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A B S T R A C T   

Solid polymer electrolytes (SPEs) are being intensively pursued as a means to develop safe, stable and long-life 
Li-ion batteries. However, the low Liþ conductivity and transference number in SPEs still impede all-solid-state 
polymer batteries from practical commercialization. Here, lithium polysulfides that cause a shuttle effect 
problem in Li–S batteries are reduced on a Poly(ethylene oxide) (PEO) chain as an effective way to stimulate Liþ

transport. It is shown that the product of the reduction (main –S4Li) dramatically increases Liþ transport while 
forming a strong interaction with the PEO matrix through intermolecular interactions. In contrast to PEO 
electrolytes, the –S4Li grafted electrolyte membranes have a lithium transfer number almost 3 times higher, and 
the LiFePO4|ScPEO|Li cell shows an ultra-long cycle life exceeding 1200 cycles with a capacity decay of 0.024% 
per cycle at 1 C. The results reveal lithium polysulfides tremendous potential in a solid-state electrolyte system 
for improving the ion transport and cycling stability.   

1. Introduction 

Lithium ion batteries (LIBs) are a commonly used rechargeable bat-
tery in portable devices because of their advantages of a larger specific 
capacity, a higher open-circuit voltage, and lower self-discharge than 
other secondary batteries available [1–4]. With the ever-increasing de-
mand for LIBs with long-term stability, high-energy density and excel-
lent safety, solid-state electrolytes have been pursued as a promising 
solution to meet these requirements [5,6]. In particular, solid-state 
electrolytes have the potential to prevent dendrite growth by slowing 
deformation of the interface between it and the lithium metal electrode 
and produce a high capacity [7,8]. Various types of solid-state electro-
lytes that have been developed can be generally classified into two 
categories: inorganic solid-state electrolytes and solid polymer electro-
lytes (SPEs) [9]. Although the ionic conductivity in an inorganic 
solid-state electrolyte is comparable to that of conventional liquid 
electrolytes, its brittle nature and high electrode/electrolyte interface 
impedance are likely to preclude large-scale applications [10,11]. On 

the other hand, SPEs have low flammability, good flexibility and safety, 
and provide stable contact between electrode and electrolyte, which are 
well suited for large-scale processing [12,13]. However, the well-known 
problems of SPEs are their relatively low ionic conductivity and short 
cycle life, which result in low capacity utilization and rapid deteriora-
tion of performance [14]. Therefore, achieving fast ion transport and 
stable cycle stability in SPEs remains to be main practical interest, and is 
also fundamentally challenging due to the elusive interaction between 
the electrolyte and Liþ transport [15]. 

Within the myriad of available SPE materials, poly(ethylene oxide) 
(PEO) as a versatile polymer, has distinct advantages such as excellent 
mechanical properties and compatibility with lithium salts [16]. In 
particular, PEO has good chain flexibility and unique ether-oxygen 
linkages. The oxygen atoms in PEO chains are good electron donors 
with suitable interatomic separation and can wrap around Liþ to form 
multiple intra-polymer bonds. The low barriers to bond rotation allow 
segmental motion of the PEO chain, providing a driving force for Liþ

transport [17]. Unfortunately, the dominant crystalline domains in 
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semi-crystalline PEO dramatically hamper the mobility of Liþ through 
the electrolyte [18,19]. Several approaches have been developed in 
recent years to decrease the crystallinity or lower the melting point by 
chemical and physical methods including copolymerization, 
cross-linking of PEO macromers and blending PEO with inorganic sub-
stances [20–25]. High ionic conductivity and electrochemical stability 
have been achieved together with low crystallinity for the modified PEO 
[26]. However, the modified PEO-based electrolytes still require a 
working temperature ranging from 60 to 90 �C because of its poor Liþ

conductivity and low transference number at low temperatures (<60 
�C), especially at a high cycling rate. Therefore, the number of cycles and 
rate capability are far below what is needed for practical applications. 

