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ABSTRACT
Organosulfur polymers, valued for their structural tunability and environmental friendliness as cathode materials for lithium-
sulfur (Li-S) batteries, face challenges in practical applications due to inadequate cycling stability and rate performance.
Herein, we report the rational design and green synthesis of a heterocycle-bridged short sulfur-chain polymer, namely
poly(pyrazine tetrasulfide) (PPZTS), with a sulfur-rich atomic chain structure as a high-performance cathodematerial for lithium-
organosulfide batteries. The pyrazine-bridged short sulfur-chain structure in PPZTS prevents the formation and shuttling of
long-chain polysulfides, and the electronegative π-conjugated pyrazine rings facilitate uniform Li+ diffusion, leading to significant
improvements in both cycling stability and rate performance. The PPZTS cathode achieves a high capacity of 1250 mAh g−1 at
0.1 A g−1 and 660 mAh g−1 at 5.0 A g−1. When cycled at 1.0 A g−1, the PPZTS cathode demonstrates an initial capacity of 850.9
mAh g−1 and retaining 630.4 mAh g−1 after 400 cycles. The PPZTS cathode also demonstrates robust performance across a wide
temperature range from −20 to 80◦C, and the deployment in soft-packed batteries further suggests its potential practicability.
This work underscores the intriguing potential of heterocycle-linked short sulfur-chain polymers as cathode materials for alkali
metal-organosulfide batteries, addressing key challenges in organosulfur polymer applications for advanced energy storage
devices.
1 Introduction

Lithium-sulfur (Li-S) batteries have garnered considerable atten-
tion owing to their exceptional theoretical energy density
(2600 Wh kg−1), cost effectiveness, and eco-friendly nature [1–
9]. However, several challenges hinder their commercial viability,
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including the inherent electronic insulation of sulfur, the shut-
tle effect of polysulfide intermediates, and substantial volume
expansion during lithiation [10–16]. Extensive research has been
undertaken to enhance the performance of Li-S batteries, mainly
focusing on two primary strategies to confine sulfur species
within the cathode. The first approach involves encapsulating
1 of 9
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elemental sulfur within carbon-based nanomaterials or inorganic
matrices [17–20]. These composites have shown improved cycling
stability and rate performance to some extent. However, practical
applications are still limited due to factors such as low sulfur
utilization, formation of insulating sulfur species, and generation
of long-chain polysulfides. These long-chain polysulfides can
shuttle between the cathode and anode, leading to the loss of
active sulfur and capacity. The alternative strategy is to form
organosulfur compounds by covalently bonding sulfur with
organic molecules or polymer chains, thus providing high sulfur
content and mitigating the shuttle effect [21–29]. The tunable
molecular structure and functional groups of organosulfur mate-
rials enable diverse electrochemical properties. However, a long
sulfur-chain would result in diminished electrical conductivity,
which limits rate performance, and cannot fully prevent the
shuttle effect, thus compromising the cycling stability of lithium-
organosulfide batteries. Therefore, there is an urgent need to
develop advanced organosulfur polymers with short sulfur-chain
and optimized molecular structure to achieve high-performance
Li-S batteries.

Herein, we report the rational design of an organosulfur poly-
mer, namely poly(pyrazine tetrasulfide) (PPZTS), synthesized via
the substitution of chlorine in dichloropyrazine (DCPZ) with
a short sulfur-chain (Figure 1). The unique pyrazine-bridged
short sulfur-chain structure of PPZTS efficiently avoids the
shuttle effect and facilitates lithium-ion transport, as the short
sulfur-chain prevents the formation and shuttling of long-chain
polysulfides, while the electron-richπ-conjugation pyrazine units
promote lithium-ion diffusion. Additionally, the polar nitrogen
sites in the pyrazine ring provide strong interactions with charge-
discharge intermediates and immobilize lithium sulfide species,
thus enhancing electrochemical stability. These structural fea-
tures collectively contribute to the high discharge capacity, rate
capability, and cycling stability of lithium-organosulfide batteries.
As a result, the PPZTS cathode exhibits a substantial specific
capacity of approximately 1250 mAh g−1 at 0.1 A g−1 and good
capacity retention of 660 mAh g−1 at 5.0 A g−1. Additionally, it
demonstrates a high specific capacity of 850.9 mAh g−1 at 1.0 A
g−1 and preserves a value of 630.4 mAh g−1 after 400 cycles. These
findings highlight the great potential of heterocycle-bridged short
sulfur-chain organosulfur polymers to serve as cathode materials
for high-capacity and long-lifespan alkali metal-organosulfide
batteries.

