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A B S T R A C T

Lithium-sulfur (Li-S) batteries hold immense promise for achieving high energy density and cost-effectiveness; 
however, they are plagued by rapid capacity fade and decreased efficiency due to the polysulfide shuttle ef
fect. Herein, we report the introduction of a small molecule additive, tetrachloropyrimidine (TCPy), into ether- 
based electrolytes to trigger in-situ 3D gelatinous polymerization with polysulfides. The chlorine atoms in TCPy 
initiated nucleophilic substitution reactions with formerly soluble polysulfides, leading to the formation of an 
insoluble 3D-crosslinked and gelified organosulfur polymer network that effectively inhibits the polysulfide 
shuttle effect and preserves high active sulfur content. The abundant nitrogen sites in TCPy exhibit high con
ductivity and strong chemical adsorption towards polysulfides, thus further enhancing the kinetics of sulfur 
redox reactions. Consequently, the incorporation of TCPy additive in the electrolyte significantly mitigates the 
capacity degradation caused by polysulfide shuttling, and dramatically improves the rate capability and cycling 
stability of Li-S batteries, without reducing the active sulfur content in the cathode. This study underscores the 
enormous potential of additive-induced in-situ gelatinization strategy for effectively binding, blocking and 
sequestering polychalcogenides, thereby elevating the overall performance of rechargeable alkali metal
–chalcogen batteries.

1. Introduction

Lithium-sulfur (Li-S) batteries have emerged as a promising 
contender for future energy storage systems, attributed to their 
remarkable theoretical energy density and eco-friendly nature.[1–9] 
However, their practical applications still face several formidable chal
lenges, including the inherent poor conductivity of sulfur cathode, the 
detrimental shuttle effect of polysulfides, and the uncontrolled dendrite 
growth of the lithium anode. These issues collectively result in pro
gressive capacity fading and overall performance degradation over time. 
[10–16] Particularly, the shuttle effect poses a significant obstacle, as it 
leads to the loss of active sulfur species and a subsequent decline in 

battery capacity.[17–21] Researchers have dedicated considerable ef
forts to developing innovative strategies aimed at immobilizing and 
stabilizing polysulfides.[22–30] One promising approach involves the 
synthesis of organosulfur cathode materials, where active sulfur species 
are covalently bonded to organic molecular frameworks.[31–37] The 
covalent anchoring can alleviate the formation of polysulfides and re
tards their migration within the battery. However, there exists a tradeoff 
between the integration of organic frameworks and the decrease in 
active sulfur content within these organosulfur cathodes. It is imperative 
to overcome this obstacle, meanwhile preserving a high active sulfur 
content that is crucial for sustaining the high energy density of Li-S 
batteries.
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In pursuit of this objective, here we propose a promising strategy that 
introduces small-molecule electrolyte additives to initiate co- 
polymerization with polysulfides, leading to the in-situ formation of 
organosulfur polymers. Specifically, we utilize a small organic molecule, 
tetrachloropyrimidine (TCPy), characterized by its chlorine content and 
high solubility in ether-based electrolytes, as an electrolyte additive to 
achieve covalent anchoring of polysulfides and inhibit the shuttle effect. 
The formally soluble polysulfides undergo nucleophilic substitution re
actions with the Cl sites in TCPy, initiating a 3D cross-linked gelatinous 
polymerization process to produces an organosulfur polymer insoluble 
in the electrolyte. Furthermore, the abundant N sites in TCPy exhibit 
strong chemical adsorption capabilities towards polysulfides, furthering 
improving the kinetics of sulfur redox reactions. Consequently, the 
TCPy-modified electrolyte significantly alleviates the capacity degra
dation associated with the shuttle effect, thereby substantially 
improving the rate performance and cycle stability of Li-S batteries 
without compromising the active sulfur content in the cathode. The Li-S 
batteries modified with TCPy additive demonstrate a high specific ca
pacity of 700.7 mAh g− 1 after 200 cycles at 2.0 C and an improved rate 
performance of 660.0 mAh g− 1 at 4.0 C. Furthermore, a notable decrease 
in polysulfide dissolution and capacity degradation has been observed, 

confirming the enhanced cycling stability achieved through this strat
egy. This study underscores the immense potential of functional elec
trolyte additives in enabling in-situ covalent anchoring and gel 
polymerization of polychalcogenides, thereby simultaneously achieving 
high energy density and prolonged cycling stability in rechargeable al
kali metal–chalcogen batteries.

