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a b s t r a c t

Sulfurized polyacrylonitrile (SPAN) is proposed as a promising cathode material for lithium sulfur bat-

teries. However, the continuous side reactions at the electrolyte-electrode interfaces as well as the slow

redox kinetics of SPAN cathode deteriorate the electrochemical performance. In this study, an electrolyte

with dual-additives comprising 2-fluoropyridine (2-FP) and lithium difluorobis (oxalato) phosphate (LiDF-

BOP) was used to improve the performance of Li||SPAN cells. 2-FP has a lower lowest occupied molecular

orbital energy than that of the solvents in the electrolyte, leading to its prior reduction. A LiF-rich film can

be formed on the electrode, effectively improving the stability of the electrolyte-electrode interfaces and

prolonging the life. Simultaneously, LiDFBOP could form an electrolyte-electrode interface film contain-

ing a large amount of LixPOyFz species, compensating for the kinetic deterioration caused by the lower

ionic conductive of LiF formed at the electrolyte-electrode interface. Hence, an electrode-interface film

with good chemical stability and high Li+ transport was established by LiF and LixPOyFz-rich species. The

Li||SPAN cell with the electrolyte containing dual-additives demonstrates an excellent capacity retention

of 97.5% after 200 cycles at 1.0 C, 25 °C, comparing to 56.2% capacity retention without additives. More-

over, the rate capacities of cells with dual-additives can reach 1128.1 mAh/g at 5 C, comparing to only

813.5 mAh/g using electrolyte without additives. Our results shown that the dual-additives in electrolyte

provide a promising strategy for practical application of lithium sulfur batteries with SPAN cathodes.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries have revolutionized the market for elec-

tric vehicles, energy storage and portable electronic devices with

many advantages, such as low self-discharge rate and high en-

ergy density [1]. However, to further meet the electrification trend

of society, lithium-based batteries with higher energy density and

lower cost [2,3] are urgently needed. Lithium-sulfur (Li-S) batter-

ies, owing to the high theoretical energy density and low cost for

the abundant sulfur resources on the earth [4,5], is one of the

most promising lithium-based batteries for application. However,

the formation of soluble lithium polysulfide (LiPS) species, which

can deteriorate cycling performance, reduce capacity utilization,

and corrode the lithium metal anode, is a key factor hindering the
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application of Li-S batteries [6]. In recent years, various strategies

have been proposed to solve these LiPS shuttling problems by cath-

ode design [7,8]. Among them, sulfur-containing polymer instead

of monomeric sulfur as the cathode, especially sulfurized poly-

acrylonitrile (SPAN), has shown the advantages and is promising

for high performance Li-S batteries [9,10]. This is because that the

SPAN can completely eradicate the shuttle of LiPSs because of the

absence of polysulfide [11]. However, the slow redox reaction ki-

netics of short-chain sulfur, the fragile cathode-electrolyte interface

(CEI) film, and the unstable anode-electrolyte interface (SEI) film of

the SPAN cathode hinder the application of Li||SPAN cells [12,13].

Electrolyte regulation is one of the main approaches to address

the above problems in Li||SPAN cells. The equal volume mixture

of ethylene carbonate (EC) and diethyl carbonate (DEC) with 1.0

mol/L lithium hexafluorophosphate (LiPF6) is the most common

electrolyte system in Li||SPAN cells. However, its practical ap-

plication in Li||SPANcells is limited by rapid capacity decay and

https://doi.org/10.1016/j.cclet.2023.108622
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Scheme 1. The combined effect mechanism of dual-additives in the formation of

electrode-electrolyte interface.

short lifespan [14,15]. The main drawback of carbonate electrolyte

is the unstable SEI film formed at the lithium metal anode and

electrolyte interface for the poor reduction stability of EC and

DEC solvents [16]. And this can lead to the formation of lithium

dendrites [17] and dead lithium [18] during Li+ plating/stripping,

thus greatly reduce the Coulombic efficiency of the lithium metal

anode [19]. In addition to the lithium metal anode, the continuous

side reactions between the SPAN cathode and EC would also

deteriorate the electrochemical performance of Li||SPAN cells [20].

Therefore, building a more stable electrode-electrolyte interface

is the key to face these challenges. And the functional additives

reasonably in the electrolyte is the effective and most economical

method [21].

