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Broader context

Covalent Si—S bonding engineering in sulfurized
polyacrylonitrile (SPAN): toward enhanced
electrochemical stability and kinetics in
lithium—sulfur batteries+

Qi Zhu,1? Yi Gong,1? Zongtao Zhang, ) *@ Cheng Huang,® Miaoran Xu,? Kai Yang,*®
Wei Zhang,? S. Ravi P. Silva (2 ** and Yanfeng Gao () *©

Sulfurized polyacrylonitrile (SPAN) is a promising cathode material for lithium—sulfur batteries due to its
superior sulfur retention and long-term stability. However, the practical application of SPAN is hindered
by insufficient sulfur anchoring sites and sluggish redox kinetics. Herein, we present an atomic-level
bonding strategy to overcome these limitations by incorporating silicon quantum dots (SiQDs) into SPAN
under high-temperature sulfurization (450 °C), forming robust covalent Si-S bonds with a high dis-
sociation energy. These covalent Si—S bonds act as stable sulfur anchors, enabling a 19.77% higher sulfur
loading with minimal free sulfur, while significantly improving electron/ion conductivity and redox reac-
tion kinetics. The optimized Sig o5-SPAN cathode exhibits outstanding electrochemical performance,
including a high initial discharge capacity of 1432.7 mAh g~ and a retained capacity of ~773 mAh g~ after
500 cycles at 1.5 C, corresponding to an ultralow capacity decay of only 0.023% per cycle with nearly
100% coulombic efficiency. Comprehensive experimental characterization combined with density func-
tional theory (DFT) calculations reveal that Si—-S bonding redistributes electron density around sulfur
atoms, effectively suppressing sulfur loss and accelerating charge transfer. This covalent bond engineering
approach offers a new strategy for developing high-energy-density lithium—sulfur batteries with
enhanced stability and kinetics.

As global demand for high-performance, sustainable energy storage solution continues to grow, lithium-sulfur (Li-S) batteries have emerged as a leading can-

didate due to their exceptional theoretical capacity and natural abundance of sulfur. However, their commercialization is hindered by persistent challenges,

most notably the polysulfide shuttle. One key strategy to address these problems is to covalently anchor sulfur within a stable host matrix, e.g., sulfurized
polyacrylonitrile (SPAN), to improve cycling reversibility. Yet, this approach is limited by low sulfur anchoring sites and sluggish redox kinetics. In this work,
we introduce atomic-level integration of silicon into SPAN to form a robust covalent Si-S bonding network through high-temperature sulfurization. These

bonds, which exhibit superior thermodynamic stability compared to conventional weak sulfur interactions, effectively stabilize sulfur and suppress polysul-

fide dissolution in an ether electrolyte. Simultaneously, they accelerate redox kinetics, thereby enabling higher sulfur utilization. This molecular anchoring

strategy not only resolves long-standing degradation mechanisms but also redefines the design principles for sulfur hosts, by combining high capacity with
long-term stability. Practically, the improvements in sulfur retention and reaction kinetics represent critical advancements toward realizing Li-S batteries
with the cycle life and energy density required for electric vehicles and grid-scale storage.

1 Introduction
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Developing sustainable, high-efficiency energy storage systems
with high energy density, long cycle life, and low cost is a criti-
cal global challenge.' Among emerging battery technologies,
lithium-sulfur (Li-S) batteries are one of the most promising
candidates, due to sulfur’s exceptionally high theoretical
capacity (1675 mAh g™'), Earth abundance, and environmental
compatibility.*® However, the practical deployment of Li-S
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batteries is impeded by several major issues, including the
notorious shuttle effect caused by the dissolution and
migration of lithium polysulfides (LiPSs), the substantial
volume expansion of sulfur during lithiation, and inherently
sluggish sulfur redox kinetics, all of which lead to rapid
capacity fading.°

One of the most promising cathode solutions to mitigate
these issues is sulfurized polyacrylonitrile (SPAN), which co-
valently traps sulfur within a carbon-nitrogen polymer
matrix.'’ In SPAN, the sulfur is bound in a short-chain form,
preventing the formation of long-chain LiPSs and largely elimi-
nating the shuttle effect in carbonate electrolytes.'>"?
However, in the ether-based electrolyte typically used with
lithium metal anodes, even these short-chain Li,S, (n < 4)
species are soluble, leading to polysulfide dissolution and con-
tinued shuttling. In addition, the widespread adoption of
SPAN cathodes is still constrained by other challenges, such as
poor conductivity, sluggish solid-state conversion kinetics, and
limited sulfur loading content (typically 30-45 wt% at
350-400 °C processing) due to limited anchoring sites in the
PAN framework. Attempts to simply add more sulfur often
produce unbound free Sg that causes capacity decay, while
higher sulfurization temperatures (>450 °C) promote PAN
cyclization and graphitization (improving the conductivity and
structural stability) but drastically reduce the retained sulfur
content.'"?

