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Abstract
Sulfurized  polyacrylonitrile  (SPAN)  has  been  regarded  as  one  of  the  most  competitive
cathode candidates for lithium-sulfur (Li-S) batteries, owing to its outstanding theoretical
energy density, excellent structural durability, and minor self-discharge. Nevertheless, the
intrinsically slow reaction kinetics of SPAN results in insufficient active sulfur utilization at
high current rates, which severely restricts its rate performance and long-cycle stability.
This  study  introduces  FeNiS2  Quantum  Dots  (QDs)  as  catalyst  embedding  in  SPAN

nanofibers  (FeNiS2  QDs@SPAN).  Taking  advantages  of  the  ultra-small  size,  superior

dispersibility  and  abundant  catalytic  sites  of  FeNiS2  QDs,  the  redox  kinetics  and  cycle

performance  of  SPAN  are  significantly  enhanced.  Kinetic  analyses  and  theoretical
calculation  demonstrate  the  uniformly  dispersed  FeNiS2  QDs  effectively  reduce  charge

transfer resistance and facilitate conversion reaction. FeNiS2 QDs@SPAN material exhibits

high reversible capacity of  1,213 mAh g-1  and an ultralow capacity decay of  0.034% per
cycle over 1,000 cycles at 1 C. Remarkably, even at high rate of 5 C (8.37 A g-1), it delivers a
stable long-cycle capacity of 720 mAh g-1  and demonstrates excellent cycling capability
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with a low fade rate of 0.029% per cycle over 450 cycles. FeNiS2 QDs@SPAN material maintains good performance

even under lean electrolyte conditions and a wide temperature range. This work underscores the significant potential
of FeNiS2 QDs as catalyst for achieving high performance sulfur cathode and advanced Li-S batteries.

INTRODUCTION
Li-S batteries have emerged as a highly competitive electrochemical energy storage technology, mainly owing

to their remarkable energy density (2,600 Wh kg
-1

) and the low cost of their raw materials
[1-3]

. However, the

widespread commercialization of Li-S batteries is still hindered by several intrinsic drawbacks. The sulfur

itself is electronically insulated, and the reaction between sulfur and lithium sulfide (Li
2
S) is sluggish.

Particularly, the intermediate product lithium polysulfides (LiPSs) dissolve and diffuse in the ether

electrolyte, and sulfur electrode suffers from severe shuttle effect, which leads to suboptimal utilization of

active materials, poor cycle stability and even battery failure of the Li-S batteries
[4-7]

. Current research

endeavors are aiming to mitigate the aforementioned concerns. Strategies such as physical confinement
[8-10]

and chemical absorption
[11,12]

 of sulfur were used to suppress the shuttle effect. By introducing heterogeneous

catalyst into the sulfur cathode, the redox reaction kinetics are accelerated
[13,14]

. Nevertheless, the unavoidable

dissolution of long-chain LiPSs in ether-based electrolytes remains a critical issue.

As a sulfur-based cathode material, sulfurized polyacrylonitrile (SPAN) represents a promising candidate for

Li-S batteries, which can be readily fabricated via heat treatment of polyacrylonitrile (PAN) under sulfur

vapor
[15,16]

. Different from conventional sulfur-carbon composites prepared by physical blending, sulfur

species in SPAN are covalently bonded to the conductive framework generated from PAN pyrolysis
[17,18]

.

Although the precise molecular structure of SPAN has not been fully elucidated, it is widely accepted that

sulfur is anchored onto the PAN-derived carbon support through covalent linkages. Accordingly, only

short-chain LiPSs (Li
2
S

n
, n ≤ 4) are involved in the electrochemical redox reactions upon cycling

[19,20]
. Thus,

the notorious dissolution of LiPSs into electrolyte and shuttle effect of the sulfur cathode can be avoided.

However, the slow kinetics of the solid-solid conversion reaction of SPAN would deteriorate the utilization

of the sulfur and result in capacity fading of SPAN while cycling. In addition, the rate performance and cycle

performance of the SPAN electrode under high rates are impacted as well
[21]

. To address the issue,

electrocatalysts were explored and integrated into SPAN, which effectively anchors polysulfides and

significantly improves the redox kinetics of SPAN electrode
[22-24]

.

