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ABSTRACT: Although localized high-concentration electrolytes
(LHCEs) show promising performance with lithium metal anodes,
LHCEs do not necessarily stabilize the interface with state-of-the-art
high-voltage cathodes. Here, we report a functional diluent, 2,2-
bis(trifluoromethyl)-1,3-dioxolane (BTFMD), to demonstrate LHCEs
for high-voltage lithium metal batteries (LMBs), which stabilizes the
cathode and anode interfaces simultaneously through distinct mecha-
nisms. The fluorinated cyclic ketal moiety of BTFMD, along with
diminished free solvent formation, enables oxidative stability as high as
6.0 V vs Li/Li+. Additionally, BTFMD undergoes self-decomposition to
produce lithium fluoride and induces an anion-dominant solvation
structure to establish an inorganic-rich solid electrolyte interphase.
Incorporation of BTFMD diluent realized a Coulombic efficiency of
99.54% in a Li|Cu cell and 80% capacity retention for Li|LiNi0.8Co0.1Mn0.1O2 full-cells after 570 and 250 cycles, with cutoff
voltage levels of 4.3 and 4.4 V, respectively. This study highlights the usefulness of fluorinated diluents and their controlled
solvation structures for high-voltage LMBs.

Attempts to keep pace with the ever-evolving specifica-
tions of portable electronics and electric vehicles have
encouraged the battery community to explore

advanced battery systems beyond lithium-ion batteries
(LIBs), particularly in terms of the energy density.1,2 Lithium
metal batteries (LMBs) are well aligned with this objective
owing to the high specific capacity (3860 mAh g−1) and the
lowest redox potential (−3.04 V vs the standard hydrogen
electrode) of the lithium metal anode (LMA).3,4 However, the
application of LMBs is generally hindered by their short cycle
life and unwarranted safety, which originate from indiscrimi-
nate dendritic growth and consequent electrolyte decom-
position.5−7 These failure modes are directly related to the
characteristics of the solid electrolyte interphase (SEI) on the
LMA; for example, an SEI layer rich in organic components is
usually less protective against the aforementioned failure
behaviors compared with its inorganic-rich counterparts.
Even worse is that the SEI formed by conventional carbonate
electrolytes is not sufficiently stable to realize LMBs with a
fairly long cycle life.8,9 In this regard, researchers in the
community have developed a variety of strategies such as
employing solid-state electrolytes,10,11 artificial SEI layers,12,13

three-dimensional host designs,14,15 and electrolyte addi-
tives.16,17 Among these available options, liquid electrolyte
engineering is preferred over the other approaches because it

can be integrated into current cell manufacturing processes
with minimal adjustments.18,19

Ether-based electrolytes offer relatively higher compatibility
with the LMA as a result of their enhanced reductive stability,
as is typically reflected in the lesser extent of solvent
degradation and lower organic content of the SEI.20 However,
further stabilization of the SEI is desirable because ethers alone
do not guarantee long-term cyclability. Ethers also have the
disadvantage of insufficient oxidative stability and are thus
difficult to pair with state-of-the-art high-voltage Li-
NixCoyMnzO2 (NCM) cathodes.21 In an effort to proceed
beyond ethers, researchers have focused on the solvation
structure around the Li ion because an anion-involved
solvation structure can induce a more sustainable, inorganic-
rich SEI layer on the LMA. Recently reported high-
concentration electrolytes,22,23 localized high-concentration
electrolytes (LHCEs),24−26 and weakly solvating electro-
lytes27,28 are representative strategies to realize these anion-
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involved solvation structures. In the same context, in terms of
their ion configuration, anion-containing solvation structures
predominantly constitute contact ion pairs (CIP) and
aggregated ions (AGG) rather than solvent-separated ion
pairs (SSIP). LHCEs have been highlighted with discernible
attention because they predominantly form the CIP and AGG
configurations, all while maintaining moderate salt concen-
trations and viscosity, which sets them apart from HCEs.29,30

The diluents in LHCEs are typically miscible with the main
solvents without solvating the Li ions. This explains the
extensive utilization of highly fluorinated ethers.28,31,32

However, recent studies have revealed that these diluents
may not be as inert as was previously assumed. Instead, they
have been discovered to undergo decomposition at the
interfaces on both sides of the electrodes, thereby contributing
to the formation of the SEI and the cathode electrolyte
interphase (CEI).33 This observation implies that it is essential
to consider the (electro)chemical reactions of diluents at the
electrode surfaces, despite the fact that this perspective has not
been extensively reflected in the design of LHCEs.

