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Fluorination of ether solvents is an effective strategy to improve the electro-
chemical stability of non-aqueous electrolyte solutions in lithium metal bat-
teries. However, excessive fluorination detrimentally impacts the ionic
conductivity of the electrolyte, thus limiting the battery performance. Here, to
maximize the electrolyte ionic conductivity and electrochemical stability, we
introduce the targeted trifluoromethylation of 1,2-dimethoxyethane to pro-
duce 1,1,1-trifluoro-2,3-dimethoxypropane (TFDMP). TFDMP is used as a sol-

M Check for updates

vent to prepare a 2 M non-aqueous electrolyte solution comprising
bis(fluorosulfonyl)imide salt. This electrolyte solution shows an ionic con-
ductivity of 7.4 mS cm™ at 25 °C, an oxidation stability up to 4.8V and an
efficient suppression of Al corrosion. When tested in a coin cell configuration
at 25°C using a 20 um Li metal negative electrode, a high mass loading
LiNio sC00.1Mng 10,-based positive electrode (20 mg cm™) with a negative/
positive (N/P) capacity ratio of 1, discharge capacity retentions (calculated
excluding the initial formation cycles) of 81% after 200 cycles at 0.1A g™ and
88% after 142 cycles at 0.2 A g™* are achieved.

In the pursuit of battery technologies with higher energy densities,
lithium (Li) metal batteries (LMBs) using metallic Li (theoretical
specific capacity of 3860 mAh g) to replace the traditional graphite
(theoretical specific capacity of 372mAhg™) anode have received
significant attention in recent years'. However, the poor cycle life of
LMBs limits their practical application, which mainly arises from
severe side reactions between Li metal anode (LMA) and non-
aqueous electrolyte solution, mechanically unstable solid electrolyte
interphase (SEI) formation, low Columbic efficiency (CE), Li dendrite
growth and formation of ‘dead’ Li (i.e., Li metal regions which are
electronically disconnected from the current collector) during bat-
tery cycling'®. Moreover, these detrimental phenomena are inter-
twined to one another, making it more difficult to fundamentally
resolve the problem.

Electrolyte engineering is a promising approach owing to its
easy adaptability to the existing battery manufacturing scheme.
Conventional non-aqueous electrolyte solutions involving carbo-
nate and ether based solvents exhibit either low thermodynamic
stability towards Li metal causing severe parasitic reactions or
poor anodic stability (<4 V) with limited electrochemical window
at moderate salt concentrations (i.e.,, 1M salt), respectively’®.
Several strategies targeting the optimization of electrolyte for-
mulations have been introduced to stabilize the SEI on LMA and
expand the oxidization window to match the competitive layer-
structured cathode; these approaches are high concentration
electrolytes (HCEs)’™, localized high concentration electrolytes
(LHCES)"™* ™, electrolyte additives'*™, fluorinated amide', mixed
salt electrolytes®*?, and weakly solvating solvents'*?*%°, Recently,
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cyclic diluent was introduced to optimize solvation structure,
stabilize both anode and cathode interphase and improve cycling
performance at low rates”. In these examples, common strategy
is to reduce the amount of free solvent molecules to alleviate
their side reactions on both anode and cathode surfaces, and
promote anion decomposition by forming strong Li*-anion coor-
dination clusters to achieve robust and inorganic-rich SEI***°. In
this direction, several fluorinated ether-based solvents with
moderate salt concentrations have shown promising LMA per-
formance to enable anion-derived inorganic SEIl, arising from the
decreased solvation power of oxygen atoms after fluorination
and/or steric effects®’!. These solvents also showed improved
compatibility towards high voltage nickel (Ni)-rich cathodes. 1,2-
dimethoxyethane (DME) has been extensively used as electrolyte
solvent owing to its low viscosity and strong solvation power,
which promote high ionic conductivity’. On the other hand, the
low anodic stability of DME restricts its application when paired
with high voltage Ni-rich cathodes. Recently, Liu et al. reported
anodic decomposition of DME was suppressed by electric double
layer induced from LiNO3 additive®. The decomposition of DME is
mainly derived from the H-abstraction®** from central ethyl
group promoting the formation of unsaturated intermediates.
Moreover, the oxidation stability of DME also involves the
removal of lone pair electrons of the oxygen atom®>**, 1,2-dime-
thoxypropane (DMP) was introduced to decrease the solvation
power through steric effect to promote the anion-Li" interactions
while providing a modest increase in the oxidation stability
compared to DME®. Whereas substituting an ethyl proton with an
electron-withdrawing group such as fluorine and decreasing the
highest occupied molecular orbital (HOMO) energy level could
increase the oxidation stability, high degree of fluorination
decreases the solvation power, salt solubility and ionic con-
ductivity, thus hindering the operation of LMBs during their
repeated charge-discharge cycles. Therefore, it is pivotal to bal-
ance the ionic conductivity and high oxidization stability through
rational structural control and targeted functionalization of sol-
vent molecule.

