Low-temperature and high-rate-charging lithium metal batteries enabled by an electrochemically active monolayer-regulated interface
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Stable operation of rechargeable lithium (Li)-based batteries at low temperatures is important for cold-climate applications but is plagued with dendritic Li plating and unstable solid-electrolyte interphase (SEI). Here we report high-performance Li-metal batteries under low-temperature and high-rate-charging conditions. This is realized by utilizing a self-assembled monolayer of electrochemically active molecules on current collectors that regulates the nanostructure and composition of SEI and deposition morphology of Li metal anodes. A multilayer SEI containing a LiF-rich inner phase and amorphous outer layer effectively seals the Li surface in contrast to the conventional impassive SEI at low temperatures. Consequently, galvanic Li corrosion and self-discharge were suppressed; stable Li deposition was realized from -60º to 45ºC; and a Li|LiCoO2 cell with a capacity of 2.0 mAh cm-2 displayed a 200-cycle life at -15ºC with a recharge time of 45 minutes. 

Rechargeable lithium (Li)-based batteries have become one of the most important energy-storage devices1,2. The batteries function reliably at ambient temperature but display dramatically reduced energy, power, and cycle life at low temperatures (below -10ºC)3–7, which limit the battery utilization in cold climates8,9. The intrinsic reason is the insufficient dynamics at low temperatures, resulting in the structural change of the solid-electrolyte interphase (SEI)15–18 and dendritic Li plating at the anode10–14. As we found in the present study, at -15ºC, the Li anode SEI derived from a conventional electrolyte is highly crystalline and inhomogeneous. The formation of passive SEI components such as lithium fluoride nanosalts and amorphous species is significantly restrained. This fact leads to poor surface passivation, Li corrosion, and dendrite growth on the Li surface (see the main text and illustration in Fig. 1a). Although the use of protective layers19–26, alternative electrolytes27–32, and Li hosts33–36 stabilizes Li metal anodes at room temperature and some special electrolytes enable Li deposition at ultralow temperatures37–39, the formed SEI remains insufficiently passive and stable due to the lack of the precise control of the SEI nanostructure at low temperatures. An approach to precisely regulate the interface especially to construct a passive SEI at the nanoscale level is thus highly needed to enable stable Li metal anodes at low temperatures.
Toward this end, we report here an interface manipulation approach to stabilize Li metal anodes at low temperatures, in which the SEI nanostructure and Li nucleation are regulated by a self-assembled monolayer of 1,3-benzenedisulfonyl fluoride on the surface of copper (Cu) current collectors. This electrochemically active monolayer (EAM) alters the interfacial chemical environment by in situ forming LiF nuclei on the Li metal surface. The pathway and dynamics of electrolyte decomposition at the interface are consequently changed, leading to the formation of a structurally and compositionally different SEI with enhanced passivation. Meanwhile, the EAM forms a lithiophilic anion, benzenesulfonate, on Cu, which induces guided Li nucleation and growth in the presence of a low interfacial Li-ion concentration. At -15ºC, a multilayer SEI is formed, containing a LiF-rich inner phase and an amorphous outer layer (Fig. 1b). It is completely different from conventional low-temperature SEI that displays a highly crystalline and Li2CO3-dominant structure. These features were confirmed by cryogenic transmission electron microscopy (cryo-TEM) with ﻿scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS), high-resolution and depth-profiling X-ray photoelectron spectroscopy (XPS), and molecular dynamics simulation. With the EAM-regulated SEI, stable Li deposition was realized in a wide temperature range from -60º to 45ºC. The galvanic Li corrosion of Li metal anodes and self-discharge of full cells were effectively suppressed. A Li|LiCoO2 cell displayed a 200-cycle life under low-temperature (-15ºC), high-capacity (2.0 mAh cm-2), and high-rate-charging (45 min of recharge time) conditions. The Li|LiCoO2 cells also presented stable reversible capacities when the temperature was repeatedly switched between -15º and 25ºC.
