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Zero excess lithium metal batteries (LMBs) have traditionally suffered from short cycle life due to nonuniform processes that result in parasitic side reactions and a subsequent loss of lithium inventory and electrolyte. The experiments herein demonstrate that zero excess LMB cells cycled with a low thermal average and thermal gradient outperform cells cycled under isothermal conditions during early cycles. Specifically, a low thermal average of ∼6.4°C and thermal gradient of <1°C across the cell is shown to increase the overpotential for lithium deposition at the anode current collector, likely resulting in smaller and higher density nucleates, providing film like morphologies observed with microscopy. Improved performance from this approach is demonstrated at high cycling rates (>4C) and mismatched charge/discharge rates. Optimal cycling behavior was observed with 2C charging (30 min) and 3C discharging (20 min). These advantages were translated to the system relevant form factor-pouch cell (20X capacity). Based on the performance enhancement observed with extended application of a thermal gradient, we demonstrate the use of the environment as a formation strategy, to perpetuate improved plating in stripping over the cycle life of zero excess LMBs operating in ambient conditions.
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1 INTRODUCTION
Lithium-ion batteries are the workhorse energy storage technology for a range of applications, spanning from transportation to consumer electronics. As such applications increase in their energy demands, researchers have sought to move beyond the intercalation structures such as graphite, which are required to host lithium ions. Through direct electroplating and stripping at the anode, metallic lithium offers a high specific capacity (3860 mA h g−1) and a reduction potential of −3.05 V versus a standard hydrogen electrode, thereby resulting in the ideal high capacity anode for high-energy-density batteries. To leverage that energy density as well as overcome the manufacturing issues associated with fabricating and handling thin lithium foils, zero excess lithium cell configurations utilize lithium provided by the cathode as the sole source of lithium inventory in the cell (Qian et al., 2016; Nanda et al., 2020; Hatzell, 2023; Lohrberg et al., 2023). Traditionally, these systems have suffered from short cycle life due to parasitic side reactions that lead to consumption of lithium ion inventory and electrolyte depletion (Liao et al., 2005; Nanda et al., 2020; Zhao et al., 2023). These side reactions are exacerbated by nonuniform lithium deposition at the anode which can also result in safety concerns as volume changes associated with plating and stripping may lead to isolated metallic lithium that contributes to an increased severity of thermal runaway processes.
In their review of the field, Nanda et al. broadly classifies strategies to improve the cycle life of ZELMBs in three categories: (i) electrolyte optimization, (ii) current collector modification, and (iii) formation/cycling parameters (Nanda et al., 2020). In each of these cases, the underlying motivation is to promote uniform deposition and stripping of metallic lithium at the anode surface in order to mitigate lithium inventory loss. Broadly, efforts in electrolyte design and current collector modification have aimed to improve deposition morphology and consequentially, facilitate higher plating efficiencies (Nilsson et al., 2019; Nanda et al., 2020). Electrolyte design also facilitates the decomposition of electrolyte into a favorable solid electrolyte interface (SEI) (Zhang et al., 2022; Park et al., 2023). Specifically, highly concentrated electrolytes have been used to form SEIs that result in improved interactions with the lithium (Li) anode through their intrinsic properties of increased Li+ diffusivity, concentration, and transference number (Nilsson et al., 2019). In other cases, electrolytes have been developed and additives introduced to promote cell operation in a range of temperatures (Zhang et al., 2023). This type of research is vital towards not only ensuring operation under real world conditions, but also in enabling temperature control as an operational strategy to improve cell performance. The experiments in this study rely on such an electrolyte designed to enable low temperature operation designed by Thenuwara et al. (2020).
This work also builds on a growing literature focused on optimizing current collectors in order to promote better seeding and nucleation of lithium (Yan et al., 2016; Pei et al., 2017). In the study by Yan et al. (2016), metals exhibiting solubility in lithium (e.g., Au) are shown to present no nucleation barriers to lithium growth; for copper (Cu), the mismatch in crystal structure between Li and Cu results in a ∼40 mV overpotential in order to overcome a nucleation barrier. In the work by Pei et al. (2017), increasing current rates are shown to result in increased overpotentials and accordingly, densely distributed Li nuclei. This principle of using increased overpotentials for modulating the plating morphology is corroborated in this work not only through variations in current density, but also through temperature control, i.e., a thermal gradient condition at a low thermal average, during formation and/or cycling.