Inthiswork, in order torealize an anti-oxidation property, good
solvation ability and high ionic conductivity simultaneously, we
substituted thereactive protononthe ethylmoiety witha-CF; group
to form 1,1,1-trifluoro-2,3-dimethoxypropane (TFDMP). A compar-
ison withthe -CH; substituted version, DMP, allowed us to probe the
impact of steric and electronic effects. When 2M lithium bis(-
fluorosulfonyl)imide (LiFSI) salt was dissolved, TFDMP-based elec-
trolyte showed improved physicochemical properties, which was
manifested by its good oxidation stability up to 4.8V, high ionic
conductivity of 7.4 mS cm™ at 25 °C and suppressed Al corrosion.
While Li||Cu asymmetric coin cell with TFDMP-based electrolyte
exhibited an average CE of 99.6%, Li||Li symmetrical cell showed
stable interface up to 1600 h at 1 mA cm™ with a cutoff capacity of
1mAh cm™. Moreover, the assembly and testing of coin cells with Li
metal (20 pmthick)asthenegativeelectrodeandLiNip sC0o1Mng 10,
(NCM811)-based positive electrode enable a discharge capacity
retention (calculated excluding theinitial formationcycle) of almost
100% after 450 cycles at 0.2 A g™ (1.6 mA cm™2) and also performed
wellathighratesupto2 A g7'(16 mA cm™).Massofthespecificcurrent
and specific capacity refers to the mass of the active material in the
positive electrode. Assembly and testing of coin cells applying rele-
vantpractical conditionssuchasa20 pmLimetalnegativeelectrode,
a20 mg cm >*NCM8l1-basedpositiveelectrodewithanN/P(negative/
positive capacity) ratio of 1.0 achieved 81% discharge capacity
retention(calculatedexcludingtheinitialformationcycles)after200
cyclesat 0.1A g (2mA cm™) and 88% discharge capacity retention
(calculated excluding the initial formation cycles) after 142 cycles at
02Ag'(4mAcm™).

Results

Design, characterization, and evaluation of electrolytes
Although fluorinated ether solvent-based electrolyte solutions exhibit
promising electrochemical performance owing to their modified sol-
vation structure involving the formation of contact ion pairs (CIP) and
aggregate (AGG) species in Li metal cells”, the excessively strong Li
*-anion coordination hinders the Li* diffusion and in turn compromises
the ionic conductivity and cell impedance®. In order to address this
challenge, a targeted functionalization strategy of DME was developed
to alleviate its decomposition pathways towards improving oxidation
stability while retaining high ionic conductivity. The decomposition of
DME involves the abstraction of ethyl proton and a subsequent elim-
ination step as evidenced by the formation of unsaturated species after
cycling®?**. Moreover, the oxidation of DME relates to lone pair elec-
trons on oxygen atoms®*. In the presence of Li ions, however, DME
forms a five-membered ring chelation structure with Li**?, which sig-
nificantly lowers its HOMO energy level and improves its oxidative
stability, as verified by the high oxidative stability of HCEs based on
DME. In order to tackle this problem and realize high oxidative stability
at relatively low salt concentrations (i.e., 2 M salt)*®, we targeted both
steric and electronic control by replacing the one of the ethyl protons
with a trifluoromethyl group, which would alleviate the H-abstraction,
while simultaneously decreasing the solvation power of O atoms.
Accordingly, we also prepared the methyl substituted version to probe
the steric effects'® and clearly understand the role of electronic effects.
Whereas direct F-substitution of the central alkyl moiety in ether sol-
vents has markedly improved the oxidation stability, it results in a low
ionic conductivity (3.5mScm™ at an undisclosed testing
temperature)?. In this sense, the introduction of trifluoromethyl group
would help to achieve both good oxidation stability and high ionic
conductivity owing to its proximity to the O atoms (Fig. 1a). While DMP
solvent is commercially available, TFDMP was synthesized through a
single-step methylation of 1,1,1-trifluoro-2,3-propanediol in 41% yield.
The structure of TFDMP was verified by nuclear magnetic resonance
(NMR) spectroscopy analysis (Supplementary Fig. 1-3). The calcula-
tions of the HOMO and the lowest unoccupied molecular orbital
(LUMO) energy values were performed to compare the effect of
functional groups (Supplementary Fig. 4). Compared with DME
(-7.19 eV), DMP exhibited a slightly higher HOMO value of -7.14 eV
originating from the weakly electron donating methyl group, whereas
TFDMP showed the lowest HOMO value of -7.58 eV owing to the
presence of the strongly electron withdrawing trifluoromethyl group.
LUMO values on the other hand decreased going from DME to DMP
and to TFDMP. Based on our previous study®, 2 M LiFSI salt was dis-
solved in the three solvents to prepare the electrolytes (referred to as
2M LiFSI-DME, 2 M LiFSI-DMP and 2 M LiFSI-TFDMP). The effect of
different salts and salt concentrations in electrolytes was also com-
pared (Supplementary Fig. 5). Electrolytes using LiFSI displayed better
CE performance than using lithium hexafluorophosphate (LiPF¢) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), salt concentra-
tion of 2M and 3 M exhibited similar and better CE stability than 1M,
but higher salt concentration increases the cost and viscosity®,
accordingly, we used the 2 M LiFSI in all electrolytes. First, linear sweep
voltammetry (LSV) measurements were conducted by using LillAl
asymmetric Swagelok cells at a scan rate of 0.5mVs™ (Fig. 1b). 2M
LiFSI-DME exhibited a decomposition at around 4V, while 2M LiFSI-
DMP showed improved anti-oxidation up to 4.4 V, which verified the
positive role of steric effect, even with a higher HOMO value of DMP
compared to that of DME. 2 M LiFSI-TFDMP showed an oxidation sta-
bility up to 4.8V originating from the combination of steric and elec-
tronic effects owing to the incorporation of -CF; moiety. Severe
corrosion of Al current collector has been reported for the electrolytes
containing FSI anions®~?%. Accordingly, we performed Al corrosion
experiments of the three electrolytes in Li||Al asymmetric coin cells by
holding a constant-voltage at 5V for 24 hours (Supplementary Fig. 6).

