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and formidable dissolution of polysulfides lead to poor sulfur utilization, serious polarization issues, and cyclic
instability. Herein, sulfiphilic few-layer MoSSe nanoflake decorated on graphene (MoSSe@graphene), a two-
dimensional and catalytically active hetero-structure composite, was prepared through a facile microwave
method, which was used as a conceptually new sulfur host and served as an interfacial kinetic accelerator for
LSBs. Specifically, this sulfiphilic MoSSe nanoflake not only strongly interacts with soluble polysulfides but also
dynamically promotes polysulfide redox reactions. In addition, the 2D graphene nanosheets can provide an extra
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bution, thus dramatically inhibiting polysulfides shuttling meanwhile accelerating sulfur conversion reactions.
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1. Introduction

Energy storage has become a fundamental need and an important
issue concerning our daily life [1,2]. The continuous consumption of
fossil fuels has led to “carbon accumulation” in the natural cycles. The
tremendous amount of CO, generated from anthropogenic activities is
considered as the primary contributor of greenhouse gases, resulting in
significant environmental changes. To mitigate CO, emission, there is an
increasing demand for electrochemical energy storage systems with the
benefits of near-zero carbon emission, including batteries [3], solar cells
[4], and supercapacitors (SCs) [5,6]. With the rapid growth of electric
vehicles market, currently, Li-ion batteries are reaching their energy
density limit and can hardly meet the increasing demands for high-
performance energy storage, which has triggered growing funda-
mental research and development of novel rechargeable batteries.
Among the next-generation rechargeable batteries, Li-S battery has
caught ever-increasing attention from researchers owing to its impres-
sive high theoretical capacity of 1675 mAh g~! and energy density of
2600 Wh kg~! (much higher than 200-400 Wh kg™! of Li-ion batteries).
These attributes, coupled with the environmental friendliness, abundant
resources, and relatively low cost of sulfur, underscore the potential of
Li-S batteries as a promising candidate for the next-generation power
sources. However, the parasitic “shuttle effect” caused by the migration
of soluble polysulfides leads to 1) low S utilization, 2) poor Coulombic
efficiency, and 3) rapid capacity degradation, which is considered as the
most formidable technical challenge for the commercialization of Li-S
batteries. Numerous technical strategies have been attempted to
address the polysulfide shuttling issue. For instance, various highly
conductive carbonaceous materials, including mesoporous carbon [7],
graphene [8], carbon nanotubes [9], and polyaniline [10], etc. were
used as sulfur host materials for improving the intrinsic insulating
characteristics of elemental sulfur and discharge products (i.e., lithium
sulfide), meanwhile physically adsorbing (“trap”) polysulfides due to
their high surface area of such carbonaceous host materials [11].

Although carbonaceous materials typically demonstrate significant
capacity improvement over the first few cycles, they still suffer from fast
capacity fading upon elongated cycling owing to the incapability of
constructing the strong chemical interaction between polysulfides and
carbon [12]. Therefore, chemical adsorption must be considered for
immobilizing the soluble polysulfides by forming stronger chemical
bonds. Numerous polar materials such as TiO5 [13], SnO3 [14], MnOy
[15], and V505 [16] with various innovatively designed structures have
been investigated to impede polysulfide diffusion during cycling. Even
though these strategies (via physical or chemical adsorption) can
improve the electrochemical performances of Li-S batteries to some
extent, Li-S batteries still suffer from the sluggish conversion kinetics
between soluble polysulfides and insoluble solid phases (i.e., sulfur and
Li,S), degrading the rate performance and limiting the efficient utili-
zation of active materials.

Recently, transition-metal dichalcogenides (TMDCs), a class of
compounds that possess good chemical stability and unique micro-
structures, have garnered significant attention in the scientific com-
munity used as electrocatalysts in sulfur cathode of Li-S batteries to
further mitigate the polysulfides shuttling. It is noted that the basal
plane of semiconducting TMDCs exhibits only ordinary lithiophilicity
and sulfiphilicity, resulting in an unsatisfactory catalytic activity and
lithium deposition.

