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Fluoroalkyl-Functionalized Cyclic Ethers as Solvent for High-Voltage 

Batteries 

Ke-Hsin Wang,1 Ritesh Kumar,1 Peiyuan Ma,1 Jaemin Kim,2 Bitgaram Kim1, and Chibueze V. Amanchukwu1*

A new class of side-chain-fluorinated cyclic ethers was studied 
for high voltage lithium metal batteries. Compared to linear 
fluorinated ethers, cyclic ethers maintain higher ionic 
conductivity despite increased ion pairing, while enhanced 
fluorination suppresses undesired solvent polymerization, 
improves oxidative stability, and enables long-term cycling 
with LiNi0.8Mn0.1Co0.1O2 (NMC811)-based cathodes.

The rise in electric vehicles has increased demand for high-energy-
density batteries. Lithium metal anodes paired with nickel-rich high-
voltage cathodes offer a promising solution due to the high 
theoretical capacity and large voltage difference. However, 
developing electrolytes compatible with both lithium anodes and 
high-voltage cathodes remains a challenge. Commercial carbonate-
based electrolytes suffer from severe lithium dendrite growth and 
limited oxidative stability, restricting their performance.1 In contrast, 
ethers have shown better compatibility with lithium metal, enabling 
more stable cycling but still suffer from poor oxidative stability.2

To further improve cathode compatibility, electrolyte engineering 
strategies include increasing salt concentration3, incorporating 
additives4, 5, and optimizing cell design to build a stable interface.6, 7 
Another approach is to modify the molecular structure of solvent 
molecules through fluorination, which lowers the HOMO (highest 
occupied molecular orbital) energy of solvent molecules and 
enhances oxidative stability.8-10 Fluorination also weakens Li⁺–
solvent interactions, promoting cation-anion pairing and enriching 
the SEI (solid electrolyte interface) with beneficial inorganic 
components.9-12 However, excessive fluorination decreases Li⁺ 

affinity, hindering ion transport.9 Yu et al. demonstrated that 
optimizing the degree of fluorination is key to balancing these 
effects.13 Their work identified F5DEE (2-[2-(2,2-
difluoroethoxy)ethoxy]-1,1,1-trifluoroethane) as a solvent that 
achieves both oxidative stability and sufficient ionic conductivity, 
enabling stable cycling in full cells with high-voltage cathodes.

Figure 1 | Molecular structure design based on increasing the 
fluorination degree of 3-fluorotetrahydrofuran (3FTHF): 
DFETHF,  TFETHF, PFPTHF, and SFBTHF. Grey values by the 
atoms on 3FTHF indicate the atom-position numbering.

However, there have been limited studies on fluorinated cyclic 
ethers. In our prior work, we synthesized and studied mono-
fluorinated cyclic ethers such as 3FTHF (3-fluorotetrahydrofuran).14 
We showed that with fluorination on the 3’ position, 3FTHF 
demonstrates high lithium compatibility and high ionic conductivity, 
but the solvent polymerization at 4.4 V in 1 M LiFSA (lithium 
bis(fluorosulfonyl)amide) electrolyte limited its use with 
LiNi0.8Mn0.1Co0.1O2 (NMC811) cathodes. Here, we increase the 
fluorination content of the cyclic ethers to suppress polymerization 
and enable higher voltage cathodes. We systematically explore 
heavily fluorinated cyclic ethers and use asymmetric side-chain 
fluorination to preserve the oxygen coordination site on the ring, 
maintaining salt solubility. The impacts of degree of fluorination on 
the physicochemical properties, lithium-ion solvation, oxidative 
stability, and lithium compatibility were studied. With fluoroalkyl 
chain on the 3’ position of THF (Figure 1), we preserve the lithium 
compatibility of 3FTHF and improve the oxidative stability of the 
electrolyte containing 1 M LiFSA in these cyclic ethers.