Formation and cycling parameters ranging from electrochemical protocols to temperature and pressure have long been shown as ways to benefit cell lifetime (Qian et al., 2016). More recently, Louli et al. (2021) demonstrated that an asymmetry in charge and discharge rates proves to be more important than the absolute current densities Specifically, discharging at faster rates generates a concentration gradient at the lithium surface which thereby results in preferential stripping of lithium protrusions at the anode, leaving behind a uniform surface at the end of discharge. This strategy is employed throughout the experiments in this work such that the discharge rate ranges from 1 to 2× the charge rate.
Beyond electrochemical protocols, temperature is an effective lever in modulating performance in Li-ion cells; in some cases it is used to improve cycle life and in others, accelerate degradation. By cycling Li-ion cells at elevated temperatures, many studies have sought to balance the tradeoff between improved diffusion and increased rates of parasitic reactions (Chang et al., 2021). Indeed, previous efforts in our group revealed that isothermal cycling at warm or cold temperatures has a direct impact on lithium diffusion and the ability to form a stable SEI (Carter and Love, 2018; Atkinson et al., 2019; Mistry et al., 2019; Atkinson et al., 2020). Temperature effects on cycling lithium metal coin cells have also demonstrated improved electroplating reversibility at higher temperatures due to improved lithium diffusion and a more favorable SEI formation (Wang et al., 2019; Yan et al., 2019). Previous efforts in our group demonstrated that an interelectrode thermal gradient, defined as a temperature difference between a cathode and anode, accelerated degradation by inducing early lithium plating on graphite anodes in conventional Li-ion cells (Carter and Love, 2018). When considering symmetric lithium metal cells, our group has found that a positive thermal gradient in the first half-cycle (warmer electroplating electrode and colder stripping electrode) induced preferential deposition of lithium during early cycling and resulted in longer cycle life as compared to cells in which a negative thermal gradient was applied, or even those cycled isothermally at 20 or 0°C (Atkinson et al., 2019; Atkinson et al., 2020). In the latter study, operando optical microscopy revealed that the isothermal 20 C condition results in larger lithium features and dendritic growth while the positive thermal gradient at a low thermal average results in smaller, rounded, and more homogeneous deposits. It was also shown that a positive thermal gradient centered at 21°C outperformed the isothermal 20°C condition, confirming the benefit of the thermal gradient for cells with equivalent thermal averages. These results have motivated a recent study demonstrating the importance of homogeneous distribution of heat to prevent the nucleation and growth of lithium dendrites (Atkinson et al., 2020). This work focuses on the positive thermal gradient at a low thermal average, with an isothermal warm condition selected as a control as this condition is the standard in literature for cycle life testing (room temperature with no active thermal control). While Li-metal literature generally favors cycling at elevated temperatures, operation at a lower temperature results in formation of a thinner, less resistive SEI wherein the SEI composition and structure are also more favorable; such a compact and inorganic-rich SEI has been shown to improve Li-ion transport and electrode stability (Thenuwara et al., 2019; Thenuwara et al., 2020; Yang et al., 2019). More broadly, previous investigations on temperature effects on LMB performance have found that prolonged cycling at elevated temperatures likely leads to considerable gas formation and that temperature modulation is most effective as a formation strategy; in one such study, two formation cycles at 40 C were shown to result in dense, columnar growth of lithium at the anode as compared to cells cycled at 20°C (Genovese et al., 2019). In a similar vein, the aforementioned interelectrode thermal gradient strategy presents an opportunity to build on prior literature that uses temperature as a way to improve performance through the modulation of lithium plating and morphology.
To that point, this work will present the use of thermal gradients as a strategy to improve early cycling performance of zero excess lithium metal cells. With the hypothesis that these enhancements are related to seeding morphology, we examine the use of applying a thermal gradient during only the formation cycles to provide (i.e., seed) more suitable plating behaviors perpetuated in subsequent cycles. We also explore the combination of the thermal gradient strategy with other factors, such as increased electrolyte concentration or current collector modification. Moreover, by demonstrating that even minor internal thermal gradients have a major impact on cell performance, either for better or worse, this work motivates careful consideration of thermal regulation in future cell or pack designs that incorporate Li metal cells.