2 Result and Discussion

The short sulfur-chain organosulfur polymer, PPZTS, was syn-
thesized via a substitution reaction between dichloropyrazine
(DCPZ) and Na2S4 (Figure 1a). With a high content of S atoms,
PPZTS facilitates a higher density of lithium storage sites and
possesses a high theoretical specific capacity of 1256.5 mAh
g−1. Figure 1b presents the schematic working mechanism of
PPZTS as a cathode material for lithium-organosulfur batteries.
Due to the short sulfur-chain length in PPZTS, polysulfides
are not formed during the discharge process. Instead, Li+
ions react with sulfur sites in the polymer matrix to generate
pyrazine-based lithium organosulfide (PZS-Li) and Li2S, inhibit-
ing the formation of soluble long-chain polysulfides and thus
preventing the shuttle effect. In addition, the polymer back-
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bone incorporates electron-withdrawing pyrazine rings, which
improve electron delocalization and provide lithophilic sites
via nitrogen–lithium interactions, providing a certain adsorp-
tion affinity for the PZS-Li and Li2S generated in the adja-
cent region and facilitating uniform Li+ distribution. Further-
more, the rigid conjugated framework and strong S–C bonds
ensure structural integrity and low sulfur dissolution during
cycling, contributing to high capacity retention and long-term
stability.

The morphology and composition features of as-prepared PPZTS
were investigated by scanning electron microscope (SEM) and
energy dispersive X-ray spectroscopy (EDX) (Figure 1c–e). As
observed from the SEM images, the PPZTS material exhibits an
irregular block-like morphology with relatively uniform particle
size distribution, dense surfaces, and well-defined structural
integrity. Suchmorphology is favorable for electrolyte penetration
and facilitates efficient lithium-ion diffusion. EDX mapping
reveals a uniform distribution of S element throughout the
PPZTS structure with no obvious aggregation, indicating a
homogeneous incorporation of sulfur at the molecular level.
EDX analysis reveals that the atomic ratio of carbon to sulfur
in PPZTS is approximately 1:1.09, which is consistent with the
designed short sulfur-chain-rich molecular framework. Further-
more, the supplementary elemental analysis results provided in
Table S1 further corroborate a C/S atomic ratio close to 1:1.01.
This indicates that the sulfur atoms are covalently bonded to
the pyrazine rings in the form of short sulfur chains (C–S4–
C), forming a stable organosulfur framework. The high sulfur
content provides abundant reversible redox-active sites, which
is a key prerequisite for achieving high specific capacity. By
comparing the XRD results of PPZTS and sulfur powder, it could
be confirmed that the existence form of S atoms in PPZTS has a
distinct variation (Figure S1). Unlike the clear crystalline peaks of
elemental sulfur, the XRD pattern of PPZTS exhibits only a broad
hump from 15◦ to 30◦, indicating the presence of a polymeric
structure [30].

The structural characterizations of DCPZ precursor and as-
synthesized PPZTS sample were carried out through Fourier
transform infrared (FTIR), Raman, and X-ray photoelectron spec-
troscopy (XPS) analyses. The FTIR spectrumof PPZTS (Figure 2a)
shows an absorption peak at 1638 cm−1 corresponded to the C═C
stretching vibration [31], while the peaks at 1350 and 1100 cm−1