Owing to its electrically insulating properties, high mechan-

ical strength and chemical stability, LiF is considered a good

component to stabilize SEI and CEI films and effectively reduce

the side reactions between electrolyte and electrode [22] for

enhancing the performance of Li||SPAN cells. In recent years, many

fluorinated organic additives, like fluoroethylene carbonate (FEC)

[23], trimethylsilyl(fluorosulfonyl)(n-nonfluorobutanesulfonyl)imide

(TMS-FNFSI) [24], tris(2,2,2-trifluoroethyl)borate (TTFEB) [25] and

(trifluoroethoxy)pentafluorocyclotophosphazene (TFPN) [26], etc.,

have been reported to form LiF-rich electrode-electrolyte inter-

faces. Besides the additives mentioned above, fluoropyridine, as a

new class of fluorinated organic additives, has recently received

much attention due to its effective solubility of lithium salt, wide

electrochemical window and excellent SEI film forming ability

[27–29]. After gaining electrons, fluoropyridine is easily reduced

to form LiF-rich SEI films on the lithium metal anode surface,

thus guiding the uniform nucleation of lithium ions [30]. However,

despite the many positive effects of LiF, the transportation ability

of Li+ in the LiF-rich electrode interface film is limited by the low

ionic conductivity of LiF (≈10−12 S/cm) [31]. Therefore, in order

to simultaneously enhance the kinetics of the redox reaction in

Li||SPAN cells, it is also necessary to improve the Li+ transport. It

was found that when lithium salts were used as film-formation

additives, the resulting interface films from additives are more

ionically conductive because lithium ions are incorporated into

the electrode interface films [32]. Recently, a phosphorus-based

lithium salt additive, lithium difluorobis (oxalato) phosphate

(LiDFBOP), can be reduced to form an interface film on the anode

surface before the solvent, and the phosphorus derivatives from

LiDFBOP facilitate rapid Li+ transport, resulting in a low interfacial

impedance [33]. Therefore, it is a promising strategy to use 2-

fluoropyridine (2-FP) and lithium LiDFBOP together as additives in

EC-based electrolyte to solve the problems of poor cycling stability

and slow redox reaction kinetics of Li||SPAN cells by constructing

electrode interface films with good chemical stability and high Li+

transport.

Here, an EC-based electrolyte with dual-additives (0.5 wt% 2-FP

and 0.5 wt% LiDFBOP) for Li||SPAN cells is proposed. As shown in

Scheme 1, benefiting from the combined effect of 2-FP and LiDF-

BOP, LiF and LixPOyFz-rich species can be formed on both anode

and cathode surfaces to build electrode-electrolyte interfaces with

good chemical/electrochemical stability and high Li+ transport.

The Li||SPAN cell with dual-additives demonstrates an excellent

capacity retention of 97.5% after 200 cycles at 1.0 C as well as a

good rate performance of 1128.1 mAh/g at 5 C.

Ethylene carbonate (EC), diethyl carbonate (DEC), lithium hex-

afluorophosphate (LiPF6), lithium perchlorate (LiClO4) and lithium

difluorobis(oxalato) phosphate (LiDFBOP) were purchased from

DodoChem and used as received. 2-Fluoropyridine (2-FP) was ob-

tained from Aladdin. For electrolyte preparation, LiPF6 or LiClO4

was directly dissolved in EC and DEC (1:1 by weight ratio) mixed

solvents. And the concentration of lithium salt in electrolyte is 1

mol/L. Electrolytes containing 0.5 wt%, 1.0 wt% and 2.0 wt% 2-

FP, 0.25 wt%, 0.5 wt%, 1.0 wt% and 2.0 wt% LiDFBOP and dual-

additives (0.3-0.7 wt% 2-FP and 0.3-0.7 wt% LiDFBOP) were pre-

pared by blending adequate amounts of salts and solvents in glass

bottle, and further stirred for one night at room temperature. All

the experimental work above was carried out in an Ar-filled glove

box (<0.1 ppm water, <1.0 ppm O2) as well as the materials stor-

age used in this study.

