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ABSTRACT: Lithium—sulfur (Li—S) batteries are promising in achieving high
energy density but inferior in cycling lifespan since Li polysulfides (LiPSs) corrode
Li metal anode. Weakening the electrolyte solvating power (ESP) for LiPSs
effectively mitigates anodic corrosion but inevitably retards cathodic reaction
kinetics. Herein, the correlation between the ESP and the LiPS redox kinetics in
weakly solvating electrolyte is unveiled for achieving high-performance Li—S
batteries. The ESP exhibits a two-stage variation tendency as the weakly solvating
solvent (WSS) content increases, where the transition depends on whether the
WSS enters the LiPS inner solvation shell. Once the WSS directly coordinates with
LiPSs, the LiPS charge-transfer kinetics deteriorate dramatically, with a rapid
increase in activation polarization. To overcome the kinetic sluggishness, advanced
electrocatalysts are introduced to endow Li—S batteries with reduced polarization

and prolonged cycling lifespan. An ultrahigh energy density of 607 W h kg™ is
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realized in 10 Ah-level pouch cells with a stable cycling lifespan. This work deepens the current understanding of LiPS solvation and
kinetics, highlighting the significance of weakly solvating electrolytes toward high-energy-density and long-cycling Li—S batteries.

B INTRODUCTION

rating weakly solvating solvents (WSSs) into the DOL/DME

Electrolyte constitutes the blood of working batteries.' ™ The
physical and chemical properties of electrolyte directly
determine the anodic and cathodic behaviors and further
battery performances.””” For the batteries employing soluble
electrode active materials to achieve high energy density®™'" or
long cycling stability,'””'* the correlation between the
electrolyte solvating power (ESP) for the soluble active species
and the redox kinetics of the electrode active materials is
crucial for probing the electrochemical mechanism as well as
promoting the overall battery performances.

Lithium—sulfur (Li—S) batteries are promising next-
generation rechargeable batteries with an ultrahigh theoretical
energy density of up to 2600 W h kg™.">~'% Soluble Li
polysulfides (LiPSs) connect the solid charge and discharge
products of Sg and Li,S in sulfur cathodes and serve as key
intermediates.'”~** Ether-based electrolytes currently consti-
tute the benchmark for Li—S battery research and applications,
typically composed of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME).”*~*” These mixed solvents dissolve
massive LiPSs to guarantee smooth cathodic conversion
kinetics and full delivery of high discharge capacity and energy
density.”"™*' However, the parasitic reactions between the
LiPSs and Li metal anodes result in unsatisfactory cycling
stability of Li—S batteries in DOL/DME-based electro-
lytes.”” > Previous researches have demonstrated that
employing weakly solvating electrolytes (WSEs) by incorpo-
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benchmark can effectively diminish the LiPS corrosion on Li
metal anodes and enhance the cycling stability of Li—S
batteries.’*™** Nevertheless, the WSEs inevitably retard the
LiPS cathodic conversion kinetics, leading to deteriorated cell
polarization, reduced discharge capacity, and low energy
density at the pouch cell level.””~** The current chemical
understandings impute the above dilemma to the decreased
LiPS solubility.*~*" However, molecular-level insights into the
ESP and the solvation structure of the dissolved LiPSs remain
elusive, though their importance has been widely acknowl-
edged in prominently determining the electrochemical
behaviors of both the sulfur cathode and the Li anode.**>°
A direct correlation between the ESP and the LiPS redox
kinetics has not yet been established, resulting in the blindness
of the WSE design in promoting Li—S battery performances.

In this contribution, the ESP and the LiPS redox kinetics in
WSEs are correlated to guide the construction of practical
high-energy-density and long-cycling Li—S batteries. Con-

cretely, the activation polarization corresponding to LiPS
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Figure 1. The rules to weaken the ESP and corresponding impacts on anode and cathode performances. (A) Illustration of the interactions
between LiPSs and (A,) SSS or (A,) WSS. (B) Molecular structure and electrostatic potential (isovalue = 0.001 au) of the representative (B;) SSSs
(DME and DOL) and (B,) WSSs (DIPS, DIPE, and HME). The hydrogen, carbon, oxygen, and sulfur atoms are marked with white, blue, red, and
yellow, respectively. (C) The Upjjowes: (marked in red) and Coulombic efficiency (marked in blue) of Li—S cells with increasing WSS contents
with (C,) DIPS, (C,) DIPE, and (C,) HME electrolytes, respectively (sulfur loading: 4.0 mgg cm™2).

