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Revisiting the Impact of Anion Selection on Sulfur Redox
Reaction Kinetics for High Sulfur Loading Lithium–Sulfur
Batteries

Yue Fei, Matthew Li, Zhenfeng Li, Dichang Guan, Wenting Jia, Hao Zhang,
Khalil Amine,* and Ge Li*

Lithium bis(trifluoromethane)sulfonimide (LiTFSI) is widely used in
lithium–sulfur (Li–S) battery electrolytes due to its stability with lithium
polysulfides (LiPSs) and moderate compatibility with lithium metal anodes.
However, LiTFSI presents environmental concerns due to its association with
per- and polyfluoroalkyl substances (PFAS), which are environmentally
persistent and potentially toxic, raises sustainability concerns. This research
also reveals that LiTFSI limits sulfur redox reactions (SRRs), making it less
effective than other lithium salts. Additionally, some salts previously
considered incompatible with Li-S systems due to their reactivity with LiPSs
are demonstrated to perform effectively. For the first time, a protective, porous
cathode electrolyte interphase (CEI) formed in situ through reactions between
salt anions and LiPS is reported. The cells delivered a high specific capacity of
1230.8 mAh g−1 at 0.05 C with a sulfur loading of ≈6 mg cm−2, limited
lithium anode, maintaining a capacity retention of 76.2% after 100 cycles at
0.1 C. Under harsh conditions, such as high sulfur loading, lean electrolyte
conditions (3 μL mg−1), and in anode-free cells, the cells continued to deliver
outstanding capacity. This work provides valuable guidelines for
understanding and selecting lithium salts to advance electrolyte design for
Li–S batteries.

1. Introduction

Among all post-lithium-ion batteries, lithium–sulfur (Li–S) bat-
teries stand out due to their high energy density and the abun-
dant natural sulfur resource.[1] However, practical Li–S batteries
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are still under development due to chal-
lenges such as the “shuttle effect” and poor
sulfur redox kinetics.[2] The former leads
to poor cycle life, low Coulombic Efficiency
(CE), and an unstable lithium metal an-
ode, while the latter results in reduced
energy density and necessitates an addi-
tional mass of catalyst and electrolyte.[3]

These challenges hinder the advancement
of practical Li–S batteries, particularly un-
der harsh working conditions such as
high sulfur loading, limited lithium metal
anodes, and lean electrolyte systems.[3b,4]

Electrocatalytic cathode host materials,[5]

separator modifications,[6] and electrolyte
engineering,[7] are effective strategies
for extending the life cycle and improv-
ing the energy density of Li–S batteries
under harsh conditions. Among them,
electrolyte engineering can not only
regulate the sulfur cathode but also en-
hance the stability of the lithium metal
anode.[8] In the Li–S system, electrolytes
can be categorized into three groups.
One can be called the “reducing LiPS
solubility” group, which includes sparingly

solvating electrolytes,[9] quasi-solid-state sulfur conversion
electrolytes,[7b,10] encapsulating solvating electrolytes,[7a,11]

carbonate-based CEI-forming (Cathode Electrolyte Interphase)
electrolytes,[12] and solid electrolytes.[13] These electrolytes
reduce the solubility of soluble lithium polysulfides (LiPSs)
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intermediates, thereby preventing the loss of active sulfur ma-
terials from the cathode and improving anode stability. The
other category is strong solvating electrolytes, which enhance
the solubility of LiPS to improve sulfur redox reaction (SRR)
kinetics and sulfur utilization.[14] However, this approach usually
requires additional protection for the lithium metal anode, as
dissolved LiPS in the electrolyte can potentially corrode the
anode. Last but not least, redox mediators and additives, which
effectively improve SRR kinetics by decoupling the need for
electronic transfer with physical contact between electrode
and sulfur/lithium sulfide, enhance sulfur conversion and can
significantly reduce the sulfur shuttle effect. These mediators
have also been investigated to address the intrinsic issues of
Li–S batteries.[15]

Some salts or compounds have been explored as additives or
redox mediators to enhance the performance of both the sul-
fur cathode and the lithium metal anode. However, these ad-
ditives and redox mediators are typically used at much lower
concentrations (≈0.1 m) compared to the main salts in the elec-
trolyte (≈1 m). Given the higher concentration ofmain salts, their
impact on the SRR is likely to be more significant. Therefore,
understanding and investigating the effects of these main elec-
trolyte salts on SRR kinetics is critical, yet the understanding
still needs to be improved. Recently, the competition between
lithium bis(trifluoromethane)sulfonimide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI) as the main salt in Li–S elec-
trolytes has gained renewed attention. Initially, LiFSI was re-
ported to be unsuitable for the Li–S system because it reacts
to form an insulating LiSOx layer on the cathode surface, hin-
dering the SRR.[16] However, recent studies have shown that
LiFSI can reduce overpotentials in Li–S batteries, enable low-
temperature operation, and improve cell life cycles.[17] Addi-
tionally, the presence of sulfate/sulfite-containing CEI layers
has been reported with LiNO3-containing electrolytes, suggest-
ing that sulfur-containing CEI might actually benefit the sul-
fur cathode.[18] Thus, the LiSOx compounds formed by LiFSI
might not be detrimental but beneficial to the cathode, effec-
tively reducing the overpotential of the SRR. Other salts, such
as lithium hexafluorophosphate (LiPF6) and lithium tetrafluo-
roborate (LiBF4), have been considered unsuitable for the Li–S
system due to detrimental internal reactions.[4d,19] Despite these
findings, the investigation into SRR kinetics and the role of differ-
ent lithium salts in Li–S batteries remains limited and requires
further exploration.[20] Moreover, growing concerns about the en-
vironmental impact of electrolytes containing fluorinated com-
pounds like LiTFSI, which are associated with per- and polyflu-
oroalkyl substances (PFAS) that face regulatory restrictions due
to their persistence and potential environmental hazards, make
the need for suitable alternatives more urgent.[21] A systematic
investigation of lithium salts is needed to identify safer, high-
performance options for Li–S batteries.
This work systematically evaluates nine commercially avail-

