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Abstract

Research on lithium metal as a high-capacity anode for future lithium metal batteries (LMBs) is currently at an all-
time high. To date, the different influences of a highly pure argon glovebox (GB) and an industry-relevant ambient
dry room (DR) atmosphere have received little attention in the scientific community. In this paper, we report on the
impact of in coin cell atmosphere (ICCA) on the performance of an LMB as well as its interphase characteristics and
properties in combination with three organic carbonate-based electrolytes with and without two well-known
interphase-forming additives, namely fluoroethylene carbonate (FEC) and vinylene carbonate (VC). The results
obtained from this carefully executed systematic study show a substantial impact of the ICCA on solid electrolyte
interphase (SEI) resistance (Ry,) and lithium stripping/plating homogeneity. In a transition metal cathode
(NMC811) containing LMBs, a DR ICCA results in an up to 50% increase in lifetime due to the improved chemical
composition of the cathode electrolyte interphase (CEl). Furthermore, different impacts on electrode
characteristics and cell performance were observed depending on the utilized functional additive. Since this study
focuses on a largely overlooked influential factor of LMB performance, it highlights the importance of comparability
and transparency in published research and the importance of taking differences between research and industrial
environments into consideration in the aim of establishing and commercializing LMB cell components.
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INTRODUCTION

The application of lithium metal as the “holy grail”"* electrode material has been a topic in academia and
industry for more than 40 years. The high theoretical specific capacity (3,860 mAh g*)*? and the low
standard reduction potential (-3.04 V vs. SHE) make lithium metal an ideal material for future high energy
density batteries. To date, the main challenge for commercial liquid electrolyte-based LMBs to overcome is
inhomogeneous stripping/plating coinciding with the formation of high surface area lithium (HSAL), also
known as dendritic morphology!. There have been a variety of approaches to stabilize the lithium metal
anode, the solid electrolyte interphase (SEI)", and improve lithium stripping/plating behavior. These
include stabilizing functional electrolyte additives'*'?, lithium metal pre-treatment and artificial SEIs""7,
lithium metal host materials"**”, and the application of external pressure”"*?. Multiple publications have
also suggested guidelines and benchmarks for battery performance characterization to enhance research
comparability”*”. Another external factor that can influence the performance of battery electrodes is the
storage atmosphere. In particular, the degradation of cathode materials in an ambient atmosphere has been
the subject of numerous publications”**. However, the reactivity of lithium metal with its surrounding
atmosphere, resulting in different compositions of the native passivation layer covering the lithium surface,
has only recently come into focus”***. Furthermore, the influence of different storage atmospheres on
lithium metal electrode performance has - to the best of our knowledge - only been reported by
Momma et al.””. Ambient atmosphere storage conditions can also have an impact via the electrolyte on

lithium ion batteries™ and LMBs"*. This field of research is especially relevant for Li||air batteries"***!

,as
this cell setup allows for an unlimited amount of oxygen to enter the battery during its lifetime. On the
other hand, in the case of common research coin cell battery setups, the in coin cell atmosphere (ICCA,
Figure 1) is limited to the volume of gas trapped inside the cell during crimping. The isolated impact of the
ICCA has not been analyzed to date, despite it having an impact on the comparability of all obtained
scientific results gathered using a coin cell setup. Furthermore, results generated within the confines of a
glovebox (GB) ICCA might not be straightforwardly transferrable to industrial applications, since large-

scale battery production is mostly conducted in clean and/or dry room (DR) atmospheres.

