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ABSTRACT: New electrolytes are needed to replace commer-
cial carbonate electrolytes to enable a wider working temper-
ature range, higher energy density, and faster charging of
lithium-ion batteries (LIBs). Fluorinated diluents and solvents
have shown promise in LIB electrolyte design, but most of them
are considered per- and polyfluoroalkyl substances (PFAS) with
significant environmental and health concerns. In this work, we
design a family of non-PFAS, partially fluorinated ether solvents
for LIB electrolytes. Through rational molecular design, an
optimized rate capability is achieved by low viscosity, weak
lithium-ion solvation, and high ion diffusivity. The optimized
electrolytes enable a longer cycle life and better rate capability
(up to 6 C) than previously reported fluorinated ethers or commercial carbonate electrolyte in graphite/LiNi0.8Mn0.1Co0.1O2
(Gr/NMC811) full cells. In addition, they also show an extended working temperature window with stable long-term cycling
from 60 to −40 °C. This work shows a promising path to next generation batteries capable of extreme conditions without
introducing PFAS concerns.

Lithium-ion batteries (LIBs) are state-of-the-art re-
chargeable batteries because they have high energy
densities. As these batteries support newer applications,

such as electric vehicles, even higher energy densities are
needed as well as fast charging and a wider operating
temperature window. While new anode (e.g., silicon) and
cathode (e.g., high nickel) chemistries now exist with the
promise of higher energy densities, deployment of new
electrolytes has lagged.1,2 Current LIBs are still reliant on
electrolytes based on carbonate solvents such as ethylene
carbonate (EC), linear carbonates, and a LiPF6 salt.
Unfortunately, the high melting point of EC and moderate
thermal stability of LiPF6 restrict the operation temperature
window of carbonate electrolytes to −20 °C to +50 °C.3

Carbonate solvents are also vulnerable to oxidative degradation
and suffer from undesired transition metal dissolution with
high voltage cathodes.4,5 In addition, the strong lithium-ion
binding to EC leads to a high desolvation energy barrier and
sluggish charge transfer in carbonate electrolytes that may lead
to undesired lithium metal plating under low temperature or

fast charging rate.6−9 Therefore, newer approaches to electro-
lyte design are sorely needed.10

There has been a push in the literature to design “EC-free”
electrolytes.11 Hence, multiple solvent classes have been
explored such as ethers, dimethyl sulfite or nitriles.12−15

While those solvent classes show an extended working
temperature window and enable faster charging, their
compatibility with high voltage nickel-rich cathodes remains
unclear. Our group revealed that fluorinated ether solvents can
successfully suppress solvent co-intercalation and enable stable
cycling of LIBs.16 However, their rate capability, low
temperature performance and oxidative stability remain to be
studied and optimized.16,17 Localized high concentration
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electrolytes (LHCE) with ether or carbonate solvents and
fluorinated diluents can suppress solvent co-intercalation,
enable fast charging and low temperature operation.18−20

Recently, a combination of weakly solvating solvents and
diluent enabled wide temperature operation, fast charging and
compatibility with nickel-rich layered oxide cathode simulta-
neously.21 However, the fluorinated diluents that are used in
LHCEs may cause environmental concerns. According to the
Organization for Economic Co-operation and Development
(OECD), almost all the fluorinated diluents and solvents, such
as bis(2,2,2-trifluoroethyl) ether (BTFE), 1,1,2,2-tetrafluor-
oethyl-2,2,3,3-tetrafluoropropyl ether (TTE) and E3F1,16,17

may be classified as per- and polyfluoroalkyl substances
(PFAS) (Figure 1).22 PFAS are known to accumulate in the
environment, are difficult to degrade, and are responsible for a
wide range of health concerns.23 Therefore, these electrolyte
designs may not be commercialized even if they solve the
technical problems that face LIB. This trend is witnessed by
announcements of reducing or eliminating fluorinated
compound production from companies such as 3M.24

In this work, we propose a partially fluorinated ether family
(named the CH2F family) as non-PFAS electrolyte candidates
for next-generation LIBs. The −CF3 terminal group used in
our previous work (E3F116,17) is replaced with −CH2F group
to eliminate PFAS concerns. The molecular design of the
CH2F family solvent is then systematically tuned to optimize
the ion transport properties of the electrolyte (Figure 1). The
optimized E1CH2F electrolyte not only outperforms pre-
viously reported fluorinated ether electrolytes in rate capability
but also shows better cycling stability, higher rate capability
(up to 6 C), and wider operation temperature window (60 to
−40 °C) than commercial carbonate electrolyte in 4.4 V class
graphite/LiNi0.8Mn0.1Co0.1O2 (Gr/NMC811) full cells. Our
work shows a molecular design pathway to eliminating PFAS
concerns and enabling next generation LIBs with high nickel
content cathodes, wide working temperature range, and fast
charging capability.

