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Ke Wang, Tao Li, and Donghai Wang*

Achieving durable lithium (Li) metal anodes in liquid electrolytes remains
challenging, primarily due to the instability of the formed solid-electrolyte
interphases (SEls). Modulating the Li-ion solvation structures is

pivotal in forming a stable SEI for stabilizing Li metal anodes. Here a strategy
is developed to fine-tune the Li-ion solvation structures through enhanced
dipole—dipole interactions between the Li-ion-coordinated solvent and

the non-Li-ion-coordinating diluent, for creating a stable SEl in the developed
binary salt electrolyte. The enhanced dipole—dipole interactions weaken

the coordination between Li-ions and the solvents while strengthening

the interaction between Li-ions and dual anions, thereby facilitating the Li-ion
transport and a robust anion-derived SEI with a distinct bilayer structure.
Consequently, the developed electrolyte exhibited exceptional electrochemical
performance in high energy-density Li||LiNi, sMn, ;Co, 0, (NMC811)

cells, with long calendar life, stable cyclability at 1 C, and reliable operation

theoretical capacity and low density.[1?]
However, the implementation of Li metal
anodes under practical conditions has
been largely unachievable, because of the
intrinsic reactivity of Li metal and the
instability of the solid-electrolyte inter-
phase (SEI) layer, leading to fast deple-
tion of electrolytes, uncontrollable for-
mation of mossy/dendritic Li metal and
even safety concerns under practical
operation.[>*] To stabilize the Li metal an-
odes, liquid electrolyte engineering has
been considered as a feasible strategy
by tuning the solvation structures of Li-
ions, potentially generating a stable SEI
layer on the surface of Li metal anode,l>”]
thus enhancing the electrochemical per-

between 25 and —20 °C, and it also demonstrat remarkable cycling stability
for a Li|[NMC811 pouch cell with projected energy density of 402 Wh kg,
maintaining 80% capacity retention over 606 cycles under practical conditions.

1. Introduction

Lithium (Li) metal is regarded as an ideal anode material
for next-generation rechargeable Dbatteries due to its high

formance of Li metal batteries (LMBs).

Recent advancements in electrolyte en-
gineering have introduced diverse ap-
proaches, including high-concentration
electrolytes (HCEs),31% localized high-
concentration electrolytes (LHCEs), 1]
all-fluorinated electrolytes,**!  dual-salt carbonate elect-
rolytes, 16171 as well as the emerging formulated electrolyte
including  fluorinated  orthoformate-based electrolyte,!®)
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Figure 1. Schematic illustration of the tuned Li-ion solvation structure by enhanced dipole—dipole interactions between Li-ion-coordinated solvent and

non-Li-ion-coordinating diluent in the binary salt electrolyte.

partially fluorinated ether-based electrolytes,[**2?] trioxane-
based electrolytel®] and asymmetric ether-like lithium salt
carbonate electrolyte,!**! aiming to generate a stable SEI for
stabilizing Li metal anodes. Among these advances, LHCEs
have demonstrated wide effectiveness in enhancing the electro-
chemical performance of LMBs by introducing fluorinated ether
diluents.>] However, a persistent challenge remains in achiev-
ing long and reliable cycling performance for LMBs in LHCEs,
due to the vulnerability of the formed SEIs. This vulnerability
arises from the persistent degradation caused by the subtle
yet continuous electrochemical decomposition of electrolyte
organic solvents and diluents during cycling, which steadily un-
dermines the robustness of the SEIs.[?l Recent study indicated
that this degradation of organic solvents/diluents stems from
the impaired Li-ion solvation structures and the release of free
solvents stemming from the intractable dipole—dipole interac-
tions between Li-ion coordinated solvents and polar fluorinated
ether diluents within LHCEs.[?”] More recently, several studies
have further elegantly explored the role of these interactions in
advancing electrolyte development for LMBs.[28-3%] Even through
these pioneering explorations, the regulation of dipole-dipole
interactions is still largely unachievable. Therefore, fine-tuning
these interactions could be a promising approach to regulating
Li-ion solvation structures, thereby facilitating the formation of
stable SEIs and stabilizing Li metal anodes.