Sulfur powder (S) and polyacrylonitrile (PAN) were obtained

from Aladdin and were mixed by ball-milling at a mass ratio of

2:1. The mixture was then heat-treated at 350 °C for 6 h in ar-

gon atmosphere and finally cooled to room temperature to obtain

SPAN [34]. The sulfur content in obtained SPAN is 37% measured

by element analysis.

For fabricating the cathode, 70 wt% SPAN powder, 10 wt%

binder (PVDF) and 20 wt% Super P were mixed in the N-

methylpyrrolidone (NMP) solvent and uniformly coated on the

carbon-coated aluminum foil. The obtained SPAN cathodes were

dried at 60 °C for one night in a vacuum oven to remove the sol-

vent and moisture then cut to disks with a diameter of 12 mm.

2025-coin cells were assembled using the above-prepared SPAN

cathode, lithium metal anode of 16 mm diameter and 200 μm

thick, and electrolyte. A microporous membrane polypropylene

film (Celgard 2400) with a thickness of 25 μm was used as a sep-

arator. The sulfur loading of SPAN electrodes was about 1 mg/cm2,

and the electrolyte used in the study was 40 μL/mgsulfur. Li||Cu

cells were assembled with Li foil and Cu foil as electrodes. Li||Li

symmetric cells were assembled with Li metal as both cathode and

anode. All coin cells were assembled in an argon-filled glove box.

Li||SPAN pouch cells were fabricated using Celgard 2400 sepa-

rator sheets sandwiched between the SPAN electrode (size: 8.7 by

8.8 cm) and the 50 μm Li metal anode. All pouch cells were as-

sembled in a drying room and electrolyte injection was performed

in an argon-filled glove box, and 1 ml electrolyte was injected into

each cell.

The Li||SPAN cells were charged and discharged at a constant

current in the voltage range of 1.0-3.0 V by a LAND 2001 A bat-

tery system, the loading of active substance is the actual content

of sulfur. Li||SPAN cells were activated at 0.1 C (1 C=1675 mAh/g)

for three cycles before cycling, and then the cycling test was per-

formed at 1 C. Cyclic voltammetry (CV) measurements and elec-

trochemical impedance spectroscopy (EIS) were conducted using a

Bio-Logic VSP-300 electrochemical workstation. The CV of Li||SPAN

cells and Li||Cu cells were measured at the scan rate of 0.2 mV/s

and 1.0 mV/s, respectively. The EIS of Li||SPAN cells were measured

in the frequency range from 100 kHz to 15 mHz. The morphol-

ogy of the cycled electrode was observed by scanning electron mi-

croscopy (SEM, Verios G4 UC) and transmission electron micro-

scope (TEM, Tecnai F20). The component differences of the elec-

trode surface were studied by X-ray photoelectron spectroscopy

(XPS, ES-CALAB 250 with Al Ka radiation, 1486.6 V, 150 W) under

4×10−8 Pa. To investigate the components in formed SEI layers,

the Cu electrodes after lithium electro-stripping/deposition cycling

were analyzed by time-of-flight secondary ion mass spectrome-
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Fig. 1. (a) The LUMO and HOMO energies of EC, DEC, 2-FP and LiDFBOP. (b) The CV curves of Li||Cu cells using the electrolyte with and without 2-FP. (c) The CV curves of

Li||Cu cells using the electrolyte with and without LiDFBOP.

try (TOF-SIMS) using a mass spectrometer (TOF SIMS-5, ION-TOF)

equipped with a 30 keV Bi+ primary ion gun.

The highest occupied molecular orbital (HOMO) and the lower

lowest occupied molecular orbital (LUMO) energy of solvents (EC

and DEC) and additive molecules (2-FP and LiDFBOP) were calcu-

lated by the Gaussian 16 program package. The B3LYP functional

with a basis set of 6–311+G(d, p) was employed to optimize the

structures of the molecules.