2. Result and discussion

The introduction of TCPy additive in electrolyte can initiate the in- 
situ crosslinked polymerization of soluble polysulfide anions with 
TCPy molecules during the discharge processes of Li-S batteries. As 
depicted in Fig. 1a, when long-chain polysulfides with high solubility 
start to form (corresponding to when the battery is discharged to around 
2.20 V), the added TCPy molecules undergo nucleophilic substitution 
reactions with these polysulfides, thus in-situ generating insoluble 
polysulfide-tetra-substituted pyrimidine (PSTPy) on the surface of the 
cathode. In contrast, Fig. S1 illustrated the discharge process diagram of 
traditional Li-S batteries without TCPy additive, wherein exhibited a 
severe shuttle effect caused by the dissolution of long-chain polysulfides 
in the electrolyte. The optimized structure and electrostatic potentials of 

Fig. 1. (a) Schematic diagram of the 3D crosslinked gelling polymerization reaction induced by TCPy additive in ether-based electrolyte during the discharge process 
of Li-S batteries. (b) Optimized structure and electrostatic potentials of TCPy. (c) Molecular orbitals and energy gaps of TCPy. (d) The 3D gelatinous polymerization 
phenomenon of polysulfides by adding Li2S6 solution (0.4 M Li2S6 in a 1:1 (v/v) dimethoxymethane (DME)/1,3-dioxolane (DOL) mixture) into the TCPy-modified 
electrolyte (1.0 M LiTFSI dissolved in a 1:1 (v/v) DME/DOL mixture with 1.0 wt% LiNO3 and 50 mM TCPy additive). (e) Modified working mechanism of sulfur 
cathode in TCPy-modified electrolyte.
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TCPy molecule are shown in Fig. 1b. The greater negativity of the 
electrostatic potential at the N-atom site, indicating its stronger 
electron-withdrawing capability, thus resulting in an enhanced ability of 
TCPy molecule to adsorb polysulfides. Conversely, the carbon atoms 
show the most positive electrostatic potential, suggesting susceptibility 
to nucleophilic substitution. This allows the chlorine site to be replaced 
by polysulfide ions, leading to the formation of 3D-crosslinked PSTPy 
gelatin. The energy levels of the lowest unoccupied molecular orbital 
(LUMO) and the highest occupied molecular orbital (HOMO) of TCPy 
molecule are also calculated (Fig. 1c). Compared to the LUMO of DME or 
DOL solvent molecules at the same computational level (Fig. S2), the 
elevated LUMO value of TCPy molecule suggested its resistance to 
reduction reactions, thus affirming its potential to uphold structural 
stability when employed as an electrolyte additive.

To demonstrate that the TCPy molecule can react with polysulfides 
generated during the discharge process of Li-S batteries, 1.5 mL of 0.4 M 
Li2S6 solution in dimethoxymethane (DME)/1,3-dioxolane (DOL) 1:1 
(v/v) mixture was prepared and added into the electrolyte with and 
without TCPy additive (Fig. 1d and Fig. S3). It could be seen that the 
TCPy-modified electrolyte was turned into a brown transparent gelatin 
with poor fluidity after the addition of Li2S6 solution. Conversely, the 

color of pristine electrolyte after mixing with Li2S6 solution remained 
unchanged and formed no precipitate. These results further verified that 
the TCPy molecule could react with the Li2S6 to form 3D-crosslinked 
PSTPy gelatin.

The in-situ gelatinous polymerization mechanism of TCPy and pol
ysulfides (such as Li2S6) was illustrated in Fig. 1e. The TCPy molecule 
was rich in multiple chlorine atoms and provided abundant nucleophilic 
substitution sites for polysulfides.[38] Furthermore, the N-atom sites on 
TCPy molecule had a certain adsorption capacity for polysulfides.[39] 
These factors facilitate the incorporation of polysulfides with TCPy, 
resulting in the formation of an insoluble network-crosslinked PSTPy 
gelatin. Consequently, the shuttle effect is significantly mitigated, 
leading to highly improved cycling lifespan of Li-S batteries.