Chemical bonding engineering has recently emerged as an
effective strategy to improve the performance of SPAN cath-
odes. For example, selenium doping of SPAN can stabilize the
bound sulfur through Se-S bonds, achieving ultra-stable
cycling of over 800 cycles with only 0.029% decay per
cycle.'®'® Additionally, coordinating SPAN with transition-
metal sites, e.g., Co-N,S, has been shown to enhance elec-
tronic conductivity to ~0.17 S em™" and provide extra polysul-
fide binding sites. These advances highlight the critical impor-
tance of developing new chemical bonding approaches to
maximize sulfur utilization while improving electrochemical
performance.'®® However, Se doping is hindered by high
material costs and the formation of irreversible Li,Se side reac-
tions, while metal modification also suffers from metal leach-
ing and reduced energy density. In this context, silicon (Si), a
chemically versatile element, provides an elegant elemental
solution positioned adjacent to the sulfur group in the
element periodic table. Notably, silicon can form a covalent
Si-S bond with a high dissociation energy (~147 k] mol™"),
which is significantly higher than those of commonly reported
bonding systems, such as S-Te (60 kJ mol™*), S-N (115 kJ
mol ™), S-Sb (70.6 kJ] mol™") and S-S (101.5 kJ mol™").>*2°
Moreover, the conductivity of silicon (107> S em™") is several
orders of magnitude larger than that of sulfur, which could
help address the charge-transfer limitations of SPAN. Despite
these potentials, integrating Si-S chemistry into SPAN architec-
tures has proven challenging, primarily due to critical
bottlenecks of high synthesis temperature required for
bond formation and silicon aggregation during thermal
processing.>”*®
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Herein, we report the first successful integration of covalent
Si-S bonds into SPAN cathodes by in situ reacting silicon
quantum dots (SiQDs) with PAN during high-temperature sul-
furization. By optimizing the sulfurization temperature and
SiQD doping level, we achieved a record sulfur content of
37.93 wt% in the SPAN composite when annealed at 450 °C
(22.6% higher than that of the undoped sample), while main-
taining minimal free sulfur. The SiQD-engineered SPAN
cathode delivers exceptional performance, with an initial dis-
charge capacity of 1432.7 mAh g~ at 0.1 C and a retention
capacity of 773.2 mAh g™ after 500 cycles at 1.5 C, corres-
ponding to an ultralow decay rate of 0.023% per cycle.
Spectroscopic analysis combined with DFT modeling indicates
that the introduced Si-S bonds redistribute electron density
around sulfur atoms, which mitigates sulfur loss and opti-
mizes charge transfer pathways during cycling. This work
demonstrates an effective atomic-level bond engineering strat-
egy for Li-S batteries, establishing a robust platform that
bridges fundamental materials innovation with practical
battery applications.

2 Experimental
2.1 Materials

3-Aminopropyltriethoxysilane (APTES, 97 wt%) was purchased
from Usolf Chemical Technology Co. Ltd, Shandong, and used
as the silicon source. PAN (M,, = 150 000 g mol ') is purchased
from Sigma Aldrich Trading Co. Ltd, Shanghai. Sublimation
sulfur (S, >99.5 wt%) and anhydrous glucose (AR, 99 wt%) are
purchased from Komeo Chemical Reagent Co. Ltd, Tianjin.
N,N-Dimethylformamide (DMF) and acetonitrile (AR,
>99.5 wt%) were purchased from Sinopharm Chemical
Reagent Co. Ltd, China. Polyvinylpyrrolidone (PVP) (M, =
58000 g mol ") was purchased from Aladdin Biochemical
Technology Co. Ltd, Shanghai. CNTs with a diameter of
8-15 nm and length of 10-50 pm were purchased from
Chengdu Organic Chemicals Co. Ltd, China. 1,3-Dioxolane
(DOL), 1,2-dimethoxyethane (DME) and lithium bis(trifluoro-
methanesulfonyl) imide (LiTFSI) were brought from Alfa
Aesar. All chemicals and solvents were analytical grade and
used without further purification.

2.2 Materials synthesis

2.2.1 Synthesis of SiQDs. 1 mL APTES is mixed with 4 mL
of deionized water under vigorous stirring for 10 min to
ensure that APTES is fully hydrolyzed. Then, 1 mL glucose
aqueous solution (0.24 M) is added and mixed in a water bath
at 70 °C for 20 min. After that, acetonitrile solution (the
volume ratio of SiQD solution/acetonitrile is fixed at 1:4) is
added to remove the impurities in the reaction product. The
obtained precipitates are centrifuged and washed to get the
final SiQD powders.*®

2.2.2 Preparation of SPAN and Si,-SPAN cathode materials.
Appropriate amounts of the as-obtained SiQDs are added into
DMF and mixed with CNT, PAN, PVP, and sublimed sulfur

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(weight ratio of 1:4:4:16) in a water bath at 60 °C for 12 h.
The addition amounts of SiQDs vary by 2.5 wt%, 5.0 wt%, and
10.0 wt%, respectively. The obtained mixed solution is bar-
coated onto a PET substrate, which is immediately immersed
in deionized water and ultrasonically treated for about 1 h.
After that, the obtained precursor membranes are dried under
vacuum at 60 °C overnight under an Ar atmosphere. The
obtained samples are further annealed in a tube furnace at
elevated temperatures above 450 °C for 6 h to obtain the SiQD
doped SPAN electrodes. A pure SPAN sample is also syn-
thesized without the addition of SiQDs. The doped electrodes
are denoted as Sigg,5-SPAN, Sig¢5-SPAN, and Sig-SPAN,
respectively, for samples with 2.5%, 5%, and 10% SiQD
doping content.

