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ABSTRACT: Lithium—sulfur batteries (LSBs) possess merits of high (NH,):MoO, MoS,-NG@S-SH
theoretical specific capacity, high energy density, abundant resource, and ¥} |Shuttle effect

. . . |Volume change ) v High capacity
low cost, making them promising candidates for future energy storage + 1Conductivitl J } ¥ High stability

systems. Although numerous advanced high-performance LSBs have CHthS tKinetics
been studied, their further development still faces severe challenges. The .4,

redox intermediate lithium polysulfides (LiPSs) can be easily soluble in o \.
v KB

electrolytes and shuttles to anodes through a separator, leading to

continuous loss of cathode-active materials and side reactions with {%i{?{* :”,;

lithium anodes, thereby compromising cycling stability. In addition, the o ‘%}Z}: e

sulfur cathode and its discharge product Li,S exhibit poor electronic TR GO $ :

conductivity and undergo substantial volumetric changes during the #E 3DNG@KB *MoS, "N S S, ©6SHPh

discharge/charge process, affecting reaction kinetics and cycle life. To

address these challenges, we developed an integrated system combining a MoS,-modified N-doped graphene host material (MoS,—
NG) with an organosulfide-active material (S-SH), yielding a composite cathode material (MoS,—~NG@S-SH) with multiple
advantages. The porous carbon-based MoS,—NG host material, containing various heteroatoms, provides improved electronic
conductivity, volume change buffering, physical barriers, chemical adsorption, and catalytic sites for LiPSs, synergistically suppressing
the shuttle effect and facilitating the reaction kinetics. Furthermore, the S-SH active material features stable chemical bonds,
contributing to enhanced cycling stability. Consequently, the MoS,—NG@S-SH cathode delivers a high specific capacity of 1573.8
mA h g”' at 0.05 C and maintains an exceptional average retention of 99.94% per cycle after S00 cycles at 1.0 C, demonstrating
superior electrochemical performance.
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B INTRODUCTION reaction (Sg + 16 Li < 8 Li,S)."”'* During the discharge
process, Sg undergoes sequential compositional and structural
transformations (Sg + 16 Li* + 16 e~ — 8 Li,S), generating a
series of intermediates lithium polysulfides (LiPSs) and Li,S,,
forming the final product Li,S. This conversion reaction
contributes to the high theoretical specific capacity of 1672 mA
h g7'%'9'° The reaction pathway is characterized by the
formation of long-chain LiPSs (Li,S,, 2 < n < 8), which are
highly soluble in electrolytes, while the shorter-chain species
Li,S, and the discharge product Li,S remain insoluble.'* At the
anode, lithium undergoes oxidation during the discharge
process (Li—e™ — Li*), delivering a high theoretical capacity
of 3860 mA h g™.'” The LSB system operates at an average
working potential of ~2.1 V, resulting in a high theoretical
energy density of ~2600 Wh kg™."’

The rapid global industrialization has led to unprecedented
energy demands while simultaneously intensifying environ-
mental concerns."”” This dual challenge necessitates the
development of both renewable energy sources and efficient
energy storage systems (EESs).” Among various EESs, lithium-
ion batteries (LIBs) have achieved widespread commercial
success due to their merits of high energy density, lightweight
construction, absence of memory effect, and extended cycle
life.*”” However, conventional LIBs are approaching their
theoretical limits in terms of specific capacity and energy
density, creating a bottleneck for advancing electric vehicles
and grid energy storage.” Lithium—sulfur batteries (LSBs),
employing sulfur cathodes and lithium anodes, have emerged
as a promising alternative to traditional LIBs, offering

significantly higher theoretical capacity and energy density.””"'
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Furthermore, the transition from insertion-type cathodes to Received: November 18, 2024
sulfur-based cathodes provides additional advantages, including Revised:  February 8, 2025
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ness, and environmental sustainability.l’12 Published: February 13, 2025
In contrast to the intercalation mechanism in conventional

LIBs, LSBs operate through a multiple-electron-transfer
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Figure 1. Preparation and characterizations of the MoS,—NG host material and MoS,—NG@S-SH composite material. (a) Schematic diagram for
the preparation processes of MoS,—NG and MoS,—NG@S-SH materials. Scanning electron microscope (SEM) and energy-dispersive
spectrometer (EDS) images for (b) MoS,—NG host material and (c) MoS,—NG@S-SH composite material.