First, to determine the reduction ability of additives, the LUMO

and HOMO energies of LiDFBOP and 2-FP were calculated in com-

parison with EC and DEC solvents. As shown in Fig. 1a, the LUMO

energies of EC, DEC, 2-FP and LiDFBOP are -0.28, 0.07, -1.45 and -

3.58 eV, respectively. Both 2-FP and LiDFBOP exhibit significantly

lower LUMO energies than those of EC and DEC, indicating the

preferential reduction of 2-FP and LiDFBOP on the anode to form

SEI [27,33]. To further confirm the results of theoretical calcula-

tions, CV tests of Li||Cu cells were adopted to measure the exact

reduction potentials of two additives. As shown in Fig. 1b, the elec-

trolyte with 2-FP shows a reduction peak at 2.2 V, which is due to

the decomposition of 2-FP on Cu surface. For the electrolyte with

LiDFBOP, there is a clear reduction peak at 1.9 V (Fig. 1c) [33]. The

reduction potentials of both additives are in the operating voltage

range of Li||SPAN batteries, indicating that 2-FP and LiDFBOP can

be reduced on both anode-electrolyte and cathode-electrolyte in-

terfaces.

To determine the optimal additive content, the effects of dif-

ferent single additive contents on the electrochemical impedance

of Li||SPAN cells were analyzed. Fig. S1 (Supporting information)

presents the impedance of Li||SPAN cells with different contents of

2-FP (0.5, 1.0 and 2.0 wt%). The impedance increases significantly

with 2-FP content, which was attributed to the large amount of LiF

generated on the interface film by the excess organic 2-FP additive.

Fig. S2 (Supporting information) is the impedance of Li||SPAN cells

in electrolytes with different contents of LiDFBOP (0.25, 0.5, 1.0

and 2.0 wt%). At LiDFBOP additions of 0.25 wt% and 0.5 wt%, the

impedance was lower than that of the cell without additives, and

the impedance was lowest at 0.5 wt%. However, the opposite re-

sults were presented at higher LiDFBOP contents (1.0 and 2.0 wt%),

which may be related to the large amount of additives leading to

side reactions.

According to the above analysis, it can be reasonably inferred

that the optimal amounts of dual-additives (2-FP and LiDFBOP)

should be no more than 1 wt%. Furthermore, a cycle test was pre-

sented to confirm the effect of different mass ratios of 2-FP and

LiDFBOP on Li||SPAN cells at a total addition of 1 wt%. Fig. S3 (Sup-

porting information) shows the cycle performance of cells with dif-

ferent mass ratios of 2-FP to LiDFBOP. The cell shows the best cy-

cle performance when the mass ratio of 2-FP and LiDFBOP is 0.5

wt%:0.5 wt%. Hence, it can be reasonably inferred that the 0.5 wt%

2-FP and 0.5 wt% LiDFBOP is an optimal ratio, which is used as

dual-additives for the following experiments.

Since both 2-FP and LiDFBOP have a lower LOMO level than EC

and DEC, they can be easier reduced on the anode surface, which

can be helpful for forming a stable anode-electrolyte interface. To

confirm this, the effect of additives on the reversibility of Li plating

and stripping was investigated by Li||Cu cells (Fig. 2a). As shown in

Fig. 2d, the CE values of Li||Cu with the electrolyte without addi-

tives, with 2-FP, with LiDFBOP and with dual-additives are 85.1%,

88.0%, 88.8% and 92.3%, respectively. The lower CE of the elec-

trolyte without additives implies the greater loss of active lithium,

and the poor reductive stability of electrolyte against lithium [35].

When 2-FP and/or LiDFBOP were added, the CE increased obvi-

ously, indicating both 2-FP and LiDFBOP can effectively improve

the reversibility of lithium metal anode, and increase the compat-

ibility of lithium metal with EC-based electrolyte. The voltage pro-

files of Li||Cu cells with different additives are displayed in Figs. 2a

and b. The nucleation and plateau overpotentials in the electrolyte

with LiDFBOP were significantly lower than those without LiDF-

BOP, confirming that LiDFBOP can effectively improve the kinetics,

especially alleviating the kinetics deterioration caused by 2-FP.

Li||Li symmetric cells at 1.0 mA/cm2 (1.0 mAh/cm2) was con-

ducted to further investigate the stability of the lithium metal

anode in the electrolyte without and with different additives. As

shown in Fig. 2c, the electrolyte without additives displayed a

sharply increased over-potential after 365 h. For the electrolyte

with LiDFBOP, the overpotential is much smaller than the elec-

trolyte without additives, indicating that LiDFBOP can improve the

kinetics, but the lifespan is only slightly increased. The electrolyte

with 2-FP has a significantly longer cycle life and remains more

stable after the 900 h, but have a larger voltage polarization in the

early stages of the cycle. For the electrolyte with dual additives,

the cells exhibited the smallest voltage hysteresis and the longest

cycle life of over 1300 h, which was much better than the cells

without additives and with single additive. Therefore, the above

experimental results have confirmed that the combined effect of

dual-additives can significantly prolong the cycling life of lithium

metal anode.

