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• 3D cathode and solid-polymer electro
lyte were designed by integrated 
strategy.

• Induced linkage mechanism effectively 
mitigates the polysulfide shuttle effect.

• The capacity decay rate of the battery is 
only 0.052 % after 500 cycles at 1 C.
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A B S T R A C T

Severe interfacial issues, sluggish ion transport kinetics, and polysulfides shuttling are consistently considered 
major barriers to hinder the high-performance solid-state lithium-sulfur (Li-S) batteries. Herein, an integrated 
design based on induced linkage mechanism is adopted to fabricate the high-performance Li-S batteries by 
combining three-dimensional (3D) cathode and 3D solid electrolyte. The 3D solid electrolyte architecture con
sists of cyclized polyacrylonitrile (PAN) fiber skeleton embedded with SiO2, and is filled with in-situ polymerized 
pentaerythritol tetraacrylate (PETEA) containing appropriate liquid electrolyte (PL). SiO2 particles priorly attract 
lithium polysulfides (LiPSs) to the 3D electrolyte skeleton due to high affinity for LiPSs, inducing the linkage 
mechanism to proceed. Then the C=O groups of the polymerized PL can anchor LiPSs within the 3D solid 
electrolyte, which can further serve as a rapid ion transport medium to ensure efficient ion transfer. Furthermore, 
the carbon skeleton of 3D cathode provides a reversible transport channel for LiPSs and sufficient permeation 
space for PL. The smooth “adsorption-anchor” linkage conduction process shows outstanding ionic conductivity 
(7.34 × 10− 3 S cm− 1, 25 ◦C). The assembled solid-state Li-S batteries exhibit excellent cycling stability with a 
capacity decay rate of 0.052 % (500 cycles, 1 C). The pouch cells also demonstrate stable reversible capacity and 
outstanding safety performance.
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1. Introduction

Solid-state lithium-sulfur (Li-S) batteries have emerged as the most 
promising candidates for their huge advantages of ultra-high energy 
density (2600 Wh kg− 1), low cost, and non-toxicity to the environment 
[1–3]. More importantly, both non-flammable and non-volatile prop
erties of the solid-state electrolytes (SSEs) also provide a high level of 
safety over conventional liquid electrolytes (LEs) [4,5]. However, the 
poor interface contacts between electrodes and electrolytes, and the 
SSEs with low room-temperature ionic conductivity will greatly deteri
orate the electrochemical performance of Li-S batteries [6,7]. To address 
these issues, semi-solid polymer electrolytes (SSPEs) have been widely 
investigated due to their excellent flexibility and good interfacial con
tact with electrodes [8–10]. Although the liquid content in SSPEs is 
greatly reduced, they still maintain a high ionic conductivity over 10− 3 

S cm− 1.
Due to the presence of residual liquid in SSPEs, the shuttling effect of 

polysulfides still exists during cycling. Some effective strategies are 
adopted by modifying electrodes or electrolytes to mitigate the shuttling 
effect [11]. For cathodes, the most common approaches are to develop 
electrocatalysts adsorbed on carbon-based materials to anchor poly
sulfides via chemical adsorption [12]. A bilayer carbon matrix modified 
with Ni-doped CoSe2 nanoparticles has been developed, which effec
tively suppressed the shuttling effect, resulting in a capacity decay of 
only 0.07 % at 1 C [13]. Diatomaceous earth was added to the in-situ 
synthesis of DOL-GPE (PDOL-SiCl4-DE), showing the strong affinity for 
polysulfides by absorption [4]. MnO2-ZnS p-n heterojunction and 
spontaneous built-in electric field were combined to design a functional 
coated separator, in which MnO2 nanowires provide suitable adsorption 
capacity for polysulfides, resulting in a capacity decay rate of merely 
0.048 % per cycle [14]. B-doped Ni2P catalyst can effectively control the 
shuttling of polysulfides, where the electron donation from B to P can 
further enhance the adsorption of polysulfides on catalysts, so the ca
pacity decay rate at 2 C per cycle is only 0.024 % [15]. In other cases, 
some metal-metal compound composite materials are employed to 
catalyze the rapid conversion of polysulfides, which can reduce shuttling 
effect due to the high catalytic activity for polysulfides [16,17]. A 
three-dimensional (3D) cathode decorated with NiCo bimetallic parti
cles exhibits high catalytic activity, accelerating reaction kinetics and 
mitigating shuttling effect [18]. The above-mentioned methods can 
effectively alleviate the problem of polysulfides shuttling. However, the 
low transference number (tLi

