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Li metal anodes are highly sought after for high energy density applications in both primary commercial batteries and next-generation rechargeable batteries. In this research, Li metal electrodes are aged in coin cells for a year with electrolytes relevant to both types of batteries. The aging response is monitored via electrochemical impedance spectroscopy, and Li electrodes are characterized post-mortem. It was found that the carbonate-based electrolytes exhibit the most severe aging effects, despite the use of LiBF4-based carbonate electrolytes in Li/CFx Li primary batteries. Highly concentrated LiFSI electrolytes exhibit the most minimal aging effects, with only a small impedance increase with time. This is likely due to the concentrated nature of the electrolyte causing fewer solvent molecules available to react with the electrode surface. LiI-based electrolytes also show improved aging behavior both on their own and as an additive, with a similar impedance response with time as the concentrated LiFSI electrolytes. Since I− is in its most reduced state, it likely prevents further reaction and may help protect the Li electrode surface with a primarily organic solid electrolyte interphase.
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1 INTRODUCTION
Li metal anodes are highly sought after for high energy density needs due to their high theoretical capacity (3,830 mAh/g) and low reduction potential (−3.04 V vs. SHE). Although recent work has focused largely on integrating Li metal anodes into next-generation rechargeable batteries, Li metal anodes have long been used in commercial Li primary batteries. A challenge relating to Li metal integration is that Li metal is highly susceptible to parasitic reactions that result from the reducing nature of Li. These parasitic reactions form the solid electrolyte interphase (SEI), a mosaic of solvent and salt decomposition products, both during Li electrodeposition/dissolution (charge/discharge) and while the cell is at rest. The successful design of Li metal batteries involves tuning this interphase to prevent continued reaction (or corrosion) of the Li metal.
Ideally, the SEI will passivate Li metal, preventing further reaction between it and the electrolyte. However, most realistic SEIs are “leaky” (allowing transport of electrons through the SEI or electrolyte to penetrate the SEI to the surface of the Li metal), which causes continued reaction between the Li metal and the electrolyte. Extensive parasitic reactions are likely to lead to battery failure due to the consumption of the Li metal anode and/or the electrolyte (Wood et al., 2018). This effect may be accounted for by adding an excess of Li metal or electrolyte to cells, although this compromises the energy density of the battery. Recent Li metal studies emphasize “lean” Li and/or electrolyte systems, with little to no excess materials; however, these studies have largely focused on rechargeability without addressing limitations with the extended aging of the cell (Liu et al., 2019; Niu et al., 2021).
Despite the reactivity of Li as described above, Li primary batteries are rated for long shelf lives while maintaining high energy density. For example, Li/FeS2 and Li/MnO2 commercial primary batteries are designed to have shelf lives of 10–20 years (Lennen et al., 2006; Reddy, 2011). In these cases, the SEI likely stabilizes, passivating the Li metal and preventing further parasitic reactions between the Li metal and the electrolyte. As these chemistries are well established and commercialized, little new research has been published. It is expected that additives are included in the electrolyte formulations for commercial batteries that aid in promoting lasting aging behavior, although exact formulations and additives are not reported in the open literature.
Understanding rechargeable Li metal anode calendar-aging/self-discharge mechanisms has recently gained interest, with a focus largely on the aging of electrodeposited or cycled Li metal. Electrodeposited Li is particularly susceptible to aging as it is highly porous, is composed of many small grains, and suffers from the tendency to form dendritic and other high surface area mossy structures. While bulk Li metal has been investigated within the scope of integrating protection layers or artificial SEIs, these studies are typically restricted to relatively short timeframes of hours to weeks (Yang et al., 2008; Kozen et al., 2017; Lin et al., 2019; Gao et al., 2020; Kolesnikov et al., 2020; Boyle et al., 2021; Merrill et al., 2021; Merrill et al., 2022). Predictive models and computational studies have been used to supplement these studies and can be used to determine limitations over longer term aging (Wood et al., 2018; Dessantis et al., 2023). Despite this, shelf-life is a growing concern with the development of rechargeable Li metal batteries, as commercial batteries may rest from the time when the battery is manufactured to when the final electronic device reaches a consumer. An understanding of the interactions between the electrolyte and Li metal over extended periods of time is needed to design batteries with long shelf lives (Aurbach et al., 1994; Aurbach et al., 1995; Aurbach and Schechter, 2001; Yang et al., 2008; Morales-Ugarte et al., 2019).
We here investigate the aging behavior of Li metal with electrolyte chemistries used with both Li-primary and next-generation rechargeable Li batteries over the course of a year. Li metal symmetric cells were aged with the various electrolyte chemistries while electrochemical impedance spectroscopy (EIS) was used to monitor the interfacial impedance which can be correlated with SEI growth. After the cells were aged, the electrodes were characterized post-mortem through X-ray photoelectron spectroscopy (XPS) and cryo-scanning electron microscopy (SEM)/focused ion-beam milling (FIB). Cells were also cycled after aging and compared to pristine cells to evaluate overpotential trends. We find that highly concentrated electrolytes and LiI additives cause the interfacial impedance to plateau with time, suggesting that the Li electrode eventually becomes passivated in these solutions. Carbonate-based electrolytes are found to form the least stable interphase at the Li electrode surface, evidenced by both a greater magnitude of interfacial impedance and continued increase in impedance with time. We find that aging generally only affects the first nucleation overpotential when the Li symmetric cells are cycled after aging; however, it is likely that this will impact the rate capability of an aged cell or the capacity of a cell with minimal excess Li and electrolyte inventory.
