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THE BIGGER PICTURE Lithium-sulfur (Li-S) batteries hold great promise in realizing high energy density
beyond 500 Wh kg, yet they are critically hampered by the polysulfide shuttle effect. Weakly solvating elec-
trolytes (WSEs) emerge as an essential strategy to fundamentally suppress shuttle-induced anode degrada-
tion and improve the battery cycling lifespan. However, the inherent reduction of lithium polysulfide (LiPS)
reactivity in WSEs leads to sluggish cathodic kinetics, creating a pivotal performance bottleneck. Com-
pounded by empirical electrolyte screening and the absence of quantitative tools to evaluate the intrinsic
LiPS kinetics, this bottleneck severely hinders progress. Establishing a quantitative analytic framework to
probe the intrinsic LiPS conversion kinetics in WSEs is therefore both a scientific imperative to decode the
performance decay mechanisms and an urgent necessity to accelerate Li-S battery technology commercial-
ization.

SUMMARY

Lithium-sulfur (Li-S) batteries are promising in realizing high energy density. Employing weakly solvating
electrolytes (WSEs) further improves the anode stability. However, the lithium polysulfide (LiPS) redox ki-
netics is hindered in WSEs, and the underlying mechanism remains unclear. Herein, the LiPS kinetics in
WSEs is quantitatively deciphered using rotating disk electrode analysis. The electron transfer number during
oxidation is reduced in WSEs, evidencing intrinsically suppressed oxidation extent. Meanwhile, the diffusion
coefficient and the electrolyte viscosity concurrently increase, implying a reduced LiPS hydrodynamic radius
in WSEs based on the Stokes-Einstein relation and corresponding to inhibited LiPS molecular aggregation.
Attributed to the reduced aggregation, WSE-based Li-S batteries exhibit record-low-temperature perfor-
mances, delivering 8.0 mAh cm 2 and 303 Wh kg~ at 0°C in 6 Ah-level pouch cells. This work establishes
a new kinetic analysis methodology to guide rational electrolyte design and highlights the promise of
WSEs to enable low-temperature Li-S batteries.

INTRODUCTION Nevertheless, the dissolved LiPSs diffuse to the anodic

compartment under a concentration gradient and react parasit-

Lithium-sulfur (Li-S) batteries represent pivotal next-generation
energy storage systems, driven by their exceptional theoretical
energy density of 2,600 Wh kg " The sulfur cathode undergoes
complex multi-electron and multi-phase reactions involving the
dissolution of sulfur, the generation of soluble lithium polysulfides
(LiPSs), and the deposition of lithium sulfide during discharge and
reversible processes during charge.*® By promoting the LiPS
kinetics using catalysts or redox mediators, Li-S pouch cells

have rendered an actual energy density of 695 Wh kg~".”

ically with lithium metal to render rapid anode failure and limited
battery cycling lifespan.®~'° Employing weakly solvating electro-
lytes (WSEs) can effectively mitigate the parasitic reactions and
improve the anode stability by reducing the LiPS reactivity.'"'?
Typical WSEs incorporate solvents with weakly solvating power
of LiPSs into routine ether-based electrolyte. For instance, the
di-isopropy! sulfide co-solvent reduces the shuttle current by
86%, and the corresponding WSE realizes over 100 cycles in
Ah-level pouch cells.'® Similar WSEs using hexyl methyl ether
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Figure 1. The RDE-based kinetic analysis methodology
(A) A three-electrode-based RDE configuration diagram.

(B) A workflow for evaluating the LiPS kinetic parameters.

(C) Schematic diagram of determining n and D.

(HME),™ toluene,’® or methyl propyl ether'® all demonstrate
improvement in anode stability and battery cycling lifespan.

