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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- A new alkali-catalyzed thiol and sulfur reaction synthesis method, termed "thiol-sulfur click chemistry."

- Polydivinylthioether hexasulfide (PDVTHS), a novel sulfur-containing polymer, is designed and synthesized.

- PDVTHS exhibits excellent specific capacity for lithium-organosulfide batteries.

- PDVTHS significantly enhances the cyclability of lithium-organosulfide batteries.
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Click chemistry is a rapid, reliable, and powerful function and a highly selec-
tive organic reaction that facilitates the efficient synthesis of various mole-
cules by joining small units. This approach has found widespread applica-
tions in fields such as drug development, chemical synthesis, and
molecular biology. In recent years, the reaction of alkali-catalyzed polymer-
ization of thiol and sulfur has been employed to prepare various sulfur-con-
taining polymers, which are applied as electrochemical active electrode ma-
terials in the pursuit of good performance. In this study, it is surprising to
find that the reaction mechanism exhibits characteristics of both the al-
kali-catalyzed sulfhydryl Micheal addition reaction and thiol-epoxy click
chemistry; for the first time, thiol-sulfur click chemistry is defined in detail,
providing a comprehensive description of its underlying scientific principles.
The introduction of this new reaction pathway holds significant potential for
advancing research and the development of sulfur-containing polymers.
Based on this novel click chemistry, a new sulfur-containing polymer, poly-
divinylthioether hexasulfide, has been designed and successfully applied as
a cathode material in lithium-organosulfide batteries. This material demon-
strates excellent electrochemical performance, achieving an initial capacity
that reaches 790.5 mAh g�1 (82.6% of theoretical capacity), and in a long-
term cycle test, the capacity decay rate is only 0.063% after 1,000 cycles.
INTRODUCTION
To solve the inherent defects of typic lithium-sulfur (Li-S) batteries, there has

been growing interest in exploring alternative cathode materials that can better
tolerate volume changes and mitigate the shuttle effect. In the 1980s, Visco
and De Jonghe first proposed the use of the sulfur-containing polymer (SCP) tet-
raethylthiuram disulfide (TETD) as a cathode active material in secondary batte-
ries. However, this idea did not gain significant attention at the timedue to the low
capacity. Nonetheless, it opened the door for further exploration of polymers as
alternative cathodematerials. Since then, various polymers have been studied as
potential cathode materials of Li-S batteries, including benzoquinone, anthraqui-
none,1,2 poly(pentacenetetrone sulfide),3 phenyl tetrasulfide (PTS),4 poly(vinyl-
phenoxazine),5 phenothiazine-based copolymers,6 etc. Among these, SCPs
have delivered decent properties that have attracted wide attention. Notably,
Fu et al.7 designed many innovative SCPs and successfully applied them in
lithium-organosulfide batteries.

In previous works, we investigated sulfurized polyaniline (SPANI)8,9 and sulfu-
rized polyacrylonitrile (SPAN),10 which demonstrated impressive performance in
lithium-organosulfide batteries. Herein, a novel SCP, polydivinylthioether hexasul-
fide (PDVTHS) has been reported, synthesized by adopting 2, 20-thiodiethanethiol
(TDET) monomer and sulfur powder under base catalysis. Notably, the figures of
merit of this reaction between thiol and sulfur (S8) are its rapid reaction rate, mild
reaction conditions occurring at room temperature, specific selectivity, and single
product. These features align closely with the principles of click chemistry, a
concept introduced by Sharpless in 2001.11 Click chemistry refers to a class of
fast, reliable, andhighly selective organic reactions, primarily involving the assem-
bly of small units to efficiently synthesize variousmolecules. Thiol click chemistry
is the most important and widely used click chemistry, which encompasses two
main reaction mechanisms: (1) the radical mechanism reaction. The year 2007,
radical introduced thiol-ene reaction was firstly defined as click chemistry be-
longed to a free stepwise polymerization process. (2) The nucleophilic mecha-
nism reaction, which includes the thiol-isocyanate reaction, thiol-epoxy reaction,
and thiol-ene reaction, where the nucleophilic nature of the thiol or sulfur anion
enables it to attack the reactive functional group.