To optimize the cathode performance of Li-SPAN batteries, various catalytic materials have been developed

to enhance the redox kinetics, including transition metal carbides, transition metal oxides, and transition

metal sulfides. Among these candidates, transition metal sulfides presents combined merits, such as relatively

higher electronic conductivity and good polar affinity for sulfur species, thus enabling dual functions of

anchoring short-chain Li
2
S

n
 and catalyzing their solid-solid conversion reactions during the operation of Li-S

batteries
[25-28]

. For instance, Li et al.
[29]

 incorporated cobalt sulfide (CoS
2
) into SPAN, which enhanced its

reactive activity and cycling stability, allowing the material to sustain over 500 cycles at 1 C. Liu et al.
[30]

synthesized NiS
2
-SPAN powders using a simple co-heating method, which exhibited superior rate

capabilities with a NiS
2
 content of less than 3 wt%. Although transition metal sulfides are the most widely

investigated category of metal sulfides for SPAN cathode modification, binary transition metal sulfides

exhibit more abundant electrochemical active sites and more reactive polar surfaces compared with single

transition metal sulfides
[31,32]

. This enables stable, rapid charge transport and sustained catalytic effects

through multicomponent synergy and regulation of electronic band structures, which would boost the

reaction kinetics
[33,34]

. Furthermore, to maximize the adsorption sites and catalytic efficiency for LiPSs,

quantum dots (QDs), characterized by ultra-small size and superior dispensability, are particularly

effective
[35]

. These QDs would significantly enhance the host-guest interactions, lower the reaction energy
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barrier, and provide exceptional catalytic effects on LiPSs
[36,37]

. Yet, the application of binary-TMS (transition

metal sulfides)-based QDs to modify SPAN for boosting the electrochemical properties of Li-SPAN batteries

remains rarely reported.

In this study, we developed a novel FeNiS
2
 QDs@SPAN composite by blending PAN/NiFe

2
O

4
 QDs

nanofibers incorporated with sulfur powder, followed by a heat treatment. This process initiates

polymerization and dehydrogenation reactions between PAN and sulfur, leading to the formation of

pyridine ring structures. In the meantime, the NiFe
2
O

4
 QDs is sulfurized as FeNiS

2
. The uniform dispersion

of FeNiS
2
 QDs throughout the composite increases the number of active sites, which enhances the charge

transfer and accelerates the conversion of short-chain polysulfides. These improvements are crucial for

optimizing the redox reaction kinetics. Meanwhile, the one-dimensional (1D) nanofibers maintain the

structural integrity of the composite and provide short-distance diffusion pathways for ions. Benefiting from

these synergistic advantages, the FeNiS
2
 QDs@SPAN nanofibers exhibit excellent cycling stability and rate

performance. Notably, the FeNiS
2
 QDs@SPAN electrode achieves superior electrochemical performance at

high rates, which is rarely reported for SPAN-based electrodes. It also maintains outstanding performance

metrics across a wide temperature range and under lean electrolyte conditions, demonstrating great potential

for practical application.

EXPERIMENTAL
Materials and methods

Preparation of NiFe
2
O

4
 QDs

All chemicals were of analytical grade or higher and used without further purification. [Fe(NO
3
)

3
·9H

2
O,

> 99%], [Ni(NO
3
)

2
·6H

2
O, > 99%], PAN, N,N-dimethylformamide (DMF, ≥ 99.8%), concentrated ammonia

(28%-30% NH
3
), and Sublimed sulfur (99%) were all purchased from Sigma-Aldrich.

Approximately 10 mM of Fe(NO
3
)

3
·9H

2
O and 5 mM of Ni(NO

3
)

2
·6H

2
O were dissolved in 80 mL of deionized

water. This solution was ultrasonicated for 30 min. Under ambient conditions, concentrated ammonia was

added dropwise during magnetic stirring until the pH reached 8
[35]

. After an additional 10 min of stirring, the

mixture was transferred to a Polytetrafluoroethylene (PTFE)-lined autoclave and heated at 190 °C for 8 h.

Once cooled to room temperature, the upper layer of the resultant brown transparent liquid was collected via

centrifugation and freeze-dried for later use.

Synthesis of PAN/NiFe
2
O

4
 QDs nanofibers

A mixture of 50 mg of NiFe
2
O

4
 QDs and 1 g of PAN was dispersed in 8.5 g of DMF and ultrasonicated for

2 h to ensure uniform dissolution and dispersion. The homogenized solution was then loaded into a 10 mL

syringe and electrospun at a working voltage of 16 kV, a flow rate of 1 mL/h, with a 15 cm distance between

the collector and the needle tip. The collector rotated at 100 rpm. A control sample of PAN without

NiFe
2
O

4
 QDs was also prepared for comparison.

Synthesis of FeNiS
2
 QDs@SPAN composites

Sublimed sulfur and PAN/NiFe
2
O

4
 QDs nanofibers were placed into a Flange high-pressure reaction tank.

The mixture was heated under an argon atmosphere at 155 °C for 1 h, 350 °C for 2 h, and 450 °C for 5 h. To

remove any excess sulfur, the sample was further heated at 200 °C for 2 h. A control sample without

NiFe
2
O

4
 QDs, referred to as SPAN, was prepared under identical conditions for comparative purposes.
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Material characterization

Elemental analysis (EA) was performed using an Elementar Vario EL analyzer (Elementar, Germany).