Many advanced LSBs have demonstrated superior electro-
chemical performance; however, several major obstacles
impede their further development and large-scale commerci-
alization."’~*° One major issue is the polysulfide shuttle effect,
where highly soluble LiPS intermediates diffuse from the
cathode to the anode through the electrolyte and separator.
This phenomenon leads to a continuous loss of cathode-active
materials and serious side reactions with the lithium anode,
resulting in severe self-discharge and poor cycling stabil-
ity.'%'»*'7?% Additionally, there is a notable density difference
between the sulfur cathode (2.07 g cm™) and its discharge
product Li,S (1.66 g cm™>). This discrepancy causes significant
volumetric variation (~80%) and structural damage during the
electrochemical process, contributing to the capacity fade and
reduced cycle life.”*** Furthermore, both solid-state sulfur and
Li,S suffer from poor electronic conductivity, leading to
sluggizssh reaction kinetics and inferior electrochemical perform-
ance.

To address the challenges of LSBs, extensive studies have
been conducted on various strategies. These strategies
primarily involve physical barriers, chemical adsorption, and
chemical bonds to suppress the shuttle effect of LiPSs.”" Two-
dimensional or porous carbon-based materials, such as
graphene, carbon nanotubes, and carbon nanofibers, serve as
effective physical barriers that enhance cycling performance."”!
Additionally, porous carbon-based materials also enhance
electronic conductivity and ameliorate volumetric variation
during the discharge/charge process, thereby improving
reaction kinetics and cycling stability.”®*” Chemical ap-
proaches include the use of polar host materials, such as
metallic oxides/sulfides, heteroatom-doped carbon materials,
and metal—organic frameworks. These materials can chemi-
cally adsorb LiPSs through polar—polar interactions, effectively
suppressing LiPS dissolution.”"”® Furthermore, organosulfide
materials possess stable chemical bonds between LiPSs and
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organic molecules, which help mitigate volumetric changes and
material pulverization, thus synergistically improving cycling
performance.”*” Another significant advancement involves the
catalytic conversion between LiPSs and Li,S,/Li,S. This
process, facilitated by transitional metal compounds, metals,
or metal-free materials, not only accelerates reaction kinetics
but also suppresses the shuttle effect, leading to improved
sulfur utilization and electrochemical performance.'”*°

Based on these considerations, the combination of
heteroatom-doped (such as S, N, and O) porous carbon-
based materials, catalytically active transitional metal com-
pounds (such as metal oxides, sulfides, and nitrides), and stable
organosulfides can achieve synergistic effects in suppressing the
LiPS shuttle effect, improving electronic conductivity, enhanc-
ing reaction kinetics, and buffering volumetric changes.24‘31 I
this work, we design and prepare a composite cathode material
(MoS,—~NG@S-SH) by in situ integrating a MoS,-modified N-
doped graphene host material (MoS,—NG) and an organo-
sulfide-active material (S-SH) to achieve high electrochemical
performance in LSBs. The MoS,—NG host material is
fabricated through a one-step hydrothermal method, followed
by annealing, using precursors of ammonium molybdate
((NH,),M00,), thiourea (CH,N,S), graphene oxide (GO),
and Ketjen Black (KB).”®**~** The MoS,-NG@S-SH
composite material is subsequently synthesized by in situ
cross-linking of sulfur (Sg) with benzenehexathiol (6SHPh) on
the MoS,—NG host material.*>*® Therefore, the MoS,—~NG@
S-SH composite cathode material incorporates physical
barriers, chemical adsorption sites, chemical bonds, and rapid
catalytic reaction ability, effectively suppressing the LiPS
shuttle effect and improving reaction kinetics. Additionally,
the MoS,—NG@S-SH cathode material possesses enhanced
conductivity and reduced volumetric changes, contributing to
excellent electrochemical performance. As a result, the MoS,—
NG@S-SH cathode delivers a high specific capacity of 1573.8

n
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mA h ¢! at 0.05 C (83.6 mA g '), exhibiting a high specific
capacity and high utilization of sulfur. It also demonstrates an
average capacity retention of 99.94% per cycle for 500 cycles at
1.0 C (1672 mA g'), indicating remarkable cycling stability.
These results reveal that our strategy of combining the MoS,-
modified N-doped graphene host material with the organo-
sulfide-active material provides synergistic effects and signifi-
cantly enhances the electrochemical performance of LSBs,
showing promise for future LSB and EES applications.

