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ABSTRACT

Lithium-sulfur (Li-S) batteries are promising candidates for high-energy storage; however, the high electrolyte uptake of porous
S cathodes significantly limits their practical energy density. Although ultralight electrolytes (ULEs) can address this issue, they
often suffer from low ionic conductivity, unstable interphases, and sluggish kinetics. This study presents a ULE design based
on lithium bis(fluorosulfonyl)imide (LiFSI) salt, which simultaneously achieves a low density (0.89gcm=3) and high Li* con-
ductivity (7.05 mS cm™!). The LiFSI salt facilitates the formation of a LiF-rich solid electrolyte interphase on the Li metal anode,
effectively suppressing polysulfide corrosion and enhancing cycle life. Furthermore, its high donor number improves polysulfide
solubility, accelerating conversion kinetics and increasing capacity utilization. As a result, high-loading S cathodes (5mgcm—2)
deliver an initial capacity of 1180 mAh g=! and retain 70.63% of this capacity after 200cycles. Pouch cells with the LiFSI-ULE
exhibit a 34.5% higher energy density and a 133% longer cycle life compared to those with conventional electrolytes. This study
successfully extends the application of LiFSI to Li-S batteries, offering a viable pathway toward long-cycling, high-energy-density
energy storage.

1 | Introduction weight, a figure substantially higher than that in commercial
lithium-ion batteries (<25wt.%) [9-13]. Consequently, this ex-
cessive electrolyte weight severely compromises the practical
energy density of Li-S batteries, posing a major challenge to their

commercialization.

Lithium-sulfur (Li-S) batteries are among the most promising
next-generation energy storage technologies, primarily due to
theirexceptionally high theoretical energy density (2600 Wh kg!)
and the natural abundance and low cost of S [1-4]|. However, the

intrinsic insulating nature of S (~1x107'°S/m) necessitates the
fabrication of highly porous carbon/sulfur composite cathodes
to ensure adequate electrical conductivity [5-8]. This high po-
rosity, in turn, requires a large amount of electrolyte for effective
wetting. Even under lean electrolyte conditions—for example,
with an electrolyte-to-sulfur (E/S) ratio as low as 4yuLmg—'—
the electrolyte can constitute up to 68.5wt.% of the total cell

The application of ultralight electrolytes (ULESs) offers a prom-
ising strategy to enhance the practical energy density of Li-S
batteries. For example, reducing the electrolyte density from
the commercial standard of 1.2gmL"! to 0.8gmL™! could sig-
nificantly increase the estimated energy density from 392 to
531Whkg!, as shown in Figure la. To achieve this, several
studies have attempted to design ULEs by either lowering the
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FIGURE 1 | Design strategy and physicochemical properties of ultralight electrolytes (ULEs). (a) The critical relationship between electrolyte
density and achievable battery energy density, establishing the target for ULE design at E/S=4mLg™". (b, ¢) The formulated LiTFSI-ULE and LiFSI-
ULE electrolytes exhibit favorable physical properties compared to the commercial benchmark, including (b) density and (c) conductivity. (d, )
Molecular-level analysis via electrostatic potential (ESP) mapping reveals distinct charge distributions in (d) LiTFSI and (e) LiFSI, while (£, g) the
lower bond dissociation energy (BDE) of the S-F bond in (g) LiFSI suggests a different degradation pathway compared to the C-F bond in (f) LiTFSI.

concentration of the conventional lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) salt or developing low-density solvents
[10, 14, 15]. However, the performance of these reported ULEs
remains unsatisfactory, particularly when paired with high-
sulfur-loading cathodes (>4 mgcm=2). This underperformance
arises from three primary challenges. First, low-concentration
(<1M) LiTFSI results in insufficient Lit ion conductivity, lead-
ing to poor capacity utilization, especially in practical, thick S
cathodes [16, 17]. Second, the reduced amount of LiTFSI salt
causes the formation of a fragile solid electrolyte interphase
(SEI) on the Li metal anode, which exacerbates corrosion by
polysulfides and consequently shortens the battery's cycle life
[15, 18]. Third, the currently reported low-density solvents are
predominantly single-oxygen ethers, which exhibit poor poly-
sulfide solubility, resulting in sluggish conversion kinetics and
low S utilization [19, 20]. Therefore, it is essential to develop new
Li salts or solvents that can produce ULEs with high Li* con-
ductivity, effective interphase-forming capability, and moderate
polysulfide dissolution ability.