Four fluoroalkyl cyclic ethers shown in Figure 1 are synthesized and 
characterized (Figure S1 and Figure S2). Cyclic ethers with fluoroalkyl 

a. 1Pritzker School of Molecular Engineering, University of Chicago, IL 60637 USA 
b.Department of Chemistry, University of Chicago, Chicago, Illinois 60637, USA
c. *Corresponding author
d.The data supporting this article have been included as part of the Supplementary 

Information, including synthetic scheme (Figure S1), NMR spectra (Figure S2, S3, 
and S12), MD calculation data (Figure S4 and S8, Table S4), conductivity data 
(Table S1), solvation properties data (Figure S5, S7 and S10, Table S2 and S3), DFT 
data (Figure S6, S9, and S13), leakage current data (Figure S11), SEM images 
(Figure S14), battery cycling data (Figure S15, S16 and S18), XRD data (Figure 
S17), XPS spectra (Figure S19 and S20), and titration data (Figure S21).
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chains on the 2’ position show chemical instability with addition of 
LiFSA and are therefore not discussed in detail in this study (Figure 
S3). We investigated the effect of fluorination on ionic conductivity 
and Figure 2a shows that increased fluorine content lowers the room 
temperature ionic conductivity (Table S1). However, TFETHF is an 
exception, exhibiting conductivity comparable to DFETHF at room 
temperature and even surpassing it at low temperatures (>0°C). This 
behavior is likely due to the lower viscosity of TFETHF compared to 
its partially fluorinated counterpart, DFETHF.13 The perfluoro groups 
(-CF3) in TFETHF present weaker intermolecular forces with other 
polar species, including solvent molecules and ions, than the 
partially-fluorinated counterparts (-CHF2).15 As a result, TFETHF 
shows lower viscosity than DFETHF in both pure solvents and 
electrolytes (Table S1). Higher viscosity of DFETHF also reflects on its 
lower diffusivity compared to TFETHF (DLi+ = 0.63 ×10-10 m2/s for 
DFETHF and DLi+ = 0.80 ×10-10 m2/s for TFETHF). To further analyze 
the impact of fluorination, we define the F/O ratio as the number of 
fluorine atoms relative to oxygen atoms in the solvent molecule. 
Despite having an F/O ratio of 3.5, higher than all the linear 
fluorinated ethers reported by Yu et al., SFBTHF can still dissolve 1 M 
LiFSA and exhibits an ionic conductivity slightly exceeding the 
conductivity of 1.2 M LiFSA in F6DEE (F/O = 3, 0.053 mS/cm for 
SFBTHF versus 0.045 mS/cm for F6DEE).16 This finding allows us to 
explore a molecular family with high fluorine content while 
maintaining moderate conductivity.

Figure 2 | Physicochemical properties. (a) Temperature-dependent 
ionic conductivity of electrolytes containing 1 M LiFSA in fluoroalkyl 

cyclic ethers. (b) Trend of solvation related properties upon 
increasing fluorination degree. Methods tested in this work include 
Li potential17 (ELi), peak position of 7Li NMR, center of mass (Cm) of 
FSA– Raman peak, lithium transference number (t+), and calculated 
domain network index (Ib).18 (c and d) Classical molecular dynamics 
(CMD) simulations of fluorinated cyclic ethers with different 
fluorination degrees using ByteFF-Pol force field. (c) Radial 
distribution function (RDF) between Li+ and solvent molecules. (d) 
RDF between Li+ and FSA–. 

The solvation structure of an electrolyte plays a crucial role in 
determining its compatibility with both anodes and cathodes. When 
Li+ is weakly solvated by the solvent, FSA⁻ more readily contributes 
to the formation of solid-electrolyte19-21 (SEI) and cathode-
electrolyte19, 22, 23 (CEI) interfaces, leading to inorganic-rich layers 
that have been reported to enhance interfacial stability and reduce 
capacity loss during cycling.