To address these issues and further enhance the performance of
TMDCs, dual-anion MoSSe were designed and fabricated in this work.
This was achieved through a partial substitution of S atoms with Se
atoms, a process aimed at generating a plethora of anion vacancies. The
introduction of these anion vacancies has dual effects: it imparts the
lithiophilicity and sulfiphilicity of TMDCs and the presence of anion
vacancies also leads to a reduction in the band gap, significantly
enhancing the electronic conductivity and facilitating the ion diffusion
kinetics.
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The effective combination of metal chalcogenides with highly
conductive supports, such as graphene, reduced graphene oxide (rGO),
carbon nanotubes (CNT), and others, is paramount in preventing the
formidable aggregation of transition metal chalcogenide (TMC) layers.
Therefore, a few Janus-type MoSSe compounds have been hybridized
with highly conductive supports [17]. Additionally, hydrothermal [18],
solvothermal [19], and chemical vapor deposition (CVD) [20] are
commonly used to fabricate such TMC nanohybrids. Nevertheless, these
approaches above require complex synthetic procedures and a large
amount of energy consumption. Therefore, it is necessary to develop a
facile strategy to fabricate the TMC-based composites with favorable
electrocatalytic activity.

In this study, we prepared molybdenum sulfoselenide compounds
with highly conductive graphene as support (MoSSe@graphene) via an
ultrafast (60 s) microwave-assisted heating method and further used
MoSSe@graphene composites as electrocatalysts to accelerate the con-
version between soluble polysulfides to insoluble LisS/Li3So. The prep-
aration procedures are briefly illustrated in Fig. 1a. In contrast to other
traditional methods, microwave-assisted heating has several promising
merits such as faster volumetric heating, accelerated reaction rate,
improved purity, enhanced selectivity, reduced reaction time, and
increased product yields. Table S1 compares some advantages and
disadvantages between the microwave-assisted and conventional heat-
ing methods.

2. Experimental section
2.1. Materials and reagents

Ammonium tetrathiomolybdate, specifically with a chemical for-
mula (NH4)2MoSy (purity: 99.95 %), was purchased from BeanTown
Chemical, Inc. Carbon disulfide (CS,, with a purity of 99.9 %), was
sourced from Alfa Aesar. Selenium powder, with a particle size of
approximately 325 mesh, and polyvinylidene fluoride (PVDF) were also
obtained from Alfa Aesar. Graphene powder was supplied by Magnolia
Ridge Inc. Furthermore, carbon cloth, measuring 20 cm x 20 cm, with a
thickness of 0.381 mm and a density of 1.75 g/cm®, was purchased from
Fuel Cell Earth LLC. This carbon cloth serves as a current collector. All
the chemicals purchased were utilized precisely as they were received,
without any additional processing or purification steps.

2.2. The synthesis of MoSSe@graphene

MoSSe@graphene compound was meticulously prepared via a ul-
trafast microwave method, as shown in Fig. 1a, through the chemical
reaction of ammonium tetrathiomolybdate (ATTM), CS; solvent, and
selenium (Se) powder on a graphene substrate. To achieve a well-
balanced mixture, equal amounts (15 mg each) of ATTM, graphene,
and selenium (Se) powder were combined in a glass vial. The mixture
powder was thoroughly homogenized using a Vortex mixer, which was
set at a consistent speed of 2000 rpm. Shortly after that, CS, solvent
(200 pL) was introduced to the mixture and thoroughly blended once
again at 2000 rpm. After the blending, the solvent was air-dried for 10
min. Subsequently, the homogenous dry blend of ATTM-graphene-CSs-
Selenium was exposed to microwave radiation within a conventional
microwave oven, operating at a frequency of 2.45 GHz and delivering a
power output of 1250 W, for a total duration of 60 s. The inclusion of
graphene within this mixture plays a dual role: first, it serves as an ideal
platform, or substrate, for efficient absorption of microwave energy;
second, it facilitates the transformation of the microwave energy into a
localized heat source. Specifically, the intense heat accelerated the
reduction of ATTM to form MoO,, which was then further reduced to the
target product, MoSSe, dispersed evenly across the graphene substrate.

Additionally, due to the localized hot spots, this process stimulated
the release of any excess or residual constituents in the form of gaseous
byproducts. It’s worth emphasizing that incorporating graphene within
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Fig. 1. Schematic illustration of the preparation procedure of (a) MoSSe@graphene composite by fast microwave irradiation and (b) MoSSe@graphene@CC
electrodes by a simple slurry drop casting; (c) XRD, (d) Raman spectroscopy, and (e) XPS survey spectra of the MoSSe@graphene composite sample; (f) high-

resolution XPS spectra of Mo 3d, (g) Se 3d, (h) S 2p, and (i) C 1s from (e).

the mixture was paramount in ensuring that the desired synthetic re-
actions occurred smoothly and efficiently. Its unique characteristics,
including high thermal conductivity and superior ability to serve as a
microwave susceptor, enabled the generation of localized heat, thereby
driving the conversion of diverse precursor materials into the final
product, MoSSe, in a timely and effective manner. Moreover, graphene
also functions as a high surface area and outstanding conductive support
for MoSSe nanosheets and hinders the aggregation of MoSSe nanosheets.
All of these result in a significantly increased electrical conductivity and
enlarged surface area of the as-synthesized MoSSe@graphene powders.