interfacial charge-transfer kinetics exhibits a two-stage variation
tendency with increased WSS contents, as indicated by the
polarization decoupling results, wherein a transition point is
identified by a two-stage activation polarization variation with
different increasing rates before and thereafter. Further
quantitative nuclear magnetic resonance (NMR) analysis
reveals that the ESP also exhibits a two-stage variation
tendency akin to the activation polarization, with the transition
being contingent upon whether the WSS enters the LiPS inner
solvation shell and directly coordinates with LiPSs. Both
distribution of relaxation time (DRT) analysis and density
functional theory (DFT) calculations elucidate that direct
coordination of the WSS with LiPSs results in significant
deterioration of the intrinsic LiPS redox kinetics due to the
rapid increase in activation energy in the rate-determining step.
To overcome the sluggish charge-transfer kinetics and reduce
the activation polarization under high-WSS-content conditions,
advanced electrocatalysts are introduced to regulate the energy
and chemical states of LiPSs at the cathodic interface.
Consequently, the electrocatalyst-enhanced WSEs enable 2
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Ah-level Li—S pouch cells achieve 100 stable cycles and
rechargeable 10 Ah-level Li—S pouch cells attain an ultrahigh
energy density of 607 W h kg™' with 17 cycles, calculated
based on the total mass of all the cell components.

B RESULTS AND DISCUSSION

Correlation between WSEs and Battery Polarization.
The solvation interaction between solvents and LiPSs is
governed by coordination between the electronegative sites in
the solvent molecules and the electropositive sites in the LiPS
molecules (Figure 1A;). Introducing huge steric-hindrance
groups adjacent to these coordination sites in the solvent
molecules constitutes an effective approach to weaken the
solvents’ solvating power (Figure 1A,). Three typical WSSs
featuring huge steric hindrance, including hexyl methyl ether
(HME), di-isopropyl ether (DIPE), and di-isopropyl sulfide
(DIPS), are employed as cosolvents in electrolyte to weaken
the ESP (Figure S1). The calculated electrostatic potential
evidently illustrates the above steric-hindrance effect, showing
a more dispersed electronegative region in strongly solvating

https://doi.org/10.1021/jacs.5c01588
J. Am. Chem. Soc. 2025, 147, 15435—15447


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01588/suppl_file/ja5c01588_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01588?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A D
| Cathodic polarization (1) |
360
l Decoupled into
| | Activation polarization () | J | <
<
Ohmic polarization (7eym) :‘Q
Concentration polarization (g,)
B 240
40 0 15 30 45
£ . WSS content (%)
EIS techni =
520 Ruu S technique E
':T‘ . T Nohm = 1 X Rouk t‘g
Stage
0 20 40
Z' (ohm) 120
23
GITT method < 2.1
S
Nact & Neon (_-.3 1.9
o Maximum |
= 17 polarization point At the maximum polarization point
0 10 20 30 0 15 30 45

Time (h)

Weakly-solvating solvent content (%)

Figure 2. The cathodic polarization decoupling and variation tendency with increasing WSS contents. (A) Components of the cathodic
polarizations. (B) Decoupling the #,y,, through the EIS technique. (C) Decoupling the 7, and 7, through GITT methods. (D) Polarization
evolution when reducing the WSS content (inset: the 77, to 7, ratio versus the WSS content). Notably, all these measurements are based on Li—S

full cells with a sulfur loading of 4.0 mgg cm™.

solvents (SSSs) such as DOL and DME compared with WSSs
(Figure 1B). Further, the natural bond orbital charges of the
ligand atom (oxygen or sulfur) in WSS and SSS molecules are
calculated to quantify the solvents’ solvating power (Figure
S2), revealing that charges in DOL (0.59¢) and DME (0.57¢)
are significantly more negative than those in HME (0.29),
DIPE (0.25¢), and DIPS (0.066¢). The above examinations
suggest that varying the ratios of WSS and SSS in electrolyte
can effectively construct WSEs with different ESPs, where an
increase in the WSS content leads to weakened ESP. In
addition, either DIPE, DIPS, or HME and DOL/DME are
soluble with each other at any proportion, which guarantees
the feasibility to continuously reduce the ESP by tuning the
DIPE, DIPS, or HME content in electrolyte.