2 RESULTS AND DISCUSSION
2.1 Thermal gradient impacts on anode-free cycle life
A direct comparison between ZELMBs, featuring LiFePO4 (LFP) cathode (1C = 0.909 mA h) and 25 nm gold (Au) coating on a Cu foil anode, using the thermal gradient strategy (ΔTcold) and those cycled isothermally at 20 C is displayed in Figure 1A. In the ΔTcold condition, the current collector of the positive electrode, LFP cathode, is maintained at 6°C and the current collector of the negative electrode, Au@Cu, at 6.7°C. An inset illustrating these thermal conditions is provided in Figure 1A and a schematic of the experimental setup in Supplementary Figures S1A. Through the first 30 cycles, ΔTcold cells outperform cells cycled at 20 C as the former exhibits slower initial capacity fade. This behavior is consistent at increased cycling rates, illustrated in Figure 1B, which displays normalized capacity based on the cycle 1 discharge in order to directly compare rate-dependent capacities. In this figure, it is helpful to note that charge and discharge C-rates are noted as C/x and D/x, respectively, where x is the number of hours to complete a full charge or discharge. Corresponding discharge capacity curves for these cycling conditions are provided in Supplementary Figures S2A. From these initial capacity curves as well as analysis of coulombic efficiency as provided in Supplementary Figures S2B, it is expected that the stripping efficiency of the plated Li was enhanced for the cells subjected to the thermal gradient cells during initial cycling, but this benefit diminished as cycling continued. After ∼60 cycles, the capacity delivered by any cell is so small, making the coulombic efficiency measurement meaningless.
[image: Figure 1]FIGURE 1 | (A) Comparison of discharge capacity during 1C|2D cycling using the thermal gradient strategy (ΔTcold) and cycling at 20°C; schematic of ΔTcold inset (solid line) and 20°C isothermal (dashed line); the height of the y-axis corresponds to 0.909 mA h, the theoretical capacity of the cathode. (B) Comparison of normalized capacity for ΔTcold and 20°C cells. (C,D) are voltage profiles during the initial portion of the first charge for ΔTcold and 20 C conditions, respectively. As shown in the inset of (C), the higher overpotential for Li nucleation for the ΔTcold cells likely results in a higher density of smaller nucleates on the anodic current collector which promotes a dense layer for continued plating and stripping, as compared to the large and sparse nucleates depicted in the inset of (D).
The combination of both a low thermal average and thermal gradient in the ΔTcold condition outperforms the isothermal 20°C cell during early cycling. It is generally accepted that cold, isothermal conditions favor dendritic growth, early shorting, and poor performance (Love et al., 2014). From this, we suggest that the stable cycling demonstrated is not a result of the low thermal average alone. In previous efforts, our research group has shown that a thermal gradient at a ∼21°C thermal average was more stable than isothermal 20 C in symmetric Li-metal cells (Atkinson et al., 2019). This effort also demonstrates that a cold thermal gradient leads to better stability than the warmer thermal gradient centered near 21 °C. Modeling efforts focused on understanding the relationship between applied thermal gradients and electroplating have also shown that surface Li diffusion is enhanced to form uniform electrodeposits when the electroplating electrode is warmer than the stripping electrode (Mistry et al., 2019).
The comparison made in Figure 1B reveals that as cycling rates increase, the thermal gradient strategy yields a greater benefit for the ΔTcold cells as shown by the widened gap in capacity retention during early cycling (<30 cycles) as well as the delayed crossover point at which the 20°C cells exhibit higher capacity retention than their ΔTcold counterparts. Specifically, by increasing cycling rates, the number of cycles that ΔTcold cells maintain higher capacity retention versus the 20 C cells increases from ∼30 cycles at 1C|2D to ∼55 cycles at 2C|3D to ∼70 cycles at 4C|6D. Further, while the capacity retention of the 20°C cell suffers from each successive increase in cycling rate, the ΔTcold cells demonstrate the best capacity retention in the study at intermediate cycling rates (2C|3D; 20 cycles to 80% capacity retention, 39 cycles to 50% capacity retention). One possible explanation for the intermediate cycling rates being the most favorable for capacity retention is that at the higher current densities of 4C|6D cycling, there may be limitations from cathode (de)lithiation kinetics or transport through the electrolyte at a lower thermal average.