Li nucleation and growth on the EAM Cu
We bonded a self-assembled monolayer of 1,3-benzenedisulfonyl fluoride on Cu substrates via a thiol-Cu reaction40,41. The synthesis was depicted in Supplementary Figs 1-4. A high surface coverage of ~91% on Cu was realized (Supplementary Fig. 5), and the Cu surface remains electronically conductive42. The in situ generation of benzenesulfonate and LiF was confirmed by XPS, 19F nuclear magnetic resonance (NMR), and cyclic voltammetry. Li deposition was performed on EAM Cu with a fluorine-free electrolyte. After dissolving the formed SEI, we analyzed the surface of the EAM Cu using XPS. For pristine EAM Cu, the -C6H3-(SO2F)2 peaks were at 169.6 and 170.8 eV in the S 2p spectrum (Fig. 2a). After Li deposition, the S 2p peaks shifted to 168.5 and 169.7 eV, indicating the formation of -C6H3-(SO2Li)2 (Fig. 2b and Supplementary Fig. 6a,b). In the solution of the dissolved SEI, we detected the signals of LiF derived from -C6H3-(SO2F)2 (Supplementary Fig. 6c). This 
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Fig. 1. Illustration of a stable low-temperature SEI regulated by an electrochemically active monolayer (EAM) on Cu. a, Low-temperature Li deposition on a Cu substrate, associated with needle-shaped Li growth and unstable SEI. At -15ºC, Li dendrites aggressively grow; and the SEI layer is highly crystalline and inhomogeneous. b, Evenly seeded Li with a stable SEI layer on the EAM Cu, which has a self-assembled monolayer of electrochemically active 1,3-benzenedisulfonyl fluoride (purple compound) on the surface. After Li deposition, EAM-derived LiF salts act as nuclei to induce the formation of a LiF-rich inner phase of SEI, and EAM-derived benzenesulfonate groups (red compound) are bonded on the Cu surface. The SEI displays a multilayered structure with an inner phase containing a large amount of LiF nanocrystals (reddish layer attached to the Li surface) and an outer layer mainly composed of amorphous species (blueish layer on the top surface).
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Fig. 2. In situ decomposition of the EAM during SEI formation. High-resolution XPS spectra of the pristine EAM Cu (a) and the EAM Cu after 10 cycles (b). A peak shifting related to EAM decomposition was observed after the Li deposition.

process was also evidenced by peak shifting in cyclic voltammetry (Supplementary Fig. 7).
We first probed the Li deposition morphology on the EAM Cu using scanning electron microscopy (SEM). At a current density of 6.0 mA cm-2 and -15ºC, the Li seeds formed on a bare Cu foil have a needle-shaped morphology (Fig. 3a), which are smaller than those formed at 25ºC (Supplementary Fig. 8). This finding implies that the growth of Li dendrite is exaggerated at low temperatures. Contrastingly, guided by EAM, Li seeds are uniform and show an
island-shaped morphology (Fig. 3b). After Li stripping, no clear SEI residues and dead Li were seen on EAM Cu, implying excellent SEI stability and highly reversible Li plating and stripping (Supplementary Fig. 9). In contrast, we observed a large amount of waste SEI and dead Li on the bare Cu surface, probably because of excessive SEI reformation and Li dendrite growth. Uniform Li seeding was also realized at different currents and temperatures, including 6.0 mA cm-2 and 25ºC (Supplementary Fig. 8), 1.0 mA cm-2 and -15ºC (Supplementary Fig. 10), and 2.0 mA cm-2 and 25ºC (Supplementary Fig. 11). 
We also investigated the Li deposition regulated by a self-assembled monolayer of lithium benzenesulfonate (C6H5-SO3Li), which is lithiophilic but electrochemically inactive. This layer cannot induce a uniform Li deposition (Fig. 3c), indicating that the EAM-formed LiF is important to guide Li nucleation and uniform Li growth on Cu. The use of other inactive monolayers also led to Li dendrite growth (Supplementary Fig. 12). We next bonded the EAM on a three-dimensional Cu host that possesses pores with a diameter of 45µm (Fig. 3d). Li deposition was conducted at -15ºC with a current density of 6.0 mA cm-2 and a capacity of 6.0 mAh cm-2. After 30 cycles, we saw uniformly deposited Li on the EAM Cu host (Fig. 3i,g and Supplementary Fig. 13), while Li dendrites 
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Fig. 3. Li nucleation and growth regulated by the EAM Cu. a-c, SEM images of Li nuclei deposited on the bare Cu (a), EAM Cu (b), and control Cu modified by an electrochemically inactive monolayer (c). d-e, SEM images of three-dimensional EAM Cu hosts before (d) and after (e and f) Li deposition after 30 cycles. The deposition amount is 6.0 mAh cm-2. All the samples were cycled at a current density of 6.0 mA cm-2 and at -15ºC.