Lithium polysulfides are intermediate reaction species generated 
from a sulfur cathode into electrolytes during the charge/discharge of 
lithium sulfur batteries [27,28]. The polysulfide-shuttling effect is 
caused by the dissolution and diffusion of polysulfide anions in elec-
trolytes [29]. The dissolved polysulfide anions have a good ability to 
migrate towards the Li anode. Another remarkable feature of lithium 
polysulfides is their inherent fast ionic conduction due to the high 
polarizability of sulfide ions weakening the interaction between the 
anions and the lithium ions [30,31]. Considering these unique proper-
ties of polysulfides and PEO, the intention of our research is to take full 
advantage of them to maximize ionic conduction in solid-state PEO--
based electrolytes. A chemically stable sulfur-bridged complex (abbre-
viated as S-PEGMA) was prepared by the direct copolymerization of 
elemental sulfur with poly(ethylene glycol) methacrylate (PEGMA) 
monomers inspired by inverse vulcanization [32]. An all-solid-state LIB 
was formed by combining S-PEGMA with PEO and LiTFSI as a solid 
electrolyte separator (abbreviated as ScPEO), and LiFePO4 and Li as 
electrode materials. In order to obtain fast Liþ transport in the solid 
electrolyte, the solid-state electrolyte membrane was activated in situ by 
the electrochemical activation of ScPEO with a limiting terminal voltage 
between 1.7 and 2.3 V, leading to the formation of organic lithium 
polysulfides. The grafting of organic lithium polysulfides (-RSnLi, R ¼
poly(ethylene glycol) methacrylate chain) onto the PEO chain has ach-
ieved fast Liþ transport and intimate electrode-electrolyte interface, 
which results in the dendrite-free Li-metal deposition and a long cycle 
life in the cell. 

2. Results and discussion 

Fig. 1 illustrates the detail stepwise procedure for the fabrication of 
lithium polysulfide grafted PEO-based solid polymer electrolytes. A 
certain amount of PEGMA and sulfur powder was mixed together in a 
sealed glass bottle, and then heated to 185 �C for 2 h. After cooling to 
room temperature, a sulfur-bridged PEGMA copolymer was obtained as 
the solid-electrolyte precursor (S-PEGMA). To highlight the “sulfur- 
bridge” containing the long sulfur-sulfur bond, the S-PEGMA was dis-
solved in chloroform and left standing for a week. Solution-grown single 
crystals of cyclo-S8 were produced as determined by single-crystal X-ray 
diffraction analysis (Fig. S1). These results indicate that S atoms could 
detach from the sulfur-bridged copolymer by breaking weak S–S bonds 
in long-chain polysulfides. The next and key step is to promote the 
conversion of S-PEGMA to organic lithium polysulfides using an elec-
trochemical method based on the formation of polysulfides in lithium 
sulfur batteries. Composite electrolyte solutions were created by directly 
mixing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), S-PEGMA 
and PEO in an acetonitrile solution. After evaporation, solid ScPEO 
electrolyte membranes were obtained with a bright yellow color (The 
image in Fig. 1). In a Li|ScPEO|LiFePO4 cell, the activation process in-
volves the chemical reduction of the solid phase. 10 cycles with a ter-
minal voltage ranging from 1.7 to 2.3 V (vs. Liþ/Li) were aimed at 
breaking the long “sulfur-bridge” into short polysulfide chains. Another 
10 cycles with a higher terminal voltage from 2.5 to 4.2 V (vs. Liþ/Li) 
implanted enough Liþ into the electrolytes and promoted structural 
interaction between the polysulfides and the PEO chains. During this 
process, the color of the electrolyte membrane changed from yellow to 
blood-red (Fig. 1). Generally, the characteristic color of lithium poly-
sulfides (Li2Sn, 1�n�8) changes from white (Li2S) to yellow (Li2Sn, n ¼
2, 3) to blood-red (Li2Sn, 4�n�8) as the S–S chain length increases [33], 
hence, we conclude that the S–S chain of the generated lithium poly-
sulfides in the solid electrolyte membrane should contain four to eight 
sulfur atoms. 

In order to prove that the generated polysulfide anions were grafted 
onto the vinyl-terminal of PEGMA chain, rather than existing in the 
polymer matrix, proton nuclear magnetic resonance spectroscopy (1H 
NMR) was used to examine the electrolytes before and after activation. 
Fig. 2a shows the 1H NMR spectra of PEGMA. The chemical shifts at 6.1 
and 5.6 ppm are attributed to the protons in the CH2––C groups of 