The network-crosslinked structure of PSTPy gelatin were systemati
cally identified by attenuated total reflection-Fourier transform infrared 
(ATR-FTIR) spectroscopy, Raman spectroscopy and X-ray photoelectron 
spectroscopy (XPS). As depicted in Fig. 2a, the ATR-FTIR spectra of 
PSTPy showed a prominent peak at approximately 1190 cm− 1, which is 
ascribed to the formation of C–S bonds. Notably, the intensity of the 
C–Cl peak at around 700 cm− 1 notably decreased compared to the TCPy 
precursor. This suggests that a considerable portion of Cl- ions in TCPy 

Fig. 2. (a) ATR-FTIR spectra of TCPy precursor and PSTPy gelatin. (b) Raman spectra of TCPy and PSTPy. (c, d) High-resolution XPS spectra at C 1 s level of (c) TCPy 
and (d) PSTPy. (e, f) High-resolution XPS spectra at S 2p level of (e) TCPy and (f) PSTPy.
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underwent nucleophilic substitution reaction with S6
2- ions, leading to 

the formation of an organosulfur polymer.[40] Raman spectroscopy 
analyses further support this structural transformation. In Fig. 2b, the 
Raman spectrum of crosslinked PSTPy gelatin exhibits two distinct 
peaks at 215 cm− 1 and 490 cm− 1, corresponding to newly formed 
S–S–S bonds and C–S stretching mode within the polymer chain, 
respectively, confirming the crosslinking of organosulfur units.[37,40].

The high-resolution XPS spectra presented in Fig. 2c–d correspond to 
the C 1 s bands of TCPy and PSTPy, respectively. Different from the C 1 s 
XPS spectrum of TCPy precursor (Fig. 2c), the spectrum of PSTPy 
(Fig. 2d) shows four deconvoluted peaks at 284.6, 285.0, 285.5 and 
286.2 eV, respectively, which could be attributed to C–C, C–N, C–S 
and C–Cl.[39] The decreased intensity of the C–Cl signal and the 
emergence of C–S signal confirm the substitution of Cl atoms and the 
formation of sulfur-containing polymer. Notably, the C 1 s XPS spectrum 
of the TCPy monomer shows a C–O signal, which is likely due to its 
hygroscopic nature and tendency to undergo partial oxidation when 
exposed to air, heat, or light during XPS sample preparation (Fig. 2c). In 
contrast, no C–O signal is observed in the C 1 s XPS spectrum of PSTPy 
(Fig. 2d), suggesting that its stable polymeric structure effectively 
resisted oxidation and moisture uptake. The S 2p spectrum of TCPy is 
free of S signal (Fig. 2e), while the S 2p spectrum of PSTPy showed two 
deconvoluted peaks at 163.2 eV and 164.9 eV, indicating successful 
reaction with polysulfides to form the organosulfur polymer. The 
distinct S 2p and N 1 s XPS signals observed in the S 2p and N 1 s spectra 
of PSTPy (Fig. 2f and Fig. S4) further substantiated the presence of both 
S and N atoms within the polymer, providing additional evidence of the 
nucleophilic substitution reaction and the resultant formation of a 
network-crosslinked polymer gelatin.

To assess the effect of TCPy additive on boosting the performance of 
Li-S batteries, electrochemical tests were conducted on the batteries 
assembled with and without TCPy additive (Fig. 3). Firstly, the con
centration variation of TCPy additive on electrochemical performance 
were evaluated (Fig. 3a–b and Fig. S5). Among different concentrations 
(0, 30, 50, and 60 mM), the 50 mM concentration demonstrated the 
most favorable results, yielding enhanced charge-transfer kinetics and 
rate capability. Consequently, the assembly and testing of Li-S batteries 
in this study utilized a concentration of 50 mM TCPy additive in the 
electrolyte, unless otherwise noted.

