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To address the challenges associated with applying high-voltage cathodes in lithium metal batteries (LMBs) there
is a need for new electrolytes enabling stable interphases at both electrodes. Here we attack this by using a
dioxolane-derived cyclic fluorinated ether, 2,2-bis(trifluoromethyl)-1,3-dioxolane (BTFD), as a fluorinated
diluent to a 1,2-dimethoxyethane (DME) based electrolyte. The cells using the resulting BTFD-based electrolytes
exhibit higher Coulombic efficiencies for lithium stripping and plating as compared to those using the non-
fluorinated ether-based electrolyte. This originates from the reduced formation of ‘dead Li’ at the anode, as
shown by using electrochemical impedance spectroscopy (EIS). In practice, the BTFD-based electrolytes are
shown to improve the performance of Li|[NMC cells, which is due to the formation of a predominantly inorganic
cathode electrolyte interphase (CEI) that suppresses the cathode degradation during cycling. We used X-ray
photoelectron spectroscopy (XPS) and scanning transmission electron microscopy (STEM) to characterize the
CEIs’ overall composition and structure. To obtain more details on the CEI speciation, Raman and nuclear
magnetic resonance (NMR) spectroscopies were employed, assisted by molecular level computations. Overall, we

demonstrate how the very design of the electrolyte composition influences the performance of LMBs.

1. Introduction

In recent years, there has been a revived global interest in
rechargeable lithium metal batteries (LMBs) due to the increasing de-
mand for batteries with high energy densities [1-4]. The lithium metal
anode has several advantages, such as a low electrochemical potential
(—3.04 V vs. SHE) and a high theoretical specific capacity (3860 mAh
g 1) [5,6]. There are, however, also several significant challenges; its
thermodynamic instability vs. the common electrolytes employed in
lithium-ion batteries (LIBs) causes the formation of a passivation layer.
This, together with inhomogeneous deposition causes low Coulombic
efficiency (CE) [7]. Electrolyte engineering is widely recognized as a
viable solution [8,9] as it largely determines the nature of the solid
electrolyte interphase (SEI) created [10], which ideally should prevent
continuous reactions between the anode and the electrolyte and the
formation of lithium deposits which are not connected to the lithium
reservoir [11,12].
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Ether-based electrolytes based on solvents such as 1,2-dimethoxy-
ethane (DME) and 1,3-dioxolane (DOL) are extensively used in LMBs
[13]. Their moderate oxidative stabilities (<4 V vs. Li*/Li®), however,
limit their practical application in LMBs using high-voltage cathodes,
such as LiNig gCog.1Mng 102 (NMC811) [14]. Moreover, these electro-
lytes render unstable cathode electrolyte interphases (CEIs) [15].
Therefore, it is crucial to innovate new electrolytes that enable stable
interfaces at both electrodes, i.e. SEIs and CEIs, alongside wide elec-
trochemical stability windows (ESWs).

Recently, highly concentrated electrolytes (HCEs) have been
employed in LMBs and enabled the use of high-voltage cathode mate-
rials [16,17]. In HCEs, the free solvent concentration is decreased, which
modifies the lithium-ion (Li*) solvation and leads to anion-derived SEIs
and CEIs [18]. The practical application of HCEs, however, is hampered
by their high cost, due to the high content of expensive salts, and poor
wettability of electrodes, arising from their high viscosity, which also
negatively impacts the ion transport. To address these issues, localized
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HCEs (LHCEs) were introduced [19,20], which locally retain the LiT
solvation. These enable advantageous SEIs and CEIs, but have lower
viscosities as well as salt contents globally. This is achieved by the
addition of poorly Li" solvating solvents as diluents [20,21]. Typical
examples of diluents are hydrofluoroethers (HFEs), such as 1,2-(1,1,2,
2-tetrafluoroethyl) ether (TFEE) [22], 1,1,2,2-tetrafluoroethyl-2,2,3,
3-tetrafluoropropylether (TTE) [23], or bis(2,2,2-trifluoroethoxy)
methane (BTFM) [24]. All these HFEs are linear molecules, but just as
for LIBs [13] combining linear and cyclic solvents has been explored.
The Coskun group explored a new class of dioxolane-derived fluorinated
cyclic ethers such as 2-(2,2,2-trifluoroethoxy)—4-(trifluoromethyl)—1,3
dioxolane [25], 4-(trifluoromethyl)—1,3-dioxolane [26], and 2,
2-dimethoxy-4-(trifluoromethyl)—1,3-dioxolane [27], as solvents in
LMB electrolytes. These cyclic fluorinated ether-based electrolytes
exhibited significantly enhanced oxidative stabilities, high CEs, and
improved cycling performance of LMBs [25,26,28].

