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CONTEXT & SCALE Lithium-sulfur (Li-S) batteries promise significantly higher energy densities than current
lithium-ion technology. However, their practical implementation is hampered by sluggish lithium polysulfide
(LiPS) kinetics. Though lithium salt anions are known for ionic conduction and interphase formation, their
deeper influence on LiPS behaviors remains unexplored.

This work reveals a previously overlooked mechanism where anions compete with weakly solvating solvent
to coordinate LiPSs. By strategically enhancing anion coordination, the sluggish LiPS charge-transfer ki-
netics are dramatically accelerated. The kinetic breakthrough enables practical 10-Ah-level pouch cells
achieving a state-of-the-art 622 Wh kg ' (based on total weight) with stable cycles. Moving beyond conven-
tional anion roles, our findings establish a new design principle for developing ultrahigh-energy-density Li-S
batteries.

SUMMARY

Beyond ionic conduction and solid-electrolyte interphase formation, the fundamental roles of lithium salt an-
ions in batteries remain unexplored. Herein, an anion-induced competitive solvation mechanism that governs
lithium polysulfide (LiPS) behaviors in high-energy-density lithium-sulfur batteries is pioneeringly unveiled.
Specifically, anions contend against weakly solvating solvents to occupy the LiPS inner solvation shell.
Enhancing anion coordination while diminishing weakly solvating solvent coordination overcomes the
rate-determining LiPS charge-transfer barriers. As a proof of concept, bis(fluorosulfonyl)imide anion coordi-
nation reduces activation polarization and boosts cycling stability at high current densities. Ah-level pouch
cells achieve stable operation at high rates of 0.35 C and deliver a record-setting energy density of 622
Wh kg ' (based on total weight) with stable cycling. By elucidating the anion-induced competitive solvation
mechanism, our work transcends conventional views of anion roles and establishes a new paradigm for
advancing practical Li-S batteries.

INTRODUCTION

Salts play fundamental and irreplaceable roles in batteries.'™
They are dissociated into cations and anions to afford ionic con-
ductivity of electrolyte and maintain stable operation of batte-
ries.”>® Salt cations are generally solvated by solvents, and their
behaviors have been extensively elucidated in previous re-
searches.” '? In contrast, the role of salt anions is always over-
looked, especially in affecting the electrode kinetics.'®'® This

oversight is more critical in conversion-type electrode systems,
which offer high energy densities but involve soluble active
intermediates coexisting with anions in the electrolyte. Under
operational conditions, inevitable interactions occur between in-
termediates and anions, affecting both thermodynamics and ki-
netics.'®"'° Previous studies noticed anion alteration impacts
electrode kinetics and performance, yet molecular-level mecha-
nisms remain a mystery.?%?" Therefore, elucidating the role of
salt anions in modulating the electrode kinetics is essential to
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Figure 1. Schematic diagram of the LiPS behaviors in electrolytes through anion regulation
(A-C) Scheme of LiPS solvation shell evolution (15! line), anodic and cathodic behaviors (2" line), and full-cell performances (3™ line) in (A) routine electrolyte,

(B) low-ESP electrolyte, and (C) anion-competitive low-ESP electrolytes.

understand the electrode and electrolyte behaviors and realize
high-performance batteries.

Elemental sulfur (Sg) is a representative conversion-type cath-
ode material.?>*® Paired with lithium-metal anodes, lithium—-sul-
fur (Li-S) batteries promise an ultrahigh theoretical energy
density of 2,600 Wh kg~'. Sg undergoes stepwise redox reac-
tions, generating soluble lithium polysulfides (LiPSs) and ulti-
mately solid lithium sulfide (Li»S).?**° Therein, LiPSs serve as
key intermediates determining the cathodic and anodic behav-
iors through bypassing the direct solid-solid conversion kinetic
limitations in the cathodic compartment, while corroding the
lithium metal and causing rapid anodic degradation.*®~*° Previ-
ous works have demonstrated that the LiPS reactivity can be
reduced in low electrolyte solvating power (ESP) conditions, re-
sulting in mitigated anodic parasitic reactions and promoted Li-S
battery cycling performances.®**® Typically, the ESP can be
altered by introducing fluoroether or other weakly solvating
solvents as the regulator.***%In electrolytes with relatively low
ESP, though the lithium-metal anode stability can be greatly
enhanced, the non-negligible cathodic polarizations and capac-
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ity loss induced by the impaired LiPS kinetics arise simulta-
neously, especially under high rates®*™*' (Figures 1A and 1B).
Therefore, enhancing the LiPS cathodic kinetics in low-ESP elec-
trolytes is crucial for achieving superior anode and cathode per-
formances currently in Li-S batteries. In the low-ESP electrolytes
with fixed solvent composition, tuning salt anions offers a poten-
tial route to alter the LiPS cathodic kinetics, warranting investiga-
tion into the underlying molecular-level mechanism.