In an attempt to close this knowledge gap, we report on the significant impact of this remaining trapped
ICCA on the chemical and electrochemical characteristics of lithium metal electrodes as well as the
performance and lifetime of transition metals (NMC811) using LMBs by comparing a DR and a super-clean
water-oxygen-nitrogen-free inert gas argon GB atmosphere. After precautions were taken to ensure safe
storage conditions, thus ensuring equal starting conditions for each experiment, Li||Li and NMCs11||Li cells
wereassembledin aGB andaDR. Stripping/Plating experiments, operando electrochemical impedance
spectroscopy (EIS), post-mortem scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS) analysis were conducted for Li||Li symmetric cells. The impact of the ICCA on LMB full
cell performance was evaluated by galvanostatic cycling in NMC811||Li cells and subsequent post-mortem
attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy analysis of the CEL In
addition, based on the recorded ATR-FTIR analysis, a new decomposition mechanism of FEC on NMCs11
was proposed and supported by different quantum chemistry calculations. Furthermore, the systematic
analysis of two atmospheres with two additive-containing electrolytes and one baseline organic carbonate-
based liquid electrolyte revealed a differently pronounced ICCA influence depending on the electrolyte
formulation. The following electrolytes were chosen based on an equal molar approach: a baseline
electrolyte [BE; EC:EMC 3:7 (w/w), 1.2 M LiPF,] and two additive electrolytes containing the popular
additives FEC (AE-FEC; BE +6.09 wt.% FEC) and VC (AE-VC; BE +5 wt.% VC)".
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Figure 1. Schematic depiction of a coin cell 2032 setup commonly used in research, highlighting the available ICCA volume.

EXPERIMENTAL

Study design

The study presented in this work required careful preparation and considerable investment in experimental
equipment to ensure that factors other than the ICCA trapped inside the battery did not have an impact on
the experimental result. A major challenge of the experimental preparation is the ability to conduct all
experiments with equal starting materials [Supplementary Figure 1A and B]. The aforementioned
degradation of cathode materials and the reactivity of lithium metal with the atmosphere cannot be
completely prevented by a standard GB atmosphere (H,O and O, content < 1 ppm). Reactions of the
starting materials with liquid electrolyte aerosols or chemicals stored in the same glovebox have an influence
on the conducted analysis. In particular, the degradation of lithium metal with contaminations in an argon
GB atmosphere (especially N,) can result in black stains on lithium [Supplementary Figure 1C]. The native
passivation layer covering battery-grade lithium" and the degradation of battery-grade lithium in contact
with nitrogen have received little attention in the past®. This is despite the fact that the reaction of lithium
and N, gas has previously been reported to form an artificial Li,N-rich SEI"*”. These degradations occur
slowly due to the intended low amount of reaction partners in a standard argon-filled GB and the native
passivation functioning as a protective film covering the elemental lithium metal on the inside. Once the
native passivation layer is removed, for example, by cutting a rod of lithium with a tungsten wire, an
accelerated reaction with nitrogen in the presence of trace amounts of oxygen results in an initially rainbow-
colored and ultimately black reaction product surface containing nitrogen as a main component
[Supplementary Figure 1D-H]. Working with lithium metal in a N,-filled glovebox is therefore not
recommended.

For this study, a two-chamber GB was designed [Supplementary Figure 2] to store cathode and anode
materials safely, preventing any degradation and thus ensuring comparable experimental results. One of the
two chambers is only used to store commercially purchased cathodes and anodes. The electrodes intended
for cell assembly were transferred to the second chamber through an antechamber, thus preventing
electrode materials from ever coming into contact with the ambient atmosphere. Commercially purchased
cathodes were only taken out of the GB during the drying process in an air-tight device. The GB is equipped
with an additional solvent filter, an air conditioning system (set to 25 °C), and a nitrogen purification
system, preventing an increase of N, in a GB above 5 ppm. Coin cell parts and all other components (if
possible) were extensively dried before being introduced into the GB. Coin cell parts and electrolytes
intended for cell assembly in a DR (dew point < -60 °C) were packed in an air-tight transport device inside
the GB whenever new cells needed to be assembled. During cell assembly inside the DR, the exposure of the
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coin cell parts and electrodes to the DR atmosphere was kept to a minimum amount of time (< 10 min).
Consequently, the ICCA trapped inside the assembled coin cells remained the only major influential
difference in this study.

Materials

Lithium metal foil (Honjo Lithium GmbH., Ltd., 300 pm thickness, 99.9%) was stored in an argon-filled
glovebox (MBraun Labmaster, H,O and O, content < 0.1 ppm, N, content < 5 ppm). NMC811 electrodes
with an active mass loading of 1.03 mAh cm?, purchased from Custom Cells, were dried at 120 °C in
vacuum for at least 24 h before use and stored in an argon-filled glovebox (MBraun Labmaster, H,O and O,
content < 0.1 ppm, N, content < 5 ppm). All lithium metal and NMCs811 electrodes used in this study
originated from the one respective batch/sheet of battery grade lithium and NMC811 cathode material to
achieve a high level of comparability for all conducted experiments.