The early cycling benefit from using the ΔTcold condition can be explained in part by investigating the voltage profiles during the first charge at each C-rate. As illustrated in Figures 1C, D, ΔTcold cells exhibit a larger nucleation overpotential at each rate when compared to the 20°C cells. As a point of reference, the equilibrium potential for LFP falls between 3.40 and 3.45 V for states of charge ranging from 10% to 90% as measured using current density of 51.7 μA/cm2 and 48 h rests (Srinivasan and Newman, 2004). As a result of higher nucleation overpotential, the cells subjected to the thermal gradient are expected to deposit smaller Li nucleates with a higher density of nucleates, thereby resulting in a better seed layer of lithium on the current collector (Pei et al., 2017). As plating progresses, the increased overpotentials seen for the ΔTcold cells persist as Li forms an alloy with the Au before eventually plating as metallic lithium (capacity >0.03 mA h/cm2) (Yan et al., 2016). It is interesting to note that at 20 C, as C-rate increases, the amount of capacity required before reaching this bulk Li growth stage increases; the capacity at which the final plateau is reached shifts right from 1C to 4C. For ΔTcold, at least at these C-rates, the volume of Li deposited (capacity) is insensitive to the C-rate used; the Li growth plateau always onsets by 0.37 mA h/cm2, further suggesting that the thermal gradient approach is effective at uniformly seeding the current collector. Moreover, the ΔTcold condition is favorable because its lower temperature is expected to minimize parasitic Li reactions and loss of lithium inventory (Thenuwara et al., 2019). That said, higher temperatures will cause better coalescence of Li as the plating capacity increases. As early as cycle 2, the pathway of nucleation and alloying is no longer present for cells tested with either thermal condition, as is evidenced by Figure 1C and Supplementary Figure S3D. Rather, Li plating at the anode follows an immediate plateau which persists during continued cycling as shown in Figures S3e-f. In the case of the ΔTcold cells, discharge capacities increase during early cycling, likely due to the formation of this negative electrode and accumulation of self-heating in the cells.
2.2 Limitations to the thermal gradient strategy resulting from concentrated electrolytes and varied current collectors
As previously discussed, we selected the electrolyte used in this work for its low temperature behavior (Thenuwara et al., 2020), and it has been demonstrated that increased salt concentrations in electrolytes improves cycle life in LMBs (Nilsson et al., 2019). In our experiments, this trend is corroborated for both thermal conditions when using twice the concentration of LiTFSI, as is illustrated by the discharge capacity in Figure 2A and normalized discharge capacity in Figure 2B wherein cells were cycled using a 2C|3D protocol. Moreover, cycling at 20°C is favored with the increased concentration electrolyte during early cycles, a reversal from the previous trend in which ΔTcold cells consistently demonstrated higher discharge capacities than their 20°C counterparts. Specifically, at higher electrolyte concentration, cells cycled at 20 C reach at ∼28 cycles before fading to 50% of its initial discharge capacity whereas at lower concentration, this point was crossed at ∼20 cycles. ΔTcold cells exhibit a slower rate of capacity fade, likely as a function of not moving as much lithium during charge and discharge, thereby protecting continued reactions between the deposited lithium metal and electrolyte. This is further corroborated through electrochemical impedance spectroscopy (EIS), provided in Figures 2C, D for ΔTcold and 20°C cells with concentrated electrolyte, respectively, which reveals that the ΔTcold cells are initially more resistive and may suffer from high viscosity at low temperatures as equivalent series resistance (RS) is higher for the concentrated ΔTcold cells as compared to ones using the baseline electrolyte.
[image: Figure 2]FIGURE 2 | Effect of electrolyte concentration and thermal conditions on (A) discharge capacity and (B) normalized capacity during 2C|3D cycling, where baseline electrolyte composition is 0.8 M LiTFSI +0.2 M LiNO3 in 80:20 DOL:DME with an additional 10 wt% FEC. In (A), the height of the y-axis corresponds to 0.909 mA h, the theoretical capacity of the cathode. Potentiostatic EIS measurements for (C) ΔTcold and (D) 20°C cells with 2× concentration of LiTFSI are acquired at the top of charge. All cycles conducted using 2C charge and 3C discharge.