Inspired by this, we herein report on the performance and the re-
action mechanisms of a cyclic fluorinated ether, 2,2-bis
(trifluoromethyl)—1,3-dioxolane (BTFD) (Fig. 1a), as a diluent, i.e. with
respect to the Li™ cation a non-solvent, in LMB electrolytes. By strate-
gically incorporating two -CF3 groups on the O-atom of the dioxolane
ring structure, we aimed to enhance the electrochemical stability of the
electrolyte while simultaneously maintaining its compatibility with Li
metal. This deliberate molecular design of BTFD highlights the impor-
tance of rational design principles in advancing LMB electrolytes [29,
30]. We compare its performance to that of a linear fluorinated ether, 1,
2-bis(2,2,2-trifluoroethoxy) ethane (BTFE) (Fig. 1b), as well as to the
linear non-fluorinated ether DME (Fig. 1c). By systematically comparing
different molecular designs, we aim to elucidate the influence of struc-
tural differences on electrolyte performance, thereby guiding the
rational design of fluorinated ethers for LMB electrolytes. Finally we
suggest a synergetic electrolyte composition based on the observations
made. We determine both physicochemical properties and electro-
chemical performance vs. a Li metal anode as well as in a Li||[NMC811
full cell. The electrochemical characterizations are coupled to post
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mortem chemical and structural analyses.
2. Experimental
2.1. Materials

DME (HPLC grade, 99.9%) was purchased from Sigma-Aldrich, BTFE
(> 98%) from Fluroyx Labs, and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropylether (TTE, 99%) and BTFD (99%) from Apollo Scientific.
Battery-grade lithium bis(fluorosulfonyl)imide (LiFSI) was acquired
from TCI with >98 % purity. NMC811 powder was obtained from MSE
supplies, whereas the lithium titanate Li4TisO15 (LTO) powder was
purchased from NEI Corporation. Polyvinylidene fluoride (PVdF) from
Sigma Aldrich was used as binder in the NMC811 and LTO slurries.
Carbon black (SUPER C65) was used as conductive agent in the cathode
slurries. The Li metal foil was from FMC (110 um thick). Cu foil (20 pm
thick) was purchased from Goodfellow. Celgard™ 2320 was used as
separator in all cells.

2.2. Preparation of electrolytes and electrodes and cell assembly

Solvent drying and electrolyte preparation were done under a pro-
tective argon atmosphere in an MBraun glovebox, where Oz and Hy0
contents were followed and kept < 1 ppm. To prepare the electrolytes,
the DME solvent was dried using 4 A molecular sieves for five days, by
refluxing it with Na/K alloy overnight, and then purifying it by frac-
tional distillation. The BTFE and BTFD solvents were dried with 4 A
molecular sieves for seven days. The water content in all solvents was
determined by Karl Fischer titration (Mettler Toledo, C20) to be < 0.1
ppm. The electrolytes were prepared by weighing stoichiometric
amounts of LiFSI into a volumetric flask, dissolving it in a small amount
of solvent or solvent mixture, and finally filling the volumetric flask to
the marked line. The electrolyte composition was varied with different
concentrations of LiFSI (1 M and 2 M) as well as different ratios of
fluorinated ether vs. DME.
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Fig. 1. Chemical structures of (a) BTFD, (b) BTFE, and (c) DME. Coulombic efficiencies of Li stripping and plating of Li||Cu cells using the four different electrolytes
from (d,e) galvanostatic cycling and (f) the standard Aurbach method [24], respectively. (g) Oxidative LSV using carbon-coated Al electrodes.
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Both LTO and NMC811 cathodes were prepared by conventional
slurry-casting using a doctor blade applicator. The LTO cathode slurry
was prepared by mixing 80 wt.% active material LTO powder, 10 wt.%
C65, and 10 wt.% PVdF binder in NMP using ball milling (30 min, 300
rpm). The resulting slurry was cast onto Cu foil using a doctor blade
applicator and dried under vacuum at 80 °C for 2 h. The LTO mass
loading varied from 6.4 to 6.6 mg cm ™2 The NMC811 slurry was simi-
larly prepared by mixing 90 wt.% NMC811, 5 wt.% PVdF, and 5 wt.%
C65 in NMP by ball milling (30 min, 300 ppm), but cast on carbon-
coated Al foil and dried under vacuum at 80 °C for 3 h. The NMC811
mass loading varied from 5.4 to 6.2 mg cm 2. Additionally, an NMC811
cathode with a higher mass loading of 16 mg cm™2 was also used to
evaluate the performance of the BTFD-based electrolytes. LTO and
NMC811 cathodes were punched into discs with diameters of 12 mm,
pressed by a hydraulic press using a weight of 1.0 t for 30 s, and dried
again under vacuum at 90 °C overnight before they were transferred to
the glovebox.

All cell preparation was conducted inside an argon-filled MBraun
glovebox. For the determination of the CE of lithium stripping and
plating, CR2032 coin cells were assembled using a Hohsen Corporation
manual crimping tool. For all other cell assemblies, pouch cell casings
were employed. In all cell assemblies, the Li metal anodes were 14 mm
in diameter and one Celgard 2320 separator was used. The amount of
electrolyte added for filling separator pores was 20 pL. In the LTO and
NMC811 cells, an additional 10 pL was added to account for the cathode
porosity.

