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Lithium (Li) metal is a promising anode because its theoretical specific capacity is approximately ten times larger than graphite. However, Li anodes suffer from long-term capacity fade due to Li stranding (becoming electronically disconnected) and electrolyte decomposition. Applied interfacial pressure has been shown to improve Li anode cycling, likely due to reincorporating stranded or “dead” Li into the anode. Calendar aging can also lead to Li capacity loss due to electrolyte decomposition/Li corrosion and the formation of stranded Li. Some research suggests that calendar aging during cycling results in reversible capacity losses due to Li stranding and reconnection. We here investigate the effect of applied interfacial pressure on Li anode calendar aging during cycling with incorporated rest steps in a localized high-concentration electrolyte (LHCE) to understand if pressure can mitigate stranded Li formation during rest by manipulating the Li morphology. Pouch cells exhibit more stable cycling and denser Li deposits between 10 kPa and 1,000 kPa of applied pressure compared to no applied pressure. Despite drops in CE during periodic rest cycles, the average cumulative lost capacity and average coulombic efficiency (CE) of cells over 50 cycles show that cells aged with incorporated rest steps perform similarly to cells cycled without added rests. This similar average CE suggests that dead Li is largely responsible for drops in CE during rest rather than irreversible Li corrosion and that the dead Li can be reconnected in subsequent cycling. The addition of a lithiophilic ZnO coating to the Cu working electrode increases the adhesion and coverage of Li deposits at low pressures and improves CE during the first cycle.
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1 INTRODUCTION
Lithium (Li) metal is an ideal anode for next-generation high-energy density batteries because of its high theoretical specific capacity (3,830 mAh/g, approximately ten times larger than graphite’s 372 mAh/g) and its low reduction potential (−3.04 V vs. standard hydrogen electrodes). In practice, Li anodes suffer from a myriad of issues that must be overcome before they can be successfully launched for rechargeable commercial applications. Li plates in a dendritic morphology, often causing electrical shorts and thermal cell failures. Significant losses in Li inventory during cycling originate from the formation of “dead” (i.e., electrically isolated) Li and the degradation of electrolyte components at the strongly reducing Li surface, forming unstable solid electrolyte interphases (SEIs). While these mechanisms cause loss of Li during cycling, capacity losses also occur while a cell is at rest.
Calendar aging occurs while a cell is at rest and includes loss mechanisms such as galvanic corrosion (Lin et al., 2019; Gao et al., 2020; Gunnarsdóttir et al., 2020; Kolesnikov et al., 2020) and electrolyte decomposition due to exposed Li or electron transport through the SEI (Tasaki et al., 2009; Harrison et al., 2017; Kozen et al., 2017; Leung and Jungjohann, 2017; Wood et al., 2018; Smeu and Leung, 2021). Galvanic corrosion occurs when two metals (e.g., Cu and Li) are in contact with an electrolyte and the lower potential metal (Li) oxidizes and dissolves into the electrolyte, resulting in a loss of Li inventory (Kolesnikov et al., 2020). Recent work suggests that galvanic corrosion is correlated with the amount of Li coverage on the current collector and is, therefore, capacity (or cell geometry)-dependent (Lin et al., 2019; Leung et al., 2022). Dead Li can form during calendar aging as another potential capacity loss mechanism, but there is some debate over how much capacity loss during rest is related to corrosion versus dead Li (Boyle et al., 2021; Merrill et al., 2021; Merrill et al., 2022). This likely depends on many factors, including the electrolyte, counter-electrode, and electrochemical conditions. Some research shows that dead Li can be recovered during cycling between rest steps provided that the Li metal has gone through several electrodeposition/dissolution cycles—indicating that the capacity loss is reversible and not primarily caused by galvanic corrosion (Merrill et al., 2021; Merrill et al., 2022).
Dead Li formation can be mitigated through a variety of strategies for controlling Li morphology, such as using designer electrolytes (Naoi et al., 1999; Han et al., 2011; Ding et al., 2013; Qian et al., 2015), including electrolyte additives (Zhang, 2006; Ding et al., 2014), applying artificial SEIs and coatings (Zheng et al., 2014; Aetukuri et al., 2015; Kozen et al., 2015; Li et al., 2015; Wu et al., 2019; Meng and Li, 2021; Merrill et al., 2022), and exerting interfacial pressure (Mikhaylik et al., 2010; Harrison et al., 2017; Weber et al., 2019; Louli et al., 2020; Harrison et al., 2021a; Harrison et al., 2021b; Wang et al., 2021). Although these mitigations have largely been used to prevent dead Li formation during cycling, it is likely that many of them could be effective for mitigating dead Li formation during calendar aging. Of all these mitigation strategies, applied pressure is often overlooked in coin and pouch cell fabrication and cycling; the metered application of pressure in coin cells is difficult because of their hard casings and limited internal volume. Compared to many metal electrodes, Li is especially affected by applied pressure due to its softness (Fincher et al., 2020), susceptibility to creep and work hardening (Zhang et al., 2020; Rodriguez et al., 2020), and propensity to deposit in porous or dendritic morphologies (Harrison et al., 2017). Applied interfacial pressure results in the formation of denser Li deposits with lower surface areas on which corrosion or electrolyte degradation reactions can occur (Wilkinson and Wainwright, 1993; Hirai et al., 1994; Mikhaylik et al., 2010). Applied pressure may also increase the probability of dead Li grains regaining electrical contact, resulting in higher Coulombic efficiencies (CEs) during cycling (Wilkinson and Wainwright, 1993; Hirai et al., 1994).