Despite the advantages in promoting anode stability, the
reduced LiPS reactivity in WSEs inevitably compromises
cathodic reaction kinetics.'” For instance, Li et al. demonstrated
reduced discharge capacity as the electrolyte solvating power
decreased.'® Further polarization analysis identified the cathode
activation polarization as the primary kinetic bottleneck in these
systems.'® Overcoming the dilemma of anode stability and cath-
ode kinetics necessitates a deeper understanding of the LiPS ki-
netics in WSEs.

In this communication, the intrinsic LiPS kinetics in WSEs is
quantitatively evaluated via rotating disk electrode (RDE) anal-
ysis. The electron transfer number (n) during LiPS oxidation re-
duces by 34.5% as the content of the weakly solvating solvent
HME increases from 0% to 50%, manifesting the suppressed
LiPS oxidation extent in WSEs. Concurrently, increasing HME
content elevates the electrolyte viscosity while unexpectedly
enhancing the LiPS diffusion coefficient (D). Based on the
Stokes-Einstein relation, this counterintuitive D increase corre-
sponds to a 65.8% reduction in the LiPS hydrodynamic radius,
indicating significant inhibition of LiPS aggregation in WSEs.
Leveraging these insights, Li-S batteries with WSEs exhibit
exceptional low-temperature performances. A specific discharge
capacity of 853 mAh g~ is achieved at —20°C in WSEs and is 3.5
times promoted. Moreover, 6 Ah-level pouch cells with 8.2 mgs
cm~2 high-loading cathodes deliver a high areal capacity of 8.0
mAh cm~2 and an actual energy density of 303 Wh kg~ at 0°C,
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significantly surpassing the currently reported low-temperature
Li-S batteries.

RESULTS AND DISCUSSION

Reduced electron transfer but enhanced diffusion in
WSEs

To quantify the intrinsic LiPS kinetic parameters in WSEs, an
RDE analysis is proposed using three-electrode systems
(Figure 1A). The RDE serves as the working electrode,?® a Ag/
AgCl electrode serves as the reference electrode, a lithium foil
serves as the counter electrode, and WSEs containing Li>Sg
with 0%, 10%, 20%, 30%, 40%, or 50% HME serve as the
working electrolyte (Figures S1 and S2). The electrolyte physical
properties, including density, dynamic viscosity (1), and kine-
matic viscosity (v), were measured in advance (Figures S3-
S6). The intrinsic LiPS kinetic parameters of n and D are ac-
quired using variable-rotation-speed linear sweep voltammetry
(LSV) and variable-scan-rate cyclic voltammetry (CV) methods
(Figure 1B). The LSV results are analyzed based on the Kouteck-
y-Levich (K-L) equation,’ and the diffusion-limiting current
density (J) and the rotation speed (w) are ruled by the following
relation:

I = Ae P! (Equation 1)

Therein, Jx is the kinetic-controlled current density, and A is

the slope of J_ ™' versus w2 and can be solved in the
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Figure 2. Determining the n and D values in 20% HME
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(A and B) (A) Variable-rotation-speed LSV tests and (B) the corresponding fitted K-L plot.
(C and D) (C) Variable-scan-rate CV tests and (D) the corresponding fitted R-S plot.

(E) Combining K-L and R-S equations to solve the n and D values.

corresponding semi-infinite and forced-convection flow field as
follows:
-1
A= (o.eancoz/%*/G) (Equation 2)
where F is the Faraday constant (96,485 C mol™"), and C is the
concentration of Li,Ss.
The CV results are analyzed based on the Randles-Sevcik

(R-S) equation,?” and the peak current density (Jp) obeys the
relationship with the scan rate (v) as follows:

Jp = Bv'/2 (Equation 3)
where B is the slope of Jp versus v'2 and can be solved as
follows:

B = 0.446nFC(anFD)"*(RT) '/ (Equation 4)

Therein, « is the transfer coefficient (assumed to be 0.5 for
reversible reactions), R is the ideal gas constant (8.314 J mol~"
K=", and T is the temperature. Based on Equations 2 and 4,
the relation between n and D can be established, and the inter-
section of the two functions determines the n and D values
(Figure 1C).