Rationale for Molecular Design and Synthesis. E3F1
studied in our previous work17 has moderate ionic
conductivity, which is due to high viscosity and strong ion
pairing. Since strong ion pairing is believed to be beneficial for

facile interfacial kinetics7,14 and electrochemical stability,25−27

the main goal of the new molecular design is to decrease
viscosity. Recent work on fluorinated ether solvent design for
lithium metal battery have shown that further reducing glyme
ether chain length of E3F1 results in insufficient solvation
ability.28 Therefore, we first replace the −CF3 terminal group
with the −CH2F group to reduce fluorine content, which leads
to a new family of fluorinated ether solvents named as the
CH2F family. We then shrink the glyme ether chain within the
CH2F family from E3CH2F to E1CH2F to achieve an even
lower molecular weight. In the meantime, the CH2F family
compounds are not considered as PFAS according to the new
OECD definition because of the absence of perfluorinated
groups. The CH2F family fluorinated ether solvents are
synthesized by a one-step reaction between tetra-n-butylam-
monium fluoride (TBAF) and corresponding bis-tosylated
ethylene glycols, as shown in Figure S1. The structure and
product purity were verified using 1H, 13C, and 19F nuclear
magnetic resonance (NMR) spectroscopy (see the Supporting
Information).

Ion Solvation Structure and Ion Transport. Ionic
conductivity in the fluorinated ether electrolytes was probed
using electrochemical impedance spectroscopy (EIS) and
correlated to viscosity and ion solvation structure. Figure 2a
shows the ionic conductivity of 1 M lithium bis(fluorosulfonyl)
amide (LiFSA) in fluorinated ether solvents as a function of
the temperature. At room temperature (20 °C), ionic
conductivity increases in the order of E3F1 (0.93 mS/cm),
E3CH2F (2.26 mS/cm), E2CH2F (5.36 mS/cm) and
E1CH2F (5.74 mS/cm). The conductivities of the CH2F
family electrolytes are greater than 1 mS/cm but still lower
than those of carbonate electrolytes (10.5 mS/cm for ethylene
carbonate/dimethyl carbonate 1 M LiPF6). However, at
temperatures below −30 °C, E1CH2F has higher conductivity
than the carbonate electrolyte (1.44 mS/cm vs 0.49 mS/cm at
−30 °C). As shown in Figure S2, E1CH2F also has the lowest
activation energy barrier for ion transport. To understand the
trend in conductivity, the viscosity of fluorinated ether solvents
and electrolytes was measured (Figure 2b). Interestingly,
E3CH2F has higher viscosity (5.08 mPa s) than E3F1 (2.62
mPa s) despite its lower molecular weight, which might be

Figure 1. Molecular design strategy. Several fluorinated ether diluents and solvents have been reported for lithium-ion battery electrolytes
but most of them are classified as potential per- and polyfluoroalkyl substances (PFAS) which are environmental hazards.22,23 To improve
the rate capability of fluorinated ether electrolytes and eliminate PFAS concerns, fluorine content is first reduced from previously reported
E3F1 solvent to yield E3CH2F. By further reducing chain length, E1CH2F achieves optimized rate capability.
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explained by increased polarity when replacing −CF3 group
with −CH2F group.29 From E3CH2F to E1CH2F, viscosity
decreases with lower molecular weight and the E1CH2F
electrolyte reaches the lowest viscosity of 2.15 mPa s, which is
lower than the EC/DMC 1 M LiPF6 electrolyte (3.85 mPa s).
Ion diffusivity in fluorinated ether electrolytes was studied
using pulsed-field gradient nuclear magnetic resonance (PFG
NMR) spectroscopy. As Figure 2c shows, the ion diffusivity
trend in general follows the Stokes−Einstein equation from
E3CH2F to E1CH2F: less viscous electrolytes have higher ion
diffusivity. However, the mean diffusivity (Dmean, defined as
(DLi+DFSA)/2) is higher despite increased viscosity from E3F1
(5.75 × 10−11 m2/s) to E3CH2F (6.41 × 10−11 m2/s), which
might be due to less ion pairing in the E3CH2F electrolyte as
discussed later. The least viscous electrolyte, E1CH2F 1 M
LiFSA, has the highest Dmean of 31.83 × 10−11 m2/s, which is

higher than EC/DMC 1 M LiPF6 electrolyte (Dmean = 22.19 ×
10−11 m2/s).

