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Abstract

The design and control of the solid electrolyte interphase (SEI) is essential for the implementation of rechargeable lithium metal based batteries and  has been a major research theme of lithium metal electrodes for over 50 years. However, research on an as-defined SEI is challenging due to the inevitable presence of a native passivation layer (NPL), commonly contaminating an in situ formed SEI and its characteristics. Herein we present an original study on an uncontaminated SEI being an exclusive reaction product of lithium and a liquid aprotic electrolyte, highlighting the largely negative influence of the NPL on different SEI characteristics and functional additive evaluation. A preformed as-defined SEI (pSEI) was generated by an in-house designed advanced pre-treatment method, ensuring high reproducibility and exclusion of the NPL by cutting and pressing lithium metal in solution/electrolyte. The implementation of a pSEI allows for a systematic study and an unclouded comparison of the two common functional additives vinylene carbonate (VC) and fluoroethylene carbonate (FEC) in a molar equal setting. The introduction of an as-defined SEI allowed to clearly distinguish between enhancing influence on the SEI characteristics and full cell performance by FEC and the largely negative effect of VC on different SEI characteristics.
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Introduction
Today more than ever before, lithium metal is regarded as a promising anode material for future high energy density lithium metal batteries (LMB), and is even considered as one of many “holy grails” of battery research.[1–4] Its high theoretical specific capacity (3860 mAh g-1), as well as the lowest standard reduction potential (−3.04 V vs. standard hydrogen electrode), make it an ideal material for future mobile batteries.[5–9] However, the tendency of lithium metal to form a solid electrolyte interphase (SEI), named by Peled in 1979,[10] drastically influences the performance of a lithium electrode and has been the topic of countless reviews and research publications.[1,11,20–23,12–19] 30 years after its discovery it still was called “the most important but least understood”[24] part of lithium-based batteries. The ideal SEI has to be electron isolating and equally Li+-ion conducting to keep lithium metal protected against the electrolyte and still electrochemically active. Moreover, in the rechargeable battery cell mode, an ideal SEI should enable a homogeneous lithium dissolution (“stripping”) and deposition (“plating”) behavior. Locally concentrated inhomogeneous deposition of lithium enhances the abundance of high surface area lithium (HSAL) with different, for instance dendritic[17] deposition morphologies, ultimately posing a safety risk if a dendrite short circuits a cell. Various classes of liquid electrolyte components comprising conducting salts, solvents/co-solvents and especially functional additives have been considered to enable the formation of an improved in situ formed SEI[4,8,25,26]. In a different approach, lithium metal electrodes are pre-treated to enhance the electrode performance after cell assembly: Therefore, the lithium electrode is reacted with different chemicals,[27–31], is allowed to react with nitrogen gas to form a LiN3-rich layer on the electrode surface,[32,33] or is sputter coated with gold and zinc to improve the homogeneous lithium deposition beneath the (artificial) SEI.[34] 
However, most pre-treatment methods and advanced electrolyte formulations always form an SEI on top of the NPL covering “as delivered” battery grade pristine lithium. This layer is usually neglected and has only very recently come to the forefront of some studies.[35,36] Becking et al.[37] established a role pressing procedure to break the NPL covering pristine lithium to get a better idea of a clean lithium metal anode surfaces behavior, resulting in a more homogeneous stripping/plating behavior and lower impedance values of the SEI in a Li||Li symmetric two electrode [38] coin cell setup compared to pristine battery grade lithium. Wellmann et al. advanced this method by adding ionic liquids during the roll pressing process to form an artificial SEI in the process.[39] An even more consequent procedure was established by Ding et al., who presented a pre-treatment method lithium rod in an amine/hexane solution to form a defined surface layer.[40] In this way, the freshly surfaced lithium can only react with the solution, limiting the composition of the SEI to the reaction products of the selected reaction liquid and lithium. To this day, this is the only procedure shown to form an uncontaminated reaction product layer on the lithium metal surface. To the best of our knowledge, cutting lithium in solution has only been published a handful off times in literature,[41–44], however, it has never been used to form an as-defined SEI, generated by the reaction of lithium metal with a state of the art (SOTA) liquid electrolyte.
Herein we report on the first time generation of a preformed as-defined SEI (pSEI) on lithium metal electrodes by an advanced pre-treatment method, which was inspired by the work of Ding et al.[40], however, significantly altered to enhance reproducibility and enable utilization in a small cell setup. The pre-treatment of lithium electrodes and simultaneous exclusion of the NPL allowed for the systematic investigation of differences in SEI characteristics based on said NPL by comparing battery grade pristine lithium metal electrodes (pLi) and electrodes covered by a pSEI. Furthermore, it also allows for an exclusive influence study of two SOTA functional electrolyte additive. 
