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ABSTRACT: Locally concentrated electrolytes are promising candidates for
highly reversible lithium−metal anodes (LMAs) but heavily rely on cosolvents
containing −CF3 and/or −CF2− groups. The use of these hazardous per- and
polyfluoroalkyl substances (PFAS) leads to environmental and occupational safety
concerns. Herein, ionic liquids and anisole are employed as solvents and
cosolvent, respectively, to construct PFAS-free locally concentrated electrolytes.
Anisole not only promotes the ion transport of the electrolytes via inducing a
nanophase-segregation solution structure but also modulates the solid electrolyte
interphase by affecting the deposition of organic cations and anions on LMAs as
well as the conversion of anions to LiF. Optimizing the anisole content enables Li
plating/stripping Coulombic efficiency up to 99.71% from 99.19% achieved with
the anisole-free ionic liquid electrolyte. As a result, Li/LiFePO4 and Li/sulfurized-
polyacrylonitrile cells employing such an electrolyte and 1.5-fold lithium metal excess achieve stable cycling for 400 and 350
cycles, respectively, with 90% capacity retention.

Lithium metal batteries (LMBs), employing the high-
specific-capacity and low-potential lithium metal anode
(LMA), are promising candidates for the next

generation of high-energy-density secondary batteries.1 How-
ever, the lack of a sufficiently protective solid electrolyte
interphase (SEI) on LMAs usually leads to low lithium
stripping/plating Coulombic efficiency (CE) and dendritic
lithium growth. These limit the cyclic stability of practical
LMBs with low negative to positive areal capacity (N/P)
ratios.2

Since electrolytes play an essential role in the SEI formation,
electrolyte engineering has received ever-increasing attention
to strengthen the SEI.3,4 Among the emerging electrolyte
concepts to achieve stable, dendrite-free LMAs,2,5−10 locally
concentrated electrolytes (LCEs) made up of concentrated
electrolytes and nonsolvating, low-viscosity cosolvents stand
out due to their high lithium stripping/plating CEs.11−13 Most
of the nonsolvating cosolvents presently used in LCEs are
highly fluorinated.11,12,14,15 The fluorinated groups with a
strong electron-withdrawing effect decrease the electron
density of the coordination moiety, e.g., ether groups, directing
the cosolvents to a nonsolvating character and high electro-
chemical stability against LMAs.15−17 Some of the fluorinated
cosolvents can undergo defluorination, which increases the LiF
content in SEIs, further promoting the interfacial stability of
LMAs.12,18,19 On the other hand, the use of these highly
fluorinated cosolvents leads to concerns with regard to

environmental and occupational safety issues due to the
hazards of the contained −CF3 and/or −CF2− groups, i.e.,
per- and polyfluoroalkyl substances (PFAS), also nicknamed
“forever chemicals”.20,21 In fact, restrictions on the use of PFAS
are now being considered worldwide.
Moon et al. recently proposed a few nonfluorinated

cosolvents with resonance structure for LCEs, e.g., anisole.22

The electron pair on the oxygen atom, i.e., the coordinating
moiety, is delocalized through the resonance effect of these
aromatic cosolvents, which endows the cosolvents with
nonsolvating character. Despite the successful development
of LCEs with these new cosolvents, the reversibility of LMAs is
unfortunately far from being sufficient for more practical use
and needs to be further improved. For instance, the CE of
LMAs in 3 M lithium bis(fluorosulfonyl)imide (LiFSI) in a
mixture of dimethoxyethane (DME) solvent and anisole
cosolvent in a volume ratio of 1:2 only reaches 98.5%,22

while CEs higher than 99.5% are commonly reported with
LCEs based on the same salt and solvent when fluorinated
cosolvents are employed.12,23,24
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In addition to conventional organic solvents, room-temper-
ature ionic liquids can also be used as solvents for LCEs, i.e.,
locally concentrated ionic liquid electrolytes (LCILEs).25−27

Herein, an ionic liquid electrolyte (ILE) consisting of LiFSI
and EmimFSI (Emim: 1-ethyl-3-methylimidazolium) in a
molar ratio of 1:2, i.e., [LiFSI]1[EmimFSI]2 (FE), is employed
together with anisole to form PFAS-free LCILEs ([LiF-
SI]1[EmimFSI]2[Anisole]x; namely, FEAx) for highly stable
LMBs. To the best of our knowledge, PFAS-free LCILEs
employing nonfluorinated, nonsolvating cosolvents for highly
reversible LMAs have not been explored yet. The chemical
sketches of the electrolyte components are shown in Figure S1.