Based on an analysis of the reaction mechanism of thiol and sulfur (S8) under
base catalysis, this work proposes an innovative type of click chemistry reaction,
ll
referred to as thiol-sulfur click chemistry. This reaction exhibits characteristics
similar to both the thiol-Micheal addition reaction12–14 and thiol-epoxy click
chemistry.11,15,16 The proposal of the new reactionmechanism offers significant
insights for the research and development of other SCPs. In addition, a new SCP,
PDVTHS, was synthesized using this thiol-sulfur click chemistry and successfully
used in lithium-organosulfide batteries. Specifically, the rate capacity at different
current densities ranging from0.05 to 0.5 C can reach 790.5 (82.6%of theoretical
capacity), 671, 649, and 609mAh g�1, respectively. In terms of long-term cycling
performance at 0.2 C (PDVTHS loading of 2.48 mg cm�2), the initial capacity is
335 mAh g�1, which remains at 124 mAh g�1 after 1,000 cycles, corresponding
to a capacity decay rate of only 0.063%.

MATERIALS AND METHODS
Materials and chemicals

Sulfur (S8, R99.5%, Canrd), TDET (C4H10S3, >97% GC, Macklin), buckypaper (Nanotech-

lab), andLi-S battery electrolyte (1.0MLiTFSI inDOL:DME=1:1 vol %with 2.0%LiNO3,Canrd)

were purchased and used as received. Celgard 2500 was used as the separator (Canrd).

Other chemicals, includingmethylbenzene (PhMe), carbon disulfide (CS2), and diethylamine

(Et2NH) were purchased from Chemical Reagents, China, and used as received at analyt-

ical grade.

Synthesis of PDVTHS
The synthesis procedure took place inside an argon-filed glovebox (<1 ppm of H2O and

O2, Mikrouna). S8 and TDET were added to a MePh/CS2 (v:v = 1:1) mixture with the equiv

ratio of 5:1, followed by vigorous stirring until all the reactant dissolved and then the addition

of 5 mL of diethylamine (Et₂NH) as a catalyst. Subsequently, H2S gas was observed efferves-

cently and subsided after about 10–15min. The resulting solutionwas immediately injected

onto the buckypaper to form the cathode. The remaining solution was stirred overnight, re-

sulting in the precipitation of the SCP PDVTHS. Finally, the target product, PDVTHS, was

transfer to a 60� oven for drying prior to further detection and characterization.

Synthesis of PDVTHS-CNT cathode
Buckypaper was punched into discs with 12 mm diameters and dried for 12 h in a vac-

uum oven; then, 20 mL of the PDVTHS solution was injected onto a tailored CNT paper disc

(typically 0.01 mmol or 2.8 mg active material). PDVTHS-CNT was allowed to complete the

reaction in situ, accompanied by a slow precipitation of the PDVTHS polymer when CS2
evaporated. Thus, the achieved PDVTHS-CNT cathode had an SCP area loading of

2.47 mg cm�2. This synthesized procedure was conducted within an argon-filed glovebox.

Materials characterization
The microstructures for the PDVTHS-CNT cathode were observed by a field-emission

scanning electron microscope (FE-SEM; JEOL, JSM-6701F, Japan). The element distribu-

tion was analyzed by EDS mapping (Zeiss Gemini300). The detailed element contents of

S, C, and H were detected on an element analyzer (EA). XRD patterns were recorded

using an X-ray powder diffraction map (XRD, D8 ADVANCE, Bruker) with Cu Ka radiation

(l = 0.1541 nm). Fourier transform infrared spectroscopy (FTIR spectroscopy; Bruker, Vec-

tory-80, Germany) spectra were recorded from 4,000 to 400 cm�1. The pristine PDVTHS

polymer are characterized by the Raman spectrum (Raman, HORIBA, XploRA Plus, China)

with a wavelength range of 100–2,000 cm�1. The molecular weight and molecular simpli-

fication of the target compoundswere characterized by a time-of-flight secondary ionmass

spectrometer (TOF-SIMS; IONTOF 5). X-ray photoelectron spectroscopy (XPS; ESCALAB

250Xi, Thermo Fisher Scientific) patterns were calibrated using the C 1s peak at 284.8 eV

to analyze the bonding energy value of the PDVTHS polymer and the PDVTHS-CNT cathode

of completely discharge under 0.05 C of current density after 2 cycles. Thermogravimetric

analysis (TGA; Discovery TGA, USA) and differential scanning calorimetry (DSC; Neschi

STA449C synchronous thermal analysis equipment) of the PDVTHS polymer were per-

formed from 25�C to 800�C with a heating rate of 10�C min�1 in an argon atmosphere.
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Figure 1. Thiol-sulfur click chemistry reaction under alkali-catalyzed B, base.
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UV-visible (UV-vis) absorption spectra (ShimadzuUV-3600)were used tomeasure discharg-

ing/recharging mediate products.