In this contribution, an anion-induced competitive solvation
mechanism for LiPSs is pioneeringly disclosed to accelerate
the LiPS kinetics. Similar to solvents, salt anions can participate
in the LiPS inner solvation shell, directly coordinating with LiPSs
via lithium bonding.** Crucially, anions contend against fluo-
roether for entering the LiPS inner solvation shell, and the anion
proportion is determined by its competitive solvation capability
(Figure S1). Strengthening anion coordination and diminishing
fluoroether coordination accelerates the charge-transfer kinetics
governing LiPS homogeneous and heterogeneous reactions.
As a proof of concept, bis(fluorosulfonyl)imide anion (FSI™)
coordination exhibits superior capability in contending against
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fluoroether compared with bis(trifluoromethanesulfonyl)imide
anions (TFSI™) (Figure 1C). Consequently, LiPSs coordinated
by FSI™ intrinsically possess faster charge-transfer kinetics.
Adopting LiFSI as the lithium salt successfully addresses the
sluggish cathodic kinetics and endows Li-S batteries with
reduced activation polarization and promoted cycling stability
at high rates. Furthermore, 10-Ah-level Li-S pouch cells employ-
ing the anion-induced competitive solvation approach achieve
an ultrahigh energy density of 622 Wh kg~ (based on total
weight) with stable cycling.

RESULTS

Kinetic evaluations with distinct anions in electrolytes
1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether ~ (TTE)
serves as a representative regulator to lower ESP due to the
steric-hinderance and the electron-withdrawn effect of the
fluoroalky! groups adjacent to the coordinating oxygen atom.
1,2-dimethoxyethane (DME) is a typical strongly solvating sol-
vent to form stable five-membered-ring chelates. Mixing TTE
and DME with variable contents can dynamically alter the
ESP. Experimentally, the ESP can be quantitatively reflected
by the Gutmann donor number (DN), and the measured DN is
indeed decreased by 0.3 kcal mol~" with the increment of the
TTE content from 0% to 40% (Figures S2-S4). The reduced
DN values illustrate that the ESP can be effectively regulated
by tuning the TTE content in the electrolytes.

For the anodic behavior evaluations, the shuttle current gets
lowered from 0.070 to 0.029 mA at 2.37 V as the ESP gets low-
ered. The Coulombic efficiency is promoted from 22.1% to
84.2% when the TTE content rises from 0% to 40% (Figures S5
and S6). The reduced shuttle current and promoted Coulombic
efficiency manifest that the reducing ESP can mitigate the para-
sitic reactions between LiPSs and the lithium-metal anode. The
above issues are attributed to tighter TTE encapsulation for
LiPS solvation, rendering a lower ESP and reduced LiPS reac-
tivity. From the anodic aspect, it is believed that the cycling sta-
bility of Li-S batteries can be better if the ESP gets weaker.

For the cathodic behavior evaluations, rate performances from
0.1 to 0.5 C with variable TTE content (from 0% to 40%) LiFSI/
LiTFSI-based electrolytes are evaluated in Li-S full cells with
high-sulfur-loading (4.0 mgs cm~2) cathodes (Figures 2A, 2B,
S7 and, S8). In LiTFSI-based electrolytes, the cathodic kinetics
are impaired with reduced ESP under a fixed discharge rate.
For instance, the lowest discharge voltage (Upis-iowest, defined
in Table S1) reduces from 1.99 to 1.82 V under 0.3 C, and the
specific capacity drops from 821 to 693 mAh g~' when the
TTE content alters from 0% to 40% in LiTFSI-based electrolytes
(Figures 2A4 and S7). Additionally, the polarizations are enlarged
and specific capacities are reduced as the discharge rate in-
creases in all electrolytes. Taking the cell with LiTFSI-based
20% TTE electrolytes as an example, along with the rate
increased from 0.1 to 0.5 C, the Upis_iowest reduces from 2.06
to 1.77 V, and the specific capacity drops from 908 to 673
mAh g~' simultaneously (Figures 2A, and S7). Moreover, the
combination of low-ESP electrolytes and high rate (e.g., cells
with 40% TTE electrolytes under 0.5 C, the upper-right corner
in Figure 2A) can be the harshest condition for the cathodic ki-
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netics regarding polarizations and specific capacities. In
LiTFSI-based electrolytes with over 30% TTE, Upis-iowest falls
below the discharge cut-off voltage of 1.7 V under 0.5 C, elimi-
nating the 2"? discharge plateau and causing over 60% specific
capacity loss (Figure S7). Therefore, unbearable polarization hin-
ders normal operation of Li-S batteries with low-ESP LiTFSI-
based electrolytes under high rates.

The unbearable polarization issues in Li-S batteries with low-
ESP electrolytes can be alleviated after replacing LiTFSI with
LiFSI as the lithium salt in electrolytes (Figure S8). Though the
cathodic kinetics in LiFSI-based electrolytes are also worsened
with increased discharge rate and decreased ESP, the deteriora-
tion rate is slower compared with LiTFSI-based electrolytes
(Figure 2B). In detail, increasing the TTE content from 0 to 40%
in electrolytes lowered Upis_iowest PY only 37 mV in LiFSI-based
systems under 0.3 C, significantly less than the 174 mV drop in
LiTFSI-based systems (Figures 2A; and 2B4). Similarly,
increasing the discharge rate from 0.1 t0 0.5 C in 20% TTE elec-
trolytes reduces Upis.iowest BY 150 mV in LiFSI-based systems,
nearly half the reduction in LiTFSI-based systems (Figures 2A,
and 2B,). Worthy to be noted, the FSI™ in electrolytes can over-
come the kinetic issues under concurrent low-ESP and high-rate
conditions (the upper-right corner in Figure 2B). For the cells with
40% TTE electrolytes under 0.5 C, the LiFSI-based cells maintain
a Upis-iowest Of 1.71 V above the discharge cut-off voltage and a
specific capacity of 618 mAh g™, which is 3.47 times its LiTFSI-
based counterparts (Figures S7 and S8). In brief, LiFSI efficiently
reduces the cathodic polarization and enhances the cathodic ki-
netics, especially under harsh low-ESP and high-rate conditions.