■ PHYSICAL PROPERTIES
To reveal the role played by anisole, FE and three LCILEs with
different contents of anisole, namely, FEA4, FEA6, and
FEA7.5, were investigated. With an increasing amount of
anisole, the concentration of the ionic components decreased
(Table S1 and Figure S2a). Since FSI− is the only fluorine
source, it also decreased the fluorine content in the electrolytes
(Figure S2b); e.g., the fluorine concentrations were 12.13 and
5.28 mol L−1 for FE and FEA6, respectively. This latter value is
lower than that in the 1 mol L−1 lithium hexafluorophosphate
used in commercial lithium-ion batteries and in most LCEs
designed for highly reversible LMAs (Table S2). Additionally,
the dilution decreased the mass fraction of LiFSI and EmimFSI
in the electrolytes (Table S1), which together with the low cost
of anisole (Table S3) makes these LCILEs more cost-effective
than neat ILEs (Supplementary Discussion 1).
Figure 1a,b displays the viscosity and ionic conductivity of

the electrolytes at 20 °C, respectively. Benefiting from the low
viscosity of anisole (0.91 mPa s),28 the viscosity of FE, 67.5
mPa s, is reduced to 6.1 mPa s for FEA6 (Figure 1a).
Compared with FE, FEA4 exhibited a much higher ionic

conductivity (10.06 vs 5.34 mS cm−1). However, the
electrolytes with the highest anisole contents showed lower
ionic conductivities, resulting from the decreased number of
charge carriers (Table S1 and Figure S2a). Even so, the ionic
conductivities of FEA6 (9.95 mS cm−1) and FEA7.5 (9.34 mS
cm−1) are still higher than that of FE.
The self-diffusion coefficients of the ions (Figure 1c) and

anisole (Figure S3) in the electrolytes were measured with
pulsed field gradient (PFG) NMR. In general, the mobility of
the species in the electrolytes follows the trend of viscosity
shown in Figure 1a. The dilution leads to improved self-
diffusion coefficients of all of the ions. Based on the measured
self-diffusion coefficients, the apparent Li+ transference
numbers of FE, FEA4, FEA6, and FEA7.5 were calculated to
be 0.13, 0.12, 0.13, and 0.12 (see Characterization in the
Supporting Information), respectively. These results demon-
strate the promoted Li+ mobility upon the dilution. Despite the
rather close values, a more pronounced mobility enhancement
of FSI− and, particularly, Emim+ with respect to Li+ is observed
(Figure S4), implying a modified coordination of the ions after
adding anisole.

■ SOLVATION AND SOLUTION STRUCTURE
Figure 1d shows the Raman spectra of EmimFSI, anisole, and
the FEAx electrolytes in the region where the ν(SO2) peak of
FSI− occurs.29 Weakly interacting with Emim+, the “free” FSI−
in EmimFSI shows a peak at 1217.3 cm−1. The peak shifts to
1225.5 cm−1 in the FE, resulting from the coordination of FSI−
with Li+. Although neat anisole shows a main peak at 1247.4
cm−1 and a weak shoulder at around 1230 cm−1, the FSI− peak
still exhibits a distinguishable shift to lower wavenumbers,
indicating a preserved but weakened coordination of FSI− with
Li+. Also, the shift increases with increasing anisole
concentration in the electrolyte, indicating that the portion

Figure 1. Physical properties, solvation, and structure characterization of the electrolytes. (a) Viscosity and (b) ionic conductivity at 20 °C.
(c) Self-diffusion coefficients of ions in the electrolytes measured via PFG-NMR at 20 °C. (d) Raman spectra, (e) 1H NMR spectra, and (f)
SAXS patterns in the q range of 0.10−0.65 Å−1 of the electrolytes and corresponding solvents.

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

https://doi.org/10.1021/acsenergylett.4c00814
ACS Energy Lett. 2024, 9, 3049−3057

3050

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c00814/suppl_file/nz4c00814_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00814?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c00814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of FSI− coordinating with Li+ is slightly affected by the
cosolvent content. Nevertheless, this shift is rather small with
respect to that generated by strongly solvating cosolvents, e.g.,
dimethyl carbonate,30 which is consistent with the reported
poor coordination ability of anisole toward Li+.22

The 1H NMR spectra of anisole and the electrolytes were
subsequently compared (Figure 1e). The peaks at 6.82 and
6.76 ppm in the spectrum of FE are assigned to the C5−H and
C4−H atoms of Emim+, respectively, as illustrated in Figure
S5a. Upon addition of anisole, the C5−H and C4−H peaks
showed an upfield shift to a lower frequency, which becomes
more pronounced with increasing concentrations of anisole. A
similar development is also observed for the C2−H peak of
Emim+ (Figure S5b). These results verify the change of the
Emim+ coordination environment. Regarding anisole, three
signals from the protons of its benzene ring were observed.
The chemical shift of anisole’s peaks exhibits an upfield shift
with its content, which implies an interaction between anisole
and the FE species.