Following the above analysis methodology, we take the WSE
with 20% HME as an example to solve for n and D. For the LSV
tests, the rotating rate was controlled as 400, 625, 900, 1,225,

or 1,600 rpm with v fixed at 10 mV s~', and the corresponding
J| was quantified as 4.02, 4.87, 5.98, 7.12, and 8.26 mA cm*2,
respectively (Figure 2A). The slope A in Equation 2 is fitted as
1.67 mA~" ecm? s~"2 (Figure 2B). For the CV tests, the v was 10,
20, 50, 100, or 200 mV s~ without RDE rotation (Figure 2C).
The corresponding Jp was quantified as 0.978, 1.34, 2.06, 2.86,
and 3.98 mA cm~2, and the slope B is calculated as 8.64 mA
cm2V~25"2 (Figure 2D). Combining Equations 2 and 4, the n
and D values are solved as 1.43and 5.17x10 % cm?s ™", respec-
tively (Figure 2E).

Analogous to the 20% HME system, the n and D values in
other systems of 0%, 10%, 30%, 40%, and 50% HME can be
obtained (Figures S7-S31). With the increase of the HME con-
tent, the n of Li>Sg oxidation gradually reduces from 1.68 to
1.10 (Figure S32). The lowered n indicates that the LiPS oxidation
extent is intrinsically suppressed as the electrolyte solvating po-
wer is weakened, fundamentally manifesting the impaired LiPS
kinetics in WSEs.

Reduced hydrodynamic radius reveals anti-aggregation
effect

Interestingly, the D and yu values increase simultaneously as the
HME content rises. Concretely, the D increases from 3.70 x 10~°
to 7.91 x 107 cm? s~" when the HME content changes from
0% to 50% (Figure 3A). To understand the above tendency
at the molecular level, the LiPS hydrodynamic radius (r) in
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WSEs is ascertained through the Stokes-Einstein equation as
follows:**
k
r= eT
6ruD

(Equation 5)

where kg is Boltzmann’s constant (1.38065 x 10722 J K™). A
progressive reduction of r is observed with the rise of the HME
content. In detail, the r decreases from 0.38 to 0.13 nm when
the HME content varies from 0% to 50%, corresponding to a
65.8% contraction (Figure 3B). The lowered r suggests that the
aggregation tendency of LiPSs in WSEs is inhibited, accounting
for the diffusion coefficient increase.

To verify the inhibited aggregation of LiPSs in WSEs, spectro-
scopic analyses with variable HME contents were further conduct-
ed. As the HME content increases, the Raman shift of the S-S
symmetric vibration mode is upshifted from 387 to 400 cm™’
(Figure 3C),?* indicating the S-S bond in LiPSs is less restrained,
and the aggregation degree of LiPSs is lower in WSEs.?® The
chemical environment of lithium in LiPSs was also probed. Ac-
cording to the “Li-nuclear magnetic resonance (NMR) spectrum,
the peak chemical shift moves from 1.97 to 2.13 ppm as the
HME content increases (Figure 3D). The low-field shift indicates
the electron density around lithium is decreased, suggesting the
interaction between the polysulfide chain and lithium is weakened
and the LiPS aggregation degree is reduced in WSEs. Based on
the Raman and NMR analysis, WSEs can regulate the LiPS solva-

4 Chem 12, 102881, March 12, 2026

tion structure and reduce the intermolecular aggregation of LiPSs
(Figures 3E and 3F).