In this study, we introduce commercially available 2,2-
bis(trifluoromethyl)-1,3-dioxolane (BTFMD) as a functional
diluent for LHCE-based LMBs. The cyclic ketal structure,
typically used as a protective group in organic synthesis,
contained two electron-withdrawing trifluoromethyl groups to
endow the diluent with high oxidative stability.34 From the
viewpoint of the solvation structure, the presence of this
diluent induces a structure predominantly composed of AGG,
which contributes to a lithium fluoride (LiF)-rich, stable SEI
on the LMA. Taking advantage of these beneficial properties, 2
M bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane
(DME)/BTFMD (v/v = 1:3) gave an average Coulombic

efficiency (CE) of 99.54% for Li plating/stripping in a Li|Cu
cell. Furthermore, the extraordinary oxidative stability
indicated by the near absence of an anodic current up to 6.0
V vs Li/Li+ allows BTFMD-based LHCEs to deliver highly
stable cycling performance in a full-cell with Li-
Ni0.8Co0.1Mn0.1O2 (NCM811): 82.2% capacity retention for
570 cycles when cycled at 1C with a cutoff voltage of 4.3 V.

Electrolyte Design and Characterization. Owing to the
chemical inertness derived from their strong carbon−fluorine
bonds, fluorinated ethers have found a wide range of
applications such as heat transfer media, cleaning solvents for
electronic devices, and anesthetics for medical use.35 The
electron-withdrawing nature of fluorine also confers low
solvation power and high oxidative stability. Furthermore,
fluorinated ethers are generally miscible with DME, a common
ether-based solvent for LMBs, thereby making them suitable
for use as diluents for LHCEs. Although considered to be
“inert”, these diluents have been discovered to decompose
under electrochemical bias. Particularly, because an excess of
diluent is present within the electrolyte without participating in
solvation, further enhancement of the stability of fluorinated
ethers is desired. The oxidative stability could generally be
improved by substituting electron-withdrawing groups
(EWGs) to lower the highest occupied molecular orbital
(HOMO) level, although minimization of the molecular size
would be a more effective approach to preserving the viscosity
and wettability in the desirable ranges. Moreover, as the
HOMO level is lowered with the addition of EWGs, the lowest
unoccupied molecular orbital (LUMO) level is also depressed,
consequently weakening the reductive stability. Thus, a new
diluent design capable of overcoming these trade-offs is highly
desired.

Figure 1. (a) Schematic illustration of the LHCE design with different stabilizing mechanisms for the cathode and anode. (b) Chemical
structures of DME (solvent) and BTFMD (diluent). (c) Calculated energy levels of HOMO−LUMO and molecular orbital diagrams. (d)
Calculated minimum electrostatic potential (ESP) maps for DME and BTFMD. Color scheme: sky blue, F; red, O; gray, C; white, H.
Regions of negative and positive charge are indicated in red and blue, respectively.
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We hypothesized that these trade-offs could be resolved
through diluent design by utilizing reductive decomposition to
create a passivation layer on the LMA (Figure 1a). Previously,
a range of fluorinated molecules was demonstrated to be
suitable as diluents because fluorination weakens the energy of
the neighboring oxygen and nitrogen atoms for coordination
with Li ions, whereas the decomposed molecules can induce
the desired LiF-containing components in the SEI layer. In this
direction, fluorinated aromatic36 and ether37−41 compounds
proved to be the most remarkable. Additionally, a majority of
these compounds also have the benefit of reinforcing the
oxidative stability. In the present investigation, we introduce
commercially available BTFMD (Figure 1b) as a functional
diluent with high oxidative stability. The oxidative stability of
this molecule is attributed to the presence of the two electron-
withdrawing trifluoromethyl groups combined with its
inherently stable cyclic ketal structure (Figure S1). The
significantly lower HOMO level (−8.63 eV) of BTFMD,
suggested by density functional theory (DFT) calculations,
compared to that of DME (−7.19 eV) supports the enhanced
oxidative stability of BTFMD (Figure 1c). The incorporation
of EWGs ensures a low LUMO level of −0.48 eV; additionally,

the high fluorine content of BTFMD, which exceeds 50% of its
molecular weight, beneficially acts as a source for the formation
of a LiF-rich inorganic SEI during its reductive decomposition.
In addition, we calculated the minimum electrostatic potential
(ESP) values of DME and BTFMD to estimate their solvation
ability (Figure 1d).39 Because the trifluoromethyl groups
withdraw the electron cloud from the oxygen atoms, BTFMD
is expected to have bare solvation ability (the minimum ESP of
−81.36 kJ mol−1) compared to DME (the minimum ESP of
−174.41 kJ mol−1), thereby supporting the role of BTFMD as
a diluent.