Consistent with the electrochemical behaviors reported by
previous literature,>”*>*° all of the WSEs, whether constructed
by DIPS, DIPE, or HME solvents, exhibit anodic protection
and cathodic deterioration in Li—S batteries (Figure S3). To
quantitatively analyze the effect of the different ESPs on the
apparent anodic protection effect and the cathodic kinetics
behaviors, Coulombic efficiency (CE) and the lowest voltage
during the discharge process (Up;jowesy the point between the
first and the second discharge plateau defined by dU/dQ = 0,
U and Q are the discharge voltage and capacity, respectively)
are selected as the two indicators (Figure 1C). Note that the
polarization contribution of the anode is small enough to be
ignored at a small rate of 0.1 C based on previous reports.”’ As
the WSS content increases from 0 to 40%, the CE rises from
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ca. 91% to 99%, suggesting mitigated anodic side reactions. On
the contrary, the Upgjowest drops from ca. 2.05 V to below 1.80
V, illustrating unfavorable cathodic redox kinetics. Notably, the
drop tendency of Upijoyest 1S Dot linearly correlated to the
WSS content. Instead, there is a transition point where
Ubjg-lowest Temains stable before it drops rapidly thereafter.

To fully comprehend the observed sudden deterioration of
the cathodic redox kinetics, we evaluated the cathodic
polarization during the discharge process. In principle, the
cathodic polarization can be decoupled into Ohmic polar-
ization (#,hy), activation polarization (77,.), and concentration
polarization (7,,). Concretely, 7.y, follows Ohm’s Law, 7, is
caused by the charge-transfer resistance dictated by the
Bulter—Volmer equation, and 7, results from mass-transport
limitations governed by the Nernst—Planck equation (Figure
2A). To accurately distinguish each part from the overall
polarization, a galvanostatic intermittent titration technique
combining electrochemical impedance spectroscopy (GITT—
EIS) method was conducted in Li—S cells. In detail, the bulk
resistance (Ry,) is determined from the high-frequency
intercept of the EIS Nyquist plot, and 7, can be obtained
through multiplying Ry by the applied current i (Figure 2B).
During GITT upon removal of the applied current in the
relaxation step, the immediate voltage increment is attributed
to the elimination of #,,, and #,, due to their current-
dependent properties (Figure 2C, inset). Afterward, the
voltage gradually approaches the thermodynamic potential
(vs Li/Li*) over the relaxation period, and the corresponding
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Figure 3. Quantifications of the ESP and the solvation structures in WSEs. (A) Illustrations of DN measurements to quantify the ESP by **Na
NMR spectroscopy. (B) DN evolutions of WSEs with increasing (B;) DIPS, (B,) DIPE, and (B;) HME contents. (C) Gaussian deconvolution of
Raman signals into two separate vibration modes of coordinated and uncoordinated solvents with Li*, enabling quantification of the solvation
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voltage rise is identified as the #,,. Therefore, the values of rapid drop of Up;gjowest 1S caused by the sluggish kinetics rather

Nohmy Macw and 7, at various depths of discharge can be than thermodynamic issues.

precisely determined through the GITT—EIS method (Figures During the discharge process, the 7, consistently takes the

S4—510). Notably, the thermodynamic potential hardly smallest proportion across all the electrolyte systems (<10

changes during the discharge process, illustrating that the mV), manifesting ionic and electronic conductivity variations
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evolutions with increasing WSS contents.

are not the primary contribution to the overall polarization
deterioration (Figures SS, $7, and S9). In comparison, 7,., and
Neon increase initially until they reach a polarization peak
around a discharge capacity of 300 mA h g, and then they
reduce during the rest of the discharge process until
approaching the discharge termination (Figure S10). Increas-
ing the WSS content particularly affects the polarization at its
maximum point between the first and second plateaus, where