Anti-aggregation enables exceptional low-temperature
performance

Previous research by Manthiram et al. indicated that the LiPS ki-
netics was constrained by the advent of LiPS aggregation,
particularly at low-temperature conditions.”®*” Our study con-
firms WSEs can inhibit LiPS aggregation, suggesting Li-S batte-
ries with WSEs are endowed with better low-temperature perfor-
mances. To this end, coin cells with sulfur loadings of 4.0 mgg
cm ™2 were assembled and tested at —20°C using 20% HME (de-
noted as WSE) or conventional electrolyte (denoted as DOL/
DME). Under low rates of 0.01 and 0.02 C (1 C = 1,672 mA
g "), the cells with WSE provide similar specific discharge ca-
pacity as DOL/DME, while the discharge polarization is lower
in WSE to indicate improved kinetics (Figures S33 and S34). Un-
der higher rates of 0.025, 0.03, and 0.04 C, the cells with WSE
can still deliver specific discharge capacities of 853, 813, and
771 mAh g™, respectively, while those in batteries with DOL/
DME are smaller than 250 mAh g~ due to the large polarization
at the second discharge plateau (Figures 4A, S35, and S36).
Notably, the cells with WSE achieve 759 mAh g*1 at 0.05 C, while
the cells with DOL/DME can hardly discharge (Figure S37). Obvi-
ously, Li-S batteries with WSEs have better rate performances at
low temperatures (Figure S38). In addition, the cells with WSE
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B) Cycling performance of Li-S coin cells with WSE or DOL/DME at —20°C.

(
(C and D) (C) Design parameters and (D) charge-discharge profile of 6 Ah-level Li-S pouch cell with WSE at 0°C.
(

E) Low-temperature battery performance comparison.

operate stably for over 35 cycles at 0.01 C at —20°C, while the
cells with DOL/DME fail after 8 cycles due to the large polariza-
tion at the second discharge plateau (Figure 4B).

To further verify the low-temperature advantage of WSEs in
practical Li-S batteries, 6 Ah-level pouch cells were assembled
and tested. The pouch cells featured high-sulfur-loading cath-
odes of 8.2 mgs cm 2, ultrathin lithium anodes of 75 pm in thick-
ness, and a very low electrolyte-to-sulfur (E/S) ratio of 3.5 ggie 9s '
(Figures 4C and S39). The pouch cell delivers 1,293 mAh g~ and
an actual energy density of 410 Wh kg~ at 25°C based on the to-
tal mass (Figure S40). At 0°C, the pouch cell also maintains 972
mAh g~" and an areal capacity of 8.0 mAh cm™2, achieving an
actual energy density of 303 Wh kg~ that preserves 75% of its
value at 25°C with stable cycling ability (Figures 4D and S41).
Moreover, the WSE-based pouch cell outperforms the one with
DOL/DME electrolyte in the initial specific discharge capacity
(Figure S42). Another pouch cell was tested at —20°C under an
E/S ratio of 4.0 geie 9s ', achieving a specific discharge capacity
of 847 mAh g~ ' and an areal capacity of 6.9 mAh cm 2
(Figures S43 and S44; Table S1). The pouch cell performances
have exceeded previous Li-S reports in realizing high areal ca-
pacity under low-temperature and lean-electrolyte conditions
(Figure 4E; Table S2).?>?7~*% To sum up, the aggregation ten-
dency of LiPSs is inhibited in WSEs so that the low-temperature
performances of Li-S batteries are unexpectedly promoted using
WSEs.

In summary, a quantitative analytical method based on RDE is
established to evaluate the intrinsic LiPS kinetics in WSEs. As the
HME content increases, the electron transfer number is reduced
by 34.5% during LiPS oxidation to indicate the suppressed reac-

tion extent. Stokes-Einstein analysis confirms a 65.8% reduction
in hydrodynamic radius, corresponding to the suppression of
LiPS aggregation in WSEs. This unique anti-aggregation charac-
teristic endows Li-S batteries with exceptional low-temperature
performances with a specific discharge capacity of 853 mAh g~
at —20°C and 303 Wh kg~ at 0°C in 6 Ah-level pouch cells. This
work presents a new kinetic analysis framework to guide rational
electrolyte design and underscores the potential of WSE-based
Li-S batteries for low-temperature applications.