2 MATERIALS AND METHODS
2.1 Electrolyte preparation
All electrolytes were prepared inside an argon-filled glovebox (less than 0.2 ppm H2O and 0.2 ppm O2). Solvents, or relevant solvent mixtures, were dried over activated alumina for at least 48 h prior to use. Solvents studied include 1,3-dioxolane (DOL, Sigma Aldrich), 1,2-dimethoxyethane (DME, Sigma Aldrich), ethylene carbonate (EC, Sigma Aldrich), ethyl methyl carbonate (EMC, Sigma Aldrich), propylene carbonate (PC, Sigma Aldrich), and vinylene carbonate (VC, Sigma Aldrich). Lithium bis(fluorosulfonyl)imide (LiFSI, Oakwood Chemical) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma Aldrich) were dried at 100 °C under vacuum in a heated antechamber for at least 48 h prior to use. Lithium tetrafluoroborate (LiBF4, Sigma Aldrich) and lithium hexafluorophosphate (LiPF6, Sigma Aldrich) were dried at 60 °C for 48 h in a heated antechamber prior to use. The electrolytes, minus the 4 M LiFSI in DME electrolyte, were prepared by weighing the desired amount of salt to reach the molarity and dissolving it in the corresponding volume of solvent. The 2 wt% VC added to the LiPF6-based electrolyte was determined based on the total solution mass. The 10 mol% LiI was based on the moles of LiTFSI in the electrolyte. The 4 M LiFSI in DME electrolyte was made as described in the literature by weighing the amount of LiFSI and DME to reach a 1:1.4 mol ratio of LiFSI to DME (Qian et al., 2015). The LiI and LiBF4 electrolytes, identified for use with Li primary batteries, were made by dissolving the mass required to reach the desired molarity (0.75 M for LiI and 1 M for LiBF4) in the corresponding volume of the solvent mixtures described in Table 1. Solvent mixtures were made by measuring each solvent to achieve the desired volumetric or gravimetric ratios (described in Table 1).
TABLE 1 | Electrolyte composition and relevance to primary or secondary Li batteries.
[image: Table 1]2.2 Electrochemical cells
Li/Li symmetric coin cells (SUS316L, 2032, Hohsen) were assembled in an argon-filled glovebox (less than 0.2 ppm H2O and 0.2 ppm O2). The assembled cells contained a wave spring, a 0.2 mm spacer, and two 750 µm Li (Alfa Aesar) electrodes separated by two Celgard 2325 sheets with 80 µL of electrolyte. The Li electrodes used were 16 mm diameter punches and used as received from Alfa Aesar. Cells were made in duplicates to be monitored with age.
2.3 Electrochemical characterization
Electrochemical impedance spectroscopy (EIS) measurements were taken using a Biologic VMP3 Potentiostat. Frequency was scanned from 1 MHz to 0.1 Hz with an applied AC voltage of 5 mV around 0 V vs. open circuit potential (OCP). Ten data points were taken per decade of frequency and two EIS measurements were taken per measurement. The second EIS spectra were used for analysis. EIS was periodically taken around the same time over the course of a year. The first and second scans of EIS spectra are shown for select cells on Day 0 in Supplementary Figure S1. All cells appear to increase in impedance on the second scan, suggesting that the first scan does not break down the SEI layer and may partly contribute to some minor SEI formation. Cells were aged in duplicates. EIS data were fitted using ZView to determine the interfacial impedance as a function of time.
After aging, one of the duplicate cells was cycled on an Arbin battery cycler at 0.5 mA/cm2 for 2 mAh/cm2 with a cutoff voltage of ±1 V (with negative voltage limits extended to −1.5 V for the LiPF6-containing electrolyte and LiBF4 in PC:DME). Currents and capacities were decreased to 0.05 mA/cm2 for 0.5 mAh/cm2 for some cells as specified below. The other duplicate cell was disassembled inside an argon-filled glovebox using a Hohsen de-crimping die. The electrodes were then extracted, washed in dry solvent for 1 s, and then characterized.
2.4 cryoSEM/FIB
Samples were cut from uncycled Li electrodes after aging and mounted onto a stub in an argon-filled glovebox. Sample transfer was completed using a Leica VCT500 vacuum cryo transfer system. Samples were first transferred to a Leica ACE600 system where they were coated with 10 nm of Pt. The samples were then transferred into a Thermo Fisher Scientific Scios 2 Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) equipped with a Leica cryogenic sample stage cooled to −140°C. Top-down and cross-section SEM images were taken at 5 kV and 50 pA. Cross-sectioning was completed by milling with Ga+ ions at 16 kV at 7.5 nA and 3 nA, followed by polishing at 0.5 nA. An Octane Elite EDAX Energy dispersive X-ray spectroscopy (EDS) detector was used to collect elemental mapping information at 5 kV.
2.5 XPS
A Kratos Axis Supra XPS system with a monochromatic Al Kα X-ray source operating at a base pressure better than 2x10−9 Torr was used to take XPS measurements. Samples were transferred via an inert transfer arm to prevent ambient air exposure to the samples. Spectra shown in this work are of the pristine surface without sputtering and are taken on uncycled aged Li electrodes. The data was analyzed with CASA XPS by aligning the carbon spectra to 284.8 eV and using relative sensitivity factors (RSF) for the Kratos system, where F 1s is set to 1. Atomic percentages of elements present were calculated from the survey spectra using CASA XPS. The elements present in the electrolyte were selected, although an adequate signal was not always present within the survey spectra compared to the high-resolution spectra. High-resolution spectra were fitted using CASA XPS as well as a Gaussian/Lorentzian (30) line shape with a Shirley-type background. The full-width half maximum was capped at 1.8 due to the monochromatic X-ray source resulting in narrower peaks.
3 RESULTS
3.1 Electrochemical characterization
Firstly, the EIS responses of the symmetric Li cells were monitored as functions of time. All cells showed an increase in impedance response with time, albeit to different extents. The increase in the charge transfer resistance/interfacial impedance—represented by an increase in where the semi-circle crosses the x-axis on the right (low frequency) side—suggests a “buildup” of SEI on the Li anode. These are not perfect semi-circles, so it is assumed that the double layer at the interface can be modeled as an imperfect capacitor or a constant phase element (CPE) (Figure 1). Here, we focus only on trends from the Nyquist plots and the interfacial impedance from fits.