2.3 Materials characterization

The morphologies of Si,-SPAN are characterized by scanning
electron microscopy (SEM, Auriga FIB, Zeiss, Germany).
Transmission electron microscopy (TEM, FEI, Tecnai G2 F20,
USA) is used to characterize the structures and morphologies
of the Si,-SPAN samples. X-ray photoelectron spectroscopy
(XPS) spectrum is analyzed on a PHI Quantera SXM
(ULVAC-PHI, Kanagawa, Japan) system with an Al/K anode
(photon energy = 1486.6 eV) mono X-ray source. X-ray diffrac-
tion (XRD) is performed on an Xray diffractometer
(DX-2700BH, Dandong Haoyuan Ltd, Liaoning, China) using
Cu Ka as the radiation source. Raman spectroscopy is per-
formed using a Confotec MR520 instrument (Graben,
Germany) with an excitation wavelength of 532 nm. Fourier
transform infrared (FTIR) spectra are recorded using a Bruker
Vertex 70 FTIR spectrometer. Thermogravimetric (TG) analysis
is performed under nitrogen flow using a thermal analyzer
(STA449F3, NETZSCH, Germany) at a heating rate of 10 °C
min~' from room temperature to 1000 °C. Nitrogen adsorp-
tion-desorption isotherms are recorded using an ASAP 2460
(Micromeritics Shanghai, China) at a temperature of 77 K. The
specific surface area and the pore structure are measured by
nitrogen sorption using a physisorption analyzer (JW-BK112,
Beijing, China). CP/MAS (cross-polarized magic angle spin-
ning) NMR spectra are obtained on a 14.1 T wide-bore Bruker
Avance III (Germany) spectrometer with a 4 mm dual-reso-
nance magic angle rotating probe tip. The Larmor frequencies
of *C and *°Si are 150.92 and 119.24 MHz, respectively.

2.4 Electrochemical measurements

The obtained flexible SPAN and Si,-SPAN composites are used
directly as the cathode and lithium metal foil as the anode to
assemble the CR2032 coin cells. The ether-based electrolyte is
made of 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and 0.1 M LiNO; dissolved in 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) solution (1: 1, v/v). The amount of
electrolyte in the cells is 40 pL, and the electrolyte to sulfur
(E/S) ratio is approximately 8 pL mg™'. The electrode had an
active material loading of 1.5 mg cm™2, a diameter of 12 mm,
and a thickness of approximately 400 pm. Galvanostatic
charge/discharge (GCD) and rate performances are measured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on a battery test system (LANDCT2001A, Wuhan Electronics
Co., Ltd Wuhan, China) with cycling voltages ranging from 1.0
to 3.0 V with different cycle rates. Cyclic voltammetry (CV) with
various scan rates and electrochemical impedance spec-
troscopy (EIS, 10 mHz to 100 kHz) measurements are carried
out with an AUTOLAB electrochemical instrument
(PGSTAT302N, Metrohm, Switzerland). Specific charge/dis-
charge capacities are calculated based on the mass of sulfur in
SPAN and Si,-SPAN.

2.5 DFT calculations

The density functional theory (DFT) calculations in this study
are carried out using the Vienna Ab Initio Simulation Package
(VASP). Evaluation of the exchange-correlation energy is per-
formed using the Generalized Gradient Approximation (GGA)
coupled with the Perdew-Burke-Ernzerhof (PBE) function. The
electron-ion interactions are described through the Projector
Augmented Wave (PAW) method. The plane wave expansion
energy cutoff is established at 500 eV. Convergence criteria are
set at 107 eV for energy and 0.02 eV A~ for force. In slab
model computations, a 15 A vacuum spacing is introduced to
mitigate the interactions between periodic images.
Furthermore, for these models, dipolar correction is applied
with the symmetrization disabled. The K-point setting is
adjusted to 2 x 2 x 1 and spin polarization is included in all
calculations.

3 Results and discussion

The schematic diagram of the synthesis process for the Si,-
SPAN composite electrode is illustrated in Fig. 1(a). Briefly,
SiQD particles are synthesized by directly reducing 3-amino-
propyltriethoxysilane (APTES) with glucose.”® These SiQDs are
then mixed with S, PAN, PVP and CNTs in DMF solution, fol-
lowed by bar-coating onto the PET substrates to form a precur-
sor membrane. The precursor membrane is subsequently
immersed in deionized water, causing rapid phase separation
that forms solvent/nonsolvent domains within the mem-
brane.?® After thermal treatment at 450 °C under the Ar atmo-
sphere, flexible SiQD doped hierarchically porous SPAN (or Si,-
SPAN) electrodes are obtained. As shown in Fig. 1(e and f) and
Fig S1,1 the Si,-SPAN electrodes are mechanically robust and
can withstand repeated bending.

The high-resolution transmission electron microscopy
(HR-TEM) image (Fig. 1b) reveals that the synthesized SiQDs
are uniformly dispersed with a particle size of 3-5 nm.
Scanning electron microscopy (SEM) and HRTEM images
further confirm the hierarchically porous structures with CNT
networks embedded throughout the electrodes (Fig. S1 and
S27), which can enhance efficient ion and electron transport.
Notably, after the sulfurization step at 450 °C, no independent
SiQDs or aggregated Si particles are observed, suggesting that
the SiQDs react with the PAN/sulfur precursor during anneal-
ing. Energy dispersive X-ray spectroscopy (EDS) elemental
mapping (Fig. 1h-k) further shows that Si is homogeneously
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Fig. 1 (a) Schematic diagram of the synthesis and structural evolution of the composite electrodes. (b)—(d) SEM and TEM images of the Siy 05s-SPAN

composite electrode. (e and f) The mechanical test of the Sigos5-SPAN composite electrode under different bending conditions. TEM dark field
image (g) and the corresponding EDS elemental mappings of C, N, S and Si signals (h—k) for the Sig o5-SPAN sample.