Nature Communications | (2023)14:299



Article

https://doi.org/10.1038/s41467-023-35934-1

/O\/\O/
DME

Poor high-voltage stability
Poor CE stability
Severe Al corrosion

- oL
/O O/

DMP
Limited high-voltage stability
Limited CE stability
Partial Al corrosion

CF;
- \)\
/o O/

TFDMP
Good high-voltage stability
Good CE stability
Suppressed Al corrosion

0,04 : C 102 d o
e, —2 M LiFSI-DME
£ ——2 M LiFSI-DMP Q
15} - o =100 0.8}
E 0.03| —2MLFSITFDMP 5 | iegnhatie s iiaudsiotold
= 8 %8 S 0.6} 98.8%
= aLE> ° 99.0%
© 0.02} o 96 o 99.6%
8 ) g 0.4H
e} o
= 2 94 a = — 2 M LIiFSI-DME
............................ o b mA cm o 2 MLiFSI-DMP - IFSl-
© 0.00 o 1mAhem™ w 2 M LIFSI-TFDMP 0.0 r—l—‘—l‘mvl'\ﬂﬂﬂﬂr—J
. 1 1 1 1 go 1 1 Ml 1 1 1 1
3.5 4.0 4.5 5.0 0 100 200 300 400 0 20 .40 60 80
e Potential (V vs. Li*/Li) Cycle number Time (h)
0.3 —
—— 2 M LiFSI-DME f7E st This work
— 2 M LiFSI-DMP 5 #r
0.2l —2MLFSI-TFDMP »
S E 6 1.2 M LiFSI/FADEE
o B 12MLiFsiFeDEE & 9
201 1mAcm® Z4 - 1.2 M LiFSI/FSDEE
= -2
9 1 mAh cm -§ 1 M LIFSI/FDMB
2}
0.0 3 A 1M LIFSI/DTDL
£ ® 1 M LiFSI/CFTOF
oA . . . . . . ) S 0F TMLFsipEGFTIEG
"0 200 400 600 800 1000 1200 1400 1600 Different electrolytes
Time (h)

Fig. 1| Schematic of solvent fluorination and electrochemical characteriza-
tions of various non-aqueous electrolyte solutions. a Design of solvent struc-
ture and associated properties. b Oxidation stability of electrolytes in Lil|Al
asymmetric cells tested by linear sweep voltammetry (LSV) at a scan rate of
0.5mVs™, the gray dotted line represents the same oxidation current density of
three electrolytes. ¢ CE test of Li||Cu asymmetric cells using different electrolytes at

1mA cm™ with a cutoff capacity of 1 mAh cm™. d Average CE test of three elec-
trolytes by Aurbach method*. e Voltage-time profiles of Li||Li symmetric cells with
different electrolytes. Testing temperature is 25 + 1 °C. f Comparisons of bulk ionic
conductivities with previously reported electrolytes based on fluorinated-ether
solvents?>?*1#45 reference articles cited did not report the testing temperature
for the ionic conductivity.

The Al foil with 2 M LiFSI-DME showed significant cracks and delami-
nation. The Al foil with 2M LiFSI-DMP on the other hand displayed
partial cracks. In contrast, 2 M LiFSI-TFDMP electrolyte realized flat and
smooth Al foil. Cyclic voltammetry (CV) of Li||Cu asymmetric coin cells
with three electrolytes was performed to probe their compatibility
toward Li anode (Supplementary Fig. 7). Compared to the other two
electrolytes, 2M LiFSI-TFDMP exhibited highly overlapping peaks
verifying negligible side reactions and stable interface formation.
Long-term cycling CE tests using Li||Cu asymmetric coin cells were also
conducted at 1mA cm™ with a cutoff capacity of 1 mAh cm™ with dif-
ferent electrolytes to quantitatively investigate the reversibility of Li
plating and stripping (Fig. 1c). The cell with 2 M LiFSI-DME exhibited
massive fluctuations and an average CE of only 98.2% within 450 cycles
owing to the unstable SEI and dead Li formation. The cell with 2M
LiFSI-DMP displayed smaller fluctuation and higher average CE of
98.8%. In comparison, 2 M LiFSI-TFDMP electrolyte showed stable and
the highest average CE of 99.1%. The corresponding charge-discharge
profile of Li||Cu asymmetric coin cell with DME-based electrolyte
revealed the origin of its low CE as irreversible Li plating (Supple-
mentary Fig. 8). In addition, CE tests at 3 mA cm™ with a cutoff capacity
of 3mAh cm™ using different electrolytes were also shown in Supple-
mentary Fig. 9. The performance of the cell with 2M LiFSI-TFDMP
electrolyte was found to be improved compared to other electrolytes
and showed a stable CE above 99% under these conditions. Electro-
chemical impedance spectroscopy (EIS) measurements and analyses

of Li||Cu asymmetric coin cells with different electrolytes were also
performed to investigate anode-electrolyte interfacial stability (Sup-
plementary Fig. 10 and Supplementary Table 1). The cell with 2 M LiFSI-
DME showed an increase in the charge transfer resistance after only 20
cycles indicating sluggish Li* ion migration from the accumulated SEI*’.
Furthermore, average CE test by modified Aurbach method*° (plating
5mAh cm™ Li on Cu substrate then cycling 1 mAh cm™ Li for 10 cycles
and calculating the CE after fully stripping until 1V) was performed to
avoid side reaction with the Cu substrate (Fig. 1d). The CE of cells using
2 M LiFSI-DME, 2 M LiFSI-DMP and 2 M LiFSI-TFDMP electrolytes were
found to be 98.8%, 99.0%, and 99.6% (average CEs based on 10 cycles),
respectively. The difference in the CE values of these electrolytes
points to the impact of molecular structure to tune the solvation
structure and to facilitate stable SEI formation. Moreover, Li||Li sym-
metrical coin cells with different electrolytes were also evaluated at
1mAcm™ with a cutoff capacity of 1mAhcm™ to investigate the
interfacial stability and overpotential (Fig. 1e). The cell with 2 M LiFSI-
DME exhibited a stable interface for 1200 h followed by a severe
increase in the polarization. 2 M LiFSI-DMP electrolyte on the other
hand showed only 800 h stability resulting from the side reaction
between DMP and Li metal presumably owing to the integration of
weakly electron donating -CH; group compared to DME, in agreement
with the CV tests (Supplementary Fig. 7). In stark contrast, symmetrical
cell with 2 M LiFSI-TFDMP electrolyte maintained a stable interface for
1600 h owing to robust SEI formation on the Li metal surface. These
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Fig. 2 | Ex situ postmortem microscopy measurements of electrodes cycled in
Lil|Cu cell configuration. a-c SEM images of Li plating on Cu foil after the first
cycle at 1mA cm™ with a cutoff capacity of 2 mAh cm™ in 2 M LiFSI-DME (a), 2M
LiFSI-DMP (b), and 2 M LiFSI-TFDMP (c). d-i Top-view and cross-sectional view SEM

images of Li plating on Cu foil after 20 cycles at 1 mA cm™ with a cutoff capacity of
1mAhcm™?in 2 M LiFSI-DME (d, g), 2 M LiFSI-DMP (e, h), and 2 M LiFSI-TFDMP (f, i).
The thicknesses in g-i represented plated Li.