While the ionic conductivity trend from E3CH2F to
E1CH2F can be explained by decreasing viscosity, the Walden
plot shown in Figure S3 indicates that ionic conductivity in
fluorinated ether electrolytes is also strongly affected by ion
dissociation or ion solvation structure. As shown in Figure 2d,
the Raman peak of the FSA anion in 1 M LiFSA solutions
shifts to higher wavenumbers from E3CH2F to E2CH2F to
E3F1 to E1CH2F, indicating an increase in ion pairing. The
deconvolution of Raman peak shows that E1CH2F leads to the
highest fraction of salt aggregates (AGG) of 50.5%, while
E2CH2F and E3CH2F electrolytes have a very high fraction of
solvent separated ion pair (SSIP) of about 80%.26 Figure 2e
shows cyclic voltammetry (CV) curves of 1 M LiFSA in
fluorinated ether electrolytes containing 1 mM ferrocene (Fc)
in lithium/platinum (Li/Pt) cell, following the protocol

Figure 2. Ion transport and ion solvation. a) Ionic conductivity as a function of temperature of 1 M LiFSA in fluorinated ether electrolytes in
comparison to 1 M LiPF6 in EC/DMC (ethylene carbonate/dimethyl carbonate). The lines are to guide the eyes. b) Viscosity of fluorinated
ether solvents and corresponding 1 M LiFSA electrolytes. c) Ion diffusivity of 1 M LiFSA in fluorinated ethers measured by PFG NMR. d)
Raman peak of the FSA anion in 1 M LiFSA electrolytes. AGG: salt aggregates. CIP: contact-ion pair. SSIP: solvent-separated ion pair. The
E3F1 data were extracted from ref 17. e) Lithium redox potential referenced to Fc/Fc+ in 1 M LiFSA in fluorinated ether electrolytes in
comparison to 1 M LiPF6 in EC/DMC. f) Summary of ion transport indicators (percentage of ionicity from Walden plot and lithium
transference number) and ion solvation indicators (ELi and Raman shift of FSA peak), which shows the influence of the ion solvation
structure on ion transport properties.
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recently reported by Yamada et al.30 In the order E1CH2F,
E3F1, E2CH2F and E3CH2F, decreasing ELi (more reductive
potentials) indicates stronger Li+ solvation environment and
less ion pairing. Both Raman spectra and ELi results suggest
E1CH2F leads to strong ion pairing, similar to E3F1 and other
reported fluorinated ether electrolytes,31,32 while E2CH2F and
E3CH2F have solvation structures closer to nonfluorinated
glyme ethers or carbonate electrolytes.33−35 The lower fraction
of ion pairing in E3CH2F and E2CH2F can be explained by
lower steric hindrance and stronger coordination ability of
−CH2F group as compared to the −CF3 group in E3F1.29,36

Figure 2f summarizes four descriptors of the ion solvation
environment from different techniques. The percentage of
ionicity is calculated from the Walden plot shown in Figure S3.
As an empirical rule, deviation from the diagonal KCl line
(representing a fully dissociated electrolyte) in the Walden plot
suggests the degree of ion dissociation in each nonideal
electrolyte.37 The lithium transference number is calculated as
tLi = DLi/(DLi + DFSA) from ion diffusivity measured by PFG
NMR, and more ion pairing leads to tLi closer to 0.5. Raman
shifts of the FSA peak and ELi measured by CV are compared
as a direct measure of ion solvation structure. The good
correlation between indicators from ion transport (% of
ionicity and tLi) and direct indicators of ion solvation structure
(Raman shifts of FSA peak and ELi) suggests that the trend of
ion transport properties can be explained by a combination of
viscosity and solvation structure effects.

