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We report ether-functionalised lithium salts as molten salt electro-
lytes for Li-ion batteries. Flexible ether chains in asymmetric anions
suppress crystallinity and promote nano-segregation, lowering
melting points below 100 °C. In the molten state, they deliver high
ionic conductivity and near-unity Li* transference numbers, estab-
lishing a molecular design principle for high-performance, solvent-
free electrolytes for next-generation energy storage.

In the current landscape of energy storage technologies, electrolytes
play a critical role in the performance and safety of Li-ion batteries.
With the growing demand for higher energy density and enhanced
safety, the quest for advanced electrolytes has become paramount.
Conventional organic liquid electrolytes, while functional, present
several limitations, including flammability, potential leakage,
poor thermal stability and low Li-ion transference numbers (t;;)."
Inorganic solid-state electrolytes have emerged as a potential
alternative, but their practical use is still hindered by challenges
at the electrode/electrolyte interface.” In recent years, alkali metal
molten salts have attracted attention as a bridge between organic
liquid and inorganic solid electrolytes. These alkali metal molten
salts offer several advantages: they are thermally stable, non-
volatile, and electrochemically robust, with the ability to sponta-
neously form an efficient electrode/electrolyte interface.>* Despite
this promise, molten salt electrolytes often suffer from high melt-
ing points (Ty,) and viscosities that limit their use under practical
battery conditions.
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To overcome these issues, various design strategies have
been investigated, including the development of eutectic
systems>® and the structural modification of counter anions.’
In particular, incorporating ether functionalities into the salt
framework®'® has been found to reduce crystallinity and
viscosity, similar to the effects observed in organic ionic
liquids."" These structural modifications also facilitate ion
dissociation, as the flexible ether chains effectively coordinate
with metal cations while simultaneously weakening electro-
static attractions between oppositely charged species, thereby
enhancing ionic transport. Moreover, ether-functionalised, tri-
fluoromethanesulfonyl amide (TfN)-based Li salts have been
reported to be effective as supporting salts in organic electro-
Iytes: they contribute to the formation of stable solid electrolyte
interphases (SEIs) at Li metal anodes, mitigating dendrite
formation and enabling long-term cycling stability."?

In this study, we focus on two ether-functionalised TfN-
based Li salts, lithium (2-(2-methoxyethoxy)ethyl) ((trifluoro-
methyl)sulfonyl)amide (Li[TfN20201]) and lithium(3-(2-meth-
oxyethoxy)propyl)((trifluoromethyl)sulfonyl)amide  (Li[TfN30201])
(Fig. 1(a)), designed with molten-state electrolytes in mind. For
these salts, we observed enhanced physicochemical properties,
including low Ty,, high ionic conductivity, and ¢+ approaching
unity. Notably, Li[TfN20201] demonstrates superior conductivity
and Li ion diffusivity superior to the low-melting Li salt with
asymmetric  (fluorosulfonyl)  (trifluoromethanesulfonyl)amide
anion, Li[FTA],” underscoring its potential as a next-generation
electrolyte component for high-performance energy storage
devices.

Li[TfN20201] and Li[TfN30201] were synthesized accord-
ing to previously reports (see SI).">'* To investigate their
thermal properties, we first determined the decomposition
temperature (Tg), glass transition temperature (T,) and Tp,.
For comparison, Li[FTA] was also analyzed using differential
scanning calorimetry (DSC) (Fig. 1(b)). Both Li[TfN20201]
and Li[TfN30201] exhibited T4 above 250 °C, indicative of
their high thermal stability (Table S1 and Fig. S1). T,,, of both
Li salts were relatively low, particularly for LiiTfN20201], which
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Fig. 1 (a) Chemical structures and (b) DSC thermograms (heating scan) of
Li[TfN20201], Li[TfN30201] and Li[FTA].