We here hypothesize that strategically applied pressure may also improve calendar aging by reducing the propensity for dead Li formation during cycling. Our previous work has shown that calendar aging is dominated by stranded Li that is reconnected by cycling between rest steps (Merrill et al., 2021; Merrill et al., 2022) and, separately, that increasing applied interfacial pressure results in denser Li films with larger grains during cycling (Harrison et al., 2017; Harrison et al., 2021a; Harrison et al., 2021b). Therefore, the novel combination of applied pressure and cycling between rest steps should prevent or reconnect Li that becomes stranded during calendar aging. In this work, we studied calendar aging by cycling pouch cells with and without periodic rest steps. We subjected these cells to no added pressure (0 kPa) and applied interfacial pressures of 10 kPa–1,000 kPa, which we have previously shown is a “Goldilocks” range of pressure in which cycling performance improves (Harrison et al., 2021a). Applying pressure above this range leads to more stochastic cycling behavior by promoting separator pore closure and dendritic Li growth (Peabody and Arnold, 2011; Zhang et al., 2019; Harrison et al., 2021a; Harrison et al., 2021b; Meyer et al., 2023). Cells were cycled at current densities of 0.5 mA/cm2 to capacities of 2 mAh/cm2 to systematically study calendar aging at higher and more relevant capacities than we have studied previously in coin cells, and we used pouch cells in this work to enable the application of controlled pressure. Furthermore, a localized high-concentration electrolyte (Cao et al., 2021) was employed for its wide electrochemical stability window, while our previous studies were predominantly performed in 4 M lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane (DME) (Merrill et al., 2021; Merrill et al., 2022). We found that applied interfacial pressure minimizes losses in CE during periodic rest steps and that the average CE in cells cycled with and without rest steps is similar. These two findings suggest that reversible dead Li formation and subsequent reattachment during cycling, rather than irreversible corrosion, is primarily responsible for losses observed during rest cycles.
To further explore the effects of morphological control on calendar aging, we compared Li cycling on etched Cu electrodes both with and without a lithiophilic ZnO coating, which has been shown to modify Li nucleation and growth by limiting the formation of high aspect ratio deposits (Huang et al., 2019; Sun et al., 2019; Zhao et al., 2019; Merrill et al., 2021; Merrill et al., 2022). Overall, we observed that the use of a ZnO coating on Cu electrodes results in improved adhesion and first cycle CE due to the formation of a Li–Zn alloy. The ZnO coating does not contribute to a significant improvement in calendar aging or cycling beyond improved adhesion and CE in the initial formation cycles.
2 MATERIALS AND METHODS
2.1 Electrolyte preparation
A localized high-concentration electrolyte (LHCE) of LiFSI in DME and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) was used in all cells and was prepared according to previously published methods (Wygant et al., 2022). Lithium bis(fluorosulfonyl)imide (LiFSI, Oakwood Chemicals) was dried overnight in a glovebox antechamber at 100 °C. We separately dried 1,2-dimethoxyethane (DME, Sigma-Aldrich, anhydrous, 99.5%) and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE, Synquest Laboratories) over activated alumina for a minimum of 48 h. The activated alumina was first prepared by drying in a glovebox antechamber for at least 48 h at 200 °C. DME and TTE were passed through a polytetrafluoroethylene syringe filter with 0.45-μm pores to ensure the removal of the activated alumina before being mixed into solution. The electrolyte was prepared in a 1: 1.2: 3 M ratio of LiFSI, DME, and TTE and stirred for 24 h in an Ar-filled glovebox. All electrolytes were used within 1 week of being prepared.
2.2 Working electrode preparation
All cells used a Cu working electrode with or without a 10-nm ZnO coating. The Cu foil was prepared by etching the native oxide layer in 1.2 M hydrochloric acid (HCl) for 10 min before rinsing in >16 MΩ-cm water and then acetone. After etching, the Cu electrodes were dried and then quickly transferred into an Ar-filled glovebox for storage to minimize oxide formation. To coat the Cu, ZnO was sputtered onto the etched Cu foil with a ZnO target (99.9%) using a Kurt J. Lesker Company Lab 18 sputter system at a pressure of 5 mTorr and power of 243 W (Merril et al., 2021; Merrill et al., 2022). The process gas was a mixture of O2 (10%) and Ar (90%).
2.3 Electrochemical cells
Cu/Li half cells were constructed with circular Cu foil working electrodes (9-μm-thick with an area of 2.01 cm2 for coin cells, and 20-µm-thick with an area of 7.92 cm2 for pouch cells) with or without 10-nm ZnO coatings, two separators (Celgard 2,325), an excess of electrolyte (80 μL for coin cells and 1 mL for pouch cells), and 50-μm-thick Li on Cu (Albemarle) counter electrodes. The Li counter electrode was used as received. After construction, all cells rested for 24 h before electrochemical cycling.
CR2032 coin cells were constructed inside an Ar-filled glovebox, as described previously (Merrill et al., 2021; Wygant et al., 2022). Pouch cells were constructed in a dry room and tested similarly to our previous work (Harrison et al., 2021a; Harrison et al., 2021b).
2.4 Electrochemical testing
Gamry 1000E and 1010E potentiostats were used for pouch cell galvanostatic cycling experiments. Cells underwent at least 50.5 cycles of Li cycling (51 deposition and 50 stripping steps) at a current density of 0.5 mA/cm2 to a capacity of 2 mAh/cm2 with a 1-min rest following each stripping step. Deposition steps were limited to 4 h to achieve the desired capacity as well as a −1 V limit in case of cell polarization. Stripping steps were terminated by +1 V and 8 h limits; the latter allowed for greater than 100% CE to be observed in the event of partial cell shorting or stripping of previously disconnected Li. In this study, CE is calculated as follows:
[image: image]
Cells were either cycled continuously with “no rest” (except 5 min of rest applied to allow current relaxation for electrochemical impedance spectroscopy (EIS) measurements) between plating and stripping, or they were rested at open circuit voltage (OCV) for 24 h after every fifth plating step (i.e., cycles 6, 11, 16, etc.); they are referred to as “no rest” or “24 h rest” cells, respectively. EIS was performed before the first Li deposition, after every subsequent post-deposition 5 min rest, and after each 24 h rest from 1 MHz to 20 mHz with a 5-mV (root mean square) amplitude versus OCV.
The cumulative lost capacity is presented as a measure of the capacity lost from incomplete stripping each cycle and is calculated as follows:
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The error was calculated by averaging the cumulative lost capacity of a given cycle across replicates and taking the standard deviations.
Coin cells were cycled similarly to the pouch cells with a few variations. Coin cell cycling did not include EIS measurements and were tested at current densities of 0.5 mA/cm2 to capacities of 0.5 mAh/cm2 and 2 mAh/cm2 on Gamry 1000E, Gamry 1010E, or Arbin MSTAT4 potentiostats in environmental chambers held at 22°C.