We investigated the chemical reactivity of BTFMD with
LMA by immersing Li metal foil in the diluent for 24 h. The
black appearance of the surface of the immersed Li metal
(Figure S2a) is consistent with previous studies involving
fluorinated aromatic diluents.36 The surface components of the
blackened Li metal were characterized by carrying out X-ray
photoelectron spectroscopy (XPS) analysis. Except for the
organic C−F at 688.5 eV during the initial period of sputtering,
F 1s profiles were depth-independent and displayed a LiF peak
at 684.8 eV (Figure S2b). This result confirms the ability of
BTFMD to form an inorganic SEI during its reductive

Figure 2. (a) Raman and (b) FT-IR results for solvation structure analysis of solvents and electrolytes. (c) Images of probable solvation
structures and their contents in different electrolytes from molecular dynamics (MD) simulations.
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decomposition. Moreover, the immersion of Li metal foil in the
LHCE containing BTFMD for 1 day barely changed the color
(Figure S2c), suggesting that, after the passivation of the Li
metal foil with the preferential decomposition of the anion in
the LHCE, the Li foil is protected from further reaction with
BTFMD. Nonetheless, should the electrolyte encounter a
more reductive environment during cell operation, the diluent
would decompose to uncover its role as an additive of sorts;
the decomposition of BTFMD itself would additionally
contribute to the formation of an inorganic-rich SEI, which
would significantly enhance the stability of the LMA.

Solvation Structure Analysis. BTFMD was combined
with DME and LiFSI for utilization as an LHCE. To
investigate the effect of the salt concentration and diluent
volume ratio on the LMB performance, we dissolved 1 and 2
M LiFSI in DME and BTFMD at volume ratios of 1:7 and 1:3,
respectively (referred to as 1 M LiFSI-1DME-7BTFMD and 2
M LiFSI-1DME-3BTFMD, respectively). Notably, both
electrolytes shared the same molar ratio of Li salt to DME
(1:1) so that the effect of the relative portions of DME and
BTFMD could be explicitly determined. The fixed Li salt-to-
DME ratio induces consistent local environments in the inner
solvation shell. As a control electrolyte, a 2 M LiFSI salt
dissolved in DME (referred to as 2 M LiFSI-DME) was
prepared.

We employed Raman spectroscopy to elucidate the solvation
structures in the different electrolytes (Figure 2a). The Raman
spectrum of 2 M LiFSI-DME is characterized by a high-
intensity peak at 719.0 cm−1, which corresponds to the S−N−
S bending of the solvent-separated FSI anion, indicating a
solvation structure mainly composed of SSIP.42,43 In contrast,
the peak corresponding to SSIP was hardly observed in LHCEs
with BTFMD, whereas the new peak detected at 747 cm−1,
corresponded to AGG-I (FSI− coordinating to two Li+ ions)
solvation structure.44 Moreover, the shoulder peak at 760
cm−1, which is more prominent in 2 M LiFSI-1DME-
3BTFMD, indicated the presence of AGG-II (FSI− coordinat-
ing to more than two Li+ ions) solvation structures.45 The
intensity of both peaks of 2 M LiFSI-1DME-3BTFMD was
higher than that of 1 M LiFSI-1DME-7BTFMD, indicating a
more pronounced presence of the anion-rich solvation
structures in 2 M LiFSI-1DME-3BTFMD despite the
consistent local environments of the inner solvation shell.

Free DME, which does not participate in Li+ solvation, is
susceptible to oxidative degradation and should thus be
minimized in the electrolyte for high-voltage NCM cathodes
for operation in a cell. The presence of a significant amount of
free DME in 2 M LiFSI-DME was evident from the
characteristic peaks at 820 and 850 cm−1.46,47 In contrast,
the absence of these peaks for the 1 M LiFSI-1DME-7BTFMD