2.3. Electrochemical characterization

The efficiency of Li metal stripping and plating was tested using Li| |
Cu cells with two different current densities: 0.5 mA cm~2 with a cutoff
areal capacity of 0.5 mAh cm™2 and 1.0 mA cm™2 with a cutoff areal
capacity of 1.0 mAh cm 2. The average Coulombic efficiencies (CEs)
were additionally evaluated by applying the standard Aurbach method
[31] on the Li||Cu cells with the exact protocol described in [24]. Linear
sweep voltammetry (LSV) was employed on Li||carbon-coated Al and
Li||Pt cells to explore the oxidative stability of the electrolytes. 30 uL of
electrolyte was added to the cells. The cells were tested from the
open-circuit voltage (OCV) to 5.1 V vs. Li*/Li° at a scan rate of 0.5 mV s
~ 1, Time-controlled measurements were conducted to assess the critical
current density (CCD) [32]. For this purpose, Li||Li cells were subjected
to plating and stripping for 1 h, incrementally increasing the current
density from 0.2 mA cm ™2 with steps of 0.2 mA cm 2 until reaching the
point of short circuit failure, denoted as the CCD.

Electrochemical impedance spectroscopy (EIS) was used to calculate
the Li transport numbers (t;) of the electrolytes by the Bruce-Vincent
method [33,34]. For these experiments, Li||Li symmetrical cells were
allowed to stabilize for 24 h. The EIS spectra were measured in the
frequency range of 1 MHz to 100 mHz with a potential amplitude of 10
mV (rms). The polarization potential from which the initial and
steady-state currents were determined, was set to 10 mV. Additional EIS
spectra were measured in a wider frequency range of 1 MHz to 1 mHz
with the 10 mV (rms) potential amplitude, both for pristine and cycled
cells. After initial EIS measurements the cells were used for lithium
stripping and plating studies using two different conditions: 0.5 mA
cm™2 with a cutoff areal capacity of 1.0 mAh cm 2 for 50 cycles (normal
cycling conditions) and 5.0 mA cm ™2 with a cutoff areal capacity of 10
mAh ecm™2 for 2 cycles (aggravated cycling conditions). A 10 min rest
period was included between the end of the stripping/plating experi-
ment and the EIS measurements on cycled Li| |Li cells.

The Li||LTO cells were tested in pouch cells using Cu contacts. These
cells were tested in a voltage range of 1.0-2.5 V vs. Li*/Li° at 0.6 C
charge and discharge rates. The electrochemical performance of Li||
NMC811 cells was evaluated in pouch cells using Al and Cu current
collectors. These cells were cycled in two different voltage ranges, i.e.
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2.7-4.3 V and 2.7-4.6 V vs. Li*/Li° at 0.3 C charge and discharge rates
after two formation cycles at 0.1 C. All the electrochemical tests were
performed using Biologic VMP3 potentiostat/galvanostat.

2.4. Materials characterization

The densities and viscosities of the electrolytes were measured in the
temperature range 0-60 °Cat 10 °C intervals using an Anton Paar DMA
4500 M density meter, equipped with a Lovis 2000 M rolling ball
viscometer module. The ionic conductivities of the electrolytes were
recorded from O to 60 °C using an in-house built cell setup using 40 pL of
electrolyte and an SP-300 (Biologic) impedance analyzer. All the mea-
surements were performed in an Ar-filled glove box.

The local solvation structures of the electrolytes were studied by both
Raman and nuclear magnetic resonance (NMR) spectroscopies. The
former used a Ram Il Raman spectrometer with a 785 nm excitation laser
and ca. 2 em™! resolution, to obtain spectra by averaging over 200
samplings in the range 200-4000 cm ™. The “Li and '°F NMR spectra
were recorded using an Avance Neo 600 MHz spectrometer (Bruker) and
coaxial NMR tubes. The internal standard for the 7Li NMR spectra was 1
M LiCl in D,0 and for the '°F NMR spectra, it was DMSO-dg containing
0.03 wt.% deuterated trifluoroacetic acid (CF3COOH).

The post mortem analysis of the cycled cells was carried out using
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and scanning transmission electron microscopy (STEM). For the
SEM investigations, the Li electrodes harvested from Li||Li cells were
washed with anhydrous DME inside the glove box. For the XPS and
STEM analyses, Li|[NMC811 cells were cycled for 50 cycles at 0.3 C prior
to disassembly inside the glove box to collect both Li and NMC811
electrodes. The electrodes were washed with anhydrous DME and
transferred from the glovebox using Ar-filled transfer vessels.