The wide- and small-angle X-ray scattering (W/SAXS) tests
with a q range of 0.4−2.0 Å−1 revealed much higher intensities
for the LCILEs in the q range below 0.6 Å−1 with respect to the
FE, EmimFSI, and anisole (Figure S6). The SAXS patterns
focusing on the low-q range (0.1−0.65 Å−1) are shown in
Figure 1f. EmimFSI, anisole, and FE exhibited flat SAXS
patterns at q lower than 0.3 Å−1, which means that they are
homogeneous at scales larger than ∼20 Å.31 However, the
scattered intensity at the low q values diverges as the amount
of anisole is increased in LCILEs, reflecting the heterogeneity
on a nanometric scale. Most notably, the overall signal of the
LCILEs is more intense than the sum of the scattered intensity
of the starting materials, i.e., anisole and FE. These features are
known as Low-q-Excess (LqE)32−34 and are the fingerprint of
phase nanosegregation,35 meaning that the constituent phases
of a macroscopically homogeneous mixture are separated at the
nanoscale.
To resolve the effect of anisole on the local heterogeneity

and the interactions between ions and cosolvent molecules,
molecular dynamic (MD) simulations of FE and FEA6 were

Figure 2. MD simulations for FE and FEA6. Snapshots of the MD simulated boxes of (a) FE and (b,c) FEA6. In (a) and (b), Emim+, FSI−,
Li+, and anisole are represented by red, green, yellow, and black surfaces, respectively. In (c), anisole is invisible, while the blue surface
represents Emim+/FSI−. RDFs of (d) Li-O(FSI), (e) Li-Emim, (f) Li-O(Anisole), (g) Emim-O(FSI), (h) Emim-Emim, and (i) Emim-
Bn(Anisole) in FE and FEA6. O and Bn represent the oxygen atom and benzene ring, respectively. For Emim+ and the benzene ring, the
geometric center of the ring is used for the calculation of RDFs.
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conducted. Figure 2a,b shows snapshots of the simulation
boxes of FE and FEA6, respectively. As observed, the ions glue
together, forming ionic nanodomains where Li+ is surrounded
by anions, while anisole tends to form separate regions. The
absence of ions, particularly Li+, in the cosolvent nanodomains
is visualized in Figure 2c, where anisole molecules are
removed. The pronounced nanoscale heterogeneity of FEA6
explains the characteristic LqE observed in the SAXS patterns
of the LCILEs (Figure 2f).
To clarify the local solvation in more detail, we employed

radial distribution functions (RDFs). Since the volume fraction
occupied by the ions is smaller in FEA6 than in FE, the
intensity of the curves for FEA6 is higher than that for FE.

Figure 2d,e shows the coordination of Li+ by oxygen atoms
from FSI− (O(FSI−)) and the Emim+ ring, respectively. Since
Li+ coordinates to FSI− rather than Emim+, sharp peaks at 2.10
Å are observed in the Li-O(FSI) curves, while the Li-Emim
curves show a negligible intensity in the region below 3.0 Å.
These features do not change in the presence of anisole. The
peak located at 2.18 Å in the RDF of Li+ coordinated by the
oxygen atom of anisole in FEA6 (Figure 2f) indicates the
presence of anisole in the first solvation shell of Li+. In a further
step, the discrete coordination numbers of the FSI− and anisole
oxygen atoms toward Li+ in the electrolytes were calculated
(Figure S7). The Li+ average coordination number by FSI−

oxygens decreases slightly from 4.925 in FE to 4.590 in FEA6,

Figure 3. Electrochemical performance of LMAs in the electrolytes. (a) Voltage profiles of Li/Li cells at various current densities. The areal
capacity for each cycle was 1 mAh cm−2. (b) Average charge voltage of Li/Li cells at 1 mA cm−2. (c) Voltage profiles of Li/Cu cells for CE
tests of lithium stripping/plating. (d) Voltage profiles of Li/Li cells upon prolonged cycling at 1 mA cm−2 after two formation cycles at 0.1
mA cm−2. The areal capacity for each cycle was 1 mAh cm−2.
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which matches the shift of the ν(SO2) peak in Figure 1d. For
anisole, only ∼10% of Li+ interacts with a single methoxy
group and the average coordination number is only 0.09
(Figure S7c). These results confirm the generally weak
coordination between Li+ and anisole, as well as its limited
effect on the FSI−-dominating solvation of Li+.
Figure 2g−i shows the RDFs of Emim-O(FSI), Emim-