Fig. 1. Schematic showing the fabrication of lithium polysulfide grafted solid-state electrolytes. The optical images are also provided. The yellow membrane is the 
pristine solid-state electrolyte. After activation, a color change of the electrolyte membrane from yellow to blood-red is clearly visible. The lower right diagram is a 
representation of the materials and their interactions in PcPSLi. 
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PEGMA. The grafting of the long “sulfur-bridge” to the vinyl-terminal of 
PEGMA has resulted in the appearance of chemical shift at 3.0 ppm, due 
to the transformation of the CH2––C group to –SCH2-C. After activation, 
the peaks from the protons in CH2––C groups disappear, and the reso-
nance peak (-SCH2-C) shifts slightly to a lower magnetic field at 2.8 ppm, 
which is associated with the reduction of the “sulfur-bridge”. These re-
sults demonstrate that the polysulfides are attached to the PEGMA 
chains, and electrochemical reduction of the sulfur-bridged copolymer is 
incapable of causing cleavage of the C–S bond. Furthermore, the peaks 
at 3.5–3.8 ppm arise from the protons in –OCH2CH2O- and peak splitting 
is clearly observed in PEGMA and S-PEGMA because of the spin-spin 
coupling of each proton with two adjacent hydrogen atoms. However, 
in the activated electrolytes, no prominent coupling was observed. This 
unexpected finding suggests that polysulfide anions form a strong 
interaction with the hydrogen in the –OCH2CH2O- units of PEO by 
hydrogen bonding interaction (-S⋅⋅⋅H), disturbing the transmission of 
electrons moving from protons to protons in –OCH2CH2O- and weak-
ening the spin-spin interaction. 

To further determine the n value of -RSnLi in the activated electro-
lytes, UV–visible spectroscopy (UV–vis) and X-ray photoelectron spec-
troscopy (XPS) were used to characterize the generated polysulfide 
species in the solid electrolytes. Fig. 2b shows the UV–vis spectra of the 
solid electrolytes induced by the structural change in PEGMA. A 

moderate absorption peak at 293 nm is related to the methacrylate 
group, and after copolymerization with sulfur the two absorption peaks 
at 277 and 413 nm can be assigned to long polysulfide chains, which is in 
agreement with reports that the typical absorption peaks of the Sx

2�

(4�x�8) chain are detected at around 270–280 nm and 400–620 nm 
[34,35]. The peak between 400 and 620 nm is indicative of the poly-
sulfide order, with the peak moving from 470 to 580 nm as the value of x 
increases from 4 to 8. According to the literature [36,37], the UV–visible 
spectrum of the activated electrolytes (PcPSLi) produced after the 
electrochemical reduction of ScPEO indicates the formation of poly-
sulfide chains with four representative absorption peaks near 250, 336, 
408 and 514 nm, which is consistent with the S4

2� band. We concluded 
that the n value of -RSnLi should be approximate –RS4Li group. The 
conversion of a long sulfur-bridge to the corresponding –RS4Li grafted 
on PEGMA should be reasonable in solid electrolytes due to the mod-
erate length S–S chain and its relative stability in the disproportionation 
reaction of Li2Sn (1�n�8) [38]. Fig. 2c shows XPS results for the S 
(2p3/2) region with two S-related chemical bonds of the activated 
electrolyte identifiable: an S–C bond (162.1 eV) and an S–S bond (163.2 
eV), which agree well with the organic sulfide-type state of sulfur in 
polymer-capped sulfur copolymers [39,40]. In contrast to the original 
ScPEO electrolytes (Fig. S2), the expected peaks are present in the 
activated electrolytes, with a major peak at 161.2 eV for terminal sulfur 

Fig. 2. Characterization of the electrolyte. (a) 1H NMR spectra of PEGMA, S-PEGMA and the activated electrolyte (PcPSLi) measured in CDCl3. (b) UV–vis spectra of 
PEGMA, S-PEGMA and PcPSLi measured in a CH3CN solution. (c) High-resolution S2p3/2 XPS spectrum of PcPSLi. 
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which is assigned to the S–Li band in –S4Li. Two peaks at 159.8 and 
166.4 eV are observed for sulfur-containing compounds and are 
assigned to the formation of Li2S or –CS2Li, and thiosulfate, respectively 
[41,42]. The presence of such peaks in the activated electrolytes in-
dicates that the electrochemical reduction of a long sulfur-bridge to 
–S4Li results in additional products incorporated in the PEO network. 