Electrochemical measurements
CR2032-type coin cells were fabricated in an argon-filled glovebox. The PDVTHS-CNT

cathode was assembled with a lithium anode, and Celgard 2500 was placed between the

cathodeandanodeas a separator. Then, 20 mL of the commercial Li-S electrolytewasadded

on either side of the separator. Cells were crimped and tested by cyclic voltammetry (CV)

through an electrochemical workstation (CHI760E, Shanghai, China) between 1.6 and 3 V

with a sweep speed of 50 mV s�1. Electrochemical impedance spectroscopy (EIS) was

also performed on an electrochemical workstation (CHI760E) to explore the charge transfer

resistant (Rct) change before and after cycling with frequency ranges from 100 kHz to

0.01 Hz. A land battery cycler (CT2001A, Wuhan, China) measured the capacity properties

at different C rates (1 C = 957.3 mA g�1), galvanostatic charging discharging (GCD) profiles,

and cycling lifetimes within a voltage window of 1.6–3 V.

Operando Raman spectroscopy analysis
A Li-S battery consistent with the button battery was assembled with an in situ Raman

device (HORIBA, Horiba LabRAM HR Evolution, France) with laser excitation at 633 nm.

The battery was continuously tested under CV patterns with a sweep speed of 50 mV s�1

during the whole Raman spectrum collection process. The Raman spectrum simulta-

neously recorded different discharging/recharging voltage depths.

RESULTS AND DISCUSSION
The thiol-sulfur reaction catalyzed by alkali (Figure 1) shares character-

istics with both the thiol-epoxy reaction and the alkali-catalyzed Michael
addition reaction. A stepwise depiction is used to simplify the process
for better understanding. Due to the influence of the lone pair of electrons
on the S atom, an asymmetric sp3 structure with a triangular cone struc-
ture is formed. S8 rendered a corn-shaped ring structure that appeared
at a certain ring tension, which is vulnerable to nucleophile attack.
Although thiol groups can be involved in such ring-opening reactions, the
thiol-sulfur reaction cannot be carried out, even when the thiol group col-
lides with a ring-tensioned molecule, due to the weak nucleophilicity of
the thiol group. Thiol functional groups exhibit a strong nucleophilic ability
only when they form sulfur anions under the action of alkaline catalysts.
These anions can nucleophilically attack the less resistant S atom on
the upper part of the S8 ring. The resulting sulfur anion intermediates
not only capture H protons from thiol groups or conjugated acids because
of their strong alkalinity but also nucleophilically attack conjugated acids
formed by alkali catalysts. The two anion multiplication steps (reactions
1 and 2) in this reaction closely resemble the “insertion-capture” multiplica-
tion process in the thiol-ene radical addition.12 After initiation, the reaction
proceeds rapidly without interference from other proton sources, such as
water or alcohol.

The thiol-sulfur reaction belongs to the thiol click chemistry of the nucleophilic
mechanism, and its reaction mechanism proceeds as follows. (1) Under the in-
fluence of an alkaline catalyst, the thiol group loses a hydrogen proton, forming
2 The Innovation 6(2): 100765, February 3, 2025
the sulfur anion and conjugate acid of the catalyst (reaction 1). (2) The sulfur
anion, a strong nucleophile, attacks the less resistant sulfur atom at the upper
part of the S₈ ring. The alkoxide anion with strong alkalinity intermediates is
formed by S8 after ring opening (reaction 2). (3) The alkoxide anions snatch
the protons from the thiol group, forming sulfur anions and sulfane, leading to
a large amount of hydrogen (reaction 3). The resulting sulfur anions continue
to nucleophilically attack unreactedS8molecules (reaction 2). (4) Finally, alkoxide
anions snatch the protons from the conjugated acid of the catalyst (reaction 4),
regenerating the base catalyst.
The rate-limiting step in thiol-sulfur click chemistry is the nucleophilic attack

process on the eight-membered ring of S8 by the sulfur anion. The reaction
rate is expressed as Equation 1:

Rrxn = k½R � S��½sulfur� (Equation 1)

½R �S�� is the concentration of the sulfur anion that is obtained by the equilib-
rium formula of mercaptan and base.