Emim, and Emim-Anisole in the electrolytes, respectively. The
position of the peaks in the Emim-O(FSI) curve is not
changed by anisole (Figure 2g), but the feature reflecting π−π
stacking of Emim+ shows a significant shift (Figure 2h).
Specifically, one peak and a shoulder are observed at ∼6 and 5
Å, respectively, for FE. However, the peak shifts to larger
values (>8 Å) in FEA6, indicating for Emim+ interaction with
other species. Meanwhile, a peak at ∼5.3 Å and a well-defined
shoulder at ∼4 Å are observed in the Emim-Anisole correlation
(Figure 2i), which together with the above observation is
compatible with an Emim-Anisole-Emim alternated π+−π−π+

stacking. Its occurrence is more clearly visualized with the
spatial distribution functions of Emim+ in FE and FEA6
(Figure S8). This interaction also explains the peak shift in the
1H NMR spectra (Figure 1e).
These results demonstrate that FEA6 is a typical LCE

exhibiting a local heterogeneous solution structure, resulting
from the well-balanced interaction between anisole and the
ions (Supplementary Discussion 2). Due to the generally poor
affinity between anisole and Li+, as well as other ions, separated
nanodomains are formed, which helps to preserve the local
coordination of the ions in their parental solutions upon
dilution. Meanwhile, interactions between anisole and ions still
occur at the boundary of the nanodomains, which prevents the
macroscopic phase separation and influences the local
solvation and the ions’ transport (Supplementary Discussion
3).

■ ELECTROCHEMICAL PERFORMANCE AND
INTERFACIAL CHEMISTRY OF LMAS

Figure 3a shows the rate capabilities of Li/Li cells. The use of
FE or FEA4 enabled the cells to operate at up to 3.0 mA cm−2.
When FEA6 and FEA7.5 were employed, the cells were
terminated due to the cell voltage reaching the cutoff (0.3 V)
already at 2.5 and 1.75 mA cm−2, respectively. This behavior
can be attributed to insufficient Li+ transport at elevated
current densities. Considering the limited influence of anisole
on the transference number of Li+, but its significant
promotion on the Li+ self-diffusion coefficient, the operative
current density decrease for LCILEs with high anisole contents
can be assigned to the reduced Li+ concentration. Nonetheless,
all of the LCILEs led to decreased cell overvoltage with respect
to FE at lower current densities, particularly FEA6 (Figure S9).
Specifically, the average voltages of Li/Li cells upon charge at 1
mA cm−2 were 77, 48, 34, and 41 mV employing FE, FEA4,
FEA6, and FEA7.5, respectively (Figure 3b). Although Li/FE/
Li survived from the operation at higher current densities, the
relatively high voltage reached (210 mV) at 2.5 mA cm−2

excludes its practical use. Clearly, the LCILEs offer improved
kinetics in comparison to neat ILE (FE) in terms of lithium
stripping/plating.
Figure 3c displays the voltage profiles upon the Li plating−

stripping cycles performed to evaluate the CE of the
electrolytes. After the initial formation cycle, FE showed a
CE of 99.2%. However, FEA4 and FEA6 granted improved
CEs, 99.6% and 99.7%, respectively, indicating reduced
interfacial side reactions and promoted reversibility of LMAs.
To confirm these results, the CE test for FEA6 was reproduced
in two experiments (Figure S10). It is worth mentioning that
the CE of FEA6 is superior to that granted by most LCEs even
employing fluorinated cosolvents and/or ionic liquid solvents,