The morphology of the Li deposits was examined with SEM (SUPRA
35VP, Zeiss, Germany). The samples were transferred to the SEM with a
vacuum transfer tool to ensure a protective atmosphere. The accelera-
tion voltage was 1.5 kV.

XPS was conducted using a Versaprobe 3 AD (Phi, Chanhassen, US)
with a monochromatic Al-Koy X-ray (1486.7 eV) excitation source. The
spectra were acquired on a 200 um spot size with the charge neutralizer
turned on, as the electrodes were placed on a non-conductive double
tape, to prevent any possible differential charging of the cycled NMC811
electrodes. High-resolution spectra were measured at 69 eV pass energy
and steps of 0.05 eV. Charge neutralization was used, and the energy
scale of the XPS spectra was corrected by shifting the C 1 s peak of
carbon to a binding energy of 284.8 eV. The XPS spectra were analyzed
using the Ulvac-PHI Multipak software. For the fits, the error in the
binding energy scale for all the peaks was limited to +0.2 eV. Shirley
background correction was used for all the spectra.

The samples for STEM were prepared inside a FEI Helios Dual Beam
system. A randomly selected secondary particle of NMC811 underwent
lift-out processes using a focused ion beam and was attached to a Cu
TEM grid. Thinning procedures were performed at 30 kV, followed by
subsequent steps at 5 and 2 kV to refine the surface and eliminate
damaged layers. The samples were then characterized using a JEOL
ARM 200CF STEM with spherical aberration correction. The 20.6 mrad
convergence angle was set for imaging, and signals within the ranges of
10 - 24 and 95 - 370 mrad were collected for annular bright-field STEM
(ABF-STEM) and high-angle annular dark-field STEM (HAADF-STEM),
respectively.

2.5. Computational studies

Simulations of impedance spectra were done using a self-written
code in Python 3 with standard scientific packages (Matplotlib and
NumPy). The code was based on the use of the “mesh method” for
solving planar electrical circuits as explained elsewhere [35-37]. For the
non-cycled cells, a flat electrode with two distinct SEI layers (compact
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and porous) was considered alongside the electrolyte-filled porous
separator layer. In the transmission line model (TLM) of the cycled cell,
three different porous layers were included - the porous separator, the
completely passivated ("dead’) high surface area lithium layer, and the
high surface area lithium layer where the stripping and plating can still
take place (’live’ lithium). The last layer indicates that the electrode
is/remains porous.

Density functional theory (DFT) calculations were employed pri-
marily to calculate the HOMO and LUMO energy levels and electrostatic
potentials (ESPs) of the DME, BTFE, and BTFD solvents, but also to
assess the relative strength of the ion-solvent interactions, using a single
solvent + Li* physical model. Geometry optimized structures of solvents
and ion-solvent, verified to be minima by calculating the second de-
rivatives of the energy with respect to nuclear displacements, were ob-
tained by employing the M06-2X functional [38,39] and the 6-311++
(d,p) basis set [40,41] within the GAUSSIAN 09 software package [42].

Classical molecular dynamics (MD) simulations were performed to
examine the solvation of the lithium ions in relation to the oxygen atoms
of the anion, the solvent, and the diluent. The MD simulations were
carried out using the LAMMPS [43] software implementing the
non-polarizable OPLS-AA force field (FF) [44] and cubic simulation
boxes, each containing 100 molecules. Molecular topology files as well
as Lennard-Jones and bonded parameters, were all created utilizing the
LigParGen server [45-47] and the fftool package [48]. To account for
electronic screening and enhance the accuracy of the predictions of
interionic interactions, a scaling factor of 0.8 was applied to the partial
charges of charged ions, owing to the utilization of a non-polarizable FF
[49,50]. The simulation procedure initiated with an energy minimiza-
tion employing conjugate gradients, followed by a three-step equili-
bration process. First, 1 ns in the microcanonical ensemble (NVE),
succeeded by 2 ns in the isothermal-isobaric ensemble (NPT), and then
an additional 2 ns in the canonical ensemble (NVT). Subsequently, the
production run was carried out in the canonical ensemble (NVT) for 10
ns. All simulations were conducted at a temperature of 300 K and a
pressure of 1 atm. A Nosé-Hoover thermostat was employed with a
temperature damping of 100 fs and a pressure damping of 1000 fs.
Electrostatic interactions were computed using the
particle-particle-particle-mesh scheme (PPPM), and periodic boundary
conditions were enforced in all directions. Radial distribution functions
(RDFs) and coordination numbers (CNs) for subsequent structural
analysis were derived from LAMMPS subroutines.

3. Results and discussion

First, we compared the electrochemical characteristics (Fig. 1d-g) of
lithium metal anodes using electrolytes based on the cyclic fluorinated
ether (BTFD), the linear fluorinated ether (BTFE), and the non-
fluorinated ether DME. As described in Note 1 in the Supporting Infor-
mation, four electrolytes were chosen for further investigation based on
different BTFD:DME ratios as well as preliminary performance tests
(Figs. S1-S3): 1 M LiFSI in DME (as reference), 1 M LiFSI in BTFE:DME
1:1 (v:v), 1 M LiFSI in BTFD:DME 1:1 (v:v), and 2 M LiFSI in BTFD:DME
1:1 (v:v). We only state the salt concentration and the solvents used from
here forth.