+) at room temperature and the poor charge 
transport kinetics at the electrode/electrolyte interface are still major 
barriers to restrict performance of Li-S batteries [19]. Inspired by the 
transport properties of solid electrolytes, halide electrolytes have been 
applied in Li-S batteries to enhance macroscopic ionic conductivity [20]. 
In addition, Park et al. designed the flexible single-layer composite 
electrolyte PAES-g-PEG by dispersing Li6PS5Br nanoparticles into 
organic matrix, which can not only improve the ionic conductivity 
through extending ion conducting cluster dimension, but also increase 
the mechanical strength of the composite electrolyte [21]. All of these 
results have made remarkable progress for solving problems of Li-S 
batteries. However, individual strategy makes it difficult to optimize 
the overall performance of the battery [22]. It is necessary to develop an 
integrated technology to achieve rapid Li+ transport and alleviate the 
lithium polysulfides (LiPSs) shuttling during cycling.

Herein, we combine 3D cathode and solid-polymer electrolyte in an 
integrated design based on the induced linkage mechanism. The cathode 
employs 3D carbon skeleton prepared in our previous work as the sulfur 
host (denoted as 3D-SP/S) [23]. The abundant internal porous structure 
facilitates infiltration of polymer precursor solution, enhances 
electrode-electrolyte interface compatibility, and provides reversible 
transport channels for LiPSs. Solid-polymer electrolyte (i-PSPL) consists 
of the cyclized 3D electrospun polyacrylonitrile (PAN) fiber skeleton 
with embedded SiO2 (h-PSi), which is filled with in-situ polymerized 
pentaerythritol tetraacrylate (PETEA) containing appropriate liquid 

electrolyte (PL). Due to high affinity with LiPSs, SiO2 particles priorly 
attract them on the h-PSi skeleton. Subsequently, the C=O functional 
groups in polymerized PL can rapidly anchor LiPSs to realize the 
“adsorption-anchoring” process. The i-PSPL electrolyte after anchoring 
LiPSs can exhibit excellent ion transport ability and be used as a fast ion 
transport medium. Therefore, the linkage mechanism induced by 
“adsorption-anchoring” of LiPSs improves the ionic conductivity within 
batteries and realizes linkage conduction process smoothly. Benefiting 
from the 3D electrode-electrolyte integrated design and induced linkage 
mechanism, the batteries exhibit excellent room temperature ionic 
conductivity (7.34 × 10− 3 S cm− 1), ion migration capability (tLi+ =

0.47), and superior long cycling performance with a low-capacity decay 
of 0.052 % per cycle at 1 C after 500 cycles. Even at a high temperature 
of 60 ◦C and current density of 2 C, the cell also maintains a stable 
reversible discharge capacity of 586.2 mAh g− 1 after 900 cycles. 
Furthermore, Li-S pouch cell also shows stable operation and superior 
safety under mechanical damage. The work offers a new design idea for 
solving the issues of shuttle effect and charge transfer problems in 
high-performance semi-solid-state Li-S batteries.