represent the C═N and C–N stretching vibration, respectively
[32]. These characteristic peaks are also present in the FTIR
spectrum of DCPZ precursor, confirming the preservation of the
conjugated pyrazine backbone after the reaction. Additionally, a
strong peak at 710 cm−1 in the FTIR spectrum of DCPZ precursor
is attributed to the C–Cl bond, which disappears in the FTIR
spectrum of PPZTS. Instead, a new peak appears at 1250 cm−1,
corresponding to the C–S bond [33], and another peak at 610
cm−1 is assigned to the S–S bond stretching vibration [34]. The
disappearance of C–Cl and the emergence of C–S and S–S bonds
indicate the substitution and sulfurization during the synthesis
process of PPZTS. These results suggest that PPZTS has been
successfully synthesized from DCPZ precursor through specific
functional group transformations. The characteristic structural
units of DCPZ precursor, such as C═C and C═N moieties, are
preserved in the product, while the emergence of new sulfur-
related vibrational signals (C–S and S–S) confirms the formation
Advanced Energy Materials, 2026
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FIGURE 1 Synthesis, characterizations, and working mechanism of PPZTS. (a) Synthesis route and Li+ storage mechanism of PPZTS,
demonstrating the avoidance of polysulfide formation and shuttle effect. (b) Schematic diagram of the working mechanism of PPZTS as a cathode
material for the inhibition of the shuttle effect in lithium-organosulfide batteries. (c) SEM image, (d) corresponding S element mapping, and (e) EDX
analysis result of PPZTS.
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of the PPZTS. The Raman spectrum of DCPZ precursor presents
a distinct peak at 1020 cm−1 corresponding to C–Cl stretching
vibration (Figure 2b), which is substituted by the signals of C–S
(450 cm−1) and S–S (480 cm−1) bonds in PPZTS [35]. XPS analyses
were conducted to further determine the chemical compositions
of both samples. The C 1s XPS spectrum (Figure 2c) of DCPZ
precursor shows three deconvoluted peaks at 284.6, 285.2, and
286.2 eV, corresponding to the C═C, C–N, and C–Cl bonds,
respectively [36]. In contrast, for PPZTS, the signal of C–S bond
could be clearly observed at 285.6 eV [36]. Additionally, the
S 2p XPS spectrum of PPZTS (Figure 2d) displays three well-
defined peaks at 163.4, 165.0, and 168.2 eV, corresponding to C–S,
S–S, and polarized sulfur environments, respectively [34, 36].
The appearance of these signals, which are absent in the DCPZ
precursor, confirms the successful formation of covalent sulfur
linkages and structural transformation during the synthesis of
PPZTS.

The cyclic voltammetry (CV) curves of PPZTS cathode were
recorded at a scan rate of 0.5 mV s−1 in the voltage range of 1.5–
3.0 V vs. Li+/Li (Figure 3a). The CV curves exhibit three distinct
redox peaks that well overlapped during the subseqent cycles,
indicating the presence of a reversible electrochemical reaction
Advanced Energy Materials, 2026
process for Li+ storage and release. The two reduction peaks
correspond to the storage of Li+ in PZS-Li and the generation of
Li2S, respectively. Compared with the CV curves of traditional
sulfur/carbon (S/C) composite cathode (Figure S2), the peak
current intensities of PPZTS are sharper and higher, suggesting
its higher electrochemical reaction activity. Figure 3b depicts
the electrochemical impedance spectroscopy (EIS) results for the
PPZTS cathode at the pristine state and after 100 cycles. Initially,
the charge transfer resistance of the pristine PPZTS cathode is
measured to be 129Ω, indicating favorable electronic conductivity
and efficient interfacial charge transport. Impressively, after 100
cycles, charge transfer resistance markedly decreases to 13 Ω,
implying a significant enhancement in the electrode/electrolyte
interface and overall charge transfer kinetics. This pronounced
impedance reduction highlights the smooth charge transfer
and robust electrochemical stability of PPZTS cathode during
prolonged cycling. In contrast, the charge transfer resistance
of the conventional S/C compsite cathode exceeds 300 Ω at
pristine state (Figure S3a), and remains as high as 170 Ω after
100 cycles (Figure S3b), indicating sluggish charge transport and
poor interfacial stability. Figure 3c shows the CV curves of PPZTS
cathode at different scan rates ranging from 0.2 to 1.0 mV s−1.
As the scan rate increases, the response current of the PPZTS
3 of 9
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FIGURE 2 Spectroscopic characterizations of DCPZ precursor and PPZTS. (a) FTIR spectra, (b) Raman spectra, and (c, d) XPS spectra at (c) C 1s
and (d) S 2p regions of DCPZ precursor and PPZTS, respectively.
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cathode also increases, and the redox peaks are kept intact. This
indicates that the PPZTS cathode has good kinetic performance
and electrochemical reversibility.