Figure 3. (a) Aurbach measurements in Li|Cu cells. (b) CE tests of asymmetric Li|Cu cells with different electrolytes cycled at 1.0 mA cm−2.
The average CE was calculated with the CE values after 50 cycles. (c) Voltage−time profiles of Li|Li symmetric cells with different
electrolytes cycled at 1.0 mA cm−2 and 1.0 mAh cm−2. Scanning electron microscopy (SEM) images of Li surfaces plated on the Cu current
collectors after cycling in (d) 2 M LiFSI-DME, (c) 1 M LiFSI-1DME-7BTFMD, and (f) 2 M LiFSI-1DME-3BTFMD during the 5th cycle.
Oxidative stability tests in Li|Al asymmetric cells examined by (g) linear sweep voltammetry (LSV) with a scan rate of 1.0 mV s−1 and (h)
potentiostatic polarization tests in the range of 4.0−5.0 V with a voltage increment of 0.1 V at time intervals of 10 h. (i) Potentiostatic
profiles of Li|NCM811 cells with a voltage increment of 0.1 V at time intervals of 10 h.
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and 2 M LiFSI-1DME-3BTFMD electrolytes suggests a near-
complete coordination of DME molecules with Li+ ions. In
addition, Fourier-transform infrared (FT-IR) spectroscopy
revealed a distinct peak corresponding to free DME (around
1100 cm−1) in the 2 M LiFSI-DME solution, whereas it was
absent from the two BTFMD-based LHCEs (Figure 2b).48

Molecular dynamics (MD) simulations were performed to
investigate the solvation structure and validate the results
obtained from Raman and FT-IR spectroscopy. In the case of 2
M LiFSI-DME, the average coordination number of DME for
the Li+ ion was significantly higher at 2.87, compared to the
average coordination of FSI− of 0.11, indicating the prevalence
of the SSIP structure (Figures 2c and S3). Conversely, for 1 M
LiFSI-1DME-7BTFMD and 2 M LiFSI-1DME-3BTFMD, the
average coordination numbers of DME for the Li+ ion were
both 1.00 (Figures S4 and S5), which implies that nearly all of
the DME molecules are coordinating with Li+ ions. The
average coordination values of FSI− were 2.51 and 2.56 for 1
M LiFSI-1DME-7BTFMD and 2 M LiFSI-1DME-3BTFMD,
respectively, indicating that the majority of FSI− anions form
AGG structures with Li+ ions (Figure 2c). The negligible
coordination values of 0.05 and 0.03 for BTFMD confirmed
that it acts as a diluent in the LHCEs. In addition, MD
simulations revealed that 2 M LiFSI-1DME-3BTMD has a
higher percentage of AGG solvation structures compared to 1
M LiFSI-1DME-7BTMD (Figure 2c), which is consistent with
the Raman spectroscopy results (see Figure 2a).

Despite both 1 M LiFSI-1DME-7BTFMD and 2 M LiFSI-
1DME-3BTFMD being primarily composed of the AGG
solvation structure with almost no SSIP, they had decent ionic
conductivities (2.36 and 3.57 mS cm−1, respectively), similar to
those of reported LHCEs (Tables S1 and S2). This might be
related to the small molecular size and moderate density of
BTFMD (dBTFMD = 1.53 g cm−3) originating from its cyclic
structure, despite its high fluorine content. Notably, contact
angle measurements indicated improved wettability between
the separator and the BTFMD-based electrolytes compared to
that of 2 M LiFSI-DME (Figure S6). This property of the
BTFMD-based electrolytes is likely to be beneficial for
reducing dendrite formation by ensuring uniform electrolyte
distribution and thus Li-ion flux.49

Performance and Morphology Analyses in Various
Cell Configurations. To investigate the effects of the AGG-
enriched solvation structures of the BTFMD-based electrolytes
and the functionality of BTFMD itself, we conducted
comprehensive electrochemical tests in various cell config-
urations such as Li|Cu and Li|Al half-cells, Li|Li symmetric
cells, and full-cells paired with NCM811 cathodes.

The compatibility of the electrolyte with LMA is largely
influenced by the formation of the SEI layer in relation to
electrolyte decomposition. We performed cyclic voltammetry
(CV) measurements with the Li|Cu half-cell in the range of
1.5−0.0 V vs Li/Li+ and compared the cathodic current to
examine the decomposition behavior of the different electro-
lytes (Figure S7). During the initial voltage scan from open-
circuit voltage (OCV) to 1.0 V, all three electrolytes had two
similar cathodic peaks, mainly from anion decomposition.
However, in the voltage range below 1.0 V, where solvent
decomposition predominates, the current response of the
BTFMD-based LHCEs was smaller compared to that of 2 M
LiFSI-DME.50 This can be interpreted as indicating that the
BTFMD-based LHCEs formed a robust SEI layer in the early
stage of electrolyte decomposition, thereby minimizing solvent