The EIS results of the Li||Li cells after 20 cycles are shown in

Fig. 2e. The lower impedance of the cells without additives may

be related to the large specific surface area of the lithium den-

drites generated by the unstable SEI film. However, the addition

of 2-FP resulted in a significant increase in impedance, although

it significantly improved the cycling stability, which is consistent

with the charge-discharge polarization of Li||Cu cells. When 2-FP

and LiDFBOP were used together, a suitable impedance is obtained.

The morphological changes of electrodeposition can also verify the

function of dual-additives, as Figs. 2f and g showing the deposited

Li on the anode surface after 200 cycles. A loose Li deposition layer

with obvious needle-like lithium dendrites were formed on the

lithium metal anode of the electrolyte without additives, causing

the continuous electrolyte consumption and deteriorating the per-

formance. For the electrolyte with LiDFBOP, although no obvious

needle-like Li dendrites were observed, lots of loose and cracked

structure could be observed on the surface of lithium metal an-

ode (Fig. S4 in Supporting information). After introduction of 2-

FP, a large number of porous structures could still be observed on
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Fig. 2. (a) Voltage profiles of Li||Cu cells. (b) The amplification of voltage profiles in (a). (c) Voltage profiles of Li||Li symmetric cells. (d) The average CE of the electrolyte

without and with additives. (e) The EIS curves of the Li||Li cell using electrolyte without and with additives after 20 cycles. (f, g) The morphologies of the deposited Li on

the anode surface after 200 cycles.

the surface of lithium metal anode. In comparison, with the dual-

additive, the surface of lithium metal anode remains dense and

uniform after cycling, presenting a dendrite-free morphology. The

above experimental results confirmed that the dual-additives can

significantly improve the electrochemical performance of lithium

metal anode, which is attributed to the stable and fast ionic con-

ductive SEI layer obtained by the combined effect of 2-FP and LiDF-

BOP.

XPS was performed to further investigate the mechanism of

electrolyte additives in the formation of SEI film. Since LiF is one

of the main products in SEI film, LiClO4 was used instead of LiPF6
to exclude interference of LiPF6 to determine that LiF comes from

the decomposition of the additive but not from the lithium salt.

For the electrolyte with 2-FP, the products containing F and N ele-

ment were detected on the SEI film (Fig. S5 in Supporting informa-

tion). In the F containing products, the peaks located at 684.6 eV

and 687.1 eV correspond to LiF and C-F, respectively. In the N con-

taining products, the peak located at 399.1 eV is corresponding to

Li3N while that located at 400.5 eV is related to pyridine N [30].

For the electrolyte with LiDFBOP, in the F 1s spectra, the peak ap-

pears at 684.9 eV, 687.3 eV and 688.8 eV, corresponding to LiF,

P-F(LixPOyFz) and C-F, respectively (Fig. S6 in Supporting informa-

tion) [32]. In the P 2p spectra, a relatively stronger LixPOyFz peak

(135.9 eV) and a weaker P-F peak (138.9 eV) are also observed

[33]. Since only the additive contains the elements F, P or N, these

products can only originate from the reduction reaction of addi-

tives. TOF-SIMS measurements were performed to further charac-

terize the SEI components. As shown in Figs. S7 and S8 (Support-

ing information), for the electrolyte with 2-FP, the species with F−,
CH2CH2N

−, and C4H4F
− were detected in the negative mode at

m/z=19, 42 and 71, respectively. And the species with Li3N
+, LiF

and C5H9N
+ were detected in the positive mode at m/z=32, 33

and 83, respectively. For the electrolyte with LiDFBOP, the species

with F−, PO2
− and PO3

− appear in the negative mode at m/z=19,

63 and 79 [36], respectively. And m/z=33 and m/z=123 corre-

spond to LiF and LiPO3F2 species in the positive mode, respec-

tively. Therefore, for the electrolyte with 2-FP, its main reaction

products on the SEI film include LiF, Li3N, C5H9N
+. For the elec-

trolyte with LiDFBOP, the main decomposition products are LiF and

LiPO3F2.