[image: Figure 1]FIGURE 1 | Modified Randles circuit used as equivalent circuit to fit the Nyquist plots. Rs represents the bulk solution resistance. Double layer capacitance is modeled using the CPE, and the interfacial impedance is captured by the charge transfer resistance, R1.
We began by analyzing Li/Li symmetric cells with carbonate-containing electrolytes (Figure 2). These electrolytes are typically used with Li-ion chemistries (for the LiPF6 electrolyte) or with primary Li batteries (for the LiBF4 electrolytes, typically used with CFx chemistries) (Xu, 2004; Reddy, 2011). We consider these separately from the ether-only electrolytes as the carbonates are typically reported to have decreased stability against Li metal (Liu et al., 2023). The LiBF4-based electrolytes in carbonates and carbonate-ether mixtures both show significant increases in interfacial impedance and semi-circle sizes with age. This suggests that the Li continues to react with the electrolyte, resulting in a significant aging effect. Carbonate solvents are not typically stable against the Li metal and may accelerate this effect (Aurbach et al., 1994; Aurbach et al., 1995). The “Day 0” EIS spectra for both LiBF4 electrolytes, taken immediately after cell assembly, have interfacial impedances less than 100 Ω—two orders of magnitude less than the cell after a year of aging. Since the LiBF4 electrolytes are suspected to be used with commercial Li/CFx primary batteries, it is expected that additives are incorporated into the battery to help improve aging behavior. Replicate data for the LiBF4 electrolytes are shown in Supplementary Figures S2, S3. While there is some variation from cell to cell, the trends of increasing impedance with time and the order-of-magnitude changes between pristine and aged cells are repeatable.
[image: Figure 2]FIGURE 2 | Nyquist plots of Li/Li cells aged in their respective electrolytes over the course of 1 year. Cells shown contain carbonate-type solvents, (A) 1 M LiPF6 in 3 EC:7 EMC with 2 wt% VC, (B) 1 M LiBF4 in 3 EMC:1 EC:1 PC, and (C) 1 M LiBF4 in PC:DME. (D) Interfacial impedance from EIS fits vs. time (in days) for 1 M LiPF6 in 3 EC:7 EMC with 2 wt% VC (pink squares), 1 M LiBF4 in 3 EMC:1 EC:1 PC (blue diamonds), and 1 M LiBF4 in PC:DME (yellow circles). Duplicate measurements are shown in Supplementary Material, Supplementary Figures S2–S4.
The LiPF6-based electrolyte shows an even larger interfacial impedance both in the pristine (Day 0) cell and after aging. Replicate data for the LiPF6 electrolyte is shown in Supplementary Figure S4. LiPF6-based electrolytes are typically used with graphite or silicon anodes (Li-ion chemistries) rather than Li metal itself. The pristine interfacial impedance is around 2000 Ω and increases to about 14,000 Ω, representing a smaller relative increase than the Li electrodes aged in the LiBF4 electrolyte. Since the interfacial impedance was significantly high as early as “Day 0” after no aging, the reaction between the LiPF6 electrolyte and the Li may be very fast. Therefore, it is expected that there is a greater amount of total reaction occurring between the Li surface and the LiPF6 electrolyte, with many of the reactions occurring immediately upon assembly of the cell. The smaller relative increase in interfacial impedance with time suggests that the LiPF6-based electrolyte has a smaller amount of SEI “build-up” over time than the LiBF4-based electrolytes. This may suggest that the initial SEI components that form with the LiPF6-based electrolyte are more passivating and less leaky than the SEI constituents that form with the LiBF4-based electrolyte. This difference may prevent the use of LiPF6-based electrolytes in primary batteries.
We next examined the Nyquist plots of the electrolytes under investigation that are based on ether-type solvents. These include a dual salt-based electrolyte (0.5 M LiTFSI:0.5 M LiFSI in 2 DOL:1 DME, “bisalt”) and 4 M LiFSI electrolyte (Figures 3B, C), which have been demonstrated to exhibit good Li metal cycling performance (Miao et al., 2014; Qian et al., 2015; Merrill et al., 2021). The 1 M LiTFSI in DOL:DME electrolyte, which is commonly used with secondary Li-S and Li-FeS2 batteries, is shown in Figure 3A (Li et al., 2015). Figure 3D shows EIS spectra of 0.75 M LiI in 65 DOL:35 DME, which is used with commercial primary Li-FeS2 batteries (Lennen et al., 2006; Reddy, 2011). Replicate EIS data for the ether-based electrolytes are shown in Supplementary Figures S5–S8. The bisalt and LiTFSI electrolytes exhibit very similar aging behavior: both have a comparable increase in interfacial impedance with time, although the interfacial impedance of the cell with the LiTFSI electrolyte appears to begin plateauing around 10 months.
[image: Figure 3]FIGURE 3 | Nyquist plots of Li/Li symmetric cells aged in their respective electrolytes over the course of 1 year. Cells shown contain ether-based electrolytes, (A) 1 M LiTFSI in DOL:DME, (B) 0.5 M LiFSI:0.5 M LiTFSI in 2 DOL:1 DME, (C) 4 M LiFSI in DME, and (D) 0.75 M LiI in 65 DOL: 35 DME. (E) Interfacial impedance from EIS fits vs. time (in days) for 1 M LiTFSI in DOL:DME (dark green triangles), 0.5 M LiFSI:0.5 M LiTFSI in 2 DOL:1 DME (turquoise squares), 4 M LiFSI in DME (blue circles), and 0.75 M LiI in 65 DOL: 35 DME (green diamonds). Duplicate measurements are shown in Supplementary Material, Supplementary Figures S5–S8.