To assess solvation structure trends across the four studied 
electrolytes, we employed four experimental methods and classical 
molecular dynamics (CMD) using polarizable ByteFF-Pol force field24 
(found to be more accurate than the widely used non-polarizable 
Optimized Potentials for Liquid Simulations (OPLS) force field25; 
Figure S4), as shown in Figure 2b. The electrolytes are arranged from 
left to right based on the F/O ratio of the solvent molecular structure. 
First, we measured the lithium potential (ELi) via cyclic voltammetry 
using 1 mM ferrocene (Fc) as a reference following the method 
developed by Ko et al.17 Electrolytes with less negative ELi represent 
those with stronger Li+–FSA– interactions and have been found to 
more effectively prevent reductive electrolyte degradation. Among 
the electrolytes, SFBTHF shows the least negative ELi, representing 
the strongest Li⁺–FSA⁻ pairing. Second, ⁷Li NMR spectra reveal that 
the Li⁺ peak in SFBTHF shifts upfield, suggesting increased electron 
density donation from FSA⁻ to Li⁺. Third, Raman spectroscopy of the 
S–N–S stretching mode in FSA⁻ (720–750 cm⁻¹) allows deconvolution 
of solvation structures,26, 27 showing that higher fluorination shifts 
the dominant Li⁺ solvation from solvent-separated ion pairs (SSIPs) in 
DFETHF and TFETHF to contact ion pairs (CIPs) in PFPTHF and SFBTHF 
(Figure S5). Solvation energy of CIP solvation cluster (extracted from 
CMD trajectory) for the four electrolytes calculated using density 
functional theory (DFT) also confirms this trend (Figure S6). The CIP 
solvation energy values are strongest in SFBTHF (-1.88 eV), followed 
by PFPTHF (-1.80 eV), TFETHF (-1.77 eV), and DFETHF (-1.74 eV), 
implying that the ion pair formation is thermodynamically most 
favorable in SFBTHF compared to other electrolytes. This trend 
confirms that heavy fluorination promotes stronger Li⁺–FSA⁻ 
associations. At a broader scale, enhanced cation-anion interaction 
increases the size of Li⁺–FSA⁻ networks, quantified by the domain 
network index18 (red trace in Figure 2b), ultimately leading to 
decrease in ionic conductivity at room temperature. 

Additionally, Li⁺–FSA⁻ interactions influence the conductivity 
(Supplementary Note 1 and Figure S7) and Li⁺ transference number 
(t+), calculated as t+ = DLi+ / (DLi++DFSA–), where DLi+ and DFSA– refers to 
the diffusivity of the cation and anion respectively measured with 
pulsed field gradient nuclear magnetic resonance (PFG-NMR) (Table 
S2) spectroscopy. Typically, Li⁺ interacts more strongly with solvents 
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than bulkier anions, leading to slower Li⁺ transport. However, when 
Li⁺–FSA⁻ interactions are strong, FSA⁻ assists in Li⁺ motion, increasing 
t+.28 We observe that more heavily fluorinated solvents exhibit higher 
t+, consistent with stronger Li⁺–FSA⁻ interactions in these 
electrolytes. Figure 2b summarizes the five solvation 
characterization methods described above, showing a transition 
from solvent-dominated Li⁺ solvation to strong Li⁺–FSA⁻ pairing as 
the F/O ratio increases.

Several factors may contribute to the observed correlation between 
higher F/O ratio and stronger Li⁺–FSA⁻ interactions observed in this 
study. First, fluorine atoms act as electron-withdrawing groups, 
reducing the electron density at the primary Li⁺ coordination site of 
the solvent molecules. For the fluorinated cyclic ethers investigated 
here, the oxygen atom in the THF ring serves as the dominant 
coordination site (Figure S8), potentially due to its lower electrostatic 
potential compared to the oxygen atom outside the ring (Figure S9). 
In addition to electronic effects, steric hindrance from bulky 
fluorinated substituents may further weaken Li⁺–solvent 
coordination. Radial distribution functions (RDFs) of Li⁺–solvent 
interactions capture the combined influence of reduced electron 
density and increased steric hindrance, showing progressively 
weaker Li⁺–solvent coordination from DFETHF to SFBTHF (Figure 2c). 
As Li⁺–solvent interactions weaken, more anions can enter the first 
solvation shell, resulting in a higher degree of ion pairing (Figure 2d), 
consistent with observations from Raman spectroscopy. 