The study utilized three organic carbonate-based electrolyte formulations. The baseline electrolyte (BE)
[1.2 M LiPF, in EC:EMC 3:7 (w/w)] and the two film-forming additive-containing electrolytes AE-VC
[1.2 M LiPF, in EC:EMC 3:7 (w/w) + 5 wt.% VC] and AE-FEC [1.2 M LiPF, in EC:EMC 3:7 (w/w) +
6.09 wt.% FEC], purchased from E-lyte Innovations GmbH, were used as received for coin cell 2032
assembly (for exact formulations, Supplementary Tables 1-3). The electrolytes were stored in an argon-filled
glovebox (MBraun, H,O and O, content < 0.1 ppm, N, content < 5 ppm).

Coin cell assembly

Two-electrode coin cell assembly was performed in an argon-filled glovebox (MBraun Labmaster, H,O and
O, content < 0.1 ppm, N, content < 5 ppm) or dry room (-60 °C dew point). The exact procedure for cell
assembly in the dry room is discussed in the “study design” chapter of the experimental section. In each
coin cell, electrodes with a 12 mm diameter, an electrolyte volume of 30 uL with one layer of Celgard 2500
(16 mm diameter), and two 0.5 mm stainless steel spacers were used to form the battery stack shown in
Figure 1.

Stripping/Plating and galvanostatic cycling experiments
Stripping/Plating experiments of Li||Li symmetric cells and galvanostatic cycling of NMCs11||Li cells were
conducted at 20 °C using a MACCOR battery cycler (MACCOR Series 4000).

Stripping/Plating experiments in Li||Li cells were carried out for 1,000 charge/discharge cycles at a constant
current of 0.5 mA cm?, with one-hour stripping/plating steps (0.5 mAh cm?®). Galvanostatic cycling in
NMCs11||Li cells was carried out at a constant current density of 0.5 mA cm® (equivalent to ~C/2, based on
an areal capacity of 1.03 mAh cm?) in the voltage range of 3 V to 4.2 V. Prior to the experiment, each cell
was allowed to rest for 12 h.

Operando electrochemical impedance spectroscopy

Operando electrochemical impedance spectroscopy (EIS) measurements were carried out at a BioLogic
VMP3 workstation. A Li||Li symmetric cell was cycled 50 times (charged and discharged for 1 h each at
0.5 mA/cm?®) and the impedance was measured every 5 cycles (10 h). The data of the measured Nyquist
plots were evaluated and fitted with BioLogic’s EC-Lab software using an equivalent circuit selection of
R, + Q./R, + Q,/R..

Post-mortem sample preparation
Electrodes intended for post-mortem analysis (SEM, XPS, ATR-FTIR) were harvested from coin cells which
were opened in an argon-filled glovebox (MBraun, H,O and O, content < 0.1 ppm, N, content < 5 ppm).
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The electrodes were rinsed with ethyl methyl carbonate (EMC; E-Lyte Innovations; 3 x 500 uL) and
subsequently dried in an antechamber for > 15 min. They were then transported to the workstations or
measurement devices using in-house-built (SEM, ATR-FTIR) or commercially available (XPS, Vacuum
Transfer module by Thermo Scientific) sample transfer holders, preventing any contact with the outer
atmosphere and/or moisture.

Scanning electron microscopy

Scanning electron microscopy (SEM) measurements were conducted at 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 an accelerating voltage of 3 kV (SEM) using an in-lens secondary electron detector.
The aperture of the lens was 20 pm and the working distance was 3.0 mm.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were carried out at an angle of emission of 0° and a
pass energy of 20 eV using a monochromatic Al Ka source (Ephoton = 1,486.6 eV) with a 10 mA filament
current and a filament voltage source of 12 kV. The analyzed area was approximately 300 pm x 700 pm. In
order to compensate for the charging of the sample, a charge neutralizer was used. 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. CasaXPS
software was used for fitting and peak assignment in accordance with known literature values®*.