Morphological characterization was carried out using a Carl Zeiss Supra 55 field-emission scanning electron

microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector (Carl Zeiss,

Germany). X-ray diffraction (XRD) patterns were recorded on a Rigaku SmartLab diffractometer with

Cu-Kα radiation (Rigaku, Japan). Raman spectra were collected using a HORIBA LabRAM HR Evolution

confocal Raman microscope (HORIBA Scientific, France).

Electrochemical measurement

The working cathode slurry was formulated by uniformly blending the FeNiS
2
 QDs@SPAN composite with

acetylene black and LA133 binder in a weight ratio of 80:10:10 in deionized water. This slurry was cast onto

aluminum foil and dried under vacuum at 60 °C for 24 h. The dried electrode films were punched into discs

with a diameter of 10 mm. The loading of FeNiS
2
 QDs@SPAN on each electrode was approximately

1 mg cm
-2

 to 1.5 mg cm
-2

. These 2025 coin cells were assembled in an argon-filled glove box using lithium

metal as the anode. The electrolyte consisted of 1 M LiTFSI in a 1,3-Dioxolane (DOL)/DME (1:1 vol%)

mixture with 2 wt% LiNO
3
 added, with each cell containing approximately 60 μL of electrolyte (employed for

all tests at both 0 °C and 60 °C). The charge/discharge performance was tested between 1 and 3 V at room

temperature using a LAND CT 2001A multi-channel battery tester, with capacities calculated based on the

mass of sulfur in the composite. Prior to high current density cycling, the assembled cells underwent

pre-cycling activation at 0.1 C for 2 cycles. Cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) measurements were carried out on a CHI660 electrochemical workstation, with EIS

frequencies ranging from 100,000 Hz to 0.01 Hz and an amplitude of 10 mV.

Theoretical calculations

Density Functional Theory (DFT) computations in this study were performed using the Vienna Ab Initio

Simulat ion  Package  (VASP).  Projector-augmented  wave  (PAW)  potentia ls
[ 3 8 - 4 0 ]

 and  the

Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA)
[41]

 were

employed in the simulation. A 3 × 3 supercell of FeNiS
2
 (102) surface was built. The vacuum space along the

z-direction was set to 25 Å, while the plane-wave cutoff energy was set to 550 eV. The Brillouin zone of the

supercell was sampled using a 2 × 2 × 1 k-point sampling grid, and the convergence tolerances for energy and

force were set to 1.0 × 10
-5

 eV per atom and 10
-2

 eV Å-1
, respectively. Spin polarization was included to

describe the ferromagnetic properties of FeNiS
2
. The binding energy (E

b
) of LiPSs on FeNiS

2
 (102) surfaces

was calculated using the following equation
[13]

:

RESULTS AND DISCUSSION
Figure 1A and B illustrates the detailed procedure for synthesizing FeNiS

2
 QDs@SPAN nanofibers. Initially,

NiFe
2
O

4
 was synthesized using a hydrothermal method, and its aqueous dispersion exhibited bright blue

luminescence under 365 nm Ultraviolet (UV) irradiation, confirming its quantum dot nature. A mixture of

PAN and NiFe
2
O

4
 QDs was dispersed in DMF and stirred overnight to ensure solution homogeneity. This

homogeneous solution was then loaded into a syringe for electrospinning, yielding NiFe
2
O

4
 QDs/PAN

nanofiber precursors. Subsequently, these nanofibers were combined with sublimed sulfur in a high-pressure

reaction vessel and subjected to heat treatment at 450 °C under an argon atmosphere. During this process,

elemental sulfur (S
8
) decomposed into smaller sulfur chains (-S

x
-, where x < ​ 8), facilitating the

                                                                                     

where                     is the total energy of the FeNiS
2
 surface with adsorbed LiPSs,             is the total energy of 

certain LiPSs, and E
sub

 is the total energy of FeNiS
2
.

𝐸𝑏 = 𝐸𝑆𝑢𝑏+𝐿𝑖𝑃𝑆𝑆 − 𝐸𝐿𝑖𝑃𝑆𝑠 − 𝐸𝑆𝑢𝑏

𝐸𝑆𝑢𝑏+𝐿𝑖𝑃𝑆𝑆 𝐸𝐿𝑖𝑃𝑆𝑠
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Figure 1. Schematic illustration for synthetic procedure of FeNiS2 QDs@SPAN. QDs: Quantum dots; SPAN: sulfurized polyacrylonitrile;
PAN: polyacrylonitrile; UV: ultraviolet.

dehydrogenation and cyclization of PAN. Finally, a further heating step at 200 °C in a quartz tube furnace

under argon flow was employed to remove any adsorbed excess sulfur, resulting in the formation of

FeNiS
2
 QDs@SPAN which exhibited excellent kinetic performance as a cathode [Figure 1C].