were found on bare Cu (Supplementary Fig. 14). After Li stripping, we saw very limited Li residues on the EAM Cu host (Supplementary Fig. 15), while dendritic Li residues were seen on the bare Cu host (Supplementary Fig. 16). Uniform Li deposition was also realized for the Li@EAM Cu electrode after 200 cycles (Supplementary Fig. 17a,b) and for the electrode with an elevated Li deposition amount of 12 mAh cm-2 (Supplementary Fig. 17b,c). 
Nanostructure of the low-temperature SEI
To reveal the uniform Li deposition behavior, we next studied the 
nanostructure of low-temperature SEI using cryo-TEM. At -15ºC, the SEI formed on the bare Cu and on the EAM Cu are completely different regarding the nanostructure and dominant components. The SEI layer formed on the bare Cu is highly crystalline (Fig. 4a and Supplementary Fig. 18a), in which Li2CO3 (a lattice spacing of 0.28 nm) crystals were largely seen and Li2O (a lattice spacing of 0.27 nm) and LiF (lattice spacings of 0.20 nm) crystals43 were found as well. The major salt component, Li2CO3, is generally considered as an unfavorable SEI component due to insufficient passivation15. This highly crystalline SEI structure at -15ºC is completely different from that formed on bare Cu at 25ºC with more amorphous species (Supplementary Fig. 19). Surprisingly, when the EAM Cu was used, we saw a multilayer SEI, which has a LiF-rich inner phase, a highly amorphous outer layer, and an amorphous matrix embedded with Li2CO3 and LiF nanocrystals in between (Fig. 4b and Supplementary Fig. 18b). The lattice spacings of the crystals were identified in the corresponding fast Fourier transform images (Supplementary Figs 20 and 21). The TEM images without labels are shown in Supplementary Figs 22 and 23. Besides, by observing the region where the deposited Li is thicker, we captured clear lattice and lattice fringe features of LiF nanosalts in the inner phase of the SEI (Supplementary Fig. 24).
Meanwhile, we conduct EELS to further validate the presence of the LiF-rich inner phase in the EAM-regulated SEI. Fig. 4c shows a scanning transmission electron microscopy (STEM) image of the EAM-regulated SEI on Li. The inner phase of the SEI is brighter than other regions, probably due to different compositions. We boxed four regions in the image that represent Li layer (brown), inner phase of SEI (red), middle layer of SEI (green), and outer layer of SEI (purple), respectively, and examined their composition pixel by pixel (Fig. 4d). The Li K-edge spectrum taken from the brown region has a broad peak at ~63 eV, corresponding to metallic Li. In the SEI layer, the peak shape of the inner phase region primarily corresponds to LiF44, suggesting the presence of the LiF-rich inner phase. The peak shapes of the top two regions represent a mixture of Li2O, Li2CO3, and LiF44. In contrast, we did the same study on the SEI sample formed on bare Cu and found Li2CO3-dominant spectral features without a LiF-rich inner phase (Supplementary Fig. 25). 
To investigate the SEI after Li stripping, we studied an EAM-regulated SEI on Cu sample after the 1st Li deposition and stripping. In the STEM and corresponding ﻿energy-dispersive X-ray spectroscopy (EDS) images, the EAM-regulated SEI was found on Cu (Fig. 4e), and the presence of S and F was confirmed in the EDS spectrum (Supplementary Fig. 26). A carbon coating layer generated during the sample preparation was also seen on the top of SEI. In the high-resolution TEM image, we found LiF crystals with clearly observed lattice structures in the inner phase of the SEI  (Fig. 4f and Supplementary Fig. 27), demonstrating the presence of the LiF-rich inner phase of SEI after the Li stripping.
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Fig. 4. SEI nanostructure regulated by the EAM. a,b, Cryo-TEM images of the SEI layers formed on a Li@bare Cu (a) and a Li@EAM Cu (b) after 10 cycles. Distinguished from the conventional SEI at -15ºC that is highly crystalline, the EAM-regulated SEI has a LiF-rich inner phase and an amorphous outer layer. c,d, STEM image (c) of the interface of Li@EAM Cu and the corresponding Li K-edge spectra (d) of the boxed regions in c. e,f, The STEM and corresponding EDS images (e) and high-resolution TEM image (f) of the EAM-regulated SEI on Cu, in which the deposited Li was stripped out after the initial deposition. A LiF-rich inner phase was observed in the EAM-regulated SEI layer.