the LiPS concentration is the highest (circled in Figure 2C).
Accordingly, the polarization variations at the maximum
polarization point are investigated in particular (Figure 2D).
Concretely, the 7, exhibits a two-stage variation tendency
along with increased WSS content to perform a transition
point at approximately 20% WSS content. The 7, remains
relatively stable below this threshold (stage I) and then
escalates sharply thereafter (stage 1I). Taking the DIPE system
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as an example, 77, increases by 1.2 times from 22.8 to 50.1 mV
as the DIPE content rises from 0 to 20%. The 7, then surges
by 13 times to 314 mV when the DIPE content increases from
0 to 40%. The 7, exhibits a similar but less pronounced two-
stage variation tendency compared with the 7,, as evidenced
by the increased #,./7., ratios, particularly at high WSS
contents (Figure 2D, inset). The 7,./#co, ratios also display a
two-stage variation tendency with an increment of 0.6 and 2.0
times before and after the transition point, demonstrating that
the 7, is the predominant factor governing the Li—S battery
polarization and the primary kinetic challenge afforded by the
high WSS content in WSEs. This phenomenon further signifies
that the charge-transfer limitation, rather than mass transport
or electron—ion conduction, primarily restricts the LiPS
conversion kinetics in WSE-based Li—S batteries. The distinct
two-stage behavior of the 7, indicates the molecular
interactions and charge-transfer circumstances are significantly
altered beyond a certain WSS content in the WSE systems.

Quantitative Correlation between ESP and LiPS
Solvation Structures. To fully comprehend the mechanism
behind the impact of different WSS contents on the apparent
polarization variations, the ESP of the different electrolytes and
the solvation structures of LiPSs within them are quantitatively
analyzed. Specifically, the ESP is assessed using the Gutmann
donor number (DN), which is a widely recognized semi-
empirical indicator that quantitatively distinguishes the
solvating capability through the energy change when solvates
are coordinated with the surrounding solvents. Based on the
established empirical relationships,” the DN values correlate
with the **Na peak chemical shift in NMR spectroscopy
(Figure 3A). Concretely, a trace amount of NaTFSI (10 mmol
L™"), serving as a molecular probe, was dissolved in targeted
solutions and injected into the outer shell of the coaxial NMR
tube, while a 10 mmol L™! NaCl aqueous solution was injected
into the inner shell as the internal standard for NMR peak
correlation. Adopting the above setup, the **Na-NMR peak
chemical shifts (§) of some acknowledged-DN solvents are
calibrated and linearly correlated to their DN, following the
relationship of DN = 2.052 X & + 25.32 (Figure S11).
Afterward, the DN values of the WSEs with different WSS
contents were measured (Figures S12—S14). As the WSS
content increases, the DN values initially reduce slowly (stage I
in Figure 3B;—B;) until the WSS content reaches ca. 20% and
then decreases sharply thereafter (stage II). Taking the DIPS
system as an example, the DN value decreases minimally from
16.6 to 16.5 kcal mol™" (a 0.6% change) as the DIPS content
increases from 0 to 20%, then rapidly lessens to 15.6 kcal
mol™" (a 6.0% change) at the 40% DIPS content. The changes
in the DN values manifest that the ESP of the WSEs exhibits a
two-stage variation tendency as the WSS content increases,
with a notable transition point at around 20% WSS content,
which is consistent with the variation tendency of the
decoupled polarization observed above.

To further reveal the chemical nature behind the two-stage
variation tendency of ESP, fine Raman spectroscopy was
employed to investigate the molecular interactions between the
solvents and solvates. Concretely, Raman signals of pure
solvents and WSEs with variable WSS contents were detected
(Figures S15—S21). Special attention is given to the vibrational
mode alterations of the C—S or C—O bonds in the WSS
molecules, as these interactions exist around the coordinating
atoms (sulfur in DIPS and oxygen in DIPE and HME,
respectively; Figure 3C;—C;). In the DIPE-based electrolyte

system, the Raman shift at 795.3 cm™', corresponding to the
symmetric wagging vibration (vg) of C—O bond in
uncoordinated DIPE molecules,”* remains unchanged until
the DIPE content reaches 20%. Above this concentration, the
v5(C—0) peak downshifts and a new signal located at 791.4
cm™! emerges, assigned to the vibration mode of coordinated
DIPE molecules. There are also similar behaviors in the DIPS-
and HME-based electrolyte systems. The newly emerged
Raman signal indicates that the WSS coordinates directly with
Li ion beyond the transition point,”> demonstrating that the
two-stage variation in the ESP observed in Figure 3B results
from the changes in the microscopic solvation structure.
Specifically, prior to this transition point (stage I), the ESP
exhibits minimal change as the solvates scarcely interact with
the WSSs directly. After this transition point (stage II), the
ESP decreases sharply due to direct WSS coordination, where
Li bonds form between the WSSs and Li ions in electrolytes*®
(detailed discussion in Figures S22 and S23). In summary, the
WSS coordination status before and after the transition point
directly induces the two-stage variation tendency of the ESP.