2. Result and discussion

The fabrication process of the “electrode-electrolyte” integrated 
design is shown in Fig. 1a. Firstly, SiO2-loaded PAN nanofiber mem
brane (PSi) was prepared by electrospinning, after low-temperature heat 
treatment (210 ◦C), we can obtain the partially cyclized PAN membrane 
(h-PSi). The flexibility of h-PSi has been demonstrated to be excellent 
through the process of folding and unfolding (Fig. S1a). The specific 
cyclization process of PAN is shown in Fig. S1b, and the morphology and 
structure of the PSi, h-PSi membrane, and filled with in-situ polymerized 
PETEA containing appropriate liquid electrolyte (i-PSPL) were exam
ined by scanning electron microscopy (SEM). As shown in Fig. 1b, the 
color of electrolyte membrane turns from white to pale yellow after heat 
treatment. The cyclized 3D PAN nanofibers with uniform distribution of 
SiO2 were observed in Fig. 1c and S2a, a single fiber in the h-PSi 
membrane has a diameter of about 220 nm (Fig. S2b) and the membrane 
has a thickness of about 70 μm (Fig. 1d). Simultaneously, the 
morphology of i-PSPL electrolyte polymerized on h-PSi membrane with 
PETEA as monomer was also shown in Fig. 1e and f. The 3D pores in the 
h-PSi membrane were fully filled, and the above results were also 
confirmed by Fig. S3.

In order to evaluate the affinity of the h-PSi membrane to electrolyte, 
the contact angle, porosity, and electrolyte uptake rate were investi
gated. The non-polar structure of polypropylene separators (PP sepa
rator, Celgard 2500) exhibits hydrophobicity and poor compatibility 
with liquid electrolyte (LE, 1 M LiTFSI in DME:DOL = 1:1 with 2 wt% 
LiNO3), which will significantly impact the rate performance and life
span of the batteries [24]. As shown in Fig. 2a, the LE was dropped on 
h-PSi membrane, it can be found that liquid drop can rapidly penetrates 
along the pores, which is attributed to the interlaced nanofiber struc
ture. In contrast to PP separator with parallel small holes (Fig. S4a), the 
h-PSi membrane exhibits a lower contact angle of 7.833◦. Additionally, 
the diffusion capacity of the electrolyte is also an important indicator to 
examine battery performance, which can ensure that the precursor so
lution fully penetrated the battery in less time to effectively improve 
production efficiency [25]. Fig. 2b shows the diffusion capacity of LE on 
the PP separator and h-PSi membrane along the vertical direction. After 
soaking for 30 min, the height where the liquid rises along the h-PSi 
electrolyte membrane was twice that of PP separator. The results are 
good consistent with the calculation of high porosity (87 %) and elec
trolyte uptake rate (330 %) in Fig. S4b. Thermal stability is another 
critical parameter for high-power batteries, benchmarking against the 
safety of battery system. Fig. 2c presents the changes of shape of two 
electrolyte membranes after heating. Compared to PP membrane, the 
PSi remains flat without significant shrinkage at 120 ◦C. This result 
proves that the PSi membrane has outstanding thermal stability to 
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ensure the safe operation of the battery at higher temperatures.
The assembly of batteries and the polymerization mechanism of PL 

within h-PSi membrane are illustrated in Fig. 3a. The free radicals 
derived from the high-temperature decomposition of azobisisobutyr
onitrile (AIBN) can attack C=C bonds of PETEA monomer to generate 
active sites, thus triggering monomer polymerization. Due to the pres
ence of a small amount of liquid, the polymerized PETEA can mix the 
solvent molecule to form milky white SSPE (Fig. S5). Fourier-transform 
infrared (FTIR) spectral analysis also confirmed the polymerization 
process. As shown in Fig. 3b, the typical peak of 1630 cm− 1 corre
sponding to C=C bonds of PETEA disappeared after polymerization. 
Furthermore, the characteristic peak of the C ≡ N bond at 2253 cm− 1 in 
the PSi membrane disappeared in the i-PSPL electrolyte, and a new peak 
formed at 1670 cm− 1, corresponding to C=N bond. This further confirms 
the successful cyclization of PAN. To evaluate the “adsorption- 
anchoring” ability of i-PSPL electrolyte for polysulfides. Fig. 3c dem
onstrates the permeation resistance of the PP separator and i-PSPL 
electrolyte to polysulfides. For PP separator, the Li2S6 can migrate from 
left to right across the separator, and after 24 h, the solution on the right 
turned dark yellow. In contrast, only little brown-yellow polysulfides 
diffused through i-PSPL to the right, exhibiting that it has a significant 
superiority in polysulfides blocking effect.