exhibited a T, below 100 °C and could thus be classified as
lithium ionic liquid.'® Structurally related Li salts containing
one and three ether oxygen atoms exhibited much higher T,
values of 253 °C'® and 131 °C,*? respectively; much higher than
the Li salts studied in this work which contain two ether oxygen
atoms. This suggests that the melting temperature strongly
depends on the number and position of ether groups in the
anion side chain. Table S2 summarizes the enthalpy (AHg) and
entropy (ASg) of fusion obtained by integrating the melting
peaks in the DSC curves. The AHy and AS; values of
Li[TfN20201] were comparable to those of Li[FTA], which also
exhibits a T}, around 100 °C. Notably, the incorporation of ether
chains in the anion structure contributes to an increase in AS¢
of Li salts. Furthermore, when comparing Li[TfN20201] and
Li[TfN30201], which differ in chain length of alkyl linker,
Li[TfN30201] with a longer chain displayed a higher AS;, but
the AH; value also increased significantly. Given that Ty, = AHy/
ASy, this increase in AH; for Li[TfN30201] accounts for its
higher Ty, relative to Li[TfN20201]. The stabilization energies
for the formation of Li[TfN30201] and Li[TfN20201] com-
plexes calculated at the MP2/cc-pVTZ//B3LYP-GD3B]/6-
311+G(d,p) level are —723.8 and —692.0 k] mol ", respectively,
indicating that the stronger cation-anion interaction is respon-
sible for the larger AH; of Li[TfN30201].

Single-crystal X-ray diffraction (XRD) analysis confirmed that
the nitrogen and oxygen atoms of the TfN group, and the
oxygen atoms of the ether chain all coordinate to Li ions
(Fig. 2, Fig. S2 and Table S3). A comparison of Fig. 2(a) and
(b) reveals that in Li[TfN20201] each anion is bound to three
different Li ions forming a one-dimensional chain polymeric
structure, whereas in Li[TfN30201] each anion is only bound to
two Li ions forming centrosymmetric dimer. Each Li ion in
Li[TfN20201] is five-coordinate, whereas in Li[TfN30201], the
Li ion is four-coordinate. Li[TfN30201] adopts an isolated
dimeric unit, Li,[TfN30201],, while Li[TfN20201] forms an
extended, “polymeric” network of mutual cation-anion coordi-
nation. This structural difference may account for the differ-
ence in ASg the melting of discrete dimeric units is associated
with a greater entropy gain for Li[TfN30201] compared to the
partial disruption of an extended coordination network for
Li[TfN20201]. Additionally, the average Li-anion bond
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Fig. 2 Single crystalline structure of (a) Li[TfN20201] and (b)

LI[TfN30201], (c) Raman spectra of Li[TIN20201], (d) snapshot of molten
Li[TfN20201] where the TfN groups, ether chains, and Li ions depicted in
pink, cyan, and purple, respectively, and (e) PES profile for the C-C-O-C
dihedral angle (0) around the C-O bond and the corresponding confor-
mers (A, B, and C at local minima) of [TfN20201] .