To elucidate why FSI™ alleviates polarization in low-ESP elec-
trolytes under high rates, the cathodic polarization versus the
depth of discharge (DOD) is decoupled into ohmic, concentra-
tion, and activation polarizations (denoted as #onm, #con, @and
nact, respectively) in cells adopting 40% TTE electrolytes under
0.3, 0.4, and 0.5 C. Typically, 7onms fcon, @nd #act are distin-
guished according to their time dependence on applied current
and the Ohm’s law according to the galvanostatic intermittent
titration technique combining electrochemical impedance spec-
troscopy (GITT-EIS) method (detailed discussion in Figures S9-
S11). In each cell with either LiTFSI- or LiFSI-based TTE electro-
lytes, the #onm takes up the smallest proportion of no more than
10%, and so manifesting ionic and electronic conductivity varia-
tion are not the primary cause of polarization deterioration
(Figure S12). For 57act and 57¢0n @s the dominant polarizations, their
values increase early in discharge, peak around the DOD of 0.3,
and decrease thereafter until discharge termination (Figure S13).
Therein, the DOD of 0.3 approximately corresponds to the point
of the Upis.iowest iN the discharge curve and the point with the
most concentrated LiPSs in electrolyte. Given the severe kinetic
challenges at the DOD of 0.3, we focus on electrochemical
behavior and dominant polarization analysis at this point.

To identify the dominant polarization causing the kinetic differ-
ences between LiTFSI- and LiFSI-based electrolytes, the ¢t or
neon for the two electrolytes at identical discharge rates are
compared (Figures 2C-2E). The values of 754 in LiFSI-based
electrolytes are consistently smaller than those in LiTFSI-based
TTE electrolytes, while the values of 7., show a minimal differ-
ence. Taking the discharge rate of 0.4 C as an example, the
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Figure 2. Polarization analysis of Li-S batteries with distinct anions

(A and B) Three-dimensional contour plots illustrating the Upis-iowest @S @ function of discharge rate and TTE content in (A) LiTFSI-based and (B) LiFSI-based
electrolytes. Dashed lines denote cross-sectional profiles at a fixed rate of 0.3 C (A4 and B,) or a fixed TTE content of 20% (A, and B,).

(C-E) Activation polarization (17act, upper) and concentration polarization (;7con, lower) of Li-S batteries employing LiTFSI- or LiFSI-based 40% TTE electrolytes
under the rate of (C) 0.3 C, (D) 0.4 C, and (E) 0.5 C (cathode sulfur loading, 4.0 mgs cm™2).

values of ¢t and #con in LiFSI-based TTE electrolytes are 79.7
and 135 mV, respectively, which correspond to 12.0% and
93.7% of those (663 and 144 mV) in LiTFSI-based TTE electro-
lytes at the DOD of 0.3 (Figure 2D). At the DOD of 0.3, the ratios
Of #1act In LiFSI 10 #574¢¢ in LITFSI are 28.5% and 13.2%, respec-
tively, under 0.3 and 0.5 C, while the ratios of #¢n in LiFSI to
Ncon iN LITFSI are 72.4% and 94.9%, respectively. Even under
a higher TTE content of 50%, cells with LiFSI can still maintain
smaller polarizations, especially 7., than that with LiTFSI
(Figures S14-S16). The significantly lowered 7,c¢ with minimal
ncon Change confirms that 5,. instead of 5.0n is efficiently regu-
lated in LiFSl-based TTE electrolytes. Since #,c reflects
charge-transfer kinetic difficulty, FSI~ mainly optimizes the
LiPS charge-transfer kinetics rather than mass-transport ki-
netics, thereby enhancing cathodic kinetics in electrolytes.

4 Joule 70, 102259, February 18, 2026

LiPS solvation structures in anion-competitive
electrolytes

To disclose the mechanism of FSI™ in optimizing the LiPS charge-
transfer kinetics, the LiPSs in solvated states and their solvation
structures in electrolytes should be first clarified. In detail, the
40% TTE LiTFSI/LiFSI-based solutions with or without concen-
trated 2.0 molg, L~ Li,Sg are adopted as the model electrolytes
to investigate the solvated LiPSs.

Adding LiPSs to both LiTFSI-based and LiFSI-based electro-
lytes alter the electron densities around lithium and fluorine
nuclei in salts, as revealed by “Li and '°F nuclear magnetic reso-
nance (NMR) spectroscopy analyses, confirming anion partici-
pation in the LiPS inner solvation shell (Figures S17-S19). In prin-
ciple, both the TFSI and FSI anions coordinate with LiPSs via
bidentate chelation following the lithium bond theory,** where
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two oxygen atoms interact with a lithium atom in the LiPS mole-
cule to form a stable six-membered-ring structure. Therefore,
the negative charge distribution on these oxygen atoms deter-
mines the coordination capability. According to the electrostatic
potential calculations, the electronegative region is dispersed
more globally in FSI™ than in TFSI™, and the natural bond orbital
(NBO) charge of the oxygen atom is 40% larger in FSI™ than
TFSI™ (0.240 vs. 0.171 e) (Figures 3A and S20). The charge anal-
ysis results suggest that FSI™ has stronger LiPS coordination
capability than TFSI™ in theory.