Theoretical calculations are also helpful in understanding the re-
actions between an S8 ring and PEGMA, and the formation of -RSnLi. We 
have constructed a hydroxyethyl methacrylate [HEMC, HOCH2CH2OC 
(¼O)C(CH3) ¼ CH2)] monomer as one repeat unit linking PEO to 
methacrylic acid. Fig. 3a and b indicate four possible structures in the 
models. One is that two terminal S atoms bond with the Cα atom of a 
HEMC monomer and the Cβ atom of another HEMC monomer. The other 
three modes are that two terminal S atoms bond with the Cα and Cβ 
atoms of the same HEMC monomer, or with two Cα (Cβ) atoms of 
different PEO monomers (Fig. S3). Of these four possible modes, we 
found that two terminal S atoms bonding with the Cα and Cβ atoms of the 
same HEMC monomer is energetically unfavorable with a small positive 
ΔH of þ0.018 eV, while other three modes show almost the same 
negative ΔH, ranging from � 1.588 to � 1.655 eV. This means that these 
three modes are all possible during the cross-linking reaction between 
HEMC and S8. Considering the similarity (one S8 connects with two 
HEMC monomers) of the ΔH values of these three modes, we only 
consider the case with the lowest ΔH of � 1.655 eV (Fig.3b). Fig. 3c and 
d respectively show the isosurface plots of the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of the considered HEMC/S8 cross-linking product. Obviously, 
the HOMO is mainly contributed by the C–S and S–S bonds, and the 
LUMO is mainly located at the central five S–S bonds of the chain pro-
duced by opening the S8 ring. This result implies that one of these five 
central S–S bonds may break and form three possible products HEMC- 
S2Li/HEMC-S6Li, HEMC-S3Li/HEMC-S5Li, or HEMC-S4Li/HEMC-S4Li 
after lithiation. In order to identify the most energetically favorable 
product, we further calculated the energy change (ΔE) for the lithiation 
reaction of HEMC/S8. As shown in Fig. 3e–g, the energy changes (ΔE) of 
the three possible lithiation reactions of HEMC/S8 were calculated to be 
� 1.122, � 1.428, and � 2.102 eV for the three lithiation products HEMC- 
S2Li/HEMC-S6Li, HEMC-S3Li/HEMC-S5Li and HEMC-S4Li/HEMC-S4Li, 
respectively. Therefore, it is concluded that HEMC-S4Li/HEMC-S4Li is 

the most energetically favorable product after the lithiation of HEMC/ 
S8, which is consistent with our experiment results. 

As far as PEO-based electrolytes are concerned, a high ionic con-
ductivity generally requires low crystallinity and more segmental mo-
tions of the polymer chains. To understand the effect of chemical 
structure on the physical properties, the crystallinity of sulfur, the 
reference ScPEO electrolyte and the activated electrolyte (PcPSLi) were 
evaluated by X-ray diffraction (XRD) (Fig. S4). The XRD pattern of the 
PEO-related membranes show two intense characteristic peaks near 2θ 
¼ 19.1� and 23.3�, corresponding to the crystalline phase of PEO. XRD 
analysis on the same region of the ScPEO membranes was carried out to 
compare the crystallinity before and after electrochemical activation. 
The peak intensity of PEO decreased after activation, and the peak at 19�

was slightly shifted to 19.2�. The change reflects the fact that –RS4Li was 
formed at the same time as the PEO crystallinity was reduced, and 
interaction occurred spontaneously between the ether oxygen of the 
PEO network chains and the –RS4Li. Based on the XRD data, the crys-
tallinity was calculated to be 29.7% for ScPEO and 22.5% for PcPSLi. 
The reduced crystallinity of the electrolyte is generally associated with 
an increased content of the amorphous phase that is beneficial to Liþ

transport. This can also be concluded from the changes in the differential 
scanning calorimetry thermograms (DSC) of the PEO-related films. Plots 
of glass transition temperatures (Tg) for PEO, ScPEO and PcPSLi are 
given in Fig. S5, showing that it shifts from � 56 �C to � 39 �C. The 
increased Tg implies the formation of a complex molecular network due 
to the strong ion dipole interaction between the dissociated Liþ and the 
generated organic polysulfide anions, and the PEO network chains [43]. 
SEM images show the surface morphology of the pristine ScPEO, indi-
cating a rough surface with micro-wrinkles found in the crystalline do-
mains (Fig. 4a). In contrast, the activated electrolyte is distinctly smooth 
and homogenous (Fig. 4b). The elemental maps of fluorine and sulfur 
suggest that these elements are uniformly dispersed in the SPEs. In 
addition, the thermal stability of the SPEs also plays a critical role in 
battery safety during cell operation. The activated electrolyte PcPSLi 
remains relatively stable until 210 �C due to the interaction between the 
–RS4Li and the PEO chains (Fig. 4c and d). Two weight loss steps can be 
distinguished in the TG curve. The first between 210 and 350 �C is 
attributed to the condensation of polysulfides and is higher than that for 
S8 decomposition (near 180 �C) [44]. The second weight loss begins at 