The “positive” influence of the two common functional additives, vinylene carbonate (VC)[45] and fluoroethylene carbonate (FEC)[46] has been reported individually before, however to the best of our knowledge, an in depth direct side-by-side comparison has not been done before. Therefore, the pSEI based on three electrolyte formulations: a baseline electrolyte (BE, EC: EMC 3:7 (w/w), 1.2 M LiPF6), a VC containing additive electrolyte AE-VC (BE +5 wt% VC) and a FEC containing additive electrolyte AE-FEC (BE +6.09 wt% VC). To ensure equal reaction equivalents during the SEI preformation, the electrolyte component molar ratios of AE‑FEC were determined equally to AE‑VC (detailed calculation in SI). The chemical composition and morphology of the pre-treated lithium metal electrodes were characterized by X‑ray photoelectron spectroscopy (XPS) and optical analysis, including scanning electron microscopy (SEM) in combination with cryo focused ion beam (FIB) cutting and energy dispersive X-ray spectroscopy (EDX). The electrochemical characterization was conducted in Li||Li symmetric cells using stripping/plating experiments and operando electron impedance spectroscopy (EIS). Post mortem analysis of the lithium metal electrodes surface morphology and chemical composition were performed by optical (incl. SEM) and Raman analysis. Finally, a NMC811||Li cell setup was used to investigate the impact of the NPL and functional additives on the NMC811║Li full cell performance. 
Experimental Section
Materials
Lithium metal foil (China Energy Lithium Co., Ltd., 500μm thickness, 99.9%), used for reference cells, was stored in an argon filled glovebox (MBraun Labmaster, H2O and O2 content <0,1 ppm, N2 content <5 ppm) and is referred to as pristine lithium (pLi). The lithium metal, utilized for SEI preformation, was purchased from Sigma Aldrich and used without further purification. NMC811 electrodes with an active mass loading of 1.03 mAh cm‑2, purchased from Custom Cells, were dried at 120 °C in vacuum for at least 24 h before use.
The study utilized the following three electrolyte formulations: the baseline electrolyte (BE) (1.2 M LiPF6 in EC:EMC 3:7 (m/m)) and the two film-forming additive containing electrolytes AE‑VC (1.2 M LiPF6 in EC:EMC 3:7 (m/m) +5 wt% VC) and AE-FEC (1.2 M LiPF6 in EC:EMC 3:7 (m/m) +6.09 wt% FEC), purchased from E‑lyte Innovations, used as received for coin cell 2032 assembly and the preformation method. The electrolytes were stored in an argon filled glovebox (MBraun, H2O and O2 content <0,1 ppm, N2 content <5 ppm).
SEI preformation and 2032 coin cell assembly, as well as post mortem sample preparation for SEM and Raman measurements, were performed in an Ar filled glovebox (MBraun Labmaster, H2O and O2 content <0,1 ppm, N2 content <5 ppm). For post mortem analysis, lithium metal electrodes were rinsed with ethyl methyl carbonate (EMC; E‑lyte Innovations), dried under vacuum in the antechamber for at least 15 minutes and transported to the workstations using in-house-built (SEM) or purchased (Raman: EL-CELL ECC-Opto-Std; cryo SEM: Kammrath und Weiss) sample transfer holder, excluding any contact with the outer atmosphere and/or moisture.
Stripping/plating and galvanostatic cycling experiments
Stripping/plating experiments in Li||Li symmetric cells and galvanostatic cycling of NMC811||Li full cells [38] were performed at 20 °C using a MACCOR battery cycler (MACCOR Series 4000). In each cell, electrodes with 12 mm diameter, and electrolyte volume of 30 µL with one layer of Celgard 2500 (16 mm diameter) were used. All considered cells were allowed to rest for 12 h prior to the experiment. 
Stripping/plating experiments in Li||Li cells were carried out for 1000 charge/discharge cycles at a constant current density of 0.5 mA cm-2, with one-hour stripping and plating steps (0.5 mAh cm‑2). Galvanostatic cycling in NMC811||Li cells was carried out at a constant current density of 0.5 mA cm‑2 (equivalent to ~0.5 C, based on 1.03 mAh cm-2 area capacity) in the voltage range of 3 to 4.2 V.
Operando electron impedance spectroscopy
Operando electron impedance spectroscopy (EIS) measurements were carried out at a Bio-Logic VMP3 workstation. Li||Li symmetric cell were cycled 50 times (charged and discharged for 1 h each at 0.5 mA/cm2) and the impedance was measured after 10, 40 and 100 h. The data of the measured Nyquist plots were evaluated and fitted with the EC-Lab Software by Bio-Lab, using an equivalent circuit selection of R1+R2/Q2+R3/Q3.
X-Ray photoelectron spectroscopy 
X-Ray photoelectron spectroscopy (XPS) measurements were carried out at a 0° angle of emission and a pass energy of 20 eV using a monochromatic Al Kα source (Ephoton = 1486.6 eV) with a 10 mA filament current and a filament voltage source of 12 kV. The analyzed area was approximately 300 µm × 700 µm. A charge neutralizer was used in order to compensate for the charging of the sample. The F 1s peak at 684.8 eV (LiF) was taken as an internal reference for the adjustment of the energy scale in the spectra. To avoid any contact with oxygen and/or moisture, considered XPS samples were sealed in vials for transfer to the measurement device after preparation. The sealed vials were stored and opened in a mini glovebox connected to the XPS device shortly before measurement. CasaXPS software was used for fitting the measured spectra and Peaks assigned in accordance with known literature values.[37,47]
(Cryo) scanning electron microscopy and energy dispersive X-ray spectroscopy
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) measurements were conducted in a Carl Zeiss Auriga Modular Crossbeam workstation utilizing a Schottky field emission gun with a Gemini column as an electron source. Images were taken at 3 kV (SEM) and 4 kV (EDX) accelerating voltage using an in lens secondary electron detector. The lens’ aperture was 20 µm and the working distance 3.0 mm (SEM) and 4.0 mm (EDX). 