Attenuated total reflection Fourier transform infrared spectroscopy

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analysis of the CEI on
NMCs11 electrode surfaces was conducted on a Bruker ALPHA II FT-IR spectrometer with a platinum
ATR unit (diamond crystal) and a DLaTGS detector inside an argon-filled glovebox (H,O and O, < 5 ppm).
ATR-FTIR measurements were conducted at multiple spots in the center, the middle and the edge of the
harvested electrode [Supplementary Figure 3]. The spectra were acquired with a spectral resolution of 4 cm™
at an incidence angle of 45°. Each spectrum was obtained by accumulating 32 and 64 interferograms for
background and sample spectra, respectively. The spectra are presented in the form of absorbance and were
processed by subtracting the spectrum of pristine NMC811, ATR correction, and concave rubber band
correction (10 iterations, straight lines).

Quantum chemistry calculations

Different quantum chemistry methods were used to interpret experimental results and to propose a new
decomposition mechanism for FEC on NMC811 electrode. Density functional theory (DFT) calculations of
putative decomposition products were performed at the B3LYP/6-311+G (3df, 2p) level of theory"***! using
Grimme’s empirical D3 dispersion correction with Becke-Johnson damping®. In addition, reaction
energies and free energies, as well as the corresponding barriers, were calculated using the highly accurate
G4MP2 composite method™. All calculations were performed using the Gaussian 16 software using the
SMD solvation model with acetone parameters'*.

RESULTS AND DISCUSSION

Stripping/Plating and operando EIS performed in Li||[Li symmetric cell setups

Initial electrochemical characterization to determine the influence of the ICCA on lithium metal electrodes
was conducted by stripping/plating experiments [Figure 2] in Li||Li symmetric cells at a constant current
density of 0.5 mA cm” (0.5 mAh cm™) until the cell reached a set limit of 0.3 V. The eventual increase in
overvoltage values originates from a reduced Li transport in the electrolyte due to the consumption of Li*
ion transporting components. Utilizing a Li||Li symmetric cell setup allows the effect of the different ICCAs
to be narrowed down to the impact on the lithium metal electrode and excludes the influences of
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Figure 2. Voltage vs. time profiles (0.5 mA cm™1h charge and discharge) of six different Li|Li cell setups. Top: BE x DR - dark green,
BE % GB - light green; middle: AE-FEC x DR - dark blue; AE-FEC x GB - light blue; bottom: AE-VC x DR - dark red; AE-VC x GB - light
red.

46,47

intercellular crosstalk***. Six different cell setups were characterized and analyzed, each containing an
individual combination of atmosphere (GB, DR) and electrolyte (BE, AE-FEC, AE-VC), and will be referred
to hereafter as: electrolyte x atmosphere (e.g., BE x DR or AE-VC x GB).

The different atmospheres result in different stripping/plating (voltage vs. time) profiles for all three
electrolyte containing cells. The BE x DR cell setup (top) experiences increased overvoltage values
(> 75 mV), which never decrease to the values of BE x GB (50 mV) and have a less homogeneous shape
[Supplementary Figure 4], indicating inhomogeneous stripping/plating*” as well as increased dendrite
growth™. The stripping/plating experiments of the AE-FEC-containing cells result in similar overvoltage
profiles for both atmospheres for the first 350 h. The short-term overvoltage value increase (350-400 h) is
believed to be caused by the complete consumption of FEC in the considered electrolyte!™, after which the
overvoltage profiles start to differentiate. Based on these results, it is assumed that the ICCA does not
influence the rate of FEC consumption. However, it might still affect the decomposition products and
resulting chemical composition of the in situ formed SEI resulting in a different overvoltage profile after
FEC consumption. The most significant difference in electrochemical characteristics was recorded for the
cell setups containing AE-VC. Whereas AE-VC x GB experiences high overvoltage values (+0.25 V) during
the initial cycles, the DR ICCA in AE-VC x DR results in reduced values (+0.1 V) for the first 40 h. The
values for AE-VC x DR subsequently start to increase and reach the same values as the GB-containing
counterparts after 50 cycles. Thereafter, the overvoltage values increase further and reach a local maximum
after 75-80 h. These results indicate that the DR ICCA alters the reactivity of some AE-VCs components on
lithium metal. Lifetime comparisons of stripping/plating experiments in Li||Li symmetric cells are not as
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Figure 3. Ry, measured over the initial 100 h of stripping/plating experiments (0.5 mA cm?1h stripping/plating), based on a Nyquist
plot fitted by the insert RC equivalent circuit. Values depict an average of at least five measurements with the error corresponding to
the standard deviation between the measured values. Top: BE x DR - dark green; BE x GB - light green; middle: AE-FEC x DR -dark
blue; AE-FEC x GB - light blue; bottom: AE-VC x DR - dark red, AE-VC x GB - light red.