Fig. 3. Schematic of structural models and calcula-
tions of energy changes of the product structures by 
density functional theory. (a) Structure of the HEMC 
monomer. (b) HEMC/S8 cross-linked product. (c) and 
(d) the isosurface plots of the HOMO and LUMO of 
the HEMC/S8 cross-linked product. The C–C double 
bond and the LUMO distribution pattern are marked 
by dashed blue ellipses. The two C atoms forming the 
C–C double bond of PEO are labled α and β, respec-
tively. The cross-linking reaction enthalpy (ΔH) be-
tween two HEMC monomers and an S8 ring molecule 
is presented. The isosurface level is 0.002 e/Å3 for 
both the HOMO and LUMO. (e–g) schematic struc-
tures of three possible lithiation products of HEMC/ 
S8. The corresponding energy changes (ΔE) are also 
shown.   
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around 350 �C and is caused by degradation of the polymer backbone. 
The electrochemical stability, ionic conductivity and transference 

number are the most fundamental parameters for evaluating solid-state 
electrolytes. Fig. 5a shows linear sweep voltammetry (LSV) scans before 
and after activation of the ScPEO membrane run on a S|electrolyte|Li 
cell. A very low background current was measured in the potential range 
of 2.0 to 6.5 V (vs Liþ/Li) at room temperature, whereas the current 
began to obviously increase when the potential exceeded 4.5 V for 
ScPEO and 5.4 V for the activated PcPSLi. This significant increase of 
0.9 V indicates that a strong interaction between the polysulfide ions 
and the PEO chains broadened the electrochemically stable window of 
the solid polymer electrolyte. The wide range of oxidation potentials 
allows the use of PcPSLi as a solid electrolyte in a high potential lithium 
battery. We also performed electrochemical impedance spectroscopy 
(EIS) analysis of the ScPEO membrane before and after activation in the 
temperature range of 293 K to 343 K. In the EIS curves (Fig. S6), a 
complex impedance plot for T < 313 K shows a half circle followed by a 
sloping line, but when the temperature goes above this value only a 
sloping line is observed. This phenomenon is attributed to the liquid-like 
environment of charge carriers, which allows fast dielectric relaxation 
and prevents dielectric capacitance throughout the material [45,46]. 
Conductivities calculated from the EIS curves show that the activated 
electrolyte has a conductivity of 7.1*10� 6 S/cm at 298 K, which is 3 
times that of the pristine membrane (2.37*10� 6 S/cm), but at 323 K, a 
dramatic increase in conductivity is found for the activated PcPSLi 
membrane. It reaches ~2.13 *10� 4 S/cm, which is about one order of 
magnitude higher than that of the unactivated membrane (2.17*10� 5 

S/cm). We also compared the PcPSLi with the results from the literatures 
for ionic conductivity of PEO electrolyte, the –RS4Li-grafted PEO-based 
electrolytes is comparable to that of known PEO-based electrolytes at 
higher temperatures (Table S1 and Fig. S7) and the reported covalent 
organic frameworks (2.13 *10� 4 S/cm at 70 �C) [47]. 

Fig. 5b shows the temperature dependence of the conductivity of the 
pristine and activated electrolytes. Arrhenius plots of the ionic con-
ductivity show a slightly off-linear behavior over the temperature range 
probed (from 293 to 343 K). However, the ionic conductivity was found 
to increase with increasing temperature. When polysulfide anions were 

grafted on the PEO chains, the ionic conductivity was greatly increased, 
which is explained by the obvious increase in the number of coordi-
nating sites, local structural relaxations and the motions of the polymer 
chain segments coordinated with Liþ [48,49]. The polysulfide anions 
attached to the ends of the PEO chains can increase the number of 
interaction sites between the PEO chains, resulting in an increase in the 
amount of amorphous material [50]. The terminal polysulfide chains 
can also increase the activity of Liþ accompanied by segmental motion 
of the PEO chains. It is also important to note that the Liþ transference 
number (tþ) of the activated electrolyte was measured to be ~0.61 
(Fig. 5c), which is much higher than that of the reported values for pure 
PEO which are between 0.2 and 0.5 [51]. The tþ values of pure PEO and 
ScPEO electrolytes were also measured under the same conditions, with 
values of 0.28 and less than 0.1, respectively (Figs. S8 and 9). Liþ

transport was significantly improved by the conversion of the long 
sulfur-bridge in ScPEO to the corresponding organic lithium polysulfides 
in PcPSLi. As a result, the ionic conductivity of the activated electrolyte 
reaches 2.13*10� 4 S/cm at 50 �C with a Liþ transference number of 
~0.61, which should be enough for a lithium battery test. 