2.5 Application of interfacial pressure to pouch cells
During electrochemical cycling, pouch cells were placed under no applied pressure (“0 kPa”) and 10 kPa, 100 kPa, or 1,000 kPa of applied pressure, with procedures and equipment previously reported (Harrison et al., 2021a). We cycled 0 kPa cells without any added pressure. Dead weights were used to apply pressure at 10 kPa. Dead weights or a Sandia-built 4-station pneumatic pressure tester were used to apply 100 kPa (Harrison et al., 2021a). An MTI Corporation YLJ-HP80 pneumatic press was used to apply 1,000 kPa. Pressure was applied constantly during electrochemical cycling with feedback control on the presses to keep the pressure constant throughout cycling.
2.6 Cryogenic focused ion beam (FIB), scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
To probe the plated Li morphology, cells underwent one Li plating step under the same conditions, as described previously. Cells were then disassembled, and the electrodes rinsed with DME. Sections of the working electrode were excised and soaked in DME for 30 s. The excised electrode sections were adhered onto SEM stubs in an Ar-filled glovebox and then transferred under vacuum in a Leica VCT inert transfer module and attached to a Leica ACE 600 sputter coater. The samples were then cooled to at least −160 °C before transfer under ultra-high vacuum into a Thermo Fisher Scientific Scios 2 system equipped with a Leica cryo-stage held at −150 °C. The electrode surface was imaged with the electron beam at 5 kV and 50 pA, and a representative region was milled with Ga ions at 16 kV and 1–15 nA, depending on the deposit thickness. The milled cross sections were then polished using the Ga ion beam and imaged at 5 kV and 50 pA. EDS data were collected from both the electrode surface and the cross sections using an Octane Elite EDAX EDS detector at 5 kV and 0.1 nA. The reported Li film thicknesses were calculated by dividing the film height in the image by sin (52°) to account for the imaging angle. Li films were measured from the film surface to the current collector surface. In the case of fully delaminated films, the film was measured from one surface to the other.
2.7 Lithium thickness measurements after 51 depositions
The Li thickness of pouch cell working electrodes was measured after 51 depositions. Pouch cells were disassembled, and the electrodes were rinsed dropwise with approximately 1 mL of DME in an Ar-filled glovebox. In a dry room with atmospheric water typically less than 65 ppm, a representative portion of the working electrode was excised and mounted on a glass slide with Kapton tape. A Keyence VK-X3050 Surface Profiler equipped with a 5x objective lens was used to collect topographical height maps showing the electrode excised edges and the underlying Kapton tape. Three height maps were collected for each working electrode. The step height change between the top of the Li deposit and the top of the Kapton tape (i.e., bottom of the working electrode current collector) was determined using Keyence MultiFileAnalyzer software and the average step height functionality, which determines the average step height over a large area. The reported Li thickness is three measurements averaged together minus the measured Cu current collector thickness.
3 RESULTS
To determine the effects of varied capacity on calendar aging in the LHCE, Li deposition and stripping was performed in coin cells with a bare Cu working electrode in a 1: 1.2: 3 M ratio of LiFSI, DME, and TTE electrolyte. Figure 1 shows coin cells cycled to capacities of 0.5 mAh/cm2 and 2 mAh/cm2, with 24 h rest steps every five depositions (additional replicates shown in Supplementary Figure S1). The cells exhibited a drop in CE during the rest cycles (cycles 6, 11, etc.). The 0.5 mAh/cm2 capacity cells experienced a decrease in average CE from 102% (averaged over all non-rest cycles) to 81% (averaged over all rest cycles), and the 2 mAh/cm2 capacity cells decreased from 99% (non-rest cycles) to 97% (rest cycles); stated CEs were derived by averaging over three replicate cells. The lost capacity partially rebounded on subsequent cycles (cycles 7, 12, etc.) such that the average CE of the 0.5-mAh/cm2 and 2-mAh/cm2 capacity cells increased to 111% and 101%, respectively, in the cycles following the rest. Cycles with CEs over 100% that occured during cycles following a rest step suggest a capacity recovery mechanism at work. The capacity lost during rest and regained in subsequent cycling is examined more throughout this work. Overall, the average CE of the cells during all cycles was 98% for 0.5 mAh/cm2 capacity cells and 99% for 2 mAh/cm2 capacity cells. These observations are in agreement with our previous work in 4 M LiFSI in DME, which showed that average CE is higher for cells cycled to higher capacity and that cells with periodic rest exhibit smaller drops in CE following a rest when cycled to higher capacities (Merrill et al., 2021). Building on previous work, this study explores the self-discharge behavior in a LHCE which has recently gained attraction due to its increased electrochemical stability window and decreased viscosity (Cao et al., 2021). Although this CE drop after rest is more pronounced at lower capacities, as similarly observed with 4 M LiFSI in DME in previous studies, we wanted to explore the effects of pressure on this behavior at higher capacities (2 mAh/cm2) since practical applications will necessitate plating capacities much higher than 0.5 mAh/cm2 (ARPA-E, 2016).
[image: Figure 1]FIGURE 1 | Coulombic efficiency with respect to cycle number for coin cells cycled at a current density of 0.5 mA/cm2 to capacities of 0.5 mAh/cm2 and 2 mAh/cm2. Cells were rested for 24 h after every fifth deposition (i.e., cycles 6, 11, 16, etc.).
While previous findings show that many factors—such as electrolyte chemistry, current collector coatings, and capacity plated—can change the degree of Li calendar aging following a rest step (Merrill et al., 2021), the effect of applied interfacial pressure on calendar aging has not been explored. Applied pressure has been shown to stabilize continuous cycling (Harrison et al., 2021a), and we hypothesized that it would help stabilize cycling with incorporated rest steps. To explore the effect of applied pressures of 0 kPa–1,000 kPa on Li cycling with and without rest steps, Li deposition and stripping was performed on bare Cu working electrodes at current densities of 0.5 mA/cm2 to capacities of 2 mAh/cm2. Here, 1,000 kPa was the maximum applied pressure since our previous studies showed that cell performance was negatively affected above this pressure, likely due to transport issues caused by separator pore closure (Harrison et al., 2021a). Pouch cells were used to investigate the effects of pressure since 1) it is difficult to accurately control the interfacial pressure in a coin cell, and 2) it is unlikely that coin cells could be used to apply 1,000 kPa of pressure. Coin cells are often constructed such that the wave spring provides pressures between 10 and 100 kPa (Harrison et al., 2021a).