Furthermore, we focus on the LiPS solvation behaviors in
WSEs and correlate the two-stage variation tendency of the
ESP with the LiPS redox kinetics at the molecular level. 1.0
molg) L™ Li,S¢ in WSEs with varying WSS contents were
prepared for the examination. Notably, 1.0 mol L™' Li
bis(trifluoromethanesulfonyl)imide (LiTFSI) was also added
in the above LiPS solutions to simulate the actual solvation
circumstance and match the battery working conditions.
Observing the LiPS solvation structures from the perspective
of the Li atom, we analyzed the electron states surrounding the
Li nuclei using 'Li NMR spectroscopy (Figures S24—526).
Due to the shielding effect in the magnetic field, a higher
chemical shift in nuclei (i.e., the downfield shift) corresponds
to lower electron density surrounded, suggesting Li bond
formation between the Li atoms in LiPSs and the negative-
charge re_gions in WSS with weaker electron-donating
capability’” (Figure 4A). As the WSS content increases, the
"Li peak shift (8;;) increases nonlinearly, exhibiting a two-stage
variation tendency of a slow increase in stage I followed by a
rapid increase in stage II (Figure 4B). Taking the DIPE system
as an example, the d;; changes by 0.01 ppm when the DIPE
content increases from 0 to 10%, while the &;; change
quadruples to a 0.05 ppm enlargement when the DIPE content
rises from 20% to 30%. The different growth rates between
these two stages indicate that the electron density reduction
surrounding the Li nuclei varies nonlinearly with the WSS
content, featuring a distinct transition point attributed to the
LiPS solvation structure changes.

The LiPS solvation structure is further quantified through
fine Raman spectroscopy, detecting characteristic bond
vibrations in LiPSs, solvents, and Li salts (Figures $27—S29).
Attributed to the WSS coordination discussed in Figure 3C,
the stretching mode of C—O (or C—S) bonds in solvents and
the bending mode of S—N—S bonds in LiTESI molecules alter
when increasing the WSS contents (Figures S30—S32). To
quantify the WSS coordination percentage in the LiPS
solvation shell, the in-plane bendin% vibration mode 5(SSSS)
in LiPSs is Gaussian deconvoluted™® (Figures 4C and S33—
S35). Taking the HME system as an example, the Raman shifts
at 197.0 and 202.6 cm™' represent characteristic signals for
LiPSs coordinated by SSS or WSS,>” with their deconvoluted
peak areas denoted as area A and area B, respectively. The
WSS coordination percentage is calculated as area B/(area A +
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area B). Notably, the Raman shift of area B is ascertained
through the LiPS vibration measurements in pure WSS. As the
WSS content increases, the coordination percentage also
exhibits a two-stage variation tendency (Figure 4D). In the
DIPS system, the WSS coordination percentage remains zero
below the 10% WSS content and rises to 5.67% at the 20%
WSS content, manifesting few WSSs coordinate with LiPSs in
stage 1. After the transition point, the WSS coordination
percentage jumps to 18.7% at the 40% WSS content, signifying
that a non-negligible amount of LiPSs is coordinated by WSSs.
Similar tendencies are also observed in the DIPE and HME
systems. In summary, along with the WSS content increment,
the LiPS solvation structures in WSEs change nonlinearly,
displaying a two-stage variation tendency with a distinct
transition point (Figure 4E). The transition dividing stage I
and stage II depends on whether the WSS enters the LiPS
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inner solvation shell. In stage I, where the WSS content is
relatively low, the WSSs primarily stay at the outer solvation
shell of LiPSs since the WSSs are weaker in competing
coordination with LiPSs than the SSSs. In stage II, with
insufficient SSSs for full coordination of LiPSs and increased
molecular entropy, the WSSs begin to enter the inner solvation
shell and directly coordinate with LiPSs following the Li bond
principle.”” These changes in the LiPS solvation structure
induced by WSS coordination result in a two-stage variation in
the ESP and further affect the LiPS kinetic behaviors in Li—S
batteries.

