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a b s t r a c t

Lithium–sulfur (Li–S) battery is considered as a promising next-generation high-energy-density battery.

However, the cycle life of Li–S batteries is severely plagued by the instability of Li metal anodes. Improv-

ing Li deposition uniformity can mitigate the formation of inactive Li and the side reactions between

Li polysulfides and Li metal anodes. Herein, 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide

(Py13FSI) is proposed as an additive to improve the uniformity of Li deposition in Li–S batteries. At a

low concentration, Py13+ exhibits a lower reduction potential than Li ions. Py13+ can be adsorbed and

accumulate on the surface protuberances of Li metal anodes, inducing the deposition of Li towards non-

tip sites and improving the uniformity of Li deposition. With a high-loading cathode (4.1 mgS/cm
2) and

an ultrathin Li metal anode (50μm), the cycle life of Li–S batteries is prolonged from 61 to 120 cycles via

Py13FSI additives. Furthermore, a 401Wh/kg Li–S pouch cell with Py13FSI additives undergoes 14 cycles.

This work demonstrates the potential of improving Li deposition uniformity in Li–S batteries by appro-

priate electrolyte additives.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The burgeoning demand for portable electronic devices and

electric vehicles has drawn unprecedented attention to the devel-

opment of high-energy-density rechargeable batteries [1]. Lithium–

sulfur (Li–S) battery is regarded as one of the most promising next-

generation high-energy-density batteries due to the ultrahigh en-

ergy density of over 400Wh/kg [2,3]. However, Li–S batteries suf-

fer from short cycle life under demanding conditions including

employing a high-sulfur-loading cathode (>4.0 mgS/cm
2), a low

electrolyte-to-sulfur ratio (E/S ratio, <7.0 μL/mgS), and a limited Li

metal inventory (<100μm), which severely limits the practical ap-

plications of Li–S batteries [4–6].

The instability of Li metal anodes, which originates from non-

uniform Li deposition, is a leading factor limiting the cycle life of

Li–S batteries [7,8]. The non-uniform deposition of Li results in the

formation and accumulation of inactive Li, leading to the rapid de-

pletion of limited active Li reservoirs during cycles [9–13]. In addi-
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tion, notorious side reactions happen between soluble Li polysul-

fides (LiPSs) and Li metal anodes in Li–S batteries [14–16]. The side

reactions can be accelerated by non-uniformly deposited Li with a

large specific surface area, which further induces the loss of active

materials rapidly [7]. Consequently, it is imperative to improve Li

deposition uniformity to stabilize Li metal anodes and prolong the

cycle life of Li–S batteries.

Electrolyte design is an effective strategy to improve Li depo-

sition uniformity [17–19]. Primary electrolyte design includes in-

creasing the concentration of Li salts and the use of electrolyte

additives [20–24]. High-concentration electrolytes (HCE) and local-

ized high-concentration electrolytes (LHCE) that can form anion-

derived solid electrolyte interphase (SEI) in Li metal batteries have

garnered widespread attention [25–27]. Nevertheless, in Li–S bat-

teries, the increase in salt concentration decreases the amount of

free solvent for LiPSs solvation, which reduces the solubility of

LiPSs and leads to a reduction in specific capacity and a loss in en-

ergy density. In contrast, the use of electrolyte additives is consid-

ered as a more effective strategy for electrolyte design because it

can regulate the interface of Li metal anodes without change in the

basic properties of the electrolyte [28–30]. Li nitrate (LiNO3) addi-
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tive has been widely used to improve the uniformity of Li metal

anodes in Li–S batteries due to the formation of LiNxOy-containing

SEI [31–33]. However, the solubility of LiNO3 in electrolytes is in-

sufficient [34]. Thus, isosorbide dinitrate (ISDN) with increased sol-

ubility and reactivity is proposed, which constructs LiNxOy-rich SEI

and induces more uniform Li deposition [35]. In addition to LiNxOy,

as an effective inorganic component in SEI, LiF can enhance the

transport uniformity of Li ions in SEI and further improve Li de-

position uniformity [36,37]. Consequently, fluoroethylene carbon-

ate (FEC) is commonly employed as a co-solvent or additive to

form LiF-rich SEI [38–40]. However, FEC is incompatible with Li–

S batteries due to the nucleophilic reactions between LiPSs and

FEC [41]. In addition to regulating the components of SEI, addi-

tives such as CsPF6 can build an electrostatic shielding layer at the

Li metal anode/electrolyte interface to promote uniform Li deposi-

tion [42,43]. However, PF6
− is not suitable for Li–S batteries due to

the severe side reactions between LiPSs and PF6
− [44]. Although

certain additives have the capacity to improve the uniformity of

Li deposition, they are incompatible with Li–S batteries or the ef-

fect is far from satisfactory. Therefore, it is necessary to develop

specialized additives to improve Li deposition uniformity in Li–S

batteries.