distributed alongside C, N, and S in the SPAN matrix, indicat-
ing successful incorporation of Si into the SPAN framework.
The structure and composition of the Si,-SPAN composites
are further analyzed by X-ray diffraction (XRD), Raman spec-
troscopy and Fourier transform infrared (FT-IR) spectroscopy,
as shown in Fig. 2(a)—(c). XRD results show the expected ortho-
rhombic phase (Sg, JCPDS card no.: 08-0247) and PAN exhibits
a characteristic (110) diffraction at 20 = 17°. After annealing
the PAN-sulfur mixtures (SPAN formation) in N,, a broad diffr-
action peak at 22° to 25° appears, corresponding to the (002)
graphitic plane of SPAN produced by pyrolysis and cyclic reac-
tions.>" The XRD pattern of the Si,-SPAN composite closely
resembles that of the undoped SPAN (Fig. S31), indicating that
the overall SPAN structure is retained upon SiQD addition. No
distinct diffraction patterns for crystalline Si (as shown in the
green line in Fig. 2(a))** are observed in the Si,-SPAN, consist-

1224 | EES Batteries, 2025, 1,1221-1233

ent with the low Si content and the amorphous nature of Si in
the composite.

Fig. 2(b) and (c) present the FTIR results of the SPAN and
Sip.05s-SPAN samples. FTIR spectra of both SPAN and Si ¢s-
SPAN display strong absorption bands at 1497 cm™' and
1222 em™", corresponding to the stretching vibrations of C=C
and C=N in the conjugated PAN backbone, and a band at
801 cm™' attributed to the breathing mode of aromatic
rings.?>?**? Table S1t summarizes the detailed peak assign-
ments.*® A notable difference in the Sig o5-SPAN FTIR spectrum
is observed in the 460-520 cm ™" region, where the multiple S-
S absorption peaks present in SPAN are significantly shifted,
and a new Si-S absorption peak appears at 488 cm™'.>*?° This
new absorption is characteristic of Si-S bond formation, indi-
cating that covalent Si-S bonding is introduced in the SiQD
doped sample. The other Si,-SPAN samples (2.5% and 10% Si,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) XRD patterns of the Sig o5-SPAN, SiQDs, SPAN, PAN and S, respectively. (b and c) Fourier transform infrared (FTIR) and (d) Raman spectra

of the Sip 05-SPAN and SPAN samples. (e) Thermogravimetric (TG) analysis of Sig 05-SPAN and SPAN; (f) N, adsorption—desorption curves and the
corresponding pore size distribution (the inset in (f) and (g) of the Sig o5-SPAN sample obtained by the Brunauer—Emmett—Teller (BET) method). (h)

13C and (i) 2°Si CP-MAS NMR spectra of SPAN and Sig o5-SPAN.

Fig. S41) show similar features. A summary of peak assign-
ments is given in Table $2.1°®?” Raman spectra (Fig. 2d)
provide additional evidence of the structural changes. Both
SPAN and Sig 5-SPAN exhibit Raman modes at 173, 312 and
371 em™', corresponding to the C-S vibrations in SPAN,*' and
modes at 482 and 943 cm™' correspond to the stretching
vibration of the S-S bond. The disordered D band and graphite
G band of carbon appear at 1325 cm ™" and 1550 cm™ ", respect-
ively."* Notably, the intensity ratio Is/I, increases from 0.86 in
SPAN to 0.98 for Sij ¢5-SPAN, suggesting a higher degree of gra-
phitization in the Si doped sample. Additionally, the Is/I;, ratio
increases significantly with higher annealing temperatures
(Fig. S5t), consistent with improved electron transport pro-
perties under high-temperature annealing.?**° The absence of
characteristic Raman modes for Si-S bonds, such as those at
448 em™',*"*? is expected due to the low Si amount.
Thermogravimetric analysis (TGA) curves measured under
an Ar atmosphere (Fig. 2e and S61) show a slight weight loss
below ~130 °C followed by a major weight loss at ~500 °C,
corresponding to the evaporation of free water and the release
of sulfur and other residuals (N or H atoms) during SPAN for-
mation. The Sijo5-SPAN sample shows a similar thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry

profile but with a larger total mass loss, indicating a higher
sulfur content. Such a high sulfur content at this elevated pro-
cessing temperature is unusual. Typically, PAN sulfurization at
300-350 °C yields 30% to 45% sulfur, but this drops to 25%-—
35% at 380-400 °C and around 20% at 450 °C due to the vol-
atilization of sulfur. In our SiQD doped system, the strong Si-S
bonding likely stabilizes more sulfur during the high tempera-
ture annealing, counteracting the tendency for sulfur loss.
Fig. 2f and g present the Brunauer-Emmett-Teller (BET)
results for the Siy ¢s-SPAN composite. The N, adsorption-de-
sorption isotherm shows a type IV curve with a clear hysteresis
loop, indicating a hierarchically porous structure with micro-
pores (<2 nm), meso-pores (2-50 nm) and large nano-/macro-
pores (>50 nm). Such multiscale porosity is advantageous for
Li-S cathodes because it increases the electrolyte-accessible
reactive surface areas and thus enhances reaction kinetics and
cycling stability.*® The specific surface area of Sigos-SPAN is
about 32.3 m* ¢”* higher than that of undoped SPAN (24.6 m>
¢7") and significantly higher than the surface area of ~12.9 m?
¢~ ! obtained using conventional annealing at 450 °C.