To gain insight into the positive effect of lithium polysulfides on 
electrochemical performance, all-solid state LiFePO4|ScPEO|Li cells 
were assembled and cycled at 50 �C. As mentioned above, the primary 
step is to activate the solid-state electrolyte by multiple charge/ 
discharge cycles, which is regarded as the “in-situ electrochemical acti-
vation process”. Fig. 5d shows the first ten galvanostatic charge and 
discharge curves for such a cell measured between 1.7 and 2.3 V at 0.2 C, 
followed quickly by the second ten galvanostatic charge and discharge 
curves with voltages ranging from 2.5 to 4.2 V at 0.2 C. The first charge- 
discharge platform belongs to the lithium-sulfur reaction [52], which 
promote the formation of the polysulfide anion-lithium complex 
(-RS4Li), and the second belongs to the LiFePO4 battery, which makes 
the electrolyte film more stable and sufficient Liþ. As observed from the 
first ten galvanostatic charge and discharge curves, the discharge ca-
pacity of the LiFePO4|ScPEO|Li cell tends to show rapid capacity fade 
and charging is difficult, indicating that charging and discharging are 
completely irreversible. The typical characteristics of a Li–S battery (the 
illustration in Fig. 5d) have an initial voltage region of 2.1–2.4 V that is 

Fig. 4. Physical properties. (a) SEM image and EDS elemental mappings of ScPEO. (b) SEM image and EDS elemental mappings of PcPSLi. (c) TG-DSC thermogram of 
ScPEO. (d) TG-DSC thermogram of PcPSLi. 
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assigned to the reaction of S8 to Li2Sx (4�X�8) [53]. In comparison, the 
plateau between 2.1 and 2.3 V in a LiFePO4|ScPEO|Li cell corresponds to 
the transformation of polysulfides to –RS4Li, and the discharging ca-
pacity gradually fades with the cycling. This phenomenon is in good 
agreement with the irreversible process of the reduction of long sulfur 
bridges to –RS4Li. As shown in Fig. 5d (the bold orange curve Y), when 
the voltage changed from 2.5 to 4.2 V, the first charging process is 
somewhat slow because the migration of Liþ from the cathode to solid 
electrolytes needs go through the activation process. The second acti-
vation process is clearly distinguished from the first, in which the 
discharge cycles are stable, and charge capacity gradually fades until the 
charge/discharge efficiency becomes balanced and totally corresponds 
to the reversible cycles in a liquid LiFePO4 battery. 

After activation, Fig. 5e and f shows charge/discharge curves of the 
cell at different rates at 50 �C. The LiFePO4|PcPSLi|Li cell offers a high 
discharge capacity of 165 mA h g� 1 at 0.1 C, approaching 97.1% of the 
theoretical value, which is comparable to liquid LiFePO4 electrolytes. As 
the current density increases, the all-solid-state battery still delivers high 
discharge capacities of 145, 132, 115 and 71 mA h g� 1 at 0.2, 0.5, 1, and 
2 C, respectively, comparable to or better than similar polymer elec-
trolyte systems or hybrid organic-inorganic electrolyte materials at 
higher temperatures (�55 �C) [54,55]. When the current density was 
returned to 0.1 C, the capacity retention of the LiFePO4|PcPSLi|Li cell 