reproducible as they are for LMB full cells. Nevertheless, it was observed that the lifetime of the experiment
differed for all three electrolytes depending on the ICCA. Notably, BE x GB outperformed BE x DR,
whereas the cells containing DR ICCA outperformed their GB analogues for both additive-containing
electrolytes, thus indicating the significant impact of additive reactivity on lithium metal-based battery cell
setups. Additional stripping/plating experiments comparing the nitrogen-free GB atmosphere to a standard
argon-filled glovebox (Ar-GB; without a nitrogen purification system) revealed little differences in
overvoltage values, indicating a limited partial impact of N, on in cell reactivity [Supplementary Figure 5].
Furthermore, forcing a reaction of lithium with the different atmospheres (DR and GB) by generating a
fresh lithium surface via known procedures” followed by cell assembly in a GB only showed a minimal
impact on stripping/plating performance [Supplementary Figure 6] compared to that of the ICCA.

Differences in overvoltage have a strong correlation to the resistance of the SEI (Rgy)"***". The first 100 h of
the stripping/plating experiment were therefore investigated further utilizing operando EIS [Figure 3].

Additional stripping/plating experiments of identical cell setups were galvanostatically cycled for 100 h at
0.5 mA cm” and impedance spectra were recorded every 10 h. The measured, fitted, and averaged results
show the characteristic drop in SEI resistance (Rg) after the initial cycles, which is likely caused by the
replacement of the native passivation layer by an in situ formed SEI"\. After the initial drop, the evolution of
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the Rgy; values closely mimics the overvoltage evolution of the stripping/plating experiments: The Ry, values
of the BE x DR setup remain higher compared to the BE x GB setup counterparts and both AE-FEC
containing cell setups show similar Rg; values over the first 100 h. The drastic difference in the overvoltage
evolution of the stripping/plating experiments for AE-VC x DR and AE-VC x GB can also be seen in the
evolution of the R values. Initially, AE-VC x GB experiences a higher SEI resistance, but after 30 h, the
resistance of the AE-VC x DR starts to rise and matches the shrinking AE-VC x GB values after 50 h. The
Ry values of AE-VC x DR subsequently reach a local maximum at 80-90 h before they gradually start to
shrink, as is the case for the overvoltage values of the stripping/plating experiments.

Overall, the stripping/plating experiments and operando EIS measurements show the notable influence of
the ICCA on the electrochemical characteristics of the SEL In the case of both BE and AE-VC, the ICCA
has a strong impact on the overvoltage profiles and Ry, However, the influence on the Ry, of FEC
containing cells seems to be minimal, although different overvoltage values of AE-FEC x DR and
AE-FEC x GB after FEC consumption indicate different decomposition products depending on the ICCA.
The observed influences could originate from different chemical compositions of the SEI depending on the
ICCA and could result in different stripping/plating homogeneity.

Post-mortem analysis of Li||Li symmetric cells

Electrochemical characterization revealed that the ICCA has an influence on the performance of lithium
metal electrodes. In line with this, post-mortem SEM and XPS analysis after 100 h were performed to
observe the differences in stripping/plating homogeneity and determine how the ICCA influences the
chemical composition of the in situ formed SEI on the lithium metal.