Cryo focused ion beam (FIB) SEM measurements were performed at a Zeiss Crossbeam 550 (with a Gemini II column) fitted with a Zeiss Ion-sculptor FIB column (Carl Zeiss Microscopy GmbH) and an Oxford Ultim extreme detector for EDX measurements. The selected electrode samples were prepared in and transferred to the SEM work station by a sealable cryo-transfer module by Kammrath und Weiss.
Raman spectroscopy
Lithium metal samples intended for post mortem Raman analysis were placed in an airtight optical cell (EL-CELL ECC-Opto-Std) with a glass window. The investigations were conducted using a Horiba Scientific confocal Raman microscope (LabRAM HR evolution, air-cooled CCD detector). The samples were excited with a green laser with a wavelength of 532 nm and 12.2 mW output power at the sample, adjusted by a 0.1% filter to 0.12 mW with a 600 line/mm grating. The beam was focused using a 50X long-working distance objective (Zeiss, 9.2 mm, numerical aperture 0.5). Recorded Raman spectra were collected by two integrations of 50 s each. Handling the Raman microscope, collecting the spectra, and evaluating the data were done using LabSpec6.6.2 (Horiba Scientific). 
Pre-treatment Procedure
Commercially available pLi foil (450 µm thick), is inevitably covered by a NPL. The chemical composition of said layer can differ drastically because it depends on the reaction partners in the atmosphere the lithium foil is exposed to during manufacturing and storage.[35,36] Removing such a passivation layer, e.g. by scrapping off with a blade, is not easy to accomplish since freshly surfaced lithium immediately reacts with the next possible reaction partner. Consequently, the reaction partner of freshly surfaced lithium needs to be controlled carefully, first demonstrated by Odziemkowski et al. in 1992 and 1993,[41–43] who cut lithium in solution within a self-built gadget to perform in situ electrochemical studies, however without the intent of cell assembly. Ding et al. und Thanner et al. used a different in-house built device to cut a 13 mm diameter lithium metal rod in an amine solution and form an artificial SEI on a ~2.3 mm lithium slice, later used as an electrode in an El-Cell™ setup.[40,44] 
Cutting a lithium rod in an electrolyte will form a slice of lithium metal of varying thickness and oval shape (min. 1 mm tick) covered by an as-defined pSEI. Therefore, in this work different design optimizations were implemented and a second step was added to the pre-treatment procedure to enhance shape reproducibility and reduce the electrode thickness, granting access to a coin cell 2032 setup as well as being a blueprint for future NPL free pre-treatment processes. For the first step of the SEI preformation procedure, a stainless-steel cutting device was designed and built in-house (Fig. 1 a) to enable cutting of a lithium rod in solution by the following procedure: First, a lithium rod (Ø ~13 mm) is placed in a rounded place of the bottom half of the cutting device (A). A tungsten wire (B, Ø 0.25 mm) is mounted forward and backward to the guillotine of the cutting device (C), resulting in two cuts ~1.1 mm apart. To ensure consistent cutting, the guillotine (C) is guided by two stands connected to the bottom part of the cutting device (A). The set up cutting device is placed in a bowl (D) filled with the desired reaction liquid (100 mL). The top part of the cutting device is pressed downwards and the tungsten wire cuts through the lithium rod. After the completed cut, the reaction of lithium and the liquid is allowed to proceed for 30 s before the cutting device is removed from the bowl and disassembled, yielding ~1.1 mm thick pre-treated electrodes. The softness of lithium metal prevents the cut of thinner lithium slices and also results in a not ideally flat cutting surface as well as a more oval form of the cut slices. Consequently, a second pre-treatment step is required to reproducibly generate pre-treated electrodes eligible for coin cells. 
A conventional flattening or pressing procedure is no option to flatten the electrode to the desired thickness, since the procedure would rupture the preformed ridged SEI. Therefore, a second stainless steel pressing device was built in-house (Fig. 1 b), and used in the following way: The cut lithium slice of the first step is placed in a bowl (E) and is covered by the reaction liquid (50 mL). The desired thickness was pre-determined by putting a stainless steel spacer (F, 200 µm thick) into the bowl. The set up bowl is thereafter put into the press (G) and lithium is pressed to the desired thickness by screwing down the stamp (H) until the spacer thickness is reached. In this setup, once more, the freshly surfaced lithium will only have the option to react with the surrounding reaction liquid. Finally, the stamp (H) is lifted until the bowl can be removed, yielding a pressed lithium sheet, covered by the desired pSEI. Although the 200 µm was the minimal thickness reproducibly generated by using human strength, in principle thinner sheets of lithium can be produced using the same procedure and a mechanical press.
The resulting electrodes (Ø12 mm), used for cell assembly, are stamped out of the pre-treated lithium sheet using a stamper. The complete process is performed in a Ar-filled glovebox (H2O and O2 content <0,1 ppm, N2 <5 ppm) and the two pre-treatment devices are thoroughly cleaned outside the glovebox with, first, H2O and, second, acetone after each day or when the reaction liquid is changed, to avoid any preventable contaminations. The procedure was performed as described with BE, AE‑VC and AE‑FEC as reaction liquids to form the corresponding pSEI on the pre-treated electrodes BE@Li, AE-VC@Li AE‑FEC@Li. Additionally, the three pre-treated electrodes were compared with battery grade pristine lithium (pLi), to evaluate the influence on vital SEI characteristics of both the different pSEIs and the NPL covering pLi.