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Fig. 5. EAM decomposition at the interface by nanoscale XPS depth profiling. XPS depth profiling spectra of Li@EAM Cu after 10 cycles. A LiF-rich inner phase of SEI was identified. Curves from top to bottom represent the spectra acquired after sputtering for 0, 1, 2, 3, 6, 100, 101, and 105 min. The sputter rate is ~10 nm min-1 based on SiO2.

Nanoscale depth-profiling XPS also supports our findings. We sputtered a Li@EAM Cu sample from the top surface of SEI to the Cu substrate underneath. As depicted in Fig. 5, the top three curves represent the SEI layer, evidenced by the presence of Li salts (peaks at 54-58 eV in the Li 1s spectra). In the third curve from the top, we found a high concentration of LiF, indicating the presence of the LiF-rich inner phase. Upon sputtering, the fourth to sixth curves start to show Li metal signals (the peak at ~51 eV in the Li 1s spectra), which is the deposited Li layer. In the seventh curve, the Cu surface was reached, evidenced by the presence of Cu peaks at ~933 eV in the Cu 2p spectrum. We also saw the signals of lithium benzenesulfonate (Li-SO2-C6H3-) (peaks at ~57 eV in the Li 1s spectrum and ~169 eV in the S 2p spectrum) and Cu-S (the peak at ~164 eV in the S 2p spectrum) in this layer, confirming that lithium benzenesulfonate is bonded on Cu during Li deposition.
To further reveal the unique multilayered structure of EAM-regulated SEI, we also comparatively probed the SEI regulated by the electrochemically inactive monolayer of C6H5-SO3Li. We saw no LiF-rich inner phase in the SEI (Supplementary Fig. 28). Based on these findings, we conclude that EAM-derived LiF salts induce the formation of the LiF-rich inner phase in the multilayer SEI. Together, these findings verify that the use of the EAM alters the structure of the low-temperature SEI from a highly crystalline film to a multilayer with a LiF-rich inner phase. 
Composition of the low-temperature SEI 
﻿To identify the SEI composition, we performed XPS on the cycled Li after 30 cycles. The SEI formed on a bare Cu at 25ºC contains a high concentration of Li-CO2- (peaks at 288.8 eV in the C 1s spectrum and 54.4 eV in the Li 1s spectrum), LiF (peaks at 684.6 eV in the C 1s spectrum and 56.2 eV in the Li 1s spectrum), ROCO2R (the peak at 291.3 eV in the C 1s spectrum) derived from FEC, and LixPyOFz (peaks at 136.9 eV in the P 2p spectrum and 53.1 eV in the Li 1s spectrum) (Fig. 6a). The composition of this room-temperature SEI is consistent with the previous SEI characterization45. When the temperature falls to -15ºC, the SEI composition on bare Cu changes markedly. As shown in Fig. 6b, the atomic percentage of ROCO2R in the C-containing species was decreased to 4.1%, which is lower than that of 18.2% at 25ºC. The LiF percentage was decreased from 36% (at 25ºC) to 14.5% (at -15ºC) (Supplementary Fig. 29). Li-CO2- and LixPyOFz become the dominant salts in the low-temperature SEI. Encouragingly, the use of the EAM alters the SEI composition at -15ºC. In the EAM-regulated SEI at -15ºC (Fig. 6c), the percentages of LixPyOFz and Li-CO2- were markedly lowered; LiF percentage was increased from 14.5% to 46.8%; and ROCO2R percentage was enhanced to 10.7% (Fig. 6c and Supplementary Fig. 29). At 25ºC, the EAM-regulated SEI also contains a high concentration of LiF (49.6%) (Supplementary Figs. 29 and 30), higher than that of 36% in the SEI on bare Cu at 25ºC. Moreover, the composition of EAM-regulated SEI at -15ºC after 200 cycles (Supplementary Fig. 31) is
similar to that at -15ºC after 30 cycles (Fig. 6c).