decomposition. The low and minimal variation in the cathodic
current over subsequent cycles of the LHCEs also verifies the
formation of a robust SEI. In addition, Aurbach’s method was
used in a Li|Cu half-cell configuration to probe the average CE
associated with Li plating and stripping.51 1 M LiFSI-1DME-
7BTFMD and 2 M LiFSI-1DME-3BTFMD exhibited higher
average CEs of 99.24% and 99.54% compared to 98.05% of 2
M LiFSI-DME (Figure 3a). The compatibility of both LHCEs
with Li metal improved significantly compared to that of 2 M
LiFSI-DME, although a notable difference existed between
them, even though both possess similar AGG-enriched
solvation structures. This could be attributed not only to the
higher AGG content of 2 M LiFSI-1DME-3BTFMD, but also
to the promoted decomposition of anions as a result of its
greater portion of the AGG-II structure compared to that in 1
M LiFSI-1DME-7BTFMD (see Figure 2a).45 Furthermore, the
higher ionic conductivity of 2 M LiFSI-1DME-3BTFMD and
the resulting lower plating/stripping overpotentials may have
contributed to this difference.39

The enhanced cathodic reversibility of the BTFMD-based
electrolytes also contributed to the cycling performance of the
Li|Cu half-cells, leading to higher average CEs for 250 cycles of
Li plating/stripping at a current density of 1.0 mA cm−2 and
the areal capacity of 1 mAh cm−2 in comparison with the
DME-based electrolyte (99.17% and 99.15%, respectively,
compared to 98.37%) (Figure 3b). The improved stability of
Li|Li symmetric cells with the BTFMD-based electrolytes
compared with 2 M LiFSI-DME can be understood similarly.
Whereas stable cycling for over 1400 h was observed with 2 M
LiFSI-1DME-3BTFMD at 1.0 mA cm−2 and 1.0 mAh cm−2,
the cell containing 2 M LiFSI-DME experienced a severe
increase in overpotential and ceased to operate at approx-
imately 900 h under the same cell conditions (Figure 3c).

Scanning electron microscopy (SEM) analysis was addition-
ally employed to explore the influence of electrolytes on the
morphology of the plated Li. Li was plated on Cu foil at the
capacity of 1 mAh cm−2 and current density of 1 mA cm−2 with
three different electrolytes. The Li plating on the Cu substrate
with 2 M LiFSI-DME exhibited various detrimental features
such as cracks, Li filaments, and exposed Cu substrate, all of
which represent nonuniform coverage of Li plating and
undesirable side reactions with the electrolyte (Figure 3d).
In contrast, Li plating in 1 M LiFSI-1DME-7BTFMD was
characterized by a uniform distribution of chunky Li grains
with minimal gaps (Figure 3e). Moreover, in the case of 2 M
LiFSI-1DME-3BTFMD, the morphology of the plated Li was
further improved with enhanced flatness and larger Li grains,
along with reduced crack formation (Figure 3f). Cross-
sectional SEM analysis also revealed a stark contrast in the
plated Li morphologies among the different electrolytes
(Figure S8). 2 M LiFSI-DME displayed uncontrolled Li
filament growth, whereas the BTFMD-based electrolytes
exhibited large Li grains with small surface areas. Once again,
the synergistic effect of the primary decomposition of the
anion and the subsequent decomposition of BTFMD were
found to play a crucial role in achieving the observed uniform
Li metal plating through the formation of a LiF-rich SEI layer.

The effect of the oxidative stability of BTFMD based on its
low HOMO level (−8.63 eV) was investigated by conducting
linear sweep voltammetry (LSV) measurements using Li|Al
asymmetric cells from the OCV to 6.0 V vs Li/Li+ at a scan
rate of 1.0 mV s−1. The 2 M LiFSI-DME started decomposing
at approximately 4.2 V, whereas the BTFMD-based electro-
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lytes did not undergo significant decomposition up to nearly
5.5 V (Figure 3g). On the other hand, LiFSI-based electrolytes
are reportedly responsible for severely corroding the Al current
collector.52,53 To examine this corrosion issue, potentiostatic
polarization tests were performed on Li|Al cells ranging from
4.0 to 5.0 V at a 0.1 V interval, with each voltage level
maintained for 10 h (Figure 3h). In the case of 2 M LiFSI-
DME, the exponential increase in the anodic current around
4.2 V reflects its low oxidative stability in relation to its weak
tolerance for corrosion. In contrast, the anodic current of the
BTFMD-based electrolytes was hardly significant at all until
4.5 V. Exposure of the Al current collector of the 2 M LiFSI-
DME cell to 4.4 V for 40 h led to the formation of severe
cracks due to corrosion on the Al surface (Figure S9a). In stark
contrast, the Al current collectors in cells with the BTFMD-
based electrolytes exhibited a flat and smooth surface with only
a few pits (Figure S9b,c). The continuous exposure of the
native aluminum surface to the electrolyte has been reported as
the origin for aluminum corrosion in LiFSI-based electrolytes
owing to the dissolution of Al(FSI)3 that forms at a high
voltage. However, in the BTFMD-based electrolytes, free