Figure 2 shows the CE of Li cycling with respect to the cycle number for all pressure conditions with and without rest steps every five cycles. For all data here presented, CE reflects the stripping capacity since 2 mAh/cm2 of Li was plated for every cycle in all cells (see Supplementary Figures S2–5). The application of pressure (≥10 kPa) for both the no-rest and 24 h-rest conditions resulted in more stable cycling with observed higher CEs. The addition of a 24 h rest every five cycles resulted in a decrease in CE for the cycle with the rest step and then an increased CE in the following four cycles. Similar results were observed previously on bare Cu electrodes in coin cells with 4 M LiFSI in DME electrolyte and without varied pressure (Merrill et al., 2021).
[image: Figure 2]FIGURE 2 | CE vs. cycle number for Li deposition and stripping on bare Cu working electrodes in pouch cells at (A) 0 kPa, (B) 10 kPa, (C) 100 kPa, and (D) 1,000 kPa of applied pressure.
To compare the effects of no rest and 24 h rests every five cycles over the lifetime of the cells, the average CE over all 50 cycles was calculated (Figure 3). The average CE and one standard deviation were calculated for each cycling condition across all replicate cells (at least three cells per condition). The averages and standard deviations were calculated using two different methods (examples of each calculation method are shown in the Supplementary Material). In Method 1, the average and standard deviation were calculated by combining all 50 cycles from each replicate cell so that, for example, 150 total cycles were averaged if examining three cells (Figure 3, “Average together all cycles from all cells”). Across the 150 total cycles from three cells, the standard deviation then quantifies cycle-to-cycle variation in cells cycled under the same conditions. This method is helpful for comparing how much CE varies during cycling without versus with rest steps to cause CE drops and recoveries. Method 1 is also useful for determining how the cycle-to-cycle stochasticity changes with applied pressure.
[image: Figure 3]FIGURE 3 | Average CE for Li cycled in pouch cells on (A) bare Cu and (B) ZnO-coated Cu at current densities of 0.5 mA/cm2 to capacities of 2 mAh/cm2 with no rest or 24-h rests every fifth cycle for 1–50 or 5–50 cycles. The averages for pink bars were calculated by averaging all the indicated cycles for all cells per condition together and taking the standard deviation based on cycle-to-cycle variation (Method 1 including cycles 1–50 or 5–50). The average for the yellow bars was calculated by first averaging all 50 cycles per cell then calculating the average and standard deviation of those average CEs for cells in each condition (Method 2). Averages are of at least three cells. Error bars show one standard deviation. Examples of each calculation method and tables (Supplementary Table S1; Supplementary Table S2) with the tabulated averages and standard deviations are shown in the Supplementary Material.
While the average CEs at a given pressure are very similar, regardless of whether the cells undergo periodic rest or no rest, the standard deviations using Method 1 are generally larger when rest steps are incorporated than without rest steps at a given pressure. The larger standard deviations arise due to the drops in CE during rest steps and spikes in CE after rest steps; this quantifies what is visually obvious: CE generally varies much more from cycle to cycle with periodic rest than without. The no-rest and 24-h rest conditions have CEs well within one standard deviation of each other for each pressure applied. Therefore, the cycle-to-cycle variations in CE within a given condition (periodic rest or no rest at a given pressure) are much larger than the differences between conditions. This agrees with previous work performed in 4 M LiFSI in DME in coin cells, for which losses in CE due to a rest period were recovered such that the no-rest and rest conditions resulted in comparable average CE over 50 cycles (Merrill et al., 2021; Merrill et al., 2022). This finding suggests that CE losses during calendar aging are largely reversible, even though there are clear CE drops during the rest steps. This reversible calendar aging mechanism is consistent with dead Li formation and reattachment rather than galvanic corrosion.
Furthermore, while the CEs overlap based on standard deviations for all conditions, it is also clear that the standard deviations are much larger at 0 kPa than in cells cycled at 10 and 100 kPa. This indicates that cells cycled at 0 kPa exhibit more stochastic plating and stripping (regardless of whether periodic rests are included or not), which is also consistent with our previous results showing that cycling repeatability and cycle-to-cycle stability improves when pressure is applied to pouch cells (Harrison et al., 2021a). We note that soft shorts can cause CE measurements to be unreliable, making them appear artificially high. We do see some evidence of soft shorts in our datasets, particularly in cells cycled at 0 kPa and in cells with ZnO-coated Cu. Some of the stochasticity observed at 0 kPa, for example, is likely due to soft shorts. Signatures of soft shorts can be subtle but often include irregular potential-capacity curves, plateaus between the Li plating potential and the cutoff potential, and/or excess stripping capacity without cause (i.e., without calendar aging and recovery of lost capacity). We note that, with the exception of datasets with an obvious problem (power disruption, etc.) and the one outlier in Supplementary Figure S2 that was not included in CE averages due to its significant difference from the rest of the data, we included all replicates in CE averages and did not attempt to remove datasets, even if soft shorts were suspected because we did not want to cherry-pick only the best data. Soft shorts likely manifest in the data by larger standard deviations in the average CE, and obvious soft shorts are evident in a few of the replicates shown in Supplementary Figures S2-5.
While Figure 2 shows more stable Li cycling on bare Cu when cycled at all applied pressures (10 kPa–1,000 kPa) relative to 0 kPa, the standard deviations calculated via Method 1 are curiously higher for 1,000 kPa than for 10 or 100 kPa (i.e., 1%–2% for 10 kPa and 100 kPa and 3%–7% for 1,000 kPa). While higher standard deviations may imply that the 1,000-kPa conditions are less stable under some conditions than 0 kPa, further analysis shows that most of the variation at 1,000 kPa is due to a drop in CE during the first two to three cycles (Figure 2). Indeed, the CE standard deviation over cycles 5–50 is 0.5%–2% for 1,000 kPa compared to 2%–4% for 0 kPa (Figure 3). While we do not exactly understand what causes this drop in CE during the second cycle, we hypothesize that it is related to poor transport in the Celgard separator due to the high pressure. We have previously observed this drop in early cycles in some replicates of pouch cells cycled at 10,000 kPa at 0.5 mA/cm2 or cycled at 1,000 kPa at 4 mA/cm2 (both in 4 M LiFSI in DME) (Harrison et al., 2021a; Harrison et al., 2021b). We and others have shown that 1,000 kPa can be enough pressure to close off pores in Celgard, such that some areas of the electrode may become inaccessible, particularly at high current densities (Peabody and Arnold, 2011; Harrison et al., 2021a; Harrison et al., 2021b; Meyer et al., 2023). It is likely that, while 1,000 kPa of pressure can be helpful for controlling morphology by constraining growth, it may also be too high to enable facile and consistent transport through Celgard separators, which may lead to some of the stochastic behavior observed at 1,000 kPa.