results point to the critical role of electronic effects and limited impact
of steric effects for Li metal interfacial stability with the solvents. As
fluorinated ether solvents often sacrifice their intrinsic ionic
conductivities,” the ionic conductivities of three electrolytes were
measured by symmetrical coin cells with stainless steel (SS) blocking
electrodes. 2M LiFSI-DME, 2 M LiFSI-DMP and 2 M LiFSI-TFDMP elec-
trolytes showed bulk ionic conductivity values of 18.1, 14.0 and 7.4 mS
cm™ at 25 °C (Supplementary Fig. 11), respectively. Importantly, 2M
LiFSI-TFDMP electrolyte showed the highest ionic conductivity among
the reported electrolytes based on fluorinated ether solvents (Fig. 1f).
The lithiumion transference numbers (t;;*) of 2 M LiFSI-DME, 2 M LiFSI-
DMP and 2M LiFSI-TFDMP were measured by using the same Li||Li
symmetric coin cells and the corresponding values were 0.38, 0.55 and
0.60 (Supplementary Fig. 12), respectively. The highest t;;* of 2 M LiFSI-
TFDMP originated from the decreased solvation power of TFDMP and
stronger electrostatic interactions between Li* and FSI anion com-
pared to the other tested electrolytes. The physicochemical properties
of solvents and electrolytes are summarized in the Supplementary
Table 2. Safety performance and thermal stability of each electrolyte
were also evaluated by self-extinguishing time (SET) and thermo-
gravimetric analysis (TGA) (Supplementary Table 3 and Supplemen-
tary Fig. 13).

Li plating morphology and evolution

Li plating morphologies on Cu substrate with different electrolytes
were investigated by using Li||Cu asymmetric coin cells. Ex situ post-
mortem scanning electron microscopy (SEM) measurements and
analyses were carried out to understand the influence of solvent on the

Li plating morphology (Fig. 2 and Supplementary Fig. 14). First,
2mAhcm™ Li was plated on Cu foil at 1mAcm™ current density
(Fig. 2a-c), the plated Li in the presence of 2 M LiFSI-DME electrolyte
showed an uneven coverage and bare Cu substrate along with Li
whiskers, 2M LiFSI-DMP electrolyte on the other hand realized uni-
form deposition, random Li grains and several voids. Plated Li from 2 M
LiFSI-TFDMP presented flat, tightly packed, large grains, thus alleviat-
ing the side reactions originating from overexposure of metallic Li to
the electrolyte and decreasing the formation of ‘dead’ Li during
stripping. Specifically, this preferred morphology guaranteed highly
reversible Li plating and stripping, which enabled stable and high CE
values in Fig. 1c, d. In order to observe the evolution of plated Li
morphology, Lil|Cu asymmetric cells were cycled for 20 cycles. The
plated Li exhibited dendrite-like morphology depositions and accu-
mulated SEI with 2 M LiFSI-DME (Fig. 2d) derived from the unstable SEI
and ‘dead’ Li formation during cycling, showed thick SEI layer with 2 M
LiFSI-DMP (Fig. 2e) and obtained uniform Li grains with 2M LiFSI-
TFDMP (Fig. 2f) owing to the robust SEI formation, the related thick-
nesses of plated Li from cross-sectional view (Fig. 2g-i) were 17 um,
14 pm, and 9 pm, respectively. These results clearly demonstrate the
influence of solvent structure on the Li plating morphology and its
evolution during cycling.

Analysis of solvation structure

In order to understand the improved LMA performance and high ionic
conductivity of TFDMP solvent, solvation structures of three electro-
lytes were comparatively analyzed by theoretical and experimental
characterizations (Fig. 3). Electrostatic potential maps (ESP) were
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Fig. 3 | Solvents and electrolyte solutions physicochemical characterizations.
a Electrostatic potential (ESP) maps of DME, DMP and TFDMP solvents with front
and back views, color scheme: yellow, F; red, O; gray, C; white, H.b 7O NMR spectra
(323K) of different electrolytes using 1M LiCIl-D,0 as a standard (O ppm) for
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calibration. ¢ Raman spectra of different solvents and electrolytes obtained using
785nm laser at 25+1°C. d FTIR spectra of different solvents and electrolytes
at25+1°C.

calculated to compare the influence of functional groups on the
electron density of ether oxygens (Fig. 3a). Minimal value on oxygen in
DME was found to be -154 k) mol™, after methylation, however, the
value on the oxygen atom adjacent to -CH; group in DMP decreased to
-157 k) mol™, implying increased electron density. In the case of
TFDMP, the value on oxygen close to -CF; group increased to
-128 k) mol ™, indicating significantly lower electron density compared
to both DME and DMP, thus leading to a decreased Li* solvation power.
Moreover, YO NMR of electrolytes was recorded to compare their
solvation structures (Fig. 3b). Going from 2 M LiFSI-DME to 2 M LiFSI-
DMP and to 2 M LiFSI-TFDMP, the chemical shift of sulfonyl oxygen in
the FSI anion showed an upfield shift from 171.6 to 170.5 then to 167.3
ppm, respectively, revealing increased FSI” and Li* interactions™
through solvent structure control. Raman spectroscopy is widely
adopted to analyze the nature of solvation clusters in electrolytes, such
as free anions, CIPs and AGGs**’. As shown in Fig. 3c, there were
significant amounts of free FSI anions (719 cm™) and some CIPs
(732 cm™) in the 2 M LiFSI-DME electrolyte. The signal intensity of CIPs
clusters was found to be the same as free FSI anion in 2 M LiFSI-DMP
owing to the decreased solvation power of DMP through steric effects,
which limit the interaction of the solvent with Li". In contrast, 2 M LiFSI-
TFDMP mainly showed high amounts of CIPs and AGGs (747 cm™).
These results are in line with the bulk ionic conductivity data obtained
for these electrolytes (Supplementary Table 2), that is stronger