By comparing the cyclic voltammetry (CV) curves during the initial 
five cycles at the same scan rate of 0.5 mV s− 1 (Fig. 3c–d), it was evident 
that the Li-S batteries with TCPy additive exhibited improved CV 
repeatability, indicating enhanced reversibility. To investigate the spe
cific impact of TCPy additive on the performance of Li-S batteries, 
comparative tests were conducted on the cycle performance and rate 
capability of Li-S batteries with and without TCPy additive. Fig. 3e 
illustrated the comparison of cycle performance at a current density of 
2.0 C. When the battery was activated at a current density of 0.1 C, the 
discharge capacity of the battery with TCPy additive at the first cycle 
reached approximately 1650 mAh g− 1, with a coulomb efficiency of 
100.0%. In contrast, the discharge capacity of the battery without TCPy 
additive at the first cycle was only 1490 mAh g− 1, with a coulomb ef
ficiency of 87.6%. After 200 cycles at 2.0 C, the battery with TCPy ad
ditive maintained a specific capacity of 700.7 mAh g− 1, corresponding 
to a capacity retention rate of 87.3%, whereas the battery without TCPy 
additive exhibited a specific capacity of only 420.6 mAh g− 1, with a 
capacity retention rate of merely 50.3%. Furthermore, a comparison of 
the charge discharge curves in Fig. S6 revealed that, as the number of 

Fig. 3. (a) EIS spectra and (b) rate performances at various current rates between 0.1 C and 4.0 C of Li-S batteries with different concentrations (0, 30, 50, and 60 
mM) of TCPy additive in the electrolyte. (c, d) CV curves during the initial 5 cycles of Li-S batteries (c) with and (d) without TCPy additive measured between 1.7–2.8 
V vs. Li+/Li at the scan rate of 0.5 mV s− 1. (e) Cycling performance and Coulombic efficiency of Li-S batteries with and without TCPy additive activated at 0.1 C and 
subsequently cycled at 2.0 C. (f, g) Discharge/charge profiles of Li-S batteries (f) with and (g) without TCPy additive tested at different current rates.
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cycles increased, the voltage polarization of the Li-S battery without 
TCPy additive gradually increased, whereas the charge discharge 
voltage platform of the battery with TCPy additive showed minimal 
change after 200 cycles. Fig. S7 depicted the comparison of long cycle 
performance with and without TCPy additive at a current rate of 4.0 C. 
Clearly, the Li-S battery with TCPy additive exhibited higher initial ca
pacity (603.6 mAh g− 1) and improved capacity retention (82.6%). 
Furthermore, Fig. S8 presented the cycling performance of Li-S battery 
with TCPy additive under an even higher current rate of 6.0 C. After 200 
cycles, the battery still maintained a discharge capacity of 467.3 mAh 
g− 1, highlighting that the TCPy additive facilitated in-situ formation of 
PSTPy polymers, thus significantly enhancing the cycling stability of Li- 
S battery under high-rate charge–discharge conditions.

To further investigate the effect of TCPy additive, the rate capability 
of Li-S batteries was tested at various current densities, including 0.1 C, 
0.2 C, 0.5 C, 1.0 C, 2.0 C, and 4.0 C (Fig. S9). Notably, when the current 
density increased to 4.0 C, the battery with TCPy additive maintained a 
specific capacity of 660 mAh g− 1, whereas the Li-S battery without TCPy 
additive only achieved 194 mAh g− 1. The corresponding discharge/ 
charge profiles under different current densities were displayed in 
Fig. 3f–g. The Li-S battery with TCPy additive demonstrated higher ca
pacity and lower voltage polarization, while the Li-S battery without 
TCPy additive exhibited higher polarization degree.

The practical potential of soft-packed Li||S batteries based on 

conventional sulfur/carbon nanotubes (S/CNTs) cathode and TCPy ad
ditive was studied by lighting a series of blue light-emitting diodes and 
performing long-term cycling tests (Fig. S10). The soft-packed Li||S/ 
CNTs batteries with TCPy additive demonstrated promising electro
chemical performance at both moderate and low current rates. At 0.5 C, 
a capacity of 964.9 mAh g− 1 was delivered initially and 611.5 mAh g− 1 

remained after 98 cycles (Fig. S10c). At 0.1C, the battery maintained 
1019.6 mAh g− 1 after 20 cycles with an initial capacity of 1137.6 mAh 
g− 1, corresponding to 89.6% retention (Fig. S10d). These results high
light the good cycling stability and practical potential of TCPy-modified 
electrolytes for Li-S batteries.