The compatibility with the lithium metal anode was tested using
galvanostatic cycling of Li||Cu cells at two different current densities
and cutoff capacities alongside the method proposed by Aurbach [31]
(Fig. 1d-f and Table S1) and shows increased stability of the Li metal
anode when using the BTFD-based electrolytes, even at higher current
densities.

The CEs and cycling stabilities of the cells increase when adding
fluorinated solvents/diluents to the electrolyte, and most improved for
the electrolyte compromising the cyclic fluorinated ether (BTFD). The
improvement in CEs and cycling stability is accompanied by higher
polarisation (Fig. S4, S5, and S6), which could be related to the high
viscosity and low ionic conductivity (Fig. S7) of the electrolyte. Finally,
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we compared the CE and the stability of the BTFD-based electrolytes
with a TTE-based electrolyte (1 M LiFSI in TTE:DME) —a commonly used
diluent. As illustrated in Fig. S8, the TTE-based electrolyte shows a lower
CE (99.19 %, Fig. S8a) and exhibits worse stability (Fig. S8 b and c).

Based on the weaker solvation ability of the fluorinated ethers, one
could expect higher oxidation stabilities of the fluorinated solvent-based
electrolytes, which indeed is the case for the BTFD-based electrolyte
(Fig. 1 g) and also corroborated by the lower HOMO energy for BTFD
(Fig. S9). The oxidation stabilities were additionally tested in Li||Pt cells
and again the BTFD-based electrolytes showed higher oxidation stabil-
ities than the other electrolytes (Fig. S10). The CCD tests also showed
that the BTFD-based electrolytes (4.6 and 5.6 mA cm™?) perform better
as compared to both the BTFE-based (3.2 mA cm2) and the DME-based
(2.4 mA cm_z) electrolytes (Fig. S11).

To gain a better understanding of the reasons behind the improved
electrochemical performance of the lithium metal anode using the BTFE-
based electrolyte we employed EIS. There are only minor differences
between the spectra of pristine stabilized cells assembled with different
electrolytes, with similar high-frequency arc resistance size (300-420
Qcm?) and peak frequency (300 to 350 Hz) (Fig. 2a). The low-frequency
contributions are small with the peak frequency between 30 and 100
mHz. The t; was determined to increase from 0.35 to 0.65 along: 1 M
LiFSIin DME < 1 M LiFSI in BTFE:DME < 1 M LiFSI in BTFD:DME < 2 M
LiFSI in BTFD:DME (Fig. S12). The spectra for cycled cells (Fig. S13)
assembled with fluorinated electrolytes look analogous with a small
high-frequency arc (1-3 Qem?, 20 kHz) and a low-frequency arc of
approximately 35 Qcm? and a peak frequency between 10 and 16 mHz
(Fig. 2b). The spectrum of the 1 M LiFSI in DME electrolyte cell is
markedly different with a large resistive intercept value, 50 Qcm? high-
frequency arc (15 kHz) and complex merged low-frequency
contributions.

To understand the physical origin of the differences in the spectra,
TLM simulations were conducted as reported in [35,51]. We used the
TLM models to simulate spectra of non-cycled and cycled cells assem-
bled with 1 M LiFSI in DME and 2 M LiFSI in BTFD:DME as two extreme
cases. The TLM circuit for the cycled cells is shown in Fig. 2c, while the
meaning of the resistive and capacitive elements and the origin of the
“live” porous Li layer and the “dead” Li layer is explained in the Sup-
porting Information (Fig. S14). The circuit for the non-cycled cells is
shown in Fig. S15, while the simulated spectra are found in Fig. 2d and
Fig. S16. The parameters of the simulated spectra of pristine and cycled
electrodes for 2 M LiFSI in BTFD:DME show a decrease in SEI resistance
(Rsgp) and an increase in SEI capacitance (Csgp) for roughly the same
factor (Table S2). The separator contributions (Rsep1, Rsep2, Csep)
remained unchanged, while the diffusional contributions from the ‘dead
Li’ and ‘live Li’ layers were minimal in comparison with the separator
diffusion contributions. We conclude that electrodes cycled with fluo-
rinated ethers have a small high-frequency contribution that stems from
large surface area Li deposits on the electrode (which act as a porous
electrode) and a low-frequency contribution that is due to diffusion
through the separator. This fits well with the electrode morphology
observations by SEM (Fig. S17d-f), which show a uniform coverage with
an approximate thickness of 5 um.