Correlating Rate Capability to Ion Transport. The rate
capability of fluorinated ether electrolytes was tested in
lithium/graphite (Li/Gr) half cells and graphite/LiFePO4
(Gr/LFP) full cells. As discussed in supplementary note 1,
fluoroethylene carbonate (FEC) was added to facilitate
passivation and promote first cycle Coulombic efficiency.
Figure 3a shows that the rate capability trend in the Li/Gr cell

follows E1CH2F > E2CH2F > E3F1 ≈ E3CH2F regardless of
the addition of FEC. Figure 3b shows that the rate capability
trend in the Gr/LFP cell agrees well with that of the Li/Gr cell,
where E1CH2F electrolyte achieves the best rate capability by
maintaining more than 80% of C/10 capacity at 2 C, similar to
commercial carbonate electrolytes (Figure S9).

To understand the rate capability trend, the overpotential in
Gr/LFP cells was measured by the galvanostatic intermittent
titration technique (GITT).38 As illustrated in Figures S10 and
S11, cell overpotential can be divided into ohmic overpotential
(ηOhmic) and concentration overpotential(ηConc). Among the
fluorinated ether electrolytes, Figure 3c shows that total
overpotential decreases from E3F1 to E3CH2F, E2CH2F, and
E1CH2F, which agrees with the rate capability trend. Both
ηOhmic and ηConc have significant contributions to the total
overpotential, and they in general follow the same trend.

The trend in ηOhmic has a clear correlation to cell resistance.
Figure 3d shows the EIS curves of the Gr/LFP cells. Through
fitting EIS curves with an equivalent circuit shown in Figure
S12, cell resistance can be broken down into bulk resistance
(Rb) and interfacial resistance (Rinte). Figure 3e shows that the
total cell resistance obtained from EIS correlates well with cell
resistance calculated from overpotential (ηOhmic divided by
current) and both Rb and Rinte decrease in the order E3F1,
E3CH2F, E2CH2F, and E1CH2F. The decreasing trend of Rb
from E3F1 to E1CH2F correlates well with their increasing
ionic conductivity, which indicates the difference in Rb is
mainly determined by electrolyte conductivity. Interfacial
resistance arises from a series of interfacial processes including
lithium-ion desolvation at the electrolyte/SEI interface,
lithium-ion transport through SEI, and charge transfer at the
SEI/electrode interface.7,9 As discussed previously, the
decreasing solvation power can explain the lowering of Rinte
from E3CH2F to E1CH2F while the unexpectedly high Rinte in

Figure 3. Rate capability. a) Rate capability test in Li/Gr cells. 1 C ≈ 2.17 mA/cm2. b) Rate capability test in Gr/LFP cells using 1 M LiFSA
electrolytes with 5 wt % FEC. 1 C ≈ 1.77 mA/cm2. c) Breakdown of overpotential in Gr/LFP cells using 1 M LiFSA electrolytes with 5 wt %
FEC. ηOhmic: ohmic overpotential. ηConc: concentration overpotential. d) EIS curve of Gr/LFP cells using 1 M LiFSA electrolytes with 5 wt %
FEC. Solid lines indicate fitting curves. e) Comparison of Gr/LFP cell resistance calculated from overpotential (ηOhmic/I) and resistance
obtained from EIS. Rb: bulk resistance. Rinte: interfacial resistance.
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E3F1 electrolyte might originate from its thick and resistive
SEI.16

By definition, ηConc originates from the concentration
gradient built with polarization.39 While theories are developed
to describe the concentration gradient and simulate ηConc, they
are complicated and require multiple parameters that are not
easily accessible.40 In addition, unlike ηOhmic, ηConc shows
dependence on the state of the charge (Figure S11), indicating
the contribution from electrode materials. Therefore, we utilize
only a simplified model to illustrate qualitatively. As discussed
in supplementary note 2, after simplification, the strength of
concentration gradient can be correlated to lithium diffusivity:
concentration gradient ∝ 1/DLi. Since DLi follows the trend
E3F1 ≈ E3CH2F < E2CH2F < E1CH2F, the strength of
concentration gradient and ηConc decrease in the order E3F1 ≈
E3CH2F > E2CH2F > E1CH2F. In summary, rate capability is
influenced by multiple factors and E1CH2F shows good rate
capability because of its high ionic conductivity, weak lithium
ion solvation, and high lithium ion diffusivity.