B RESULTS AND DISCUSSION

The MoS,—NG host material was prepared through a one-step
solvothermal method using ammonium molybdate
((NH4),M00,), thiourea (CH,N,S), graphene oxide (GO),
and Ketjen Black (KB) as precursors. After the mixture was
heated at 180 °C for 24 h and annealed at 300 °C for 4 h
under argon, a MoS,-modified three-dimensional N-doped
graphene-KB network (3DNG@KB) was constructed, yielding
the MoS,—NG host material (Figure 1a).

The MoS,—NG host material was subsequently mixed with
sulfur (Sg) and benzenehexathiol (6SHPh) in a CS, solvent,
and the mixture was stirred under 25 °C for 24 h. During this
process, S, (0 < n < 8) chemically cross-linked with 6SHPh to
form organosulfide S-SH (Figure S1),%¢ simultaneously
producing the MoS,—NG@S-SH composite material. The
MoS,—NG host material exhibits a characteristic porous
morphology with uniform elemental distribution of Mo, §,
N, and C (Figures 1b, S2, and S3). After in situ loading with
the S-SH active material, the pores of the MoS,—NG network
were partly filled, showing uniform elemental distribution
throughout the MoS,—~NG@S-SH composite material (Figures
Ic and S4).

The MoS,—NG host material exhibits a large Brunauer—
Emmett—Teller (BET) surface area of 402.62 m* g~', which
can be attributed to the porosity of the graphene-KB network
(Figure 2a). After in situ loading with organosulfide S-SH, the
BET surface area of the MoS,—NG@S-SH composite material
reduced to 60.23 m* g~', indicating partly filled pores for the
MoS,—NG host material by the S-SH active material, which is
consistent with the results of SEM images. Each 6SHPh
molecule contains six thiol groups (-SH), which could react
with Sg in CS, at 25 °C to form the organosulfide S-SH (Figure
S1). The FT-IR spectrum of 6SHPh reveals a characteristic
peak of —SH at 2505.1 cm™"*® (Figure 2b). In the FT-IR
spectrum of the MoS,—NG@S-SH composite material, the —
SH peak nearly disappears, while a new peak corresponding to
S—S bonds emerges at 467.7 cm™ LM revealing the
consumption of —SH groups from the 6SHPh cross-linker
and the formation of organosulfide with multiple S—S bonds
(Figure 2b). The Raman spectra of MoS,—NG and MoS,—
NG@S-SH materials demonstrate characteristic D and G geaks
of the carbon-based graphene-KB network (Figure 2¢).}

The XPS survey spectrum of MoS,—NG (Figure S5) and
MoS,—~NG@S-SH (Figure 2d) shows characteristic peaks of S
2p, Mo 3d, C 1s, N 1s, Mo 3p, and O 1s,%%40 confirming their
elemental compositions. The XPS survey spectra of MoS,—
NG@S-SH exhibits an intensified peak of S 2p, indicating
increased sulfur content and successful incorporation of
organosulfide S-SH. The high-resolution XPS C 1s spectrum
for the MoS,—NG host material in Figure S6a displays
characteristic peaks at 284.6 (C—Mo), 285.0 (C—C and C=
C), 286.1 (C-S), 288.9 (C—O and C—N), and 292.0 eV
(m—7*).""*'=* These peaks shift to lower binding energy in
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Figure 2. Material characterizations of the MoS,—NG host material
and MoS,—NG@S-SH composite material. (a) Brunauer—Emmett—
Teller (BET) isotherms for MoS,—NG and MoS,—~NG@S-SH
materials under 77 K. (b) Fourier transform infrared (FT-IR) spectra
for 6SHPh and MoS,—NG@S-SH materials. (c) Raman spectra for
MoS,—NG and MoS,—NG@S-SH materials. (d) X-ray photoelectron
spectroscopy (XPS) for MoS,—~NG@S-SH materials.