Keq =
½R � S��½B+ � H�

½R � SH�½B� (Equation 2)

Therefore,

Rrxn = kKeq

� ½B�
½B+ � H�

�
½R � SH�½sulfur� (Equation 3)

The rate of the thiol-sulfur click chemistry reaction is related to the following
three points from Equation 3: the concentration of the solvent, the alkalinity of
the catalyst, and the acidity of the mercaptan (which is related to the structure
of the mercaptan).
The acidity ofmercaptans varies due to differences in their structures, and this

variation influences the reaction rate. The specific relationship between structure
and acidity can be seen in Figure S1. In general, thiol groups are categorized into
four types: thiopropionate, aromatic mercaptan, mercaptoacetate, and aliphatic
mercaptan. Their pKa values follow this order: thiopropionate < aromatic
mercaptan < thioglycolate < aliphatic mercaptan. According to the principle
that a higher pKa value corresponds to a weaker acid, the acidity of mercaptans
is ranked as thiopropionate > aromatic mercaptan > thioglycolate > aliphatic
mercaptan. In the case of weak base catalysis, the concentration of sulfur ions
depends on the balance between mercaptan and the base catalyst.
In previous reports, the preparation of SCPs has typically involved the use of

rhombic S8 crystals and organic precursors through vulcanization and inverse
vulcanization, processes that require high-temperature annealing. The rhombic
structure of S8 crystals is destructed until temperatures greater than 95�C, and
the ring-opening polymerization of S8 is triggered at temperatures above
159�C.17 To obtain an SCP with a well-defined chemical structure and controlled
sulfur chain length, the temperature of the synthesis must be below 95�C. In this
work, the proposed base-catalyzed thiol-sulfur reaction offers several advan-
tages, including mild reaction conditions, room temperature reactivity, rapid pro-
cessing, and high selectivity. The high acidity of the thiol group enhances its abil-
ity to participate in thiol-sulfur click chemistry through a nucleophilicmechanism.
Additionally, the corn-shaped ring structure of S8 promotes nucleophilic ring-
opening reactions.
PDVTHS is prepared by a thiol-sulfur click reaction involving TDET and sulfur

powder. Figure 2A illustrates the reaction equation for the synthesis of
PDVTHS. 1 equiv TDET and 5 equiv sulfur powder are dissolved in a 4mLmixture
of toluene (C6H5CH3, PhMe) and carbon disulfide (CS2) (v:v = 1:1), resulting in a
clear yellow solution. Upon the addition of an ethylenediamine catalyst ((Et)2NH),
a significant amount of H2S gas is released. Gas evolution subsided after about
10 min, and the resulting solution was still clear and transparent. The solution is
then immediately added to the CNT paper. Figure S2 describes the mechanism
according to the thiol-sulfur click reaction. TDET being catalyzed by the alkaline
catalyst to form a sulfur anion, a strong nucleophile, is a vital process. Further-
more, the sulfur anion attacks the S8 ring by ring-opening polymerization to pro-
duce PDVTHS.
The PDVTHS-CNT cathode and residual polymer solution are placed in

an argon-filled glovebox to dry overnight, allowing the completion of the re-
action in situ accompanied by slow precipitation of the PDVTHS polymer
www.cell.com/the-innovation
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Figure 2. Conception and characteristics of the PDVTHS (A) Synthesis mechanism of
polydivinylthioether hexasulfide (PDVTHS). (B) Schematic procedure with digital images.
(C) SEM image of the PDVTHS-CNT cathode along with EDS elemental mapping of sulfur
(yellow) and carbon (red) in the inset.
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when CS2 evaporates. Then, the target product, PDVTHS, is transferred to a
60� oven to dry for further detection and analysis. Figure 2B directly shows
the observation of the glass vial that reactants dissolve in the solvent into
a clear and transparent light yellow solution. Upon the addition of the cata-
lyst, a distinct stratification occurs: the upper layer remains a transparent
solution, while the lower layer becomes a yellow grease. After completely
drying, the rubber polymer appears. SEM images reveal the micromor-
phology of the PDVTHS-CNT cathode (Figure 2C). Compared to the fresh
carbon nanotubes in the carbon strips, the polymer is clearly precipitated
on the CNT paper, resulting in a blurred boundary between the carbon
nanotubes. Elemental analysis (EDS) reveals that S and C elements are
evenly distributed on the material.