Post-mortem SEM measurements [Figure 4A-F], in combination with optical analysis of the complete
harvested electrode (inlets), enable an evaluation of the stripping/plating homogeneity of lithium metal
electrodes. Electrochemical characterization only revealed a small impact of different ICCAs on the first
100 h in combination with AE-FEC, some impact with BE, and a strong impact in combination with
AE-VC, which can also be observed after cell disassembly. The lower overvoltage profiles and Ry values of
BE x GB [Figure 4A] coincide with pronounced stripping/plating (black/gray spots) taking place on the
electrode surface and less concentrated stripping/plating around the edges of the electrode, as is the case for
its DR [Figure 4B] counterpart. In the case of the cell setups containing functional additives, the electrodes
harvested from AE-FEC x GB [Figure 4C] and AE-FEC x DR [Figure 4D] look very similar. The most
substantial differences were observed for the cells containing AE-VC. Electrodes harvested from
AE-VC x GB [Figure 4E] showed indications of stripping/plating over the whole electrode surface, whereas
stripping/plating of AE-VC x DR [Figure 4F] almost exclusively takes place around the electrode edges. A
previous publication suggested a correlation of a lower Ry, value and an increased stripping/plating
homogeneity”, which is in agreement with the findings of this study for BE and AE-VC after 100 h. In the
case of AE-FEC, the passivating reactivity of FEC appears to suppress the impact of different ICCAs on
stripping/plating homogeneity after 100 h.

The chemical composition of the SEI formed on the lithium metal electrode after 100 h was analyzed via
post-mortem XPS analysis [Figure 4G]. In an attempt to only look at the in situ formed SEL only spots that
clearly experienced stripping/plating processes (black spots, see Figure 4A-F) were analyzed and the results
were subsequently averaged. For all three electrolytes, considerable differences in the atomic distributions of
the in situ formed SEI were found depending on the ICCA and they all contained the expected mixture of
organic, carbonate, fluoride, and phosphate components”*. For BE, a higher carbon content (BE x GB:
21%; BE x DR: 25%) and a slightly lower fluorine content (BE x GB: 38%; BE x DR: 35%) were observed. In
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Figure 4. Post-mortem SEM (A-F) and XPS (G) analyses of Lil|Li cells after 50 cycles at 0.5 mA cm™ (0.5 mAh cm™). Post-mortem SEM
and optical (inlets) images of electrodes harvested from (A) BE x GB, (B) BE x DR, (C) AE-FEC x GB, (D) AE-FEC x DR,
(E) AE-VC x GB, and (F) AE-VC x DR, and atomic distribution of in situ formed SEls of the same cell setups calculated and averaged by
XPS analysis (G).

the case of AE-FEC, the in situ formed SEI contains more oxygen (AE-FEC x GB: 15%; AE-FEC x DR: 21%)
and carbon (AE-FEC x GB: 23%; AE-FEC x DR: 28%), but notably less fluorine (AE-FEC x GB: 33%;
AE-FEC x DR: 25%). These findings show that the similar results of the electrochemical characterizations of
AE-FEC x GB and AE-FEC x DR over the first 100 h [Figures 2 and 3] do not automatically equate to an
equal in situ formed SEI composition and support the hypothesis that the different long cycle life after
complete FEC consumption might be caused by a different SEI composition. XPS analysis of the cells
containing AE-VC shows opposite tendencies compared to AE-FEC. The in situ formed SEI in
AE-VC x GB has higher oxygen (AE-VC x GB: 15%; AE-VC x DR: 8%) and carbon content (AE-VC x GB:
28%; AE-VC x DR: 21%) but a considerably lower fluorine content (AE-VC x GB: 33%; AE-VC x DR: 41%).
For all three electrolytes, a correlation between the carbon and oxygen content of the SEI is observable: For
both BE x DR and AE-FEC x DR, the oxygen and carbon contents are higher compared to their GB
analogues. This trend is reversed for AE-VC and could be the result of a different VC reactivity with oxygen
compared to FEC and the BE electrolyte components [Supplementary Figure 7]. This correlation also
explains the limited impact of the different ICCAs on the individual chemical species distribution of the in
situ formed SEI [Supplementary Figure 8]. As was the case for the electrochemical characterization and
post-mortem SEM analysis, the in situ formed SEI in cell setups containing AE-VC are impacted most by the
different ICCAs. Overall, post-mortem analysis after 100 h suggests that the ICCA has an impact on
stripping/plating homogeneity after 100 h, in the case of BE and AE-VC, and a considerable influence on
the compositions of in situ formed SEI in Li||Li symmetric cells.