The 4 M LiFSI and the LiI electrolytes exhibit similar impedance responses, with a lower increase in interfacial impedance compared to the other electrolytes studied here. It is expected that the highly concentrated nature of the 4 M LiFSI prevents excess reaction between the electrolyte and the Li surface, considering that nearly all DME molecules in the solution are coordinated with an Li ion. Therefore, there are fewer species readily available to react with the Li metal. We note that the leftward shift of the full EIS spectra for the cell with the 4 M LiFSI electrolyte between Days 0 and 1 is likely an artifact of poor wetting of the separator, given that the semi-circle’s size is constant. After 1 day, the system appears to be fully wetted, as indicated by a decrease in the solution resistance. For the cell with the LiI electrolyte, the low interfacial impedance is likely due to the anion I− already being in its most reduced state, preventing further reaction with the Li metal. Although both DOL and DME could react with the Li surface, the extent of reaction is small given the small impedance rise with time. From the XPS analysis, discussed below, little I- species are present in the SEI, suggesting that the interfacial impedance increase is largely due to solvent breakdown on Li. Altogether, the ethereal solvents have greater reductive stabilities compared to the carbonate electrolytes; therefore, they should have better aging behavior than the carbonate electrolytes, as observed here.
Given the improved impedance response observed of the cell with the LiI electrolyte, we also investigated the addition of LiI to the LiTFSI electrolyte. The resulting EIS behavior, shown in Figure 4 and with replicate data shown in Supplementary Figure S9, is very similar to LiI alone, with low overall impedance and a minimal relative increase in impedance (compared with the LiTFSI electrolyte shown in Figure 3A). This suggests that the addition of LiI may help create a more preferential or protective interphase and/or prevent the decomposition of LiTFSI at the Li surface. LiI has been reported as an additive with LiTFSI-based electrolytes for Li-S flow batteries to improve performance, although LiI becomes depleted during cycling (Meyerson et al., 2022). We note that I− oxidizes at about 3.6 V versus Li/Li+, so it would be more appropriate as an additive to promote a passivating and stable SEI than as a salt in a rechargeable full cell battery with cathodes that operate near or above the I− oxidation potential. LiI has been demonstrated as an electrolyte additive in prior literature for Li-ion and Li/S batteries to improve interfaces (Komaba et al., 2003; Wu et al., 2015; Meyerson et al., 2022).
[image: Figure 4]FIGURE 4 | (A) Nyquist plots of an Li/Li symmetric cell aged over the course of 1 year. (B) Interfacial impedance from EIS fits vs. time (in days). Electrolyte investigated is 1 M LiTFSI in DOL/DME with 10 mol% LiI. Duplicate measurements are shown in Supplementary Material, Supplementary Figure S9.
Ultimately, the increase in interfacial impedance with time only partially affects Li cycling, as shown in Figure 5, which compares the cycling of the year-aged Li/Li cells (black) to pristine cells that rested only 24 h (red). The cells were generally cycled at a rate of 0.5 mA/cm2 to 2 mAh/cm2, with the first 10 cycles shown below in Figure 5. This moderate-to-low current was chosen to enable the aged cells to support cycling, and high rates were deemed unlikely since many cells showed significant impedance rise during aging and significant overpotentials upon the initial nucleation at the start of cycling. Limited sample numbers prevented the evaluation of rate capabilities after aging. The cell aged in the LiPF6-containing electrolyte could not support cycling at 0.5 mA/cm2 as the voltage immediately polarized to the −1.5 V voltage limit. Instead, the aged and pristine cells with the LiPF6-containing electrolyte were cycled at 0.05 mA/cm2 for 0.5 mAh/cm2. Considering that the LiPF6 electrolyte had the highest observed interfacial impedance of all the cells, it is not surprising that the higher current could not be delivered within the potential limits set. Although the pristine cell containing the LiPF6 electrolyte is shown cycling at a low rate in Figure 5, a pristine cell can support Li cycling at 0.5 mA/cm2 (Supplementary Figure S10). This suggests that, over time, the impedance rise in cells aged with LiPF6 electrolyte could degrade the rate capability of an Li battery.
[image: Figure 5]FIGURE 5 | Li/Li symmetric cells cycled in (A) LiBF4 in PC:DME, (B) 1 M LiBF4 in 3 EMC:1 EC:1 PC, (C) 0.75 M LiI in 65 DOL:35 DME, (D) 1 M LiPF6 in 3 EC:7 EMC with 2 wt% VC, (E) 1 M LiTFSI in DOL:DME, (F) 0.5 M LiTFSI-0.5 M LiFSI in 2 DOL:1 DME, and (G) 4 M LiFSI in DME. All cells were cycled at 0.5 mA/cm2 for 2 mAh/cm2, except for (D), which was cycled at 0.05 mA/cm2 for 0.5 mAh/cm2.