interactions between Li* and FSI anion leads to a lower ionic con-
ductivity. These results also verify the critical role of targeted func-
tionalization approach to maintain high ionic conductivity as the
overfluorinated solvents/diluents exhibit significantly lower ionic
conductivities. Furthermore, Fourier-transform infrared (FTIR) spec-
troscopy measurements on different electrolytes was also employed
to probe the solvation structure (Fig. 3d and Supplementary Fig. 15).
The peaks at 1385cm™ and 1364 cm™ were assigned to the Li*-FSI
interaction and free FSI, respectively. Going from 2 M LiFSI-DME to 2 M
LiFSI-DMP and then to 2 M LiFSI-TFDMP, the peaks at 1385 and 1364 cm
! became broader and weaker, indicating the increased coordination
of Li*-FSI' and decreased free FSI”2. NMR, Raman and FTIR results
coherently reflected impact of steric and electronic effects on the
solvation structure of electrolytes.

Electrochemical energy storage behavior in Li||LiNip sC0o ;Mng ;0,
cell configuration

Based on the Li anode compatibility and high-voltage endurance of
TFDMP-based electrolyte, Li metal electrodes paired with NCM811-
based positive electrodes were further evaluated using coin cells
(Fig. 4), an additional piece of blank Al current collector (14 pm) and Al-
coated (5 um thick) stainless steel cathode case were used to suppress
electrolyte corrosion on stainless steel cathode case®“. Formation
cycle at low specific current (0.02A g™') was adopted to form stable
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Fig. 4 | Electrochemical energy storage performance of Li|[NCMS8I11 cells with
various electrolyte solutions. a Cycling test of Li|[NCM8I1 cells with different
electrolytes at 0.2A g™ (1.6 mA cm™) after one formation cycle at 0.02A g™

b, ¢ The corresponding charge-discharge profiles at different cycles with 1 M LiPF-
EC-DEC (b) and 2 M LiFSI-TFDMP (c). d Rate performance of Li|[NCM8I1 cells with
different electrolytes after one formation cycle at 0.02 A g (keeping charge and
discharge at the same specific current). e Cycling test of Li|[NCM811 cells with 2M

Cycle number

LiFSI-TFDMP electrolyte at 0.6 A g™ (4.8 mA cm™) after formation cycles of
0.02Ag",02Ag", and 0.4 Ag™, one cycle for each. f Performance of high loading
Li|INCMSL1 cells with 2 M LiFSI-TFDMP electrolyte at 0.1A g™ (2mA cm™) and
0.2Ag" (4 mA cm™) after formation cycles of 0.02Ag™, 0.06 Ag™, and 0.1Ag",
one cycle for each. The mass of the specific current and specific capacity referred to
the mass of the active material in the positive electrode. All tests were conducted in
coin cells at 25+1°C.

interphases on both anode and cathode. Under moderate conditions,
that are Li foil (20 pm) paired with NCM811 (8 mg cm™) with the N/P
ratio of 2.5at 0.2 A g™ (1.6 mA cm™), the cell with carbonate electrolyte
of 1M LiPF¢-EC-DEC lasted for 35 cycles followed by a drastic decay.
The cell using 2 M LiFSI-DME maintained a stable capacity for only 60
cycles owing to the continuous decomposition of DME solvent?. The
cell with 2 M LiFSI-DMP stabilized for 175 cycles, which was followed by
a fast capacity decay derived from the continuous consumption of
metallic Li*. In stark contrast, the cell with 2 M LiFSI-TFDMP realized
100% capacity retention (from 2nd cycle to 451st cycle) after 450 cycles
(Fig. 4a), which proved the viability of TFDMP solvent in a practical cell
setting. The corresponding charge-discharge profiles in Fig. 4b, ¢ and
Supplementary Fig. 16 revealed the irreversible capacity when the cells
failed. The rate performance of cells using different electrolytes was
tested from 0.06 Ag™ to 2 A g* with the charge and discharge specific
current fixed equal (Fig. 4d), the related zoom-in CEs were shown in
Supplementary Fig. 17. The cell with 1M LiPF4-EC-DEC showed fast
decay beyond 1A g™, and only maintained about 48 mAh g™ capacity
(25% retention, from 1st cycle to 30th cycle) and 91.7% CE at 1.4 A g™
The cell with 2 M LiFSI-DME started to become unstable at 1A g with
96.0% CE and showed about 89 mAh g™ capacity (50% retention, from
1st cycle to 30th cycle) and 73.9% CE at 1.4 A g’. In contrast, the cells
with 2 M LiFSI-DMP and 2 M LiFSI-TFDMP at 1.4 A g* exhibited a similar
capacity of 134 mAhg™ (76% retention, from 1st cycle to 30th cycle)
and CE above 99.5%. When increasing to 2A g™ (16 mA cm™), the cell
with 2 M LiFSI-TFDMP showed much higher CE of 99.4% than 95.0% of
2 M LiFSI-DMP. These results reflected the advantage of high ionic
conductivity of 2M LiFSI-TFDMP and its Li anode stability to achieve
good rate performance. Considering the ionic conductivity of TFDMP-

