited in the EMI-BF4/LiPF6/PC/DMC electrolyte. It should be noted that a certain amount of residual adsorbed/crystallized water in the IL product is always inevitable due to difficult purification, but the moisture content of the electrolyte is obviously reduced after utilizing these battery-grade support solvents, which can be regarded as the result of the “diluting effect.”
TABLE 2 | ionic conductivities, viscosities, and water contents of various electrolytes at 25°C.
[image: Table 2]The LSV curves of the SS/Li cell in various electrolytes are shown in Figure 2. It can be seen that the cathodic potential threshold is almost similar among different electrolyte cases, and the introduction of carbonate solvents seems to have a minor influence on the anodic potential limit of the electrolyte as well. However, further addition of Li salt in the IL/carbonate mixture brings about obviously higher oxidation stability than its counterpart. The EMI-BF4/LiPF6/PC/DMC electrolyte is electrochemically stable up to ∼6.8 V vs. Li/Li+ in the test. It is considered that introducing Li salt into IL could balance the charge storage on the two electrodes and hence create an even distribution of the total window, which is favorable for broadening the OPW of the EDLC. The result of Li salt-contained IL is similar to a previous report where an IL mixture resulted in increased OPW (Van Aken et al., 2015).
[image: Figure 2]FIGURE 2 | LSV curves of SS/Li cell in various electrolytes between −2 and 8 V vs. Li/Li+.
The CV curves of the EDLCs based on various electrolytes are presented in Figure 3. It can be seen from Figure 3A that the pure EMI-BF4 provides a good rectangular shape in the CV curve when the voltage window is lower than 3.2 V. Increased upper voltage leads to a small quantity of Faraday reaction current, indicating that the IL tends to decompose. The existence of carbonate solvent usually affects the electrochemical stability of the IL electrolyte to a certain extent, but an oxidation peak was hardly observed in all of the investigated electrolytes at the limited voltage of 3 V, as shown in Figure 3B. Besides, the current responses (that is, specific capacitances) are almost identical at the low scan rate (5 mV s−1) among these cases. The result suggests that these IL/carbonates or IL/LiPF6/carbonate mixtures can favor normal operation at the upper voltage of 3 V.
[image: Figure 3]FIGURE 3 | (A) CV curves of the EDLC in EMI-BF4 at the varied potential windows; (B) CV curves of the EDLCs in various electrolytes at a scan rate of 5 mV s−1.
The long-term cycle performances of the EDLCs in various electrolytes at the upper voltage of 3 V are compared in Figure 4A. The EDLC in EMI-BF4 delivers rapid capacitance decay during cycling, with capacitance retention of only 77.2% after 20,000 cycles. The employments of PC and PC/DMC in EMI-BF4 give rise to improved cycle capability. More notably, further addition of LiPF6 contributes to better cycle stability accompanied by stable Coulombic efficiency of over 99% compared to the counterparts. For instance, an initial specific capacitance of 128.5 F g−1 and capacitance retention as high as 95.8% after 20,000 cycles is exhibited in the modified electrolyte of EMI-BF4/LiPF6/PC/DMC. The superior high-voltage cycle stability can be mainly attributed to the fact that an addition of Li salt expands the OPW of the EDLC (as confirmed by the LSV test). Besides, introducing support solvents into the IL decreased the moisture content of the electrolyte, which should be another non-negligible reason for stable cycling operation.
[image: Figure 4]FIGURE 4 | (A) Cycle performances of the EDLCs in various electrolytes at a current density of 1 A g−1; Charge-discharge profiles of the EDLCs in (B) EMI-BF4/LiPF6/PC/DMC, (C) EMI-BF4/LiPF6/PC, (D) EMI-BF4/PC/DMC, (E) EMI-BF4/PC, and (F) EMI-BF4 during long-term cycling.
The galvanostatic charge-discharge profiles of EDLCs in various electrolytes are shown in Figures 4B–F. When the charge cut-off voltage is set to 3.0 V, all of the cases show a linear and symmetrical triangle relationship no matter which electrolyte was employed, suggesting good electrochemical reversibility and typical double-layer capacitance behavior. However, a smaller IR drop at the charge/discharge switch (Chen et al., 2019) is observed for those solvent-contained electrolytes in contrast to pure IL, mainly attributed to the improved ionic conductivity. The addition of Li salt in a solvent-contained electrolyte contributes to a further reduction in IR drop. Significantly, the increase of IR drop in EMI-BF4/LiPF6/PC/DMC is almost negligible during 20,000 cycles, which is due to stable equivalent series resistance owing to minor irreversible Faraday reactions and fewer decomposed byproducts (Zhang et al., 2016).
Figure 5 displays the rate performance of the EDLCs in three selected electrolytes. The discharge specific capacitance descends gradually with the increased current density. But the variation trend is much smaller in the two Li salt-added electrolytes than that of the pure IL. Especially, the electrolyte EMI-BF4/LiPF6/PC/DMC provides the highest specific capacitances at different current densities compared to the other two cases. Even the charge-discharge current reaches 10 A g−1, and the specific capacitance values still stay at ∼114 F g−1. The rate capability of the EDLC in EMI-BF4/LiPF6/PC/DMC is also well demonstrated in the CV measurement at varied scan rates (Figure 6), where good rectangular shape can be maintained, and even the scan rate is up to 50 mV s−1. The excellent rate performance profits from a less viscous and more conductive advantage when carbonate solvent and LiPF6 were simultaneously introduced into the IL electrolyte: 1) highly dielectric PC can break the ion pair in IL, absorbing more ions on the surface of the porous electrode (Lu et al., 2019); 2) low viscous DMC (Marcinek et al., 2015) reduce ion movement resistance and benefit ion transport in the electrolyte and porous electrode; 3) dissociative Li salt also provides more mobile ions for conduction in the electrolyte. Besides, it is likely to involve the conversion of the double-layer structure (Yamagata et al., 2013); for example, Li+ may occupy the electrode/electrolyte interface preferentially due to a strong interaction between Li+ and the negatively polarized electrode at a high charge density, which decreases the thickness of the Helmholtz layer and leads to the increase in the electric double-layer capacitance.