In comparison, lithium bis(fluorosulfonyl)imide (LiFSI)
emerges as a more promising Li salt for developing high-
performance ULEs. LiFSI offers several intrinsic advan-
tages over LiTFSI. Primarily, its lower molecular weight
(187 gmol~! versus 287 gmol~! for LiTFSI) directly contributes
to a reduction in electrolyte density at equivalent concentra-
tions. Furthermore, LiFSI-based electrolytes exhibit higher
Li* ion conductivity, a critical attribute for low-concentration
ULEs where ionic transport often limits performance [21, 22].
Additionally, LiFSI facilitates the formation of a stable, LiF-
rich SEI on the Li metal anode, which is pivotal for achiev-
ing higher Coulombic efficiency (CE) and mitigating dendrite

growth [23, 24]. Despite these compelling benefits, the appli-
cation of LiFSI in Li-S batteries has been scarcely reported.
This notable gap arises from a fundamental incompatibility:
LiFSI is known to initiate the polymerization of 1,3-dioxolane
(DOL), a common cosolvent in Li-S electrolytes, leading to the
formation of poly(DOL) [25]. This polymer can impede Li*
diffusion, resulting in poor rate capability and diminished
fast-charging performance. Consequently, the considerable
potential of LiFSI to address key challenges in Li-S batteries
remains largely unexplored.

Herein, we report the rational design of a LiFSI-based ultra-
light electrolyte (LiFSI-ULE) that effectively overcomes the
aforementioned limitations of conventional ULEs in Li-S
batteries. This novel electrolyte formulation simultaneously
achieves an ultralow density of 0.89gmL~! and a high Li*
conductivity of 7.05 mS cm™!. The strategic use of LiFSI con-
fers dual synergistic benefits. On the Li metal anode side, the
derived LiF-rich SEI effectively suppresses polysulfide corro-
sion, thereby enhancing CE and extending cycle life. On the
S cathode side, the high donor number of the FSI~ anion im-
proves polysulfide solubility, which accelerates the conversion
kinetics and boosts S utilization. As a result, under practical
conditions with a high S loading (5mgcm~2) and a low E/S
ratio (5mLg™), the LiFSI-ULE enables a high initial capacity
of 1180 mAh g~! and capacity retention of 70.63% after 200 cy-
clesat 0.5 C (1 C=1000mA g1). This performance is superior
to all previously reported results employing electrolyte mod-
ification strategies under analogous practical test conditions.
Furthermore, pouch cells configured with an ultrahigh S
loading (8 mgcm™2) and a lean E/S ratio of 4L mg~ demon-
strate a 34.5% higher energy density and a 133% longer cycle

20f 10

EcoMat, 2026

85U8017 SUOWILLOD BATea1D 3edldde ayy Aq pausenob ae Ssppiie YO ‘8sn JO S3|n 10} Ariqi8UljUO AB|IA\ UO (SUONIPUOD-PUR-SLLIBY/LICD"AB 1M ARIq 1 U1 UO//SdNY) SUORIPUOD PUe SWiB | 8L 88S *[9202/€0/0T] U0 Areiqauliuo A8|iMm ‘AsIeAIuN d1uyIA|od Buo BUOH 8y L Aq 0S00.ZWO8/Z00T OT/10p/L00" A8 1M Ake.q 1 jpul|uo//sdny woly pepeojumod ‘Z ‘9202 ‘€LTELIST



life compared to those using commercial electrolytes. This
study not only successfully extends the application of LiFSI to
the Li-S battery system but also provides a viable and promis-
ing path toward achieving long-cycling, high-energy-density
storage.