based electrolyte compared to those of other reported electrolytes
(Fig. 1f), Li metal cell was further tested by long cycling at 0.6 Ag™
(4.8 mA cm™), which exhibited 93% retention (from 4th cycle to 403rd
cycle) after 400 cycles (Fig. 4e). In an effort to benchmark practical cell
conditions, a Li foil (20 um) was paired with a high-loading NCM811
laminate (20 mgcm™) by the N/P ratio of 1.0 (Fig. 4f), the corre-
sponding cell with 2M LiFSI-TFDMP still showed a good long-term
cycling performance of 81% retention (from 3rd cycle to 202nd cycle)
after 200 cycles at 0.1Ag? (2mA cm™) and 88% retention (from 4th
cycle to 145th cycle) after 142 cycles at 0.2 A g™ (4 mA cm™). Further-
more, the cell using same configuration was cycled under a lean
electrolyte (6 g Ah™) condition (Supplementary Fig. 18) and it still
realized 93% retention (from 4th cycle to 103rd cycle) after 100 cycles
at 0.2A g™ (4 mA cm™). Performance comparison of cells with differ-
ent electrolytes was summarized in Supplementary Table 4.

Ex situ postmortem physicochemical characterizations of Li||
NCMSI1 electrodes

As the cell performance is directly related to the interfacial char-
acteristics through electrolyte decomposition, X-ray photoelectron
spectroscopy (XPS) analysis was conducted to compare the SEI and
cathode electrolyte interphase (CEI) compositions with different
electrolytes in Li|[NCM8L1 cells after cycling (Fig. 5 and Supplementary
Figs. 19-23). Depth profiles in Fig. 5a, d revealed the distributions of
elements in the SEI layers on Li anodes along the depth. Compared to
the carbonate electrolyte of 1 M LiPF4-EC-DEC, ether-based electrolytes
exhibited more uniform distributions of elements along the depth. The
SEl layer on Li anode with 2 M LiFSI-TFDMP contained higher F (15.6%)
and S (9.2%) contents after 12 minutes sputtering compared to the F

Nature Communications | (2023)14:299



Article

https://doi.org/10.1038/s41467-023-35934-1

a b c d
= 50 —ee 1 MLiPF-EC-DEC | — 50 e 2M LiFSI-DSMEEI = 50 e 2MLiFSI-DMP | — 50 e 2 M LiFSI-TFDMP
?,40 +hi+s SEI E\,4O —A— 1 540 —a—Li-vN SEl 3\,40 —h—Li-v-N SEI
c < z =
830 830 830 330
g g g g
o 20 020 20 020
510 510 510 5§10
< 0 U e— < > > > < O Pt < O
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Sputter time (min) Sputter time (min) Sputter time (min) h Sputter time (min)
e/(; TMLPF-ECDEC Cis f & [2vLiFsi-omE Cis g,-\ 2 M LiFSI-DMP Ci1s| " =[2MLFsI-TFDMP Cis
£ [sel oc Z [sEl C-H 2 skl CH £ |sel CH
5 5 cc 5 cc 5 cc
g g g ; g
s s s s
= = = 2
3 3 = 3 C-S0,
s g g s /
2| . . =3 : j=] _ . E| s
294 292 290 288 286 284 282 294 292 290 288 286 284 282 294 292 290 288 286 284 282 294 292 290 288 286 284 282
. Binding energy (eV) . Binding energy (eV) k Binding energy (eV) Binding energy (eV)
_ 1 M LiPF -EC-DEC o1s| ) zwirsiove 01s| >~ [2MLiFsI-DMP 01s L 2 M LiFSI-TFDMP O 1s
2 |sEl £ |sel i 2 |sEl N 2 [sEl
5 s R-OLi /& E] R-OLi /@ S
o o / I o
s 8 s S R-OLi
> = = >
s g g s
£ £ _ X E | £
536 534 532 530 528 526 536 534 532 530 528 526 536 534 532 530 528 526 536 534 532 530 528 526
Binding energy (eV) n Binding energy (eV) o Binding energy (eV) p Binding energy (eV)
m 1 M LiPF -EC-DEC Fis| & [2MLiFsi-DoME Fis| & [2mLiFsi-oMP Fis| " [2MLFsi-TFOMP Fis
Lcel ° = [CEl = |CEl = |CEl
c c 4x c c
B > > > PVDF, SO,F
k) 2 g g B e
8 S | PVDF, SOF & &
> | PVOF.POF, = L > >
2 LiF 2 LF 2 2
9] 2 ° 0 2 2
IS / f=g % & N £ L oo

690 688 686 684 682

Binding energy (eV) Binding energy (eV)

Fig. 5 | Ex situ postmortem XPS characterization of negative and positive
electrodes harvested from Li|[NCM8I1 cells. a-d Depth profiles of SEl layers on Li
anode surface in Li|[NCMSI1 cells after cycling at 0.2 A g™ for 20 cycles with 1M
LiPF¢-EC-DEC (a), 2 M LiFSI-DME (b), 2 M LiFSI-DMP (c), and 2 M LiFSI-TFDMP (d).
e-1C1sand O1sXPS profiles of SEl layers on Li anodes after 12 minutes sputtering
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with 1M LiPF4-EC-DEC (e, i), 2 M LiFSI-DME (f, j), 2 M LiFSI-DMP (g, k) and 2 M LiFSI-

TFDMP (h, I). m-p F 15 XPS profiles of CEl layers on NCM811 cathodes with 1M

LiPF¢-EC-DEC (m), 2 M LiFSI-DME (n), 2 M LiFSI-DMP (o), and 2 M LiFSI-TFDMP (p).

Electrodes were harvested at a fully discharged (2.8 V) cell state.