Furthermore, the electrochemical performance of PSTPy gelatin, 
generated directly from the in-situ polymerization of TCPy and Li2S6, 
was tested as a cathode material (Fig. S11). The Li-S battery with PSTPy 
cathode demonstrated high capacity retention and good rate perfor
mance during cycling under high current rates. This further illustrated 
the viability of in-situ induced formation of PSTPy from TCPy and pol
ysulfides for reversible energy storage. The formation of PSTPy gelatin 
significantly slowed down the dissolution of polysulfides, thereby 
enhancing the capacity retention at different current densities. Addi
tionally, the nitrogen atom on the pyridine ring can adsorb polysulfide 
species and also improve the conductivity of the PSTPy gelatin, thereby 
further enhancing the rate performance.

The impact of TCPy additive on battery kinetics was further evalu

Fig. 4. (a, b) CV curves of S/CNTs cathodes in Li-S batteries (a) with and (b) without TCPy additive at different scan rates. (c-e) The corresponding CV peak current 
vs. the square root of scan rates (v1/2) plots of S/CNTs cathodes in Li-S batteries with and without TCPy additive: (c) Peak 1, (d) Peak 2, and (e) Peak 3. (f) EIS spectra 
of S/CNTs cathodes in Li-S batteries with and without TCPy additive after 100 cycles.
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ated by comparing the CV curves at different scan rates and impedance 
tests after extended battery cycling (Fig. 4). The CV curves obtained at 
different scan rates (Fig. 4a and b) demonstrated that the battery 
incorporating TCPy additive exhibited elevated response currents as the 
scan rate increased. For instance, at a scan rate of 2.0 mV s− 1, the 
oxidation peak current of the battery with TCPy additive reached 
approximately 17.5 mA, whereas the oxidation peak current of the 
battery without TCPy additive was below 15.0 mA. This observation 
suggests that the TCPy additive can greatly enhance the redox kinetics 
performance, potentially attributable to the conjugation of the pyrimi
dine ring and the electron-rich nature of the N atom. To provide a more 
intuitive representation of the specific effect of TCPy additive on the 
redox kinetics, a fitted straight line was obtained by correlating the peak 
current of the CV curve versus the square root of the scan rate at various 
scan rates (Fig. 4c–e). The diffusion coefficient of lithium-ion (Li+) in the 
battery can be calculated according to the Randles-Sevcik formula[41]: 

Ip = 2.65 × 105n1.5SDLi+
0.5Cv0.5 (1) 

where Ip is the peak current (A mg− 1), n is the charge transfer number, S 
is the area of the electrode (cm2), DLi+ is the diffusion coefficient of Li+

(cm2 s− 1), C is the amount of Li+ in the electrolyte concentration (mol 
cm− 3), and ν is the scan rate (V s− 1). Since the influencing factors of the 
slope of the fitting line are all constants except for DLi+, the slope is only 
related to the diffusion coefficient of Li+. By comparing the slopes of the 
straight fitted lines for the three peaks in Fig. 4c–e, the battery with the 
TCPy additive exhibits a larger slope, with the specific values listed in 
Table S1. This indicates a higher Li+ diffusion coefficient, further con
firming the enhancement of redox kinetics by TCPy additive. This re
flects the help of nitrogen atoms in the pyrimidine structure to improve 
electrical conductivity.

Furthermore, electrochemical impedance spectroscopy (EIS) tests 
were conducted to assess the impact of TCPy additive on the 

conductivity. Electrochemical impedance tests were carried out on the 
batteries after galvanostatic cycling (Fig. 4f). The EIS results after 100 
consecutive charge–discharge cycles revealed a reduction in charge 
transfer impedance to varying degrees. Specifically, the battery with 
TCPy additive showcased a charge transfer impedance of approximately 
6.0 Ω, while the battery without TCPy additive exhibited a charge 
transfer impedance of about 19.0 Ω. The comparison of the impedance 
after cycling indicates that the sulfur-containing PSTPy gelatin gener
ated by the inclusion of TCPy additive can enhance the conductivity and 
charge transfer capability of the Li-S batteries.