For better understanding the combined effect of 2-FP and LiDF-

BOP on the formation of SEI film, XPS was also conducted on the

cycled lithium metal anode. Fig. 3 shows the XPS spectra results

of lithium metal anode in the electrolyte with and without addi-

tives. According to the F 1s spectra, in the electrolyte with LiDFBOP,

the content of LiF slightly increases, suggesting that the decompo-

sition of LiDFBOP produces a small amount of LiF. The peak in-

tensity of LiF of the electrolyte with 2-FP is significantly enhanced

than that without 2-FP. A LiF-rich SEI film can effectively improve

the mechanical stability and compactness of lithium metal anode

[37]. Meanwhile, LiF has insulation characteristics, which can ef-

fectively reduce the penetration of electrons through the anode in-

terface, which can prevent the side reaction between electrolyte

and electrode, and improve the cycle stability [38]. For the dual-

additives, a significantly stronger LiF peak can also be observed,

which is mainly attributed to the reduction of two additives. In the

P 2p spectra, the electrolyte with LiDFBOP has much stronger peak

for LixPOyFz, which has been considered as an effective component

for Li ion transport capacity of SEI film [33]. Similarly, for the elec-

trolyte with dual-additives, a significantly stronger LixPOyFz peak

was detected. Moreover, the N 1s spectra of anode interface film is

displayed in Fig. 3c, the components of pyridine N peak and Li3N

peak could be observed by 2-FP, which can inhibit the formation

of lithium dendrites [27]. In contrast, no N 1s spectra was detected

in the electrolyte without 2-FP. In general, benefiting from the co-

reduction of 2-FP and LiDFBOP, a SEI film rich in LiF, LixPOyFz and

Li3N can be formed on the anode-electrolyte interface.

In addition to being reduced at the anode side, the reduction

species of 2-FP and LiDFBOP can be observed during the discharge

process at the SPAN cathode surface according to the CV results

shown in Figs. 1b and c. Since LiF is the main product in CEI film,

LiClO4 was used instead of LiPF6 to exclude interference of LiPF6.

XPS was used to analyze the decomposition products of additives

on the SPAN cathode surface during the first discharge. For the

electrolyte with 2-FP, the C-F products (≈ 688.0 eV) and LiF (≈
685.0 eV) were detected during the discharge, as shown in the F 1s
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Fig. 3. The XPS spectra results of lithium metal anode after 10 cycles: (a) F 1s, (b) P 2p, (c) N 1s.

Fig. 4. The XPS spectra results of SPAN electrodes after 200 cycles: (a) F 1s, (b) P 2p. (c) TEM of SPAN-cathode surface morphology after 200 cycles in Li||SPAN cells without

and with dual-additives, where the dotted area is the CEI film.

spectra (Fig. S9 in Supporting information). The relative intensity

of LiF peak gradually increases during the discharge, which proves

that 2-FP can be reduced at the SPAN cathode. For the electrolyte

with LiDFBOP, the P-F products (≈ 687.8 eV) and LiF (≈ 684.7 eV)

were detected in the F 1s spectra (Fig. S10 in Supporting informa-

tion). The relative intensity of LiF peak gradually increases during

the first discharge. In the P 2p spectra (Fig. S11 in Supporting infor-

mation), LixPOyFz, one of the main reduction products of LiDFBOP,

shows a consistent trend with LiF. The above results demonstrate

that LiDFBOP can also be reduced at the SPAN cathode.

To investigate the CEI film formation mechanism of dual-

additives, XPS analysis was performed on the cycled SPAN (Figs.

4a and b). For the electrolyte with LiDFBOP, a rich LixPOyFz species

were detected on the cycled cathode, and a small amount of LixPFy
indicates that the suppressed decomposition of electrolyte. For the

electrolyte with 2-FP, a LiF-rich CEI film was formed. LiF can play

an active role in stabilizing the CEI film to reduce the side reac-

tions between the cathode and the electrolyte [39]. For electrolytes

with dual additives, a large number of LiF and LixPOyFz species

were detected on the cathode surface. It is due to the combined

effect of these two additives that the dual-additives provide a sig-

nificant performance advantage over electrolytes without additives

or with a single additive.