In order to visualize anion participation in the LiPS inner solva-
tion shell, molecular dynamics (MD) simulations are adopted in
40% TTE solutions with 1.0 mol L= LiTFSI or LiFSI and 2.0
mol(s; L~ Li,Ss, which are identical to the experimental compo-
sition for spectroscopies (Table S2). In the snapshot around
LiPSs, three FSI™ directly interact with the Li.Sg molecule in
the LiFSI-based electrolyte, while only one TFSI™ directly inter-
acts with Li»Se in the LiTFSI-based electrolyte (Figure 3B). The
different coordination numbers of anions in the LiPS inner solva-
tion shell evidently illustrate that FSI™ is stronger in coordination
capability than TFSI™. Statistically, the radial distribution function
g(n of anions centered on the polysulfide chain arises atr=3.7 A
in LiFSI-based electrolytes, which is earlier than that at r = 4.3 A
in LiTFSI-based electrolytes (Figure 3C). Moreover, the strength-
ened peak intensity in the LiFSI-based electrolyte manifests that
FSI™ interacts with LiPSs more tightly and exhibits more poten-
tial to enter the LiPS inner solvation shell. Additionally, the
average coordination number in statistics of FSI™ is larger than
that of TFSI™ at the fixed radius centered on the polysulfide
chain. For instance, the coordination number of FSI™ is 4.1-times
larger than that of TFSI™ (0.72 vs. 0.14)atr=6.0 A (which approx-
imately corresponds to the LiPS inner solvation shell). To exper-
imentally quantify the anion coordination percentage around
LiPSs, fine Raman spectroscopies are adopted in the LiTFSI/
LiFSI-based electrolytes with Li,Sg, and the §(SSSS) bending
mode (the segment containing a four-sulfur-atom chain) in
Li.Seg molecule, as well as the §(S-N-S) bending mode in FSI™
or TFSI™ are specially analyzed (Figures S21-528). Though the
anion coordination percentage rises along with the increment
of TTE content, the coordination percentage of FSI™ is always
larger than that of TFSI~, whatever the TTE content is. Theoret-
ical and experimental results conclusively demonstrate that FSI-
coordinates more strongly and numerously with LiPSs than TFSI-
in low-ESP electrolytes.

Besides anion coordination, solvents in low-ESP electrolytes
also participate in the LiPS inner solvation shell. To probe the
TTE coordination capability with LiPSs, binding energies (Ey,) be-
tween TTE and anion-coordinated Li>Sg (LioSe-FSI™ or Li>Se-
TFSI™) are compared through density functional theory (DFT) cal-
culations (Figures 3D and S29). In detail, the Ey, between TTE and
LioSg-FSI™ is —0.99 eV, weaker than that of —1.16 eV between
TTE and Li;Se-TFSI™. The lower tendency of TTE binding with
LioSg-FSI™ than Li;Sg-TFSI™ illustrates that TTE is of weaker co-
ordination capability to solvated LiPSs in LiFSI-based electro-
lytes than those in LiTFSI-based electrolytes. The '°F-NMR
spectroscopy results match well with the above TTE coordina-
tion tendency, where the peak shift of the fluorine atom in
LiFSI-based electrolytes merely changes (by only 0.01 ppm) af-
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ter the addition of Li»Sg (Figure S30). The little-altered '°F peak
shift manifests that TTE can hardly participate in the LiPS inner
solvation shell in LiFSI-based electrolytes. To accurately demon-
strate the TTE coordination difference between LiFSI- and
LiTFSI-based electrolytes, 'H-NMR diffusion ordered spectros-
copy (DOSY) is conducted to detect the TTE diffusion coefficient
(D) (Figures 3E and S31). In principle, the diffusion coefficient
of coordinated solvent is smaller than that of free solvent, and its
value will be further reduced if more solvents are in coordinated
states. As a result, the D¢ value in the LiFSI-based electrolyte
with Li;Sg is 4.51 x 1079 m? s~, which is slightly smaller than
that without lithium salt and Li»Sg (5.38 x 107" m? s7), but
apparently larger than that in the LiTFSI-based electrolytes
with Li»Sg (2.48 x 107'°m? s7") (Figure 3F). The above D dif-
ferences illustrate that little TTE coordinates with LiPSs in LiFSI-
based electrolytes, but more TTE coordinates with LiPSs in the
LiTFSI-based electrolytes. Combining the DFT, '°F-NMR, and
"H-DOSY analyses, replacing TFSI- with FSI- in low-ESP electro-
lytes significantly reduces both the number and strength of coor-
dinating TTE.