2 | Results and Discussion

2.1 | Electrolyte Formulation and Physicochemical
Properties

The density of an electrolyte is determined by three primary
factors: the density of the solvents, the concentration, and
the molecular weight of the Li salt. To engineer an ultralight
electrolyte, we systematically modified a conventional com-
mercial electrolyte (1M LiTFSI and 0.1M LiNO, in a 1:1v/v
mixture of 1,2-dimethoxyethane (DME) and DOL). The LiFSI-
ULE (0.4M LiFSI and 0.1M LiNO, in DME) was formulated
by strategically (1) eliminating the relatively dense DOL sol-
vent (1.06gmL™"), (2) replacing the high-molecular-weight
LiTFSI salt (287gmol™!) with the lighter LiFSI alternative
(187gmol™"), and (3) reducing the total salt concentration.
This rational design resulted in a significant reduction in
density, from 1.2gmL™! for the commercial electrolyte to just
0.89gmL~! for the LiFSI-ULE, as quantitatively shown in
Figure 1b. For a controlled comparison to elucidate the spe-
cific role of the LiFSI salt, a LiTFSI-based ultralight electro-
lyte (LiTFSI-ULE) with the same salt concentration (0.4M
LiTFSI and 0.1M LiNO, in DME) was also prepared, exhib-
iting a density of 0.92gmL~!. The rationale for selecting the
0.4M concentration is based on the comprehensive electro-
chemical data (Figures S1 and S2).

As expected, reducing the salt concentration led to a sharp de-
crease in conductivity, which dropped from 8.02 mS cm™ in
the commercial electrolyte to 5.13 mS cm™ in the LiTFSI-ULE
(Figure 1c). Impressively, the LiFSI-ULE exhibited a signifi-
cantly enhanced conductivity of 7.05 mS cm™, a value close to
that of the commercial electrolyte. This superior transport prop-
erty was further supported by a higher Li* transference number
(0.45vs.0.43) and a larger exchange current density (150 A cm—2
vs. 110 ptA cm—2) compared to the LiTFSI-ULE (Figures S3 and
S4), collectively indicating accelerated electrode kinetics.

To elucidate the origin of this high conductivity, we analyzed the
electrostatic potential (ESP) of the anions. The ESP maps reveal
amore localized charge distribution in LiFSI, indicating that it is
a more polar molecule than LiTFSI (Figure 1d,e). This increased
polarity suggests a weaker Coulombic interaction between the
Li* cation and the FSI™ anion, thereby facilitating easier dissoci-
ation and contributing to higher ionic conductivity. Conversely,
the more negative minimum ESP of LiTFSI (—45kcalmol™ vs.
—37kcalmol~! for LiFSI) implies a stronger electron density on
its oxygen atoms, which likely enhances coordination with Li*
ions, resulting in a lower degree of dissociation and reduced con-
ductivity. Furthermore, the maximum ESP of LiFSI is approx-
imately 9kcalmol™! higher, indicating greater susceptibility to
reductive decomposition on the Li metal anode. This observation
aligns with bond dissociation energy (BDE) data showing that
the S-F bond in LiFSI is significantly weaker (~22kcalmol™)

than the C-F bond in LiTFSI (Figure 1f,g), a characteristic that
promotes the formation of a robust, LiF-rich SEI.

2.2 | Corrosion Behavior of Lithium Metal Anodes
in Li-S Batteries

The electrochemical performance of the designed electrolytes
was initially evaluated in Li-S coin cells configured with low-
sulfur-loading cathodes (~1 mgcm™2, Figure S5) to elucidate
their fundamental behavior. After two formation cycles at 0.1 C,
the cells were cycled at 1 C. While the S cathode in the LiTFSI-
ULE exhibited higher capacity retention (79.87%) than the com-
mercial electrolyte (68.64%) despite a similar initial capacity
of approximately 915 mAh g-! (Figures 2a and S6), its CE was
consistently less than 100% throughout cycling, decreasing from
99.36% in the first cycle to 97.59% by the 100th cycle (Figure 2b).
This steadily decreasing CE clearly indicates continuously de-
teriorating polysulfide shuttle effects especially at high loading
of S (Figure S7). In stark contrast, the LiFSI-ULE enabled both
the highest initial capacity utilization (1084 mAh g™') and the
best capacity retention (91.16%). Crucially, it also maintained a
near-ideal average CE of 99.97%, which was superior even to the
commercial electrolyte (99.91%). These CE trends were directly
corroborated by chronopotentiometry measurements, which
revealed corresponding shuttle currents of 36 uA, 55uA, and
29 uA at 2.3V for the commercial, LITFSI-ULE, and LiFSI-ULE
electrolytes, respectively (Figure S8).