the C 1s spectrum of the MoS,—NG@S-SH material after
loading organosulfide S-SH (Figure S6b), indicating the
interaction between the carbon-based host material and S-
SH-active material.>> The XPS S 2p spectrum for the MoS,—
NG@S-SH composite material displays peaks of S—Mo (162.4
eV), S—S and S—C (164.4 and 165.6 €V), and S—O and S=0
(168.7 eV), and it exhibits enhanced S—S and S—C peaks than
that of MoS,—NG, confirming the successful integration of
organosulfide S-SH with the MoS,—NG host material (Figure
S7). The XPS Mo 3d spectrum of MoS,—NG in Figure S8a
shows the characteristic peaks of Mo—S (229.8/233.5 eV),
Mo—C (229.4/232.7 eV), and Mo—N (231.0/235.7
eV).*OMHE I the Mo 3d XPS spectrum of the MoS,—
NG@S-SH composite material, the Mo—S peaks intensify and
shift to lower binding energy (229.5/233.4 eV), indicating the
incorporation of organosulfide S-SH and its interaction with
Mo (Figure S8b). Additionally, the Mo—C and Mo—N peaks
also shift to lower binding energy at 228.4/232.6 and 230.7/
235.5 eV, respectively. The negative shifts observed in both
XPS C 1s and Mo 3d spectra for MoS,—NG@S-SH can be
attributed to the increased electron density around C and Mo
atoms, suggesting that electrons transfer from S atoms in the S-
SH active material to Mo and C atoms in the MoS,—NG host
material, thus confirming the interaction between MoS,—NG
and S-SH.>>*

Thermogravimetric analysis (TGA) conducted under N, for
the MoS,—NG host material demonstrates a negligible mass
loss of 2.72% over 300 °C, suggesting its thermal stability.
Additionally, it could be calculated that the S-SH active
material loading exceeds S0 wt % in the MoS,—NG@S-SH
composite material (Figure S9). Elemental analysis shows that
Mo and S contents are 4.11 and 56.98 wt %, respectively, in the
MoS,—NG@S-SH composite material (Table S1). The
calculated active S loading of 54.24 wt % corroborates the
TGA results. The X-ray diffraction (XRD) pattern of the
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Figure 3. Electrochemical performance of the MoS,—~NG@S-SH cathode. (a) Cyclic voltammetry (CV) curves for the MoS,—~NG@S-SH cathode.
(b) Rate performance for the MoS,—NG@S-SH cathode at 0.2, 0.5, 1.0, 2.0, and 5.0 C, respectively. (c) Cycling performance for the MoS,—NG@
S-SH cathode under 0.1 C for 100 cycles. (d) Cycling performance for the MoS,—NG@S-SH cathode at 1.0 C for 500 cycles.

MoS,—NG host material in Figure S10 exhibits weak
diffraction peaks corresponding to the (002), (101), and
(110) planes of MoS,, indicating its low crystallinity.**~*
Additionally, characteristic graphene peaks of (002) and (110)
are observed.”

The MoS,—NG@S-SH composite material was evaluated as
a cathode-active material for LSBs, within an electrochemical
window of 1.7—2.8 V (vs Li/Li"). The redox process for the S-
SH active material in the MoS,—NG@S-SH cathode is
illustrated in Figure $11.3%°%51 ‘When discharged, S-SH
could be partly reduced, generating lithium polysulfides,
which could transform to CgSclig and Li,S with further
reduction. Cyclic voltammetry (CV) curves of the MoS,—
NG@S-SH cathode at 0.3 mV s~ (~1.0 C) are presented in
Figure 3a, showing characteristics similar to those of the §
electrode (Figure S15a). The cathodic peaks at 2.34 V (vs Li/
Li*) can be attributed to the transformation of LiPSs, while the
peak at 2.00 V (vs Li/Li*) represents the subsequent formation
of lithium sulfide (Li,S).>””" An overlapped anodic peak is
observed at approximately 2.31 V (vs Li/Li*), corresponding
to the reversible oxidation of Li,S and formation of
LiPSs.*****" The initial three cycles of CV curves display
minimal deviation, indicating excellent redox reversibility of
the MoS,—NG@S-SH cathode.