Performance in Gr/NMC811 Full Cell under Extreme
Conditions. The promise of E1CH2F electrolyte in
commercial lithium-ion battery configuration is illustrated by
full cell cycling using the Ni-rich NMC811 cathode. Figure 4a
shows the cycling performance of the Gr/NMC811 full cell at
a current rate of C/3 at 20 °C (1 C ≈ 1.66 mA/cm2, n/p ≈
1.3). Compared to the carbonate electrolyte control (EC/
DMC 1 M LiPF6 + 5 wt % FEC), E1CH2F electrolyte (1 M)
has better capacity retention and higher Coulombic efficiency.
With higher salt concentration, E1CH2F 2 M LiFSA + 5 wt %
FEC electrolyte enables further improved cycling stability with
89% capacity retention at the 150th cycle. E1CH2F electrolyte
also maintains superior capacity retention than carbonate
electrolyte control in 1 C cycling of Gr/NMC811 cells, as
shown in Figure 4b (76% at 300th cycle vs 56% at 200th
cycle). As shown in Figure 4c,d and Figure S13, X-ray
photoelectron spectroscopy (XPS) reveals that E1CH2F
electrolytes show a higher content of LiF in the cathode
electrolyte interphase (CEI) than carbonate electrolytes. As
proposed in the literature, a higher content of inorganic

Figure 4. Gr/NMC811 full cell performance at room temperature. a) Cycling performance of Gr/NMC811 cells at a current rate of C/3. b)
Cycling performance of Gr/NMC811 cells at a current rate of 1 C. Replicated cells are shown. c) F 1s XPS spectra of the NMC811 cathode
after 100 cycles in corresponding electrolytes (ending on discharge). d) Atomic ratio between fluorine and carbon in the CEI of the
NMC811 electrode as a function of sputtering time. e) Fast charging test of Gr/NMC811 cells at varying charging current rates up to 6 C
and a constant discharging current rate of C/3. Replicated cells are shown. f) Breakdown of overpotential in Gr/NMC811 cells as a function
of electrolyte and current rate. ηOhmic: ohmic overpotential. ηConc: concentration overpotential. 1 C ≈ 1.66 mA/cm2 for Gr/NMC811 cells.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c01999
ACS Energy Lett. 2024, 9, 6144−6152

6148

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01999/suppl_file/nz4c01999_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01999/suppl_file/nz4c01999_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01999/suppl_file/nz4c01999_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01999?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01999?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01999?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01999?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


components such as LiF in CEI likely leads to better stability of
the interfacial layer that helps to protect the NMC811
electrode from degradation.41 Figure S14 shows cross section
scanning electron microscope (SEM) images of the cycled
NMC811 electrode, where cracking of NMC811 particles can
be observed after cycling in carbonate electrolyte whereas little
cracking is observed in the sample cycled in E1CH2F
electrolytes. Figures S15 and S16 show that E1CH2F
electrolytes have only slightly better oxidative stability than
carbonate electrolyte in CV or the potentiostatic hold test.
Hence, the better NMC811 cathode compatibility of E1CH2F
electrolytes likely originates from the more robust CEI that
protects NMC811 from degradation.
The rate capability of the E1CH2F electrolyte in the Gr/

NMC811 full cell was also studied. As shown in Figure 4e,
E1CH2F electrolytes support fast charging up to 6 C (∼11
mA/cm2) while maintaining ∼77% and ∼85% of C/3 capacity
for 1 and 2 M salt concentration, respectively. In contrast, the
carbonate electrolyte can only maintain ∼52% of C/3 capacity
when charged at 6 C. Figure S17 shows that E1CH2F
electrolytes also enable better long-term cycling stability than
the carbonate electrolyte at a high current rate. Figure 4f shows
that E1CH2F electrolytes have lower ηConc and ηOhmic than
carbonate electrolyte in Gr/NMC811 cells, as measured by
GITT. Following the same analysis in the previous section, the
lower ηConc of 1 M E1CH2F electrolyte can be attributed to its
higher ion diffusivity and higher transference number
compared to carbonate electrolyte (Figure S18). Although
increasing salt concentration leads to slightly lower mean ion
diffusivity in 2 M E1CH2F electrolyte, it maintains higher
lithium transference number and lithium ion diffusivity than
the carbonate electrolyte. Moreover, under a similar concen-
tration gradient strength, the higher concentration itself should
help to maintain lithium ion concentration at the anode and

reduce concentration overpotential during fast charging.
Regarding ηOhmic, the EIS test of Gr/NMC811 cells shown
in Figure S19 reveals that the lower ohmic overpotential of
E1CH2F electrolytes should be attributed to their lower
interfacial resistance while the bulk resistance of E1CH2F and
carbonate electrolytes are similar.