2.3. Physicochemical characterization

To probe into the crystal structure of the MoSSe@graphene com-
posites, X-ray diffraction (XRD) patterns were collected on a Philips
X’pert MPD diffractometer, equipped with Cu Ka radiation (wavelength
A = 1.54056 A) operated at a high voltage of 45 kV and a current of 40
mA. Additionally, a Horiba Labram HR 800 Raman Spectrometer,
equipped with a 532 nm laser module, was utilized to gather Raman
spectra of the MoSSe@graphene composites. The Raman scattering was
captured within the range of 200 to 1800 cm'. For each spectrum, an
exposure time of 10 s and 10 cycles of accumulation were employed. A
silicon single crystal wafer, presenting a distinct reference peak at
520.7 cm !, was utilized to calibrate the Raman spectrometer. The
morphology and chemical compositions of the powders and cell com-
ponents were comprehensively characterized using a scanning electron
microscope (SEM, FE-Apreo) operated at an acceleration voltage of 20
kV and coupled with an energy dispersive X-ray spectrometer (EDS,
EDAX Instruments).

Furthermore, an FEI Tecnai F20 transmission electron microscope
(TEM) was employed for a more detailed structural and chemical anal-
ysis. This instrument was operated at an acceleration voltage of 200 kV
and equipped with an EDAX EDS detector and a GIF (Gatan Image Filter)
for spectroscopy analysis. X-ray photoelectron spectroscopy (XPS) was
carried out for analyzing the surface chemical composition on a Kratos
Axis Ultra DLD spectrometer. This instrument utilizes a monochromatic
Al Ka radiation, which has a photon energy of 1486.6 eV, under ultra-
high vacuum (1 010 Torr).
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2.4. Preparation of LiySg solution

1 M bistrifluoromethanesulfonylimide (LiTFSI) (Adipogen Corp Ms,
> 99 %) in 1, 2-dimethoxyethane (DME) (Alfa Aesar, 99 %) and 1, 3-
dioxolane (DOL) (Alfa Aesar, 99 %) in a 1:1 volume ratio with the
addition of 0.5 M LiNO3 (Alfa Aesar, 99.999 %) was used as the elec-
trolyte. The elemental sulfur (Alfa Aesar, > 99.5 %) was directly reacted
with stoichiometric LisS (Alfa Aesar, > 99.9 %) (the S/LiS molar ratio
was 5:1) in the prepared electrolyte at 60 °C for 48 h. As a result of this
reaction, a catholyte solution containing 1 M Li»Se was formed, in which
the concentration of Li»Sg was calculated based on sulfur. The final Li»Sg
solution exhibited a brownish-red color and showed no obvious
sedimentation.

2.5. Preparation of MoSSe@graphene@CC electrode and graphene@CC
electrode

To evaluate the electrochemical performances of the Li-S cells, the
cathodes were fabricated using carbon cloth (CC) as the current col-
lector. Before coating with the MoSSe@graphene and graphene, CC
were immersed in a 6 M HNOg solution for 8 h, followed by a thorough
rinsing with deionized (DI) water and a subsequent drying process in a
vacuum oven maintained at 60 °C for 60 min. This pretreatment aimed
to ensure the removal of any surface residual impurities. In this research,
CC was chosen as both the current collector and the substrate. This se-
lection was primarily influenced by its remarkable electronic conduc-
tivity and mechanical strength. Commercially available CC was punched
into circular discs with a diameter of 12 mm. The MoSSe@-
graphene@CC electrodes and graphene@CC electrodes were prepared
through a straightforward surface coating method, as depicted in
Fig. 1b. Employing a mixture with a specific mass ratio of 70 % MoS-
Se@graphene composite or pure graphene powder, 20 % Super P carbon
black, and 10 % PVDF, all components were blended in N-methyl-
pyrrolidone (NMP) which served as a solvent. Then the as-prepared
MoSSe@graphene or graphene slurry were cast on the pretreated CC.
The CC was again subjected to vacuum drying at a controlled temper-
ature of 60 °C for 12 h. The areal mass loading of the as-synthesized
MoSSe@graphene and the graphene powder was found to be
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approximately 0.5 mg em 2