(10.0%) and S (2.3%) contents with 2M LiFSI-DMP and F (9.4%) and S
(2.3%) contents with 2 M LiFSI-DME, which indicated more FSI anion
decomposition by the stronger coordination between cation and
anion in 2 M LiFSI-TFDMP electrolyte, in agreement with the solvation
structure in Fig. 3. From the C 1s profiles in Fig. 5e, h, solvent
decomposition with 1 M LiPF¢-EC-DEC became evident from the strong
poly(CO3) peak at 289.9 eV. The area proportion of the C-O peak with
respect to total C in ether-based electrolytes were found to be 19.3%,
24.7%, and 16.5% for the DME, DMP, and TFDMP-based electrolytes,
respectively, which demonstrated that the solvent decomposition was
hindered after trifluoromethylation. The O 1s profiles in Fig. 5i, | also
exhibited the weakest R-OLi peak with 2 M LiFSI-TFDMP electrolyte. In
Supplementary Fig. 21, the S 2p profiles showed higher amounts of
SO,F and SOy species with respect to total S in the SEI layer with 2M
LiFSI-TFDMP electrolyte compared to its DME- and DMP-based coun-
terparts, thus pointing to the preferential decomposition of FSI. CEI
layer on NCM8I1 cathode with each electrolyte was also compared as
shown in Fig. 5Sm-p, Supplementary Figs. 22 and 23, and Supplemen-
tary Table 5. The LiF contents in CEI with 1M LiPF4-EC-DEC, 2 M LiFSI-
DME, 2M LiFSI-DMP and 2M LiFSI-TFDMP electrolytes were 8.7%,
14.5%, 37.8% and 45.7%, respectively. The highest LiF content in the CEI
of 2 M LiFSI-TFDMP was derived from the desirable FSI decomposition.

The intensity of C=0 species in the XPS O 1s profiles of the CEl in ether-
based electrolytes were found to decrease going from DME to DMP
and to TFDMP in Supplementary Fig. 23, thus further verifying the
higher oxidation stability of 2 M LiFSI-TFDMP. The XPS analysis of SEI
and CEl revealed the strong coordination of cation and anion in the
TFDMP-based electrolyte, which promoted preferential anion
decomposition to form stable interphases. CEIl on the cathode after
cycling was also analyzed by transmission electron microscopy (TEM)
as shown in Supplementary Fig. 24. Due to the severe electrolyte
decomposition on the cathode surface during charging, 2 M LiFSI-DME
electrolyte exhibited a thick and uneven CEI layer of 10-52 nm. CEI
thickness of 15-35 nm was observed for 2 M LiFSI-DMP electrolyte. CEI
formed by 2 M LiFSI-TFDMP on the other hand showed a more uniform
and thinner layer of -6-16 nm.

Discussion

A fluorinated ether solvent was developed through targeted structural
functionalization to realize both high ionic conductivity and anti-
oxidation property. The precise introduction of functional group onto
the ethyl backbone of ether solvent mitigated the oxidative decom-
position, while largely maintaining fast-ion conduction simultaneously.
By using this solvent, both asymmetric and symmetric cells realized
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stable long-term cyclability with good rate performance. These find-
ings highlight the importance of in-depth understanding of solvent
decomposition pathways and the targeted functionalization strategy
for the development of next generation electrolytes as a promising
alternative to the commonly applied (over)fluorination approach.

Methods

Materials

lodomethane (99%) was purchased from Thermo Scientific. Sodium
hydride (60% in mineral oil) was purchased from Aldrich. Anhydrous
DME (99.5%, water content of 23 ppm) and 1M LiPF4-EC-DEC (v:v=1:1,
water content of 7ppm) electrolyte were purchased from Sigma.
Anhydrous THF (water content below 10 ppm) was obtained from a
solvent drying system passed by alumina column to remove trace
water. 1,2-dimethoxypropane (DMP, >98%, water content of 6 ppm
after molecular sieves drying) was purchased from Tokyo Chemical
Industry (TCI). Battery grade LiFSI (99.9%, Canrd), Al foil (14 pm,
99.6%), Cu foil (9 pm, 99.99%), and NCMS811 laminate (8 mgcm™ with
the thickness of 32 pum and 20 mgcm™ with the thickness of 79 pum,
loading is only based on the active material, cathodes contain 94.5%
active material, 2.5% PVDF and 3% Super-P by weight) were purchased
from Guangdong Canrd New Energy Technology Co.Ltd. Li disc
(®16 mm, 600 um, 99.95%) and Li foil (20 pm, 99.95%) were purchased
from China Energy Lithium Co., Ltd. All the chemicals and reagents
used without further purification unless otherwise stated.

Synthesis

TFDMP: To a 1L round-bottom flask, 400 mL dry THF and 24 g of NaH
(1 mol) were added and stirred for 20 minutes at 0 °C under Ar atmo-
sphere. Then, 52 g 1,1,1-trifluoro-2,3-propanediol® (0.4 mol) was slowly
added to this mixture by using a syringe pump. Afterwards, the sus-
pension was further stirred at O °C for 1 h. Then 62.4 mL iodomethane
(1 mol) was added dropwise to the suspension at O °C. The mixture was
stirred for 2h at room temperature (25+1 °C) and then refluxed
overnight. After the completion of the reaction, the mixture was fil-
tered off using a filter funnel (Por. 3, 125mL, pore size 16-40 pm).
Liquid phase was subjected to a fractional distillation by using 60 cm
fractionating column. The product was collected at 92 °C under
atmospheric pressure. Yield: 41%, purity: 99.5%. 'H NMR (400 MHz,
CDCl3) 61=3.76-3.68 (m, 1H), 3.66-3.62 (m, 1H), 3.61 (q, 3H,/ = 0.61 Hz),
3.56-3.52 (m, 1H), 3.41 (s, 3H) ppm; F NMR (376 MHz, CDCl5)
6r=-75.62 (d, J=6.81Hz, 3F) ppm; “C NMR (100 MHz, CDCl;)
6c=124.4 (q,/=283.90Hz), 79.1 (q,/=29.34 Hz), 70.4 (q, /=220 Hz),
60.6 (), 59.5 (s) ppm.