Besides anions and TTE, DME coordination is non-negligible
due to its strong solvating capability. To probe DME solvation
with LiPSs, the E, between DME and anion-coordinated Li>Sg
(LioSe-FSI™ or LioSe-TFSI™) is calculated (Figure S32). As a result,
the E, in the above two systems vary little (—1.22 vs. —1.23 eV),
manifesting that the DME solvation capability is almost the same
in LiFSI- or LiTFSI-based electrolytes in theory. Experimentally,
to probe the DME coordination, "TH-NMR spectroscopy of DME
is conducted in LiFSI/LiTFSI-based electrolytes with or without
LioSg (Figure 3G). After the addition of Li»Ss, the DME peaks
are downshifted in both LiFSI- and LiTFSI-based electrolytes,
illustrating that more DME molecules coordinate with Li* and
LiPSs. Moreover, the above downshift values exhibit little differ-
ence (0.07 vs. 0.09 ppm) between the two systems, suggesting
that the DME coordination with LiPSs is similar in both strength
and number. In brief, replacing TFSI- with FSI- in low-ESP elec-
trolytes does not alter DME solvation strength or number with
LiPSs.

Considering the above analyses on LiPS solvation involving
anions and solvents, we conclude anion and TTE coordination
differs markedly between LiFSI- and LiTFSI-based electrolytes
(Figure 3H). Concretely, DME strongly coordinates with LiPSs
similarly in both systems. However, anions and TTE competi-
tively coordinate with LiPSs, resulting in distinct solvation struc-
tures. In LiTFSI-based electrolytes, both TFSI™ and TTE me-
diumly coordinate with LiPSs. Conversely, FSI™ exhibits much
stronger competitive coordination capability than TTE, and the
LiPS inner solvation shell contains more FSI™. The significantly
different LiPS solvation structures in anion-involved electrolytes
directly impact LiPS charge-transfer kinetics and Li-S battery
performances.

LiPS charge-transfer kinetics in anion-competitive
electrolytes

The polarization decoupling results show superior LiPS charge-
transfer kinetics in LiFSI-based electrolytes versus LiTFSI-based
electrolytes, while spectroscopy and calculations reveal stron-
ger competitive coordination of FSI- over TTE and TFSI™ in
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Figure 3. Identification of the anion-competitive LiPS solvation structure

(A) NBO charge analysis of the oxygen atom in TFSI™ and FSI™.

(B) MD simulation snapshots showing the coordination structures of Li»Sg in LiTFSI-based (left) and LiFSI-based (right) electrolytes.

(C) Radial distribution function g(r) and coordination number of TFSI™ and FSI™ around Li,Sg in electrolytes, where the radius r represents the distance between
the barycenter of Li»Sg and the anion.

(D) Binding energy calculations for LioSg-anion complexes interacting with TTE.

(E) Schematic illustration of "H-NMR DOSY experiments for TTE in electrolytes, where detailed H distributions in TTE molecules are labeled with Hy,—H.

(F) Diffusion coefficients of TTE (Dtrg) in electrolytes with or without lithium salt.

(G) "H-NMR spectroscopy characterizing DME coordination in electrolytes, where detailed H distributions in DME molecules are labeled with Hy and He.

(H) Schematic diagram of the coordination capability between LiPSs and DME/TTE/anion in LiTFSI-based (left) and LiFSI-based (right) electrolytes.
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Figure 4. LiPS charge-transfer kinetics evaluation in anion-competitive electrolytes

(A) DRT analysis of LioSg symmetric cells with LiTFSI- and LiFSI-based electrolytes.

(B) Arrhenius fitting of charge-transfer activation energy (E,-ct) through temperature-dependent EIS tests.

(C) Eact evolution in LITFSI- and LiFSI-based electrolytes as TTE content increases.

(D) Schematic illustration of Gibbs free energy profile for LiPS reduction on graphene substrate at 2.20 V vs. Li/Li*, where the species of Li,S, LiSs-, LiS,-, LiS-,

and Li,S are marked as S4, S3, S», S, and S’ for convenience.

(E) Three-dimensional volcano plot of calculated overpotential vs. AG(LiS-*) and AG(LiS,-*) for LiPS heterogeneous reactions.

the LiPS solvation structure. To disclose the microscopic mech-
anism of FSI™ in optimizing the LiPS charge-transfer kinetics, the
LiPS intrinsic charge-transfer kinetics are correlated with their
specific anion-involved LiPS solvation structure at the molecular
level.

To evaluate the anion-involved LiPS charge-transfer kinetics
of homogeneous reactions regarding the conversion between
dissolved LiPSs, Li,Sg symmetric cells with LiTFSI- or LiFSI-
based electrolytes with TTE content from 0% to 40% are adop-
ted as the model system, and EIS tests are conducted under var-
iable temperatures (T) from 273 to 313 K (Figures S33 and S34).
To deconvolute the charge-transfer process in the Nyquist plots,
distribution of relaxation time (DRT) analysis is performed. Three
peaks can be observed at the characteristic time (z) of c.a. 1074,
1072, and 10° s, corresponding to the particle-contact, charge-
transfer, and mass-transport processes in equivalent circuits
(Figures 4A and S35). Therein, the charge-transfer resistance
(Rcy) in the reaction region quantitatively indicates the difficulty
of LiPS charge transfer in variable-ESP electrolytes. For
instance, the R in the LiFSI system is 37.2 Q in the symmetric
cells with 40% TTE electrolytes under room temperature,
21.4% smaller than that in the LiTFSI system. The reduced R
manifests that the charge-transfer kinetics in the LiFSI system
are indeed superior in LIPS homogeneous reactions. Further-
more, the charge-transfer activation energy (E..cy) is fitted by
plotting In R.; with 1/T according to the Arrhenius equation
(Figures 4B and S36). The value of E,_. is apparently enlarged
from 57.0 to 67.8 kJ mol™" in LiTFSI-based electrolytes and