able, commonly used lithium salts, comparing their effects on
Li–S systems. The SRR kinetics, diffusion rates, and overpoten-
tials are characterized and comprehensively analyzed. Interest-
ingly, lithium bis(oxalato)borate (LiBOB), previously considered
unsuitable for Li–S systems, was found to potentially be used in
Li–S cells, delivering excellent performance even under harsh
conditions. For the first time, a porous CEI derived from Li-

BOB has been identified. This CEI acts as a diffusion barrier for
LiPS, effectively suppressing the shuttle effect. Unlike the CEI
from carbonate-based electrolytes, the CEI allows solvent passage
and enables solid–liquid–solid sulfur conversion. This ensures a
higher discharge plateau (2.1–2.3 V) than solid-solid sulfur con-
version (<1.9 V), enabling higher energy density and faster ki-
netics. The self-discharging behavior and lithium metal anode
corrosion are successfully suppressed as well. For a sulfur load-
ing of 6 mg cm−2 (10 mAh cm−2) with ultra-thin Li foil (50 μm,
10 mAh cm−2) as the anode, and an electrolyte-to-sulfur (E/S) ra-
tio of 6 μL mg−1, the cell delivers an excellent capacity of 1230.8
mAh g−1 at 0.05C, with 76.2% capacity retention over 100 cy-
cles at 0.1 C. The cells perform well under higher sulfur loading
(>10 mg cm−2), lean electrolyte conditions, and even in anode-
free cells. This work opens new opportunities for identifying bet-
ter main salts for Li–S battery electrolytes, inspires further re-
search on salt selection and design for Li–S batteries under harsh
conditions, and highlights the potential of PFAS-free electrolytes
in Li–S batteries.

2. Results and Discussion

2.1. Effects of Salt Anions on Sulfur Redox Reaction

To evaluate the effect of different salts on Li–S batteries, a Li2S6
solution is first prepared using Li2S and sulfur powders in a sto-
ichiometric ratio of 1:5. The solution, containing 50 mm Li2S6
in 1,2-Dimethoxyethane (DME)/1,3-Dioxolane (DOL) (1:1 vol
ratio), remains a dark orange-brown color, referred to as the
blank solution. Subsequently, 0.2 m of various lithium salts,
including LiTFSI, lithium trifluoromethanesulfonate (LiOTf),
lithium perchlorate (LiClO4), LiPF6, LiNO3, LiFSI, lithium diflu-
oro(oxalato)borate (LiDFOB), LiBOB, and LiBF4, are added to the
solution, as shown in Figure 1a. These salts can be categorized
into two main groups upon complete dissolution and resting (3
days). The first group, which includes LiTFSI, LiOTf, LiClO4,
LiPF6, and LiNO3, does not exhibit a significant color change
upon interaction with LiPS and is classified as the “non-reacting”
group. The second group, referred to as the “reacting” group, con-
sists of LiDFOB, LiBOB, and LiBF4. These salts react with Li2S6,
leading to observable color change and precipitation. LiFSI occu-
pies a unique intermediate position, as it shows some precipita-
tion in solution while retaining a brown color, indicating a partial
but very slow reaction with Li2S6.

[16]

Cyclic voltammetry (CV) was performed on symmetrical cells,
using ethylene black electrodes with identical loadings, and a
0.2 m Li2S6 solution combined with 0.5 m of different lithium
salts as the electrolyte. Two symmetrical peaks can be seen in the
cathodic and anodic scans, indicating the oxidation and reduc-
tion reactions, respectively (Figure 1b). To delve deeper into the
differences among the salts, the overpotential, peak current, and
capacity of the different cells are calculated (Figure 1c; Figures
S1–S6, Supporting Information).
The closer peak potentials suggest a more reversible redox re-

actionwith lower overpotential, indicative of faster reaction kinet-
ics. This trend follows the order of LiFSI, LiTFSI, LiPF6, LiClO4,
LiOTf, and LiNO3, from low to high. These findings align with
previous reports that LiFSI results in a lower overpotential than
LiTFSI.[17b,c] This suggests that the LiPS species are more easily
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Figure 1. a) Visualization of the reaction of LiPS and different Li-salts, b) CV curves of S–S symmetrical cells with different Li salts. (Inset: Magnified
view of CV curves), c) list of Li-salt anions and corresponding HOMO/LUMO (top) and electrochemical performance (bottom); d) Raman spectrum of
the reaction product of LiPS and LiBOB (PS-BOB), LiBOB, Li2C2O4 and S powder; e) GIXRD of the reaction product of LiPS and LiBOB; f) TEM image
of the reaction product of LIPS and LiBOB.