2.6. Cell assembly and electrochemical measurements

To assemble CR2032 Li-S coin cells, the MoSSe@graphene and the
graphene loaded cathodes were impregnated with a calculated volume
of the 1 M LizSe-containing catholyte. They were further paired with a
high-purity Li metal anode and a Celgard separator and added with the
electrolyte (1 M LiTFSI and 0.5 M LiNOs in 1:1 vol ratio of DOL to DME).
The sulfur loading was determined by adjusting the quantity of the Li>Sg
catholyte added to the cathode. For electrochemical cycling with a low
sulfur loading, 6 pL LiySe-containing catholyte was dropped onto the
MoSSe@graphene@CC or graphene@CC cathodes (diameter: 12 mm
and area: 1.13 sz) with 15 pL mg_1 (E/S: electrolyte/sulfur) of elec-
trolyte in which 6 uL LisSe for 1 mg cm ™2 of equivalent sulfur normalized
to the cathode area. To achieve a high sulfur loading of 6 mg cm ™2 under
low electrolyte conditions, 36 pL of 1 M LiySe-containing catholyte
corresponding to 6 mg cm ™2 of equivalent sulfur were dropped on the
electrode. An appropriate amount of the electrolyte was dropped on the
electrode where the E/S ratio was controlled at 8 yL mg™!. It was further
paired with a separator and Li metal anode. All the Li-S batteries were
assembled in an Ar filled glove box (02 < 0.1 ppm, H20<0.1 ppm). All
the as-assembled Li-S batteries were subjected to activation processes
before various electrochemical measurements. Galvanostatic charge and
discharge experiments were carried out by a NEWARE battery tester at
various currents in the voltage range of 1.7-2.8 V (vs Li'/Li). Cyclic
voltammetry (CV) measurements and chronoamperometric curves were
implemented on a Gamry Potentiostat/Galvanostat workstation (Gamry
Interface 1000E) at various scan rates between 1.7 and 2.8 V. Electro-
chemical impedance spectroscopy (EIS) experiments were carried out
and results were collected on the same Gamry Interface 1000E.

2.7. Measurements for the Li»S nucleation

LiSg cells were assembled with a cathode (the MoSSe@-
graphene@CC or the graphene@CC electrode), a Li metal anode, and a
Celgard 2400 separator. A 0.5 M Li,Sg solution was prepared by mixing
sublimed S powder and Li,S, maintaining a precise molar ratio of 7:1,
and then dissolving this mixture in a DME and DOL solution, with a
volume ratio of 1:1, which contained an additional 1.0 M LiTFSI. The
solution was stirred vigorously to ensure complete dissolution and
uniformity. In the experimental setup, 25 pL of the Li,Sg catholyte was
carefully dropped onto the cathode, and an equivalent volume of 25 pL
of conventional LiTFSI electrolyte was added to the anode side. The cells
were then discharged galvanostatically to 2.06 V at a current of 0.112
mA and kept potentiostatically at 2.05 V, a potential that was specif-
ically chosen to promote the nucleation of Li»S. This step was main-
tained until the current decreased to an extremely low value of below
10 A. The nucleation rate of Li,S on the different reactive electrode
surfaces was calculated based on Faraday’s law. As the control subject,
the graphene@CC electrode was a substitute for the MoSSe@-
graphene@CC electrode with the other same experimental conditions
and procedures.

2.8. Dissolution measurement of LisS

The investigation of Li,S dissolution was conducted through assem-
bling a series of new coin cells, which were subsequently subjected to a
galvanostatic discharge at 0.10 mA until 1.7 V. This specific voltage was
chosen to ensure the complete transformation of the sulfur species
present within the cell into the solid state of Li5S. Subsequently, the cells
were subjected to a potentiostatic charging process, held at a consistent
voltage of 2.35 V. This specific voltage was chosen to initiate the
dissolution of the solid Li,S into soluble polysulfides. This process was
carried out until the charge current diminished to a negligible value of
less than 107 A.
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2.9. Symmetric cell assembly