Here we report a strategy to develop high-performance elec-
trolytes by modulating the dipole-dipole interaction between Li-
ion coordinated solvents and non-Li-ion-coordinating cyclic flu-
orinated ether diluents. The non-Li-ion-coordinating cyclic flu-
orinated ether diluent fosters an enhanced dipole—dipole in-
teraction with the Li-ion-coordinated solvent, therefore greatly
altering the solvation structures of Li-ions (Figure 1). This
leads to the weakened coordination of Li-ions with the sol-
vents while promoting intensified interaction between Li-ions
and anions, facilitating the formation of a stable inorganic SEI
layer. In this study, the synthesized cyclic fluorinated ether
diluent 3,3,4,4-tetrafluorotetrahydrofuran (TFTHF) with non-
coordinating capability toward Li-ions, fosters an enhanced
C—F~H—C dipole—dipole interaction with the Li-ion coordinated
solvent dimethoxyethane (DME), facilitating the formation of
dual anion-derived inorganic-dominant SEI comprising a bilayer
structure with an outer layer predominantly composed of LiF and
an inner layer primarily consisting of Li,O. The developed bi-
nary salt electrolyte not only enables unprecedented cycling sta-
bility for Li||LiNij4Mn,,Co,y,0, (NMC811) full cells with high-
loading cathodes (4.0 and 5.0 mAh cm~2) at room temperature
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and even —20 °C, but also significantly enhances calendar life of
Li |[NMC811 full cells, retaining 80% capacity retention over 292
days. Furthermore, the developed electrolyte enables 80% capac-
ity retention over 606 cycles for a 402 Wh kg~' Li||[NMC811 pouch
cell.

2. Results and Discussion

2.1. Coordination Interactions of Solvents and Diluents with
Li-lons

The Li-ion solvation structure plays a pivotal role in dictating
the SEI formation process. The solvated Li-ions undergo elec-
trochemical reduction on the Li metal anode surface, accom-
panied by the decomposition of the Li-ion coordinating sol-
vents/cosolvents and anions to form the SEI. The aforemen-
tioned electrochemical decomposition of the Li-ion coordinat-
ing solvents/cosolvents produces organic species within the SEI
layer, potentially undermining the stability of the formed SEI
upon cycling. Therefore, exploring the solvents/cosolvents coor-
dination behaviors with Li-ions is essential for creating a stable
SEI to stabilize the Li metal anodes.

To elucidate the coordination interactions between Li-ions
and the solvent DME, as well as fluorinated ether diluents
bis(2,2,2-trifluoroethyl) ether (BTFE), 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (I'TE), and TFTHF within the bi-
nary salt electrolytes (BTFE-E: 1 m LiDFOB and 0.4 m LiBF, in
DME/BTFE; TTE-E: 1 M LiDFOB and 0.4 m LiBF, in DME/TTE;
and TFTHF-E: 1 M LiDFOB and 0.4 M LiBF, in DME/TFTHF), we
first utilized the 'H diffusion-ordered spectroscopy (DOSY) nu-
clear magnetic resonance (NMR) technique. For the 'H DOSY
NMR characterization, toluene was selected as an internal ref-
erence due to its exceptionally low coordination capability to Li-
ions.B! In principle, when the diffusion coefficient of a solvent
approaches that of the internal reference toluene, it indicates di-
minished coordination between the solvent and Li-ions, similar
as toluene of exceptionally low Li-ion coordination within the
electrolyte solution. As depicted in Figure 2a,d,g, the diffusion
coefficients of DME and BTFE decrease after 1 M LiDFOB and
0.4 M LiBF, are added and dissolved in a mixture of DME and
BTFE. The diffusion coefficients of DME (2.59 x 10~ m? s71)
and BTFE (2.23 x 10~ m? s7!) decrease significantly to 0.58 x
107 and 1.17 X 1072 m? s7!, respectively, while the internal ref-
erence toluene shows a distinctly higher diffusion coefficient of
1.62 X 107 m? s7! in the BTFE-E electrolyte. Similarly, the diffu-
sion coefficients of DME and TTE are also affected by the Li salts
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Figure 2. Coordination behaviors of solvents and diluents with Li-ions within the binary salt electrolytes. "H DOSY NMR spectra of a) DME/BTFE,
b) DME/TTE, ¢) DME/TFTHF mixtures, and d) BTFE-E, e) TTE-E, f) TFTHF-E electrolytes. Diffusion coefficients of the solvents and diluents with and
without the Li salts dissolution into the mixtures of g) DME/BTFE, h) DME/TTE, and i) DME/TFTHF. Toluene was used as the internal reference.