interconverted between redox states, which is beneficial for im-
proving the cycle life of the cell. However, LiNO3, a commonly
used electrolyte additive, exhibits the highest overpotential, likely
due to its low degree of dissociation and the resulting low ionic
conductivity of the electrolyte (Figure S5, Supporting Informa-
tion). Regarding peak current, the salts rank from high to low:
LiOTf, LiClO4, LiNO3, LiFSI, LiPF6, and LiTFSI. According to the
Randle Scevik equation,[22] under the same concentration, scan
rate, and electrode area, the peak current reflects the diffusion
rate, with a higher current response indicating better diffusion
(see further discussion in Note S1, Supporting Information). The
more significant current response observed with LiOTf may be
due to changes in the solvation environment of the LiPS species,
caused by the presence of different salts. These changes may
lead to the formation of reversibly precipitated sulfur species,
which in turn facilitate faster diffusion of Li ions and more ef-
ficient deposition of Li2S on the cathode, and improving Li-ion
diffusion within the cathode.[23] Conversely, LiTFSI exhibits the

lowest current response, indicating slower ion diffusion in the
LiTFSI system. Previous experiments have shown that reduc-
ing the concentration of LiTFSI improves discharge capacity, rate
performance, and low-temperature performance.[17a,24] This im-
provement suggests that LiTFSI interacts with LiPS in the elec-
trolyte, altering the solvation structure of Li+. Specifically, when
the concentration of TFSI− is reduced, LiPS tends to form aggre-
gated structures, with polysulfides dominating the Li+ solvation
sheath instead of TFSI−. This solvation structure enhances the
SRR kinetics. Furthermore, the modification of the Li+ solvation
sheath can influence ionic conductivity and the composition of
the SEI, which in turn also impacts SRR kinetics. Finally, inte-
grating the area under the curve reveals the capacity, which fol-
lows the order: LiClO4, LiOTf, LiNO3, LiFSI, LiTFSI, and LiPF6,
from high to low. Capacity reflects the amount of sulfur that can
react within the voltage window, with higher capacity indicat-
ing complete utilization of the active material and higher energy
output during charge/discharge. LiClO4 leads with the highest
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capacity, followed by LiOTf and LiNO3, while LiTFSI lags, high-
lighting its limitations for Li–S batteries, particularly under harsh
conditions. To further verify the conclusions, Li–S cells with a sul-
fur loading of 5 mg cm−2 are tested, and the galvanostatic charge
discharge (GCD) curves are shown in Figure S7 (Supporting In-
formation). The results perfectly match the conclusions (See fur-
ther discussion in Note S2, Supporting Information).
Besides the SRR, anode stability in Li–S batteries is another

significant concern. To compare the anode stability of different
systems, Li–Li symmetric cells were tested using different elec-
trolytes (Figure S8, Note S3, Supporting Information). For the
“non-reacting” group, 50 mm Li2S6 and 0.5 m salts (to keep con-
sistency, limited by the solubility of LiNO3) were used in the cell,
as LiPS dissolution in the electrolyte significantly influences an-
ode stability in Li–S cell. For the “reacting” group, only 0.5 m salts

were used since LiPS reacts immediately upon addition. In the
“non-reacting” group, the Li–Li lifetime follows the order: LiFSI,
LiNO3, LiTFSI, LiClO4, LiPF6, and LiOTf, from high to low. This
ranking reflects the varying degrees of stability different salts pro-
vide in the electrolyte. For the “reacting” group, LiBF4 failed in the
Li–Li symmetrical test, indicating its unsuitability for the system.
LiDFOB and LiBOB work for the system, but LiDFOB has only
half the lifetime (50–60 h) compared to LiBOB (≈120 h), proba-
bly due to the lower LUMO of BOB− and could be easier to be
reduced on the lithiummetal forming a desirable SEI.[25] For the
coulombic efficiency of the Li||S cells, only LiNO3 could reach a
relatively higher CE of over 99%,while other salts fall behindwith
a CE lower than 40% (Figure S9, Supporting Information). This
is consistent with previous research and why LiNO3 is selected
as an additive in most Li–S electrolyte systems.[26]