To further explore the reason for the inhibition of polysulfides 
shuttling by i-PSPL electrolyte, FTIR spectra of PETEA and the i-PSPL 
electrolyte after 200 cycles are presented in Fig. 4a. It can be clearly seen 
that the peak corresponding to the carbonyl group (C=O) in PETEA at 
1717 cm− 1 disappears in i-PSPL electrolyte after cycling, indicating that 
polysulfides have been absorbed on the ester functional groups, while 
the peak position of -CH2 near the ester group has also shifted from 1407 
and 1473 cm− 1 to 1422 and 1489 cm− 1 due to the change of chemical 
environment. The above results were also confirmed by X-ray photo
electron spectroscopy (XPS) spectra of i-PSPL electrolyte before and 
after cycling. The O 1s spectrum of the i-PSPL electrolyte before cycling 
shows three peaks at 533.01 eV, 531.94 eV, and 530.65 eV assigned to 
Si-O, C-O-C, and C=O, respectively. After 200 cycles, the peak of C=O 
virtually disappears (Fig. S6a). Further evidence can be confirmed by C 
1s spectrum; the disappearance of C=O peak at 289.1 eV after cycling 
(Fig. S6b) proves the anchoring effect of C=O on LiPSs [26,27]. The 
mechanism of i-PSPL absorbed polysulfides electrolyte has been 
demonstrated through density functional theory (DFT) calculations, 
clarifying the significance of the chemical adsorption of polysulfides by 
C=O bond in PETEA. Fig. S7 shows the electrostatic potential 

distribution maps in the stable configurations for PETEA, Li2S8, Li2S6, 
PP, and PAN, which can be used to describe the coordination situation 
between polysulfides and polymers. Because PETEA is a perfectly sym
metric star structure, one basic unit is used to calculate the binding 
energy (Fig. S8). As shown in Fig. 4b and S9, PETEA has the highest 
binding energy of − 0.85 eV and − 0.81 eV with Li2S8 and Li2S6, 
respectively, which is almost 14–27 times higher than that of PP 
monomer. Fig. 4c shows the in-situ optical microscopy of lithium 
dendrite growth during discharge process using i-PSPL electrolyte. It can 
be found a lot of lithium dendrites formation on the lithium metal sur
face in LE during a short period (25 min) due to irregularly deposit of 
Li+. On the contrary, after cycling 2 h, no lithium dendrites were 
observed on the surface of lithium metal using i-PSPL electrolyte, which 
is attributed to the preferential induction deposition of Li + by uniform 
SiO2 lithiophilic particles in i-PSPL [28]. It shows the phenomenon of 
dendrite-free growth, reflecting the high safety and inhibition of lithium 
dendrites in batteries. Based on the above experimental results, it can be 
inferred that the diffusion of polysulfides in i-PSPL should be as follows: 
The LiPSs are priorly adsorbed on the h-PSi skeleton due to SiO2 parti
cles high affinity, and then the C=O in the polymerized PL can anchor 
them to inhibit the diffusion of polysulfides. To visualize the process, a 
series of contrast experiments were designed to validate the accuracy of 
the aforementioned inferences (see Supplementary Video S1). SiO2, 
PETEA, and the mixture of SiO2 and PETEA (labeled as SiO2-suspension) 
were separately added to Li2S6 solution to observe the color changes. 
The deep color of Li2S6 solution was used as a standard comparison 
sample. In contrast to the light color observed in SiO2, the direct 
decolorization of the solution after PETEA addition indicates a strong 
anchoring effect of C=O groups in PETEA for polysulfides. However, the 
Li2S6 solution showed a process of fade followed by decolorization after 
dropping the SiO2-suspension. In order to observe the results more 
clearly, the above solutions were left to stand for 5 min and 12 h, 
respectively. As shown in Fig. S10a–b, SiO2-suspension-injected Li2S6 
solution displayed phase separation, demonstrating that SiO2 priorly 
adsorbed the polysulfides in the upper phase, forming a pale-yellow SiO2 
adsorption layer. The lower phase was PETEA anchoring layer, which 
was completely decolorized. After standing the phase-separated solution 
for 12 h, the delamination disappeared and the pale-yellow SiO2 
adsorption layer also completely decolorized. This indicates that the 
strong anchoring effect of C=O groups can anchor all the polysulfides 
adsorbed by SiO2 (Fig. S10c). Therefore, the “adsorption-anchoring” 
linkage mechanism was realized in batteries. We regarded the 