Various characterizations are conducted to certify the successful synthesis
and study the chemical nature for the SCP, PDVTHS, based on thiol-sulfur click
chemistry. As shown in Figure 3A, XRD partum reveals thatPDVTHS has no char-
acteristic peak of sulfur, indicating the complete consumption of sulfur and the
generation of the polymer through its attachment to the S atom on the polymer
chain. The broad peak at low angles of 2q up to 20� is ascribed to scattering by
the amorphous materials, revealing its polymeric nature. The broad peak of
PDVTHS-CNT also expresses its polymeric feature. In addition, peaks from C
are significantly observed at angles 2q = 20.11� , 23� , and 26.2�. The XRD pattern
of the CNT is as shown in Figure S3. To comprehensively understand the bond
changes as the precursor TDET is converted to PDVTHS, FTIR spectroscopy is
conducted (Figure 3B). It is worth noting that the peak of precursor TDET at
2,546 cm�1 originating from the S-H stretching vibration disappears in the
PDVTHS spectrum. In addition, a new peak signified by S-S vibration bands ap-
ll
pears at 833.5 cm�1, implying the conversion of TDET into PDVTHS. In addition,
the C-S bond vibration of 713.5 cm�1 and the C-H bond vibration of 1,415.5 cm�1

inPDVTHS areweakened comparedwith those in TDET, whichmay be attributed
to the change of the degrees of freedom from TDET to PDVTHS.18 We use TOF-
SIMS to investigate the molecular weight and molecular formula of PDVTHS. As
shown in Figure 3C, a molecular ion peak7 (280 u) and excimer ion peaks (281
and 282 u) are obtained, and the molecular formula of PDVTHS is identified
as C4H8S7. XPS analysis (Figure 3D) shows that the signals at 284.9 and
282.8 eV belong to C-S and C-C bonds in the C 1s spectra of PDVTHS, respec-
tively.19,20 In S 2p fine spectrum analysis, 163.7 eV is a typical S 2p peak from
the S-S bond, and a single peak with an energy separation of 1.7 eV at 162 eV
confirms the presence of S-C bonds.8,21 From TGA and DSC tests as illustrated
in Figure 3E, the thermal decomposition temperature ofPDVTHS is 268�C, which
has good thermal stability. To obtain the exact element content, element analysis
is conducted (Table S1). The contents of C, H, and S in PDVTHS are 16.773%,
2.449%, and 80.069%, respectively, which are consistent with the results of
TOF-SIMS and TGA. The above characterization results indicate that the SCP
PDVTHS has been successfully synthesized using the thiol-sulfur click chemistry
method proposed here.
In this section, the electrochemical behavior of PDTVHS as a positive active

material in lithium-organosulfide batteries is explored. As shown in Figure 4A,
the CV curve renders two reduction peaks, labeled as ① and ② at 2.23 and
2.0 V, corresponding to the two discharging platforms of the GCD profile (Fig-
ure 4B). Platform ① represents the breaking of the S-S bond in PDVTHS,
due to its lower bond energy, followed by the incorporation 2Li+ to form
LiS2C4H8S3Li. Platform② represents the further conversion of the intermediate
products into the final discharged products (such as 2, 20-thiobis(lithium ethio-
thiol) [LiSC4H8S2Li] and Li2S). In platform ③, the discharging products are con-
verted back to reactant PDVTHS. The overall redox reaction is depicted in the
inset of Figure 4B. The morphological transformation evolutions during the
discharge and charge processes are investigated by a SEM. Figures 4C–4F
show themorphologies of four different phases: (1) CNTpaper (Figure 4C), exhib-
iting a typical morphology of carbon nanotubes; (2) a fresh PDVTH-CNT cathode
with a uniform deposition of SCP within the CNT network (Figure 4D); (3) a cath-
ode discharged to 1.6 V at 0.05 C (Figure 4E), where the surface morphology of
the PDVTHS-CNT cathode returns to that of fresh CNT paper, indicating the
reduction of SCP to low-order lithium polysulfides and inorganic small-molecule
lithiumsulfide (Li2S2, Li2S); and (4) the cathode is recharged to 3V (Figure 4F), the
cross-linked polymer reappears, and the morphology is consistent with that of
the pristine PDVTHS-CNT cathode. S 2p XPS contributes to identify the
charged/discharged products of PDVTHS. For the discharged cathode, as elab-
orated in Figure 4G, the S 2p3/2 peak (160 eV) and S 2p1/2 peak (162 eV) are
derived from Li2S and LiSC4H8S2Li, which are the primary discharging products.
The S 2p3/2 peak (163.3 eV) can be ascribed to partially reduced lithium polysul-
fides (Li2Sx, 2% x% 4) because of incomplete discharging, and the S 2p1/2 peak
(166.9 eV) is reconfirmed in the presence of thiosulfate. The S 2p spectrumof the
organic cathode recharged to 3 V indicates the presence of S=O around 166.2 eV
stemming from the thiosulfate of the residual side reaction product. Two sets of
peaks, 162.5 and 163.7 and 168.2 and 169.4 eV, both in discharged/charged
cathodes, stand for the S-S and S-C bonds.22,23