2.2. Mechanism Investigation of the Reaction of LiBOB and LiPS

To further study the composition of the precipitates formed from
the reaction between LiPS and LiBOB, the solids are collected
and dried for further analysis. Raman spectroscopy was first im-
plemented for the reaction product (PS-BOB). Three character-
istic peaks of elemental sulfur ≈150, 220, and 470 cm−1 have
been observed, indicating the formation of elemental sulfur in
the reaction (Figure 1d). Synchrotron-based Grazing Incidence
X-ray Diffraction (GIXRD) was utilized to analyze the precip-
itation products. Unlike conventional XRD, which showed no
distinct peaks (Figures S10 and S11, Supporting Information),
the surface-sensitive nature and higher signal-to-noise ratio of
GIXRD enabled the detection of a polycrystalline structure. This
difference likely arises from the formation of small sulfur crystals

near the surface (Figure 1e), which are more readily detected by
GIXRD. The reaction between LiPS and LiBOB can be expected
as Equation (1). A Transmission Electron Microscopy (TEM) im-
age was further captured to analyze the reaction product of Li-
BOB and LiPS. The TEM images reveal a product with a non-
crystalline bulk structure, likely representing the organic portion
of the reaction. Additionally, the darker regions indicate a more
crystalline structure, suggesting the presence of crystalline sulfur
nanoparticles. In the presence of excess LiPS in the electrolyte,
these sulfur nanoparticles could potentially undergo a dispropor-
tionation reaction with shorter-chain LiPS, forming soluble long-
chain LiPS that dissolve into the electrolyte. This process con-
tributes to the formation of a porous CEI structure on the cath-
ode surface (See further discussion in Note S4, Figures S12–S14,
Supporting Information).

(1)

2.3. Design of Fluorine-Free Electrolyte

After systematically evaluating various lithium salts, we propose
a novel electrolyte design for high-loading Li–S batteries. While
LiTFSI exhibits moderate anode stability, it underperforms in
facilitating SRRs. We eliminated LiTFSI from the electrolyte to
address these limitations, creating a fluorine-free solution com-
prising only LiNO3 and LiBOB. In this design, LiNO3 acts as the
primary lithium carrier and SEI-forming agent, playing a crucial
role in suppressing the polysulfide shuttle effect and maintain-
ing high coulombic efficiency.[27] LiBOB was introduced due to
its ability to react with LiPS and form a protective layer on the
cathode, thereby improving cathode stability. LiBOB was chosen
from several options in the “reacting” group of salts, as it reacts
fast enough with LiPS to form the CEI and provides a relatively
longer Li–Li lifetime, while LiFSI is unsuitable due to its slow re-
action with LiPS, which leads to a gradual formation of the CEI
layer on the cathode (See detailed discussion on salt selection in
Note S5, Supporting Information). Together, these two salts cre-
ate a multi-functional electrolyte consisting of 0.75 m LiNO3 and
0.25 m LiBOB (≈5 wt.% for both, denoted as 5NB) in a DME/DOL
(1:1 mol ratio) solvent mixture (Figures S15–S18, Supporting In-
formation). This formulation is designed to improve both anode
stability and overall cell performance, particularly in high-loading
Li–S battery applications.
Notably, 0.75 m LiNO3 is insoluble in the DME/DOL solvent,

as shown in Figure 2a. However, similar to LiOTf,[28] the addition
of 0.25 m LiBOB results in the dissolution of LiNO3, rendering
the electrolyte transparent. Nuclear magnetic resonance (NMR)
spectroscopy reveals a downfield shift in the 7Li signal upon the
addition of LiNO3 to the LiBOB solution, suggesting that NO3

−

enhances the electron cloud density around Li+ solvated by
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Figure 2. a) 7Li NMR spectrum of 0.25 m LiBOB and 0.25 m LiBOB + 0.25 m LiNO3 in DME/DOL, inserted images are the LiNO3 solution in DME/DOL
before and after adding LiBOB; b–d) Raman spectrumof different electrolytes and solvents; e) Calculated radial distribution functions g(r) and cumulative
numbers N(r) for lithium ion in LS005 electrolyte and f) 5NB electrolyte; g) SEM images of cycled lithium metal in LS005 electrolyte and h) in 5NB
electrolyte; i) Atomic percentage of elements during etching of lithiummetal anode in LS005 electrolyte and j) in 5NB electrolyte; k) O 1s spectrum from
in-depth XPS of lithium metal with LS005 electrolyte and l) with 5NB electrolyte.

BOB−, indicating an interaction between NO3
− and BOB−

(Figures S19 and S20, Supporting Information).[27] Raman spec-
troscopy reveals an increased proportion of paired DME when
LiBOB and LiNO3 are added to the solvent (Figure 2b–d; Figures
S22 and S23, Supporting Information), suggesting a stronger Li-
DME interaction. However, a saturated LiNO3 solution does not
exhibit a similar increase in paired DME, indicating a weak inter-
action between NO3

− and DME (Figure 2b). In the Raman shift
range of 1000–1080 cm−1, NO3

− vibrations are detected, with a
peak at ≈1055 cm−1 corresponding to contact ion pairs (CIP) and
aggregates (AGG), and a peak at≈1035 cm−1 associated with free
NO3