Fig. 1. (a) Schematic illustration of the fabrication process of i-PSPL solid-state electrolyte. (b) Digital picture of PSi and h-PSi membrane. (c) SEM image of h-PSi. (d) 
Cross-sectional SEM image of h-PSi membrane. (e) Digital picture of i-PSPL solid-state electrolyte after in-situ polymerization. (f) SEM image of i-PSPL.
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“adsorption-anchoring” process as the SiO2-induced linkage process, 
which is the origin of the induced linkage mechanism.

To evaluate the electrochemical stability of i-PSPL electrolyte, the 
electrochemical stability window was tested by linear sweep voltam
metry (LSV). As shown in Fig. 5a, i-PSPL exhibits an electrochemical 
stability window of up to 4.8 V versus Li+/Li, slightly higher than LE 
(4.7 V). The result demonstrates the excellent redox stability of i-PSPL 
electrolyte. Fig. 5b depicts the curves of the Li+ transference number 
(tLi
+) for i-PSPL and LE, the tLi

+ of i-PSPL electrolyte is 0.47, which is much 
higher than LE (0.39). The strong electron-withdrawing capabilities of 
polar functional groups such as C=N, C-O-C, and C=O played a crucial 
role for Li+ migration process [29]. To elucidate the contribution of 
h-PSi framework to the performance in i-PSPL, a similar solid electrolyte 
named i-PPPL was prepared by using PP separator instead of h-PSi. 
Fig. 5c displays the Nyquist plots of 3D-SP/S||i-PPPL||Li and 3D-SP/S|| 
i-PSPL||Li, and both cells exhibit a semicircle in the high-frequency re
gion and a sloped line in the low-frequency region. The fitted results 
reveal the 3D-SP/S||i-PSPL||Li cell presents a low charge transfer 
resistance (Rct) of 89 Ω, which is about 3 times less than that of i-PPPL 
(Table S1). The result indicates that the h-PSi membrane as a scaffold for 
i-PSPL can provide continuous and fast ion channels, thereby improving 
the rapid migration of Li+ to the cathode and reducing the resistance of 
ion transport. Furthermore, we also prepared i-PSPL electrolyte by the 
ex-situ polymerization method (Fig. S11). In comparison to in-situ 
polymerization method, an additional semicircle related to the ionic 
resistance of solid electrolyte (Rf) emerged in the high-frequency region. 
The data fitted by equivalent circuit diagram shows that the interface 
impedance of i-PSPL prepared by ex-situ is even 100 times higher than 
that of in-situ polymerization (Table S2). To demonstrate the interface 
stability of batteries by in-situ method, the 3D-SP/S||i-PSPL||Li asym
metric battery was assembled and placed for 20 days. As shown in 
Fig. S12, the interface resistance increases by about 50 Ω for 15 days, 
and keeps the same values with the prolonging of time, proving a stable 
interface formed between i-PSPL electrolyte and electrodes.