distances were 2.16 A for Li[TfN20201] and 1.96 A for
Li[TfN30201] (see the SI for a more detailed description of
the XRD structures). These observations suggest that the coor-
dination sites in Li[TfN20201] are less strongly bound to Li
ions, which reflects in its reduced AH; To elucidate the
coordination structure before and after melting, Raman
spectroscopy was performed on both the solid and supercooled
states of Li[TfN20201]. Unfortunately, crystallisation of
Li[TfN30201] prevented the acquisition of liquid-state Raman
spectra. For molten Li[TfN20201], shown in Fig. 2(c), the peak
around 870 cm ™, assigned to the C-O-C stretching vibration of
the ether chain, exhibited a notable red shift (i.e., shifted to lower
wavenumbers). This shift indicates a weakening of the coordina-
tion between the ether chains and Li ions upon melting. Simulta-
neously, an increase in a series of bands between 800 and
865 cm ™!, attributed to disordered conformations of the ether
chains,"”"'® was observed. These results suggest that, in the
molten state, the ether chains are largely disengaged from coor-
dination with Li ions, indicating a significant alteration in the
coordination environment. In addition, the peak corresponding
to the S-CF; stretching vibration around 750 cm™ " exhibited a
slight blue shift (i.e., shifted to higher wavenumbers), implying
that the interaction between the TfN group and Li ions become
stronger upon melting. Fully atomistic polarisable molecular
dynamics (MD) simulations (Table S4 and Fig. S3, S4) were
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performed to further examine how the coordination structure in
the molten state differs from that in the crystalline state. Fig. 2(d)
and Fig. S5 present snapshots of LiiTfN20201] in the molten state
at 413.15 K with 120 ion pairs. The TfN moieties of the anions and
Li ions assemble into clustered ionic domains, whereas the ether
chains are largely excluded from these aggregates to form non-
ionic domains. This results in the formation of an ionic/non-ionic
nano-segregated structure, reminiscent of those commonly
observed in ILs.' In the molten state, the uncoordinated ether
chains adopt a wide range of conformations and configurations.
This conformational freedom contributes to a substantial increase
in AS;, which in turn leads to a lower T, of the ether-
functionalised Li salts. To support this hypothesis, we evaluated
the torsional potential energy surface (PES).*° As shown in
Fig. 2(e), the PES profile was obtained by varying the C-C-O-C
dihedral angle (0) around a representative C-O bond, revealing
the corresponding accessible conformations. A very low rotational
barrier of approximately 7 k] mol " indicates that conformers A,
B, and C at local minima of 6§ = —120°, 0°, and 90° can readily
interconvert. In the molten state, additional rotational freedom
arises not only around the C-O bond but also around other bonds
such as O-C and C-C within the ether chains. This allows the
ether chains to adopt multiple locally stable conformations.
Indeed, an increase in ether chain length leads to a greater
number of accessible conformers, which is consistent with the
observed increase in AS; (Li[TfN30201]: 70.6 J] mol " K%
Li[TfN20201]: 47.0 J mol ' K™'). The enhanced conformational
flexibility of the ether chains thus contributes to a higher ASs.
To evaluate the ion transport properties of the ether-
functionalised Li salts, we measured the Li-ion transference
number (¢;;+), ionic conductivity, and self-diffusion coefficients
(D). The ¢+ value was estimated using the potentiostatic
polarization method under anion-blocking conditions.>" The
observed current remained nearly constant for the duration of
the experiment, suggesting the absence of a concentration
gradient within the Li/Li symmetric cell. The t;;+ value for
Li[TfN20201] was estimated to be 0.98 after correcting for
interfacial resistance effects (Fig. S6). The measurement was
challenging for Li[TfN30201] due to the overlap between bulk
resistance and interfacial resistance in the electrochemical
impedance spectroscopy (EIS) measurements. Therefore, only
an approximate value of 0.99 could be obtained from the
steady-state current ratio in the polarization curve, without
correcting for interfacial resistance (Fig. S7). These findings
indicate that both Li[TfN20201] and Li[TfN30201] achieve
nearly single Li ion conduction in the molten state, analogous
to the behaviour previously reported for molten Li[FTA].>* As
shown in Fig. 3(a) and Table S5, the ionic conductivity of
Li[TfN20201] was approximately twice that of Li[FTA], despite
both having similar melting points (T, ~ 100 °C).” Notably,
while Li[FTA] crystallised at 90 °C (just below its Ty,), the
studied Li salts, Li[TfN20201] and Li[TfN30201], showed
significant supercooling and could be measured at much lower
temperatures (60 °C and 70 °C, respectively). At 120 °C,
Li[TfN20201] exhibited a superior ionic conductivity of 1.8 x
107° S em ™', compared to 9.5 x 10°° S em™" for Li[FTA]. This
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Fig. 3 (a) Temperature dependent ionic conductivity, (b) self-diffusion
coefficients at 140 °C, (c) CV curves (20th cycle) on Cu working electrode,
and (d) LSV curves on stainless steel working electrode.