− ions in the electrolyte (Figure 2c). Notably, in the 5NB sam-
ple (0.75 m LiNO3 + 0.25 m LiBOB in DME/DOL), the CIP/AGG
peak is significantly more intense than in the saturated LiNO3 so-
lution, suggesting that LiBOB stabilizes NO3

− CIPs and AGGs,
thereby enabling the dissolution of LiNO3. Simultaneously, the
paired-DME peak also strengthens, indicating that more DME
molecules are coordinated in the presence of LiBOB. This special
coordination likely contributes to the stabilization of NO3

− CIPs
and AGGs in the electrolyte. By analyzing both the NMR and Ra-
man spectra, it can be concluded that Li-NO3

− interactions are
enhanced with LiBOB, making NO3

− CIPs and AGGs more sta-
ble. This stabilization renders the solution transparent at a LiNO3

concentration of 0.75 m, potentially explaining the improved dis-
solution of LiNO3 in the presence of LiBOB.
The coordination of Li+ was further examined through

molecular dynamics (MD) simulations (Figure 2e,f; Figure S21,
Supporting Information). The cumulative numbers N(r) indicate
that DME predominantly occupies the first solvation shell of
Li+ in the LS005 (1 m LiTFSI + 0.2 m LiNO3 in DME/DOL
1:1 vol) electrolyte. Conversely, in the 5NB system, LiNO3 plays
a significant role in modifying the first solvation shell of Li+.
This alteration promotes the formation of an anion-derived SEI
layer on the lithium metal anode, thereby enhancing anode
stability. SEM images were captured after cycling to compare the
performance of different electrolytes on the lithiummetal anode.
Lithium dendrites are visible in the enlarged image (Figure 2g),
indicating poor reversibility in lithium stripping and deposition
in the LS005 electrolyte. The inserted lower magnification SEM
image shows some areas of uniform deposition, but many den-
drites remain (Figures S24–S29, Supporting Information). This
corresponds with Figure 1c, where LiTFSI performs moderately
in the Li–Li symmetric system. In contrast, the higher magnifica-
tion SEM image of the 5NB system shows large lithium chunks
and uniform deposition without dendrites, indicating better
reversibility and enabling Li–S cells to operate under
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harsh conditions, such as low N/P ratios and in anode-free
cells.
To further investigate the SEI components on the lithium

metal anode, in-depth XPS analysis was conducted on the cy-
cled anodes for both LS005 and 5NB electrolytes. Atomic percent-
ages of each SEI element at different etching times are shown in
Figure 2i,j for LS005 and 5NB electrolytes, respectively. In the
LS005 system, the carbon content decreases with increased etch-
ing time, along with sulfur, fluorine, and nitrogen. At the same
time, oxygen begins to dominate in the inner layer, indicating a
typical organic-rich outer layer and the inorganic-rich inner layer
(Li2O, Li3N, LiF, and Li2S) (Figure S30, Supporting Information).
Similarly, the 5NB system shows a carbon-richer outer layer,

though with significantly lower carbon content (23% vs 50% in
LS005), and an oxygen-dominant inner layer (>85% after 1 min
of etching). The C 1s spectrum of 5NB reveals new peaks for
R─O─C═O and C2O4, likely due to LiBOB salts in the electrolyte,
known to form a soft organic SEI with compounds like ROCO2-Li
and O═C─O.[29] The presence of a large amount of LiNO3 con-
tributes to the formation of oxygen-rich components such as Li2O
and Li2S2O3 (Figure S31, Supporting Information), aligning with
these findings.
In the high-resolution O 1s spectrum (Figure 2k,l), only Li2O

and ROCO2-Li are detected in the LS005 system, while the 5NB
system contains additional oxygen-containing compounds like
RO-Li, ROCO2-Li, and O═C─O. As etching progresses, O═C─O
decreases while Li2O increases, with RO-Li and ROCO2-Li re-
maining dominant. This oxygen-rich SEI, likely formed from the
decomposition of LiBOB, LiNO3, and ether solvents such asDOL,
contributes to improved lithium deposition and reversibility, as
supported by previous studies.[30] This explains the differences
in lithiummorphology observed in the SEM images between the
electrolytes. These findings are consistent with Li RDF simula-
tions, which suggest that a NO3

− -rich coordination structure
may lead to an oxygen- and nitrogen-rich inner SEI layer. This
SEI plays a crucial role in protecting the lithium anode from cor-
rosion by polysulfides in the electrolyte. The S 2p spectrum shows
sulfur content of 7–26% on lithium metal in the LS005 system,
with Li2S and Li2S2 as predominant species, primarily from dis-
solved LiPS from the cathode. In contrast, the 5NB system shows
much lower sulfur content (6–9%), suggesting less LiPS dissolu-
tion. The underlying mechanism behind this observation will be
discussed in detail in the following section.