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[bookmark: _Ref104289822]Fig. 1. Schematic view of a) cutting device and b) pressing device used to pre-treat the electrodes BE@Li, AE‑VC@Li and AE‑FEC@Li using the respective electrolytes BE, AE‑VC and AE‑FEC as reaction liquids. A – bottom part of the cutting device; B – tungsten wire; C – Top part of the cutting device; D – Cutting device-bowl filled with reaction liquid (blue); E – Pressing device-bowl; F – Spacer; G – Press; H – Stamp used for pressing by screwing downwards. 
Characterization of the pSEI
Initial differences between the NPL on pLi and the pSEI on the pre-treated electrodes BE@Li, AE‑VC@Li and AE‑FEC@Li were analyzed optically (incl. SEM) in combination with cryo FIB cutting and EDX, to evaluate the morphology of the pSEI. Furthermore, the chemical composition of the different electrodes was determined by means of XPS analysis. The pre-treated electrodes already visibly differ from pLi (Fig. 2 a), which is covered by a shiny gray and dense NPL. The pSEI covered electrodes look more mat gray and the SEM images reveal a homogeneous reaction layer on all three electrodes. BE@Li (b) is covered by a dense reaction layer, which is rather uniform, whereas AE‑FEC@Li (d) and especially AE‑VC@Li (c) expose a much rougher surface morphology.
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[bookmark: _Ref104289967]Fig. 2. Optical (insert) and SEM images of the NPL on pLi (a), as well as, the pSEI on BE@Li (b), AE‑VC@Li (c) and AE‑FEC@Li (d).
Determining the difference in thickness of the pSEI is a challenging proposition. For this study, cryo focused ion beam (FIB) cross-section singular electron microscopy (SEM) was used as method of choice. The pre-treated electrodes were not washed, but only dried in vacuum in order to preserve the fragile organic outer layer of the SEI as much as possible. After FIB cutting, the cross section was analyzed via EDX spectroscopy (Fig. 3). Cross section SEM images of pLi (a) show a ~0.8 µm thick NPL, containing a slightly higher amount of oxygen (b) and next to no fluorine species (c). The pSEI on BE@Li (d), on the other hand, is determined to be ~4 µm thick and subsequent EDX analysis reveals a two layered structure, with the outer layer having a higher oxygen atom (e) and the inner a higher fluorine signal abundance (f). The obtained results are consistent with known literature results of an outer mostly organic and inner mostly inorganic layer of the SEI.[48,49] A similar distribution is observed for the pSEI on AE‑VC@Li (g-i) and AE‑FEC@Li (j-l), however, the thickness is only determined to be ~1 µm and ~0.8 µm respectively. Additives like VC and FEC reducing the thickness of the SEI have been reported before,[50] but the determined thicknesses for the three pSEIs vastly exceeds the thickness for typical post mortem measured SEIs of <50 nm.[22,48] In the case of AE‑VC@Li (g-i) and AE‑FEC@Li (j-l), EDX analysis revealed pSEI fragments embedded in the lithium bulk close to the electrode surface. These fragments are likely caused by folding of the lithium onto itself during the secound step of the preformation procedure (pressing), but are not believed to have a significant influence on the electrochemical characteristics of the electrodes.
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[bookmark: _Ref104290233]Fig. 3. Cryo FIB cross section SEM (a, d, g, j) and EDX analysis of oxygen (b, d, h, k) and fluoride (c, f, i, l) content of pLi (a-c) BE@Li (d-f), AE-VC@Li (g-i) and AE‑FEC@Li (j-l).
[bookmark: _Ref94876735]The difference in chemical composition of the different pSEIs and the NPL were observed by means of XPS analysis (Fig. 4). Comparing the overall atomic distribution (a), the NPL on pLi mostly contains carbon (39 %) and oxygen components (35 %), whereas the pSEIs also contain significant amounts of fluorine and some phosphorus at the expense of less oxygen and carbon content. Noticeable, the presence of a functional electrolyte additive leads to a decreased oxygen and carbon content on AE‑VC@Li and especially AE‑FEC@Li whose pSEI was shown to contain almost as much fluorine (25 %) as carbon (26 %) and much more than oxygen (14 %). The higher Li contents of AE‑VC@Li (26 %) and AE‑FEC@Li (34 %) indicate a larger contribution of the Li bulk and consequentially a thinner pSEI, thus supporting the observations of the cryo FIB cross section SEM analysis.
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[bookmark: _Ref104290338]Fig. 4. XPS analyses of pLi and the pSEI on BE@Li AE‑VC@Li and AE-FEC@Li. a) atomic distribution (incl. standard deviation error, see SI for exact values), and individual chemical resonance of b) pLi, c) BE@Li, d) AE‑VC@Li and e) AE‑FEC@Li. Color code for binding energy resonance: b-e) F1s (left column): red – LiF; blue – FxPy; green – FxPOz. O1s (central column): red – Li2O; blue – ROLi; green – C=O; orange – C–O. C1s (right column): red – C–H, blue – C–O, green – C=O, orange – CO3.
The high oxygen content of pLi is likely caused by a high carbonate content (b, C1s, 290 eV). On the contrary, only little carbonate is detected on BE@Li (c) and almost no carbonate is detected on AE‑VC@Li (d) and AE‑FEC@Li (e). On the other hand, the O 1s resonances of all pSEIs show an abundance of alcoholates (ROLi, 530 eV), Li2O (528 eV) and an increased amount of C–O resonance (533–534 eV). Furthermore, FxPy (687 eV) and FxPyOz (688 eV) are detected in varying abundance on the pSEIs and are likely caused by LiPF6 decomposition[51]. Overall, the performed XPS measurements reveal that the chemical composition of a pSEI is very different to the one of the NPL covering pLi. The often in literature described poly-VC signals (C1s, 293 eV)[45,52] are not observed in any of the recorded XPS spectra. Combining morphological and chemical analyses, it can be concluded that an as‑defined pSEI is a significantly different surface layers compared to a NPL. The following electrochemical and post mortem analysis will focus on the different impact of NPL and pSEIs and the different performances of BE, AE‑VC and AE‑FEC electrolytes.