Herein, 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)-

imide (Py13FSI) is proposed as an additive in Li–S batteries to

improve the stability of Li metal anodes and avoid the decrease in

cathode conversion kinetics. Py13+ has a lower reduction potential

than Li ions (−3.04V vs. standard hydrogen electrode, SHE) and

can be adsorbed and accumulate on the surface protuberances of

Li metal anodes [45]. Consequently, an electrostatic shielding layer

is formed via Py13FSI additives, which induces the deposition of Li

towards non-tip sites, improves Li deposition uniformity and fur-

ther mitigates the formation of inactive Li and the side reactions

between LiPSs and Li metal anodes. By using Py13FSI additives, a

prolonged cycle life of Li–S batteries from 61 cycles to 120 cycles

is achieved under demanding conditions including high-sulfur-

loading cathodes (4.1 mgS/cm
2), low E/S ratio (6.4 μL/mgS), and

ultrathin Li metal anodes (50μm). Furthermore, a 3.47 Ah pouch

cell with Py13FSI additives, reaching an initial energy density of

401Wh/kg, undergoes stable 14 cycles.

Ionic liquids (ILs) are selected as electrolyte additives due to

their advantages such as low volatility, high thermal stability,

non-flammability, and wide electrochemical window [46–49]. ILs

have been previously employed as cosolvents or electrolyte ad-

ditives in Li–S batteries to improve the stability of Li metal an-

odes mainly by reducing the solubility of LiPSs or generating

stable SEI [50,51]. However, the battery performance in previ-

ous works was tested under mild conditions and the effect of

ionic liquids under demanding conditions is unclear. In this work,

the ratio of ILs is <5% in volume to avoid the problems of

high viscosity and elevated expense and prevent the reduction

in cathode conversion kinetics. Thus, Py13FSI is used as an elec-

trolyte additive (Fig. 1a and Table S1 in Supporting information)

for the following considerations. 1-Methyl-1-propylpyrrolidinium

cation (Py13+) is stable and can act as an electrostatic shielding

layer for its low reduction potential [45,52,53]. The S–F bond in

the bis(fluorosulfonyl)imide anion (FSI−) can be easily broken to

produce LiF, which is considered as a promising component in

SEI to improve Li deposition uniformity [54,55]. To prove the ef-

fectiveness of Py13FSI additives, the baseline electrolyte consist-

ing of 1.0mol/L bis-(trifluoromethanesulfonyl) imide (LiTFSI) and

2.0wt% LiNO3 in 1,3-dioxolane (DOL)/1,2-dimethoxyethane DME

(1:1, v/v) is employed (denoted as DOL/DME electrolyte), which

is the commonly used ether-based electrolyte in Li–S batteries

[56,57]. The ratio of Py13FSI in DOL/DME electrolyte is limited to

2 and 5vol% and the corresponding electrolyte is marked as 2 and

5vol% Py13FSI electrolyte.

Fig. 1. Electrochemical performance of Li−S coin cells with Py13FSI additives. (a)

The molecular structure of Py13FSI. (b) Schematic diagram of a Li–S coin cell. (c)

Cycling performance of Li–S batteries with DOL/DME electrolyte, 2 vol%, and 5 vol%

Py13FSI electrolyte at 0.1 C under demanding conditions. (d) The corresponding gal-

vanostatic charge–discharge profiles at the 5th and 55th cycles. (e) Rate performance

of Li–S coin cells with DOL/DME electrolyte and 2vol% Py13FSI electrolyte.