from 49.7 to 62.2 kJ mol~" in LiFSI-based electrolytes as the
TTE content increases from 0% to 40% (Figure 4C). Notably,
the value of E,; in LiFSI-based electrolytes is smaller than
that in LiTFSI-based electrolytes at each fixed TTE content.
For instance, when the TTE content is 30%, the E, ¢ is 60.2 kJ
mol~" in LiFSI-based electrolytes, which is 5.5 kJ mol~" lower
than that in LiTFSI-based electrolytes. The reduced E, ¢ con-
firms LiFSI optimizes LiPS charge-transfer kinetics for homoge-
neous reactions in low-ESP electrolytes. Combined with solva-
tion analysis, more FSI~ and less TTE coordination endows
LiPSs with superior charge-transfer kinetics.

To probe the anion-involved LiPS charge-transfer kinetics of
heterogeneous reactions regarding the conversion from dis-
solved LiPSs to solid Li,S, DFT calculations on elemental reac-
tions from Li»S, to Li»,S are conducted (detailed discussion in
the supplemental information).** Concretely, the optimized
asymmetric reaction pathway comprise six single-electron-
transfer steps:

Li>S, + (Li* + e7) + * -»LiSz-* + LixS (step 1)
LioS4 + (Li* + €7) + * ->LiSs-* + LiS (step 1)
LiSp-* + LiS-* + LipS + (Li* + €7) = LiSy* + 2Li,S +*  (step Ill)
LiSy* + 2LixS + (Li* + €7) + * — 2LiS-* + 2Li,S (step IV)
2LiS* + 2LipS + (Li* + €7) — LiS* + 3LipS + * (step V)
LiS-* + 3LixS + (Li* + €7) — 4LixS + * (step V)

Therein, the * represents the reaction substrate (graphene is
adopted here for interfacial reaction simulation), and radicals
as well as Li,S4 molecules are calculated considering the explicit
solvation model with two solvents and one salt coordination
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(Figures S37-540). In this way, the diagrams of Gibbs free energy
evolution in the systems of DME + LiTFSI, DME + LiFSI, TTE +
LiTFSI, and TTE + LiFSI can be calculated under the potential
of 2.20 V (Figures 4D and S41). Note that the core elementary
reaction in steps lll, V, and VI is totally identical, and it corre-
sponds to the consumption of LiS-* (i.e., LiS-* + (Li* + e7) —
Li-S + *). Therefore, we only investigate the reactions in steps
I-IV and probe the rate-determining step therein. Concretely,
the energy barriers emerge in steps Ill and IV in the systems
with DME coordination (i.e., DME + LiTFSI and DME + LiFSlI),
while the energy barriers emerge in steps Il and IV in the systems
with TTE coordination (i.e., TTE + LiTFSI and TTE + LiFSI). The
variable positions of energy barriers demonstrate the significant
alteration of polysulfide radical energy and reactivity after TTE
coordination. When replacing DME coordination with TTE coor-
dination around LiPSs, the energy barrier in the rate-determining
step is severely enlarged (0.70 and 0.71 eV larger in LiFSI and
LiTFSI systems, respectively), which illustrates that TTE coordi-
nation indeed hinders the intrinsic LiPS charge-transfer kinetics
in heterogeneous reactions. Focusing on the anion coordination
effect on the intrinsic LiPS redox kinetics, the energy barrier
in the rate-determining step (step 1V) is 0.69 eV for LiPSs coordi-
nated by DME, and LiTFSI and is reduced to 0.60 eV (step Ill) for
LiPSs coordinated by DME and LiFSI. The energy barrier for
LiPSs coordinated by TTE and LiFSI is also lower than that by
TTE and LiTFSI (1.30 vs. 1.40 eV). The reduced values manifest
that LiFSI coordination lowers the charge-transfer energy barrier
and accelerates the LiPS heterogeneous reaction kinetics.

To visualize the kinetic differences among the variable solva-
tion structures, the overpotential of the LiPS heterogeneous re-
actions is calculated and displayed in the three-dimensional vol-
cano plot versus AG(LiS-*) and AG(LiS,-*) (Figure 4E). In detail,
the overpotential of LiPSs coordinated by DME and LiFSI locates
at region lll, representing the rate-determining step is LiS- con-
sumption, while the overpotentials of LiPSs coordinated by
DME and LiTFSI, TTE and LiFSI, or TTE and LiTFSI locate at re-
gion 1V, representing the rate-determining step is LiS,- con-
sumption (Figure S42). Notably, the calculated overpotential is
aggravated after TTE coordination (0.91 and 1.03 times larger
in LiIFSI and LiTFSI systems, respectively) and lessened after
LiFSI coordination (0.04 and 0.16 V smaller in DME and TTE sys-
tems, respectively). Due to the competitive coordination be-
tween TTE and anions on LiPSs mentioned before, the actual in-
ner solvation shell for LiPSs in LiFSI-based electrolytes is
abundant FSI~ and DME but scarce TTE, while it is abundant
TTE and DME but scarce TFSI™ for LiPSs in LiTFSI-based elec-
trolytes (Figure S1). Consequently, the kinetic benefit of compet-
itive LiFSI coordination and detriment of TTE coordination are
respectively amplified and attenuated in LiFSI-based electro-
lytes, endowing LiPSs with significantly superior charge-transfer
kinetics for heterogeneous reactions compared with LiTFSI-
based electrolytes.