For both thermal conditions, RS and, to a greater degree, charge transfer resistance (RCT) grows in the first 10 cycles, coinciding with the rapid initial capacity fade. Supplementary Figures S4 illustrates these trends more clearly by providing RS and RCT as a function of cycle number. After those 10 cycles, the resistances grow at different rates depending on the thermal condition. RS continues to increase steadily throughout cycling for the 20°C cell; it is hypothesized that progression of porous electrodes results in higher contact resistance and electrolyte consumption due to more SEI (and faster growth) at higher temperatures.(Maraschky and Akolkar, 2020; Thenuwara et al., 2019; Zhang et al., 2023) Our group has visually observed this phenomena and point the reader to optical cell videos of denser and more compact Li deposition on an Au/Cu current collector cycled using ΔTcold conditions as compared to isothermally at 20°C (Atkinson et al., 2020). In this work, this trend is particularly evident from 50 to 100 cycles, wherein the 20°C cell has a distinct low frequency arc that is normally attributed to porous Li accumulation on the anode (Liao et al., 2005; Drvarič Talian et al., 2019; Atkinson et al., 2020). This low frequency feature for ΔTcold is also present, but noticeably smaller.
Electrolyte viscosity is likely limiting cycling performance for the thermal gradient condition, as ion conductivity should increase with the higher concentration of LiTFSI (Lithium bis(trifluoromethane)sulfonimide). When comparing the two thermal conditions, despite operating at a lower average temperature, the RCT is similar for the ΔTcold cells compared to those cycled at 20°C. After 10 cycles, the ΔTcold cell exhibits a lower RCT, supporting the notion that the thermal gradient reduces electrode degradation while the slower rate of RS growth indicates a diminished rate of electrolyte consumption.
Strategies that may be beneficial independently may not be so when combined, and the overall system must be optimized for achieving improved performance. As another example, the majority of this study relies on the use of 25 nm of Au sputter coated on a Cu substrate as the anode current collector as previous reports have highlighted the favorability of plating lithium on Au rather than Cu (Yan et al., 2016). To compare the influence of overpotential based on varying the negative electrode as well as demonstrate the efficacy of the thermal gradient strategy on more practical current collectors, cells were constructed with bare Cu as the anode. Cycle life data for these tests are provided in Supplementary Figures S5; to summarize, cells without the Au coating demonstrate stable performance through 10 cycles (∼95% retention) when cycling under the thermal gradient condition, while those cycled isothermally at 20°C fade to ∼80% at the same point. After 10 cycles, capacity fades rapidly for the ΔTcold cells as compared to the steady decline exhibited by the 20°C cells, further motivating the use of thermal gradients as an effective formation strategy.
2.3 Mirrored performance in pouch cells
The form factor for battery systems plays a crucial role in determining cycling performance. To assess the viability of the thermal gradient strategy as a mechanism to improve early cycling in a more practical form factor, experiments were replicated in single-layer pouch cells. This resulted in performance trends that are comparable to those exhibited by coin cells, as shown in Figure 3B. Note that while both cell formats were characterized using both ΔTcold and 20°C, the pouch cells were cycled with symmetric 2C|2D rates unlike the coin cell experiments. Despite this, the ΔTcold pouch cells still demonstrate a slower rate of capacity fade during initial cycles.
[image: Figure 3]FIGURE 3 | (A) Image of a representative 20 mA h pouch cell and (B) the corresponding performance demonstrated through normalized capacity.
Cell performance would likely continue to improve with ΔTcold at an increased ratio between discharge and charge rate (Qian et al., 2016; Louli et al., 2021). Optimization of xC|yD rate is required to find the cycling conditions, which benefit most from the ΔTcold strategy in the pouch cell form factor. In fact, performance differences between the two form factors, point out a limitation of the strategy not apparent in the coin cells. The lower thermal average of the cells cycled using ΔTcold slows down kinetics and transport, truncated charging. Therefore, despite the better capacity retention of ΔTcold Figure 3B, the delivered capacity is lower than the 20 C sample (Figure 4A). The effect is more prominent in the pouch cells, because of different thermal conductivity of the packaging and the use of a pure Cu anode. The coin cell experiments used a Au@Cu anode, resulting in different wetting and nucleation behaviors (Supplementary Figures S5). This disadvantage motivated exploring the use of the ΔTcold strategy only in early cycles, leveraging minimized parasitic Li reactions during SEI formation and optimal plating nucleation. These benefits will perpetuate in subsequent cycles after the cells return to ambient conditions.