To evaluate the cycling performance of Li–S batteries with

Py13FSI additives, Li–S coin cells were assembled (Fig. 1b). Under

demanding conditions including high-sulfur-loading cathodes (4.1

mgS/cm
2), low E/S ratio (6.4 μL/mgS), ultrathin Li metal anodes

(50μm), and a cycling rate of 0.1 C (1C=1672mA/g), Li–S batteries

with DOL/DME electrolyte and 5vol% Py13FSI electrolyte deliver

61 and 90 cycles based on 50% capacity retention, respectively

(Fig. 1c and Fig. S1 in Supporting information). In contrast, the

Li–S battery with 2 vol% Py13FSI electrolyte undergoes stable 120

cycles based on 50% capacity retention, which is twice that of

the Li–S battery with DOL/DME electrolyte (Fig. S2 in Supporting

information). Given that 2 vol% Py13FSI is the optimal concen-

tration, subsequent research mainly focuses on 2vol% Py13FSI

electrolyte. At the 5th cycle, the charge–discharge profiles of Li–S

batteries with DOL/DME electrolyte and 2vol% Py13FSI electrolyte

are similar, indicating that the additive of Py13FSI has no harm on

cathode kinetics (Fig. 1d). Li–S batteries with DOL/DME electrolyte

and 2vol% Py13FSI electrolyte deliver the same second discharge

plateau voltage of 2.09V and exhibit similar specific capacities of

1067 and 1026 mAh/g at the 5th cycle, respectively. At the 55th

cycle, the Li–S battery with 2 vol% Py13FSI electrolyte still has a

high specific capacity of 903 mAh/g, and the second discharge

plateau voltage is 2.06V with only a low voltage drop of 0.03V.

In contrast, for the Li–S battery with DOL/DME electrolyte, the

specific capacity reaches only 837 mAh/g and the second discharge

plateau voltage drops to 1.97V after 55 cycles. The increased

polarization of the battery with DOL/DME electrolyte indicates

the rapid consumption of active Li and electrolytes and the ac-

cumulation of inactive Li [9,11,58]. Furthermore, the Li–S battery

with 2 vol% Py13FSI electrolyte maintains a specific capacity of 616

mAh/g at the 110th cycle and the second discharge plateau voltage

remains at 2.03V (Fig. S3 in Supporting information), indicating

the superior cycling stability.
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Fig. 2. The deposition morphology and stability of Li metal anodes in different elec-

trolyte systems. The surface morphologies of deposited Li in Li–S batteries with (a)

DOL/DME electrolyte and (b) 2 vol% Py13FSI electrolyte at the 5th cycle under de-

manding conditions. The surface morphologies of deposited Li in Li–S batteries with

(c) DOL/DME electrolyte and (d) 2 vol% Py13FSI electrolyte at the 40th cycle under

demanding conditions. (e) Partial enlarged image of voltage profiles of Li|Li sym-

metric cells with different electrolytes. (f) Shuttle current at various potentiostatic

voltages with different electrolytes after 10 cycles.

In addition, the rate performance of 2 vol% Py13FSI electrolyte

was evaluated. The Li–S battery with 2 vol% Py13FSI electrolyte has

a specific capacity close to that of DOL/DME electrolyte at 0.1, 0.2,

0.3, 0.4, and 0.5 C, respectively (Fig. 1e and Fig. S4 in Supporting

information). As the rate increases, the specific capacity decreases

but recovers when the rate returns to 0.1 C, suggesting that 2 vol%

Py13FSI electrolyte can work effectively at different rates and has

virtually no negative effect on cathode conversion kinetics.

To verify the effectiveness of Py13FSI additives in improving Li

deposition uniformity, the cycled Li–S batteries were disassembled

to investigate the Li deposition behaviors by scanning electron mi-

croscope (SEM). The deposited Li in the DOL/DME electrolyte ex-

hibits a loose and porous morphology at the 5th cycle (Fig. 2a). In

contrast, the deposited Li is homogeneous and compact in 2 vol%

Py13FSI electrolyte (Fig. 2b and Fig. S5 in Supporting information).

After 40 cycles, non-uniform Li deposition, random cracks, and

Li dendrites can be clearly observed on the anode cycled in the

DOL/DME electrolyte (Fig. 2c). The cycled Li metal anode in the

battery with 2 vol% Py13FSI electrolyte is denser and more homo-

geneous, demonstrating the improvement of Li deposition unifor-

mity (Fig. 2d and Fig. S6 in Supporting information).

The positive effect of improving Li deposition uniformity was

further confirmed. Li|Li symmetric cells containing 1.0mol/L[S]
Li2S8 were tested at a current density of 1.0mA/cm2 and an areal

capacity of 1.0 mAh/cm2. The symmetric cell with 2 vol% Py13FSI

electrolyte exhibits smaller polarization during cycling than the

cell with DOL/DME electrolyte. Specially, the polarization exhibits

a decrease from 30mV to 13mV between 290h and 320h (Fig. 2e).

Additionally, the symmetric cell with 2 vol% Py13FSI electrolyte ex-

hibits a longer cycle life of 370h compared with 270h of the cell

with DOL/DME electrolyte, indicating that the stability of Li metal

anodes is enhanced in 2 vol% Py13FSI electrolyte (Fig. S7 in Sup-

porting information).