Using Method 1, standard deviations provide a measure of cycle-to-cycle variation and are useful for estimating how much CE might be expected to vary on any given cycle relative to the average. The standard deviations are very large because CE for any given cycle varies significantly from the average, especially during initial cycles and because rest steps cause drops and recoveries in CE. However, the lost capacity during rest is largely recovered in subsequent cycles, so it is also appropriate to examine the data by a second method that is sensitive to the total coulombic losses rather than cycle-to-cycle variation. In Method 2, the average CE of each cell is determined, and then the average from each cell is combined with replicate cells of the same type to calculate an average and a standard deviation (Figure 3, “Average all cycles per cell then average and standard deviation”). For example, if three replicate cells are being considered, the average CE value is taken across 50 cycles in each replicate and then the average and standard deviation are calculated from those three average CE values. Method 2 helps evaluate cell-to-cell variation in the average CE, which is helpful because it acts as a surrogate for the total irreversible Li capacity loss and for understanding calendar aging mechanisms. The average CE value for a given cell is related to the total irreversible loss in Li capacity by the following equation:
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As CE increases, the total irreversible loss in Li capacity decreases. Note that, in Method 2, the standard deviation is a measure of how much the average CE, and therefore the total irreversible Li capacity loss, varies between cells of the same type. This leads to a much smaller standard deviation than Method 1 because it is only sensitive to the cell-to-cell variation in average CE rather than the cycle-to-cycle variation in CE.
Figure 3 shows that the average CE increases systematically with increasing pressure from 0 kPa to 100 kPa in cells with no rest, and these increases are generally statistically significant (with a few exceptions) based on the CE differences being greater than one standard deviation between pressures within a series of cells subject to the same type of experiment (with or without periodic rest). Therefore, if cells are cycled at different pressures, one would expect to consistently observe higher average CE when cells are cycled at 10 kPa versus 0 kPa based on the standard deviations using Method 2. The larger Method 1 standard deviations that are sensitive to cycle-to-cycle variation show that we would not consistently observe higher CE on any given cycle in the cells with higher pressure because the cycle-to-cycle variation is larger than the differences between pressures. While the trend of increasing average CE with pressure (calculated by Method 2) is similar for cells cycled with periodic rest, the large standard deviation at 0 kPa prevents the increase from being statistically significant for those cells. At 1,000 kPa, the cells tend to exhibit lower average CE than at 100 kPa in both no-rest and periodic-rest cells, although this is only statistically significant with periodic-rest cells.
While some data using Method 2 suggest slight statistically significant differences between cells without rest and with periodic rest, there are no consistent trends that suggest that periodic rest universally results in consistently lower average CEs. There is no statistically significant difference between cells with and without periodic rest when cycled at 0 kPa and 100 kPa (Supplementary Table S1). At 10 and 1,000 kPa, cells without and with periodic rest present averages slightly outside of the standard deviations but with opposite trends—CE is higher with rest than without rest at 10 kPa and the average CE value is higher without rest than with rest at 1,000 kPa. There is thus little evidence that periodic rest changes the average CE value over 50 cycles. While this result with Method 2 agrees with the results using Method 1, the standard deviations using Method 2 are much smaller because they reflect cell-to-cell variation and are therefore more stringent and appropriate for determining whether the average CE is different across a set of cell replicates tested under the same pressure but with and without periodic rest. Furthermore, the average cumulative lost capacity was calculated, as shown in Supplementary Figure S6 and described in the Methods section. This is consistent with the average CE analysis but more directly illustrates that less capacity is lost cumulatively as the pressure is increased from 0 kPa to 100 kPa and that that there are no significant differences between the no-rest and 24 h-rest conditions.
Using Method 2 to understand cell-to-cell average CE variations between cells cycled with and without rest is important because the average CE value is a measure of total irreversible Li loss across the 50 cycles and can be used to infer capacity loss mechanisms. Average CE should be significantly lower in cells with periodic rest compared to those without rest if the Coulombic losses associated with periodic rest result from galvanic corrosion (an irreversible loss mechanism). Instead, if the average CE (and therefore the irreversible total coulombic losses or the cumulative lost capacity) associated with periodic rest is equivalent to those during continuous cycling, calendar aging associated with drops in CE during rest steps must also be reversible and are inconsistent with galvanic corrosion being the dominant source of CE loss during rest steps. Thus, the largely reversible CE drops during rest, evidenced by similar average CE and cumulative lost capacity in cells that were continuously cycled and cells with periodic rest, are more likely to be related to dead Li formation and reattachment. Because we find that the average CE and cumulative lost capacity is generally the same (within one standard deviation) between cycling without rest and with periodic rest, we conclude that dead Li formation and reattachment is likely the dominant calendar aging mechanism in our tests. Nevertheless, we note that the standard deviations on the average CE calculated for cells cycled at 1,000 kPa with and without periodic rest do not overlap, so we cannot argue that calendar aging is completely reversible in that case.
We also wanted to explore the effect of applied pressure on Li plating and stripping when a lithiophilic surface coating (ZnO) is present on the Cu current collector. ZnO coatings have been shown to decrease self-discharge, improve the adhesion of plated Li in coin cells, and encourage the formation of dense Li deposits (Huang et al., 2019; Zhao et al., 2019; Zhang et al., 2020; Stan et al., 2020; Merrill et al., 2021; Zhang et al., 2021). Figure 4 shows the CE of Li cycling on bare and ZnO-coated Cu under applied pressures of 0 kPa–100 kPa with and without 24 h rest steps at current densities of 0.5 mA/cm2 to capacities of 2 mAh/cm2. During Cycle 1, Li cycling on bare Cu shows greater improvement in CE with applied interfacial pressure than ZnO-coated Cu. In contrast, the first cycle CE for ZnO-coated Cu exhibits significantly decreased dependence on pressure, which may be useful for designing Li anode cells in geometries where higher pressures are difficult to apply. Cell teardown photographs after one cycle (Supplementary Figure S7) show better Li coverage on ZnO-coated Cu. Furthermore, improved Li adhesion was observed on ZnO-coated Cu at pressures between 0 kPa–100 kPa, which agrees with our previous work in coin cells without varied pressure and at lower cycling capacities (Merrill et al., 2021). Improved Li coverage and adhesion on ZnO-coated Cu are possibly due to alloying between Li and Zn, which was observed during the first deposition (Supplementary Figure S8). The formation of an alloy may improve wetting on the Cu surface, and such effects have been observed in similar systems (Zheng et al., 2020; Chen et al., 2021).