[image: Figure 4]FIGURE 4 | (A) Pouch cell comparison of discharge capacity during 2C|2D cycling using the thermal gradient strategy (ΔTcold) and cycling at 20°C and 2 thermal gradient (ΔTcold) formation cycles followed by cycling at 20°C; the height of the y-axis corresponds to 0.02 A h, the theoretical capacity of the cathode. Here, the improved relative capacity retention demonstrated in Figure 3 is achieved by formation without preventing the low temperature penalty on total discharge capacity (only ∼0.005 A h for ΔTcold cycling) (B) Coulombic efficiency of the ΔTcold Formation and 20°C cells. (C,D) optical cell investigation of plating morphologies after 5 and 100 cycles using ΔTcold and ΔTcold Formation, respectively. Scale bar = 100 µm.
2.4 Thermal gradient as a formation strategy
The light blue triangles in Figure 4A shows the cycling behavior at 20 C after the completion of 2 cycles at ΔTcold. This condition (ΔTcold formation) delivers higher capacity than simply 20°C cycling, especially in the first 10 cycles. Further, the ΔTcold formation cell maintains ∼100% coulombic efficiency (CE) for 30 cycles, compared to ∼95% CE for the 20 C one (Figure 4B). To explore the implications of the ΔTcold environment on plating morphologies pouches subjected to ΔTcold and ΔTcold formation were opened after 5 and 100 cycles (Figures 4C, D). The high magnification photographs indicate uniform and silvery, film-like, metallic lithium plating after 5 cycles in ΔTcold. Similar morphology is observed for ΔTcold formation but with slightly larger feature sizes on the order of ∼10 μm, indicating larger nucleates have begun to form due to the ambient temperature rise. After 100 cycles in ΔTcold, the metal surface has turned grey in color, indicating accumulation of dead lithium, causing capacity loss (Figure 4A). The ΔTcold formation sample also accumulates dead lithium after 100 cycles but still exhibits silvery metal nucleates. The nucleates after 100 cycles have increased in size to ∼20 µm compared to the ∼10 µm observed after 5 cycles. These morphological distinctions and degradation modes indicate the advantage of ΔTcold cycling and the opportunity to optimize the technique for formation of ZELMB, to enable enhanced performance in practical systems.
3 CONCLUSION
We demonstrate the use of a ΔTcold environment, possessing a low thermal average (∼6.4°C) and small thermal gradient (0.7°C), to suppress undesired Li side reactions, like SEI growth, and facilitate film like growth, which is less likely to form dendrites and more repeatable. This condition is most effective with mismatched charge and discharge rates and at charge rates faster than 1 h. The best capacity retention is observed at 3C charge and 4C discharge, a 50 min full cycle. These high charge rates are attractive for electric vehicle and portable electronic applications where fast charging is desired. Building on the improved SEI formation and plating nucleation or seeding, we demonstrate that 2 formation cycles under ΔTcold conditions, followed by 20°C cycling, outperform cells simply cycled at 20°C. To realize the full potential of ΔTcold formation, the number of cycles and charge and discharge rates require optimization. With the trend to use the pouch cell form factor for ZELMBs, the application of ΔTcold conditions during formation is a practical approach and will provide lasting performance benefits.
4 EXPERIMENTAL PROCEDURES
4.1 Resource availability
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, CL (corey.love@nrl.navy.mil). This study did not generate any new unique reagents. The data generated during this study is available from the lead contact upon reasonable request. This includes raw data from electrochemical tests as well as the post-processing Python or Origin scripts developed by AR and RA.