To more quantitatively evaluate the electrochemical kinetics of
PPZTS cathode, fitted straight lines were obtained by fitting the
peak currents of CV curves vs. the square roots of scan rates
(Figure 3d), and the diffusion coefficient of lithium ions was
calculated according to the Randles-Sevcik formula: [37]

Ip = 2.65 × 105n1.5SDLi+
0.5
Cv0.5 (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), and C is the volumetric concentration
of Li+ in the electrolyte (mol cm−3), and ν is the scan rate (V
s−1). Since the influencing factors of the slopes of the fitting
lines are all constants except for DLi

+, the slope is only related
to the diffusion coefficient of Li+. Compared with traditional
S/C cathode (Figure S3), the slopes of the fitted straight lines
of PPZTS cathode are larger (as presented in Table S2), and the
calculatedDLi

+ values are summarized in Table S3. This indicates
4 of 9
a higher Li+ diffusion coefficient, further verifying the enhanced
Li-ion diffusion kinetics of PPZTS cathode. Furthermore, the
Li-ion diffusion coefficient (DLi

+) of PPZTS cathode was deter-
mined with galvanostatic intermittent titration technique (GITT)
(Figure S4), demonstrating elevated Li-ion diffusion capability for
PPZTS in the range of 10−7–10−10 cm2 s−1 relative to conventional
S/C material (10−10–10−12 cm2 s−1) [37].

The electrochemical performances of PPZTS cathode in lithium-
organosulfide batteries were comprehensively measured
(Figure 4). The rate test results of PPZTS cathode (Figure 4a)
demonstrate a high specific capacity of 1250 mAh g−1 at 0.1 A g−1
and an excellent capacity retention of at 660 mAh g−1 at 5.0 A
g−1, underscoring its potential for use in high-rate applications.
As a comparison, Figure S5a shows the rate performance of
the traditional S/C cathode. When the current density reaches
5.0 A g−1, its discharge specific capacity is only about 270 mAh
g−1. The utilization percentages of PPZTS cathodes remain
consistently higher than that of S/C cathodes across different
current densities, clearly demonstrating the superior rate
performance of PPZTS cathodes (Table S4). The galvanostatic
discharge/charge profiles of PPZTS cathode at different current
Advanced Energy Materials, 2026
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FIGURE 3 Electrochemical kinetic properties of PPZTS cathode. (a) CV curves of PPZTS cathode at a scan rate of 0.5 mV s−1 in the voltage range
of 1.5–3.0 V vs. Li+/Li. (b) EIS spectrum of PPZTS cathode at pristine state and after 100 cycles. (c) CV curves of PPZTS cathode at various scan rates
from 0.2 to 1.0 mV s−1. (d) The fitted plots of CV peak currents vs. the square roots of scan rates (v1/2) obtained from (c).
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densities (Figure 4b) reveal stable voltage plateaus, indicating
excellent electrochemical reaction kinetics.

The temperature-variated cycle performance tests suggest that
the good high and low temperature durability of PPZTS cathode
(Figure 4c; Table S5). Under low-temperature conditions of −20
and 0◦C, the PPZTS cathode demonstrates specific capacities of
333 and 565 mAh g−1, respectively. When the temperature raises
from room temperature to 80◦C, the specific capacity of PPZTS
cathode increases from 750 to 1100 mAh g−1. At an elevated
temperature of 80◦C, the battery still maintains a capacity of
890 mAh g−1 after 30 cycles (Figure S6). The excellent kinetics
and structural integrity, stemming from the conjugated pyrazine
backbone and short S4 chains, underpin this wide-temperature
capability. The galvanostatic discharge/charge profiles of PPZTS
cathode between −20 and 80◦C also demonstrate stable voltage
plateaus (Figure 4d), indicating the working stability of PPZTS
cathode over a wide temperature range, which is crucial for
practical application.

The long-term cycling test of PPZTS cathode at 1.0 A g−1
(Figure 4e) demonstrates an initial capacity of 850.9 mAh g−1
and well preserves a value of 630.4 mAh g−1 after 400 cycles,
corresponding to an ultralow average capacity decay rate of
only 0.075% per cycle, underscoring its considerable promise
Advanced Energy Materials, 2026
for extended operational lifespans. Conversely, the traditional
S/C cathode demonstrates inadequate stability during prolonged
cycling, manifesting a capacity of merely 335mAh g−1 after 400
cycles at 1.0 A g−1 (Figure S5b), corresponding to a higher capacity
decay rate of 0.13% per cycle. At a high current density of 5.0 A g−1,
the PPZTS cathode still shows a high capacity and cycling stability
(Figure S8).

The areal loading and electrolyte dosage are also pivotal parame-
ters for the evaluation of battery material feasibility. As presented
in Figure S9, a heightened PPZTS loading (4.1 mg cm−2) and
a limited electrolyte supply (4 µL mgPPZTS−1) were applied for
testing the cycling performance. The Li||PPZTS battery with a
low electrolyte-to-sulfur (E/S) ratio of 6 µL mgS−1 sustains a
specific capacity of 671.5 mAh g−1 and an areal capacity of 559.6
mAh cm−2 over 70 cycles at a current density of 1.0 A g−1,
demonstrating efficient and stable performance under stringent
operating conditions.