For the 1 M LiFSI in DME reference electrolyte we observe a decrease
in the contribution of Rg; after cycling, but it is not followed by the same
factor increase of the Cggj, which stays roughly the same. The chemical
capacitances of the separator (Csep) and ‘live Li” layer (Cjive) also appear
to be smaller than expected, with the former decreasing by a factor of
20x (Table S2). This could be explained by a “soft short-circuit” effect
[52], which distorts the spectra by decreasing the resistance of the
resistive elements and shifting the time constants, increasing peak fre-
quencies. Apart from displaying evidence of short-circuits, the param-
eters of the spectrum also indicate a thick ‘dead Li’ layer (large Rgeaq and
Cdead)- In contrast to the cells using fluorinated electrolytes (lower Cgead,
Supporting Information), the cell with this electrolyte thus suffer both
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of 10 mAh ecm ™2,

from short-circuit formation and extensive passivation of the deposited
lithium, which is in line with the Li||Cu cell data reported in Fig. 1d. The
SEM micrographs of the cycled electrode (Fig. S17a-c) support the above
conclusions as they show a difference in morphology of the high surface
area lithium deposits: The total thickness is larger, but the coverage is
less uniform. In comparison with the BTFD based electrolyte, a single Li
deposit is also thinner (Fig. S18), indicating a higher surface area and
consequently higher tendency of electrolyte consumption and increased
formation of “dead” Li. The direction of growth for some of the deposits
(e.g those marked with an arrow in Fig. S17b) appear to be perpen-
dicular to the electrode (thicknesses reaching over 30 um) and could
signal a higher tendency for short-circuit formation.

To further highlight differences between the fluorinated ether-based
electrolytes, stripping and plating under aggravated cycling conditions
were conducted. There is again little difference between the EIS spectra,
with the exception of the stability of the resistive intercept (Figs 2e-f,
Fig. S19). For the cells with the 1 M LiFSI in BTFE:DME (Fig. 2e) and 1 M
LiFSI in BTFD:DME (Fig. 2f) electrolytes, the resistive intercept increases

by roughly 30% from 1.8 to 2.4 Qcm?, which suggests significant elec-
trolyte decomposition taking place. In contrast, the 2 M LiFSI in BTFD:
DME electrolyte based cell keeps the resistive intercept roughly con-
stant, hence indicating limited electrolyte decomposition - if any.
After evaluating the performance of the electrolytes using lithium
metal anodes in Li||Cu and Li| |Li cells, we turn to full cell performance
using LTO and NMC811 cathodes (Fig. 3). Here, the Li||LTO cells with
the BTFE and BTFD-based electrolytes both display increased cycling
stability as compared to the cells using the 1 M LiFSI in DME reference
electrolyte (Fig. 3a and Fig. S20). For the Li||[NMC811 cells (Fig. 3b and
Fig. S21), the use of the 1 M LiFSI in DME reference electrolyte led to
rapid cell failure, which we attribute to poor high-voltage stability,
while the cells using the fluorinated diluent based electrolytes show both
higher capacities as well as improved cycling stabilities, with the best
capacity retention obtained for the cell using the 2 M LiFSI in BTFD:DME
electrolyte. The reproducibility of data when employing the BTFD-based
electrolytes is shown in Fig. S22. Moreover, BTFD-based electrolytes
were examined under additional different cycling conditions. In
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after two formation cycles at 0.1 C.

Fig. S23, the stable cycling performance of BTFD-based electrolytes with
a higher mass loading of NMC811 (16 mg cm™2) coupled with thinner Li
foil (50 um) is demonstrated. Additionally, the BTFD-based electrolytes
were evaluated in a Li|[NMC811 cell with a high cut-off voltage of 4.6 V
(Fig. S24) and exhibited consistent capacity retention, even out-
performing TTE-based electrolytes (Fig. S25), supporting the potential
of BTFD diluent use in high-voltage LMBs.

From the above, the cyclic and linear fluorinated ether-based elec-
trolytes perform rather similarly in the Li||LTO cells, but the former
improves the Li||[NMC811 cell performance — which we attribute to
several factors; First, LTO is a zero-strain material that operates at a low-
medium electrochemical potential [53], thus not challenging the elec-
trolyte oxidative stability, which is why aggravated conditions (Figs. 1
and 2) are needed to see any noticeable differences between the fluo-
rinated electrolytes. Second, NMC811, on the other hand, operates at
significantly higher electrochemical potential, which means that the
electrolyte oxidative stability (Fig. 1 g) is challenged, showing one
advantage of cyclic fluorinated ethers. Furthermore, the cell perfor-
mance is also highly dependent on the cathode-electrolyte compatibility
and the nature and stability of the CEI created [54]. To further under-
stand the clearly noticeable differences between the Li|[NMC811 cells
using the BTFE- and BTFD-based electrolytes, we conducted several
surface analyses of the cycled NMC811 cathodes.