4.2 Coin cell fabrication
Experiments were performed using 93 μm thick LiFePO4 (LFP, areal loading = 6.5 mg/cm2) on a 15 μm thick Al foil as the positive electrode and 25 nm of Au sputter coated (BAL-TEC SCD 005) on a 9 μm thick Cu foil as the negative electrode. The positive and negative electrodes were cut into 0.967 and 1.58 cm2 disks, respectively, and a single-ply separator (Entek Gold LP UHMWPE; thickness is 19.4 μm and the porosity is 37%) was cut to 17 mm in diameter; all materials were vacuum dried for >12 h at 60°C (Love, 2011). With the theoretical capacity of the LFP taken as 0.94 mA h/cm2 based on the electrode parameters, the nominal 1C capacity for these cells is 0.909 mA h. Unless otherwise stated, the electrolyte used for each cell was 65 μL of 0.8 M LiTFSI +0.2 M LiNO3 in 80:20 DOL:DME with an additional 10 wt% FEC as previously reported by Thenuwara et al. (2020) Coin cells were assembled using 2032-type parts from MTI Corp., wherein 1.2 mm total thickness of stainless steel spacers were adjacent the cathode-separator-foil stack, and a wave spring was placed in between a spacer and the negative cell can. Each condition has two representative cells as replicates; for visual clarity, the thermal conditions are displayed in figures by one of these representative cells. Pouch cell data (also featuring representative data from two replicate cells) also serves to validate reproducibility of the coin cell results in that the same trends are maintained with respect to a given thermal condition.
4.3 Pouch cell fabrication
Electrodes, electrolyte and separator materials used in the pouch cell studies were the same as those used for fabricating coin cells. The LFP cathodes were cut to dimensions of 56 mm × 43 mm, resulting in a nominal cell capacity of 20 mA h. The 25 nm Au on Cu foil was cut to dimensions of 58 mm × 45 mm. The electrolyte volume used for each cell was 500 μL. Sealed cells, as depicted in Figure 3A, were fixtured with a c-clamp to stack pressure of ∼550 kPa (∼80 psi) during cycling.
4.4 Test configurations
Coin and pouch cells cycled at 20°C were tested in a Tenney isothermal chamber (TPS T2C-A-F4T) set to 20°C. Coin cells subjected to a thermal gradient were positioned between two heat exchanger plates inside the Tenney isothermal chamber. The plates were clamped to a constant pressure with a c-clamp. Pressure activated paper (Fujifilm) indicates uniform distribution of 550 kPa. Fluid was circulated through the top heat exchanger plate using a fluid circulating bath (Supplementary Figures S1A); fluid was not circulated through the bottom heat exchanger plate. The set point of the Tenney isothermal chamber was 25 C while the fluid circulating bath was set to 3 C. This configuration and set points resulted in a temperature of 6 C at the positive electrode and 6.7°C at the negative electrode (Atkinson et al., 2020; Carter et al., 2021). Thus, the average temperature of the two electrodes (i.e., thermal average) was Tavg = 6.35°C and the temperature difference was ∆T = 0.7°C. Dummy coin cells instrumented with thin-film thermistors (954-103JT-100, Mouser) enabled the temperature of each electrode to be precisely measured. For pouch cells subjected to thermal gradient conditions, the temperature of the two electrodes were identical to those in the coin cells, namely 6°C and 6.7°C at the positive and negative electrode, respectively. These electrode temperatures were achieved by circulating fluid through both heat exchanger plates (Supplementary Figures S1B). The set points of the circulating baths connected to the top (adjacent to the positive electrode) and bottom plates were 2.1°C and 7.9°C, respectively. Similarly, these temperatures were precisely measuring using dummy pouch cells embedded with thermistors.
4.5 Electrochemical procedures
Cells were cycled between 2.9 and 4.0 V using an 8-channel PARSTAT battery tester (AMETEK Scientific Instruments) using charge rates ranging from 1C to 4C and discharge rates ranging from 1D to 6D. Charge and discharge C-rates are noted as C/x and D/x, where x is the number of hours to complete a full charge or discharge. No formation cycles were used at the beginning of life. Electrochemical impedance spectroscopy was performed every 5 cycles for all cells in potentiostatic mode using a 10 mV RMS amplitude, frequencies logarithmically spanning 300 kHz to 0.1 Hz, and 10 points per decade. The equivalent series resistance (RS) reported in this study refers to the intersection of the impedance spectra with the real-axis at high frequencies (>95 kHz). The charge transfer resistance (RCT) refers to the local minima of the impedance spectra at low frequency (<5 Hz) minus the RS (Atkinson et al., 2020).
4.6 Post mortem optical microscopy
Images were collected using Infinity Analyze software and a Navitar Zoom 6,000 lens apparatus with a Luminera Infinity 2 digital camera. Electrodes were imaged at ×3.38 magnification with a resolution limit of 7.67 μm.
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