Uniform Li deposition can reduce the reaction area between

LiPSs and Li metal anodes [59]. Therefore, the effect of Py13FSI

additives on mitigating the parasitic reactions between LiPSs and

Li metal anodes was investigated. Shuttle current tests were con-

ducted at different voltages to quantitatively characterize the shut-

tle effect [60,61]. After 10 cycles, a shuttle current of 0.218mA/cm2

is observed in the Li–S battery with DOL/DME electrolyte when

it reaches its peak at 2.35V. In contrast, the shuttle current

is <0.095mA/cm2 in the Li–S battery with 2 vol% Py13FSI elec-

trolyte, indicating the side reactions between LiPSs and Li metal

anodes are mitigated (Fig. 2f). To exclude the influence of

Py13FSI additives on the solvation structure of LiPSs, Raman spec-

troscopy was further measured with different electrolytes con-

taining 1.0mol/L[S] Li2S8. Similar results are observed in Raman

spectroscopy. DOL/DME electrolyte and 2vol% Py13FSI electrolyte

exhibit the same signal from LiPSs (392, 448, and 510 cm−1),

DME (842 cm−1), and DOL (942 cm−1) [62,63], corroborating that

Py13FSI additives do not affect the solvation structure of LiPSs (Fig.

S8). These results effectively illustrate the extended cycle life of the

Li–S battery is benefited from the improvement of Li deposition

uniformity by 2 vol% Py13FSI.

To investigate the working mechanism of Py13FSI additives, the

reduction potential of pyrrolidine/Py13+ and Li/Li+ were estimated

and the components on the Li metal anodes were analyzed in dif-

ferent electrolytes. The electrostatic shielding effect requires that

the effective reduction potential (ϕRed(M/M+)) of certain cations

(M+) is lower than that of Li ions (ϕRed(Li/Li
+), −3.04V vs. SHE)

[42]. According to the Nernst equation:

ϕRed = ϕ�
Red − RT ln(αRed/αOx)/zF (1)

where the standard reduction potential (ϕ�
Red(pyrrolidine/Py13

+))
of Py13+ is −3.16V vs. SHE [45], R is the molar gas constant

(8.314 J/(mol·K)), T is the temperature (assume T=298.15K in this

work), z is the number of moles of electrons transferred (the value

of z corresponds to 1 during the reduction of Py13+ to pyrrolidin),

F is the Faraday constant (96,485 C/mol), and α is the chemical ac-

tivity for the relevant species (αRed is for the reductant and αOx

for the oxidant). αx =γ xcx, where γ x and cx are the activity co-

efficient and the concentration of species x. In the case of a low

concentration of Py13FSI additives (2 vol%), αx can be simplified to

equal the concentration cx.

Given that the corresponding molar concentration of 2 vol%

Py13FSI is 87mmol/L, Eq. 2 can be obtained.

cRed + cOx = 87mmol/L (2)

If the ϕRed(pyrrolidine/Py13
+) is −3.04V vs. SHE, the value of

cRed is approximately equal to 0.8mmol/L by combining Eqs. 1 and

2. This indicates that when <1% of Py13+ is reduced, the

ϕRed(pyrrolidine/Py13
+) can be lower than ϕRed(Li/Li

+) at the Li+

concentration of 1.0mol/L. Therefore, Py13+ can stably exist on the

Li metal anode/electrolyte interface and fulfill the premise of the

electrostatic shielding effect.

To confirm the working mechanism of Py13FSI additives, X-ray

photoelectron spectroscopy (XPS) was employed. The N1s spectra

display noticeable differences between DOL/DME electrolyte and

2vol% Py13FSI electrolyte. Li3N and LiNxOy are the decomposi-

tion products of LiTFSI and LiNO3, which can be observed in the

N1s spectrum of the DOL/DME electrolyte (Fig. 3a). After the in-

troduction of Py13FSI additives, an extra peak appears at 403.4 eV

in 2 vol% Py13FSI electrolyte at the sputtering time of 0 s, corre-

sponding to Py13+ (Fig. 3b). Furthermore, the N atomic content on

Li metal anodes increases to 2.0 % and 1.3% (at sputtering times

of 0 and 60 s, respectively) in 2 vol% Py13FSI electrolyte, compared

with 0.7 % and 1.0% in DOL/DME electrolyte, respectively (Fig. S9 in

Supporting information), indicating the existence of Py13+ on the

Li metal anode/electrolyte interface. In F 1s spectra, there is nearly
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Fig. 3. The working mechanism of Py13FSI. XPS spectra of N1s of Li metal anodes

disassembled from cycled Li–S batteries with (a) DOL/DME electrolyte and (b) 2 vol%

Py13FSI electrolyte after 5 cycles. Schematic diagrams of Li deposition progress in

Li–S batteries with (c) DOL/DME electrolyte and (d) 2 vol% Py13FSI electrolyte.

no difference (Fig. S10 in Supporting information), and there is no

increase on the F atomic content in 2 vol% Py13FSI electrolyte (Fig.