In a previous study, we developed a monofluorinated cyclic ether, 
3FTHF14 (F/O = 1), which exhibits fast ion transport and is well suited 
for low-temperature lithium battery applications. Table S3 shows 
that 3FTHF and DFETHF, which share the same F/O ratio, exhibit 
similar degrees of ion pairing. However, due to the higher molecular 
weight of DFETHF, its ionic conductivity is more than twofold lower, 
making 3FTHF the more favorable choice for low-temperature 
operation.  Notably, similar F/O ratios do not necessarily imply 
identical Li⁺ solvation structures. Compared to previously reported 
fluorinated linear ethers13 with the same F/O ratio, cyclic ether 
electrolytes fluorinated at the 3′ position of THF show stronger Li⁺–
solvent solvation. Raman spectra of PFPTHF and F5DEE (Figure S10) 
reveal distinct solvation structures despite the two solvents having 
identical numbers of oxygen, and fluorine atoms. Specifically, 
aggregates (AGG) dominate in F5DEE, whereas contact ion pairs 
(CIPs) are more prevalent in PFPTHF. Explanation and discussion for 
this structural effect are in Supplementary Note 2, Figure S9 and S10.

Figure 3 | Oxidative stability. (a) Linear sweep voltammetry (LSV) of 
Li||Al coin cells using electrolytes containing 1 M LiFSA in fluoroalkyl 
cyclic ethers. The voltage is swept from open circuit to 6 V at 1 mV/s. 

A dashed line of leakage current at 0.01 mA/cm2 is drawn for easier 
comparison. Two cells of each electrolyte are shown with the same 
color. (b) Potentiostatic hold results of 1 M LiFSA in fluoroalkyl cyclic 
ethers in comparison with a mono-fluorinated ether, 3FTHF. The 
voltage is swept from 3.0 V to 6.0 V with a 0.2 V step. The data of 
3FTHF is adapted from the work we published previously.14 Voltages 
are vs. Li/Li+. 

Previous studies, including our own,14 have shown that non-
fluorinated29 and mono-fluorinated cyclic ethers tend to polymerize 
at high voltages, limiting their compatibility with high-voltage 
cathodes. The issue is addressed in heavily fluorinated ethers 
presented in this work, where we demonstrate an improvement in 
oxidative stability (Figure 3 and Figure S11) and the absence of 
polymer found in cycled electrolytes (Figure S12). As shown in Figure 
3a, the strong leakage current presented in 3FTHF at around 4.4V is 
suppressed by half in DFETHF and TFETHF. Further increasing the 
fluorination degree (F/O ≥ 2.5) leads to well-suppressed leakage 
current (< 0.01 mA/cm²) up to 6.0 V. The improved oxidative stability 
is further demonstrated by subjecting the cells to a voltage step from 
3.0 V to 6.0 V (Figure 3b), where PFPTHF and SFBTHF maintains a 
leakage current below 10 μA/cm² throughout the test, whereas 
3FTHF shows a sharp increase in leakage current at 4.0 V, reaching 
30 μA/cm² near 6.0 V. In addition, we observe that increasing the 
degree of fluorination effectively enhances oxidative stability by 
suppressing voltage-induced polymerization up to 4.4 V, the typical 
upper cutoff for NMC811 cathodes. No new peaks were observed in 
NMR (Figure S12) after holding the cell using TFETHF-based 
electrolytes at 4.4 V, unlike the polymerization reaction that happens 
in the cell using 3FTHF-based electrolytes.14 

The enhanced oxidative stability observed when more fluorine atoms 
are directly incorporated into the solvent molecular structure can be 
partially attributed to the lowering of the highest occupied molecular 
orbital (HOMO) level (Figure S13), as calculated by DFT. The results 
on full cell cycling will be discussed later. 

Figure 4 | Battery cycling performance. (a) Coulombic efficiency (CE) 
of Li||Cu coin cells using electrolytes containing 1 M LiFSA in 
fluoroalkyl cyclic ethers by Aurbach method.30 (b) Critical current 
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density test of 1 M  LiFSA in fluoroalkyl cyclic ethers in Li||Li 
symmetric cells. The cells were cycled for 1 hr for each current 
density indicated in the text above the figure.  (c) Galvanostatic 
cycling of Li||NMC811 half cell at C/3 (≈ 0.55 mA/cm2). NMC811 
loading ≈ 1.66 mA h/cm2. Replicates of each electrolyte are shown. 
NMC811: LiNi0.8Mn0.1Co0.1O2. Voltages are vs. Li/Li+.