Low-temperature performance of Li-metal batteries
After identifying the structure and composition of SEI, we next investigated the low-temperature performance of Li-metal batteries. The EAM-regulated SEI effectively suppresses side reactions on the Li anode surface. This was evidenced by the restrained galvanic Li corrosion on Cu46 and the self-discharge of Li-metal batteries. Fig. 7a depicts the galvanic Li corrosion in a Li|EAM Cu host cell. The galvanic current was dropped to a stable value below 0.1 µA cm-2 within 2 h, indicating a limited Li corrosion. In contrast, the current in the control cell was slowly reduced and stabilized at ~0.4 µA cm-2 after 8 h (Fig. 7b). Meanwhile, a charged EAM Cu|LiCoO2 cell (4.2 V) had an open-circuit voltage of 4.13 V after a 325 h rest, and the cell had a capacity retention of 80.3% in the subsequent 
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Fig. 6. Composition of Li metal anode SEI formed at 25º and -15ºC. a, XPS spectra of the Li SEI formed on the bare Cu at 25ºC. FEC generates ROCO2R and LiF to passivate the Li surface. b, XPS spectra of the Li SEI formed on the bare Cu at -15ºC. FEC decomposition was restrained at -15ºC, and Li-CO2- becomes the dominant SEI components. c, XPS spectra of the Li SEI formed on the EAM Cu at -15ºC. The EAM Cu contributes LiF in the SEI layer, and the formation of LixPyOFz was suppressed.
discharge (Fig. 7c). An open-circuit voltage of 4.07 V was recorded for a parallel cell after a 2777 h rest (Supplementary Fig. 32). In contrast, the open-circuit voltage of the control cell rapidly dropped to 4.13 V merely after a 2.2 h rest (Fig. 7d). The use of self-assembled monolayers of C6H5-SO3Li and CH3-(CH2)12CH2- also reduced the cell self-discharging (Supplementary Fig. 33) but is significantly less effective than the use of EAM.
We next studied the efficiency of Li deposition on the EAM Cu host under high-current (6.0 mA cm-2), high-capacity (6.0 mAh cm-2), and low-temperature (-15ºC) conditions. An average efficiency of 98.6% in 250 cycles was realized in comparison with a rapid short circuit of the control cell after 60 cycles (Fig. 7e). The use of the EAM Cu induced a low Li nucleation overpotential of 14 mV and a deposition potential of -66 mV (Fig.7e). In contrast, the control cell had a high nucleation overpotential of 53 mV (Fig. 7e), and the deposition potential was increased to -125 mV along with the accumulation of Li dendrites and slowly fell back due to the merge of dendrites (Supplementary Fig. 34). Stable Li deposition was also achieved at a capacity of 10 mAh cm-2 and a current density of 10 mA cm-2 (Supplementary Fig. 35) and a low areal capacity of 2.0 mAh cm-2 and a current density of 2.0 mA cm-2 (Supplementary Fig. 36). During Li deposition, the interfacial resistance of the Li|EAM Cu cell remained low (Fig. 7g and Supplementary Fig. 37), while that of the cell was extensively increased. Moreover, Li deposition was stably conducted in a wide temperature range from -60º to 45ºC. Low Li nucleation overpotentials were observed owing to the use of the EAM Cu host (Supplementary Fig. 38).
To further demonstrate the SEI stability, we cycled Li-metal batteries at -15ºC with a recharge time 45 min. LiCoO2 cathodes with a capacity of 2.0 mAh cm-2 were precharged and paired to the Li@EAM Cu anodes those accommodate 10 mAh cm-2 of Li. The Li|LiCoO2 cell had a capacity retention of 87.7% in 200 cycles (Fig. 7h). The specific recharge capacity is ~123 mAh g-1, and no clear polarization was observed (Supplementary Fig. 39a). Contrastingly, the control cell rapidly faded in 40 cycles and showed increased polarization with cycling. The Li|LiCoO2 cell with a high capacity of 3.1 mAh cm-2 had a 170-cycle life at -15ºC (Supplementary Fig. 40). Moreover, the Li|LiCoO2 cells can be stably operated in a wide temperature range. The cells showed stable reversible capacities when the temperature was gradually varied from -30º to 45ºC (Supplementary Fig. 41) and repeatedly switched between -15º and 25ºC (Fig. 7i and Supplementary Fig. 39b), respectively. We also operated Li|LiCoO2 cells at 25ºC for 1 cycle before cycling them at -15ºC. This activation process is used for commercial batteries and allows more LiF generation in the initial SEI. Unfortunately, the cycle life of the control cell was merely extended from 37 to 63 cycles (Supplementary Fig. 42), due to the repeated SEI breaking and reforming (Supplementary Fig. 43). In contrast, the cell incorporating EAM showed a similar cycle life with the cell having no room-temperature activation (Supplementary Fig. 42). These results verify the good stability of the Li metal anode SEI in a wide 
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Fig. 7. Battery performance under low-temperature conditions. a,b, The galvanic currents corresponding to Li corrosion on the EAM Cu (a) and bare Cu (b). ﻿Zoom-in curves are shown as the insets. A significantly reduced current was observed in the Li|EAM Cu cell. c,d, Voltage versus time curves display the self-discharging of Li anode-free Cu|LiCoO2 cells incorporating the EAM Cu host (c) and bare Cu host (d). An external current of 0.5 mA cm-2 was applied to charge the cell. The fully charged EAM Cu|LiCoO2 cell presented a limited and low self-discharge in comparison with the rapid failure of the control cell. After rest, the cell incorporating the EAM Cu host (c) was further discharged with a current of -0.5 mA cm-2. e,f, The efficiency (e) and voltage profile (f) of Li deposition at -15ºC with a current density of 6.0 mA cm-2. The EAM Cu enables high-efficiency Li deposition in contrast to a low efficiency and severe polarization on the bare Cu. g, Impedance evolution of Li|Cu cells at -15ºC. h, Cycling stability of Li|LiCoO2 cells at -15ºC with a charge capacity of 2.0 mAh cm-2 and a charge current density of 2.67 mA cm-2. i, Cycling stability of a Li|LiCoO2 cell incorporating the EAM Cu host. The temperature was repeatedly switched between -15º and 25 ºC. 