In addition, we analyzed the chemical structures of SPAN,
SiQDs and Sig5-SPAN using *C and *°Si cross-polarized

EES Batteries, 2025,1,1221-1233 | 1225
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magic angle spinning (CP-MAS) NMR spectra (Fig. 2g and h).
The *C NMR spectra of SPAN and Si, o5-SPAN show prominent
characteristic signals at 150 ppm and 117 ppm, corresponding
to sp*hybridized carbons of C=N and C=C environments,
respectively, confirming the presence of conjugated hetero-
cyclic structures in both samples.** The signals at 70 ppm and
66 ppm are attributed to carbon atoms bonded to electron-
withdrawing elements (such as sulfur and nitrogen). Notably,
the relative intensity of signals in the 10-40 ppm and
110-140 ppm regions** is reduced in SPAN and Sig y5-SPAN
compared to that of pure PAN, indicating extensive cyclization
and the formation of conjugated heterocyclic structures upon
sulfurization. In the *°Si CP-MAS NMR spectra of Sig o5-SPAN,
the characteristic chemical shift for crystalline Si (~—80 ppm)
is nearly absent, replaced by a broad peak in the range of
amorphous Si (~—50 ppm), indicating the breakdown of crys-
talline Si structures. The two chemical shifts at —25 ppm and
—55 ppm are assigned to the Si-S bonding,**"*® suggesting that
silicon coordinates with sulfur atoms. Additionally, the chemi-
cal shifts at —101 ppm and —110 ppm suggest the presence of
Si-O bonds, likely from partial surface oxidation of SiQDs or Si
atoms bonded to residual oxygen functionalities.”’*° These
NMR results corroborate that in the Sipo5-SPAN composite,
silicon exists in largely amorphous, chemically bonded forms
rather than as crystalline silicon, consistent with the XRD
observations.

To further explore the chemical structure of the Si,-SPAN
composites, we conducted X-ray photoelectron spectra (XPS)
measurements. Fig. 3 presents the XPS results of the Sig o5-
SPAN composites. The XPS survey spectrum confirms the pres-
ence of C, N, O, S, and Si in the composites. The high-resolu-
tion C 1s spectrum shows four peaks at 284.8 eV, 285.5 €V,
286.7 €V, and 289.1 eV, corresponding to C-C/C=C, C-S, C-N,
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and S-C=N bonds, respectively, which align with the C-S
bonds and pyridine N structures in SPAN.’>! Generally, the
presence of pyridine N is known to enhance the electronic/
ionic conductivity and provide additional adsorption sites for
lithium polysulfide in Li-S systems.****> The S 2p spectra cen-
tered at 164.6 eV (S 2p3/2) and 165.7 eV (S 2p1/2) are attributed
to the C-S,~C bonds, while the peaks at 162.2 eV (S 2p3/2) and
163.5 eV (S 2p1/2) are assigned to the Si-S-C formation after
SiQD incorporation.>*> A minor set of XPS peaks at 168.3 eV
and 169.6 €V is also present, which can be attributed to the
-SO,~ bonds from oxidized sulfur species.*"*® Importantly, the
S 2p peaks in Sig ¢5-SPAN are shifted by 0.4 eV towards higher
binding energies compared to those in undoped SPAN (Fig. 3e,
f, and Fig. S77), indicating a change in the electronic environ-
ment of sulfur due to the strong electronic interactions
between S and Si. The Si 2p spectrum displays a double peak
at 103.6 eV and 104.1 eV, characteristic of Si-S bonds.?”** The
absence of Si-Si bond peaks, together with the presence of the
Si-S peak and the shift in S 2p binding energies, confirms that
silicon is predominantly incorporated by forming covalent Si-
S bonds within the SPAN network.

To evaluate the benefits of SiQD incorporation, we compare
the electrochemical performance of SPAN and Si,-SPAN cath-
odes with varying SiQD contents. As shown in Fig. 4a, 5 wt%
of SiQDs is the optimal amount for achieving the highest
electrochemical properties. Notably, the Siy 05-SPAN electrode
delivers high specific capacities of 1432.7, 1340.8, 1027.7,
705.1, and 482.5 mAh g™ at 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C (1
C = 1675 mAh g™"), respectively. The discharge capacity recov-
ered to 1319.8 mAh g~* when the current was switched back to
0.1 C, demonstrating excellent cycling stability. Insufficient
SiQDs may not provide enough Si-S bonding to fully stabilize
the S, while excessive incorporation could introduce too many
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Sio.05-SPAN cathode cell, measured at 0.1 to 2 C. (c) CV curves of the first five cycles at a scan rate of 0.5 mV s™* for the Sig o5-SPAN cathode sample.
(d) Cycling performance of Sig g25-SPAN, Sip.05-SPAN, Sip1-SPAN and SPAN cathode cells at 0.5 C. (e) Charge—discharge profiles of Sip os-SPAN at
0.5 C. (f) Radar charts for a comparison of the obtained Sip o5-SPAN cathode with those in other literature reports (ref. 64—68). (g) Cycling perform-
ance of the Sig g25-SPAN, Sip 05-SPAN, Sig1-SPAN and SPAN cathodes at 1.5 C. (h) Cycling performance of Sip05-SPAN electrodes with high sulfur

loading at 0.2 C.

insulating sites or disrupt conductivity. These results confirm
that a moderate level of SiQD doping (around 5 wt%) is ideal
for maximizing capacity and rate capability. For comparison,
we summarize in Table S4 (in the ESIt) the performances of
various SPAN-based cathodes reported in the literature. The
Sip.05-SPAN developed shows one of the highest capacities and
best rate performances among reported SPAN cathodes, high-
lighting the effectiveness of the Si-S bond engineering
strategy.