We previously reported14 that the position of mono-fluorination 
significantly influences lithium compatibility. Herein, we found that 
electrolytes functionalized at the 3' position with a fluoroalkyl side 
chain exhibit high lithium compatibility, with Coulombic efficiencies 
(CE) exceeding 97% (Figure 4a) and granular lithium deposition 
observed under scanning electron microscopy (SEM) (Figure S14). 
Among these electrolytes, PFPTHF (99.53%) and SFBTHF (98.44%) 
achieve higher CE than DFETHF (97.61%) and TFETHF (97.00%). Their 
slightly higher cycling overpotentials are reflected in the critical 
current density test shown in Figure 4b. When the applied current 
density increase to 2 mA/cm2, Li||Li cells using PFPTHF and SFBTHF 
show unstable voltage as a sign of soft shorting31 which is likely due 
to insufficient ionic conductivity. The limited performance at high 
current density may explain the early failure of Li||Li symmetric cells 
cycled at 1 mA/cm2 with SFBTHF as the electrolyte, which can be 
addressed by introducing a diluent to the electrolyte (Figure S15). 

Despite their limitations at high current density (Figure S16a), 
PFPTHF and SFBTHF electrolytes show both superior full cell cycling 
in thin Li||LFP configuration (Figure S16b) and high compatibility 
with widely used nickel-rich, high-voltage cathodes (NMC811, 
LiNi0.8Mn0.1Co0.1O2, 3.0 to 4.4 V), as demonstrated in Figure 4d and 
Figure S16c. Specifically, Li||NMC811 cells using SFBTHF electrolyte 
achieve 80% capacity retention after 197 cycles (averaged over two 
cells), overcoming the disadvantage of 3FTHF studied previously and 
proving the capability of fluorinated cyclic ethers in high-voltage 
applications (Discussion of cathode failure in Supplementary Note 3 
and Figure S17). With similar initial CE values (81%, Figure S18), the 
observed cycle life trend among the four fluoroalkyl cyclic ethers 
proposed in this work aligns well with the oxidative stability results 
from Li||Al cells (Figure 3a) and correlates with the degree of 
fluorination (DFETHF < TFETHF < PFPTHF and SFBTHF). While CEI 
analysis by X-ray photoelectron spectroscopy (XPS) (Figure S19) does 
not reveal significant compositional differences, the strong 
correlation between the oxidative stability in Figure 3 and 
Li||NMC811 cycle life indicates that heavy fluorination is an effective 
strategy for improving cathode stability. Additionally, XPS analysis of 
lithium metal reveals a more inorganic-rich surface containing richer 
Li2O and LiF for heavily fluorinated electrolytes, indicating a potential 
SEI-stabilizing effect with increasing fluorination degree (Figure S20, 
Figure S21 and Supplementary Note 4).

In this work, we demonstrated that increasing solvent fluorination 
through side-chain modification enhances both lithium compatibility 
and high-voltage cathode stability in cyclic fluorinated ethers. A key 
advantage of 3' position fluorination is that it maintains sufficient 
ionic conductivity even at high fluorination degrees. As a result, 
electrolytes based on heavily fluorinated PFPTHF and SFBTHF exhibit 
improved cycling performance in both 20 µm Li||LFP full cells and 
Li||NMC811 cells.
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Data availability statement

The data supporting this article have been included as part of the Supplementary Information, 

including synthetic scheme (Figure S1), NMR spectra (Figure S2, S3, and S11), MD calculation 

data (Figure S4 and S7, Table S4), conductivity data (Table S1), solvation properties data (Figure 

S5 and S9, Table S2 and S3), DFT data (Figure S6, S8, and S12), leakage current data (Figure 

S10), SEM images (Figure S13), battery cycling data (Figure S14 and S15), and XPS spectra 

(Figure S16 and S17).
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