temperature range. Besides, the use of the EAM also improved the cycling stability of Li|LiCoO2 cells incorporating an ethylene carbonate (EC)-based electrolyte by providing additional LiF in the SEI (Supplementary Figs 44 and 45).  
Modeling of low-temperature SEI chemistry
To unravel the origin of the low-temperature SEI chemistry, we performed ab initio molecular dynamics (AIMD) simulations of the SEI formation process at -15º and 25ºC. We designed two Li-electrolyte interface models. For the Li@bare Cu, Li atoms are directly contacted with electrolyte molecules (Fig. 8a). For the Li@EAM Cu, we added LiF molecules to partially cover the Li surface (Fig. 8b). We first monitored the energetics of these two systems over time to determine the decomposition rate of the electrolyte and its influences on the SEI composition (Fig. 8c and Supplementary Figs 46 and 47). A smaller reaction energy change of ~17 eV was observed for the Li@EAM Cu in contrast to that of ~60 eV for the Li@bare Cu, implying effective restraint of 
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Fig. 8. Low-temperature SEI chemistry studied by modeling and quantitative NMR. a,b, Simulation models of the Li-electrolyte interfaces on the bare Cu (without LiF) (a) and on the EAM Cu (with LiF that partially covers the Li surface). The spheres of color green, brown, red, pink, purple and silver represent the Li, C, O, H, P and F atoms respectively. (b). c, Energy versus time curves present the rates of SEI formation to reach an equivalent equilibrium point at -15º and 25ºC, respectively. d, Favorable SEI components at -15º and 25ºC based on the pair distribution function. 

electrolyte decomposition in the SEI formation. For the Li@bare Cu, the equilibrium energy level was reached faster (~18 ps) at -15ºC, while the Li@EAM Cu system showed similar energetic evolutions at -15º and 25ºC. This result suggests that the limited influence of the temperature on the SEI stability due to the LiF-rich inner phase in the Li@EAM Cu system. 
To further probe the temperature influence on the SEI structure, we studied the favorable bonding of Li with C, O, F, and P by calculating the coordination number of Li atoms in the surface as a function of distance via integrated radial distribution functions of AIMD trajectories. At -15ºC, the coordination numbers of Li-C and Li-P are increased and that of Li-F is decreased compared to those at 25ºC (Fig. 8d and Supplementary Figs 48 and 49), indicating that Li atoms are bonded with more C and P atoms and less F atoms. This is responsible for the increased content of Li-CO2- and LixPyOFz and reduced content of LiF in the low-temperature SEI. 
We also monitored the consumption rate of each electrolyte component using quantitative NMR and AIMD simulation. The use of the EAM Cu reduces the electrolyte, implying a stabilized interface of Li metal anodes (Supplementary Figs 50 and 51 and Supplementary Tables 1-9). 
Conclusions
In this work, we have demonstrated an interfacial strategy that enables superior performance of Li-metal batteries at -15ºC. An electrochemically active monolayer was employed to alter the SEI structure and Li nucleation at low temperatures and in a carbonate electrolyte. The formed SEI has a LiF-rich inner phase, which is distinguished from the crystalline structure of the conventional low-temperature SEI. Consequently, dendrite-free Li deposition was realized; Li anodes were stably cycled in a wide temperature range from -60º to 45ºC; Li-metal batteries cells showed long cycle lives at -15ºC with a recharge time of 45 min. Our findings open up a promising avenue to the development of low-temperature rechargeable batteries. 