solvent molecules are scarcely available for dissolving Al(FSI)3,
which once again highlights the importance of controlling the
solvation structure of the Li+ ion.

The oxidative stability of the electrolytes was also examined
in the Li|NCM811 full-cell setting (Figure 3i). Starting from
4.0 V, the voltage applied to the full-cell was increased by 0.1 V
with each voltage step being held for 10 h while monitoring the
current flow. Consistent with the Li|Al asymmetric cell tests,
the 2 M LiFSI-DME cell exhibited significantly higher leakage
current at 4.2 V compared to the cells with BTFMD. Even
though the leakage current in the BTFMD-based electrolytes
increased with increasing voltage, the current levels were far
lower than that of 2 M LiFSI-DME. This low leakage current is
ascribed to their high oxidative stability, enhanced compati-
bility with the Al current collector, and minimal structural
degradation of NCM811 during deep charging (vide inf ra).
The series of experiments coherently demonstrated the
superior oxidative stability of the BTFMD-based electrolytes
and their usefulness in pairing with high-voltage cathodes.

As a consequence of the enhanced Li metal compatibility
and oxidative stability of the BTFMD-based electrolytes, stable

Figure 4. Cycling performance of Li|NCM811 full-cells at 1C (0.2 A g−1) across different voltage ranges: (a) 3.0−4.3 V and (b) 3.0−4.4 V,
after two formation cycles at 0.1C. Charge−discharge profiles of Li|NCM811 full-cells at different cycles with (c) 2 M LiFSI-DME, (d) 1 M
LiFSI-1DME-7BTFMD, and (e) 2 M LiFSI-1DME-3BTFMD in the voltage range 3.0−4.4 V.
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cycling of the Li|NCM811 full-cells could also be demon-
strated, in line with the aforementioned measurements. Figure
4a shows the full-cell performance of the BTFMD-based
electrolytes with 40 μm-thick Li foil over the operating voltage
range from 3.0 to 4.3 V. Both electrolytes containing BTFMD
displayed stable cycling over 300 cycles at 1C, whereas the cell
with 2 M LiFSI-DME stopped cycling after 130 cycles.
Notably, even the two BTFMD-containing electrolytes differed
significantly in terms of their cycling stability; the cell with 2 M
LiFSI-1DME-3BTFMD sustained over 570 cycles with 82.2%
capacity retention (141.1 mAh g−1), whereas the cell with 1 M
LiFSI-1DME-7BTFMD retained only 80% of its initial capacity
after 413 cycles. Considering that both BTMFD-based
electrolytes are stable with the NCM811 cathode at 4.3 V
(Figure 3i), the distinct cyclability is likely to result from the
superior reversibility of 2 M LiFSI-1DME-3BTFMD during
repeated Li plating/stripping cycles (Figure 3a).

The performance of the BTFMD-based electrolytes was
assessed under conditions that more closely resemble those
used in practical cells by evaluating the Li|NCM811 full-cells
with 20 μm-thick Li foil with an elevated cutoff voltage of 4.4 V
(Figure 4b). Even at this high voltage level, the cells with 1 M
LiFSI-1DME-7BTFMD and 2 M LiFSI-1DME-3BTFMD
preserved excellent cycling stability with 87.0% and 80.3%
capacity retention after 250 cycles, respectively. In contrast, the
cell with 2 M LiFSI-DME ceased to operate after 150 cycles.
Interestingly, the 1 M LiFSI-1DME-7BTFMD cell out-
performed the 2 M LiFSI-1DME-3BTFMD cell with respect
to the cycling stability when the upper cutoff voltage was
increased from 4.3 to 4.4 V (Figure 4b). This phenomenon
resulted from the higher oxidative stability of 1 M LiFSI-
1DME-7BTFMD compared to 2 M LiFSI-1DME-3BTFMD
although the Li plating/stripping reversibility in 1 M LiFSI-
1DME-7BTFMD is inferior. These findings revealed the
importance of balancing the interfacial stability on both sides
of the electrodes. We expanded cell tests to anode-less Cu|
NCM811 full-cells to see the versatility of the BTFMD-based
electrolyte designs. Consistent with the results of the full-cells
that implemented Li foil, the 2 M LiFSI-1DME-7BTFMD-
based anode-less cell exhibited the best performance (Figures
S10 and S11). In addition, the rate capability of the BTFMD-
based electrolytes was evaluated over the voltage range from
3.0 to 4.4 V by varying the C-rate from 0.5 to 2.0C (Figure
S12). Although the capacity difference between the two
BTFMD-based electrolytes was insignificant up to 1C, the
noticeable difference at 2C is ascribed to the higher ionic