The electrodes were prepared by thoroughly mixing host materials
(MoSSe@graphene or pure graphene powder) with polyvinylidene
fluoride (PVDF) in a weight ratio of 9:1. The mixture was then immersed
in N-methyl-2-pyrrolidone (NMP) solvent to form a viscous slurry.
Subsequently, the slurry was meticulously coated onto the free-standing
carbon cloth discs, each having a uniform diameter of 12 mm. The slurry
was then allowed to dry at a constant temperature of 60 °C for 12 h,
ensuring that the solvent was completely evaporated. The mass loading
of the active material was precisely controlled, ensuring that it was
approximately 1.0 mg cm™2. A 0.5 M solution of LisSe electrolyte was
prepared by vigorously stirring sulfur and lithium sulfide in the elec-
trolyte. The electrolyte used was a combination of 1 M bis(tri-
fluoromethanesulfonyl)imide lithium salt (LiTFSI) and a mixture of diol
(DOL) and dimethoxyethane (DME) in a volume ratio of 1:1. This stir-
ring was carried out in an argon-filled glove box for a prolonged time. To
assemble the 2032-type coin cell, two identical electrodes, prepared as
previously described, were used, one serving as the cathode and the
other as the anode. These electrodes were separated by a Celgard 2400
PP separator and held together by a 20 pL of the 0.5 M LiySg electrolyte.
Cyclic voltammetry (CV) measurements of these symmetric cells were
then conducted, employing a voltage range between —1.5to 1.5 V and a
scan rate of 0.5 mV/s.

2.10. Visualized polysulfide adsorption experiment

The visualized polysulfide adsorption experiment was implemented
by utilizing a Li»Sg solution, which served as a representative example of
polysulfides. A 1.5 mM Li,Se solution was prepared by dispersing sulfur
powder and lithium sulfide (Li,S), maintaining a strict molar ratio of 1:5,
into a mixed solvent of DME and DOL. The specific volume ratio of the
solvents used was 1:1. Subsequently, the solution was vigorously stirred
within an Argon-filled glovebox at ambient room temperature. This
process was continued until a homogenous solution was achieved. The
MoSSe@graphene composite and pure graphene powder, each weighing
an identical 15 mg, were separately introduced into 2 mL of the 1.5 mM
LisSe solution. Photos were captured at the beginning of the test and
then again after a 2-hour interval of adsorption. At the culmination of
this 2-hour adsorption period, the ultraviolet visible (UV-Vis) absorp-
tion spectra were collected.

2.11. Measurement of the galvanostatic intermittent titration (GITT)

The GITT experiment was executed to understand the kinetic effect.

This experiment incorporated a precise current pulse protocol, which
was set at 0.2C for 25 min, followed by a resting period of 15 min. The
internal resistance of the battery can be quantitatively assessed by using
the following relation equation:
ARinternat = |AVqocv-cevl / Tappied
In this equation, AVgocv.ccv represents the voltage difference between
two points: the quasi open-circuit voltage (QOCV) and the closed-circuit
voltage (CCV). Iypplied, on the other hand, denotes the current being
applied to the battery cell during the experiment.

2.12. Shuttle current measurement

In a routine experiment, the cells without LiNO3 additive were sub-
jected to a galvanostatic charging and discharging process for three
cycles. This was done at a low current density of 0.2C, to activate the
cell. Subsequently, the cells were charged up to a voltage of 2.8 V and
then allowed to discharge to a voltage of 2.38 V. This was done at a
current density of 0.1C. Following this, the Li-S cells were shifted to a
potentiostatic mode of operation, at which point the shuttle current
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reached its peak value. It’s worth noting that after approximately 104 s,
the potentiostatic current stabilized. This can be accurately measured
and recorded as the shuttle current for further analysis.

3. Results and discussion
3.1. Characterizations before cell cycling

The crystal structure of the MoSSe@graphene composite was
analyzed by performing X-ray diffraction (XRD). Fig. 1c exhibits the
XRD pattern of the prepared MoSSe@graphene composite powder. The
distinct diffraction peaks, centered at 13.7°, 32.4°, 38.6°, and 57.5°, can
be indexed to the (002), (100), (103), and (110) crystal planes of MoSSe
(JCPDS 36-1408 [21]), correspondingly. The as-prepared MoSSe
nanosheets demonstrate characteristic hexagonal 2H-molybdenum
dichalcogenide features. The distinctive diffraction peak, at 26.5°, can
be attributed to the (002) crystal plane of graphene [22].