Moreover, the charge-discharge curves of Si o5-SPAN (Fig. 4b)
show a sloping voltage plateau at 1.5 V, which increases to 1.7 V
from the second cycle without the appearance of dissolved poly-
sulfides. This is further supported by the cyclic voltammetry
(CV) curves of Siy ¢s-SPAN composites. As shown in Fig. 4(c) and
S8, during the anodic scan, only a single oxidation peak at ~2.3
V is observed, which is consistent with the cycling profiles of
non-long-chained Li,S, species during cycling.®>*

Fig. 4d presents the cycling results at a discharge rate of 0.5
C. Following four activation cycles at 0.1 C, the initial dis-
charge capacities of Sig gp5-SPAN, Siy5-SPAN, Si,;-SPAN and
SPAN are 943.4, 950.6, 980.9 and 585.9 mAh g™, respectively.
After 200 cycles, the Sip 05-SPAN electrode retains the highest

© 2025 The Author(s). Published by the Royal Society of Chemistry

discharge capacity of 902.2 mAh g™, with a low capacity decay
rate of only 0.025% per cycle. In contrast, Sig.»5-SPAN, Sig 1-
SPAN and SPAN exhibit capacities of 741.9, 546.5 and
454.7 mAh g~' after 200 cycles, with decay rates of 0.106%,
0.221%, and 0.112% per cycle, respectively. The -electro-
chemical performance of electrodes with a high silicon
quantum dot content declines primarily due to the aggrega-
tion of silicon and the degradation of the system’s electrical
properties, specifically impedance, caused by the excessive
silicon introduction. The charge-discharge curves of Sig s-
SPAN are also analyzed over extended cycling (Fig. 4e). The
highly overlapping curves from the 5th to the 200th cycle indi-
cate excellent electrochemical stability and improved reaction
kinetics after SiQD doping. Most noticeably, the Si,-SPAN cath-
odes demonstrate superior electrochemical performance com-
pared to those in the literature reports, as shown in Fig. 4(f).
Si,-SPAN shows promising commercial prospects for Li-S bat-
teries, offering excellent electrochemical performance even
under practical and harsh environments.®*"®® As shown in the
comparative analyses in Tables S5-S7 (ESIf), the Siy 05-SPAN
electrode demonstrates exceptional rate capability, long-term
cycling durability, and a high sulfur content.
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To further assess the cycling performance, long-term
cycling tests at 1.5 C are conducted, as shown in Fig. 4(g). The
initial discharge capacities of Sig ,5-SPAN, Sig ¢5-SPAN, Sig 1-
SPAN and SPAN are 737.4, 773.2, 723.6 and 391.5 mAh g_l,
respectively. The Sij ¢5-SPAN electrode demonstrates the
highest discharge capacity of 666.6 mAh g™* after 500 cycles,
with an ultralow decay rate of 0.028% per cycle, outperforming
those in other reports (ESI, Table S5f). The coulombic
efficiency of Si,-SPAN remains stable at nearly 100% through-
out the prolonged cycling process, ensuring the integrity of the
discharge process. Moreover, with a sulfur loading of 5 mg
em~? and an electrolyte/sulfur ratio of 10 pL mg™", the Siy o5
SPAN electrode can deliver a high specific capacity of 817 mAh
¢! after 100 cycles (Fig. 4h), demonstrating excellent cycling
performance at high sulfur loading in ether-based electrolytes.