The XPS F 1s spectra reveal the presence of two different chemical
states of F in the CEI (Figs. 4a—d), which we assign to Li-F (685 eV) and
C-F/S-F bonds (688.4 eV) [55]. Both the Li-F and S-F bonds are likely
mainly originating from decomposition of the FSI anion [56], while the
C-F bond may originate from interaction with the fluorinated diluents
[57]. The O 1s XPS spectra show at least three peaks, originating from
S-O/N—O bonds (532.8 eV), C = O bonds (531.6 eV), and M-O bonds
(529.7 eV), where the latter stem from lattice oxygen [58](Fig. 4e-f).
Moving from the reference electrolyte, first to the BTFE and then to the
BTFD-based electrolytes show increasing ratios between the Li-F and
C-F/S-F peaks in the XPS spectra (Figs. 4a—d). Furthermore, in the O 1s
spectra the M-O relative and absolute intensity both decrease (Fig. 4e—f).
This indicates that the CEI resulting from using DME- and BTFE-based
electrolytes contains modified bulk NMC transition metals that are
still bound to O atoms, in either crystalline or amorphous state. In the

case of BTFD-based electrolytes, the M-O contribution significantly de-
creases with increasing LiFSI concentration in the electrolyte. By
correlating this with the increased amount of LiF observed in the F 1s
spectra, we conclude that CEIs in the latter two electrolytes contain
mainly products of decomposed solvents, while the bulk NMC structure
underneath remains more or less intact. Additionally, the Li 1s spectra
are consistent with the F 1s spectra, confirming the presence of LiF in the
CEI (Fig. S26), while the C 1s spectra show the presence of organic
species from decomposed solvents (Fig. S27) [59].

We have conducted additional XPS measurements on the cycled Li
anode extracted from Li|[NMC811 cells after 50 cycles to characterize
the Li SEI. The C 1s, F 1s, S 2p and N 1s XPS spectra are shown in Fig. S28.
As depicted in Fig. S28a, Li electrodes cycled using the BTFD-based
electrolytes exhibit lower relative intensities of the CO3~ and C = O
peaks as compared to those cycled in the BTFE-based and the 1 M LiFSI
in DME reference electrolytes. This suggests that different solvent
decomposition products are formed using the BTFD-based electrolytes.
The F 1s, S 2p, and N 1s XPS spectra represent the presence of inorganic
components formed in the SEI, primarily originating from the decom-
position of the LiFSI salt. As illustrated in Fig. S28b, an increased LiF
peak was observed in the case of the BTFD-based electrolytes. Addi-
tionally, larger SO, S,>-, and S% signals were clearly detected
(Fig. S28c) and apparent signals of LisN were observed in the N 1s
spectra (Fig. $28d) of Li metal. This collectively suggests that rather than
the solvent, LiFSI is preferentially decomposed in the BTFD-based
electrolytes to form an anion-derived SEI on the Li metal anode.

The ABF-STEM and HAADF-STEM images (Fig.4e-1) show both the
CEIs and the layered structure of the NMC811, with significantly dif-
ferences for the former. For instance, the ABF-STEM of NMC811 cycled
using the 1 M LiFSI in DME electrolyte shows degradation and has the
thickest CEL 4.8 nm (Fig. 4i). In contrast, the NMC811 cycled using the 1
M LiFSI in BTFE:DME electrolyte show a thinner CEI (3.3 nm, Fig. 4j),
and even thinner CEIs (2.1-2.4 nm, Fig. 4k and 1) were formed using the
BTFD-based electrolytes. All CEIs seem to contain both crystalline and
amorphous regions, with those from the 1 M LiFSI in DME and 1 M LiFSI
in BTFE:DME cells showing an atomic arrangement that differs signifi-
cantly from bulk NMC811 (Fig. 4i, m, j, n), and resembles <111> rock
salt and (110) inverse spinel structures. For the cathodes from the LiFSI
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in BTFD:DME electrolyte cycled cells, the termination of the NMC811
bulk has an arrangement of the atomic planes with d spacings of ca. 0.2
nm, which can be assumed to be LiF [59,60], in agreement with the XPS
F 1 s analysis (Fig. 4c, d). Some disturbed NMC811 crystal planes can be
seen for the 1 M electrolyte (Fig. 40), while the 2 M electrolyte (Fig. 4p)
seems to have a less than 1 nm thin layer with a crystal structure
differing from that of bulk NMC811 [56,61,62]. For the latter it is un-
clear whether the surface termination of the NMC811 existed before
cycling or if it was formed during the cycling.

The final surface analysis was made by STEM imaging, which overall
indicates that the NMC811 cathodes cycled using the BTFD-based
electrolytes are less degraded. This is signified by the thinner layer of
altered crystal structure on the surfaces of the NMC811 particles
(Fig. 4m-p). Altogether, moving from the 1 M LiFSI in DME reference
electrolyte to the BTFE-based electrolyte and finally to BTFD-based
electrolytes, the CEI changes its thickness and composition. The main
observation for the BTFD-based electrolytes is the LiF-based crystalline

CEI layer improving its stability [63,64] and decreasing NMC811
degradation and disordered rock salt formation — which explains the
improved electrochemical performance (Fig. 3b).