To verify that the reaction pathway occurred according to the prediction, an
operando Raman spectroscopy analysis was performed on the cathode of
different discharging/charging depths under a CV test at 50 mV s�1 (Figure 4H).
Raman signals of 147, 217, and 353 cm�1 (the voltage is higher than 2.45 V)
correspond to the S-C and S-S bonds of the preliminary lithiation intermediate.
When discharge below 2.23 V, peaks of Li2S (495 cm�1) and low-order lithium
polysulfide (Li-S-CH2-S-CH2-S-Li, 1, 353 cm�1) appear but then disappear when
the voltage recharges above 2.45 V, which can be monitored by an operando
Raman spectral signal collection process.24,25 During battery charging, a
peak at 473 cm�1 is detected as the voltage rises to 2.45 V, synchronous
with the relative intensity becoming stronger until the voltage rises to 3 V.
This signal is assigned to the reconstituted PDVTHS, which disappears again
after the reduction potential declines to 2.23 V, suggesting a typical reversible
conversion from PDVTHS to the final discharged products. It is worth noting
that the signal at 1,587 cm�1 existed in whole potential is ascribed to the ethyl
thioether (-CH2-S-CH2-) group of intermediates, according to the Raman spec-
trum of the raw PDVTHS matrix (Figure S4). UV-vis absorption spectroscopy is
utilized to validate the reaction pathway. The cathodes that are discharged to
The Innovation 6(2): 100765, February 3, 2025 3
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Figure 3. Characterizations of PDVTHS (A) XRD, (B) FTIR, (C) TOF-SIMS, (D) C 1s and S 2p XPS spectra, and (E) TGA curves and corresponding DSC spectrum tested in N2 with a
heating rate of 10�C min�1.
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1.6 V after 10 cycles (noted as 10 th-DC-2.2 V in the current format) and 10 th-
RC-3.0 V are selected for testing. Then, the positive plates are taken out and
soaked in DOL/DME solvent. As expected, according to the color of the solu-
tion, all the electrolytes of the impregnated cathode plates are colorless and
transparent (Figure S5), indicating that there is no formation of a long-chain
polysulfide during the reaction or that the generated amount is very small
and difficult to observe. The solution is used for UV-vis absorbable spectros-
copy to further verify the products at completely discharging/recharging poten-
tials (Figure S6).26,27 For the cathode discharged to 1.6 V, no noticeable change
is detected except the appearance of an intensity peak at 218 nm stemming
from the ethyl thioether group in Li-S-CH2-S-CH2-S-Li. In contrast, the absorp-
tion peak of the ethyl thioether group in the cathode (positive potential at 3
V) shifts to a higher wavenumber, 227 nm, due to the different chemical envi-
ronment of the PDVTHS molecule. Since the signal of preliminary lithiated
PDVTHS is observed at 419 nm, experience a facile Li-chelation that polysulfide
bridging Li+ to form Li-S3-CH2-S-CH2-S3-Li owing to interference of the electro-
lyte, and a few lithium products (Li-S2-CH2-S-CH2-S2-Li) that have not been
completely oxidized appeared at 334 nm. The results clearly indicate different
electrochemical behaviors and intermediate products of PDVTHS. The long-
chain polysulfide is absent during the battery operation process; meanwhile,
in the PDVTHS cathode, it mainly exists in the form of a preliminary lithiation
product (e.g., Li-S2-CH2-S-CH2-S2-Li) at the small peak ① and final discharging
products, low-order lithium polysulfide (Li-S-CH2-S-CH2-S-Li) and Li2S, at the big
peak ② in the CV curve, implying that the PDVTHS composite architecture
could effectively avoid the severe shuttling effect of long-chain polysulfides
and therefore realize excellent cycling stability.