conductivity and enhanced interfacial stability of 2 M LiFSI-
1DME-3BTFMD.

Interface Characterization. To identify the origin of the
enhanced performance of the BTFMD-containing electrolytes,
the SEI and CEI layers in the Li|NCM811 full-cells were
subjected to X-ray photoelectron spectroscopy (XPS) analysis
after operating for three cycles. XPS depth profiles were
obtained through Ar+ ion sputtering to explore the variation in
the vertical composition of the SEI layers (Figure S13a−c).
The BTFMD-based electrolytes were found to have a lower
carbon concentration and a higher oxygen and fluorine
concentration compared to those of 2 M LiFSI-DME, thereby
reflecting the formation of anion-derived and LiF-rich SEI
layers by the BTFMD-based electrolytes. In particular, the
lowest carbon concentration (∼5 atom %) in the SEI layer
formed by 2 M LiFSI-1DME-3BTFMD, which demonstrated
the highest average CE of 99.54% in the Li|Cu half-cell (see
Figure 3a), can be correlated with its robust inorganic-rich
composition. Additionally, the depth profile in Figure S13c
indicates the depth-independent uniformity of the SEI layer on
Li metal with 2 M LiFSI-1DME-3BTFMD.

Previous LHCE studies showed that the formation of Li2O
by the decomposition of the FSI− anion is of crucial
importance for Li plating/stripping efficiency.39,54 The organic
oxygen species that were predominantly found in the SEI layer
formed by 2 M LiFSI-DME (Figure 5a) pointed to the
prevalent formation of organic species. The XPS depth profiles
of 2 M LiFSI-DME (Figure S14a) suggest nonuniformity along
the depth, particularly in the outer layer. Contrary to this, the
SEI layers formed by the BTFMD-based electrolytes gave rise
to prominent Li2O peaks at 529 eV (Figure 5b and c), and they
had uniform distributions in the depth direction (Figure
S14b,c). Furthermore, the Li 1s depth profiles supported the
high Li2O content and the homogeneous distribution thereof
in the SEI layers driven by the BTFMD based electrolytes
(Figure S15a−c). Another important inorganic SEI compo-
nent, LiF, also differed distinctly in terms of its content.
Whereas the LiF content was only about ∼4 atom % in the SEI
formed by 2 M LiFSI-DME, it reached ∼6 atom % in 1 M
LiFSI-1DME-7BTFMD and ∼7 atom % in 2 M LiFSI-1DME-
3BTFMD (Figures S13a−c and S14d−f). This almost 2-fold
increase in the LiF content highlights the effectiveness of our
electrolyte design, specifically the AGG-dominant ion config-
uration, as well as the involvement of diluent degradation. The
S 2p spectra are also in line with the aforementioned results in
terms of anion-driven decomposition and homogeneity along
the depth (Figure S16a−c).

Figure 5. Ex situ interfacial analysis of the anode from Li||NCM811 cells after 3 cycles (2 formation cycles at 4.3 V followed by 1 cycle at 4.4
V). O 1s spectra of the SEI layers on the Li anodes after 1 min sputtering: (a) 2 M LiFSI-DME, (b) 1 M LiFSI-1DME-7BTFMD, and (c) 2 M
LiFSI-1DME-3BTFMD.
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XPS analysis was also employed to assess the oxidative
stability of BTFMD-based electrolytes on the NCM811
surface. The F 1s spectra revealed that the peak intensities of
LiF at 684.8 eV in the CEI layers of NCM811 cycled in the
BTFMD-based electrolytes were higher than those in the CEI
formed by 2 M LiFSI-DME (Figure S17a−c). Moreover, the
ratio of PVDF to LiF changed significantly along the depth in
the case of 2 M LiFSI-DME, whereas that of the BTFMD-
based electrolytes did not change notably, indicating the
formation of a rather homogeneous CEI layer. Additionally,
the depth profiles of the O 1s species revealed that the metal
oxide peaks at 529.6 eV evolved more rapidly with Ar+ ion
sputtering for the CEI formed by the BTFMD-based
electrolytes compared to 2 M LiFSI-DME (Figure S17d−f).
The results indicate that a thinner CEI layer was formed on
NCM811 in the presence of the BTFMD-based electrolytes.
The superior oxidative stability of the BTFMD-based electro-
lytes and the formation of the robust LiF-rich CEI layers could
therefore be concluded to have effectively suppressed addi-
tional electrolyte decomposition.