The above observed and highly beneficial SEI and CEI must in some
way originate from the electrolyte. In this regard, Lu et al. [29,30]
studied the solvation structures of the LHCEs and found that the fluo-
roethers have relatively weaker coordination with Li* and stronger co-
ordination with FSI. Additionally, according to the literature [65-67]
SEI/CEI properties correlate to the cation solvation, as solvents in the
cation first solvation shell are more likely to interact with the electrode
surface and decompose to form the CEL, and we here therefore address
cation solvation changes by both Raman and NMR spectroscopies. The
Raman spectrum of the 1 M LiFSI in DME electrolyte (Fig. 5a) shows two
additional peaks at 717 and 885 cm™! as compared to the spectrum of
pure DME, which we assign to “free” FSI anion [68] and to Li" solvated
by DME (Li" - DME), respectively. As BTFE is introduced, the former
peak decreases in intensity and is slightly shifted, to 733 cm ™}, which
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from the DFT calculations.

indicates the formation of contact ion-pairs (CIPs, Li"-FSI). The addi-
tional peaks that emerge at ca. 915 cm ™! could be ascribed to Lit-BTFE
interactions.

In the 1 M LiFSI in BTFD:DME electrolyte spectrum the peak corre-
sponding to “free”” FSI anion both broadens and shifts slightly, to 747
cm™}, which suggests creation of aggregates/triplets (AGGs) [69],
alongside the CIPs, which also increase as a function of salt concentra-
tion. Looking at the spectral region containing the BTFD peaks, e.g. at ca.
810 cm ™}, we do not observe any shifts from the pure BTFD spectrum in
neither the 1 nor the 2 M BTFD electrolyte spectra. Thus, BTFD does not
seem to take part in the cation solvation and is hence a diluent and not a
co-solvent. The schematic Fig. 5b illustrates the solvation structures
based on the Raman results.

The 7Li NMR spectra similarly showed an upfield shift for the BTFD-
based electrolytes (Fig. 5c), which we attribute to stronger cation-anion
interactions as this increases the electron density around Li™ [70]. A
similar trend was also observed in the '°F NMR spectra (Fig. S29).

To further support the Raman and NMR results, the analysis of the
RDFs and CNs calculated from the MD simulation data (Fig. 5d) shows
that Li* is primarily coordinated by DME and FSI (see also Fig. S30). For
all but the 2 M LiFSI in BTFD:DME electrolyte Li* predominantly in-
teracts with DME, with DME CNs decreasing from 2.5 to 1.8 and
simultaneously the FSI CNs increase from 1.0 to 2.1. Thus, while the
diluents, BTFE and BTFD, likely are largely absent from the first cation
solvation shell (Fig. S30), they anyhow significantly impact the ion-ion
and ion-solvent interactions. However, for BTFE the MD simulation

results and the experimental observations with respect to coordination
cannot be reconciled in detail, possibly due to that, the employed non-
polarizable FFs in the former overstructur the solvent, which reduces
the response to weak electrostatic interactions. As the FSI CN is larger
than the DME CN for the 2 M LiFSI in BTFD:DME electrolyte, this could
truly be classified as a HCE. We note in passing that the total CN is close
to constant for all the 1 M electrolytes — ca. 3.6 — and only slightly in-
creases for the 2 M electrolyte (ca. 3.9).

The classical picture from the MD simulations, that arguably is
highly dependent on the FF used, is complemented by DFT calculated
ion-solvent/diluent binding energies as well as ESPs of the solvents
(Fig. 5e and S31). This confirms the much weaker affinity of BTFD to-
wards Li" as compared to BTFE and DME, both having the same -O-
CH,—CHy—O- moiety in their structure, which explains their relatively
strong (and similar) binding towards Li* [24]. This is also corroborated
by the ESPs showing the more negative potential on the oxygen atoms
for DME and BTFE in comparison to BTFD (Fig. 5e and S32).

4. Conclusions

The cyclic fluorinated ether, BTFD, acts as a diluent in BTFD-based
electrolytes, which improves the CE with respect to lithium metal
stripping and plating by reducing the formation of ‘dead Li’, while also
allowing for the enhanced cycling performance of Li|[NMC811 cells.
This all stems from modified CEIs (more LiF-rich) which arise from an
altered Li'-solvation in the electrolytes - the electrolyte shows larger
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propensity for LiT-FSI interactions, which brings more FSI closer to the
electrode surface. Hence, we can conclude that the cyclic fluorinated
ether BTFD provides a way to largely and synergistically solve the
challenges of both the lithium metal anode and high-voltage cathode(s).
The study attests to the importance of the cyclic molecular structure of
fluorinated ethers in improving electrolytes for high-voltage LMBs.
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