Evaluations of LiPS Redox Kinetics in WSEs. The above
two-stage variation in LiPS solvation structure, driven by WSS
coordination, closely mirrors the variation tendency of 7,
exhibited in Figure 2D, suggesting a fundamental connection
between the solvation structure and the redox kinetics of
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LiPSs. Given that 7,, dominating the main polarization in
batteries, is generated by the sluggish LiPS charge-transfer
kinetics rather than mass transport or ion-electron conduction,
we aim to associate WSS coordination with LiPS charge-
transfer kinetics in both homogeneous and heterogeneous
reactions.

To evaluate the homogeneous reactions between dissolved
LiPSs, Li,S¢ symmetric cells with WSEs were assembled, with
EIS techniques employed for analysis (Figure SA). To
decouple the specific processes in the Nyquist plot, DRT
analysis is adopted (Figure SB), which identifies three peaks at
the characteristic time (7) of ca. 107% 107!, and 10' s,
representing the contact, reaction, and diffusion region in the
equivalent circuit, respectively’' (Figure S36). Therein, the
resistance in the reaction region (R.) quantitatively indicates
the kinetic difficulty of LiPS charge transfer in the variable
WSEs. As expected, the R, increases with reduced ESP (e.g,
from 93.4 to 248 Q as the DIPS content increases from 0 to
40% at room temperature, Figure $S37). The activation energy
(E.e), a fundamental kinetic indicator of the charge-transfer
process, is then examined via EIS measurements and DRT
analysis across different temperatures (T) from 0 to 40 °C
(Figures S37—845). E,, is fitted by plotting In(R,) against 1/T
according to the Arrhenius equation (Figures SC and $46). As
the WSS content increases, the E,, displays a two-stage
variation behavior (Figure SD), e.g, in the DIPS system, the
E,. increases by 1.5 k] mol™! when the DIPS content increases
from 0% to 20% (stage I), and rises sharply by 5.2 kJ mol™
from 20% to 40% (stage II). Notably, this transition point
correlates with the states of whether the WSS directly
coordinates with LiPSs, showing that the E, of the reactions
of the WSSs directly coordinated LiPSs is distinctly larger than
that of the circumstance of the WSSs located at the LiPS outer
solvation shell. The above results manifest that the charge-
transfer kinetics of the LiPS homogeneous reactions become
intrinsically more sluggish with reduced ESP once the WSSs
penetrate the LiPS inner solvation shell.

To evaluate the LiPS heterogeneous reaction kinetics, DFT
calculations for the conversion from Li,S, to Li,S were carried
out (Figure SE). Concretely, the solvation effect is presented
by adding two solvent molecules (2 sol, i.e., 2DME, 2DIPS/
DIPE/HME, or DME + DIPS/DIPE/HME) onto LiPS
molecules and radicals (Figures $47—549). According to our
previous research,”> the pathway of the sulfur reduction
reaction is assumed to be the Li,S, symmetrical decom-
position, where Li,S, initially converts to Li,S, and then to
Li,S. The six-electron-transfer process can be decoupled into
six steps as follows

(sol),—Li,S, + (Li* +e7) + *
— (sol), — LiS,-* + Li,S, )

Li,S, + (sol),—LiS,-* + (Li* + ¢7)
— 2Li,S, + * + 2sol (1)

2Li,S, + (Li* + e7) + * + 2sol
— (sol), — LiS-* + Li,S + Li,S, (111)

Li,S + Li,S, + (sol), — LiS-* + (Li* + e7)
— 2Li,S + Li,S, + * + 2sol (Iv)

2Li,S + Li,S, + (Li* +e7) + * + 2so0l
— (sol), — LiS-* + 3Li,S (V)

3Li,S + (sol), — LiS-* + (Li" + e7)
— 4Li,S + * + 2sol (V1)

Therein, * represents graphene as the reaction substrate and
Li,S, and Li,S are treated as crystals. Based on the above six
steps, the Gibbs free energy evolution diagram is calculated
and depicted at the equilibrium potential (Eeq) (Figures SF and
$50). Notably, reactions involving the WSS-coordinated LiPSs
exhibit energy barriers higher than those coordinated by SSS
(Tables S2—S4). Taking the HME system as an example, the
energy barriers are 0.78 eV with 2DME, 0.87 eV with DME +
HME, and 1.00 eV with 2HME, respectively. The enlarged
energy barriers can be attributed to the higher binding energies
of the LiPS radicals, which hinder the desorption process from
the substrate and impede the subsequent reactions (Figure
S51). The above energy variation results manifest that once the
LiPS molecules and radicals are coordinated by WSS, the
sudden drop in the ESP leads to inferior LiPS charge-transfer
kinetics.