To gain deeper insight into the disparate electrochemical be-
haviors, the coin cells were disassembled after 100cycles for
post-mortem analysis of the cycled Li metal anodes. Scanning
electron microscopy (SEM) images revealed a distinct morpho-
logical contrast on the Li surfaces, consisting of dense, chunk-
like regions with low contrast and porous, moss-like areas with
high contrast (Figure 2c—e). Energy-dispersive X-ray spectros-
copy (EDS) confirmed the presence of C, N, O, F, and S in both
regions, originating from the decomposition of electrolyte com-
ponents and polysulfides (Figures 2f, S9 and S10). Notably, the
porous moss-like areas exhibited a significantly higher sulfur-to-
fluorine (S/F) ratio (4.3) compared to the compact regions (2.4),
indicating severe localized corrosion caused by polysulfides.
The corrosion ratio was subsequently quantified by measuring
the relative area of these distinct morphologies (Figure 2g-i). A
strong correlation was established between the electrochemi-
cally derived CE and the physically observed corrosion: a higher
corrosion ratio directly corresponded to a CE less than 100%.
This confirms that the anomalous CE values are primarily a
consequence of polysulfide shuttle effects and the resulting cor-
rosion of the Li metal anode.

To gain molecular-level insight into the corrosion mechanism
and the protective role of LiFSI, S 2p and F 1s X-ray photoelec-
tron spectroscopy (XPS) analyzes were conducted on cycled Li
metal anodes. In the S 2p spectra (Figure 3a), signals at bind-
ing energies above 165eV correspond to high-valence species
such as S-F and S-O, while those below 165€V are attributed to
low-valence reduction products like Li,S, and Li,S [26], which
form from the parasitic reaction of polysulfides with the Li
metal. Notably, the anode cycled in the LiFSI-ULE exhibited a
significantly lower intensity of these Li,S,/Li,S peaks compared
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FIGURE 2 | Corrosion behavior of Li metal anodes in Li-S batteries with different electrolytes. (a) Cycling stability and (b) corresponding CE at

1C (1 C=1000mAg™). (c-e) Representative SEM images at different magnifications and (f) the corresponding EDS spectrum of the cycled Li metal

anode from the cell with commercial electrolyte, revealing severe corrosion and the composition of the corrosion layer. SEM images of cycled Li metal
anodes from cells with (g) LiTFSI-ULE and (h) LiFSI-ULE electrolytes. (i) Quantitative analysis of the Li metal corrosion areal ratio derived from
SEM image analysis, confirming the significant mitigation of corrosion enabled by the LiFSI-ULE electrolytes.

to anodes cycled in commercial and LiTFSI-ULE electrolytes,
providing direct evidence of suppressed Li metal corrosion.
The F 1s spectra (Figure 3b) further elucidate the composition
of the SEI. The SEI formed in the commercial and LiTFSI-ULE
electrolytes contained a mixture of organic C-F (688.5eV) and
inorganic LiF (685.2eV) compounds. In sharp contrast, the SEI
derived from the LiFSI-ULE was composed predominantly of
inorganic LiF, which also exhibited the highest relative content
among all samples (Figure 3c).

Electrochemical impedance spectroscopy (EIS) measurements
and self-discharge tests provided further evidence of the supe-
rior stability afforded by the LiFSI-ULE. The bulk electrolyte re-
sistance (R;) in the LiTFSI-ULE (13 Q) was substantially higher
than in both the commercial electrolyte (3 Q) and the LiFSI-ULE
(2Q) (Figures 3d and S11). This elevated Ry, is attributed to the
increased viscosity and decreased conductivity caused by the
substantial accumulation of polysulfides in the LiTFSI-ULE.
Concurrently, the resistance from the solid electrolyte interphase
(Rgp;) was lowest in the LiFSI-ULE, providing direct evidence
of less severe corrosion. These findings were corroborated by

120-h self-discharge tests, in which the S cathode in the LiFSI-
ULE maintained the highest open-circuit potential and exhib-
ited the lowest resistance (Figure S12). Overall, the inorganic
LiF-rich SEI formed in the LiFSI-ULE is mechanically robust
and electrically insulating. It functions as an effective protective
layer that suppresses parasitic reactions between polysulfides
and the Li metal anode, leading to markedly reduced corrosion
and mitigated shuttle effects, as illustrated in the mechanistic
diagrams (Figure 3e,f).