SEM was used to observe the morphology of electrode surface

after 200 cycles of Li||SPAN cells to confirm the formation of stable

CEI, as displayed in Fig. S12 (Supporting information). In the elec-

trolyte without additives, the surface of the SPAN reveals coarse

and porous, which aggravates the consumption of electrolyte. As

to the SPAN cycled with LiDFBOP, porous structures are also ob-

served. In comparison, for the electrolyte with 2-FP and dual ad-

ditives, the cycled cathode exhibits a smoother and regular inter-

face morphology. Furthermore, the TEM images of the cycled SPAN

were also analyzed for further demonstrate the difference in CEI

film (Fig. 4c). An uneven thick and irregular CEI film can be ob-

served on the cycled SPAN surface using the electrolyte without

additives and even some areas are not covered with CEI film (as

shown in the dotted area), which is recognized to contribute to the

capacity decay. For the electrolyte with dual-additives, the cathode

is covered by a thin and complete amorphous film, proving that

the CEI formed by dual-additives may play a vital role in protect-

ing the cathode.

The performances of additives toward Li||SPAN cells were eval-

uated by electrochemical measurements. Firstly, to get a clear un-

derstanding of the internal redox reactions, CV curves were mea-

sured for Li||SPAN cells with and without additives as shown in

Fig. 5a. There are two reduction peaks at 1.97 V and 1.69 V of

Li||SPAN cells without additives, corresponding to the transforma-

tion from short chain sulfur to Li2S. The oxidation peak is located

at 2.37 V is attributed to the rebuilding of short chain-like sulfur

[40], and the redox potential difference is 0.68 V. After adding 2-

FP to the electrolyte, a large oxidation peak appears at 2.41 V, a

small reduction peak appears at 1.60 V. The redox potential dif-
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Fig. 5. (a) CV curves of Li||SPAN cells in the electrolyte with or without additives after activation. (b) EIS curves of Li||SPAN cells with the electrolyte with or without

additives after activation. (c) Cycle performance of Li||SPAN cells in the electrolyte without additives, with LiDFBOP, with 2-FP, and with dual-additives. (d) Rate performance.

(e) Cycle performance of Li||SPAN cells at 60 °C in the electrolyte without additives, with LiDFBOP, with 2-FP, and with dual-additives. (f) Cycle performance of Li||SPAN

pouch cells at 25 °C in the electrolyte with dual-additives and without additives.

ference is increased by 0.13 V. However, for the electrolyte with

LiDFBOP, a small oxidation peak and a reduction peak can be ob-

served at 2.35 V, 1.71 V, respectively, the redox potential differ-

ence is decreased by 0.04 V, proving that LiDFBOP can improve

the cell kinetics [33]. For the electrolyte with dual additives, the

oxidation peak appears at 2.40 V, the lowest reduction peak ap-

pears at 1.67 V, the redox potential difference is 0.73 V, imply-

ing that LiDFBOP can effectively reduce the slow kinetics caused

by 2-FP. Fig. 5b shows the EIS curve of Li||SPAN cells. The semi-

circle in the high-frequency region corresponds to the impedance

(Rsei) of lithium ions passing through the passivation film on the

electrode surface, and the intermediate frequency region is the

impedance of charge transfer (Rct) [41]. 2-FP significantly increases

the impedance of the cell (Rcell =Rsei +Rcei +Rct) (Table S1 in Sup-

porting information), while LiDFBOP can effectively decreases the

impedance, which agrees well with the results of the CV measure-

ment.

The long-term performance of Li||SPAN cells with and with-

out additives were tested (Fig. 5c). The electrolyte without addi-

tives showed a rapidly capacity fading. Only a specific capacity of

764.3 mAh/g is left after 200 cycles with a capacity retention of

56.2%. By comparison, the specific capacity of the cells with 2-

FP, LiDFBOP, and dual-additives electrolytes are 1145.8, 948.8 and

1363.7 mAh/g with capacity retentions of 86.1%, 63.6% and 97.5%,

respectively. These significant differences prove the advantages of

dual-additives in improving the cycling stability of Li||SPAN cells.