2.4. Electrochemical Measurements and Cell Performance

To compare the cycling performance of different electrolytes,
Li||S cells are evaluated at a 1 C rate. LiDFOB is tested for com-
parison, as it serves a similar function to LiBOB, as discussed
previously. However, it exhibits a lower capacity and faster de-
cay rate than LiBOB (Figure 3a). To compare with a commonly
used baseline electrolyte, high-loading sulfur cathodes (>5 mg
cm−2) and a lean electrolyte condition (5 μL mg−1) were em-
ployed. Under these testing conditions, the 5NB electrolyte deliv-
ered a high initial specific capacity of 1136 mAh g−1, surpassing
the 993 mAh g−1 capacity observed for the LS005 electrolyte at
0.05 C (Figure 3b). At higher current densities of 0.1 C, the cell
with the 5NB electrolytemaintained an excellent reversible capac-

ity of over 900 mAh g−1. In contrast, due to sluggish kinetics un-
der the lean electrolyte system, the cell with the LS005 electrolyte
delivered only≈200mAh g−1. Examination of the GCD curves re-
veals that both cells exhibit a typical two-plateau discharge curve
during the first cycle, indicative of the solid–liquid–solid con-
version of sulfur (Figure 3c; Figures S32 and S33, Supporting
Information).[4a] However, for the LS005 system, the second dis-
charge plateau vanishes when the current density is increased to
0.1 C. This plateau corresponds to the liquid–solid conversion,
hindered by slow kinetics. The presence of LiTFSI inhibits the
SRR, hindering the effective deposition of Li2S.
High-loading sulfur cathodes, lean electrolytes, and low N/P

ratios (collectively referred to as harsh conditions) are crucial for
practical applications. To assess the feasibility of 5NB electrolytes
under such conditions, high-loading sulfur cathodes were pre-
pared and tested (Figure 3d; Figure S34, Supporting Informa-
tion). With high sulfur loading (>5 mg cm−2), lean electrolyte
conditions (6 μL mg−1), and a low N/P ratio (50 μm, 10 mAh
cm−2 lithium foil), the cell delivered an excellent capacity of 1231
mAh g−1 at 0.05 C, with a capacity retention of 80% over 95 cy-
cles at 0.1 C, demonstrating the perfect reversibility. In contrast,
the LS005 system initially delivered 1062.6 mAh g−1 with simi-
lar capacity during early cycles but experienced gradual capacity
fade, failing after 63 cycles. The coulombic efficiency dropped to
76.5%, while the 5NB system maintained a CE of 97.82% even
after 120 cycles, highlighting a significant reduction in the shut-
tle effect in the 5NB system. At higher sulfur loadings (>10 mg
cm−2), the 5NB system still delivered 1034 mAh g−1, achieving
over 6.8 mAh cm−2 after 70 cycles with 80.5% capacity retention
at 0.1 C (Figure 3f; Figures S35 and S36, Supporting Informa-
tion), and an average CE above 98.5%.
Limited lithiummetal anodes can enhance energy density fur-

ther, while anode-free cells with lithiated cathodes and current
collectors as the anode could achieve the highest energy density.
In this context, Li2S||Ti anode-free Li–S batteries were tested to
investigate the feasibility of the 5NB electrolyte under extreme
working conditions. As shown in Figure 3e, the anode-free cell ex-
hibited a high initial charging capacity of 1168.8mAh g−1 (Figure
S37, Supporting Information) and maintained capacity retention
of 50% after 64 cycles at 0.1 C, indicating the feasibility of the
5NB electrolyte under extreme conditions. A Li–S pouch cell was
also assembled using a sulfur loading of 4 mg cm−2 for the cath-
ode and 50 μm lithium foil as the anode, with an E/S ratio of
3 μL mg−1 (Figure 3g). The cell delivered a specific capacity of
1020.9 mAh g−1, demonstrating the potential of 5NB electrolyte
for commercial cells and energy storage applications.

2.5. Improve in Suppressing Self-Discharging Behavior

In addition to excellent cycling performance, other issues of Li–S
batteries are also investigated with the 5NB system. Due to sul-
fur dissolution and anode reaction, Li–S batteries undergo severe
self-discharging, even at rest. A visual experiment is conducted
to compare Li anode corrosion in two systems. Sulfur powder is
placed in a glass vial with electrolytes and then sink to the bot-
tom. A piece of lithium foil is then placed in the solution, float-
ing on top due to its low density. This setup forms a lithium-
electrolyte-sulfur configuration, same as the configuration in the
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Figure 3. a) Comparison of the cycling performance of electrolyte containing LiBOB and LiDFOB, b) comparison of the cycling performance of LS005
and 5NB electrolyte under high sulfur loading and lean electrolyte condition, and c) corresponding GCD curves; d) Cycling performance of Li–S cell
with 5NB electrolyte under harsh conditions; e) cycling performance of anode-free Li2S||Ti cells; f) Cycling performance of Li–S cell with ultrahigh sulfur
loading (>10 mg cm−2), and g) Li–S pouch cell with 5NB electrolyte, with a lean electrolyte condition of 3 μL mg−1, scale bar: 1 cm.