2.3 | Kinetics of Polysulfide Conversion and Li,S
Deposition

The sluggish conversion kinetics of long-chain lithium polysul-
fides to Li,S represent a critical rate-determining step in Li-S
batteries, directly governing the ultimate capacity utilization of
the S cathode. To investigate this process in depth, we assem-
bled Li-Li,S, cells using carbon felts as conductive substrates
and a Li,S -containing catholyte as the active material. All cells
exhibited a single, distinct discharge plateau at approximately
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FIGURE 3 | Mechanism of Li metal anode corrosion and interfacial evolution in Li-S batteries with different electrolytes. High-resolution XPS

spectra of cycled Li anodes in the (a) S 2p and (b) F 1s regions for the commercial, LITFSI-ULE, and LiFSI-ULE electrolytes. (c) Atomic ratio of Li,S_
(Li,S/Li,S,) to LiF derived from XPS quantification, reflecting the composition of the SEI (d) Nyquist plots after 100cycles. Schematic diagrams il-
lustrating the corrosion process of the Li anode and the role of the SEI in (e) LiTFSI-ULE and (f) LiFSI-ULE electrolytes, emphasizing the function

of LiF-rich or LiF-deficient interfaces in polysulfide trapping and corrosion suppression.

2.1V during the initial cycle, corresponding to the conversion
of Li,S, to Li,S (Figure 4a). Remarkably, the cell employing the
LiFSI-ULE delivered a significantly higher specific capacity of
1169 mAh g~! with a reduced overpotential (plateau at 2.11V),
markedly outperforming the cell with LiTFSI-ULE, which
achieved only 858 mAh g~! with a larger overpotential (plateau
at 2.08 V). This enhanced performance is attributed to the higher
donor number of the FSI~ anion (10.7 kcalmol™') compared to
the TFSI~ anion (5.4kcalmol™) [27-30]. The elevated donor
number of FSI~ facilitates superior solvation and improved sol-
ubility of polysulfides within the electrolyte (Figure S13). These
dissolved polysulfide species subsequently act as effective redox
mediators, dramatically accelerating the conversion kinetics
and thereby enhancing the overall capacity utilization of the S
cathode [31].

The passivation kinetics of the current collector, a critical factor
governing S cathode capacity utilization, were quantitatively as-
sessed using chronoamperometry (CA) tests conducted at a con-
stant potential of 2V (Figure 4b). In all CA profiles, the current
response exhibits a characteristic dynamic: an initial decrease
due to the reduction of Li,S, followed by a subsequent increase
attributed to the progressive nucleation and growth of Li,S [32].
The current reaches a distinct maximum value (I, ), after which
it declines as the conductive carbon surface becomes progres-
sively passivated by the electrically insulating Li,S deposit. The
time taken to reach this current maximum (¢, ) serves as a direct

metric for the passivation speed—a shorter ¢ indicates faster
surface coverage and thus poorer kinetics. To provide a more
fundamental kinetic parameter, the lateral growth rate of Li,S
was further quantified by applying the Bewick-Fleischmann-
Thirsk model to the CA data [28]. The calculated lateral growth
rate in the LiFSI-ULE (5.22 x 10~'°s~2) was substantially smaller
than that in the LITFSI-ULE (10.75 x 10~9s~2) (Figure 4c). This
marked reduction confirms that the high donor number of the
FSI~ anion effectively moderates the passivation kinetics at the
electrode-electrolyte interface, thereby facilitating a more con-
trolled and favorable deposition process.