To identify the specific rate-determining step and over-
potential in the LiPS heterogeneous reactions, two descriptors,
AG(LiS,-*) and AG(LiS-*), are introduced and defined as the
Gibbs free energy changes of steps I and III (detailed
discussion in Section 1.6.4. of Supporting Information).
Based on the above two descriptors, steps I-IV can be
quantitatively reflected by regions I-IV in the three-dimen-
sional volcano plots (Figures SG and S52). Concretely, all the
systems locate in either region II or III, illustrating either step
II or III can be the rate-determining step. These findings
manifest that both the decomposition of (sol),-LiS,-* and the
generation of (sol),-LiS+* are kinetically unfavorable in the
LiPS heterogeneous reactions. Furthermore, the WSS coordi-
nation increases the charge-transfer energy barrier in these
rate-determining steps, hindering the overall LiPS redox
kinetics and enlarging the overpotential of the LiPS
heterogeneous reactions in WSEs (e.g., 0.78, 0.82, and 1.05
V for the systems of 2DME, DME + DIPE, and 2DIPE,
respectively). Overall, based on the experimental and
theoretical evaluations of both homogeneous and heteroge-
neous reactions, it is evident that direct coordination of WSS
with LiPSs significantly lessens the ESP of the WSEs, which
further reduces the intrinsic LiPS reactivity, hinders the
cathodic charge-transfer kinetics, and sharply enlarges the
cathodic activation polarization.

Electrocatalyst-Enhanced LiPS Redox Kinetics in
WSEs. The WSEs with higher WSS contents and lower ESP
potentially enhance the cycling life of Li—S batteries by
inhibiting the anodic parasitic reactions, while the unbearable
enlarged cathodic 7, induces rapid cathode failure. To
leverage the advantages of WSEs while mitigating their
drawbacks, aggravated 7, from WSS coordination must be
optimized to an acceptable level. Modifying the cathodic
interface with electrocatalysts presents an effective approach to
regulate the LiPS cathodic charge-transfer kinetics independent
of the LiPS solvation structure. In this way, introducing
electrocatalysts into the cathodic compartment is expected to
reduce 77, in WSEs. Titanium nitride (TiN) nanoparticles are
adopted as model electrocatalysts due to their exceptional
electrocatalytic performances®~® (Figures S53—S55).
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Figure 6. Electrocatalyst-enhanced Li—S full cells with WSEs. (A) The 7, and 7, evolutions in Li—S batteries with (A;) DIPS, (A,) DIPE, and
(A;) HME-based electrolyte with or without electrocatalysts. (B) Long-cycling performances and corresponding charge—discharge profiles (inset
figures) for DIPS-based Li—S$ coin cells with or without electrocatalysts. (C) Comparisons on cycling life for DIPS, DIPE, or HME-based coin cells
with or without electrocatalysts. (D) Optical photograph (inset) and the 1% cycle discharge profile of 10 Ah-level DIPS-based pouch cells with
electrocatalysts. (E) Performance comparison of the rechargeable Li—S pouch cells between this work and other previously reported works. The
energy densities are of the first cycle and calculated based on all the components including package and tabs.

The polarization distributions of the WSE-based Li—S
batteries with or without electrocatalysts were analyzed by the
GITT—EIS method (Figures SS6 and 6A). As expected,
introducing electrocatalysts significantly reduces the #,. while
merely changes the 7., during the discharge process,
indicating the electrocatalysts exclusively accelerate the
charge-transfer kinetics in WSEs. For instance, in the 35%
DIPS system, the maximum 7, is reduced from 98.1 to 20.0
mV, while the 7, remains unchanged at around 50 mV. The
above results underscore the effectiveness of electrocatalysis in
enhancing the charge-transfer kinetics and reducing the 7, in
WSEs.
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To concurrently achieve high cathodic and anodic perform-
ances, electrocatalysts and WSEs are employed in Li—S cells
with thin anodes (50 #m) and high-loading cathodes (4.0 mgj
cm™?). For the 35% DIPS system, the Li—S cells with
electrocatalysts exhibit an ultrahigh specific capacity of 1269
mAh g™ and maintain stable for over 160 cycles (Figure 6B).
In comparison, the cells without electrocatalysts fail after only
15 cycles due to cathodic failure. During cycling, the charge—
discharge voltage in the cells with electrocatalysts remains
stable, whereas in the cells without electrocatalysts, the
discharge voltage quickly drops to the cutoff point at the
16™ cycle, leading to abrupt capacity loss (Figure 6B, inset).
Similar behaviors are observed in the DIPE and HME systems
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(Figures S57—S58), where the cells with electrocatalysts are
endowed with prolonged cycling lifespan due to the mitigation
of rapid cathodic failure in WSEs, while the cells without
electrocatalysts suffer from a rapid polarization increase and
capacity loss. Specifically, the cycling life extends from 8 to 120
cycles in the 35% DIPE system and from 24 to 114 cycles in
the 35% HME system (Figure 6C). In brief, introducing
electrocatalysts not only enhances the LiPS charge-transfer
kinetics and reduces the cathodic polarization but also
maintains the anodic stability in WSE-based Li—S batteries.