The practical potential of PPZTS cathode was further evaluated
by the assembly and tests of soft-packed Li||PPZTS battery
(Figure 4f,g). The soft-packed Li||PPZTS battery delivers an initial
capacity of 820 mAh g−1 at 1.0 A g−1 and retains at 479.5 mAh g−1
after 90 cycles. For the soft-packed Li||PPZTS battery (Figure 4g),
its gravimetric energy density is calculated to be 233.9 Wh kg−1
5 of 9
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FIGURE 4 Electrochemical performances of PPZTS cathode. (a) Rate capability and (b) corresponding galvanostatic discharge/charge profiles
of PPZTS cathodes tested at various current densities from 0.1 to 5.0 A g−1. (c) Temperature-dependent capacity variation and (d) corresponding
galvanostatic discharge/charge profiles of PPZTS cathodes at various temperatures from −20 to 80◦C at a current density of 1.0 A g−1. (e) Long-term
cycling performance of PPZTS cathode at a current density of 1.0 A g−1. (f) A LED lamp grid steadily powered by a soft-packed Li||PPZTS battery. (g)
Cycling performance and Coulombic efficiency of the soft-packed Li||PPZTS battery tested at 1.0 A g−1.
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(with the key parameters and performances summarized in Table
S6), demonstrating the practical application potential of PPZTS
cathodes in realistic battery configurations. Pre- and post-cycling
examinations reveal that the morphological features of PPZTS
cathode before and after long cycling remain almost identical
(Figure S10), underscoring its good structural stability.

To delve into the underlying working mechanism of PPZTS
cathode, the PPZTS cathodes in the batteries at different dis-
charge/charge states were disassembled after a specified number
of cycles and underwent ex situ analyses involving XPS, Raman,
and UV–vis characterizations. The primary objective is to eluci-
dating the Li+ storage mechanism and ascertaining the extent of
polysulfide formation during cycling. After 100 cycles, the C1s
and S2p XPS spectra of PPZTS cathode upon discharged to 2.25
and 1.70 V are displayed in Figure 5a–b, respectively. At a cutoff
voltage of 2.25 V, a distinct C–S peak is consistently detected at
285.6 eV, signifying the characteristic bonding between carbon
and sulfur (Figure 5a) [36, 38]. As the discharge process progresses
to 1.70 V, the intensity of C–S peak obviously decreases. This
phenomenon is indicative of the formation of C–S–S-Li and
subsequent C–S–Li structures due to the reaction of Li+ with the
C–S4–C moieties, leading to signal attenuation. In parallel, the
6 of 9
evolution of N 1s spectra (Figure S11) demonstrates the dynamic
chemical interaction between the polar N sites and lithium
polysulfides, which synergistically facilitates the immobilization
and conversion of intermediates. The S 2p XPS spectrum pre-
sented in Figure 5b delineates the formation of lithiated species
like C–S–S–Li at 2.25 V, denoted by the peak at 163.5 eV [39].
Upon discharged to 1.70 V, the C–S–S–Li species have made a
complete transformation into C–S–Li and Li2S, leading to the
disappearance of the peak at 163.5 eV. Additionally, SEM images
and corresponding elemental mappings of PPZTS cathode at
discharge voltage of 2.25 V and 1.70 V are shown in Figures S12
and S13. The homogeneous distributions of S and N elements
at different states indicated that PPZTS active material is well
preserved and would not dissolve in the electrolyte, thereby
overcoming the shuttle effect.