dissolution. As depicted in Figure 2b,eh, the diffusion coeffi-
cients of DME (1.45 x 10 m? s') and TTE (1.07 x 10° m? s7")
significantly decrease to 0.31 X 10~° and 0.51 X 10~° m? s7!, re-
spectively, while the internal reference toluene exhibits an appar-
ently higher diffusion coefficient 0f 0.85 x 10~ m? s~ in the TTE-
E electrolyte. Notably, the diffusion coefficients of DME (1.97 x
107 m? s7') and TFTHF (1.68 x 10~ m? s7!) decrease to 0.29 X
107 and 0.72 x 10" m? s, respectively, upon the dissolution of
Li salts (Figure 2¢,f}i). Interestingly, the diffusion coefficients of
TFTHF and the internal reference toluene (0.81 x 10~° m? s71)
are very similar in the TFTHF-E electrolyte, suggesting the non-
Li-ion-coordinating feature of diluent TFTHF. Collectively, the
"H DOSY NMR results indicate that DME predominantly sol-
vates Li-ions in BTFE-E, TTE-E, and TFTHF-E electrolytes, with
BTFE and TTE exhibiting appreciable coordination with Li-ions,
consistent with our recent findings,*?! while TFTHF shows no
Li-ion coordination.

2.2. Enhanced Dipole-Dipole Interactions and Electrolyte
Solvation Nanostructures
After the elucidation on the coordination interactions within the

binary salt electrolytes by 'H DOSY NMR characterization, we
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tried to further verify the non-coordinating capability of diluent
TFTHF by using 70 and F NMR techniques. As depicted in
Figure 3a and Figures S7-S9 (Supporting Information), the 7O
chemical shifts of the O atom in TFTHF exhibited a negligi-
ble difference (0.03 ppm) after the dissolution of Li salts LiD-
FOB and LiBF,, confirming that the O atom in TFTHF hardly
coordinates with Li-ions in the electrolyte of TFTHF-E. Inter-
estingly, the °F NMR analysis revealed an apparent downfield
shift of 0.11 ppm for the F atoms in TFTHF upon the binary Li
salts dissolution (Figure 3b; Figures S10-S12, Supporting Infor-
mation), seemingly contradicting the non-Li-ion coordination of
the diluent TFTHF as revealed by the 'H DOSY NMR analysis.
This is presumably attributed to the potential dipole-dipole in-
teraction between the F atoms in TFTHF and positively charged
species, specifically the Li-ion-coordinated solvent DME, rather
than the Li-ions as supported by the 'H DOSY NMR characteri-
zation. To substantiate this hypothesis, the 2D 'H-'F heteronu-
clear Overhauser spectroscopy (HOESY) technique was next uti-
lized to explore the dipole-dipole interaction between the Li-
ion coordinated solvent DME and diluent TFTHF (Figure 3c,d).
Given the inherent correlation between the H atoms (H,) and
F atoms (Fj) within the same TFTHF molecule (as shown in
the insets of Figures 3c,d), the intensity of this H,-F, corre-
lation is used as a reference and set to 1.00. There is only a
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Figure 3. Enhanced dipole-dipole interactions and nanostructures of the binary salt electrolytes. a) 7O and b) 'F NMR characterization on the coor-
dination behaviors of diluent TFTHF within the mixture of DME/TFTHF and electrolyte of TFTHF-E. 2D "H-PF HOESY analysis of the dipole-dipole
interactions between solvent DME and diluent TFTHF within the mixture of c) DME/TFTHF, d) electrolyte of TFTHF-E. SAXS analysis of the nanostruc-
tures in mixtures of ) DME/BTFE, f) DME/TTE, and g) DME/TFTHF, with and without the dual Li salts dissolution.