The rest of the cells cycled at 0.5 mA/cm2 exhibited changes in overpotential between new and aged cells that reflect the impedance measurements. The most significant changes were observed with the LiTFSI and LiBF4 containing electrolytes, which align well with the EIS results. The overpotential of the LiBF4 in PC/DME was the lowest, just negative of −1 V, but the pristine cell’s overpotential was around −0.2 V. However, the initial resistance is likely simply related to breaking through that initial SEI layer, as the overpotential for the following cycles remains relatively stable without a large rise in resistance. In fact, the cycling behavior (after the initial nucleation overpotential) between the new and aged cells is very similar, if not the same, for many of the chemistries. Only the bisalt electrolyte had a significant decrease in overpotential during cycling between the aged and pristine cells, possibly due to changes in electrode surface area with cycling, as observed by Merrill et al. (2023) with cycled Li with similar LiFSI/LiTFSI bisalt electrolytes. The lower overpotential with the pristine cell compared to the aged cell suggests that the SEI that formed with the aged cell may be more stable and therefore contributed to more internal resistance across the cell during cycling. We have previously shown that the SEI formed during aging differs from the SEI formed during continuous cycling (Merrill et al., 2021). Therefore, these data suggest that the accumulated SEI formed during the year-long aging most severely impacts performance in the cycle immediately following the rest, and that low-rate performance is restored after that first cycle. It is possible that high-rate performance may still be impacted by the rest, which may not be apparent by these relatively low current density tests. We note that the cells in this work were aged with excess Li metal and electrolyte. The impedance rise during rest likely accompanies loss of electrolyte and/or Li inventory. In cells with lean electrolyte or without excess Li metal, the loss of electrolyte and Li during rest may have manifested in reduced capacity during cycling (Liu et al., 2019). Extended cycling of the aged cells beyond the first 10 cycles is shown in Supplementary Figure S11. Electrolytes that typically exhibit effective Li cycling (such as the 4 M LiFSI in DME or the bisalt electrolyte) (Miao et al., 2014; Qian et al., 2015; Merrill et al., 2021) exhibit stable cycles beyond the first 10 cycles, whereas the electrolytes typically used with Li primary chemistries do not. Whether the deviation from stable cycling is due to the aging or the performance of the actual electrolyte is unclear and would need further investigation to ascertain this. The cell containing the LiTFSI-based electrolyte appeared to short, presumably due to cell handling, after the first 10 cycles. This appeared to resolve with cycling and the cell was able to cycle normally, albeit with slight polarization, over time.
3.2 Chemical characterization
XPS was completed on a select number of electrodes to determine which species were present in the SEI, and to draw correlations between SEI composition and aging behavior. The electrodes chosen were aged in LiBF4 in PC:DME, 4 M LiFSI in DME, LiTFSI in DOL:DME, and LiI in DOL:DME. Each of these electrolytes spans a range of aging behaviors from relatively minimal aging (4 M LiFSI, LiI electrolytes) to more significant aging (LiBF4 and LiTFSI electrolytes). The atomic percentages of expected elements based on electrolyte composition were calculated from survey spectra (Figure 6). Corresponding high-resolution spectra of elements of interest are shown in Figures 7, 8. The electrode with the highest percentage of Li was from the cell aged in 4 M LiFSI in DME, likely due to the large amount of LiF observed in the high-resolution spectra (Figure 8). The electrodes with the least amount of Li-containing species (indicated by pink in Figure 6) present on the surfaces were aged in LiI-only electrolyte and the LiTFSI with the LiI additive electrolyte. Therefore, an increase in Li species on the surface of the electrode does not necessarily correlate with improved aging behavior as determined by EIS.
[image: Figure 6]FIGURE 6 | Atomic percentages taken from XPS survey spectra of uncycled Li electrodes aged for 1 year in cells with 0.75 M LiI in 65 DOL:35 DME, 1 M LiBF4 in PC:DME, 1 M LiTFSI in DOL:DME, 4 M LiFSI in DME, 0.5 M LiFSI:0.5 M LiTFSI in 2 DOL:1 DME, and 1 M LiTFSI in DOL:DME with 10 mol% LiI.
[image: Figure 7]FIGURE 7 | High-resolution XPS spectra on uncycled Li electrodes aged in cells with 1 M LiBF4 in PC:DME and 0.75 M LiI in 65 DOL:35 DME. Upper spectra show: F 1s (left, green) and B 1s (right, dark green). Lower spectra show I 3d (light blue).
[image: Figure 8]FIGURE 8 | High-resolution XPS spectra on uncycled Li electrodes aged in cells with 4 M LiFSI in DME, 1 M LiTFSI in DOL:DME, and 0.5 M LiFSI:0.5 M LiTFSI in 2 DOL:1 DME. Spectra show: F 1s (left, green) and S 2p (right, yellow).
From the high-resolution spectra, the Li surface exposed to the LiBF4 electrolyte exhibits species like LiF (F 1s 685 eV), Li2CO3 (C 1s 289–291 eV, O 1s 531–533 eV), LiBF4 (F 1s 688 eV, B 1s 196.5 eV), Li2O (O 1s 528 eV), as well as various organic containing species present in the C 1s and O 1s spectra (Moulder et al., 1992; Verma et al., 2010). F 1s and B 1s spectra are shown in Figure 7, and C 1s, O 1s, and Li 1s spectra are shown in Supplementary Figure S12. Each of these species is expected based on prior surface studies of Li in LiBF4 and corroborated by the XPS (Kanamura et al., 1995; Jurng et al., 2018). Other B species that could be present include BN and B2O3 (Moulder et al., 1992).
The Li exposed to the LiI electrolyte had small amounts of I species and a significant presence of various C-O species (Figure 7 and Supplementary Figure S12). The C-O species are likely polyethers as a result of DOL decomposition (Verma et al., 2010; Fiedler et al., 2017). The I peak around 619 eV is likely due to LiI and the secondary peak around 631 eV is due to the orbital splitting. The peak in the Li 1s spectra around 49 eV is not due to an Li species but rather to the I 4d peak from the LiI. The small amount of I likely results from I- being in its fully reduced form in the LiI salt, leading to a largely organic SEI evident by primarily solvent decomposition products on the Li surface. High-resolution spectra of the LiTFSI in DOL:DME with 10 mol% LiI are shown in Supplementary Figure S13. This is further demonstrated by Figure 6, in which the survey spectra of the LiTFSI in DOL:DME with the LiI additive exhibit minimal S, N, and F species compared to the LiTFSI in DOL:DME alone without any LiI additive. This spectrum appears like the LiI-only spectra shown in Figure 7, with S 2p and F 1s signal just above the noise. This suggests that the LiI helps inhibit, though not completely prevent, the decomposition of the LiTFSI, resulting in the improved aging behavior observed in the EIS results.