SEM images of NiFe
2
O

4
 QDs@PAN and FeNiS

2
 QDs@SPAN are depicted in Supplementary Figure 1 and

Figure 2A, respectively. The NiFe
2
O

4
 QDs@PAN sample displays a nanofiber mesh structure, characterized

by long, uniformly interconnected fibers possessing an average diameter of roughly 165 nm. For

FeNiS
2
 QDs@SPAN, the integrity of the nanofiber network remains intact throughout the vulcanization

process, with no visible sulfur particles adhering to the fiber surfaces. In addition, the FeNiS
2
 QDs@SPAN

sample exhibits an increased fiber diameter of approximately 320 nm, and the nanofiber surface becomes

rough, attributed to the infiltration of saturated sulfur species. A similar phenomenon can be observed in

both PAN and SPAN, as shown in Supplementary Figure 2.

The High-Resolution Transmission Electron Microscopy (HR-TEM) images reveal the FeNiS
2
 QDs@SPAN

contains both crystalline and high-contrast disordered regions [Figure 2B and C]. A lattice spacing of

0.26 nm is clearly observed [Figure 2D], combined Fast Fourier Transform (FFT) analysis corroborates that

the interplanar spacings that precisely match the (101) planes of the cubic phase FeNiS
2
. Furthermore, EDS

mapping in the TEM confirm the uniform distribution of Ni, Fe, and S within the nanofibers [Figure 2E-H],

indicating the homogeneous dispersion of FeNiS
2
 QDs within the SPAN matrix without significant
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Figure 2. Characterization of FeNiS2 QDs@SPAN and SPAN. SEM images of (A) FeNiS2 QDs@SPAN, (B and C) HR-TEM image of
FeNiS2 QDs@SPAN with an inset in (D) showing the corresponding FFT pattern; (E-H) TEM images along with EDS elemental mapping of
FeNiS2 QDs@SPAN composite; (I) XRD patterns of SPAN and FeNiS2 QDs@SPAN; (J) FT-IR and (K) Raman spectra of SPAN and
FeNiS2 QDs@SPAN, respectively. QDs: Quantum dots; SPAN: sulfurized polyacrylonitrile; EDS: energy-dispersive X-ray spectroscopy;
XRD: X-ray diffraction; FT-IR: fourier transform infrared spectroscopy; HR-TEM: high-resolution transmission electron microscopy; FFT:
fast fourier transform.

aggregation. And the FeNiS
2
 content is 2.6 wt% according to the EDS analysis. The elemental composition of

the FeNiS
2
 QDs@SPAN and SPAN was quantitatively analyzed via ElementalAanalysis (EA), with the

detailed results presented in Supplementary Table 1. The EA results indicate a sulfur content of 42% in SPAN

and 46% in FeNiS
2
 QDs@SPAN, demonstrating nearly identical levels of sulfur in both materials. The

introduction of a trace amount of FeNiS
2
 QDs did not impede the crosslinking process of PAN nanofibers

with sulfur, thereby retaining a high sulfur content.

XRD measurements are performed to characterize the phase composition and crystalline properties of the

resultant materials. The XRD patterns for various samples, including NiFe
2
O

4
 QDs, FeNiS

2
 QDs, SPAN, and

FeNiS
2
 QDs@SPAN, are illustrated in Figure 2I and Supplementary Figure 3. The XRD spectra for

NiFe
2
O

4
 QDs display characteristic peaks at 30.2°, 35.6°, 37.3°, 43.3°, 53.8°, 57.35°, and 62.92°, corresponding

to the (220), (311), (222), (400), (442), (511), and (440) planes respectively, this aligns with the spinel

structure of NiFe
2
O

4
 (PDF #054-0964)

[42]
. The XRD patterns for both FeNiS

2
 QDs and FeNiS

2
 QDs@SPAN

closely match the standard phase of FeNiS
2
 (PDF card No. 75-0606), with identifiable peaks at 30.25°, 34.4°,

44.8°, 53.8°, 65.4°, and 72.5°, corresponding to the (100), (101), (102), (110), (201), and (202)planes of
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FeNiS
2

[43]
. For the FeNiS

2
 QDs@SPAN composites, broad diffraction peaks observed between 20° to 30°

predominantly result from the overlap of the characteristic graphene (002) peak with the amorphous peak of

SPAN. The above characterization results collectively confirm that the FeNiS
2
 QDs@SPAN composite has

been successfully synthesized.