[image: Figure 4]FIGURE 4 | CE vs. the cycle number for Li deposition and stripping on ZnO-coated (teal) and bare Cu (orange) working electrodes in pouch cells with no periodic rests at (A) 0 kPa, (B) 10 kPa, and (C) 100 kPa and with 24-h rests every five cycles at (D) 0 kPa, (E) 10 kPa, and (F) 100 kPa. The bare Cu datasets from Figure 2 are reproduced here to aid in comparisons between bare and ZnO-coated Cu.
The average cumulative lost capacity was calculated in order to more directly highlight losses due to incomplete Li stripping (Figure 5). We attribute the lost capacity to Li stripping because the counter electrode had an excess of Li, and all cells consistently deposited 2 mAh/cm2 of Li (Supplementary Figures S2-5). In general, cumulative lost capacity decreases with increasing pressure, which is consistent with the higher and more stable CEs observed with increasing pressure in Figure 4. Indeed, the cumulative lost capacity after 50 cycles at 0 kPa is higher than the plating capacity of 2 mAh/cm2, which means that losses would have exceeded the Li inventory in a balanced cell. While differences in CE between the 10 kPa and 100 kPa conditions are difficult to differentiate when examining the average and standard deviation across multiple samples, the cumulative lost capacity here shows that cells cycled at 10 kPa experience more lost Li inventory throughout cycling. This suggests that, while a small application of pressure may help improve the reconnection of dead Li, additional pressure (100 kPa) may further help reunite disconnected grains. Indeed, the standard deviation error bars for cumulative lost capacity at 10 kPa and 100 kPa (for either pure cycling or periodic rest test conditions) do not overlap after 20 cycles (except for the ZnO no-rest condition, which shows larger overlapping error bars after 40 cycles). These findings reinforce that increased pressure from 0 kPa to 100 kPa leads to less Li loss, that bare Cu and ZnO do not exhibit significantly different cumulative capacity loss, and that periodic rest during cycling does not significantly change the cumulative capacity loss relative to pure cycling at a given pressure.
[image: Figure 5]FIGURE 5 | Average cumulative lost capacity vs. the cycle number for Li deposition and stripping on ZnO-coated (teal) and bare Cu (orange) working electrodes in pouch cells with no periodic rests at (A) 0 kPa, (B) 10 kPa, and (C) 100 kPa and with 24-h rests every five cycles at (D) 0 kPa, (E) 10 kPa, and (F) 100 kPa. The cumulative lost capacity was calculated for the same cells, as shown in Figure 4. Error bars here are calculated by averaging the cumulative lost capacity of a given cycle across replicates, and the error bars indicate one standard deviation. Bare Cu with no rest cycled at 0 kPa average does not include one outlier data set indicated in Supplementary Figure S2.
Overall, there are no major differences between Li cycling on ZnO-coated and bare Cu current collectors after the first 10 cycles, which is made clearer when examining replicate data sets with error bars in Figure 5; Supplementary Figure S9. Instead, pressure plays a more significant role than the substrate in dictating cycling behavior with and without periodic rest. For example, as has already been discussed for bare Cu, the 0-kPa data are very stochastic and exhibit large drops in CE with rest steps. These features generally improve with increasing pressure, although some variation was observed near the end of 50 cycles (Supplementary Figure S4). Similar results were observed previously on bare Cu electrodes in 4 M LiFSI in DME electrolyte (Harrison et al., 2021a). Furthermore, analysis of the CE average and standard deviation to assess the cycle-to-cycle variance across populations of cells (Method 1: Figure 3; Supplementary Table S2) and the average cumulative lost capacity (Figure 5) show that Li cycling on ZnO-coated Cu and bare Cu are not statistically different under any pressure.
Considering the CE average and standard deviation calculated to describe the variance between cells (Method 2), ZnO-coated Cu cells generally show a trend of increasing average CE with increasing pressure, but only half of the differences between pressures are larger than the standard deviations. This indicates that this trend is significant between some pressures but the differences between pressures are often smaller than the variation between cells at the same pressure. Figure 5 shows that, as the pressure increases, the cumulative lost capacity generally decreases, although some of the error bars overlap—particularly for the ZnO datasets. Stochasticity in the 0-kPa datasets with periodic rest also make this trend challenging to confirm with certainty. All differences between cells without rest and with periodic rest are within a standard deviation of one another at a given pressure, indicating that there is no significant difference between cells with periodic rest and without rest at the same pressure. Again, when the average CE is the same between cells cycled without rest and those cycled with periodic rest, the CE losses during rest steps must be largely reversible, implying that the mechanism for losses during rest are likely related to dead Li formation and reattachment. Overall, while ZnO coatings change stripping behavior in the first 10 or so cycles, the presence of this coating does not affect CE performance over 50 cycles. Instead, the major contributor to a change in performance is the application of pressure (10 kPa–100 kPa). Applying 100 kPa of pressure does not statistically improve the performance over 10 kPa of applied pressure for cells cycled without rest when examining the CE error bars, but the cumulative Li loss does suggest some benefit in applying 100 kPa instead of 10 kPa.
To assess the nucleation, growth, and morphology of Li plating on bare and ZnO-coated Cu, the Li surface and cross sections after one deposition were examined with cryo-FIB/SEM (Figure 6). Tabulated film thicknesses (Table 1) and SEM micrographs of the Li film surface and cross sections show that Li on bare Cu morphology becomes denser with increased pressure, with Li deposit thicknesses ranging 11 μm–65 μm. Plating a perfectly dense film of Li to 2 mAh/cm2 should theoretically yield a 9.6-μm-thick film. Therefore the 11-μm film formed under 1,000 kPa both appears dense and does not contain a high composition of decomposition products. Furthermore, the cross sections show the deposit grains becoming larger with greater applied pressure, resulting in lower surface area films. The increasing grain size of 0 kPa–1,000 kPa likely contributes to more stable cycling with applied pressure. Larger deposits are less likely to become disconnected from the current collector and stranded as dead Li during stripping, and there is a smaller active surface area for SEI growth and further electrolyte degradation. Additionally, applied pressure could actively push stranded grains back into connection to improve cycling performance. In agreement with the delamination observed during teardowns (Supplementary Figures S7, 10), the cross-sectional micrographs in Figure 6 show more intimate Li contact with the bare Cu current collectors as applied pressure increases. Deposits from lower pressures show either complete delamination from the substrate (0 kPa) or poor surface contact (10 and 100 kPa) compared to 1,000 kPa. Although the single deposition shown does not incorporate a 24-h rest, the morphology present can help elucidate the 24 h-rest cycling behavior. Poor Li adhesion combined with the formation of dead Li could result in the observed erratic stripping behavior at 0 kPa.