The performance of the PDVTHS-CNT cathode is evaluated in a lithium-
organosulfide battery. Figure 5A expresses the rate capacity at various current
densities ranging from 0.05 to 5 C. At lower current rates of 0.05, 0.1, 0.2, 0.5,
1, and 2 C, the cathode demonstrates excellent rate performance, with capacities
of 790.5 (82.6% of theoretical capacity), 671, 649, 609, 337.5, and 200 mAh g�1,
respectively (Figure 5B). At higher current rates of 5 C, it has a capacity of
100mAh g�1 (10.4% of theoretical capacity), which is likely due to the large elec-
4 The Innovation 6(2): 100765, February 3, 2025
trolyte consumption. After switching back to 0.2 and 0.1 C, capacity can still
recover stably to 656 and 647mAh g�1, implying that the PDVTHS-CNT cathode
has good rate performance. The cycle properties of cathodes with different SCP
area loadings (1.24, 2.48, and 3.72 mg cm�2) are shown in Figure 5C. The initial
capacities are 589, 530, and 457 mAh g�1 at 0.1 C, respectively, indicating that
batteries with low active materials loaded maintain a higher capacity retention
and a long cycle life. The obtained result can also be caused by a larger liquid-sul-
fur ratio (E/S) and lower consumption of the electrolyte. Furthermore, the prop-
erties of PDVTHS in this work are compared with those of organic materials re-
ported in recent years based on the rate capacity (Figure 5D), and one can
obviously see the excellent performance of this work. The detailed rate capacity
andmolecular structure have been given in Table S2. The long-term cycle perfor-
mance at 0.2 C for the PDVTHS cathode with a 2.48 mg cm�2 loading is pre-
sented in Figure 5E. The initial capacity is 335 mAh g�1, and after 1,000 cycles,
the capacity remains at 124mAh g�1, with a capacity decay rate of only 0.063%.
GCD profiles of 290–300 and 900–910 cycles are shown in the insets of Fig-
ure 5E, indicating that the battery runs steadily. The corresponding GCD profiles
of difference cycles are shown in Figure S7. The corresponding specific capac-
ities based on sulfur are characterized in Figures S8–S10. Furthermore, Fig-
ure S11 presents the EIS data for the pristine and cycled cathode, indicating
that the cathode maintains good conductivity even after long-term cycling.
The impedance values are listed in Table S3. These results reveal that the
PDVTHS-CNT cathode exhibits excellent interface compatibility with the electro-
lyte, significantly reducing charge transfer impedance and ensuring stable reac-
tion kinetics over long-term cycles.

CONCLUSION
In this work, we have summarized the type of alkali-catalyzed polymerization

of thiol and S8 and named it thiol-sulfur click chemistry. Under alkaline catalysis,
thiol groups form highly nucleophilic sulfur anions, which then attack the less
resistant S atom of the S8 ring, resulting in polymerization. Aside from it being
fast and reliable, an additional figure of merit of thiol-sulfur click chemistry is
that its products exhibit decent performance of stored energy. PDVTHS, a
www.cell.com/the-innovation
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Figure 4. The study of electrochemical behavior of the PDVTHS-CNT cathode in a Li-S battery (A) CV curves performed at 50 mV s�1. (B) Voltage profile cycled at 0.05 C rate with
labels for the different voltages corresponding to the potentials shown in CV curves. (C) The morphology of CNT paper. (D–F) SEM images for various phases of PDVTHS-CNT
cathode are shown: (D) pristine, (E) discharged to 1.6 V, and (F) recharged to 3 V. (G) S 2p XPS spectra of the completely discharged/recharged cathode after 2 cycles at 0.05 C
rate. (H) Operando Raman spectroscopy analysis of different potentials based on CV test at 50 mV s�1.
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novel SCP, has been successfully synthesized using this approach. It demon-
strates a high theoretical specific capacity of 957.3 mAh g�1, an initial capacity
of 790.5 mAh g�1 (82.6% of theoretical capacity), and a long-term cycling life of
1,000 cycles with a low-capacity decay rate of 0.063%. In consequence, the pro-
posal of the new reaction pathway provides insights for the development and
synthesis of other SCPs.
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