The Fourier Transform Infrared Spectroscopy (FT-IR) spectroscopic analysis of the as-prepared samples is

presented in Figure 2J. Two distinct absorption peaks appearing at 503 and 920 cm
-1

 correspond to the

stretching vibrations of disulfide (S-S) linkages, while the absorption signal at 658 cm
-1
 is derived from the

stretching vibration of carbon-sulfur (C-S) bonds. Additionally, the characteristic peaks at 1,480 and

1,349 cm
-1
 belong to the typical vibrational modes of carbon-carbon double bonds (C=C) and single bonds

(C-C), in sequence. A peak at 1,227 cm
-1
 is attributed to carbon-nitrogen (C=N) bond vibrations, indicating

specific organic features. The 797 cm
-1
 peak suggests cyclic compounds in the material

[44]
. The FT-IR spectra

of FeNiS
2
 QDs@SPAN and SPAN are almost identical, indicating that the incorporation of FeNiS

2
 QDs does

not significantly alter the molecular structure of SPAN. The Raman spectroscopic analysis of

FeNiS
2
 QDs@SPAN and SPAN composites is illustrated in Figure 2K. The FeNiS

2
 QDs@SPAN sample

exhibits two dominant characteristic peaks at 1,340 and 1,558 cm
-1
, corresponding to the D- and G-bands of

carbon, respectively. In addition, a distinct absorption peak at 470 cm
-1
 is observed, which is assigned to the

stretching mode of C-S bonds, verifying that sulfur has been chemically grafted onto the carbon matrix via

covalent linkages during the thermal treatment process. The characteristic peak at 920 cm
-1
 is attributed to

the stretching vibration of six-membered ring structures
[45]

. With I
G
/I

D
 values below 1 for both composites,

FeNiS
2
 QDs@SPAN possesses a graphite-like stacked structure identical to that of pristine SPAN. These

results confirm that PAN undergoes dehydrocyclization to form a six-membered aromatic framework with

π-π stacking interactions, while sulfur species are anchored to the carbonaceous conductive matrix in the

form of short-chain sulfur moieties. In summary, the incorporation of FeNiS
2
 QDs exerts no discernible

influence on the crosslinking reaction of PAN with sulfur.

To assess the impact of FeNiS
2
 QDs on Li-S battery electrochemistry, corresponding cells were assembled

with a metallic lithium anode and FeNiS
2
 QDs@SPAN/SPAN cathodes for performance investigation. Rate

capability is an important parameter for practical rechargeable battery systems. As illustrated in Figure 3A,

the rate performance of two cathodes was evaluated by conducting charge/discharge cycles with varying rates

from 0.5 C to 5 C. Both specific capacities and current rates are normalized with respect to the sulfur mass.

The FeNiS
2
 QDs@SPAN cathode delivers specific discharge capacities of 1,300, 1,180, 1,050, 1,005, and

880 mAh g
-1

 at 0.5, 1, 2, 3 and 4 C, respectively (1 C = 1,675 mAh g
-1

). The FeNiS
2
 QDs@SPAN cathode

demonstrates a higher discharge capacity compared to the battery with SPAN cathode at all current densities.

Even when cycled at an ultra-large current density of 5 C during rate testing, the FeNiS
2
 QDs@SPAN cathode

retains a specific discharge capacity as high as 761.2 mAh g
-1

, which is remarkably superior to that of the

pristine SPAN counterpart (438 mAh g
- 1

). Upon switching the current density back to 0.5 C, the

FeNiS
2
 QDs@SPAN cathode recovers a high reversible capacity of 1,209 mAh g

-1
, verifying its outstanding

reversibility and rate stability. Notably, the pure FeNiS
2
 QDs electrode shows negligible capacity under

identical experimental conditions, as illustrated in Supplementary Figure 4A and B. Furthermore, CV

analysis reveals that the FeNiS
2
 QDs electrode demonstrates very low peak currents, indicating that the

quantum dots themselves contribute little to the electrochemical capacity.

The charge-discharge profiles of the FeNiS
2
 QDs@SPAN cathode at various current densities are presented

in Figure 3B. Apparently, even under an ultra-high rate of 5 C, all discharge curves show a stable and flat

voltage platform. In contrast, it is clear that the SPAN cathode experiences severe capacity degradation and

greater polarization as the current density increases [Supplementary Figure 5]. The potential difference

(discharge mid-voltage minus charge mid-voltage equals ΔE) between the discharge and charge curves
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Figure 3. Electrochemical properties of FeNiS2 QDs@SPAN cathode. (A) rate performance of both FeNiS2 QDs@SPAN and SPAN
cathodes; (B) charge/discharge profiles of the FeNiS2 QDs@SPAN cathode across various current rates from 0.5 C to 5 C; (C)
Galvanostatic charge-discharge profiles for both FeNiS2 QDs@SPAN and SPAN cathodes at 1 C; (D) Cycling stability performance of both
the FeNiS2 QDs@SPAN and SPAN at 5 C; (E) Cyclic performance of the FeNiS2 QDs@SPAN and SPAN cathode at 1 C. QDs: Quantum dots;
SPAN: sulfurized polyacrylonitrile.

represents the degree of polarization. As shown in Figure 3c, compared to SPAN (ΔE
2
 = 312 mV), the

FeNiS
2
 QDs@SPAN (ΔE

1
 = 276 mV) cathode shows a smaller voltage hysteresis and a higher reversible

capacity. This mainly benefits from the catalytic activity of FeNiS
2
 QDs for the electrochemical redox

reactions, which facilitates the kinetic properties.