XPS of the Li electrodes aged in the LiFSI, LiTFSI, and bisalt electrolytes are shown in Figure 8 and Supplementary Figure S12. For the Li aged in LiFSI, the SEI that formed is largely composed of inorganic species, as typically reported in the literature, which is likely due to the cleavage of the S-F bond in the FSI anion (Camacho-Forero and Balbuena, 2017; Merrill et al., 2021). It is notable that, in the F 1s and S 2p spectra, there are significant quantities of LiF (685 eV) and LixSy (∼162 eV) species but little-to-no S-F (687–689 eV) or -SO2 (∼170 eV) species. Organic species that are observed in the C 1s and O 1s spectra—ether and alkoxide species—are due to solvent decomposition (Fiedler et al., 2017). The literature suggests that the inorganic SEI species (e.g., LiF) are more electronically passivating than the organic species present in the Li exposed to LiTFSI, leading to a less “leaky” SEI and, thereby, an emphasis on electrolytes that form LiF-rich SEIs for improved Li cycling (Fang et al., 2019; Ren et al., 2019; Hobold et al., 2021). From the perspective of aging, this would translate to the lower interfacial impedance observed with the LiFSI electrolyte compared to the LiTFSI electrolyte and smaller relative changes in interfacial impedance. It is possible that, as with Li cycling, the more inorganic/electronically passivating SEI species (e.g., LiF, Li2O) contribute to the improved aging behavior. However, the ability of an SEI to passivate Li and minimize impedance rise during aging is likely more complicated than simply organic versus inorganic character. While a primarily inorganic SEI formed from aging Li in the 4 M LiFSI DME electrolyte leads to a low impedance rise during aging; the primarily organic SEI formed from aging in the LiI 65 DOL:35 DME electrolyte leads to a similarly low impedance rise. In addition to inorganic versus organic considerations, we suspect that the highly concentrated nature of the 4 M LiFSI in DME electrolyte also contributes to improved aging due to the fewer solvent molecules that are able to interact with the electrode surface. However, we do not have a direct comparison to ascertain the correlation of salt concentration with the impedance aging behavior.
The 1 M LiTFSI in DOL:DME and 0.5 M LiFSI:0.5 M LiTFSI in 2 DOL:DME exhibited similar aging responses per the EIS, as described above. The interfacial impedance increase with time for both electrolytes was greater than the 4 M LiFSI in DME and 0.75 M LiI electrolytes but less than the carbonate-containing electrolytes. The high-resolution XPS for both electrolytes is shown in Figure 8. The Li exposed to the LiTFSI electrolyte in Figure 8 has several commonly reported decomposition species. This includes -CF species present in both the F 1s (687–688 eV) and C 1s (292 eV) spectra. A small amount of the inorganic LiF species (685 eV) is present as well, although to a lesser extent than the organic fluorine species (-CF, -SF). The organic F species is likely a result of cleavage of the S-N or S-C bonds in the TFSI anion, whereas LiF would result from cleavage of the C-F bond. The O 1s spectra contain the mostly organic oxygen-containing species 532–534 eV, which are often alkoxide and ether species. Additionally, a small amount of Li2CO3 could also be present. The S 2p spectra contain a small amount of polysulfide type species (∼162 eV) but have more general sulfur decomposition species (∼170 eV). It has previously been suggested that, with fewer electrons, the S-N and C-S are most likely to break in the decomposition of the LiTFSI salt, so the high binding energy peaks thus likely result from fragments containing S (=O)2 moieties such as CF3SO2 and SO2 (Camacho-Forero and Balbuena, 2017).
Bisalt electrolytes containing mixtures of LiFSI and LiTFSI are reported to form SEIs with mixtures of decomposition products from both salts on electrochemically deposited Li—notably increased LiF compared to LiTFSI alone and increased organic species and other salt decomposition products relative to LiFSI alone (Miao et al., 2014; Merrill et al., 2021), consistent with the results in Figure 8. We note that the total Li-ion concentration in the bisalt electrolyte is the same as the LiTFSI electrolyte (although the solvent ratios are different)—1 M. This trends with the EIS response of the Li symmetric cell with the bisalt electrolyte, which exhibits similar behavior to the cell containing the LiTFSI electrolyte. The organic SEI formed with the bisalt and LiTFSI electrolytes is different from that formed by the LiI electrolyte due to the differences between the anions (FSI− and TFSI− vs. I−). The SEI formed with the bisalt and LiTFSI is composed of both solvent and salt decomposition products; the anion is able to continue reacting at the Li surface whereas the SEI formed with the LiI electrolyte is composed primarily of solvent decomposition products, and the anion (I−) cannot be reduced further. However, the addition of LiI to the LiTFSI electrolyte appears to prevent the reaction of the TFSI anion with the Li surface (Supplementary Figure S13).
Supplementary Figures S2–S9 show photographs of opened cells. We note that the Li electrodes aged in the bisalt electrolyte contain large divots in the center of each electrode. This suggests significant Li corrosion in these electrolytes. This is not evident in cycling behavior due to the excess Li and electrolyte in these cells that enable them to cycle at the programmed capacity despite losses, but this would likely lead to capacity fade in cells with lean electrolyte or without excess Li (Liu et al., 2019). This same behavior is not seen with the Li electrodes from the LiTFSI or with the LiFSI electrolytes. However, most electrodes show a subtle amount of surface roughening towards the center of the Li electrodes, regardless of electrolyte chemistry. We hypothesize that this is due to slight increases in pressure toward the center of the cell compared to the edges due to the slightly convex nature of punched Li metal electrodes. The Li electrode aged in the LiI electrolyte does not appear to greatly deviate from the macroscopic behavior observed with the other electrodes; however, discoloration of the electrolyte is observed, indicated by a yellow color on the separator. We note that the pristine electrolyte is colorless; therefore, it is expected that the LiI decomposed to form iodine, creating the yellow solution. This may be accelerated by the presence of the Li electrode. It is notable that the Li aged in 1 M LiBF4 in 3 EMC:EC:PC has brown discoloration on the surface, whereas the electrode aged in 1 M LiBF4 in PC:DME is also slightly brown (though less severe). The presence of DME in the latter electrolyte may prevent reaction due to the increased reductive stability of DME. Nevertheless, the corrosion of the Li electrode observed here corroborates the EIS findings discussed earlier.