To evaluate the feasibility of combining WSEs and
electrocatalysts in practical Li—S batteries, Ah-level pouch
cells were assembled with a DIPS electrolyte and TiN
electrocatalysts, which are uniformly embedded in cathodes
(Figure S59). The 2 Ah-level pouch cells feature cathodes with
a single-side sulfur loading of 7.4 mgs cm™, anodes with a
single-side thickness of 75 ym, and an electrolyte/sulfur (E/S)
ratio of 3.8 g, g5~ (Figure S60 and Table S5). The pouch cell
delivers an actual energy density of 356 W h kg™" (based on all
components including tabs and packages) and remains stable
for 100 cycles. To further achieve higher energy density, 5 Ah-
level pouch cells were assembled with a reduced E/S ratio of
2.8 g g5 ', cathodes with a single-side sulfur loading of 7.6
mgg cm 2, and anodes with a single-side thickness of 75 ym.
Consequently, the 5 Ah-level pouch cells deliver a superior
actual energy density of up to 460 W h kg™' and operate stably
for 67 cycles (Figure S61).

To enhance the energy densities of pouch cells, the E/S ratio
was further reduced, and the Cu current collectors were
replaced into the ones with light mass (Table S6). In detail, 10
Ah-level pouch cells were assembled with the E/S ratio of 2.6
gue g, cathodes with single-side sulfur loading of 8.2 mg
cm™, and anodes with a single-side thickness of 75 pm to
achieve 565 W h kg™ with 26 stable cycles (Figure S62).
Furthermore, the E/S ratio was reduced to 2.3 g4 g5~ in
another 10 Ah-level pouch cell with the same cell assembly
parameters. Despite the extremely harsh conditions, the pouch
cell delivers an ultrahigh specific capacity of 1403 mA h g™
and a superior actual energy density of up to 607 W h kg™’
with 17 stable cycles (Figures 6D and S63). Notably, the
energy densities of the above pouch cells are calculated based
on all components, including tabs and packages. The above
Ah-level pouch cells demonstrate leading performances in the
Li—S field, excelling in both energy density and cycling lifespan
(Figure 6E and Table S7). The simultaneously prolonged
cycling lifespan and promoted energy density manifest the
promise of employing WSEs in practical Li—S batteries once
the cathodic kinetics are fully guaranteed (Figure S64).

B CONCLUSIONS

The correlation between the ESP and the LiPS redox kinetics
in WSEs is unveiled to guide the design of practical high-
energy-density and long-cycling Li—S batteries. The ESP of
WSEs exhibits a two-stage variation tendency as the WSS
content increases, with a critical transition point depending on
whether the WSS enters the LiPS inner solvation shell. Once
the WSS directly coordinates with LiPSs, the LiPS intrinsic
redox kinetics deteriorate dramatically with a sharp increase in
activation energy and activation polarization. To overcome this
kinetic sluggishness, advanced electrocatalysts are introduced
to endow Li—S$ batteries with reduced polarization and longer
cycling lifespan under harsh working conditions. Electro-
catalyst-enhanced WSEs enable 2 Ah-level pouch cells with
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100 stable cycles and 10 Ah-level pouch cells to reach an
ultrahigh actual energy density of 607 W h kg™'. This work
deepens the fundamental understanding of the solvation and
kinetics of LiPSs in WSEs and inspires solvation—interface
synergistic regulation toward high-energy-density and long-
cycling Li—S batteries.
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