Cathode Stability and Degradation Analysis. Using X-
ray diffraction (XRD) analysis, we further verified the effect of
stabilization of the cathode interface by the BTFMD-based
electrolytes on suppressing the degradation of the NCM811
cathode. To assess the structural integrity, the crystallinity of
the cathode was evaluated after 100 cycles with different
electrolytes (Figure 6a). Interfacial destabilization induced by

the dissolution of transition metal ions, is one of the major
degradation pathways of the NCM811 cathodes and leads to
cation substitution by the migration of Ni2+ ions into the
layered Li+ sites.55,56 Because the intensity ratio of the (003)
and (104) peaks, denoted as I(003)/I(104), decreases with an
increasing cation substitution, we used this ratio as an indicator
of the degree of cathode degradation. The much higher
I(003)/I(104) of the cathode with the BTFMD-based
electrolytes (1.21 for 1 M LiFSI-1DME-7BTFMD and 1.22
for 2 M LiFSI-1DME-3BTFMD) compared to 0.99 for 2 M
LiFSI-in-DME clearly verified that the BTFMD-based electro-
lytes successfully suppressed the degradation of NCM811
during cycling.

In addition to XRD analysis, the dQ/dV profiles of the Li|
NCM811 full-cell were recorded for 100 cycles to assess the
state of health (SoH) of the cathodes. Typically, Ni-rich
cathodes such as NCM811 undergo a series of phase
transitions (H1 → M → H2 → H3) during charging, which
can be observed as distinct peaks on the dQ/dV profiles.57,58

The NCM811 cathode becomes vulnerable to degradation
through the H2 → H3 transition during deep charging, which
results in a sudden lattice contraction in the c-direction and
significant volume changes.59 The cathode cycled in 2 M
LiFSI-DME displayed severe peak broadening and an intensity
decrease at ∼4.2 V with repeated charge−discharge due to the
irreversibility of the H2 → H3 transition (Figure 6b).
Remarkably, the reversible phase transition, which includes

Figure 6. (a) X-ray diffraction (XRD) patterns of NCM811 cathodes from Li|NCM811 full-cells after 100 cycles in different electrolytes. dQ/
dV profiles of Li|NCM811 full-cells at different cycles with (b) 2 M LiFSI-DME, (c) 1 M LiFSI-1DME-7BTFMD and (d) 2 M LiFSI-1DME-
3BTFMD.
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the H2 → H3 transition, in the cathodes cycled in the LHCEs
based on BTFMD was retained over 100 cycles (Figure 6c,d).
Accordingly, it can be inferred that the BTFMD-based LHCEs
preserved the crystalline structure of the high voltage cathodes
by virtue of their notable oxidative stability and the ability to
form a robust CEI layer.

In summary, we introduced a novel fluorinated diluent, 2,2-
bis(trifluoromethyl)-1,3-dioxolane (BTFMD), to enable
LHCEs to operate reliably in high-voltage LMBs. The ability
of this diluent to form LiF through decomposition to
subsequently passivate the Li metal surface successfully
overcame the trade-off between oxidative and reductive
stability during fluorine substitution. In addition, its use in
the LHCE realized AGG-rich solvation structures with no free
DME and thus compatibility with both high-voltage NCM811
and LMA. Interestingly, 2 M LiFSI-1DME-3BTFMD offered
significantly high oxidation resistance against NCM811 at 4.4
V vs Li/Li+ and simultaneously supported high lithium
plating/stripping reversibility with 99.54% CE in a Li|Cu cell.
This work clearly underlines the importance of considering the
functions of diluents when designing LHCEs to ensure stability
at the interfaces on both sides of the electrodes with their
significantly different electrochemical environments. We
anticipate these findings on the functional fluorinated diluent
to shorten the way to the practical implementation of LMBs.
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