negligible correlation, with an intensity of 0.07, between the H
atoms (labeled as H,) at the terminal methyl group in DME
and the Fj; atoms in TFTHF within the DME/TFTHF mixture
(Figure 3c). In contrast, a notably stronger correlation intensity
of 0.15 was observed between the H, atoms in the solvent DME
and the F, atoms in TFTHF within the TFTHF-E electrolyte
(Figure 3d), confirming apparently enhanced C—F~H—C dipole—
dipole interactions between the Li-ion-coordinated solvent DME
and diluent TFTHF. These enhanced dipole—dipole interactions
can enable weakened coordination between Li-ions and solvent

Adv. Energy Mater. 2025, 15, 2405680 2405680 (4 of 11)

DME while intensifying interactions between Li-ions and anions,
thereby promising homogeneous solvation nanostructures, im-
proved Li-ion transference number (T};*) and the formation of
an anion-derived SEI in the electrolyte of TFTHF-E,[**] as will be
elaborated in detail in the following sections.

To explore the impact of enhanced dipole-dipole interactions
on the solvation nanostructures of the binary salt electrolytes, the
small-angle X-ray scattering (SAXS) technique was applied, due
to its effectiveness in studying the long-range solvation structures
such as cluster or aggregate of battery liquid electrolytes.l**3%] The
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Figure 4. Physicochemical properties of the binary salt electrolytes. a) Viscosities of BTFE-E, TTE-E, and TFTHF-E electrolytes at 25 °C. b) lonic conduc-
tivities of BTFE-E, TTE-E, and TFTHF-E electrolytes at 25 and —30 °C. c) LSV of BTFE-E, TTE-E, and TFTHF-E electrolytes in Li||Al cells. Li-ion transference
number measurement of d) BTFE-E, e)TTE-E, and f) TFTHF-E electrolytes using Li||Li symmetric cells, with the EIS spectra before and after the polar-

ization as the insets.

SAXS profiles of the electrolytes of BTFE-E, TTE-E, and TFTHF-
E were collected and assessed against those of the correspond-
ing pure solvent/diluent mixtures, as shown in Figure 3e—g. For
BTFE-E electrolytes, a pronounced intensity increase was ob-
served in the q range of 0.1-1.1 A~! when compared to the mix-
ture of DME/BTFE.%) In contrast, for the TTE-E and TFTHF-E
electrolytes, the intensity remains nearly unchanged, indicating
that these two electrolytes maintain greater homogeneity upon
Li salts addition and support the homogeneous solvation nanos-
tructures in the developed TFTHF-E electrolyte.

2.3. Physicochemical and Electrochemical Properties of Binary
Salt Electrolytes

The viscosities of the binary salt electrolytes of BTFE-E, TTE-
E, and TFTHF-E were measured at 25 °C, as shown in
Figure 4a. TFTHF-E exhibited a moderate viscosity of 3.81 cP.
Additionally, the introduction of the cyclic fluorinated ether dilu-
ent TFTHF significantly enhanced ionic conductivity (Figure 4b),
with the TFTHF-E electrolyte demonstrating a conductivity of
3.10mS cm™! at 25 °C and maintaining 1.92 mS cm ™" at —30 °C,
underscoring its potential viability under low-temperature con-
ditions. In contrast, both BTFE-E and TTE-E electrolytes showed
inferior ionic conductivities at both 25 and —30 °C.