To evaluate the long-term cycling performance of Li-S batteries under high current densities, both cathodes

were cycled at a fixed current rate of 5 C [Figure 3D]. SPAN experiences a structural rearrangement during

the first discharge process
[46]

, therefore the SPAN and FeNiS
2
 QDs@SPAN electrodes were activated at 0.1 C

for 2 cycles to complete the structural reorganization. After activating the FeNiS
2
 QDs@SPAN electrode, it

exhibits a discharge specific capacity of 720 mAh g
-1
 when the current density is switched to 5 C (8.37 A g

-1
).

Impressively, after 450 cycles, the FeNiS
2
 QDs@SPAN electrode maintains 86.6% capacity retention

(624 mAh g
-1

), corresponding to a low fade rate of 0.029% per cycle. For the SPAN electrode, the discharge
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capacity is only 500 mAh g
-1

 when initially cycled at 5 C, and it can barely be cycled after 200 cycles. The

superior performance of FeNiS
2
 QDs@SPAN electrode highlights the role of FeNiS

2
 QDs with enhanced

adsorption and catalytic sites, which promotes the efficient conversion reaction between lithium polysulfides

and Li
2
S, and endows the high capacity as well as improved cycle stability over extended cycles.

The long-term cycling test results in Figure 3E reveal that the FeNiS
2
 QDs@SPAN cathode delivers an initial

specific discharge capacity as high as 1,210 mAh g
-1
 under 1 C, with an ultra-low average capacity decay rate

of only 0 .034% across 1 ,000 cycles . After 1 ,000 cycles , the Coulombic Eff ic iency (CE) of the

FeNiS
2
 QDs@SPAN cathode can still be stabilized at 99.3%. In contrast, the SPAN cathode initially shows a

comparable discharge capacity to the FeNiS
2
 QDs@SPAN cathode, and it suffers a drastic capacity drop with

the capacity retention of only 24% after 500 cycles at 1 C. This suggests that the FeNiS
2
 QDs show a

pronounced effect in facilitating the thorough and rapid conversion of the sulfur redox reaction, which

sustains the high utilization efficiency of the active materials. Supplementary Figure 6 shows the morphology

of the FeNiS
2
 QDs@SPAN cathode observed after 200 cycles at 1 C, demonstrating it still maintain its fiber

structure after cycling. The above results indicate that FeNiS
2
 QDs are crucial for enhancing the reaction

kinetics, rate performance, and long-term cycling stability of the FeNiS
2
 QDs@SPAN cathode. For

comparison, we have collated the electrochemical performance metrics of SPAN-based cathode materials

reported in prior works, as summarized in Supplementary Table 2
[30,44,46-52]

. It can be seen that the rate

capacity and cyclic stability of the FeNiS
2
 QDs@SPAN electrode are superior to those reported in the

literature. Particularly, the FeNiS
2
 QDs@SPAN cathode achieves 450 stable cycles at 5 C (8.37 A g

-1
), a record

cycle and rate performance for SPAN-based cathode, according to the authors’ best knowledge
[29,30,44,49,53-56]

.

To investigate the catalytic properties of the FeNiS
2
 QDs@SPAN composite in lithium-sulfur reactions, the

corresponding electrocatalytic performance was systematically investigated by combining CV with Tafel

measurements. The typical CV curves of the two electrodes, obtained at a scan rate of 0.2 mV s
-1

, are

illustrated in Figure 4A. Two well-resolved broad cathodic peaks at 2.08 and 1.73 V can be clearly observed

for the FeNiS
2
 QDs@SPAN nanofiber electrode, originating from the stepwise electrochemical reduction of

short-chain sulfur to Li
2
S

2
 and Li

2
S, in sequence

[29]
. For SPAN, merely a single broad cathodic peak emerges at

1.62 V, a feature indicative of pronounced polarization along with a shift toward lower potentials. These

results confirm that FeNiS
2
 QDs can expedite the reduction reaction of SPAN and enhance the reaction

kinetics during the discharging process. To better understand the catalytic activity of FeNiS
2
 QDs, we

compared the Tafel plots for a single cathodic and anodic process, respectively, as shown in Figure 4B and C.