The MoS,—NG@S-SH cathode demonstrates remarkable
electrochemical performance, exhibiting a high specific
capacity of 1573.8 mA h g™" at 0.05 C (83.6 mA g™'), which
corresponds to an impressive capacity utilization of 94.1%
(Figure S12). The redox potential plateaus of this cathode
align well with the redox peaks observed in the CV curves.
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When tested at various rates, the MoS,—NG@S-SH cathode
delivers specific capacities of 1064.7, 944.6, 866.5, 789.4, and
681.1 mA h g™ at rates of 0.2, 0.5, 1.0, 2.0, and 5.0 C,
respectively. When returning to lower rates, the capacity could
recover to the initial high values, surpassing the typical S
cathode (Figures 3b, S13, and S15b). In cycling measurements,
the MoS,—NG@S-SH cathode shows an initial specific
capacity of 1120.1 mA h g™" at 0.1 C (167.2 mA g') and
maintains a near-100% Coulombic efficiency throughout 100
cycles (Figure 3c). When cycled at 1.0 C (1672 mA g7'), it
maintains a high discharge capacity of ~600 mA h g™' after
500 cycles, exhibiting an average capacity retention of 99.94%
per cycle (Figure 3d). The MoS,—~NG@S-SH cathode is
further validated at both 0.5 (836 mA g™') and 2.0 C (3344
mA g'), indicating effective suppression of the LiPS shuttle
effect and enhanced stability (Figure S14). Comprehensive
testing across all rates consistently demonstrates that the
MoS,—NG@S-SH cathode outperforms conventional S
cathodes in both specific capacity and cycling stability (Figure
S15).

GITT analysis was conducted on both MoS,—NG@S-SH
and S cathodes (Figures 4ab, S16a, and S16b). During the
Li,S nucleation process, MoS,—NG@S-SH and S cathodes
deliver potential drops (AiR) of 21.7 and 109.4 mV,
respectively. For Li,S activation, the AiR values were 491.3
and 793.3 mV for MoS,—NG@S-SH and S cathodes,
respectively.””>®> The MoS,—~NG@S-SH cathode exhibits
lower voltage differences (AiR) for both Li,S nucleation and
activation processes compared to the S cathode, suggesting the
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alleviated polarization and redox kinetic limitations (Figure
4a,b) 53

The lithium-ion diffusion coefficients (D) were calculated
from the GITT results (Figure S16¢).”* The MoS,—~NG@$-
SH cathode shows higher D than that of the S cathode during
the discharge/charge process, indicating enhanced Li-ion
diffusion and better kinetics. Additionally, CV curves at
different scan rates were measured to further study the
diffusion coefficients (D) of MoS,—NG@S-SH and S cathodes
(Figure S17a and S17b). The D could be obtained through the
slope for plots of Ip2 against v, where L, is the peak current and
v represents different scan rates (Figure S17c and S17d). The
MoS,—~NG@S-SH cathode shows a higher D value compared
to that of the S cathode during the cathodic and anodic
processes, indicating faster kinetics, which is consistent with
the GITT results.

The internal resistance (AR ermq) related to the discharge/
charge process can be indicated from the dip depth in the
galvanostatic charge/discharge profiles.”® The internal resist-
ance is calculated using the equation: AR ma (Q) =
|AVqocv-cevl/i, where “AV” is the voltage difference between
the quasi-open circuit voltage (QOCV) and the closed circuit
voltage (CCV) and “i” is the applied current.”® The relative
internal resistances of S and MoS,—NG@S-SH cathodes were
plotted against normalized capacity for the discharge/charge
process. The analysis reveals that the MoS,-NG@S-SH
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cathode displays consistently lower relative internal resistance
compared to the S cathode throughout the electrochemical
process (Figure §16d). #5658

The polarization potential (AE) obtained from galvanostatic
charge—discharge profiles reveals the hysteresis in the redox
reaction.”” The S cathode possesses a polarization potential
(AE2) of 2114 mV at 0.1 C, while the MoS,—NG@S-SH
cathode exhibits a narrower polarization potential (AE1) of
165.3 mV, revealing enhanced sulfur reaction kinetics (Figure
4¢)."” EIS analysis was conducted on both MoS,—NG@S-SH
and S cathodes, revealing that the MoS,—NG@S-SH cathode
exhibits significantly lower charge-transfer resistance compared
to the S cathode (Figure 4d), which is consistence with the
GITT results. The combination of a higher lithium-ion
diffusion coefficient, lower polarization potential, and reduced
resistance demonstrates enhanced redox kinetics for the
MoS,—NG@S-SH cathode, contributing to its superior
electrochemical performance.

The suppression of the shuttle effect on LPSs was also
studied. The LSB using the MoS,—NG@S-SH cathode possess
a cleaner separator and a flatter lithium anode under SEM than
that of the S cathode, indicating a reduction in the shuttle
effect of LPSs and mitigated corrosion of the lithium anode
(Figure S18). Additionally, a Li,S¢ solution was prepared and
treated with the MoS,—NG host material (Li,S;+MoS,—NG).
The color of the Li,Sg+MoS,—NG solution is lighter, along
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with the decreased UV—vis absorption than that of Li,S4
solution, suggesting the depressed shuttle effect of LPSs
(Figure S19).