The electrolytes’ oxidation stability was evaluated using lin-
ear sweep voltammetry (LSV) on Li||Al cells at a scan rate of
0.5 mV s7!, as depicted in Figure 4c. The BTFE-E and TTE-E

Adv. Energy Mater. 2025, 15, 2405680 2405680 (5 of 11)

electrolytes exhibit inferior oxidation stability with oxidation po-
tentials ~4.0 and 4.2 V (vs Li*/Li), respectively, when the oxida-
tion current density reaches 1.3 pA cm~2. Notably, the TFTHF-E
electrolyte demonstrates a substantially enhanced oxidation sta-
bility window exceeding 6 V, with an oxidation current density
reaching 1.3 pA cm™2. The enhanced stability of TFTHF-E elec-
trolyte against oxidation can be attributed to the introduction of
the non-coordinating diluent TFTHF, which barely coordinates
with Li ions, thereby mitigating the release of free DME solvent.

Based on the 2D 'H-'"F HOESY analysis, an enhanced
dipole—dipole interaction between diluent TFTHF and the Li-ion-
coordinated DME was observed, promising an improved T;;* in
the developed electrolyte of TFTHF-E. The T;;* values of BTFE-E,
TTE-E, and TFTHF-E electrolytes were then measured by follow-
ing a reported testing protocol,l*’] as illustrated in Figure 4d-f.
The developed electrolyte of TFTHF-E exhibited a significantly
higher T};* value of 0.82, in contrast to the lower T};* values of
0.50 and 0.63 for electrolytes of BTFE-E and TTE-E, respectively.
This elevated Tj;* not only potentially accelerates Li-ion trans-
fer kinetics, but also facilitates enhanced Li metal reversibility
in the electrolyte of TFTHF-E.*® To validate the Li metal plat-
ing/stripping reversibility in TFTHF-E electrolyte, Coulombic ef-
ficiencies (CEs) of anode-free Cu||[NMC811 cells were measured
(Figure S13, Supporting Information). The TETHF-E electrolyte
demonstrates a notable improvement, achieving the highest av-
erage CE of 99.6%, in comparison to the BTFE-E and TTE-E elec-
trolytes, which exhibit inferior average CEs of 99.0% and 99.1%,
respectively.
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Figure 5. Chemical composition analysis of the SEls and Li metal anode morphologies. High-resolution C 1s and F 1s XPS spectra of the formed SEls
in a—d) BTFE-E, b—e) TTE-E, and c—f) TFTHF-E electrolytes. SEM images of Li metal anode after 200 cycles in Li||[NMC811 cells in g) BTFE-E, h) TTE-E,

and i) TFTHF-E electrolytes.

2.4. SEIs Chemical Compositions and Lithium Metal
Morphologies

The formed SEIs were analyzed using X-ray photoelectron spec-
troscopy (XPS) on cycled Li metal anodes to reveal their inter-
facial chemical compositions. As shown in Figure 5a,b, high-
resolution XPS spectra of C 1s identify the presence of —CF,
(~293.8 V) and C—F (~288.4 eV) within the SEIs formed in
BTFE-E and TTE-E, confirming the electrochemical decomposi-
tion of cosolvents BTFE and TTE during cycling. This decomposi-
tion was further verified by the high-resolution F 1s XPS spectra
(Figure 5d,e) which show peaks at #688.0 eV for C—F bonds, in-
dicating the decomposition of BTFE and TTE during SEI forma-
tion. The electrochemical decomposition of BTFE and TTE can be
attributed to their coordination to Li-ions, as revealed by the 'H
DOSY NMR results in Figure 2. In contrast, the non-coordinating
diluent TFTHF demonstrates excellent electrochemical stabil-
ity against Li metal anode, as evidenced by the absence of de-

Adv. Energy Mater. 2025, 15, 2405680 2405680 (6 of 11)

tectable C—F decomposition in the formed SEI, confirmed by
high-resolution C 1s and F 1s XPS analyses (Figure 5c—f).