Electrolyte preparation

DME, DMP and TFDMP were dried by using 4 A molecular sieves before
use. Electrolytes were prepared by dissolving 374 mg LiFSI in 1 mL of
each solvent. All electrolytes were stirred for 4 h at room temperature
(25+1°C) in an Ar-filled glovebox (0, < 0.5 ppm, H,0 < 0.5 ppm). All
electrolytes contained water content below 10 ppm detected by Karl
Fischer Titrator.

Material characterizations

H, F and *C NMR spectra were recorded on 400 MHz Bruker NMR
spectrometer at ambient temperature (298 K) using CDCl; as a solvent.
70O NMR of electrolytes was recorded on 500 MHz Bruker NMR spec-
trometer at 323 K with 30,000 scans in a coaxial NMR tube using 1M
LiCI-D,0O as a standard (O ppm) for calibration. Fourier transform
infrared (FTIR) spectra of electrolytes and solvents were measured by
using Bruker TENSOR II. XPS depth profiles and surface measurements
were carried out on an Axis Supra (Kratos Analytical) using the
monochromated Ka X-ray line of an Aluminum anode. The pass energy
of the analyzer was set to 40 and 80 eV with step sizes of 0.15and 0.2 eV
for the surface measurements and depth profiles, respectively. The

samples were electrically insulated from the sample stage and charge
compensation was used to limit charging effects, hence, the spectra
were referenced at 284.8 eV using the aliphatic component of the C1s
line. The sputtering was performed with an argon ion gun set at 1 keV,
and rastered at 4x4 mm?, yielding to a sputter rate of ~2.5 nm/min as
calibrated on a Ta,Os/Ta calibration sample. The samples were sput-
tered O (surface), 1, 2, 3, 4, 8, and 12 min, giving the following estimated
depth sequence: 0, 2.5, 5, 7.5, 10, 20, and 30 nm. Raman spectroscopy
was obtained on a Renishaw inVia confocal Raman microscope with a
785 nm laser. TGA analysis of electrolytes was conducted using a TGA/
DSC 3+ STAR® System (Mettler Toledo) under N, gas flow (5 mL/min) at
the ramp rate of 10 °C/min from 25-600 °C using a 100 pL aluminum
crucible with a predrilled lid. Deposition morphology of Li metal on Cu
foil and Al corrosion were acquired by field emission scanning electron
microscopy (FE-SEM, Tescan Mira3 LM FE). Transmission electron
microscopy of CEl on cathode after cycling was conducted by FEI
Tecnai spirit at 120 kV using carbon film-coated Cu grid. All electrode
samples disassembled from coin cells were rinsed with anhydrous DME
and transferred under Ar atmosphere. Orbital energy (HOMO and
LUMO) and electrostatic potential (ESP) maps of solvents were calcu-
lated by Spartan 14 using density functional theory conducted at
B3LYP/6-311 + +G**. Self-extinguishing time (SET) measurements were
carried out by adding 0.5 g electrolytes on glass fiber filters (#20 mm)
and recording the burning time after ignition.

Electrochemical measurements

All electrochemical tests were conducted by either Swagelok-cell or
2032-type coin-cell with 40 pL electrolyte except for the lean condition
using 20 pL electrolyte for high-loading Li|[NCMSI1 cell. LSV was con-
ducted by using a Li||Al asymmetric cell at a scan rate of 0.5mVs™. Al
corrosion was tested by using a Li||Al asymmetric cell and holding
constant-voltage at 5V for 24 h. CV was conducted by a Li||Cu asym-
metric cell at a scan rate of 0.5mVs™ lonic conductivities of electro-
lytes were measured by EIS with 5 mV amplitude in the frequency range
of 500 kHz to 100 mHz at 25 °C using stainless steel blocking cell. EIS
was measured using a Li||Cu asymmetric cell after holding open circuit
voltage for 0.5h at quasi-stationary potential with a disturbance
amplitude (5 mV) in the frequency range of 100 kHz to 10 mHz using
potentiostatic signal by six points per decade of frequency and EIS
plots were fitted by ZView. Li* transference number was obtained by a
Li|lLi symmetric cell under a polarization potential of 10 mV according
to the reference®. Above-mentioned tests were conducted by VMP3
(Bio Logic Science Instruments) electrochemical station. CE measure-
ment was conducted by a Li||Cu asymmetric cell after 10 formation
cycles in the voltage range of 0-1.5 V with a 50 pA current. Li was plated
onto a Cu foil at a steady current density, then stripped at same current
density by the cut-off voltage of 1V. Average CE of different electrolyte
was also performed by Lil|[Cu asymmetric cell based on the Aurbach
method*. Polarization on Li||Li symmetrical cell was conducted by pre-
plated 5 mAh cm™ Li on Cu foil at the current density of 0.5 mA cm2in
a Li||Cu asymmetric cell, followed by the stripping/plating at 1 mA cm™
for 1 h. Li|[INCMB8I1 cells involving Li foil (20 pm) and NCM 811 laminate
(8 mgcecm™ or 20 mg cm™) by the N/P ratio of 2.5 or 1 were cycled at
various specific currents in the voltage range of 4.4-2.8 V after for-
mation cycles. The mass of the specific current and specific capacity
refers to the mass of the active material in the positive electrode. Two
or three cells were tested for a single electrochemical experiment. An
additional piece of blank Al current collector (14 um) and Al-coated
(Spm thick) stainless steel cathode case were used in all Lill
NCMSI1 cells to suppress electrolyte corrosion on stainless steel
cathode case®*. Above electrochemical measurements were per-
formed by using LAND 2001A battery testing system. All electro-
chemical tests were carried out at ambient temperature without
climatic chamber, except the ionic conductivity test by climatic
chamber (DGBELL) at variable temperature with +0.05 °C fluctuation.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study have been deposited in the Zenodo
database under accession code 7454646.
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