METHODS

Raw materials

All the raw materials, including 1,3-dioxolane (DOL), 1,2-dime-
thoxyethane (DME), HME, sulfur (Sg), lithium sulfide (Li»S),
lithium nitrate (LiNO3), lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), deuterated chloroform (CDCIz), carbon nanotubes
(CNTs), poly(vinylidenefluoride) (PVDF), N-methyl pyrrolidone
(NMP), 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.

Preparation of electrolyte

HME solvent was mixed with DOL/DME (v/v = 1:3) solvents with
volume ratios of 0%, 10%, 20%, 30%, 40%, or 50% and de-
noted as the HME/DOL/DME mixed solvents. Then, 1.0 mol
L~ LiTFSI was dissolved in the above HME/DOL/DME mixed
solvents and was denoted as 0% HME, 10% HME, 20% HME,
30% HME, 40% HME, and 50% HME electrolyte, respectively.
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To prepare the Li»Sg electrolytes, Li>S and Sg were mixed in the
above HME electrolytes with a molar ratio of 8:7 and stirred at
55°C until full dissolution. To facilitate experimental consistency,
the Li»Sg concentration was first set as 100 mmolg in 1,000 mL
HME electrolytes with varied HME contents and then calibrated
according to the density of the electrolyte for the RDE analysis in
the three-electrode system, and the calibrated concentrations
are exhibited in Figure S4. As for Raman and NMR spectra mea-
surements, the Li»Sg concentration was controlled as 1.0 molg
L' nominally in HME electrolytes.

For the coin cell tests in Figure 4, the electrolyte consisting of
1.0 mol L~ LiTFSI and 2.0 wt % LiNO in DOL/DME (1:3, by vol.)
was designated as DOL/DME. The electrolyte comprising of
1.0 mol L™' LiTFSI and 2.0 wt % LiNOz in DOL/DME/HME
(1:3:1, by vol.) was designated as WSE.

For the pouch cell test in Figure 4, the electrolyte containing
0.60 mol L™" LiTFSI and 5.0 wt % LiNO3 in DOL/DME/HME
(1:3:1, by vol.) was designated as WSE.

RDE tests

A Ag/AgCl electrode was used as the reference electrode, a Li foil
served as the counter electrode, and a RDE equipped with a
glassy carbon disk with a diameter of 5.0 mm (Pine Research In-
strument, USA) served as the working electrode.

12 mL Li»Sg electrolytes with variable HME contents were em-
ployed as the electrolytes. For the LSV tests, the scan rate was
fixed at 10 mV s~ within a voltage range from the open-circuit
potential to 0.2 V (versus Ag/AgCl), and the rotating rates were
controlled as 400, 625, 900, 1,225, or 1,600 rpm, corresponding
to rotating speeds (w) of 41.9, 65.5, 94.3, 128, and 168 rad s,
respectively. For the CV tests, the measurements were conduct-
ed at scan rates of 10, 20, 50, 100, or 200 mV s~ " within a voltage
range from the open-circuit potential to 0.2 V (versus Ag/AgCl)
without RDE rotation.

For the electrolyte physical property measurements, as pre-
viously mentioned, the actual concentration of Li,Sg in the
electrolyte needs to be corrected due to the volume expan-
sion effect caused by the varying HME content. To achieve
this, the density p of the Li,Sg electrolytes was determined
by measuring the mass of a fixed volume of electrolyte using
an analytical balance (Mettler Toledo, Switzerland). Based on
the measured density and the known electrolyte mass, the
actual volume of the Li,Sg electrolyte was calculated, allowing
for the determination of the corrected molecular concentration
of Li»Sg under different HME content conditions, as shown in
Figures S3 and S4. The dynamic viscosities (u) of electrolytes
can be measured using a viscometer (LC-DV-LV, China). The
kinematic viscosity (v) was further obtained by dividing the dy-
namic viscosity u by the electrolyte density p, according to the
following equation:

Spectroscopic characterizations

For the Raman spectroscopy measurements, 0% HME, 20%
HME, and 40% HME electrolytes containing 1.0 molg L~ Li»Sg
were filled into quartz glass cuvettes, and the spectra were ac-
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quired using a Horiba Jobin Yvon LabRAM HR800 Raman spec-
trometer equipped with a 532 nm He-Ne laser.