was close to 95.1% of the initial discharge capacity at 0.1 C, indicative of 
the robust and stable PcPSLi electrolyte in the battery. To evaluate cycle 
life, a long cycling test was first performed at a high rate of 2 C 
(Fig. S10). In the first 20 cycles, the cell was subjected to the activation 
stage, and both charge capacity and Coulombic efficiency became un-
stable. Subsequently, the current rate was set to 2 C and a high discharge 
specific capacity (92.6 mA h g� 1) was achieved, with the corresponding 
charge capacity being slightly higher than the discharge capacity. The 
reason can be explained that the activation process is not sufficient at a 
high current density. Another ten cycles were required to improve the 
solid electrolyte stability, while the Coulombic efficiency of the cell 
increased from 92.3% to 97.3%. After 1200 cycles, the capacity dropped 
at the 2 C rate to ~53.6 mA h g� 1, corresponding to a 42.1% loss of the 
original capacity. It is obvious that the capacity of this solid-state lithium 
metal battery still drops considerably for high discharge rates as it does 
in a liquid electrolyte system. When the cell was used at 1 C, an initial 
discharge capacity of 140.4 mA h g� 1 was achieved (Fig. 5g). After 1200 
cycles, the cell still delivered a high capacity of 100.3 mA h g� 1 and the 
Coulombic efficiency was close to 100%. The capacity decay rate was as 
low as 0.024% per cycle, indicating the LiFePO4|PcPSLi|Li cell with the 
solid electrolyte shows high cycling stability. The conventional LiFePO4| 
PEMGA-PEO|Li cell delivered only an initial capacity of about 70 mA h 
g� 1 at 1 C and deteriorated after tens of cycles at 50 �C (Fig. 5g). The 

Fig. 5. Electrochemical properties. (a) LSV of the ScPEO electrolyte and the activated PcPSLi electrolyte at room temperature. (b) The temperature dependence of 
ionic conductivity. (c) The Li|PcPSLi|Li symmetrical cell under a polarization voltage of 10 mV. The corresponding EISs before and after the polarization are shown in 
the insets. (d) Charge/discharge profiles of the LiFePO4|ScPEO|Li cell during the activation process (vs. Li/Liþ), and the bold orange curve Y indicates that the 
activation process changed from stage one to stage two accompanied by a voltage change from 2.5 to 4.2 V. (e) C-rate capability of the LiFePO4|ScPEO|Li cell after 
activation. (f) Charge-discharge voltage profiles of the LiFePO4|ScPEO|Li cell with various rates after activation. (g) Long-cycle performance of all-solid-state 
LiFePO4|ScPEO| Li and LiFePO4|PEMGA-PEO|Li cells operated at 1 C. (h) EISs of the LiFePO4|SCPEO|Li cell after 20, 50 and 100 cycles at room temperature. 
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superior cycling stability of the LiFePO4|PcPSLi|Li cell indicates that 
–RS4Li is the decisive factor for fabricating stable electrolyte-electrode 
interfaces and effectively suppressing Li dendrite formation. To gain a 
better understanding of the electrolyte-electrode interface changes 
caused by –RS4Li, EIS was used to measure the internal resistance of the 
cell during charge-discharge cycles. As shown in Fig. 5h and the 
equivalent circuit (Fig. S11), the EIS of the pristine cell is composed of 
two partial semicircles and a straight sloping line at low frequencies. The 
first semicircle at the high-frequency region reflects the interface resis-
tance (Ri) of the solid-state interface layer formed on the surface of the 
electrodes, while the second semicircle at medium frequencies is 
attributed to the charge transfer resistance (Rct) [56]. During the acti-
vation stage, the cell exhibited both Ri and Rct increases as the number 
of cycles increased, but the Ri shows negligible changes in the subse-
quent 100 cycles. This suggests that the interface between the solid 
electrolyte and the electrodes undergoes a process from the interface 
formation to steadiness during the charge/discharge cycles. The value of 
Rct decreased significantly from the 20th to the 120th cycle, reflecting 
the positive kinetics of the cell reaction. The stable Ri and decreasing Rct 
indicate the relatively stable and robust contact between the electrolyte 
and the electrodes [57]. 

To further gain insight into the effect of the solid-state polymer 
electrolyte on the performance of battery, the surface morphologies of 
the electrolyte membrane, LiFePO4 cathode and lithium anode from a 
disassembled LiFePO4|ScPEO|Li cell after 150 charge/discharge cycles 
were examined by SEM (Fig. 6a–f). Compared with the initial surface of 
the LiFePO4 cathode, the surface after cycling was found to be infused 
with a thick layer of solid polymer electrolyte, and the surface of the 
lithium metal electrode was a smooth and homogeneous layer without 
any lithium dendrites. The maintaining of good cyclic stability and 
reversible capacity could be explained by the thick layer produced be-
tween electrolyte and electrode, promoting electrolyte-electrode inter-
facial contact and forming stable and compatible electrode interfaces. 
The good contact at the interface between the LiFePO4 and electrolyte 

membrane is further substantiated by data regarding cross-sectional 
SEM image and the elemental mapping of S and F as displayed in 
Fig. 6g–i. This improvement is basically the result of organic polysulfide 
anions, which not only increase the interaction between the polymer 
structures but construct interfacial layers suitable for Liþ transport [58], 
thus improving the PEO-based electrolyte performance. The smooth and 
homogeneous PcPSLi electrolyte membranes after cycling are also 
beneficial for uniform lithium deposition/stripping. 