To understand the origin of the enhanced electrochemical
performance, we investigated the charge-transfer kinetics of
the SPAN vs. Si-doped electrodes. Fig. 5(a) and S9} present the
electrochemical impedance spectra (EIS) and the corres-
ponding fitted equivalent circuits for different Si,-SPAN com-
posites. The intercept at high frequency corresponds to the
ohmic resistance (Ronm) of the cell, which represents the
internal resistance of the electrode. The diameter of the semi-
circle in the mid-frequency range represents the charge-trans-
fer resistance R, at the cathode/electrolyte interface. As seen in
Fig. 5a, the Siy 05-SPAN electrode exhibits a smaller semicircle
compared to the undoped SPAN, indicating a lower Re.
Quantitatively, fitting the spectra yields an Rohm, of ~5.6 Q for
SPAN, reduced to ~4.0 Q for Si, 05-SPAN, and an R that drops
from ~111.2 Q (SPAN) to ~75.3 Q (Sig.95-SPAN). This reduction
in charge-transfer resistance implies that the incorporation of
SiQDs substantially improves the electrode’s electrical connec-
tivity and ionic access, likely through the combined effects of a
more conductive matrix (due to higher graphitization and Si’s
intrinsic conductivity) and additional polar sites (Si-S bonds)
that can facilitate interfacial charge transfer.®®’° Fig. 5b com-
pares the galvanostatic discharge-charge curves at 0.5 C for
the different cathodes. The Si, 5-SPAN cathode exhibits the
smallest overpotential (difference between charge and dis-
charge plateaus) of 0.6 V, which is consistent with faster kine-
tics and easier electrochemical reactions, reaffirming the ben-
eficial role of Si-S bond formation in facilitating the redox pro-
cesses. The effect of Si doping on redox kinetics is further evi-
denced by cyclic voltammetry at identical scan rates for the
different electrodes (Fig. 5c). The Sij ¢5-SPAN cathode exhibits
a higher peak current density and improved redox reversibility
(810 mV vs. 1030 mV), indicating accelerated redox kinetics
due to SiQD incorporation. Fig. 5d presents the Tafel plots for
both anodic and cathodic reactions. The Tafel slope for Sig os-
SPAN is significantly smaller than those of other samples in
both reactions, indicating that the reaction rate is less
impeded by activation overpotentials, showing that the cata-
lytic activity for polysulfide conversion is enhanced in the pres-
ence of SiQDs. These results collectively highlight that Si-S
bond integration not only stabilizes sulfur but also endows the
SPAN cathode with enhanced catalytic properties, likely by pro-
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viding new active sites (Si sites bonded to sulfur) that can
accelerate the lithium sulfide conversion reactions.”””?> In
essence, the SPAN framework doped with SiQDs behaves like a
more effective electrocatalyst for the sulfur redox reactions,
which is crucial for achieving high rates and long cycle life in
Li-S batteries.”>”*

We next probed lithium-ion diffusion kinetics in the electro-
des using CV at various scan rates (Fig. 5e and f). According to

3 14
the Randles-Sevick equation (Ip = 2.69 x 10°n2AD} , v2ACy;: ),

the peak current (I,) in a diffusion-controlled redox process is
proportional to the square root of the scan rate (v'/?), with the
proportionality constant related to the Li* diffusion coefficient
(Dvi-) in the electrode material.”” By plotting I, versus v'/> for
the redox peaks, we can extract the relative Li" diffusion rates.
Fig. 5¢ and h show the linear fits for the oxidation and
reduction peaks of SPAN vs. Sij ¢s-SPAN. From the slopes, we
estimate that the apparent Li" diffusion coefficients in Sig o5
SPAN are increased by approximately 8.1-fold (Dpi = 1.73 X
107" ecm® s7, for the anodic process) and 4.7-fold (D =
3.35 x 107" em® s77, for the cathodic process) compared to
pristine SPAN (2.14 x 10™** and 7.16 x 10™** cm? s™*, respect-
ively), demonstrating significantly enhanced Li* diffusion
properties after Si coupling.”®””

To gain an atomic-level understanding of how Si doping
influences the SPAN electronic structure and polysulfide
binding, we performed DFT calculations. In particular, we
examined the projected density of states (PDOS) and relative
bonding energetics for Si in different configurations. The PDOS
for the Siy 05-SPAN model (with Si in a SPAN matrix) is shown
in Fig. 5i-1. A strong overlap between carbon 2p and sulfur 2p
is observed around the Fermi level (-3 to 3 eV), reflecting the
covalent C-S interactions inherent to SPAN. When examining
the contributions of silicon, we find that the overlap between Si
2p and C 2p (or Si 2p and N 2p) states is relatively minor and
occurs mainly in the range above the Fermi level (around 1-3
eV), suggesting that Si does not strongly interact with the
carbon or nitrogen of the PAN backbone. In contrast, there is a
pronounced overlap between Si 2p and S 2p orbitals extending
from ~0 to 6 eV (Fig. 51), indicating a significant covalent inter-
action between Si and S. In other words, the electronic states of
Si in the doped SPAN are hybridized with sulfur states much
more than with carbon or nitrogen states. This supports the
notion that Si preferentially bonds with sulfur atoms in the
structure (forming Si-S bonds) and that these bonds are robust
in an electronic sense (contributing states near the Fermi level,
which can facilitate charge transfer).

We also evaluated the relative stability of possible Si
bonding configurations via formation energy calculations
(Fig. S107). We modelled a local segment of the SPAN structure
and placed a Si atom in different bonding environments: (i)
bonded to a sulfur atom (forming a Si-S-C linkage), (ii)
bonded to a nitrogen in the PAN ring (Si-N-C), and (iii)
bonded to a carbon in the PAN backbone (Si-C-C). The calcu-
lated binding energies (or formation energies) reveal that the
Si-S bonding configuration is the most favorable, with a for-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Nyquist plots of the SPAN and Si,-SPAN cathodes. (b) Corresponding electrochemical discharge and charging curves at a current density
of 0.5 C; (c) CV curves of Sig.g25-SPAN, Sig.0s-SPAN, Sip1-SPAN, and SPAN cathodes tested at 0.5 mV s™2. (d) Tafel plots of the SPAN and Si,-SPAN
cathodes with different doping concentrations. (e) and (f) CV curves of the Sip05-SPAN and SPAN cathodes at various scan rates. (g) and (h) The
linear relationship between the peak current and square root of scan rates measured at the oxidation and reduction peaks. The simulated PDOS for

C, S (i) and Si (j) atoms. Si adsorption on N atoms (k) and S atoms (l).

mation energy of approximately —4.842 eV. In comparison, the
Si-C configuration has a formation energy of —4.01 eV, and Si-
N is much less favorable at —1.11 eV. The substantially larger
magnitude of the Si-S bond energy corroborates the experi-
mental inference that Si will preferentially react with and
attach to sulfur (rather than to the carbon or nitrogen of the
PAN matrix) during the high-temperature synthesis. These
theoretical findings, together with the spectroscopic evidence,
confirm that Si is chemically bonded to sulfur forming a
network of Si-S bonds that is both energetically stable and
electronically active.