To investigate the working temperature range of the
E1CH2F electrolytes, full cell cycling was performed at
variable temperatures. Figure S20 shows the cycling of Gr/
NMC811 cells at 60 °C. Despite slightly faster capacity decay
than room temperature, E1CH2F 2 M LiFSA + FEC
electrolyte can be cycled stably at 60 °C and maintain an
average discharge capacity of 149.4 mAh/g after 150 cycles,
which is ∼91% of its capacity at 20 °C in the same cycle
number. The low temperature performance of E1CH2F
electrolyte was first tested at temperatures ranging from 20
to −60 °C. As shown in Figure 5a, the E1CH2F electrolyte can
deliver 46% of room temperature capacity at −50 °C and can
fully recover its room temperature capacity after short-term
cycling at −60 °C, which demonstrates its tolerance to extreme
low temperature. By contrast, the carbonate electrolyte shows
significant capacity decay at −20 °C and can barely cycle
below −30 °C, in accordance to literature reports.14,15,21 As
shown in Figure S21, the conductivity of carbonate electrolytes
drops rapidly below −30 °C due to phase transition while
E1CH2F electrolytes maintain relatively high ionic conductiv-
ity at low temperatures without obvious phase change
(confirmed by DSC shown in Figure S22). As shown in
Figure 5b, the E1CH2F electrolyte enables stable long-term
cycling at −20 °C with 94% capacity retention in 100 cycles,
while the carbonate electrolyte has unstable cycling profiles.
Figure S23 shows that E1CH2F electrolyte can also enable
long-term stable cycling up to −40 °C. As shown in Figure 5c
and Figure S24, SEM and energy-dispersive X-ray spectroscopy

Figure 5. Gr/NMC811 full cell performance at low temperature. a) Cycling performance of Gr/NMC811 cells at temperatures varying from
20 to −60 °C. 1 C ≈ 1.66 mA/cm2. b) Long-term cycling of Gr/NMC811 cells at −20 °C. c, d) SEM images of graphite electrode after 100
cycles in Gr/NMC811 cells at −20 °C (ending on discharge). e) Charge transfer resistance of Gr/NMC811 cells as a function of
temperature. Straight lines represent linear fitting of data between 30 and −20 °C.
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(EDS) mapping indicate that carbonate electrolyte leads to
significant lithium plating on graphite during −20 °C
cycling.8,42 In contrast, Figure 5d and Figure S25 show that
no obvious lithium plating is observed on graphite electrodes
cycled in the E1CH2F electrolyte at −20 °C. To further
understand low temperature performance, EIS was performed
on Gr/NMC811 cells at low temperatures. As shown in Figure
S26, the cell resistance at low temperature is dominated by
charge transfer resistance (RCT). Compared to the carbonate
electrolyte, Figure 5e shows that the E1CH2F electrolyte has a
lower RCT and lower activation energy of charge transfer, which
likely leads to better intercalation kinetics at low temperatures
and helps to avoid lithium plating.
In this work, we report the molecular structure optimization

of fluorinated ether solvents for lithium ion batteries. With a
−CH2F end group and short glyme ether chain length,
E1CH2F achieves lower viscosity while maintaining weak
lithium-ion solvation and also eliminating PFAS concerns. The
poorer reduction stability of CH2F family electrolytes causes
sluggish passivation of the graphite electrode, necessitating the
introduction of 5 wt % FEC additive to improve first cycle
Coulombic efficiency. Due to higher ionic conductivity, higher
lithium-ion diffusivity, and lower interfacial resistance,
E1CH2F electrolyte leads to improved rate capability
compared to other fluorinated ethers. Furthermore, E1CH2F
electrolytes show better capacity retention than carbonate
electrolyte in Gr/NMC811 full cells due to the formation of a
LiF-rich CEI that preserves the NMC811 electrode from
degradation. They also show better rate capability than
carbonate electrolytes, owing to their higher lithium-ion
diffusivity and lower interfacial resistance. Finally, at low
temperatures, E1CH2F electrolytes can tolerate −60 °C
operation and support −40 °C stable cycling of the Gr/
NMC811 cells. Our molecular design strategy opens a new
route of fluorinated electrolyte development for wide working
temperature, high voltage, and fast charging batteries with
fewer environmental concerns.
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