Galvanostatic cycling performance in NMC811||Li cells

This study has so far focused on the influence of the ICCA on the lithium metal electrode. In the following
section, the influence of the ICCA on NMCs11||Li full cell setups will be analyzed by galvanostatic cycling
at a constant current density of 0.5 mA cm™ (~C/2, areal cathode capacity: 1.03 mAh cm?). As with all the
lithium electrodes used, all NMCs11 electrodes originated from one NMCs11 electrode sheet to achieve a
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Figure 5. (A) SOH and CE profiles of NMC811||Li cells at a constant current density of 0.5 mAh cm?’ between 4.2 V and 3.0 V (-C/2,
areal cathode capacity: 1.03 mAh cm™). Top: SOH; bottom: CE. The presented results are an average of three cell setups of each kind.
(B) Post-mortem IR analysis of the CEl on NMC811 cathodes after 50 cycles (AE-VC, top) and 100 cycles (AE-FEC, bottom). AE-FEC x
DR - dark blue; AE-FEC x GB - light blue, AE-VC x DR - dark red, AE-VC x GB - light red, NMC811 baseline - black.

high level of comparability. Since the functional additives considered were shown to be indispensable
electrolyte components for LMB performance”*, only AE-FEC and AE-VC will be discussed going
forward. The same nomenclature will be used in the report hereafter, although one Li electrode was
exchanged with a NMC811 cathode.

The recorded galvanostatic cycling data were investigated based on the average state of health (SOH,
normalized on the 5th cycle) and the Coulombic efficiency. The advantage of FEC over VC as a film-
forming additive for the analyzed cell setup has been reported previously”. However, to the best of our
knowledge, there are no reports on the influences of the ICCA on additive comparability, especially with
regard to cell lifetime (end-of-life (EOL) criteria: 80% SOH). For both additive-containing electrolytes
analyzed, the lifetime of the LMB was notably enhanced by a DR ICCA [Figure 5A]. In the case of the cell
setup containing the VC additive, the average lifetime increases by +50% from 85 cycles in the case of
AE-VC x GB to 128 cycles for AE-VC x DR. In the case of AE-FEC, the overall average lifetime increases by
93 cycles (+46%) by AE-FEC x GB (201 cycles) to AE-FEC x DR (294 cycles) is arguably even more
significant. Furthermore, the GB ICCA seems to lead to a less consistent cycle life. For both AE-VC x GB
and AE-FEC x GB, the starting point of the roll-over (= “sudden death”) effect has a higher variance, which
is illustrated by the larger error after the rollover effect has started compared to the DR-containing
analogues. The ICCA also has an influence on the CE of the cell setups. Over the first 50 cycles (until the
start of AE-VC x GB rollover effect), the average CE of AE-VC x DR (99.765%) is 0.085% higher compared
to AE-VC x GB (99.680%), which is a significant margin in the aim of reaching 99.9% CE"”. In the case of
FEC containing cells, the average CE difference over the first 150 cycles is less pronounced (0.024%).

To determine the origin of the enhanced full cell performance, the CEIs chemical composition on NMC811
electrode was analyzed by means of post-mortem ATR-FTIR spectroscopy [Figure 5B] after 50 cycles
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Scheme 1. Proposed oxidative decomposition mechanism for FEC (1) in the presence of oxygen as part of the formation of CEl, based on
FTIR analysis, quantum chemistry calculations, and known literature®®**". The stated IR band was determined via DFT calculations
for the carbonyl bond of lithium formate (3).

(AE-VC x GB and AE-VC x DR) and 100 cycles (AE-FEC x GB and AE-FEC x DR). The number of cycles
was chosen in a way that ensured a notable difference in the SOH of the cells but also that it would not be
influenced by the roll-over effect. For the VC-containing cells, a relatively more intense band generally
associated with linear carbonates (1,740-1,700 cm™) was observed for AE-VC x DR in relation to that of
cyclic and poly-cyclic carbonate compounds (1,790-1,740 cm™)®**\. In the case of the FEC containing cell
setup, a new band (1,630-1,540 cm™) was observed in the presence of the DR ICCA (AE-FEC x DR),
indicating the formation of lithium carboxylates. The same band was not detected for AE-FEC x GB.
Furthermore, the amounts of linear carbonates for AE-VC x DR and carboxylates for AE-FEC x DR were
more pronounced at the edges of the electrodes compared to the center of the electrode
[Supplementary Figure 3]. This observation is explained by the easier access of the ICCA to the cathode at
the edges of the battery stack than at its center, and might also indicate an inhomogeneous de-/intercalation
behavior of the cathode.