[image: Figure 6]FIGURE 6 | SEM images of the working electrode surface (left columns) and FIB cross sections (right columns) from pouch cells after 1 Li deposition on bare and ZnO-coated electrodes at applied pressures of (A–D) 0 kPa, (E–H) 10 kPa, (I–L) 100 kPa, and (M, N) 1,000 kPa.
TABLE 1 | Li deposit thicknesses measured from the SEM cross-section micrographs after one Li deposition half cycle in pouch cells on bare and ZnO-coated Cu electrodes between 0 kPa and 1,000 kPa.
[image: Table 1]The surface and cross-sectional morphology of Li films on ZnO-coated Cu after one deposition were also examined with cryo-FIB/SEM (Figure 6). Like Li on bare Cu, the Li on ZnO-coated Cu becomes progressively denser, thinner (Table 1), and has a lower surface area with increasing pressure. The FIB cross sections show the Li films are more intimately in contact with the current collector at 0 kPa–100 kPa compared to those on bare Cu (Figure 6), although columnar growth normal to the current collector interface at 0 kPa and 10 kPa shows that Li film nucleation is not conformal. Photographs of working electrodes after cell teardowns also show better Li film adhesion to ZnO-coated Cu compared to bare Cu (Supplementary Figures S7, 11), although the first cycle plating overpotential is not greatly affected (Supplementary Figure S12). Increasing the pressure to 100 kPa shows these columnar growths thickening, decreasing in population, and change orientation so they are more randomly oriented with respect to the current collector surface. Thickness measurements of the Li films after 51 depositions on bare and ZnO-coated Cu (Supplementary Figure S13) confirm that films are denser with increasing applied pressure, even after extended cycling.
At 0 kPa and 10 kPa, the Li film morphology on ZnO-coated Cu changes with depth (Figure 6). Close to the current collector surface, the Li deposit is normal at the surface and more columnar in morphology, while the Li deposit closer to the electrolyte interface is more sheet-like in appearance, similar to Li on bare Cu at these pressures. In contrast, the Li morphology on ZnO-coated Cu at 100 kPa is more uniform with depth, although smaller agglomerates are still visible at the current collector/Li interface. The observed change in morphology at low pressures even after only one deposition further indicates that, while ZnO and Li–Zn alloying plays an important role in Li nucleation and early film growth, Li deposition on ZnO-coated Cu becomes similar to Li deposition on bare Cu as Li deposits to higher capacities. Similarly, the Li cycling behavior (Figure 4) on ZnO-coated Cu looks like bare Cu in later cycles. As the pressure increases to 100 kPa, the plating morphology on ZnO-coated Cu is more affected by the applied pressure, such that different depth-dependent morphology regimes are not readily observed in the SEM cross sections, and the Li grains are larger—which agrees with our previous observations that Li grains plated in coin cells on ZnO-coated Cu resulted in larger-grained films (Merrill et al., 2022). Additionally, Li plated in the presence of Zn coatings by Song et al. (2022) and Zhang et al. (2020) show denser Li films compared to Li films plated in the absence of Zn. Interestingly, both these examples show Li films denser than the Li plated on ZnO-coated Cu at 100 kPa shown here. These examples performed cycling in coin cells in which the applied interfacial pressure was unreported, with more Zn present in the system than the 10-nm coating in the current study, and in different electrolytes with different salt and solvent combinations. Coin cells are often constructed such that the wave spring provides pressures between 10 and 100 kPa (Harrison et al., 2021a), so it is likely that prior studies were in a pressure range where ZnO does exhibit denser Li deposits than bare Cu, in agreement with Table 1.
To understand how the presence of ZnO affects the morphology of Li deposits, EDS of the cryo-FIB/SEM cross sections was performed (Figure 7). EDS maps of Zn show a diffuse distribution of Zn throughout the film thickness with a slightly higher concentration near the current collector/film interface. It is worth noting that previous EDS of Li deposited on ZnO-coated Cu at lower capacity more clearly shows Zn signals at the interface, so the absence of Zn at the interface in Figure 7 is not simply a detection limit issue (Merrill et al., 2022), and Zn becomes more distributed as the Li capacity increases. The dispersed Zn distribution shows that the effects of Li–Zn alloying would be strongest during the stages of nucleation and early film growth. The presence of Zn at the electrolyte interface would become more diluted as cycling progresses and becomes less impactful on the morphology of Li deposited farther from the electrode surface. The Cu EDS maps show the location of the current collector/film interface and diffuse scattering of Cu in the Li film. The presence of Cu in the Li film originates from redeposition from Ga+ milling of the Cu current collector. We note that the scattered Zn signal is unlikely to be related to redeposition because we have processed other samples where the Zn coating is more obviously concentrated at the current collector (Merrill et al., 2022) when cycling Li to a lower capacity. Instead, Zn is likely distributed because it alloys with Li and is then moved away from the surface as Li grows.
[image: Figure 7]FIGURE 7 | SEM cross-sectional micrographs of one Li deposition on ZnO-coated Cu electrodes from pouch cells with corresponding EDS maps of Zn and Cu at (A–C) 0 kPa and (D–F) 100 kPa.