To investigate the interactions between TCPy and polysulfides, a 
symmetrical battery was assembled utilizing TCPy-loaded carbon paper 
electrodes and 0.40 M Li2S6 in DME/DOL electrolyte (1:1 in volume). Aa 
a control, another symmetrical battery was assembled using carbon 
black (CB) electrodes. To assess the electrochemical behavior of both 
symmetrical batteries, CV analyses were performed within a voltage 
range of − 1.0 V to 1.0 V at a scanning rate of 1.0 mV s− 1 (Fig. 5a). The 
peak intensity of TCPy based symmetrical battery was significantly 
higher than that of CB based symmetrical battery, suggesting the for
mation of chemical bonds between TCPy and polysulfides during battery 
cycling. Furthermore, the CV curve of TCPy based symmetrical battery 
exhibits a narrower voltage range at the position of the redox peak 
compared to that of CB based symmetrical battery, accompanied by a 
sharper peak shape. This observation indicates that TCPy not only 
effectively bind with polysulfides, but also mitigate polarization effects 
and promote the polysulfide conversion kinetics.

To further explore the role of TCPy additive on alleviating the shuttle 
effect, a series of characterizations on the S/CNTs cathodes with and 
without TCPy additive were conducted. Specifically, the Li-S batteries 
with and without TCPy additive were firstly discharged to 2.20 V after 
200 cycles. Then, the batteries were disassembled in an Ar-filled glo
vebox, and the S/CNTs cathodes were immersed in DME solution to 

Fig. 5. (a) CV curves of symmetric batteries based on TCPy or carbon black (CB) electrodes from − 1.0 V to 1.0 V at a scan rate of 1.0 mV s− 1. (b) UV–Vis absorption 
spectra and corresponding photographs of the DME solutions soaked with S/CNTs cathodes retrieved from Li-S batteries with or without TCPy additive after 200 
cycles. (c, d) ex-situ (c) N 1 s and (d) C 1 s XPS spectra of the S/CNTs cathodes retrieved from the Li-S batteries with or without TCPy additive discharged to 2.20 V 
after 200 cycles.
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dissolve the polysulfides. The solutions were analyzed using ultra
violet–visible (UV–Vis) absorption spectroscopy within the range of 
300–700 nm (Fig. 5b). For the sample without TCPy additive, an evident 
absorption peak between 300–400 nm was observed, indicating the 
generation of polysulfides[42]. In contrast, for the sample with TCPy 
additive, almost no absorption peak in the aforementioned range was 
exhibited, indicating the significant reduction of polysulfide dissolution 
by TCPy additive. Furthermore, the visual comparison in the inset of 
Fig. 5b clearly indicated that the color of DME solution soaked by S/ 
CNTs cathode with TCPy additive appeared significantly lighter, almost 
transparent and colorless, whereas the DME solution soaked by S/CNTs 
cathode without TCPy additive exhibited a strong yellow color. This 
observation directly demonstrates the inhibitory effect of TCPy additive 
on polysulfide dissolution. Scanning electron microscopy (SEM) and 
corresponding elemental mapping images were obtained for the two 
cleaned electrodes in Fig. 5b, and the results were presented in Fig. S12. 
In the presence of TCPy additive, the morphology of S/CNTs cathode 
after cycling appeared more regular, and the distribution of sulfur (S) 
elements was denser, indicating the inhibition of the shuttle effect by 
TCPy additive. The uniform distribution of N elements represented the 
formation of PSTPy gelatin polymer. Additionally, ex-situ XPS analyses 
were conducted on the S/CNTs cathode samples with and without TCPy 
additive discharged to 2.20 V to verify the cathode structure and the 
formation of sulfur-containing polymer (Fig. 5c–d and Fig. S13). For the 
sample with TCPy additive, the presence of characteristic N 1 s signals 
confirm the successful incorporation of TCPy with polysulfides that re
sults in the formation of insoluble PSTPy gelatin polymer (Fig. 5c). 
Furthermore, the appearance of C–S signal in the C 1 s spectrum with a 
binding energy around 285.5 eV provided further evidence of the suc
cessful polymerization and the bonding structure of PSTPy (Fig. 5d). 
[43] In addition, ex-situ Raman spectra of S/CNTs cathodes discharged 
to 2.20 V further support this conclusion (Fig. S14). The S/CNTs cathode 
discharged to 2.20 V with TCPy additive exhibits a distinct C–S vibra
tion peak at 490 cm− 1, which is absent in the pristine state, indicating 
the formation of PSTPy (Fig. S14a). In contrast, the Raman spectrum of 
S/CNTs cathode discharged to 2.20 V without TCPy is nearly identical to 
that of the pristine S/CNTs cathode, with no detectable C–S bond sig
nals, indicating significant polysulfide dissolution (Fig. S14b).