Additionally, we fabricated LSBs using MoS,—NG@S-SH
and S cathodes with a high mass loading. The MoS,—NG@S$-
SH cathode with a mass loading of 5.0 mg cm™ displays
capacities of 652.1, 548.2, 509.3, and 354.5 mA h g_l at rates of
0.2, 0.5, 1.0, and 2.0 C, respectively (Figure S20b), which is
better than that of the S cathode with a mass loading of 2.8 mg
cm™? (Figure S20a). High initial capacities of 994.0 and 603
mA h g™' could be obtained for the MoS,—~NG@S-SH cathode
under 0.1 C with a mass loading of 5.5 mg cm™ and under 0.5
C with a mass loading of 7.0 mg cm™?, respectively, which also
shows high stability (Figures S20c and $20d). The MoS,—
NG@S-SH cathode exhibits higher capacity, improved cycle
stability, and superior rate performance compared to the S
cathode, demonstrating better overall electrochemical perform-
ance.

To study the redox reaction process of the MoS,—-NG@S-
SH cathode, ex situ XPS analysis was conducted on it at
different potential states (Figure S). State “a” represents the
pristine electrode after immersing in an electrolyte at an open
current voltage. States “b” and “c” represent the electrodes
discharged to 2.3 and 1.7 V (vs Li/Li*), respectively. When
charged to 2.3 and 2.8 V (vs Li/Li*), the electrodes are marked
as state “d’ and “e”, respectively (Figure Sa). Figure Sb displays
high-resolution XPS S 2p spectra for the five different states of
the MoS,—NG@S-SH cathode during the redox process. In
the initial state (state “a”), the MoS,—NG@S-SH cathode
exhibits a peak at 162.6 eV corresponding to S—Li and S—Mo,
which can be attributed to the Li* adsorption from the
electrolyte.””%*®" The S—S and S—C bonds of polysulfide
appear at 164.2/165.3 eV, respectively, while sulfate peaks are
observed at 167.6 and 170.1 eV, originating from TFSI™ in the
electroly‘ce.s1’60_63 When further discharged to 1.7 V (vs Li/
Li*) (state “c”), the peak of S—Li negatively shifts to 161.9 eV,
while the peaks of S—S and S—C also negatively shift to 163.3/
164.6 eV. During the successive discharge process (state “b”
and “c”), the XPS S 2p spectra gradually shift to lower binding

energy, accompanied by the decreased peak of S—S and the
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increased peak of S—Li. These observations indicate the
increase in electrons density around S atoms, reduction of S—S
bonds, and formation of S—Li interactions in the MoS,—NG@
S-SH cathode during the discharge process.””*”°"** Through-
out the charge process (state “d” and “e”), the XPS S 2p
spectra gradually recover to their initial states, revealing good
redox reversibility of the MoS,—~NG@S-SH cathode.®* Ex situ
XPS Li 1s spectra of the MoS,—NG@S-SH cathode also
exhibit reversible changes during the discharge/charge process
(Figure Sc). The Li 1s peak increases when discharge and
decreases when charge, suggesting the combination/dissocia-
tion of Li ions during the discharge/charge process, which
corresponds to the reversible changes of the S 2p spectra

: : 63,65,66
observed in the electrochemical process.””*”

B CONCLUSIONS

In conclusion, we have successfully designed and prepared a
MoS,—NG@S-SH composite cathode material that demon-
strates an exceptional performance in LSBs. The innovative
design incorporates a MoS,-modified N-doped graphene-KB
host material, which endows MoS,—NG@S-SH with effective
physical barriers, chemical adsorption sites, alleviative volu-
metric changes, enhanced conductivity, and improved reaction
kinetics. These combined features contribute significantly to
the material’s high specific capacity and remarkable cycling
stability. The integration of the organosulfide active material
further improves cycling stability. As a result, the MoS,—NG@
S-SH cathode exhibits an impressive specific capacity of 1573.8
mA h ¢! at 0.05 C, revealing high sulfur utilization.
Furthermore, the cathode delivers excellent cycling perform-
ance at different current densities, as well as remarkable rate
performance. These results demonstrate that the MoS,—NG@
S-SH composite material shows superior electrochemical
performance, validating our synergistic design strategy as an
effective approach for developing advanced LSBs in the future.
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