S11 in Supporting information), which eliminates the possibility

that the improvement of Li deposition uniformity can be attributed

to the formation of LiF-rich SEI.

The working mechanism of Py13+ is then summarized. Dur-

ing the initial Li deposition stage, some protuberant tips inevitably

form. The tips of the electrode have a stronger electric field, re-

sulting in the preferential deposition of Li on the tips. This behav-

ior leads to the formation of Li dendrites and the non-uniformity

of Li deposition, which further increases the reaction area be-

tween LiPSs and Li metal anodes (Fig. 3c). With the introduction

of Py13FSI additives, Py13+ is adsorbed and accumulates on the

surface protuberances of Li metal anodes, inducing the deposition

of Li towards non-tip sites. Based on the electrostatic shielding ef-

fect, the inert Py13+ effectively improves Li deposition uniformity

and mitigates the formation of inactive Li and the side reactions

between LiPSs and Li metal anodes (Fig. 3d).

In order to validate the feasibility of 2 vol% Py13FSI electrolyte

in practical high-energy-density batteries, a 3.47 Ah Li–S pouch

cell was assembled under practical conditions [4]. The Li–S pouch

cell was assembled with dimensions of 4 cm×7 cm and stacks of

double-sided Li metal anodes and S cathodes. The pouch cell used

high-sulfur-loading S cathodes of 8.1 mgS/cm
2, a low E/S ratio of

3.0 gele/gS, and ultrathin Li anodes of 75μm (Fig. 4a). The Li–S

pouch cell delivers an initial specific capacity of 1270 mAh/g and

an initial discharge energy density of 401Wh/kg based on the to-

tal mass of 18.01 g (Fig. 4b). After 14 stable cycles, the Li–S pouch

cell with 2 vol% Py13FSI electrolyte maintains a specific capacity of

961 mAh/g and an energy density of 300Wh/kg with a high re-

tention of 75% (Fig. 4c). The charge–discharge profiles of the Li–

S pouch cell with 2 vol% Py13FSI electrolyte exhibit typical two

discharge plateaus, indicating that the kinetics of the solid-liquid-

solid conversion reaction are well preserved (Fig. 4d). A dip at the

second discharge plateau is observed during cycling due to elec-

Fig. 4. Cycle performance of Li–S pouch cells. (a) Schematic illustration of a Li–

S pouch cell. (b) Parameters of a Li–S pouch cell with 2 vol% Py13FSI electrolyte.

The core includes Li metal anodes, S cathodes, Cu current collectors, Al current col-

lectors, PP separators, and taps. (c) Cycling performance and (d) the corresponding

galvanostatic charge–discharge profile at the 3rd and 13th cycles of a Li–S pouch cell

with 2 vol% Py13FSI electrolyte at 0.05 C. The inset in (c) is the optical image of the

corresponding pouch cell.

trolyte exhaustion [64]. The effect of Py13FSI additives in high-

energy-density Li–S pouch cells demonstrates the potential of pro-

longing the cycle life of Li–S batteries by improving Li deposition

uniformity based on the electrostatic shielding effect.

In conclusion, Py13FSI is proposed as an electrolyte additive in

Li–S batteries to improve Li deposition uniformity and stabilize Li

metal anodes without interference on cathode conversion kinetics.

Py13+ has a lower reduction potential than Li ions and can be ad-

sorbed and accumulate on the surface protuberances of Li metal

anodes, inducing the deposition of Li towards non-tip sites, im-

proving Li deposition uniformity, and further mitigating the for-

mation of inactive Li and the side reactions between LiPSs and

Li metal anodes. Consequently, under demanding conditions in-

cluding high-sulfur-loading cathodes (4.1 mgS/cm
2), low E/S ratio

(6.4 μL/mgS), and ultrathin Li metal anodes (50μm), a prolonged

cycle life of Li–S batteries from 61 cycles to 120 cycles is achieved

via Py13FSI additives. Furthermore, the feasibility of 2 vol% Py13FSI

electrolyte is demonstrated in a 3.47 Ah pouch cell that has an ini-

tial energy density of 401Wh/kg and can undergo 14 stable cycles.

This work inspires the feasibility of improving Li deposition unifor-

mity by appropriate electrolyte additives for high-energy-density

and long-cycling Li–S batteries.
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