The differing passivation kinetics, quantified by chronoamper-
ometry, are directly reflected in the distinct morphological
evolution of the deposited Li,S. After discharge to 1.7V, SEM
analysis reveals a striking contrast: a two-dimensional (2D),
film-like Li,S layer forms on the carbon fiber current collector in
the LiTFSI-ULE, whereas three-dimensional (3D), particulate
Li,S deposits are observed in the LiFSI-ULE (Figure 4d,e). This
morphological difference is further supported by EDS mapping,
which confirms the uniform composition and distribution of the
S deposits (Figure S14). The 2D film morphology in the LiTFSI-
ULE is characteristic of rapid lateral growth, leading to quick
passivation of the conductive substrate and, consequently, infe-
rior capacity utilization. In contrast, the slower lateral growth
kinetics enabled by the high donor number of LiFSI promote 3D,
island-like deposition. This morphology is highly advantageous,
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illustrating the proposed Li,S deposition mechanisms: A conformal 2D film leading to passivation in LiTFSI-ULE, versus a porous 3D growth facil-

itating continuous conversion in LiFSI-ULE.

as it maintains a greater electrochemically active surface area on
the current collector for a longer duration during discharge, fa-
cilitating continued electrochemical reactions and significantly
enhancing the ultimate S utilization and capacity output of the
cathode.

To comprehensively evaluate the dynamic evolution of interfa-
cial impedance and further corroborate the enhanced kinetics,
EIS was conducted at various characteristic potentials through-
out the discharge process (OCV: initial state; 2.3V: upper pla-
teau; 2V: lower plateau; 1.7 V: full discharge). The Nyquist plots

(Figures 4f,g and S15) reveal a progressive decrease in both the
bulk electrolyte resistance (R;) and the solid electrolyte inter-
phase resistance (Rgy,) for all electrolytes after the initial state.
This systematic reduction in impedance is attributed to the for-
mation of soluble polysulfide species, which act as redox media-
tors to catalytically enhance the overall reaction kinetics of the
S cathode. Notably, the LiFSI-ULE consistently demonstrated
lower resistance values across all measured potentials and tem-
peratures (Figure S16), alongside a larger redox current in Li,S,
symmetric cells (Figure S17). Furthermore, analysis via the
galvanostatic intermittent titration technique (GITT) and cyclic
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voltammetry (CV) confirmed a higher Li* diffusion coefficient
for the LiFSI-ULE system (Figures S18 and S19). This compre-
hensive suite of kinetic evidence definitively demonstrates the
superior reaction kinetics enabled by the LiFSI-ULE. Overall,
the high donor number of the FSI~ anion effectively modulates
the deposition process by slowing the lateral growth rate of in-
sulating Li,S. This unique property facilitates a favorable 3D
growth mode, which is crucial for achieving high active mate-
rial utilization and exceptional capacity output in the S cathode,
as conceptually illustrated in Figure 4h,i.

2.4 | Electrochemical Performance Under
Practical Conditions

The practical electrochemical performance of the LiFSI-ULE
was rigorously evaluated under demanding conditions represen-
tative of real-world applications, specifically using high-sulfur-
loading cathodes (~5mgcm™2, ~5.5 mAh cm~2) and a lean E/S
ratio of 5uLmg~'. The S cathode exhibited exceptional cycling

stability, delivering a high initial capacity (1180 mAh g!) and
maintaining 70.63% capacity retention after 200 cycles at a rate of
0.5 C, coupled with a near-ideal average CE of 99.14% (Figures 5a
and S20). This outstanding performance is demonstrably supe-
rior to all previously reported results employing various electro-
lyte modification strategies, including low-density electrolytes
[10, 14, 33, 34], highly solvating electrolytes [35-37], electrolytes
designed for Li anode stability [31, 38, 39], and those incorporat-
ing redox mediators [40-42] or ingredients [43-48], when com-
pared under analogous stringent criteria (E/S<5uLmg~" and S
loading >4 mgcm™2, Figure 5b and Table S1). Furthermore, the
cathode demonstrated remarkable rate capability and consistent
cycling performance across a range of other S loadings and test-
ing conditions, underscoring the robustness and versatility of
the LiFSI-ULE (Figures S21 and S22).