For the reduction process, the estimated Tafel slope for the FeNiS
2
 QDs@SPAN cathode is 131.2 mV dec

-1
,

which is significantly smaller than that of the SPAN electrode (317.3 mV dec
-1

). Similarly, for the oxidation

process, the FeNiS
2
 QDs@SPAN cathode exhibits a lower Tafel slope of 0.998 V dec

-1
 in comparison with the

SPAN electrode (1.634 V dec
-1

). This indicates that with the FeNiS
2
 QDs, lower polarization and enhanced

redox conversion between LiPS and Li
2
S of the FeNiS

2
 QDs@SPAN electrode can be realized, in comparison

to the SPAN electrode.

To further understand the improved kinetics of FeNiS
2
 QDs@SPAN, EIS measurements were conducted.

The results demonstrate significantly enhanced charge transfer capability of the FeNiS
2
 QDs@SPAN

composite before and after cycling. Before cycling, the Nyquist plots [Figure 4D] exhibited characteristic

impedance spectra, which comprise a distinct high-frequency semicircle attributed to the interfacial charge

transfer resistance (R
ct
), as well as a diagonal line at low frequency related to the Warburg impedance (W

o
) of

Li
+
 diffusion in the electrode. Analysis of the fitting data shows that FeNiS

2
 QDs@SPAN exhibits substantially

lower R
ct
 (124.5 Ω) than the SPAN electrode (198.7 Ω) before cycling [Supplementary Table 3]. Furthermore,

Figure 4E confirms that the R
ct
 of FeNiS

2
 QDs@SPAN after cycling remains markedly lower than that of

SPAN, which is attributable to the composite's superior catalytic properties in promoting Li
2
S

2
/Li

2
S

https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
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Figure 4. Reaction kinetics investigation of FeNiS2 QDs@SPAN and SPAN electrodes. (A) The comparison of peak voltages for
FeNiS2 QDs@SPAN and SPAN electrodes from the CV curve; (B and C) Tafel plots of the cathodic reduction process, and the anodic
oxidation process; Impedance spectroscopy of the (D and E) EIS spectra of FeNiS2 QDs@SPAN and SPAN before and after 200 cycles at
2 C; (F) Internal resistances of the FeNiS2 QDs@SPAN and SPAN electrode relative to the normalized discharge-charge time; (G) Li+

diffusion coefficients calculated from GITT profiles according to overpotential; Adsorption configurations of (H) Li2S and (I) Li2S2 on the
FeNiS2 (102) surface. QDs: Quantum dots; SPAN: sulfurized polyacrylonitrile; EIS: electrochemical impedance spectroscopy; GITT:
galvanostatic intermittent titration technique.

conversion kinetics [Supplementary Table 3]. Additionally, Variable-scan-rate CV (0.2-1 mV s
-1

) and

Galvanostatic Intermittent Titration Technique (GITT) investigation further confirm the fast reaction

kinetics of FeNiS
2
 QDs@SPAN, as manifested by enhanced Li diffusion coefficient obtained via the two

methods (details see Figure 4F and G, Supplementary Figures 7 and 8).

The adsorption behavior of Li
2
S

n
 (n = 1, 2) on FeNiS

2
 was further investigated by DFT calculations. The (102)

crystal plane is selected for the DFT calculation since the XRD pattern of the synthesized FeNiS
2
 shows that

(102) is the strongest peak [Figure 2I]. Figure 4H and I, Supplementary Figure 9 illustrate the optimized

adsorption configurations and the corresponding top views of Li
2
S and Li

2
S

2
 on the FeNiS

2
 (102) surface,

respectively. The adsorption energies of Li
2
S

2
 and Li

2
S on the FeNiS

2
 (102) surface are computed to be -7.77

and -10.11 eV, respectively. These values are significantly more negative than those on pyridine nitrogen sites

(in N-doped carbon)
[57,58]

, demonstrating that the introduction of FeNiS
2
 provides much stronger anchoring

for Li
2
S

2
 and Li

2
S. It might lead to the formation of Li

2
S

2
 and Li

2
S close to the homogeneously dispersed

FeNiS
2
 during the reduction reaction, which further facilitates the conversion reaction between LiPS and

Li
2
S

2
/Li

2
S.

https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf


Li et al. Energy Mater. 2026, 6, 600049 Page 11 of 15

Figure 5. Electrochemical cycling performance of the FeNiS2 QDs@SPAN composite under different temperatures and conditions. (A)
Cycling performance of FeNiS2 QDs@SPAN and SPAN electrodes at 0.5 C and 0 °C; (B) Corresponding performance at 1 C and 60 °C; (C

and D) E/S ratio effects on FeNiS2 QDs@SPAN cycling at 1 C with ratios of 10 and 14 μL mg-1. QDs: Quantum dots; SPAN: sulfurized
polyacrylonitrile; E/S: electrolyte-to-sulfur.