In addition, the electrolyte with dual-additives in this work also

has excellent cell performance comparing to most related litera-

ture (Table S2 in Supporting information) [34,42–49]. Furthermore,

the charge-discharge profiles of the 1st, 100th, 200th and 300th cy-

cles of the electrolyte with and without additives in Fig. S13 (Sup-

porting information) indicate the high electrochemical reversibility

of dual-additives. Fig. S14 (Supporting information) shows the EIS

curve of the Li||SPAN cell after 200 cycles, and the corresponding

fitting results are shown in Table S1. The value of Rcell without ad-

ditives increased from 15.0 � to 33.3 �, which was due to the

electrolyte decomposition during cycling and the continuous for-

mation of unstable electrode interface film. The value of Rcell with

2-FP decreased from 51.2 � to 29.8 �, which reveals that 2-FP

can promote the formation of a stable and dense electrode inter-

face film. The value of Rcell with LiDFBOP increased slightly from

12.6 � to 17.2 �, which may be due to the fact that the decompo-

sition products of LiDFBOP at the electrode interface do not protect

the electrode well. The value of Rcell with dual additives decreased

from 36.7 � to 22.9 �, which indicates that the dual-additives can

derive a much more stable and allow fast Li+ conductive electrode

interface film. The above results show that the dual-additives can

improve both the cycle stability and kinetics of Li||SPAN cells.

Moreover, the cell using the electrolyte with dual-additives can

deliver excellent rate performance. As shown in Fig. 5d, the cell

with dual-additives was found to deliver superior discharge capaci-

ties of 1464.1, 1400.3, 1330.9, 1280, 1214.6 and 1128.1 mAh/g at 0.5,

1.0, 2.0, 3.0, 4.0 and 5.0 C, respectively, which are all higher than

the discharge capacities of 1425.3, 1335.9, 1217.8, 1119.8, 1009.8

and 813.5 mAh/g for the cells without additives. The electrolyte

with dual-additives also exhibits a superior charge and discharge

voltage platform and a smaller polarization than the electrolyte

without additives (Fig. S15 in Supporting information).

To further verify the effect of additives on Li||SPAN cells per-

formance, high temperature (60 °C) cycling performance was also

tested. As shown in Fig. 5e, the capacity of the electrolyte without

additives dropped drastically after 25 cycles. By comparation, the

capacity fast fading phenomenon of the cells with 2-FP and LiDF-

BOP electrolytes extends to the 48th and 37th cycle, respectively.

The electrolyte with dual-additives exhibits high stability for 90

cycles and a CE of about 100%. The improvement of cycling per-

formance can be attributed to the stable and high Li+ transport

interface produced by dual-additives, which effectively inhibits the

dissolution and reconstruction of the SEI film at high temperatures

and reduces the side reactions between the electrolyte and the

electrodes.

Moreover, to show the potential application of the electrolyte

with dual-additives, Li||SPAN pouch cells based on the electrolyte

with dual-additives were fabricated (Fig. 5f) with an N/P of 3.52,

and a capacity of about 40 mAh at 0.1 C. The Li||SPAN pouch cell

with dual-additives could deliver a reversible specific capacity of

1137.4 mAh/g after 60 cycles at 25 °C, with a capacity retention of

95.7%. However, the capacity of the pouch cell without additives
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drops rapidly after 36 cycles, and only with a capacity retention of

46.6% after 60 cycles, which is similar to that in the literature [12].

In conclusion, a dual-additives electrolyte was proposed to en-

hance the cycling stability and kinetics of Li||SPAN cells by the

combined effect of LiF and LixPOyFz species. 2-FP can be preferen-

tially reduced on the electrode surface to form a LiF-rich SEI/CEI

film, which significantly improve the stability of the electrode.

However, Li+ transport is limited by the low ionic conductivity of

LiF. This negative effect can be eliminated by the dual-additives de-

sign. LiDFBOP can be decomposed on the electrode surface to gen-

erate LixPOyFz with high ionic conductivity. As a result, the dual-

additives electrolyte enabled Li||SPAN cells with excellent cycling

capacity retention of 97.5% after 200 cycles at 1 C, in sharp con-

trast with 56.2% in without additives. Through the combined ef-

fect of the above dual-additives, the Li-SPAN battery shows excel-

lent electrochemical performance, which provides strong support

for the commercial use of such additives.
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