Figure 4. XPS characterization of the SEI on the surface of lithium deposited on Cu. N 1s, F 1s, and S 2p XPS detail spectra after background
subtraction from samples with 3.0 mAh cm−2 lithium deposited on Cu in FE, FEA4, FEA6, and FEA7.5 at 0.5 mA cm−2.
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approaching the state-of-the-art value (see Table S2).
Particularly, the CE achieved using 3 M LiFSI in DME/
anisole (1:2 vol) is only 98.5%,22 reflecting the advantage of IL
as solvent for LCEs with nonfluorinated cosolvents. When
FEA7.5 was employed as the electrolyte, the CE was not
available due to the presence of a soft short circuit
(Supplementary Discussion 4). These results demonstrate
that FEA6 has the optimal composition granting high
reversibility of LMAs, which is also supported by the cycling
performance of symmetrical Li/Li cells (Figure 3d) and the
morphology of deposited Li on Cu (Figure S11) and cycled Li
foils with different electrolytes (Figure S12).
The SEIs on the Li surface formed in the FE and the LCILEs

were characterized using X-ray photoelectron spectroscopy
(XPS). The results in the N 1s, F 1s, and S 2p regions are
shown in Figure 4, while the C 1s and O 1s regions are
displayed in Figure S13. The details of the binding energy and
assignment of the peaks observed in Figure 4 are provided in
Table 1.

Clearly, the SEI generated in the FE is derived from both
Emim+ and FSI−. The same species were also observed in the
SEIs formed with LCILEs, but their concentration showed a
strong dependence on the anisole content in the electrolyte.
With increasing anisole contents, the intensity of several peaks
associated with the deposition of Emim+ and FSI− exhibited a
bell-shaped evolution, reaching the highest intensity for the
FEA4 sample, e.g., Ncation (N 1s), Nanion (N 1s), S−F (F 1s),
and Sanion (S 2p). This trend matches with the ionic
conductivity of the electrolytes, implying a correlation between
the SEI formation and the IL ions’ transport, which is a trade-
off of ion concentration (Figure S2a) and ion mobility (Figure
1c). The correlation resides in the SEI formation being
accompanied by the consumption of the ions at the
electrolyte/electrode interface, which relies on their transport
from the bulk electrolyte to the electrode interface.
Considering the XPS results and LMA reversibility of FE
and FEA4, one can conclude that the promoted deposition of
Emim+ and FSI− is generally beneficial for a more protective
SEI.27 On the other hand, the reduced deposition of pristine
FSI− is accompanied by its more pronounced reduction, as
indicated by the higher intensity of the LiF peak (see F 1s
spectra) in the electrolytes with larger anisole contents. Such a
larger decomposition of FSI− (to form LiF) can be considered
as a consequence of the insufficient supply of ions at the

electrode/electrolyte interface. It has been demonstrated that
LiF is an electronic insulator but a Li+ conductor with high
mechanical strength and, due to that, it is a desired component
for highly protective SEIs granting reversibility to LMAs.9,42

One can infer that these two opposite effects arising from
increasing anisole contents control the reversibility of LMAs.
In FEA6, these two effects are well balanced, leading to the
best compatibility toward LMAs, which effectively suppressed
their side reactions, e.g., those involving anisole. In fact, a
contribution from anisole to the SEI was traced in the SEI
formed with FEA7.5 via its C 1s and O 1s spectra (Figure
S13), indicating that the SEI does not prevent the
decomposition of anisole.

■ PERFORMANCE OF LI/LFP AND LI/SPAN CELLS
Following the results presented above, FEA6 was selected for
the evaluation of LMBs. The linear sweep voltammograms
using carbon black coated Al foil as the working electrode
indicated an anodic stability up to 3.9 V vs Li/Li+ (Figure
S14), which is inferior to that of FE (up to 4.5 V vs Li/Li+) but
still sufficient for LFP cathodes.
Figure 5a shows the cycling performance of an exemplary

Li/LFP cell with 500 μm thick LMA, a 10 mg cm−2 LFP
cathode, and 75 μL of electrolyte. The voltage profiles are
shown in Figure 5b for FEA6 and in Figure S15 for FE. After
the formation cycles at C/10 (1C = 160 mA g−1), 135 and 140
mAh g−1 were delivered with FE and FEA6, respectively. The
higher specific capacity obtained with FEA6 can be attributed
to a synergistic effect of its superior Li+ transport, Li stripping/
plating kinetics, and fluidity. In the following cycles (C/3
charge and 1C discharge), the specific capacity with FE slightly
increased to 142 mAh g−1 at the 35th cycle followed by rapid
fading from the 75th cycle, reaching a capacity retention of
90% at the 79th cycle. Due to the intrinsic high cyclability of
LFP, this poor performance can be unambiguously attributed
to the insufficient reversibility of LMAs in FE. By contrast, the
FEA6-based cell experienced a gradual capacity increase to 152
mAh g−1 at the 400th cycle, showing no capacity fading.
In a further step, cells with a thinner LMA (2.25 mAh cm−2,