CryoSEM top-down and cross-sectional images were taken of the Li from the cells after the year of aging. An SEM image and corresponding EDS of the pristine Li foil are shown in Supplementary Figure S14. The pristine surface shows that the starting Li foil has some cracks and texture, likely due to the material’s processing. The pristine surface has a few sites where some oxygen is present, possibly due to the presence of Li2O, and a small amount of carbon present across the surface of the Li. Carbon and oxygen impurities are typical of commercial Li films and have been reported to be at the 100 ppm level in commercial Li (Ho et al., 2022). Corresponding EDS is shown in Supplementary Figures S15–S22. The top-down images (Figure 9) were mostly taken to examine the Li surface and morphology after the extended exposure. The cross-sectional images in Figure 10 were used to compare SEI thicknesses. The top-down images show a variety of textures between the electrolytes, and they do not appear to correlate between electrolytes of similar chemistries. The Li aged in each of the LiBF4 electrolytes shows some cracking on the Li surface, which may be caused by brittle SEI components. The cracking may also be due to the disassembly and post-mortem sample preparation processes. The Li surface exposed to the LiI electrolyte showed some striations due to some oxygen-containing species per the EDS spectra with small amounts of iodine-containing species on the surface. The LiPF6 electrolyte appeared to cause sporadic texture on the Li surface, with the lighter areas likely a result of salt and/or salt decomposition products, based on the EDS mapping.
[image: Figure 9]FIGURE 9 | Top-down SEM images of uncycled Li electrodes after aging in an Li/Li symmetric cell in the respective electrolyte for 1 year. (A) LiBF4 in PC:DME, (B) LiBF4 in 3 EMC:EC:PC, (C) 0.75 M LiI in 65 DOL:35 DME, (D) 1 M LiPF6 in 3 EC:7 EMC with 2 wt% VC, (E) 1 M LiTFSI in DOL:DME, (F) 0.5 M LiTFSI-0.5 M LiFSI in 2 DOL:DME, (G) 4 M LiFSI in DME, and (H) 1 M LiTFSI with 10 mol% LiI in DOL:DME.
[image: Figure 10]FIGURE 10 | Cross-sectional SEM images of Li electrode after aging in an Li/Li symmetric cell in the respective electrolyte for 1 year. (A) LiBF4 in PC:DME, (B) LiBF4 in 3 EMC:EC:PC, (C) 0.75 M LiI in 65 DOL:35 DME, (D) 1 M LiPF6 in 3 EC:7 EMC with 2 wt% VC, (E) 1 M LiTFSI in DOL:DME, (F) 0.5 M LiTFSI-0.5 M LiFSI in 2 DOL:DME, (G) 4 M LiFSI in DME, and (H) 1 M LiTFSI with 10 mol% LiI in DOL:DME.
The Li surface exposed to the LiTFSI electrolyte had some cracks, but it was qualitatively different from the LiBF4 electrolyte, appearing to be more layered. The patterning observed on the Li exposed to the LiTFSI electrolyte was similar to the Li exposed to the LiTFSI electrolyte with the LiI additive, despite the chemical differences present in the XPS spectra. It is notable that the Li exposed to the bisalt electrolyte showed very different behavior from both the LiFSI and LiTFSI electrolytes, despite the same constituents from each being present. The Li surface here appeared to have tree-like structures, which do not appear to correlate with a particular element or decomposition product per the EDS (Supplementary Figure S17) and may be the result of salt crystals after the solvent dried, despite the washing procedure. The Li aged in the LiFSI electrolyte appears to have the least amount of texture on the surface. The SEM image of the pristine Li (Supplementary Figure S14) shows more texture than the Li aged with the LiFSI, suggesting that the SEI that formed in the presence of the LiFSI electrolyte may have been able to homogenize the surface. The visibility of these features may be due to fewer decomposition products accumulating on the surface, based on the surface chemistry determined by the XPS and the small impedance rise, as described previously.
The comparison of the SEI thicknesses in Figure 10 was slightly limited due to the small sample size and to the SEI itself being fairly thin and heterogeneous. The Li metal underneath the SEI generally appears darker in the secondary electron SEM images than the SEI formed during aging. There does not appear to be a large difference in thickness between the SEIs of each of the samples, despite the changes in EIS behavior. Where differences are qualitatively observed, there is no correlation with the EIS results; in fact, it is the opposite in some cases. For example, the Li that was exposed to LiI cross section (Figure 10C) is qualitatively thicker than the Li that was exposed to LiBF4 (Figures 10A, B). The layer on the LiI looks very porous, suggesting that the SEI could be more prone to the continued transfer of electrolyte species to the Li surface. One possibility, when comparing the LiBF4 and the LiI, is that, because we see the breakdown of the salt species with the LiBF4 and the breakdown of the solvent species with LiI, the more inorganic interface is actually simply more electronically passivating than the LiI, enabling continuous electron leakage throughout aging but porosity that enables little impact on Li+ transport. However, the LiI electrolyte exhibited a very small impedance rise, which implies facile Li+ transfer kinetics after aging and would normally be assumed to be associated with minimal growth of the SEI due to a favorable and passivating SEI. We note that LiI in 65 DOL:35 DME is commercialized in primary Li/FeS2 batteries that exhibit 20-year shelf lives. The long shelf life is not surprising given the low impedance rise observed in our study with the LiI in 65 DOL:35 DME electrolyte, but it is surprising given the thick and porous SEI observed in cryo-SEM images. One area that we cannot address is the degree of SEI damage (breaking/cracking, solubilizing in the electrolyte) either in situ or even during processing for the cryoSEM, and these ex-situ images may not be fully representative of the SEIs before cell disassembly, washing, and imaging.