Methods
Synthesis of the EAM Cu. The EAM Cu host (Tmax Battery Equipment), foil, and grid were prepared by forming a self-assembled monolayer of 5-((2-mercaptoethyl)carbamoyl) benzene-1,3-disulfonyl difluoride on the Cu surface. To prepare the 5-((2-mercaptoethyl) carbamoyl)benzene-1,3-disulfonyl difluoride molecule, a dichloromethane solution (50 ml) of 3,5-bis(fluorosulfonyl)benzoic acid (343 mg, 1.2 mmol), sulfuryl chloride (243 mg, 1.8 mmol), and triethylamine (12 mg, 0.12 mmol) was refluxed for 30 min, following the dropwise addition of cysteamine (77 mg, 1.0 mmol). The solution was further refluxed for 1 h, and the solvents were then removed by rotary evaporation. The mixture was immediately dissolved in 100 ml anhydrous ethanol. The Cu substrates with clean surface were immersed in the ethanol solution of thiols for 6 h under nitrogen. After that, the achieved Cu substrates were rinsed with anhydrous ethanol 3 times and dried under vacuum for use. To clean the Cu surface, Cu substrates were washed with acetone under sonication for 30 min, then rapidly rinsed in a nitric acid solution (6.5%) for 10 s and immersed in a chloric acid (3.7%) for 10 min, washed with deionized water 6 times, and finally dried under nitrogen.
Preparation of electrodes and electrolytes. The Li@host electrodes were prepared by electrochemically depositing 10 mAh cm-2 of Li on the as-prepared EAM Cu host at a current density of 2.0 mA cm-2 and at -15ºC. To fabricate the LiCoO2 cathode electrodes, LiCoO2 powders, polyvinylidene fluoride, and conductive carbon (80:14:6) were mixed in anhydrous dimethylformamide. The slurry was cast on an aluminum foil and dried at 100°C under vacuum for 24 h. A 1 M LiPF6 in PC/FEC (8:1, v/v) electrolyte was used for Li deposition morphology and SEI characterizations, NMR experiments, and galvanic Li corrosion tests. A 1 M LiPF6 in PC/FEC/ethyl 2,2,2-trifluoroethyl carbonate (ETFEC)12 (8:1:1, v/v/v) with 10 wt.% tris(pentafluorophenyl)borane (TPFPB), 5 wt.% lithium tetrafluoroborate (LiBF4), and 0.5 wt.% lithium nitrate (LiNO3) electrolyte was used to cycle the Li|LiCoO2 cells and the Li|Cu cells for Li deposition efficiency and impedance measurements. The electrolyte amount was ~15 µl mAh-1. Battery-grade electrolytes were purchased from BASF and further dried using 4Å molecular sieves before use. Celgard 3501 membranes were used as separators.
Electrochemical test. The batteries (CR2016 coin cells) were tested under galvanostatic charge-discharge conditions. To measure the Li deposition efficiency in the Li|Cu host cells, we deposited 6.0 mAh cm-2 of Li onto the host at a current density of 6.0 mA cm-2 and stripped Li at a current density of 1.0 mA cm-2. The efficiency was measured by the amount of the stripped Li. The Li|LiCoO2 cells were prepared by pairing pre-delithiated LiCoO2 cathodes with Li@host anodes. As-prepared LiCoO2 electrodes were charged to 4.2 V at a current density of 0.5 mA cm-2 and at -15ºC, and 10 mAh cm-2 of Li was deposited onto the Cu host at a current density of 1.0 mA cm-2 and at -15ºC. The gas generation at the cathode can be excluded in this way. The galvanic Li corrosion current was measured in the Li|Cu foil cell. We held the Cu electrode (1.13 cm-2) at 0 V and monitored the generated current. Electrochemical impedance spectroscopy tests for Li|Cu cells were conducted between 0.1 and 100000 Hz on a Nuvant EZStat Pro instrument. All the cells were held at the designed operation temperature (-15º and 25ºC) immediately once assembled. For the self-discharge of Cu|LiCoO2 cell experiment, we assembled the Cu|LiCoO2 cells by pairing the Cu electrodes (EAM Cu or bare Cu) with pristine LiCoO2 cathodes. After a 2 h rest, we first charged the as-assembled cells to 4.2 V by applying a constant current of 0.5 mA cm-2. The cells were then kept resting afterwards, during which we started to observe the self-discharge phenomenon by recording the open-circuit voltage. After the rest, the cell incorporating the EAM Cu was further discharged with a constant current of -0.5 mA cm-2.