enhancement occurred despite increased cation-anion inter-
action and decreased ion dissociation, which are typically
detrimental to conductivity. The improvement is attributed to
the incorporation of flexible ether chains into the anion struc-
ture, which enhances local ion dynamics and alters the trans-
port behaviour. To further investigate ion dynamics, self-
diffusion coefficients of Li ion and the anion were measured
in the molten state using pulsed-field gradient stimulated echo
NMR (Fig. 3(b) and Table S6). Li[TfN20201] and Li[TfN30201]
displayed significantly higher D values for both cations and
anions compared to Li[FTA]. In particular, Li[TfN20201] exhib-
ited D value of Li ions approximately three times greater than
that of Li[FTA], suggesting much lower viscosity. Although the
two-fold increase in conductivity does not fully scale with the
three-fold increase in diffusivity likely due to stronger ion
association, the high ionic conductivity of Li[TfN20201] can
be largely attributed to the overall accelerated ion dynamics.
Consistently, D values of Li ions and the anions in the ether-
functionalised salts are nearly identical, corroborating strong
interaction between Li ions and anions. In the present system,
the observed improvement in ionic conductivity - surpassing
that of Li[FTA] - is primarily attributed to increased carrier
mobility facilitated by the flexible ether-containing anion.
Finally, the electrochemical stability was investigated for
potential battery applications using cyclic voltammetry (CV)
(Fig. S8) and linear sweep voltammetry (LSV). Fig. 3(c) and (d)
shows the CV curves of the 20th cycle and the LSV curves for
both Li[TfN20201] and Li[TfN30201]. In the CV curves,
despite being conducted at 120 °C, stable Li plating and
stripping behaviour was observed even after 20 cycles. The
first-cycle reduction likely reflects solid electrolyte interphase
formation, enabling stable subsequent cycling (Fig. S8). In
contrast, the lower current response of Li[TfN30201] likely
arises from higher interfacial resistance and sluggish charge
transfer at the electrode. On the oxidative side, LSV revealed the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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onset of oxidation currents around 10 pA cm > at voltages
below 4 VvV (3.70 V for Li[TfN20201] and 3.46 V for
Li[TfN30201]). For comparison, a previous study reported that
molten Li[FTA] exhibits oxidative decomposition at approxi-
mately 5.0 V,” indicating that these ether-functionalised Li salts
possess lower oxidative stability. This reduced oxidative stabi-
lity is likely due to the presence of the ether group itself, which
is known to be more susceptible to oxidation. Previous studies
on glyme-based concentrated electrolytes have demonstrated
that the strong coordination between ether oxygen atoms and
Li ions leads to a lowering of the highest occupied molecular
orbital (HOMO) energy level, thereby enhancing the oxidative
stability.>> While a comparable stabilizing effect could be
anticipated for the present salts, MD simulations (Fig. 2(d)
and Fig. S5) show that Li ions preferentially interact with the
TN moieties, with minimal coordination to the ether chains in
the molten state. The limited oxidative stability observed is
attributable to the unique liquid structure in the ether-
functionalized molten Li salts.

In this study, we characterised two ether-functionalised Li
salts, Li[TfN20201] and Li[TfN30201] and evaluated their
potential as molten salt electrolytes for Li-ion batteries. Com-
bined Raman spectroscopic and computational analyses demon-
strated that the introduction of flexible ether chains into the
asymmetric anion promoted the ionic/non-ionic nano-
segregation and increased fusion entropy. These effects resulted
in a substantial depression of the melting point and improved
ion dynamics. In the molten state, the ether-functionalised Li
salts exhibited a high Li-ion transference number approaching
unity, a characteristic advantage of solvent-free molten Li salt
systems, which suppresses concentration polarisation in bat-
teries. It also showed superior ionic conductivity compared to
the reported low-melting Li salt Li[FTA]. However, a challenge
remains in the form of limited oxidative stability, likely due to
the presence of uncoordinated ether chains in the molten state.
Therefore, future work will focus on the development of eutectic
salt systems and the design of modified anion structures to
suppress free ether chains and expand the electrochemical
stability window for practical battery applications.
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