Li-S battery performances using anion-competitive
electrolytes

Combined intrinsic kinetic analysis and solvation structure eval-
uation demonstrate that competitive coordination between an-
ions and TTE significantly impacts LiPS charge-transfer kinetics.
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As a result, LiFSI-based electrolytes constitute an excellent
approach to address sluggish kinetics induced by TTE addition.
Regulating anion coordination enables practical Li-S batteries
with both high energy density and long cycling lifespan, breaking
the trade-off by avoiding cathodic kinetic disadvantages,
while preserving anodic protective advantages of low-ESP
electrolytes.

The feasibility of both smooth cathodic kinetics and promoted
anodic stability is evaluated in coin cells assembled with high-
sulfur-loading (4.0 mgs cm~2) cathodes and lean-excess anodes
(50 pm in thickness). Under such harsh conditions, the cells with
LiFSI-based electrolytes can still deliver an initial specific capac-
ity of 1,139 mAh g~ and stably operate for 180 cycles under a
high rate of 0.3 C (Figure 5A). On the contrary, the cells with
LiTFSI-based electrolytes exhibit a 64-cycle lifespan, only one-
third of that of the cells with LiFSI-based electrolytes. The rapid
loss in specific capacity of the 64™ cycle can be ascribed to the
cathodic polarization aggravation, where the voltage between
the 15t and 2™ discharge plateaus reaches the cut-off voltage
in the cells with LiTFSI-based electrolytes (Figure 5A, inset).
For comparison, the discharge voltage keeps stable during
cycling in the cells with LiFSI-based electrolytes, illustrating the
superior LiPS cathodic kinetics induced by FSI™ coordination.
If replacing TTE by DME to construct routine electrolytes, the
Li-S cells under identical conditions cannot operate for over 30
cycles due to severe overcharge, underscoring the effectiveness
of low-ESP electrolytes for anodic protection (Figure S43).

Cathodic kinetic enhancement via anion coordination is more
pronounced in cells with ultrahigh-sulfur-loading cathodes
(7.0 mgs cm2) and lean-excess anodes (50 pm in thickness)
tested under variable rates from 0.1 to 0.4 C (Figure S44). Quan-
titatively, the specific capacity drops sharply by 69.7% when the
rate increases from 0.2 to 0.25 C in the cells with LiTFSI-based
electrolytes, due to the enlarged cathodic polarizations, whereas
the decrease is only 10.6% in the cells with LiFSI-based electro-
lytes (Figure S45). Additionally, the Upis.iowest iS consistently
higher in LiFSI-based cells than LiTFSI-based cells under each
rate (Figure 5B). For instance, the value of Upis_jowest is 1.79 V
in LiFSI-based electrolytes under a high rate of 0.4 C, while it is
below the cut-off voltage of 1.7 V after the rate goes above
0.25 Cin LiTFSI-based electrolytes. All the above increased spe-
cific capacity, lowered polarization, and improved rate-tolerance
should be attributed to the enhanced LiPS charge-transfer ki-
netics by FSI™ coordination.

To probe the effectiveness of the anion coordination strategy
in electrolytes with both smooth cathodic kinetics and preserved
anodic protection, Ah-level Li-S pouch cells are assembled and
evaluated. For the rate-testing pouch cells, besides adopting ul-
trahigh-sulfur-loading cathodes (around 7.5 mgs cm™2) and
lean-excess anodes (75 pm in thickness), the electrolyte-to-sul-
fur (E/S) ratio is controlled as low as 3.5 gge gs~ ' (Table S4). The
pouch cells with LiFSI-based electrolytes can stably operate at
high rate of 0.35 C, significantly outperforming LiTFSI-based
cells limited to 0.2 C (Figure 5C). The promoted high-rate toler-
ance under lean electrolyte conditions represents state-of-the-
art performance in Ah-level Li-S pouch cells, surpassing previ-
ous reports typically limited to below 0.2 C (Figure 5D;
Table S5). For stability testing, cell capacity is scaled to a 5-Ah
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Figure 5. Li-S battery performances with anion-competitive electrolytes

(A) Cycling performances and corresponding charge-discharge profiles (inset) under high rates.

(B) Upis-lowest cOMparisons in rate tests with ultrahigh-loading cathodes.

(C) Voltage profiles of Ah-level pouch cells under high rates from 0.2 to 0.35 C.

(D) Rate performance comparisons versus E/S ratio of Ah-level Li-S pouch cells between this work and previously reported works.

(E) Optical photograph (inset) and the 15! cycle profile of 10-Ah-level pouch cells. Note that the energy density of 622 Wh kg~ is calculated based on the total
mass of the pouch cell including package and tabs.

(F) Energy density comparison of Ah-level Li-S pouch cells between this work and previously reported works with over 10 cycles.
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level to achieve higher actual energy density (Table S6). With
anode-protective fluoroether and cathode-promoted anions,
the pouch cells are endowed with 400 Wh kg~ and 61 stable cy-
cles (Figure S46). Moreover, the E/S ratio is reduced to 1.9 geje
gs~ ' in 10-Ah-level pouch cells, and an ultrahigh energy density
of 622 Wh kg™ is yielded with 15 cycles (Figures 5E, S47, and
S48). Note that the above energy densities are calculated based
on total pouch cell mass including tabs and packages.
Compared with reported works, pouch cells with LiFSI-based
electrolytes excel in both energy density and cycling lifespan,
demonstrating the full advantage of fluoroether anodic protec-
tion and FSI™ cathodic charge-transfer kinetic regulation
(Figures 5F and S49; Table S7). Consequently, the competitive
anion coordination strategy is efficient and applicable for prac-
tical pouch cells combining high energy density and prolonged
cycling lifespan.