Electrochemical evaluation
Stripping/plating experiments
The four different lithium metal electrodes (pLi, BE@Li, AE‑VC@Li, AE‑FEC@Li) were electrochemically characterized in a Li||Li symmetric cell setup (denoted as electrode×electrolyte), in an attempt to diminish influential factors by excluding cathode and the resulting in cell crosstalk.[53,54] All stripping/plating experiments were conducted at a current density of 0.5 mA cm-2 for one hour of charge and discharge (stripping/plating) until cell failure. Six different cell setups were assembled to evaluate the influence on cell lifetime and overvoltage profiles of the NPL as well as the differences caused by the functional additives in AE‑VC and AE‑FEC relative to BE (Fig. 5): pLi was combined with all three electrolytes (pLi×BE, pLi×AE‑VC, pLi×AE-FEC) and the pre‑treated electrodes were combined with their respective electrolytes (BE@Li×BE, AE‑VC@Li×AE‑VC, AE‑FEC@Li×AE‑FEC).
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[bookmark: _Ref104291181]Fig. 5. Voltage vs. time profiles (0.5 mA cm-2, 1 h charge and discharge) of six different cell setups. Inserts: Zoomed in data. a) pLi×AE-VC – gray, pLi×BE – dark red, pLi×AE‑FEC – dark blue; b) AE-VC@Li×AE-VC – black; BE@Li×BE – red; AE-FEC@Li×AE‑FEC – light blue.
Comparing the three electrolytes against the reference material pLi (Fig. 5 a), covered by a NPL, there is no notable difference in lifetime until the predefined cell death at ±0.3 V between pLi×BE (dark red) and pLi×AE‑VC (gray, 800 h), however, pLi×AE‑FEC (dark blue) allows for a longer cycle lifetime (1075 h). A more staggering difference is observed for the overvoltage values/profiles of the first 300 h, as pLi×AE‑VC generates the highest and pLi×AE‑FEC the lowest overvoltages values. The decrease in overvoltage, e.g. in case of pLi×BE over the first 200 h, indicates a step-by-step replacement of the NPL by an in situ formed SEI. A zoomed in few onto the individual cycles (insert in Fig. 5) reveals differences in size and shape of the overvoltage profiles, which indicate a different stripping/plating behavior.[55] To the best of our knowledge, a comparison of functional additives based on equal molar ratio has not been done in literature so far. This first time comparison reveals the upside off FEC over VC in combination with a pLi electrode, as FEC shows an improvement over the baseline (BE), both in overvoltage and lifetime, whereas the VC application shows no improvement in lifetime and overvoltage profile.
Removing the NPL and implementing a pSEI enables the evaluation of the NPL’s impact on the in situ formed mixed SEI. Comparing pLi×BE and BE@Li×BE (Fig. 5 b, red) reveals that the NPL will increase the overvoltage profile but also enhance the cell lifetime. The constant increase in overvoltage of BE@Li×BE indicates an ongoing consumption of BE because the BE-based pSEI is believed to be less chemically inert.[56] AE‑VC@Li×AE‑VC (black) does not show significant improvements over its NPL containing analog, whereas the implementation of FEC (AE‑FEC@Li×AE‑FEC, light blue) results in both, a longer lifetime (1320 h) and reduced overvoltage values. Looking at the individual cycles (Fig. 5 b, insets) reveals that the NPL removal results in an almost square overvoltage shape for BE@Li×BE and AE‑FEC@Li×AE‑FEC, which does indicate a homogeneous stripping/plating behavior.[55] The higher overvoltage values of AE-VC@Li×AE‑VC on the other hand are indications for a more resistive passivation layer.
Based on the analysis of the conducted stripping/plating experiments, the following preliminary hypothesis are made for further targeted analysis: 1) The NPL is a barrier which results in higher overvoltages and is replaced by an in situ formed SEI based on electrolyte decomposition product. 2) The presence of 5wt% VC as a functional additive leads to the formation of a resistive passivation layer, both as a pSEI and during in situ SEI formation, which results in higher overvoltages and inhibits homogeneous stripping/plating. 3) The pSEI on BE@Li and AE‑FEC@Li allows for a homogeneous stripping/plating behavior; the addition of FEC to the electrolyte results in a decreased electrolyte consumption and subsequent longer lifetime. 4) Removing the NPL will differently impact the overall cycle lifetime based on the used electrolyte (shortening in the case of BE and elongation in the case of AE-FEC). The NPL, however, will always have an enlarging effect on the observed overvoltage values. 5) Comparing both the overvoltage vs. time profiles and the cycle lifetimes of the AE‑VC@Li×AE‑VC and AE‑FEC@Li×AE‑FEC setups, clearly shows that FEC addition is creating superior electrolytes for lithium metal anodes. 
Operando EIS measurements
The differences in overvoltage vs. time profiles observed during the stripping/plating experiments are believed to be caused by a differences in resistance of the NPL and/or the pSEIs. This hypothesis is further validated using operando EIS measurements in Li||Li symmetric cells under the same experimental conditions as for the stripping/plating experiments (Fig. 7). 
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[bookmark: _Ref104293525]Fig. 6. RSEI values before (-12 h) and after (0 h) a 12 h rest step at OCV as well as after 10 h, 40 h and 100 h of stripping/plating experiments (0.5 mA cm-2, 1 h stripping/plating), based on Nyquist plot fitted by the insert R‑C equivalent circuit. Values depict an average of three measurements with the error corresponding to the standard deviation between the three measured values. See SI for exact values. pLi×BE – dark red; pLi×AE‑VC – gray, pLi×AE‑FEC – dark blue, BE@Li×BE – red, AE‑VC@Li×AE‑VC – black, AE‑FEC@Li×AE‑FEC – light blue.
A comparison between the first two data points of each cell setup (‑12 h, 0 h), reveals that the presence of the NPL will lead to an at least three times higher initial RSEI (depending on the electrolyte) and will also result in a more pronounced increase in RSEI under OCV conditions over the first 12 h. These observations reveal a notable reactivity of pLi with the electrolyte after cell assembly. Regarding the investigated pSEIs, the highest and most increasing RSEI was measured for AE‑VC@Li×AE‑VC during the OCV period, whereas the BE and AE‑FEC-based pSEIs RSEI remain almost unchanged over the OCV period. 
The noteworthy RSEI increase of the pLi/NPL containing cell setups is followed by an even bigger decrease over the first five stripping/plating cycles (10 h) and further decrease until the end of the experiment (100 h). The rapid initial decrease in RSEI of pLi followed by the resulting slower decrease has already been discussed in other surface modification studies,[37] and is most likely caused by the replacement of the NPL by an in situ formed SEI. In the end pLi×AE‑VC produces the constantly highest measures RSEI values of all six analyzed cell setups. AE‑VC@Li×AE‑VC is also responsible for the highest RSEI values of the three evaluated pSEI containing cell setups, whereas BE@Li×BE and AE‑FEC@Li×AE‑FEC experience only a moderate decrease during the initial 10 h and remain almost unchanged afterwards. 