Since the new carboxylate band (1,600-1,570 cm™) is only detected for the AE-FEC x DR cell setup, its
compound origin has to be formed in a reaction involving FEC and, most likely, oxygen. For Li||O,
batteries, a decomposition mechanism of propylene carbonate to carboxylates in the presence of oxygen was
proposed by Freunberger et al.™. A similar oxidative decomposition mechanism of FEC might be feasible
and was supported by quantum chemical calculations [Scheme 1]. The energy barriers for a nucleophilic
attack of a superoxide radical onto FEC (1) show a tendency towards a ring-opening reaction over a C-F
bond cleavage (ring opening: 9.8 kcal mol'; C-F bond cleavage: 11.8 kcal mol™”, see Supplementary Figure 9).
This attack would result in the formation of an intermediate peroxo radical (2)"”, which could further
decompose into lithium formate (3) in the presence of excess oxygen™*. The calculated IR band of the
proposed lithium formate (1,585 cm™) and previously reported FTIR measurements® support the proposed
mechanism. As an analogue product to lithium acetate of the propylene carbonate mechanism"?, lithium
fluoroformate would readily decompose into LiF and CO,. A similar decomposition mechanism for VC is
unlikely, because a quantum chemical calculation determined unfavorable reaction energies for the
nucleophilic attack of the superoxide radical onto the electron-rich C=C double bond
[Supplementary Figure 7].

Overall, the ICCA was shown to have a very high impact on the lifetime and CE of the analyzed LMBs,
which is likely caused by a varying CEI composition. In both cases, the NMCs11||Li cells containing DR
ICCA outperform the cell lifetime of their GB analogues by an average of 46% (FEC) and 50% (VC) until
80% SOH. Post-mortem ATR-FTIR analysis of the respective cathodes revealed a more pronounced
formation of linear carbonates for AE-VC x DR cell setups and the formation of carboxylates for
AE-FEC x DR cell setups, which are noteworthy alterations compared to the GB analogues. Furthermore,
the different accessibility of the ICCA to different parts of the battery stack leads to an inhomogeneous
chemical composition of the CEI.
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CONCLUSION

The two different ICCAs (GB and DR) were found to have a substantial impact on the coin cell
performance of the LMB, originating from the altered interphase compositions of the SEI and CEI covering
the lithium metal anode and NMC811 cathode, respectively. Furthermore, the effect of the ICCA itself was
differently pronounced depending on the film-forming electrolyte additives VC or FEC. However, both
additive-containing electrolytes were shown to form performance-enhancing chemical CEI compositions
with a DR ICCA. Stripping/Plating experiments and operando EIS analysis also revealed that the ICCA has a
considerable impact on overvoltage vs. time profiles and Ry, values for Li||Li symmetric cells containing BE
and AE-VC. Differences in stripping/plating homogeneity were observed by post-mortem optical analysis
(incl. SEM imaging) for different ICCAs and electrolytes, while post-mortem XPS analysis revealed different
atomic SEI compositions for all three considered electrolyte formulations. In the case of NMCs11||Li full
cell setups, the DR ICCA resulted in a reduced capacity fade and delayed rollover effect, ultimately leading
to an increased lifetime (EOL: 80% SOH) for both AE-VC and AE-FEC of up to 50%. This enhancement is
the result of a modified CEI composition, containing more linear carbonates in the case of AE-VC x DR
and the formation of carboxylates for AE-FEC x DR, which was revealed by post-mortem ATR-FTIR
analysis. Based on the FTIR analysis, a new oxidative decomposition mechanism for FEC in the presence of
oxygen was proposed and supported by quantum chemical calculations, revealing lithium formate as the
newly formed CEI component. In particular, the formation of new chemical components and overall
impacted electrolyte interphase compositions of anode (SEI) and cathode (CEI) demonstrates the previously
underestimated impact of the ICCA as a highly influential factor for the comparability of research results as
well as the transfer of research knowledge to industrial application for future LMBs.
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