DISCUSSION

We pioneeringly disclose the anion-induced competitive solvation
mechanism to promote the LiPS kinetics toward high-energy-
density Li-S batteries. Anions contend against weakly solvating
solvents for occupying the LiPS inner solvation shell and directly
coordinating with LiPSs. Strengthening anion coordination and di-
minishing weakly solvating solvent coordination accelerates the
LiPS redox kinetics in homogeneous and heterogeneous reac-
tions, especially overcoming the charge-transfer barriers in low-
ESP electrolytes. As a proof of concept, FSI™ coordination with
enhanced competitive solvation capability reduces activation po-
larization and boosts cycling stability at high current densities. Ah-
level pouch cells operate at high rates of 0.35 C and achieve
an extraordinary energy density of 622 Wh kg~ (based on total
weight) with stable cycles, positioned as the state of the art in bat-
tery technology. By clarifying the anion-induced competitive sol-
vation mechanism, our work challenges the conventional anion
roles limited to ionic transport or interphase formation and estab-
lishes a paradigm shift in advancing Li-S batteries toward both
high energy density and prolonged cycling lifespan.

METHODS

Raw materials

All the raw materials, including carbon nanotubes (CNTs), gra-
phene (G), Sg, LiFSI, LiTFSI, lithium nitrate (LiINOs), Li,S, carbon
paper (CP), sodium bis(trifluoromethanesulfonyl)imide (NaTFSI),
sodium chloride (NaCl), deuterated chloroform (CDCIz), DME,
TTE, deionized (DI) water, poly(vinylidene fluoride) (PVDF, HSV-
300), polypropylene (PP) separator (Celgard 2500), aluminum
(Al) foil, copper (Cu) foil, and lithium (Li) foil were purchased
from commercial sources and directly used without further
purification.

Solution and electrolyte preparation

TTE solvent was mixed with DME solvent at certain volume ratios,
dissolved 1.0 mol L~ LiTFSI or LiFSI, and was adopted as LiTFSI-
based or LiFSI-based TTE solutions, respectively. To prepare the
LiTFSI/LiFSI-based TTE solutions with Li,Sg, Li,S and Sg were
mixed in the TTE solutions with a molar ratio of 8:5 and stirred

10  Joule 70, 102259, February 18, 2026

Joule

at room temperature. The Li,Sg concentration was set to be
2.0 molg; L. Spectroscopic experiments including DN measure-
ments, NMR, and Raman spectroscopy tests, and electrochemi-
cal tests including shuttle current tests, Coulombic efficiency
measurements, and symmetric cell evaluations were based on
the LiTFSI/LiFSI-based TTE solutions and LiTFSI/LiFSI-based
TTE solutions with Li>Sg. Additional 2.0 wt % LiINO3 dissolved in
LiTFSI/LiFSI-based TTE solutions were adopted as the LiTFSI/
LiFSI-based TTE electrolytes. Experiments including cycling per-
formance evaluations and galvanostatic tests in Li-S full cells
were based on the LiTFSI/LiFSI-based TTE electrolytes.

Spectroscopic experiments

The 22Na NMR spectra were recorded on a JNM-ECZ400 NMR
spectrometer to measure the DN. Concretely, the NMR tubes
were coaxial types, where 10 mmol L~! NaCl aqueous solution
as the internal reference was filled in the inner tube, and the tar-
geted solutions were filled in the outer tube. "Li-NMR spectra
were recorded on the same NMR spectrometer to detect the
LiPS surrounding environments in solutions. In detail, the NMR
tubes were coaxial types, where pure CDCl; solvents as the
deuterated reagents were filled in the inner tube to lock the field,
and the TTE solutions were filled in the outer tube. For the DOSY
tests, the diffusion coefficient of TTE solvent molecules were
measured by using 'H pulsed field gradient NMR at Larmor fre-
quencies on a 700 MHz NMR spectrometer (Bruker Avance llI
HD 700 MHz). The echo heights, /(G), obtained as a function of
gradient strength (G) using bipolar gradients with convection
compensate gradients were fitted with the Stejskal-Tanner
equation as follows:

I(G) = Ip x exp (-D x (vG6)” x (A'g»

Therein, I(G) and Iy are the echo height with the gradient
strength of G and 0, respectively; D is the diffusion coefficient;
and y is the gyromagnetic ratio for the 'H nuclei. The gradient
strength G and duration (8) of gradient pulse and the distance be-
tween the two gradients (4) were properly chosen for a sufficient
decay of the echo height based upon the nuclei observed and
diffusion coefficient. For the Raman spectra tests, the TTE solu-
tions with Li,Sg were filled into a quartz glass cuvette and the
spectra were recorded with 532-nm He-Ne laser in a Horiba Jo-
bin Yvon LabRAM HR800 Raman spectrometer.

Further details regarding the methods can be found in the
supplemental methods.
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