Cryo-TEM experiment. To prepare SEI samples, we deposited Li seeds on the EAM Cu grid and the bare Cu grid, respectively, at -15ºC. The grids placed on stainless steel spacers were used as working electrodes in Li|Cu grid cells. A constant current of 6.0 mA cm-2 (based on the area of the stainless steel) was applied for 160 s. The grids were collected afterward in an argon-filled glovebox, gently rinsed with PC solvent 2 times, and dried under vacuum. The grid samples were then loaded on a cryo-TEM holder and inserted into the microscope. TEM images were captured on a dual spherical aberration-corrected FEI Titan2 G2 60-300 STEM at an accelerating voltage of 200 kV.
Characterization. The XPS and 19F NMR samples for characterizing the in situ decomposition of EAM were prepared by conducting Li deposition on the EAM Cu electrode for 10 cycles. A 0.5 M lithium bis(oxalato)borate in EC/ethyl methyl carbonate (EMC) electrolyte was used, in which F-based species are only derived from -C6H3-(SO2F)2. After cycling, the electrode sample was immersed in the deuterate dimethylsulfoxide (DMSO-d6) and under ultrasonication for 2 h. The Cu electrode was then washed with EMC and dried for XPS analysis, while the DMSO-d6 solution was used for 19F NMR test. The TEM samples of the EAM-regulated SEI on Cu were prepared on an FEI Helios Nanolab 660 Dual Beam focused ion beam using the ‘in situ lift-out’ technique24. A carbon layer was coated on the sample surface to protect the SEI layer.  XPS samples were analyzed on a PHI VersaProbe II Scanning XPS Microprobe. A vacuum transfer vessel was used to transfer the samples from the glovebox into the instrument. SEM images were captured on a Nova NanoSEM 630 instrument. The XPS and SEM samples were washed with PC solvent 2 times and dried under vacuum. NMR experiments were conducted on a Bruker AV-3-HD-500 instrument. The amounts of LiPF6, deuterated PC, and FEC were monitored independently by using 19F, 2H, and 1H NMR. The electrolyte solvents were collected from the cells using chloroform (6 times, 4.2 ml in total). The solutions were transferred into NMR tubes in the glovebox. The electrolyte samples before cycling were also prepared using this procedure to reduce errors. Instrument parameters for all NMR tests were exactly the same in order to quantify the electrolyte amount with the absolute integrals of NMR peaks. The average integral of three parallel samples was used to calculate the electrolyte retention.
Modeling of SEI chemistry. The AIMD calculations were performed in the density functional theory (DFT) framework using the generalized gradient approximation. The projector-augmented wave (PAW) formalism was used as implemented in the Vienna Ab initio Simulation Package (VASP)47,48. We simulated an interface between the electrolyte and Li (100) surface using a computational supercell (14 × 14 × 30 Å) that are composed of 440 atoms with periodic boundary conditions along all directions. To represent the Li on the bare Cu (Fig. 8a), we built an interface between the PC:FEC electrolyte (composed of 283 atoms) and 10 layers of Li (100) (composed of 160 atoms). To represent the Li on the EAM Cu (Fig. 8b), we presented the PC:FEC electrolyte (composed of 380 atoms), 5 layers of Li (100), and a LiF nanoparticle composed of 38 atoms sitting at the interface between the electrolyte and Li surface. Cu substrates are not considered as a part of the simulations given that are out of the scale accessible with modern computational resources. Besides, we also used AIMD simulations to study the decomposition rate of each electrolyte component. We employed the PAW pseudopotentials supplied by VASP, and the exchange correlation is described by the Perdew-Burke-Ernzerhof functional49. The plane-wave energy cutoff was set at 600 eV and the Brillouin zone was sampled at the gamma point. The initial electrolyte configurations were prepared by setting the PC, FEC and LiPF6 molecules at random positions and orientations; the concentrations of each compound is determined by experimental volume ratios. Each system was equilibrated at -15º and 25ºC in the canonical ensemble (NVT) for at least 20 ps with a time step of 1 fs. The condition of constant- temperature was imposed by using a Nose-Hoover thermostat50. 
Data Availability 
All relevant data are included in the paper and its Supplementary Information. The data that support the plots in the paper are available from the corresponding author upon reasonable request.
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