The performed operando EIS measurements allow to answer and refine the preliminary hypothesis made after stripping/plating experiments: 1) The NPL covering pLi represents a significant resistive barrier and the RSEI of the three pLi setups experience significant changes by reacting with the electrolyte, both under OCV and stripping/plating conditions. However, even after 100 h of stripping/plating, the NPL on pLi has still an influence on the RSEI. 2) The initial resistance of pLi cell setup and the rapid decrease in RSEI over the initial five stripping/plating cycles (10 h), indicate a large surface and chemical composition change, during the in situ SEI formation, which is as pronounced for the three pSEI setups. 3) Comparing the two considered electrolytes, the presence of FEC outperforms VC and improves the RSEI compared to BE, whereas the addition of 5 wt.% VC results in a higher RSEI. 
Optical analysis
Based on the electrochemical analysis of the considered six cell setups, following hypothesis were investigated via post mortem optical analysis using SEM (Fig. 8): The native pLi as well as the pSEI on AE‑VC@Li is believed to enhance an inhomogeneous stripping/plating behavior and/or enhanced dendrite growth based on the overvoltage profile during stripping/plating and operando EIS measurements. The pSEIs on BE@Li and AE‑FEC@Li, on the other hand, are believed to promote a more homogeneous stripping/plating behavior. 
Considerable morphological differences are already visible directly after cell disassembly (Fig. 7 insets): Electrodes harvested from the pLi×BE setup (a) show high surface area lithium (HSAL) formation on several areas of the Li metal electrode. This observation indicates that lithium stripping/plating starts at a hot spot[57] on the electrode surface, e.g. a crack in the NPL experiencing a lower local RSEI, and is continuously over time. Additionally, the electrode “grows” over the stainless steel spacer, by lithium stripping/plating on the electrode edges, to circumvent the stack pressure put on the electrodes surface. Those effects are even more pronounced for pLi×AE-FEC (c) and especially pLi×AE-VC (b), where most of the stripping/plating seems to happen this way. The HSAL is easily washed away, indicating that it is rather detached and probably also electrochemically inactive (so-called “dead lithium”) [58] from the lithium bulk. The SEM images for pLi×AE-VC reveal that most of the electrode surface is untouched after 50 stripping/plating cycles. If the NPL gets replaced by a pSEI in the BE@Li×BE setup (d), most stripping/plating takes place on the electrode surface. The complete surface is covered in a homogeneous HSAL, clearly showing that a pSEI based on BE will promote a homogeneous lithium stripping/plating, which is hindered by the NPL on pLi. The electrodes originating from the AE‑VC@Li×AE‑VC (e) setups reveal a rougher surface, supporting the hypothesis that highly resistive VC-Li reaction products inhibit homogeneous stripping/plating. However, compared to pLi×AE‑VC, not as much sideway growth is observable. The optical analysis of AE‑FEC@Li×AE‑FEC (f) reveals a more homogeneous surface morphology after stripping/plating compared to AE‑VC@Li×AE‑VC, however less homogeneous than BE@Li×BE. Consequently, the overall RSEI of AE‑FEC@Li×AE‑FEC does not strictly correlate to a homogeneous stripping/plating behavior. 
[image: M:\Gruppen\Flüssigelektrolyte\_PROJECTS\LILLINT\Paper\Pretreatment-Method-Paper\Figures\Fig7_HR.tif]
[bookmark: _Ref104294888][bookmark: _Ref93931088]Fig. 7. Post mortem optical analysis via SEM and photography (insert, not washed) of lithium metal electrodes after 50 cycles at 0.5 mA cm‑2 (1 h stripping and 1 h plating): a) pLi×BE, b) pLi×AE‑VC, c) pLi×AE‑FEC, d) BE@Li×BE, e) AE‑VC@Li×AE‑VC and f) AE‑FEC@Li×AE‑FEC.
In summary, the SEM and optical analysis, combined with the results of the conducted electrochemical characterization and known literature [17, 55] allow for the following conclusions: The NPL on pLi and the functional additive VC inhibit a homogeneous stripping/plating behavior. The setup BE@Li×BE (d) is the only cell setup showing a completely homogeneous stripping/plating behavior, which is an indication for a homogeneous current density distribution and no local current density maxima exceeding the global applied current density. Opposite to this, the limited area, experiencing stripping/plating in the pLi×AE‑VC setup, is exposed to a much higher local current density, which consequentially promotes undesired dendrite growth. In the comparison of the two functional additives, FEC seems to promote a more homogeneous stripping/plating behavior compared to VC.
Insights into the chemical composition of a pSEI
The differences in electrochemical performance and stripping/plating behavior between the pSEI containing setups (BE@Li×BE, AE‑VC@Li×AE‑VC and AE‑FEC@Li×AE‑FEC) have to originate from different pSEI chemical compositions caused by different electrolyte formulations. Since the NPL was removed by the method presented in this study, this is the first time an as-defined and not by an NPL contaminated SEI was analyzed by post mortem Raman spectroscopy after five stripping/plating cycles (Fig. 8), as the operando measured RSEI values (Fig. 7) indicated no significant change to the pSEIs afterwards. The recorded Raman shifts of the BE@Li×BE setup reveal a more inorganic component-based SEI, containing mainly LiOH, carbonates and esters (500 – 680 cm‑1, 1100 cm‑1, 1850 cm-1).[59–61] The presence of VC in the AE‑VC@Li×AE‑VC cell setup results in the formation of multiple organic components as part of the SEI (2100 – 2600, >3100 cm-1)[62] in addition to some inorganic species also observed for BE@Li×BE. Furthermore, post mortem XPS measurements (see SI) did not show the presence of Li2O (528 eV, O 1s) for the AE‑VC@Li×AE‑VC cell setup, either as a result of a thicker organic layer covering the inorganic components or an overall lower amount. Additionally, the XPS data does not show the formation of poly-VC (293 eV, C 1s) after stripping/plating in a Li||Li symmetric cell setup. Finally, the presence of FEC in AE‑FEC@Li×AE‑FEC reduces the amount of formed inorganic species and mainly forms semi-carbonates[62] and other EC and FEC ring-opening decomposition products.[63] The hypothesis of a ring opening mechanism is heavily supported by the intense peak at 625 cm-1, which can be assigned to the O-C-O scissoring mode of LEC or LEMC-like molecules.[64] Overall, post mortem Raman analysis of the considered pSEI containing cell setups revealed large differences in surface chemical composition after five cycles of stripping/plating. BE@Li×BE largely contains inorganic components whereas the addition of VC and FEC additives results in more, however different, organic components. Finally, a product formed by ring-opening was detected for the AE‑FEC@Li×AE‑FEC spectra which was not detected for any other cell setup, including the once containing a NPL (see SI). 