[image: Figure 5]FIGURE 5 | Rate performances of the EDLCs in various electrolytes at current densities ranging from 1 A g−1–10 A g−1.
[image: Figure 6]FIGURE 6 | CV curves of the EDLC in EMI-BF4/LiPF6/PC/DMC at varied scan rates.
Figure 7 gives the Ragone plots of the EDLCs based on formula calculation. The EMI-BF4/LiPF6/PC/DMC electrolyte offers superior specific energy and specific power values at each current density, e.g., the calculated energy density and the corresponding power density reaches 37.94 Wh kg−1 and 843 W kg−1 at 1 A g−1, respectively. Moreover, a high energy density of 26.35 Wh kg−1 can still be sustained even the applied current is increased to 10 A g−1, which is significantly higher than that measured in EMI-BF4/LiPF6/PC (22.03 Wh kg−1) and pure EMI-BF4 (15.93 Wh kg−1). The EDLC performance based on the designed EMI-BF4/LiPF6/PC/DMC electrolyte is comparable and even superior to previous reports with other 3 V-class electrolytes or those adopting asymmetric design (Lu et al., 2019; Vijayakumar et al., 2019).
[image: Figure 7]FIGURE 7 | Ragone plots for the EDLCs in various electrolytes. The indicated specific energy and specific power refer to the total mass of the active materials on both electrodes.
The Nyquist plots of EDLCs based on various electrolytes after the initial cycle and the 20,000th cycle are presented in Figures 8A,B, respectively. Generally, the intercept on the X-axis is the series resistance (Rs), which is the sum of intrinsic resistance of the electrode, electrolyte, and separator, etc. The semi-circle in the high-frequency range refers to the charge transfer resistance (Rct) at the interface between the electrolyte and electrode in parallel with a constant phase element (CPE) (Lu et al., 2020). The intermediate frequency region with a linear slope is associated with the ion diffusion in the porous electrodes described by a Warburg diffusion element (W0) (Li et al., 2016). After the Warburg line, the impedance spectrum begins to be dominated by double-layer capacitive behavior (Cdl) in the very low-frequency range (Li et al., 2016). By fitting the inserted equivalent circuit, it is found that the Rs and Rct for two electrolytes after the initial cycle (0.34 and 0.091 Ω for EMI-BF4/LiPF6/PC/DMC, 0.37 and 0.095 Ω for EMI-BF4/LiPF6/PC) are obviously lower than the corresponding values for the EMI-BF4 electrolyte (0.42 and 0.141 Ω) owing to improved ionic conductivity. The decreased viscosity is beneficial to the permeability of the electrolyte in the electrode as well, and therefore a facilitated transfer process can be easily achieved at the interface (Wang et al., 2017). Besides, the overall resistance (especially Rs) of pure IL electrolyte increases markedly after 20,000 cycles, while a nearly constant resistance response exists in the two modified electrolytes. The above results clearly reveal an accelerated ion transport property and stable interface property in the IL electrolyte containing Li salt and support solvents, especially in the EMI-BF4/LiPF6/PC/DMC system.
[image: Figure 8]FIGURE 8 | Nyquist plots of the EDLCs in three electrolytes after (A) the initial cycle and (B) the 20,000th cycle.
The surface chemistry difference of the cycled carbon electrodes in two selected electrolytes was further examined by SEM and EDS analyses. As shown in Figures 9A,C, the irregular AC particles are closely surrounded by abundant nano-sized carbon black, and a finely porous morphology is well maintained after 20,000 cycles. However, the EDS spectra in Figure 9D reveals the presence of high F-containing species on the electrode surface after the EDLC was cycled in EMI-BF4, which should mainly originate from the anion decomposition. In contrast, the cycled electrode in EMI-BF4/LiPF6/PC/DMC presents a surface composition of rich P element with less fluorine-related species (Figure 9B), suggesting that the Li salt is likely to participate in the formation of the surface passivation layer. The modified passivation effect could restrict the interactivity of the carbon electrode with the IL electrolyte and side reaction between them, and hence offers a favorable interface environment and high-voltage operation of the EDLC.
[image: Figure 9]FIGURE 9 | (A,C) SEM images and (B,D) EDS spectra of the cycled carbon electrode in (A,B) EMI-BF4/LiPF6/PC/DMC and (C,D) EMI-BF4.
CONCLUSION
In summary, a novel electrolyte consisting of ionic liquid, Li salt, and carbonate solvent is proposed for high voltage application of the EDLC. The EMI-BF4/LiPF6/PC/DMC electrolyte exhibits high ionic conductivity (20.72 mS cm−1) low viscosity (2.89 mPa s), and high electrochemical stability. The active carbon electrode in the modified electrolyte delivers an initial specific capacitance of as high as 128.5 F g−1 and a specific energy of 37.94 Wh kg−1 at 1 A g−1, with capacitance retention of ∼95.8% after 20,000 cycles at the limited voltage of 3.0 V, which is obviously superior to pure IL or the mixture of IL/carbonate. The enhanced ionic transport capability, balanced charge storage on both electrodes, and modified electrode surface passivation on account of the joint contribution of Li salt and carbonate solvents are considered to be important reasons for the improved overall performance, which guides a promising direction for the construction of advanced EDLC devices with high energy density, high power density, and long life.
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