To further reveal the composition distribution within the
formed SEIs, the depth profiles of organic species, Li,O and
LiF, were obtained from the XPS depth profiling results. Both
BTFE-E and TTE-E electrolytes facilitate SEIs with an outer layer
rich in organic components and an inner layer dominated by
Li,O (Figure S20a,b, Supporting Information). In contrast, the
TFTHE-E electrolyte promotes an inorganic-dominant SEI layer,
with an outer layer enriched with LiF and an inner layer enriched
with Li,O (Figure S20c, Supporting Information). Overall, the
XPS data indicate that the TFTHF-E electrolyte promotes a robust
SEI, characterized by an outer layer predominantly composed of
LiF and an inner layer primarily consisting of Li,O. This formed
bilayer SEI can promote uniform Li deposition and mitigate side
reactions of Li metal anodes, as revealed by the scanning elec-
tron microscope (SEM) studies in Figure 5g—i and Figure S21
(Supporting Information).

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. SE| nanostructures and the enhanced Li-ion-anion interactions. Cryo-TEM images of the formed SEls in a) BTFE-E, b) TTE-E, and c) TFTHF-E
electrolytes. d) High-resolution TEM image, ) HAADF-TEM image, and Li K-edge EELS spectra of the formed SEI in TFTHF-E electrolyte. f) 7Li NMR
analysis on the solvation structures of Li-ions in the binary salt electrolytes.

2.5. SEI Nanostructures and Intensified Lithium-lon and primarily consists of an amorphous structure (Figure 6a).
Coordination with Anions Similarly, the formed SEI layer in TTE-E also displays a predom-

inantly amorphous structure, though it is thinner at 20 nm
The nanostructures of the SEIs were further explored using the  (Figure 6b). In contrast, the formed SEI in TFTHF-E appears
cryogenic transmission electron microscopy (cryo-TEM) tech-  thin, with a thickness of ~20 nm, and is featured by a dense
nique. The formed SEI layer in BTFE-E is notably thick (x80nm),  and uniform structure (Figure 6c). A high-resolution cryo-TEM
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image of the TFTHF-E facilitated SEI was captured, as depicted in
Figure 6d. The LiF {111} plane featuring a 0.233 nm lattice spac-
ing (within the maroon-outlined region) and the Li,O {111} plane
featuring a 0.27 nm lattice spacing (within the pink-outlined re-
gion) were observed within the formed SEI layer, along with the
Li {200} plane featuring a 0.171 nm lattice spacing (within the
yellow-outlined region). A prominent bilayer-structured SEI with
an outer layer predominantly composed of LiF and an inner layer
primarily consisting of Li,O was characterized, confirming the
results obtained from XPS depth profiling.

The nanostructures of the formed SEI facilitated by TFTHF-
E were also explored by electron energy loss spectroscopy (EELS)
techniques (Figure 6e). A high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image was
captured, and three distinct regions, marked in maroon, pink,
and yellow, representing the outer SEI layer, inner SEI layer and
deposited Li layer, respectively, were investigated by EELS. From
the upper maroon region, the Li K-edge spectrum reveals the
presence of LiF, confirming the formation of an outer SEI dom-
inated in LiF. In the central pink region, the spectrum is con-
sistent with Li,O, indicating an inner SEI layer predominantly
composed of Li,O. The spectrum from the lower yellow region
aligns with electrochemically deposited metallic Li. Taken to-
gether, these electron microscopic findings further confirm the
creation of a distinctive bilayer SEI featuring an outer layer pre-
dominantly composed of LiF and an inner layer primarily con-
sisting of Li, O in the developed TFTHF-E electrolyte.