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[bookmark: _Ref104296631]Fig. 8. Post mortem RAMAN analyses of BE@Li×BE (a), AE-VC@Li×AE‑VC (b) and AE-FEC@Li×AE‑FEC (c) after five cycles of stripping/plating experiment at 0.5 mA cm-2 (0.5 mAh cm-2)
Galvanostatic cycling performance
Finally, the influence of a NPL on LMB full cell setup is analyzed and compared to an as‑defined pSEI, using commercial NMC811 as cathode material. It should be noted that the introduction of a cathode can also have an influence on the SEI: e.g. due to higher voltage conditions,[65] SEI-to- cathode electrolyte interphase (CEI)[54] and CEI-to-SEI[53] crosstalk. The measurements were conducted at constant current density of 0.5 mAh cm-2 within the voltage range of 3.0 to 4.2 V to not expose the anode to different current densities compared to the stripping/plating experiments. The different cell setups were compared in two ways (Fig. 10): 1) Capacity fading was evaluated as a state of health (SOH, based on the discharge capacity of the 5th cycle of each evaluated cell) and the cells were determined to be failed after the state of health reached 80 %. 2) The coulombic efficiency (CE) was determined for each cycle by the ratio of discharge to charge capacity. 
Looking at all six cell setups, it becomes clear, that the presence of a functional additive is essential for a well-functioning full cell setup: This is most obvious by looking at the CE of pLi×BE (dark red) and BE@Li×BE (red), which immediately drop to ~99% CE shortly after the measurement starts, whereas the additive containing cell setups remain at >99.9% CE for a minimum of 150 charge/discharge cycles (pLi×AE‑VC; gray). The BE containing setups also reach the 80% SOH threshold boarder after 125 cycles (pLi×BE) at the latest. Comparing the additives FEC and VC, FEC enables better results for both the pLi and pre-treated electrodes. The CE of pLi×AE‑VC experiences a significant decrease after 160 cycles, whereas pLi×AE‑FEC (dark blue) remains at a stable high value for 370 cycles until a similar CE drop off is measured. The comparison of the SOH is similarly different as pLi×AE‑VC (275 cycles) reaches the threshold over 100 cycles early, compared to pLi×AE‑FEC (395 cycles). The employment of a pSEI, and consequently lack of a NPL, also has an influence on the NMC811||Li cell performance: The CE decay of AE‑VC@Li×AE‑VC (black) is stretched out compared to pLi×AE‑VC and is happening later for AE‑FEC@Li×AE‑FEC (light blue, 385 cycles) compared to pLi×AE‑FEC. The SOH also improves for AE‑VC@Li×AE‑VC (340 cycles) and AE‑FEC@Li×AE‑FEC (420 cycles) compared to their pLi equivalents.
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[bookmark: _Ref104301039]Fig. 9 Galvanostatic cycling of NMC811||Li cells between 4.2 V – 3.0 V at a constant current of 0.5 mAh cm‑2. Left axis: SOH (squares); right axis: CE (triangles). Top: pLi×BE – dark red; pLi×AE‑VC – gray, pLi×AE‑FEC – dark blue; Bottom: BE@Li×BE – red, AE‑VC@Li×AE‑VC – black, AE‑FEC@Li×AE‑FEC – light blue. The presented results are an average of three cell setups of each kind.
Based on the obtained results, FEC is shown to be the better additive for NMC811||Li cell chemistry evaluated in this study, both in terms of CE and cell setup lifetime. Even though, the presence of 5 wt.% VC as an electrolyte additive in AE‑VC was shown to be harmful for the stripping/plating behavior on lithium metal electrodes, AE‑VC vastly outperforms BE in a NMC811ǁLi cell setup. Therefore, it was concluded, that the film forming effect of VC is mainly enhancing the characteristics of the CEI rather than those of the SEI and that the CEI characteristics outweigh its SEI counterparts in importance for LMB cell performance. On the other hand, utilization of FEC, as part of the AE‑FEC electrolyte, results in an enhancing influence on both the SEI and CEI. Previous publications reported on similar decomposition products of FEC and VC on the cathode side to be the reason for improvement of the CEI characteristics, and thereby LMB performance.[66,67] Consequently, only FEC can be categorized as a multifunctional film forming additive, enhancing both SEI and CEI characteristics, which has to be an essential property of future electrolyte additives for LMBs.[68,69] Finally, the employment of a pSEI was also found to enhance the performance of NMC811ǁ Li cells: The CE decay is less pronounced and the cell lifetime was increased by 15% (BE@Li×BE), 24% (AE‑VC@Li×AE‑VC)  and 6% (AE‑FEC@Li×AE‑FEC) compared to its pLi containing analogs.
Conclusion
The SEI has long eluted the scientific community, however this study reports the first time analysis of an as‑defined (preformed) SEI, by utilizing an advanced preformation method, which allows for the exclusion of the influential NPL covering commercial lithium metal. The morphological, chemical, and electrochemical analysis revealed a positive effect of an uncontaminated pSEI on lithium metal electrodes in Li||Li symmetric and LMB full cell setups. pSEI containing cell setups experienced lower overvoltage profiles, reduced RSEI values and more homogeneous stripping/plating behaviors as well as longer cell lifetimes in a NMC811||Li full cell setup. Furthermore, the absence of a NPL enabled a first unhindered side-by-side evaluation of VC and FEC film forming additives as part of a pSEI not contaminated by an NPL. FEC is determined to be the clearly superior additive for lithium metal battery based cell setups, as it outperforms VC in all conducted analyses.
Characterization of the NPL and pSEIs by means of optical analysis (incl. cryo FIB SEM/EDX) and chemical analysis via XPS measurements, revealed a significant difference even prior to cell assembly: Whereas the NPL is dense and contains mostly lithium carbonate, the pSEIs is built on a wider variety of different fluoride and oxygen components. Notably, no poly‑VC was detected during chemical analysis of the pSEI based AE-VC. The pSEIs furthermore varied in thickness depending on the electrolyte formulation used for their generation. Stripping/plating experiments and post mortem optical analysis (incl. SEM) revealed an inhibiting effect of the NPL and the additive VC on the stripping/plating behavior of lithium metal, caused by an increased RSEI, measured by operando EIS measurements. In contrast, the FEC based pSEI containing cell setup AE‑FEC@Li×AE‑FEC resulted in the lowest measured RSEI values and achieved the longest cycle lifetimes in both the stripping/plating and NMC811||Li galvanostatic cycling experiments. Therefore, only FEC can be recognized as a multifunctional additive, enhancing both SEI and CEI characteristics, whereas VC seams to only enhance a full cell performance. Finally, post mortem Raman measurements revealed ring-opening decomposition products of FEC to be a significant part the AE‑FEC-based SEI. In conclusion, the utilization of the pSEI concept was shown to be a useful addition to the toolbox to evaluate and understand the performance of advanced aprotic liquid electrolytes for lithium metal-based batteries.
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Appendix
A.1. Exact electrolyte formulations
	Table A.1.1. Baseline electrolyte (BE)
	