To investigate the feasibility of FeNiS
2
 QDs@SPAN for extreme environmental conditions, the performance

of SPAN electrodes across a broad temperature range was further evaluated.As shown in Figure 5A and

Supplementary Figure 10A, the FeNiS
2
 QDs@SPAN cathode delivered a remarkable specific discharge

capacity of 751 mAh g
-1
 at 0.5 C under 0 °C. Despite the increased electrolyte viscosity and sluggish reaction

kinetics at 0 °C, the FeNiS
2
 QDs@SPAN cathode still maintained 71% of its initial capacity after 120 cycles.

This outstanding cycle stability of FeNiS
2
 QDs@SPAN cathode at 0 °C arises from the high electrocatalytic

activity of FeNiS
2
 QDs, which effectively promotes polysulfide conversion and enhances the reaction kinetics.

In stark contrast, SPAN electrode shows an initial capacity of merely 440 mAh/g at 0 °C. It suffers rapid

capacity decay and short-circuit after only 60 cycles, demonstrating very poor low-temperature tolerance.

The high-temperature cycling performance at 60 °C is presented in Figure 5B and Supplementary Figure

10B. After two activation cycles at 0.1 C, the FeNiS
2
 QDs@SPAN composite cathode achieved an impressive

specific discharge capacity of 1,487 mAh g
-1
 at a current rate of 1 C, and retained a capacity retention of 83%

after 120 cycles. By comparison, the SPAN cathode only delivered a much lower specific capacity of

1,054 mAh g
-1
 at 1 C and 60 °C. The results highlight that the effects of FeNiS

2
 QDs on boosting the reaction

kinetics and overall electrochemical performance of the SPAN cathode in the temperature range of 0 and

60 °C.

https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/c83dc1749d68ae0ed6d9b03331c41667/1778119305/em50227-SupplementaryMaterials.pdf
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To demonstrate the commercial viability of FeNiS
2
 QDs@SPAN material, its performance was tested under

high sulfur loading and lean electrolyte environments. Coin cells with 5 mg cm
-2

 FeNiS
2
 QDs@SPAN

electrode and different electrolyte-to-sulfur (E/S) ratios of 7, 10, 14, and 18 µL mg
-1
 were assembled and their

performance was evaluated. All cells exhibit similar galvanostatic charge-discharge profiles, and maintain the

characteristic SPAN charge-discharge curves [Supplementary Figure 11]. With a lower E/S ratio of 7 µL mg
-1
,

the polarization is slightly increased. Cycle stability under varied E/S ratios was further investigated. As

shown in Figure 5C and D, Supplementary Figure 12, the initial specific capacities of FeNiS
2
 QDs@SPAN in

all cells are almost same, which confirms the sulfur utilization is unaffected with different E/S ratios.

Specifically, the capacities of FeNiS
2
 QDs@SPAN in the cells with E/S ratios of 7, 10, 14, and 18 µL mg

-1
 are

1,173, 1,159, 1,174, and 1,169 mAh g
-1

, respectively. For the cells with E/S ratios of 10, 14, 18 µL mg
-1

, they

show excellent cycle stability, and the capacity retention is 97.9%, 96.1%, and 98.7% over 120 cycles,

respectively. When tested at a lean electrolyte condition with an E/S ratio as low as 7 µL mg
-1

, the cell

exhibited a gradual capacity decay, and retained 70.6% of its initial capacity after 100 cycles. This

performance degradation is mainly ascribed to the increased voltage polarization, as illustrated in

Supplementary Figure 10.The results suggest that FeNiS
2
 QDs@SPAN electrode with 5 mg cm

-2
 mass loading

exhibits excellent cycling performance when the E/S ratio is above 10 µL mg
-1

. It demonstrates promising

application potential of FeNiS
2
 QDs@SPAN material for lithium sulfur batteries.

CONCLUSIONS
In summary, this work aims to address the intrinsically slow reaction kinetics of SPAN cathodes for Li-S

batteries by fabricating FeNiS
2
 QDs@SPAN nanofibers via electrospinning coupled with sulfurization heat

treatment. The embedded FeNiS
2
 QDs act as efficient catalytic sites, which reduce the cathode charge

transfer resistance and accelerate the conversion of short-chain polysulfides to Li
2
S, thereby effectively

boosting the intrinsic reaction kinetics of SPAN. This catalytic modification endows the FeNiS
2
 QDs@SPAN

cathode with excellent rate performance, cycling stability, and reliable electrochemical performance under

harsh working conditions including a wide temperature range and lean electrolyte. Further optimization of

electrode structure may enhance the performance of Li//FeNiS
2
 QDs@SPAN battery under even leaner

electrolyte conditions. This study verifies that integrating FeNiS
2
 QDs catalysts into SPAN nanofibers is a

feasible and effective strategy for advancing SPAN-based Li-S batteries, and it provides a valuable reference

for the design of high-performance catalytic electrodes for high-energy-density Li-S batteries.
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