battery. After resting for 30 days, the vial with LS005 electrolyte
showed a noticeable color change, indicating the dissolution of
LiPS and reactions between the components (Figures 4a, S38,
Note S6, Supporting Information). In contrast, the vial with 5NB
electrolyte remained clear, demonstrating its effectiveness in pre-
venting sulfur dissolution and protecting the lithium metal an-
ode. For comparison, a glass vial with LS005 electrolyte without
lithium foil was also set for 30 days, showing no significant color
change. This indicates that the color change is related to the reac-
tion of dissolved sulfur with the lithium foil. Furthermore, a pure
DME/DOL solvent was tested under the same conditions. After
7 days, the vial containing only the solvent exhibited a more pro-
nounced color change, indicating that the salts significantly in-
fluence sulfur dissolution and the reaction with lithium. There-
fore, salt selection is crucial for the Li–S systems, especially under
harsh conditions and longer cycling life.
The self-discharging behavior in different electrolytes is fur-

ther tested. The cells are first cycled for 10 cycles at 0.5 C and
then rested for 1, 3, and 7 days, respectively. After resting, the
cell with the 5NB electrolyte shows a diminished capacity drop,
with capacity retention ofmore than 90% even after 7 days of rest-

ing (Figure 4b–g). In contrast, severe self-discharge is observed
in the LS005 electrolyte. After one day of rest, the cell lost 20%
of its capacity (80% capacity retention), and retention dropped to
56% and 52% after 3 and 7 days, respectively. The first discharge
plateau disappears from the GCD curves, indicating that long-
chain LiPS are reduced to short-chain LiPS due the shuttle effect
and the self-discharging behavior. This result confirms that the
5NB electrolyte is suitable for long-term storage and cycling, as it
effectively mitigates the self-discharge issue compared to LS005.

2.6. Mechanism Investigation of How the Electrolyte Improve the
Cell Performance

After comparing the electrochemical performance of the 5NB
electrolyte, the mechanisms behind its improved performance
in Li–S batteries are investigated. In-situ Raman spectroscopy
and operando XRD are conducted on each cell (Figure 5a–c;
Figures S39 and S40, Supporting Information). The LiPS sig-
nal is detected ≈490 cm−1 Raman shift. In the LS005 electrolyte,
Li2S4 is first detected, indicating the dissolution of LiPS into the
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Figure 4. a) Visualization test of sulfur dissolution and lithium metal anode corrosion after 1, 3, 5, 8, 15, and 30 days, with control samples (no lithium
foil) and with pure solvents; b–g) self-discharging test of Li–S with b–d) 5NB electrolyte and e–g) LS005 electrolyte, after 1, 3, and 7 days, respectively.

electrolyte. This signal diminishes as the discharge proceeds but
reappears during the charging process, remaining present at the
end of the charging cycle. This indicates the incomplete conver-
sion of LiPS. In comparison, the LiPS signal in the 5NB elec-
trolyte is only detected at the beginning of the charging process.
It diminishes quickly, indicating the fast conversion of LiPS with-
out LiTFSI. No LiPS signal is detected at the end of the charging
process, demonstrating complete sulfur conversion and high sul-
fur utilization.
In the in-depth X-ray photoelectron spectroscopy (XPS) analy-

sis, the atomic ratio of different elements is shown in Figure 5b–d
(Figures S41 and S42, Supporting Information). The cathode
with LS005 electrolyte primarily contains C and F, whereas the
5NB system predominantly contains C. In the 5NB system, the

carbon content decreases as the etching time increases, indicat-
ing a carbon-rich outer layer. The carbon-containing compounds
that could be the formation of the CEI by LiBOB, will be dis-
cussed in the next section. Additionally, the sulfur species on
the surface of the cathode in the 5NB electrolyte remain low and
increase after etching, indicating the presence of the CEI layer
(Note S4, Supporting Information). The F content is mainly from
the PVDF binder in the electrode.
The high-resolution S 2p and N 1s spectra are shown in

Figure 5e–h. The LS005 system detects S8, LiPS, and components
such as thiosulfate and R-SO2-R. S8 and LiPS are generated by
sulfur, while thiosulfate is likely generated by TFSI− anions, and
R-SO2-R is a part of the TFSI− anion. As discussed in Figure 1c,
the presence of TFSI− anions in the cathode is not beneficial to
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Figure 5. a) In situ Raman spectrum of Li–S cells with LS005 electrolyte, b) atomic ratio derived from in-depth XPS analysis, c) S 2p, and d) N 1s spectrum
of sulfur cathodes cycled in LS005 electrolyte. e) In situ Raman spectrum of Li–S cells with 5NB electrolyte, f) atomic ratio derived from in-depth XPS
analysis, g) S 2p and h) N 1s spectrum of sulfur cathodes cycled in 5NB electrolyte. i,j) cross-sectional SEM image for cycled S/CNT cathode in LS005
electrolyte and k,l) in 5NB electrolyte; o) schematic diagram of LS005 electrolyte system and n) 5NB electrolyte system.