To further elucidate the impact of Si-S bonds on charge dis-
tribution, we performed differential charge density analysis.
Fig. 6a—c show the charge density difference maps for a model

© 2025 The Author(s). Published by the Royal Society of Chemistry

system containing Si-S, Si-C, or Si-N bonds. In the Si-S
bonded system (Fig. 6a), a significant accumulation of electron
density (yellow regions) is observed around the sulfur atom,
while a depletion of electron density (blue regions) is seen
around the silicon. This indicates that electrons are partially
transferred from Si to S when a Si-S bond is formed, consist-
ent with sulfur being more electronegative. In contrast, the Si-
C (Fig. 6b) and Si-N (Fig. 6¢) systems show much less pro-
nounced charge transfer between Si and the other element.
These comparisons reinforce that Si-S bonds have a strong
polar-covalent character that can localize electron density onto
sulfur, lowering the energy barrier of the S conversion. A
planar-averaged charge difference analysis (Fig. 6d-f) along
the direction across the Si-S interface further highlights this

EES Batteries, 2025,1,1221-1233 | 1229
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effect. A clear peak of negative charge appears on the S side of
the bond, while a corresponding positive depletion is observed
on the Si side (particularly around 9-10 A in Fig. 6d). This net
transfer of electron density from Si to S has important impli-
cations for the electrochemistry of the system. By increasing
the electron density of sulfur atoms, the Si-S bonds can acti-
vate the sulfur, making it more nucleophilic and better able to
engage in redox reactions with lithium.

In typical ether-based electrolytes, polysulfides dissolve and
diffuse from the SPAN anode, resulting in rapid capacity
decay.”® However, the Si,-SPAN cathode exhibits much slower
capacity decay and reduced polarization voltage, suggesting
accelerated redox transformation of polysulfide intermediates
and enhanced reaction kinetics in ether-based electrolytes.
The catalytic effect of Si doping significantly enhances the
redox conversion of polysulfide and improves the reaction
kinetics, leading to excellent electrochemical performance of
the Li-Si,-SPAN batteries, as shown in Fig. 6g. To further
understand the benefits of Si doping, batteries after 500 cycles
of charging and discharging are disassembled and analyzed.

1230 | EES Batteries, 2025, 1,1221-1233

Fig. S111 shows the structure of the disassembled cell along
with TEM images of the electrode, revealing that the cathode
structure remains tightly intact after prolonged cycling, with
numerous carbon nanotubes intertwined with SPAN. High-
angle annular dark-field scanning transmission electron
microscopy (HAADF-TEM) and EDS images confirm the
uniform distribution of C, N, S, and Si in the electrodes after
cycling, further supporting the strong covalent interactions
between Si and S that prevent the S species aggregation after
500 cycles. Elemental analysis (EA) (Table S8) revealed that
the sulfur content remained nearly unchanged and XPS
(Fig. S13t) showed the retained Si—S binding configuration
after 500 cycles, confirming the long-term effectiveness and
structural stability of Si-S bonding in sulfur retention.
Moreover, we performed SEM characterization of the elec-
trode and the separator (Fig. S12t). The electrode maintains
its porous structure without rupture, with a significant
amount of active material attached to the cavities and surface.
Similarly, no significant damage is observed on the surface of
the separator. Fig. S12(e) and (f)} compare the optical images

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00073d

Open Access Article. Published on 23 June 2025. Downloaded on 6/10/2026 1:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

of Li metal after cycling in Sij ¢s-SPAN and SPAN cells, showing
darker Li metal (indicative of accumulated dead lithium and
insulating deposits) in SPAN cells. The lighter color of the
lithium in the Si; o5-SPAN cell suggests that less polysulfide
reached the anode and that the Li surface is smoother. The
enhanced polysulfide stabilization is also supported by our
UV-Vis spectroscopy of the disassembled cells (Fig. S14%),
where a clear polysulfide signal is observed for the SPAN
cathode, whereas no detectable signal appears for the Sij o5-
SPAN cathode. These observations confirm that Si-S bond
engineering in the cathode leads to markedly improved elec-
trode integrity and anode stability by suppressing the deleter-
ious polysulfide shuttle and maintaining active material utiliz-
ation over long cycles.

4. Conclusions

In summary, we have demonstrated for the first time that inte-
grating covalent Si-S bonds into SPAN cathodes is an effective
strategy to boost their sulfur content and electrochemical per-
formance. The formation of robust Si-S bonds during high-
temperature synthesis enables SPAN to retain a high active
sulfur loading (37.93 wt% at 450 °C) while minimizing free
sulfur, and simultaneously improves the electronic conduc-
tivity of the cathode. As a result, the Sij ¢s-SPAN cathode (with
only 5% SiQDs added) achieves a high discharge capacity of
1432.7 mAh g~ at 0.1 C and exhibits an exceptionally long
cycle life with low capacity fading even at high rates. This
rational design provides a new pathway for the design of prac-
tical high-performance Li-S batteries, bridging the gap
between fundamental materials innovation and real-world
energy storage applications.
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