Achievement of the thin, inorganic-dominant SEI layer indi-
cates a predominantly anion-derived SEI formation process in
the TFTHF-E electrolyte. Thus, investigating the solvation struc-
ture of Li-ions can provide valuable insights into the underlying
chemistry of the SEI formation process. To probe the solvation
structures of Li-ions in the binary salt electrolytes, ’Li NMR anal-
ysis was utilized. As illustrated in Figure 6f and Figure S22 (Sup-
porting Information), using a solution of 0.1 m LiCl in D, O as the
internal reference (6 = 0 ppm), the addition of BTFE to the pre-
diluted concentrated electrolyte of 5 M LiDFOB and 2 M LiBF,
in DME resulted in a downfield chemical shift from —0.81 to
—0.73 ppm. The introduction of TTE caused a slight downfield
shift to —0.78 ppm. These observations indicate that the addition
of BTFE and TTE disrupts the pristine Li-ion solvation structures
within the pre-diluted concentrated electrolyte of 5 M LiDFOB
and 2 M LiBF, in DME, leading to weakened interactions between
the anions DFOB~ and BF,~and the Li-ions in both the BTFE-E
and TTE-E electrolytes. In contrast, a detectable upfield chemi-
cal shift (—0.87 ppm) was observed following the addition of the
diluent TFTHF, suggesting intensified interactions between the
Li-ions and the anions DFOB~ and BF,” within the TFTHF-E
electrolyte, compared to the pre-diluted concentrated electrolyte
of 5 M LiDFOB and 2 M LiBF, in DME. These enhanced Li-ion-
anion interactions will facilitate the anion-derived SEI formation
process in the TFTHEF-E electrolyte, as elucidated by the XPS and
cryo-TEM results. The creation of the bilayer SEI structure fea-
turing an outer layer predominantly composed of LiF and an in-
ner layer primarily consisting of Li, O facilitated by the developed
TFTHF-E electrolyte can be attributed to the stronger Li-ion coor-
dination capability of DFOB™ anions over BF, ™ anions and the re-
sultant preferentially electrochemical decomposition for SEI for-
mation, as reported in the literature.323]
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2.6. Electrochemical Performance Evaluation of Lithium Metal
Batteries

After revealing the influences of enhanced dipole-dipole inter-
actions on the chemistry of electrolyte and SEI layer, we further
conducted an electrochemical evaluation of LMBs using the bi-
nary salt electrolytes of BTFE-E, TTE-E, and TFTHF-E. To eval-
uate the reliability of these binary salt electrolytes in stabilizing
Li metal anodes under practical operation, we adopted a testing
protocol that incorporated a 24-h rest interval between the charge
and discharge cycles for the self-discharge evaluation (Figure 7a;
Figure S23, Supporting Information). The developed electrolyte
of TFTHF-E demonstrated 80% capacity retention after 225 cy-
cles over 292 days for the Li||[NMC811 full cells. In contrast, the
cells using BTFE-E and TTE-E electrolytes experienced fast ca-
pacity loss, maintaining only 80% capacity after 51 and 65 cycles,
respectively. These results indicate that the SEI layer facilitated by
TFTHEF-E can significantly mitigate Li metal corrosion and stabi-
lize the Li metal anode, thus demonstrating its potential for im-
proving the calendar life of LMBs.["!

Due to the readily Li dendrites formation and accumulation
during fast charging and operation at low temperatures, the per-
formance of LMBs under these conditions remains challenging.
Encouraged by the properties of the TFTHF-E electrolyte, includ-
ing its moderated viscosity, high ionic conductivity, and Li-ion
transference number, as illustrated in Figure 4, it is reasonable to
deduce its feasibility of enabling fast changing of LMBs. Hence,
we evaluated the cycling stability of Li ||[NMC811 full cells when
charging and discharging at 1C. As depicted in Figure 7b and
Fgirure S24 (Supporting Information), the cells using BTFE-E
and TTE-E electrolytes experienced fast decay, with capacity re-
tention of 80% after 27 and 43 cycles, respectively. In contrast,
TFTHEF-E demonstrated a greatly enhanced cycling longevity,
with a capacity retention of 80% after 218 cycles. Furthermore,
the Li|| NMC811 full cells cycled alternately at 25 and —20 °C, and
demonstrated stable cycling performance with a capacity reten-
tion of 80% after a total of 200 cycles in the TFTHF-E electrolyte
(Figure 7c; Figure S27, Supporting Information). Additionally,
the cycling performance of Li||[NMC811 full cells at an elevated
temperature of 65 °C was also assessed, delivering remarkable
cycling stability with a capacity retention of 80% over 207 cycles
in the TFTHF-E electrolyte (Figure 7d; Figure S28, Supporting
Information). These results substantiate the promising practical
application of the developed TFTHF-E electrolyte for LMBs un-
der extreme conditions.