To further validate the practical application potential of
the LiFSI-ULE under conditions closely resembling those
of commercial batteries, we assembled and evaluated Li-S
pouch cells configured with a thin Li metal anode (100um), a
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Comprehensive electrochemical evaluation of high-loading Li-S batteries and pouch cells employing the LiFSI-ULE electrolyte. (a)

Long-term cycling performance of a high-sulfur-loading cathode (Smgcm™2) at 0.5 C. (b) Comparison of the cycling stability in (a) with performance

data from previously reported literature, highlighting its competitive advantage. (c) Schematic illustration of the pouch cell configuration used in this

study. (d, e) Cycling performance and the corresponding practical energy density achieved in the Li-S pouch cell. (f, g) Post-cycling SEM morpholo-

gies of S cathodes retrieved from cells using the (f) commercial electrolyte and (g) LiFSI-ULE. (h) Distribution of relaxation times (DRT) deconvo-

luting the interfacial processes.
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high-sulfur-loading cathode (~8 mgcm~2), and a lean E/S ratio
of 4uLmg! (Figure 5c). The pouch cell employing a conven-
tional commercial electrolyte exhibited a severely limited cycle
life, functioning for only approximately 30cycles with a low
capacity utilization of 993 mAh g~ (Figures 5d and S23). In
stark contrast, the pouch cell utilizing the LiFSI-ULE demon-
strated dramatically improved performance, delivering a much
higher specific capacity of 1095 mAh g=! and sustaining stable
operation for over 70cycles. This superior performance directly
translates to a substantial gain in practical energy density,
reaching 394 Whkg™! for the LiFSI-ULE cell compared to just
293Whkg™! for the cell with commercial electrolyte, as quan-
tified in Figure 5e, Tables S2 and S3. This 34.5% enhancement
in energy density is attributed to the synergistic combination of
higher capacity utilization and the significantly reduced mass
contribution of the ultralight electrolyte itself.

Post-cycling analysis revealed the root cause of failure in the
commercial electrolyte: severe aggregation of the S cathode
material, which electrically isolated active material from the
current collector and led to increased polarization and rapid
capacity fade (Figures 5f and S24). Conversely, the S cathode
cycled in the LiFSI-ULE largely retained a mono-dispersed mor-
phology, ensuring maintained electrical connectivity and effi-
cient reaction kinetics (Figure 5g). Further kinetic analysis via
the distribution of relaxation times confirmed the superiority of
the LiFSI-ULE, showing that all characteristic time constants
(T;» 1,» T;) exhibited both smaller values and lower associated
impedances, indicating faster and more efficient reaction pro-
cesses throughout the discharge cycle (Figures 5h and S25).

3 | Conclusions

In summary, we have successfully designed and demonstrated
a ULE based on LiFSI that effectively addresses the critical
challenges facing high-energy-density Li-S batteries. The for-
mulated LiFSI-ULE simultaneously achieves an ultralow den-
sity of 0.89gmL~! and a high Li* conductivity of 7.05 mS cm™.
The strategic selection of the LiFSI salt confers dual synergistic
mechanisms: on the Li metal anode, it facilitates the formation
of a robust, LiF-rich SEI that effectively suppresses polysulfide
corrosion and shuttle effects, thereby significantly enhancing
CE and cycle life. Concurrently, on the S cathode side, the high
donor number of the FSI~ anion improves polysulfide solubility,
accelerating conversion kinetics and promoting a favorable 3D
deposition of Li,S, which leads to markedly improved S utiliza-
tion. Consequently, under practical conditions—a high S load-
ing (5mgcm~2) and a lean E/S ratio (4 L mg")—the LiFSI-ULE
enables a high initial capacity of 1180 mAh g~! and outstanding
capacity retention of 70.63% after 200cycles at 0.5 C. This per-
formance surpasses all previously reported results employing
electrolyte modification strategies under comparable stringent
test conditions. Crucially, in practical pouch cell configurations,
the use of LiFSI-ULE results in a 34.5% higher energy density
(394Whkg™) and a 133% longer cycle life compared to conven-
tional electrolytes. This work not only successfully extends the
application of LiFSI from high-voltage Li metal batteries to the
Li-S system but also provides a viable and promising pathway to-
ward the realization of long-cycling, high-energy-density energy
storage solutions.
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