Ex situ Raman spectroscopy (Figure 5c) was employed to validate
the charge-discharge steps of PPZTS cathodes after 100 cycles.
During the discharge phase, distinct signals corresponding to
C–S–S-Li and C–S–Li structures initially appeared in the range
of 1000–1090 cm−1, succeeded by the emergence of the Li2S2
signal at 750 cm−1 [40, 41]. As discharge voltage decreases, the
intensities of these signals associated with short sulfur-chain
Advanced Energy Materials, 2026
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FIGURE 5 Working mechanism studies of PPZTS cathode. (a, b) XPS spectra at (a) C1s and (b) S2p regions of PPZTS cathode after discharged to
2.25 and 1.70 V, respectively. (c) Ex situ Raman spectra of PPZTS electrode at pristine state and various discharge/charge states. (d) UV–vis absorption
spectra and (the inset) corresponding photograph of DME solutions soaked with PPZTS and traditional S/C cathodes after discharged to 2.25 V.
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species dwindle and finally disappear upon full discharge. This
stepwise transformation of sulfur species during discharge aligns
well with the two reduction peaks observed in the CV curve
of PPZTS cathode, further confirming the progressive electro-
chemical reduction process. Notably, the signals of S42− and S62−
species are totally absent during the entire process. Furthermore,
ex situ XRD analysis of the deeply discharged cathode (Figure
S14) directly confirmed the formation of crystalline Li2S as the
final discharge product, providing definitive structural evidence
for the solid-phase endpoint of this reduction pathway. In the
charge phase, the simultaneous manifestation of C–S–S–Li, C–S–
Li and Li2S2 signals corresponded to the solitary oxidation peak
is discernible in the Raman spectra. As the charge process ends,
these characteristic signal peaks disappear.

To further assess the cycling stability of PPZTS active material,
the disassembled PPZTS and traditional S/C electrodes after 400
cycles were immersed in a dimethoxyethane (DME) solution for
UV–vis spectroscopic characterizations (Figure 5d). For refer-
ence, standard Li2S6 solutions with different concentrations were
measured, confirming that characteristic polysulfide absorption
features are detectable down to an extremely low concentration
level of 10−9 M (Figure S15). The traditional S/C electrode
exhibits two prominent absorption peaks at 300 and 450–500 nm,
corresponding to the characteristic absorption of Li2S6 and Li2S4,
respectively, confirming the dissolution of polysulfide species
in the electrolyte [37]. In contrast, the PPZTS electrode-soaked
solution shows no noticeable absorption peak, indicating the
Advanced Energy Materials, 2026

 

absence of dissolved polysulfides and demonstrating the avoid-
ance of polysulfide formation [42, 43]. The inset of Figure 5d
visually depicted the almost colorless PPZTS electrode-soaked
solution, in comparison with the dark yellow color of the
traditional S/C electrode-soaked solution. Following the drying
process of the immersed electrodes, SEM and EDX analyses were
executed (Figure S16), revealing amore concentrated distribution
of S element in the cycled PPZTS electrode, indicative of the
improved active substance preservation and capacity retention.
In contrast, the distribution of sulfur species on traditional S/C
cathodes appears sparser, hinting the loss of active substance
due to the shuttle effect. This difference is further supported
by the atomic ratio of C to S, measured at 1:1.02 in the cycled
PPZTS electrode and only 1:0.26 in the S/C cathode, revealing a
significant sulfur loss in the latter sample. These results highlight
the enhanced ability of the PPZTS framework to retain sulfur
species and suppress their migration, thereby contributing to
improved structural stability and electrochemical performance
among reported organosulfur cathodes [44–50].

3 Conclusion

In summary, we propose heterocycle-bridged short sulfur-chain
polymers as a class of effective cathode materials for lithium-
organosulfide batteries. The distinctive structure of PPZTS,
featuring a pyrazine-bridged short sulfur-chains, not only inhibits
the generation of polysulfides but also enhances lithium sulfide
7 of 9
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adsorption, leading to improved rate capability and cycling life.
The PPZTS cathode exhibits favourable rate performance at
various current densities, delievering a specific capacity of 1250
mAh g−1 at 0.1 A g−1 and 660 mAh g−1 at 5.0 A g−1. Moreover, a
high initial capacity of 850.9 mAh g−1 is achieved at 1.0 A g−1, and
retains a value of 630.4 mAh g−1 after 400 cycles. Additionally,
the PPZTS cathode demonstrates high robustness and durability
across a wide temperature range, maintaining 1100 mAh g−1 at
80◦C and 330 mAh g−1 at −20◦C. The application in soft-packed
batteries further confirms its practical application potential.
Comprehensive characterization and mechanism studies reveal
that the PPZTS cathode stores Li+ through a reversible transfor-
mation of C–S, C–S–S–Li, and C–S–Li bonds, accompanied by
the stepwise conversion of short-chain sulfur species. This well-
regulated reaction pathway effectively prevents the formation and
shuttling of long-chain polysulfides, thereby ensuring structural
integrity and stable cycling performance. This work highlights
the immense potential of heterocycle-bridged short sulfur-chain
polymers as advanced cathode materials in alkali metal-sulfur
batteries, offering a promising pathway for resolving critical
constraints that have limited organosulfur polymer deployment
in advanced energy storage systems.
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