Fig. 5d shows the cyclic voltammetry (CV) curves with a voltage 
range at 1.7 V–2.8 V and 0.1 mV s− 1. For 3D-SP/S||i-PSPL||Li batteries, 
there is only a pair of redox peaks located at 2.6 V and 1.9 V in the 
curves, which are consistent with the characteristic peaks of solid-state 

Li-S system [22]. With the increase of the cycling numbers, CV curves 
are the same as the beginning, indicating that i-PSPL has good stability 
and stronger inhibition of polysulfides [30]. The Li+ mobility in i-PPPL 
and i-PSPL was tested through galvanostatic intermittent titration 
technique (GITT) experiments (Fig. 5e and S13). In contrast to 3D-SP/S|| 
i-PPPL||Li cell, batteries with i-PSPL have smaller internal resistance 
and higher ion diffusion coefficient, indicating fast reaction kinetics in 
Li-S batteries (Fig. S14). These outcomes are attributed to the integrated 
3D electrode-electrolyte and induced linkage mechanism, where the 
i-PSPL electrolyte after anchoring polysulfides can act as a fast ion 
transport medium, facilitating efficient charge transfer, thereby 
enhancing reaction kinetics. The test results of ionic conductivity and 
activation energy for i-PSPL are 7.34 × 10− 3 S cm− 1 and 0.074 eV at 
room temperature (Fig. 5f–S15 and S16), which are comparable to LE 
(4.78 × 10− 3 S cm− 1, 0.054 eV). The high activation energy of i-PSPL 
electrolyte is attributed to the hindered ion conduction in the high vis
cosity. The symmetric cell with i-PSPL was tested at a selected plati
ng/stripping capacity of 0.5 mAh cm− 2 (Fig. 5g), which delivered a low 
overpotential (145 mV) during 600 h, and the enlarged image of inset 
figures illustrate the stable cycling in symmetric battery. In contrast, the 
battery with LE only cycles for 302 h at 0.5 mAh cm− 2 before 
short-circuit (Fig. S17). In addition, SEM images and digital photos of 
the cycling Li||Li symmetric batteries show that the lithium metal 
matching i-PSPL exhibits uniform deposition, while matching LE ex
hibits serious uneven deposition (Fig. S18). The above results corre
spond to the ability of uniform deposition of lithium, which is attributed 
to the lithiophilic seeds (SiO2) in i-PSPL electrolyte. Since Li nucleation 
and deposition preferentially occur on the surface of polar metal oxides, 
the introduction of SiO2 provides an advantage for uniform deposition of 
Li [31]. This also reflects the positive effect of the induced linkage 
mechanism for ion transport inside the batteries.

Electrochemical assessments were carried out to investigate the 
performance of i-PSPL electrolyte in Li-S batteries. Fig. 6a shows that i- 
PSPL electrolyte achieves polysulfides confinement and uniform Li 
deposition on the anode surface through the fast ion channels formed by 
the induced linkage mechanism. Fig. 6b corresponds to the charge and 
discharge curves at different current densities from 0.05 C to 5 C. The 
platform shown in the discharge curves also corresponds to a pair of 

Fig. 2. (a) Contact angle tests between electrolyte and different membranes. (b) Electrolyte absorption tests and (c) heat resistance tests of different membranes.
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Fig. 3. (a) Synthesis scheme of PL and in-situ polymerized PL. (b) FTIR curves of PETEA, untreated PSi membrane, and i-PSPL after polymerization. (c) Polysulfide 
diffusion measurements of PP and i-PSPL membrane.