3. Conclusions 

In summary, inspired by the shuttling effect of polysulfide anions, we 
designed and fabricated the lithium polysulfides-grafted PEO-based 
electrolytes by the in-situ reduction of the copolymers of sulfur reacting 
with PEGMA. These electrolytes have a high ionic conductivity (2.13 
*10� 4 S/cm at 50 �C) and Liþ transference number (~0.61). Compared 
with the pure PEO-based electrolytes, the incorporation of PcPSLi 
electrolytes in the LiFePO4 battery dramatically increases the rate ca-
pacity and cycle stability. These significant performance improvements 
can be attributed to the strong interaction between the PEO chains and 
organic polysulfide anions and the formation of stable electrolyte- 
electrode layers. The polysulfide anions grafted on the vinyl-terminal 
of the PEGMA chains increase the terminal segmental motion of the 
PEO chains and loosen the O–Liþ coordination, thus achieving much 
faster Liþ transport than in PEO. This contribution demonstrates that 
organic polysulfide anions can be used as promising polymer electro-
lytes to enable rapid Liþ transport and improve interface stability and 
endow all-solid-state polymer lithium batteries with a long cycle life. 

4. Experimental section 

4.1. Preparation of the solid polymer electrolyte 

Poly(ethylene glycol) methacrylate (PEGMA) and sulfur powders 

Fig. 6. Surface morphology images of 
all-solid polymer LiFePO4 cells. (a) 
ScPEO electrolyte membrane. (b) Pris-
tine LiFePO4 cathode. (c) Pristine 
lithium metal foil. (d) PcPSLi electrolyte 
membrane. (e) LiFePO4 cathode after 
150 cycles at 0.5 C and 50 �C. (f) 
Lithium metal foil after 150 cycles at 
0.5 C and 50 �C. (g) The cross-sectional 
SEM image and the corresponding 
elemental mappings of the interface 
between LiFePO4 cathode and electro-
lyte after activation, EDS elemental 
maps of S (h) and F (i).   
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were mixed together in a ratio of 10:1 under stirring, then heated 185 �C 
for 2 h. As the mixture was cooled to room temperature, a viscous orange 
liquid was obtained. According to the structure characteristic, the 
viscous orange polymer is regarded as the sulfur-bridged poly(ethylene 
glycol) methacrylate, which is abbreviated as S-PEGMA. Subsequently, a 
large amount of PEO and LiTFSI (EO/Li ¼ 16/1 in molar ratio) dissolved 
in 40 mL of CH3CN was stirred, and a mass of S-PEGMA equal to the 
weight of the PEO was added to the solution. The mixture was contin-
uously stirred at room temperature for 12 h to obtain a yellow viscous 
solution. The S-PEGMA-PEO-LiTFSI mixture was then poured into a 
polytetrafluoroethylene mould and dried in a vacuum oven at 50 �C for 
36 h. Finally, the dry electrolyte membrane was obtained and marked as 
ScPEO. As a comparison, sulfur-free PEGMA-PEO-LiTFSI membranes 
were also fabricated under the same conditions. 

4.2. Electrode preparation and battery assembly 

The cathode was fabricated with LiFePO4 as the active material, 
Super P as the conductive additive, and both poly(vinylidene fluoride) 
(PVDF) and the above polymer electrolytes as the binders, where the 
weight ratio of LiFePO4/Super P/PVDF/ScPEO was around 75/15/5/5. 
A prepared slurry in NMP was cast on a carbon-coated aluminum current 
collector. Circular electrodes with an average LiFePO4 mass loading of 
0.8–1.2 mg were used as the working electrodes. For the assembly of the 
all-solid-state LIBs, lithium metal foil was used directly as the anode. The 
thickness of the electrolyte membranes for battery tests was between 70 
and 90 μm. In order to test the ionic conductivity and Liþ transference 
number during the activation process, electrolyte membranes with a 
thickness over 150 μm were easy to strip manually from electrodes and 
re-assemble in Li–Li or S–S symmetrical cells. 
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