For the NMR analyses, “Li-NMR spectra were recorded using
a JNM-ECZ400 NMR spectrometer to detect the Li>Sg surround-
ing environments in electrolytes. In detail, coaxial NMR tubes
were employed, with pure CDClj solvents (as the deuterated re-
agent) loaded in the inner tube for field locking, while the outer
tube was filled with 0% HME, 20% HME, and 40% HME electro-
lyte containing 1.0 molg L~ Li,Sg, respectively.

Cathode preparation

Sulfur and CNTs were mixed in a batch with a mass ratio of 7:3.
The mixture was then ball-milled with PVDF binder in NMP at a
weight ratio of 9:1 to form a slurry. The obtained slurry was
then coated on one or both sides of Al foils and fully dried at
60°C for 24 h to prepare sulfur/carbon (S/C) cathodes for assem-
bly of coin or pouch cells. The sulfur content in the S/C cathode
was 63 wt.%. For the coin cells, the areal sulfur loading was
controlled as 4.0 mgg cm’z, and the cathode was cut into disks
with a diameter of 13.0 mm. For the 6 Ah-level pouch cells, the
areal sulfur loading was ~8.2 mgs cm~2 on a single side, and
the S/C cathodes were cut into 7.0 x 4.0 cm? square pieces.

Electrochemical measurements

Electrochemical tests on Li-S coin cells

Li-S coin cells were assembled using standard 2032-coin cell
configurations comprising a 600 pm-thick Li anode (16.0 mm in
diameter), a PP separator (19.0 mm in diameter), and the S/C
cathode (13.0 mm in diameter) with areal sulfur loading of
4.0 mgs cm~2. Each cell was injected with 55 pL electrolyte.

Firstly, all the tested cells were activated at 0.05C (1 C=1,672
mA g~ ') between 1.70-2.60 V on a LAND multichannel battery
cycler at 25°C. In the low-temperature test, for the rate tests,
the cells were galvanostatically cycled at 0.01, 0.02, 0.025,
0.03, 0.04, and 0.05 C between 1.70 and 2.60 V on a LAND multi-
channel battery cycler at —20°C. For the cycling tests, the cells
were cycled galvanostatically at 0.01 C between 1.70 and
2.60 V on the LAND multichannel battery cycler at —20°C.
Electrochemical tests on Li-S pouch cells
Li-S pouch cells were fabricated in a dry room (dew point < —40°C).
The anode of the Li-S pouch cells was double-sided Li metal
rolled on Cu current collectors with a size of 4.0 x 7.0 cm?
(75 pm thickness on a single side). For the 6 Ah-level Li-S pouch
cells, the areal sulfur loading was ~8.2 mgs cm ™2 on a single
side. For the assembly of the Li-S pouch cells, the cathodes, sep-
arators, and anodes were stacked layer by layer. The electrodes
were controlled in parallel connection by using an electrode lug
terminal.

Firstly, all the tested cells were activated at 0.025 C (1 C =
1,000 mA g~ ') between 1.70 and 2.55 V on a LAND multichannel
battery cycler at 25°C. The low-temperature test of the pouch
cells was carried out at 0°C or —20°C. For the cells tested at
0°C, the E/S ratio was 3.5 geis 95~ |, and the cells were galvanos-
tatically cycled at 0.01 C between 1.70 and 2.55 V on the
NEWARE battery cycler. For the cells tested at —20°C, the E/S
ratio was 4.0 gee gs |, and the cells were galvanostatically
cycled at 0.005 C between 1.50 and 2.55 V on the NEWARE bat-
tery cycler.
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