Fig. 4. (a) FTIR spectra of PETEA and i-PSPL after cycling. (b) The most stable adsorption cases between polysulfides (Li2S8 and Li2S6) and PETEA. (c) In-situ optical 
microscopy observation of lithium deposition using different electrolytes with increasing discharging time.
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redox peaks of CV curves in Fig. 5d, further proving that the i-PSPL 
presents the characteristic of solid-state property. The rate performances 
with i-PSPL and i-PPPL electrolytes also were evaluated in Fig. 6c, we 
can observe that the battery with i-PSPL shows a higher reversible 

capacity between 0.05 C and 5 C, which are much higher than those of i- 
PPPL, indicating the superior electrochemical reversibility. The battery 
also delivers a specific capacity of 415.5 mAh g− 1 at 1 C (Fig. 6d), and it 
still maintains a specific capacity of 304.6 mAh g− 1 after 500 cycles, and 

Fig. 5. (a) Electrochemical stability windows and (b) chronoamperometry curves of i-PSPL and LE. (c) EIS plots of 3D-SP/S||i-PPPL||Li and3D-SP/S||i-PSPL||Li. (d) 
CV curves after 10 cycles with i-PSPL. (e) GITT curve of battery with i-PSPL. (f) Nyquist plots and (g) long cycle test of symmetric cell at 0.5 mA cm− 2 with i-PSPL.

Fig. 6. (a) Illustration of Li+ fast transport and uniform Li deposition. (b) Charge-discharge curves of 3D-SP/S||i-PSPL||Li battery at different rates. (c) Rate per
formances of 3D-SP/S||Li batteries employing i-PSPL and i-PPPL electrolytes at different current densities. Long-term cycling performance of 3D-SP/S||i-PSPL||Li 
battery at (d) 1 C, 25 ◦C and (e) 2 C, 60 ◦C. (f) Cycling stability of Li-S pouch cell with i-PSPL electrolyte. (g) Abusive tests of the pouch cell.
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exhibits a minimal capacity decay of 0.052 % per cycle and a coulombic 
efficiency of 99.5 %. In contrast, the battery with i-PPPL electrolyte has a 
lower initial capacity and significant capacity decay at 1 C, with a spe
cific capacity of only 122.36 mAh g− 1 after 500 cycles (Fig. S19). In 
order to verify the i-PSPL electrolyte with excellent thermal stability, the 
electrochemical performance of i-PSPL was tested at a high temperature 
(60 ◦C). As shown in Fig. 6e, the i-PSPL battery shows an ultra-high 
discharge capacity of 586.2 mAh g− 1 after 900 cycles even at 2 C, 
which fully demonstrated the electrochemical stability of the i-PSPL 
electrolyte. Cycling performances of the 3D-SP/S||i-PSPL||Li pouch cell 
at 0.1 C was shown in Fig. 6f, exhibiting stable cycle performance after 
40 cycles. After treatment with extreme tests of folding, needling, and 
cutting, the pouch cell was still able to sustain a stable light output for 
LED, showing the reliability and stability of the battery under extreme 
environmental conditions (Fig. 6g).

3. Conclusion

In summary, an induced linkage mechanism realized by 3D 
electrode-electrolyte integration was proposed. 3D-SP provides space 
for LiPSs transport and PL, while SiO2 in h-PSi and C=O functional group 
in polymerized PL can realize “adsorption-anchoring” of LiPSs, which 
makes i-PSPL a fast ion transport medium. The linkage conduction 
mechanism induced by polysulfides “adsorption-anchoring” process 
makes the batteries exhibit high room temperature ionic conductivity 
(7.34 × 10− 3 S cm− 1) and ion mobility number (0.47). Therefore, the 
cells equipped with the 3D-SP/S cathode and i-PSPL electrolyte show a 
capacity decay of only 0.052 % per cycle at 1 C over 500 cycles, and 
achieving long-term cycling with low overpotential (145 mV) at 0.5 mA 
cm− 2. Even the pouch cell can endure stable cycling for 40 cycles at 0.1 
C (25 ◦C), exhibiting commendable safety under extreme conditions. 
The mechanism provides novel insights into the design integrated solid- 
state electrolytes with excellent charge transfer kinetics and inhibition 
of shuttle effect in Li-S batteries.
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