The cycling stability of full cell incorporated high-loading
NMC811 (5.0 mAh cm~2) and thin Li metal anode (20 pm) with
a low electrolyte/capacity (E/C) ratio of 6 pL mAh~!, was fur-
ther evaluated in the electrolyte of TFTHF-E (Figure 7e; Figure
S29, Supporting Information). The cell demonstrated notable
cycling stability, delivering a capacity retention of 80% over
445 cycles. Additionally, the Li|[NMC811 full cell incorporated
cathode with the areal capacity of 4.0 mAh cm™2 and 50 um-
thickness Li metal anode, demonstrated an exceptional cycling
performance with a capacity retention of 80% over 600 cycles
in TFTHEF-E, compared to electrolytes of BTFE-E and TTE-E
(Figure 7f; Figure S30, Supporting Information). Furthermore,
a double-layer Li||[NMC811 pouch cell with a projected gravi-
metric energy density of 402 Wh kg™ (Table S1, Supporting
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Figure 7. Electrochemical evaluation of Li||[NMC811 cells in the binary salt electrolytes. a) Self-discharge evaluation of Li|[NMC811 cells. b) Fast charge
and discharge at 1C of Li||[NMC811 cells. c) Cycling stability of Li||[NMC811 cells in TFTHF-E at 25 and —20 °C, alternatively. d) Cycling stability of
Li|INMC811 cells in TFTHF-E at 65 °C. e) Cycling stability of the Li (20 um)|[NMC811 (5 mAh cm~2) cell in TFTHF-E. f) Cycling stability of Li||NMC811
cells at room temperature. g) Cycling stability of Li[NMC811 pouch cell under practical conditions in TFTHF-E.
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Information) was fabricated to examine the practicality of
TFTHF-E electrolyte. The pouch cell demonstrated state-of-the-
art cycling performance in literature, offering 80% capacity re-
tention over 606 cycles (Figures 7g; Figure S31 and Table S2,
Supporting Information). Collectively, the achieved electrochem-
ical evaluations of Li||[NMC811 full cells across different de-
manding scenarios validate the efficacy of the developed TFTHEF-
E electrolyte, characterized by the enhanced dipole-dipole in-
teractions between Li-ion coordinated DME and the diluent
TFTHF, in achieving stable and long-life LMBs for practical
applications.

3. Conclusion

In this study, we developed a strategy for creating a stable SEI to
stabilize Li metal anode by modulating dipole-dipole interactions
between the solvent and diluent. The resultant enhanced dipole—
dipole interactions, fostered by the non-Li-ion-coordinating dilu-
ent TFTHF, can regulate the Li-ion solvation structures, weaken-
ing the Li-ion coordination of Li-ions with solvent DME while in-
tensifying interactions between Li-ions and dual anions. Conse-
quently, this facilitates the Li-ion transfer kinetics and, more im-
portantly, actively promotes the generation of a robust SEI layer,
thereby significantly improving the electrochemical performance
of high-energy density LMBs. This protocol demonstrates the po-
tential and feasibility of regulating the dipole—dipole interactions
between solvents and diluents, advancing the understanding of
designing advanced liquid electrolytes for practical LMBs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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