	
	

	 
	wt%
	m [g]
	n [mol]
	mol%

	LiPF6
	15.10
	151.00
	0.99
	10.36

	EC
	25.50
	255.00
	2.90
	30.18

	EMC
	59.40
	594.00
	5.71
	59.46

	
	
	
	
	

	Table A.1.2. Electrolyte containing vinylene carbonate additive (AE-VC)

	 
	wt%
	m [g]
	n [mol]
	mol%

	LiPF6
	14.40
	144.00
	0.95
	9.78

	EC
	24.10
	241.00
	2.74
	28.23

	EMC
	56.50
	565.00
	5.43
	55.99

	VC
	5.00
	50.00
	0.58
	5.99

	
	
	
	
	

	Table A.1.3. Electrolyte containing fluoroethylene carbonate additive (AE-FEC)

	 
	wt%
	m [g]
	n [mol]
	mol%

	LiPF6
	14.23
	144.00
	0.95
	9.78

	EC
	23.82
	241.00
	2.74
	28.23

	EMC
	55.85
	565.00
	5.43
	55.99

	FEC
	6.09
	61.62
	0.58
	5.99






A.2. Optical analysis of pSEI
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Fig. A.2.1. Cryo FIB cross section SEM of pLi (a) BE@Li (b), AE-VC@Li (c) and AE‑FEC@Li (d).

A.3. XPS Analysis of atomic distribution of pSEI
Table A.3.1. Average atomic distribution, data obtained for the investigated pSEIs.
	
	O 1s
	C 1s

	Electrode
	Atom percent [%]
	Standard deviation [%]
	atom percent [%]
	Standard deviation [%]

	pLi
	34.57
	1.27
	39.36
	1.54

	BE@Li
	20.95
	1.47
	37.66
	4.78

	AE-VC@Li
	18.62
	3.22
	31.84
	4.25

	AE-FEC@Li
	13.78
	3.54
	25.50
	5.44

	
	
	
	
	

	
	F 1s
	P 2p

	Electrode
	Atom percent [%]
	Standard deviation [%]
	Atom percent [%]
	Standard deviation [%]

	pLi
	2.59
	0.59
	0.00
	0.00

	BE@Li
	16.65
	2.23
	3.11
	0.66

	AE-VC@Li
	20.95
	3.09
	2.88
	0.55

	AE-FEC@Li
	25.00
	5.90
	1.61
	0.32

	
	
	
	
	

	
	Li 1s
	
	

	Electrode
	Atom percent [%]
	Standard deviation [%]
	
	

	pLi
	23.49
	0.93
	
	

	BE@Li
	21.64
	5.91
	
	

	AE-VC@Li
	25.70
	2.45
	
	

	AE-FEC@Li
	34.10
	3.71
	
	



A.4. Values of EIS measurements
Table A.4.1. Average RSEI data obtained for the considered cell setups.
	 
	pLi×BE
	BE@Li×BE

	Time
	R-SEI
	Standard deviation
	R-SEI
	Standard deviation

	[h]
	[]
	[]
	[]
	[]

	-12
	457.50
	3.54
	70.00
	21.79

	0
	569.00
	100.41
	87.67
	12.50

	10
	130.50
	31.82
	48.67
	7.09

	40
	90.50
	48.79
	31.00
	3.61

	100
	50.00
	7.07
	24.00
	1.00

	
	
	
	
	

	
	pLi×AE-VC
	AE-VC@Li×AE-VC

	Time
	R-SEI
	Standard deviation
	R-SEI
	Standard deviation

	[h]
	[]
	[]
	[]
	[]

	-12
	535.00
	86.63
	126.50
	9.19

	0
	670.00
	113.25
	242.67
	43.55

	10
	262.00
	59.15
	149.00
	5.57

	40
	198.00
	31.05
	125.00
	13.23

	100
	134.67
	20.43
	107.67
	7.51

	
	
	
	
	

	
	pLi×AE-FEC
	AE-FEC@Li×AE-FEC

	Time
	R-SEI
	Standard deviation
	R-SEI
	Standard deviation

	[h]
	[]
	[]
	[]
	[]

	-12
	401.00
	17.52
	39.95
	2.90

	0
	646.73
	51.22
	56.15
	4.31

	10
	117.13
	14.13
	21.60
	5.37

	40
	72.60
	3.93
	24.10
	2.83

	100
	31.60
	0.53
	12.80
	0.42














A.5. Post mortem XPS analysis 
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Fig. A.5.1. Post mortem XPS data of BE@Li×BE (a), AE-VC@Li×AE-VC (b) and AE-FEC@Li×AE-FEC (c) electrodes after 50 cycles of stripping/plating experiment at 0.5 mA cm-2 (0.5 mAh cm-2).
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pSEI – preformed “as-defined” SEI; pLi – pristine lithium; NPL – native passivation layer; BE – baseline electrolyte; AE – additive containing electrolyte
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