ZnO coatings on Cu affect the early cycling behavior of Li through an alloying reaction between Zn and Li. ZnO begins as a surface coating on Cu, and then alloying is observed electrochemically at the onset of plating during the first cycle (Supplementary Figure S8) (Merrill et al., 2022; Mohammadi et al., 2023). The effect of Li–Zn alloying on nucleation was observed during cell teardowns: the plated Li is more strongly bound to the current collector and is more resilient against delamination, and Li more evenly coats the electrode surface compared to Li plated on bare Cu (Supplementary Figure S7). Examination of the Li film cryo-FIB cross section after one deposition with EDS shows Zn to be diffusely distributed throughout the Li (Figure 7), and thickness measurements show that the Li films on ZnO-coated Cu are thicker after 51 cycles (Supplementary Figure S13). Therefore, the effect of Li–Zn alloying likely becomes less impactful as the Li film thickens and Zn becomes more and more distributed, which is consistent with the cycling data. While one might expect Zn to return to the surface of the Cu when Li is stripped, this does not appear to occur because Li–Zn alloying signatures are absent after the first cycle. Zn likely is distributed in Li during plating, and then much of it becomes trapped in dead Li and SEI, such that its diffusion back to Cu is difficult. Our previous cross-sectional imaging of similar Li deposits after stripping suggests significant dead Li and SEI formation even after just one cycle and increasing dead Li and SEI formation throughout cycling (Jungjohann et al., 2021; Merrill et al., 2023). Zn’s lithiophilicity may encourage it to become trapped in dead Li rather than diffusing chemically back to Cu, and the inaccessibility of dead Li as well as the impedance of SEI shells from stripped Li may prevent Zn from being electrochemically driven back to Cu to seed nucleation in later cycles. The Li cycling behavior on ZnO-coated Cu increasingly shows the same CE trends as bare Cu systems under all pressures and with both rest conditions (Figure 4), which supports the argument that Zn becomes increasingly trapped in dead Li and SEI during cycling.
4 DISCUSSION
We have examined the novel combination of applied interfacial pressure, periodic rest steps, and lithiophilic coatings on Li cycling at current densities of 0.5 mA/cm2 to capacities of 2 mAh/cm2 in pouch cells cycled with a LHCE. In general, we find that the application of interfacial pressure (≥10 kPa) improves the cycling CE over the no-pressure condition (0 kPa), although applying an increasing amount of pressure (>10 kPa) does not further significantly improve cycling stability but does slightly improve cumulative Li capacity losses. This agrees with previous studies suggesting that there is a “Goldilocks” regime in which cycling is stabilized by applied interfacial pressure (Harrison et al., 2021a; Harrison et al., 2021b). Those studies show that no pressure and too much applied pressure (10,000 kPa) result in unstable cycling. No added pressure likely results in stranded Li, while too much added pressure likely results in separator pore closure that further causes stress concentration and locally high current densities that further promote Li soft short formation—explaining why we observed higher CE and more stable cycling at 10 and 100 kPa than at 0 and 1,000 kPa. We also show that adding a lithiophilic surface coating to the working electrode (ZnO-coated Cu) results in improved CE in the first cycle due to the formation of a Li–Zn alloy. Alloy formation likely improves Li wetting on Cu, leading to better electrode coverage and adhesion during plating, as has been suggested (Huang et al., 2019; Zhao et al., 2019; Zhang et al., 2020; Stan et al., 2020; Merrill et al., 2021; Zhang et al., 2021). However, diffuse distribution of Zn within the plated Li film, as evidenced here in EDS cross sections, results in a decreasing effect of Zn on long-term cycling as the Li film thickens.
We also incorporated 24 h calendar aging rest steps every five cycles while cycling and compared this to a no-rest continuous cycling condition. Overall, while we observed losses in CE during cycles with rest, cycling with and without rest steps resulted in comparable average CE and cumulative capacity losses over 50 cycles. This suggests that the rest steps do not result in additional irreversible capacity losses relative to continuous cycling. Instead, we postulate that Li stranding occurs during these rest steps, and the stranded Li reconnects during later cycles. Understanding the CE loss mechanisms during rest is helpful to the discovery of design mitigations for these losses. This study shows that losses during rest are largely due to dead Li formation under the conditions studied here; methods that mitigate dead Li formation are thus likely to also mitigate calendar aging issues. This finding contributes to the growing body of literature exploring whether calendar aging is largely caused by corrosion or other factors such as dead Li formation (Boyle et al., 2021; Merrill et al., 2021; Merrill et al., 2022) under varying electrochemical and cell configuration conditions (Tasaki et al., 2009; Harrison et al., 2017; Kozen et al., 2017; Leung and Jungjohann, 2017; Wood et al., 2018; Lin et al., 2019; Gao et al., 2020; Gunnarsdóttir et al., 2020; Kolesnikov et al., 2020; Smeu and Leung, 2021). Losses during rest caused by dead Li formation suggest that the addition of interfacial pressure to Li cycling in real-world scenarios where rests are random could further help reconnect stranded Li and enable smaller drops in capacity during cycles with rest. Our work suggests that this pressure can be relatively mild (10 kPa–100 kPa); however, there are still some losses during rest steps that make further mitigations to prevent dead Li formation fruitful to explore. Although we show that losses during rest are largely reversible, lower available capacity when batteries are rested may still be problematic in use applications.
The cells we studied were cycled with excess electrolyte, and free electrolyte was observed during cell teardowns after 51 cycles. Studies in which cells are cycled under lean electrolyte conditions (i.e., the minimum volume of electrolyte needed to wet the electrodes and separator) could further elucidate the effect of lithiophilic coatings on electrolyte stability against Li electrodes and on how pressure impacts electrolyte degradation through control of surface area and Li morphology.
The magnitude of CE drops following a 24-h rest are more pronounced at a lower capacity of 0.5 mAh/cm2 in coin cells than the 2 mAh/cm2 capacity examined in coin cells and pouch cells. However, Li plating in commercial devices would likely occur at even higher capacities (≥3 mAh/cm2) (ARPA-E, 2016) than those examined here. Cells cycled to capacities >2 mAh/cm2 may show only minor effects due to rests, which is an encouraging finding for Li metal anodes. However, consumer use of electronics will result in more stochastic and potentially longer rest profiles that will not necessarily occur at regular intervals or for consistent periods of time. The relative losses related to Li corrosion and dead Li may change drastically with rest time, and it is possible that Li corrosion may contribute more to losses after longer rest times. While this study and others have systematically explored the effect of rests on Li cycling, real-world scenarios will likely be very different. However, these systematic studies have identified Li stranding as a main contributor in CE fade after rests, and they have suggested mitigation strategies to help recover that stranded Li such as continuous cycling after a rest or applied interfacial pressure.
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