It is likely that, because each of the SEI components has different degrees of electronic passivation, porosity in the SEI film, and electrolyte uptake, the relationship between impedance response and SEI thickness will be very different between these different compounds. Regardless, it is likely that the increase in the EIS observed over time is related to the buildup of the SEI layer, and this increase in EIS is relative to each individual cell such that both the initial impedance and the rise over time should be considered when evaluating aging. We also note that the LiTFSI electrolyte with LiI added appears to have reacted with the Li beneath the SEI layer such that corrosion occurred not only at the surface but within the bulk of the Li. This is evident from the void space in the bulk Li metal. This case is counterintuitive to the EIS results, suggesting that this Li electrode experienced minimal aging. It is possible, despite the minimal increase in interfacial impedance, that the Li was still reacting and that the reaction products were not sufficiently electronically passivating to have a significant impact on the EIS. It is also possible that the reactivity below the surface increased the interfacial area such that the overall impedance was lower due to increased available surface sites for reaction. These effects would be more obvious in cells with minimal electrolyte or Li metal rather than the excesses used here.
4 DISCUSSION
We evaluated the aging behavior of Li metal in several electrolytes commonly used in the literature in rechargeable and Li primary batteries. We found that the aging of Li in LiBF4 and LiPF6 in carbonates was the most severe, followed by the LiTFSI and bisalt electrolytes in DOL:DME, and then the 4 M LiFSI in DME and LiI in DOL:DME electrolytes. The carbonate-based electrolytes are expected to have the most severe aging behavior as the carbonate solvents are less stable against Li than the ether solvents. Despite this, LiBF4-based electrolytes are used in commercial primary Li batteries and therefore probably have additives to improve aging behavior. The 4 M LiFSI in DME electrolyte is expected to have improved behavior due to its highly concentrated nature (fewer free solvent molecules available to react with Li) and a largely inorganic, passivating SEI. Although the LiI electrolyte is not concentrated like the 4 M LiFSI in DME electrolyte, the I anion’s condition in its most reduced state likely contributed to the improved aging behavior. We note that the LiI in the DOL DME electrolyte forms a mostly organic SEI, and the 4 M LiFSI in the DME electrolyte forms a mostly inorganic SEI. Despite these very different SEI compositions, these two electrolytes exhibit the lowest impedance during aging. However, SEM suggests that the LiI in the DOL:DME electrolyte may form a thicker and more porous SEI than 4 M LiFSI in DME, suggesting that the highly concentrated solution or inorganic SEI associated with 4 M LiFSI in DME may be more passivating towards reaction with Li metal during long-term aging.
Ultimately, the impact of the aging on cycling appears only to impact the first nucleation overpotential in Li/Li symmetric cells with excess Li and electrolyte. Once this regime is passed, cycling behavior is generally nearly identical to the pristine cells, assuming that only the Li/electrolyte interface is affected. However, the consequence of this is that, in a full Li battery, the cell may not actually cycle unless the rate is dropped below some threshold where the initial resistance across the cell is not limiting. It is also likely that cycling at higher rates will show increased overpotentials in aged cells relative to unaged cells, but low current density cycling may have minimal impact after the initial overpotential. Beyond the impacts to overpotential and rate capability, a full cell will likely experience more complex aging behaviors due to the non-zero electrochemical potential across the cell. Possible aging mechanisms to consider when evaluating the long-term aging of a full cell could include current collector corrosion (particularly with LiFSI- and LiTFSI-based electrolytes), electrolyte degradation and/or cell instability due to increased voltages, and cathode materials leaching into the electrolyte. The symmetric cells studied in this work also contained excess Li and electrolyte such that reservoirs were available during cycling experiments after aging. Therefore, decreased capacity after aging would not be expected, despite the Li corrosion and electrolyte depletion likely associated with impedance rise and SEI growth during aging. In contrast, cells with lean electrolyte and no excess Li would likely exhibit capacity loss during the cycling test that followed the year of aging due to the irreversible consumption of Li inventory and electrolyte (Wood et al., 2018; Liu et al., 2019). In cells with excess Li and electrolyte, we were able to monitor aging trends through EIS over a year without sacrificing a cell during the aging study due to irreversible consumption of the Li/electrolyte. Although this is not practical for next-generation cell designs, Li-primary cells have been reported to have excess electrolyte which may contribute to their long shelf lives (Reddy, 2011; Ziesche et al., 2020). Extended aging in cells with lean electrolyte/Li will be the topic of future work.
Interestingly, the thickness of the SEI did not appear to correlate with the EIS spectra, and it is expected that this is related to the actual speciation and electrical resistance of the SEI components. For example, the LiBF4 electrolytes had SEIs that were rich in inorganic species (Li2CO3, LiBF4, LiF) and had very large increases in resistance with time, but they did not exhibit a very thick SEI layer from the cross-sectional images. The LiI in DOL DME electrolyte, on the other hand, appeared to have a relatively thicker SEI but exhibited a lower increase in impedance with time. This may indicate that Li+ transport through the SEI is facile in the organic SEI formed from the LiI in the DOL DME electrolyte, even if the SEI thickness grows with aging; this may be consistent with the porosity observed in SEM images. The 4 M LiFSI in DME electrolyte ultimately had very favorable results, including nearly identical cycling behavior between the aged and pristine cells, minimal increase in impedance, and the highest Li present in the XPS spectra. This suggests that the highly concentrated electrolyte coupled with a largely inorganic SEI will have decreased aging effects.
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