N/P ratio of 1.5) and lower electrolyte amount (20 μL/cell)
were tested with the same protocol. Figure 5c shows the
discharge specific capacities and CEs for both electrolytes (FE
and FEA6). The discharge/charge profiles are shown in Figure
5d for FEA6 and Figure S16 for FE. The decreased N/P ratio
did not affect the discharge capacity in the initial cycles, but a
rapid capacity fading of the FE-based cell was observed from
the 27th cycle, while the 90% capacity retention was hit after
54 cycles. In contrast, benefiting from the high reversibility of
LMAs in FEA6, the Li/FEA6/LFP cell exhibited a remarkable
capacity retention of 94% at the 400th cycle. A similar capacity
retention of 92% was obtained in a duplicate experiment
(Figure S17).
In addition to LFP, the compatibility of the LCILE with

SPAN cathodes, exhibiting a reversible capacity up to 600 mAh
g−1, was tested.43 Benefiting from the cathode electrolyte
interphase (CEI) derived from Emim+ and FSI− (Figure S18),
SPAN cathodes (2.8 mg cm−2) paired with 500 μm thick
LMAs exhibited a capacity retention of 98% after 400 cycles in
FEA6 (Figure S19).44 Then, cells with a 2.8 mg cm−2 SPAN
cathode, 3.75 mAh cm−2 LMA, and 20 μL of electrolyte were
tested. Figure 5e shows the discharge specific capacities and
CE in both electrolytes (FE and FEA6). The discharge/charge
profiles are shown in Figure 5f for FEA6 and Figure S20 for

Table 1. Assignment of the XPS Peaks Observed in Figure 4

signal
position/

eV abbreviation assignment ref

N 1s 401.9 Ncation deposited Emim+ 36−38
399.7 Nanion deposited FSI−

398.4 Ndec partially decomposed
Emim+ and FSI−

396.2 Li3N Li3N generated from
Emim+ and FSI−

F 1s 687.8 S−F S−F bond from FSI− and its
derivatives

39

685.0 LiF LiF generated from FSI−

S 2p3/2 169.9 Sanion deposited FSI− 40, 41
168.6 sulfate sulfates derived from FSI−

166.8 sulfite sulfites derived from FSI−

160.0 Li2S Li2S derived from FSI−
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FE. Compared with FE, FEA6 led to higher reversible specific
discharge capacities (529 vs 499 mAh g−1 at the fifth cycle)
and capacity retention. The FE-based cell exhibited a fast
capacity fading, reaching a capacity retention of 90% at the
54th cycle; while the FEA6-based cell delivered 477 mA g−1 at
the 350th cycle, exhibiting a capacity retention of 90%. A
similar capacity retention of 87% was obtained in a parallel
experiment (Figure S21).
In summary, PFAS-free LCILEs employing anisole as

nonfluorinated cosolvent have been developed, enabling
LMAs with high CEs and highly stable cycling of Li/LFP
and Li/SPAN cells with low Li metal excess. The addition of
anisole to FE generates a nanophase segregation in the
electrolyte solution, which effectively promotes the Li+

transport without degrading the anion-dominated solvation
of Li+. Additionally, the content of anisole in the electrolyte
modulates the SEI composition by affecting the deposition of
organic cations and anions on LMAs, as well as the conversion
of the anion to LiF.
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Figure 5. Performance of Li/LFP and Li/SPAN cells with FE or FEA6 as the electrolyte. (a) Cycling performance and (b) voltage profiles of
cells with 10 mg cm−2 LFP cathode, 500 μm thick LMA, and 75 μL/cell electrolyte. (c) Cycling performance and (d) voltage profiles of cells
with 10 mg cm−2 LFP cathode, 2.25 mAh cm−2 LMA, and 20 μL/cell electrolyte. The Li/LFP cells were charged at C/3 and discharged at 1C
after two formation cycles at C/10 between 2.4 and 3.6 V, where 1C = 160 mA g−1 = 1.6 mA cm−2. (e) Cycling performance and (f) voltage
profiles of cells with 2.8 mg cm−2 SPAN cathode, 3.75 mAh cm−2 LMA, and 20 μL/cell electrolyte. The Li/SPAN cells were charged at C/3
and discharged at 1C after three formation cycles at C/10 between 1.0 and 3.0 V, where 1C = 500 mA g−1 = 1.4 mA cm−2.
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