The enhancement effect of TCPy additive on the electrolyte perfor
mance was investigated through a series of control experiments 
(Fig. S15–S16), including the Tafel curve measurements on Li-Li sym
metrical batteries, the linear sweep voltammetry measurements on Li|| 
stainless-steel half batteries, and the voltage–time measurements dur
ing Li deposition/stripping on Li-Li symmetrical batteries. It was found 
that the exchange current density and voltage window of ether-based 
electrolyte were enhanced by the inclusion of TCPy additive 
(Fig. S15). Furthermore, the Li+ diffusion kinetics were effectively 
promoted, thereby facilitating the rapid transfer and conversion of Li 
ions. These results confirmed that the electrochemical performance and 
stability of ether-based electrolyte were positively influenced by the 
TCPy additive, leading to enhanced performance of Li-S batteries.

On the other hand, the influence of TCPy additive on lithium metal 
electrode was investigated through SEM and elemental mapping char
acterizations of recycled lithium anodes (Fig. S17–S19). The surface 
morphology of lithium anodes after cycling was displayed in Fig. S17. A 
smooth and flat surface was observed on the lithium anode retrieved 
from the battery with TCPy additive after 200 cycles (Fig. S17a–S17b), 
while an uneven surface with numerous wrinkles was observed on the 
lithium anode retrieved from the battery without TCPy additive 
(Fig. S17c–S17d). Furthermore, the battery with TCPy additive 
demonstrated a reduced presence of S species on the surface of lithium 
anode after cycling, with a sparser distribution (Fig. S18a–S18c and 
Fig. S19a). In contrast, the discharging process of Li-S batteries without 
TCPy additive was greatly affected by the shuttle effect, which resulted 
in a higher degree of polysulfide dissolution and the irreversible depo
sition of Li2S on the surface of lithium anode after cycling (Fig. S18d- 

S18f and Fig. S19b).

3. Conclusion

In summary, we introduced TCPy as a novel electrolyte additive for 
Li-S batteries, aimed at mitigating the shuttle effect through the in-situ 
formation of insoluble 3D-crosslinked organosulfur polymer PSTPy. 
During the discharge process, the chlorine atoms in TCPy initiated 
nucleophilic substitution reactions with polysulfides, resulting in the 
formation of PSPTy gelatin that effectively suppressed the dissolution 
and diffusion of polysulfides. Additionally, the nitrogen atoms in TCPy 
exhibited strong chemical adsorption properties towards polysulfides, 
further inhibiting their dissolution. Incorporating the TCPy-modified 
electrolyte into Li-S batteries significantly enhanced cycle stability and 
rate performance, with a specific capacity of 660 mAh g− 1 retained even 
at a high current density of 4.0 C. Furthermore, the Li+ deposition/ 
stripping kinetics and cycling stability of lithium anode were also 
enhanced. Notably, the PSPTy gelatin are generated by the in-situ cross- 
linking reaction of organic small-molecule TCPy additive with poly
sulfides, offering advantages such as easy access to raw materials and 
simplicity of operation. This approach stands as a highly effective and 
promising strategy for suppressing the shuttle effect, underscoring the 
substantial potential of functional electrolyte additives to elevate the 
performance of rechargeable alkali metal–chalcogen batteries.
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