the SRR. In comparison, the 5NB electrolyte only contains LiPS
and S8 in the S 2p spectrum, and the sulfur species on the sur-
face are limited, indicating the presence of a CEI layer. Addition-
ally, the N 1s spectrum reveals more nitrogen-containing species,
possibly derived from the NO3

− anion. Nitrates are considered
beneficial for sulfur nucleation during the charging process,[26b]

whichmight contribute to the excellent performance of the sulfur
cathode in electrochemical tests.
To verify the presence of the CEI layer on the cathode, cross-

sectional SEM images of the cycled cathode were captured
(Figure 5i–l). In the LS005 system, the cycled cathode shows
no significant changes compared to the fresh cathode (Figures

S43 and S44, Supporting Information), and the CNT/S struc-
ture remains clearly visible. However, in the 5NB system, the
surface morphology changes, with the CNT cathodes covered by
a smooth layer, obscuring the stacked CNT network. At higher
magnification (Figure 5i), some CNTs are still visible beneath the
smooth layer, identified as the CEI layer formed by the reaction
between LiPS and LiBOB. The intrinsic characteristics of the cy-
cled S/CNT cathode with the 5NB electrolyte were further ana-
lyzed using FIB-SEM (Figure S45, Supporting Information). The
stacked nanotube structure remained intact after cycling, indicat-
ing that the cathode structure was not disrupted and the carbon
surface was not fully covered by the reaction products of LiPS
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and LiBOB. This preserved surface allows for sufficient S/Li2S
growth, enabling the long-term cycling stability of the cell.
In the control sample, once LiPS forms during the SRR, they

diffuse toward the lithium metal anode due to the concentration
gradient, resulting in side reactions, low CE, and reduced specific
capacity (Figure 5m). In contrast, in the 5NB system, dissolved
LiPS reacts with LiBOB, forming a CEI layer on the cathode sur-
face. As sulfur and LiPS undergo disproportionation and com-
proportionation reactions, elemental sulfur possibly re-dissolves,
leaving behind a porous CEI structure (Figure 2f). This porous
CEI acts as a diffusion barrier, slowing down the mass trans-
fer of solvents and salts in the electrolyte. Meanwhile, polysul-
fide anions tend to form larger solvation structures due to their
elongated S─S bonding network and their propensity to exist as
ion pairs or aggregates in ether-based systems, driven by their
divalent negative charge and strong Coulombic interactions with
cations.[7a,31] The larger polysulfide solvation structure diffuses
more slowly with the presence of the diffusion barrier, effectively
suppressing the polysulfide shuttle effect. In contrast, solvated
Li+ ions and pure solvent molecules, due to their significantly
smaller size, can still pass through (Figure 5n).
The presence of two distinct discharge plateaus further con-

firms that the porous CEI allows solvent interaction (Figure S46,
Note S7, Supporting Information), maintaining a higher dis-
charge voltage of 2.1–2.3 V, compared to the 1.9 V typically ob-
served in solid-solid conversions. This elevated discharge voltage
enhances energy density, and the solid-liquid-solid reaction en-
ables faster kinetics than solid-solid reactions.[32] Additionally,
the suppression of the LiPS shuttle is evidenced by improved
capacity retention (Figure 3), visualization tests (Figure 4), and
structural characterizations (Figure 5). By slowing down the dif-
fusion of LiPS, the CEI not only facilitates faster SRR kinetics but
also protects the lithium metal anode from LiPS-induced corro-
sion, thereby enhancing both stability and longevity.

3. Conclusion

In this study, we demonstrate that while the commonly used
LiTFSI salt exhibits only good compatibility with LiPS, it lags in
terms of SRR overpotential, diffusion rates, and kinetics when
used as the main salt in the electrolyte. This has hindered the
development of high-energy-density Li–S batteries over the past
20 years. Our findings reveal that salts not only affect the SRR
but also influence LiPS dissolution and the self-discharging be-
havior in Li–S batteries. The cell performs excellently by elimi-
nating LiTFSI and introducing new “LiPS reacting” salts into the
electrolyte, previously considered unsuitable for the Li–S system.
This fluorine-free electrolyte, composed of LiNO3 and LiBOB in
a conventional DME/DOL solvent, enables the formation of a
porous CEI that acts as a diffusion barrier for LiPS, effectively
suppressing the shuttle effect. As a result, Li||S cells achieve a
specific capacity of 1230.8 mAh g−1 at 0.05 C and maintains a
capacity retention of 76.2% after 100 cycles at a high sulfur load-
ing of 6 mg cm−2 (10 mAh cm−2) and a limited lithium anode
(10 mAh cm−2). Even under higher loading (>10 mg cm−2), lean
electrolyte conditions (3 μLmg−1), and in anode-free cells, the cell
continues to deliver outstanding capacity. This work opens new
opportunities for identifying superior main salts for Li–S battery
electrolytes beyond LiTFSI while addressing environmental con-

cerns associated with PFAS in fluorinated salts. It also inspires
further research into salt selection and design for Li–S batter-
ies under challenging conditions, especially the sluggish SRR in
thick electrodes with lean electrolyte, and even for solid-state Li–S
batteries.
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