The Raman spectrum of the MoSSe@graphene powder reveals the
presence of in-plane Ey; and out-of-plane A, vibrations associated with
the Mo-Se bonding at 281 and 233 cm ™}, respectively. Similar vibrations
for the Mo-S bonding were observed at slightly higher frequencies of
335 and 374 cm™! (Fig. 1d) [23]. The spectrum also showcases the
presence of disordered (D band) and graphitic (G band) modes inherent
to the graphene itself, manifesting at 1341 cm ™' and 1580 cm™?,
respectively [24].

The survey XPS spectrum, as illustrated in Fig. le, presents a
comprehensive overview of the surface elemental constituents (carbon,
molybdenum, sulfur, and selenium) of the MoSSe@graphene composite
powder. The high-resolution XPS Mo 3d spectrum, depicted in Fig. 1f,
unveils two prominent peaks at 229.2 and 232.4 eV. These peaks can be
ascribed to the Mo 3ds,; and Mo 3ds,» spin-orbit doublets of Mo*t,
respectively [25]. Additionally, the peak at 226.5 eV can be assigned to
the S 2 s orbital. The Se 3d spectrum of the MoSSe@graphene composite
powder, as captured in Fig. 1g, showcases two noticeable peaks at 54.7
and 55.5 eV. These peaks are correlated to the Se 3ds/; and Se 3ds3/»
spin-orbit doublets, respectively, thereby confirming the presence of
selenium in the MoSSe@graphene composite powder [26]. Moreover,
the high-resolution S 2p spectrum of the MoSSe@graphene composite
powder (Fig. 1h) demonstrates two observable peaks at 162.0 and 163.1
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eV, which are associated with the S 2p3/,» and S 2p;,2 spin—orbit dou-
blets, respectively. Additionally, the Se 2p3,, and Se 2p;,» peaks
(Fig. 1h) of the MoSSe@graphene composite powder situated at 160.8
and 166.5 eV, respectively, further substantiate the existence of Se. The
resolved C 1s spectrum of the MoSSe@graphene powder (Fig. 1i) shows
the presence of four components: C—C (284.4 eV), C=C (284.7 eV),
C—O0 (286.7 eV), and 0—C-0 (289.3 eV) [27].

Fig. 2a exhibits the SEM morphological structure of the MoSSe@-
graphene composite powder. The MoSSe nanosheets are evenly
distributed and embedded in the highly conductive graphene and there
is no significant agglomeration. With the assistance of graphene, MoSSe
preferentially adheres to the surface of conductive graphene rather than
forming aggregates. These two 2D materials, MoSSe nanosheets and
graphene, are homogeneously integrated into a 3D composite structure
with larger surface area, exhibiting favorably synergistic effects: strong
polysulfides capture on adsorptive sites and facile charge transfer on
conductive sites. Fig. 2b exhibits the EDS mapping overlay of the
MoSSe@graphene composite and Fig. 2¢ displays the individual EDS
elemental mapping. It can be observed that C is uniformly distributed
while Mo, S, and Se are mainly concentrated on the nanosheet-like
structure, confirming that the MoSSe nanosheets are successfully
anchored on the surface of the graphene.

TEM images of the MoSSe@graphene composite are shown in
Fig. 2d-e. Fig. 2d-e demonstrate that the prepared graphene has very
thin and wrinkled 2D sheet-like morphology. As demonstrated in
Fig. 2d-e, the MoSSe@graphene composite contains a combination of
MoSSe nanosheets and graphene, while the MoSSe nanosheet is firmly
anchored on the graphene sheet with no significant aggregation. Fig. 2f
exhibits the high-resolution TEM image of the MoSSe@graphene com-
posite, in which the lattice fringe observed is about 0.65 nm (Fig. 2f),
corresponding to the (002) crystal planes of MoSSe [28].

3.2. Electrochemical measurements

Cyclic voltammetry (CV) test can provide valuable insights into the
underlying working mechanism of electrochemical reactions inside the
rechargeable Li-S battery. Fig. 3a demonstrates the cyclic voltammo-
gram curves of the Li-S batteries with the MoSSe@graphene@CC elec-
trode and graphene@CC electrode in the voltage range of 1.7-2.8 V ata

Fig. 2. (a) SEM image, (b) EDS mapping overlay, and (c) individual EDS elemental mapping of carbon (pink), molybdenum (blue), sulfur (yellow), and selenium
(green) for the MoSSe@graphene sample; (d) TEM and (e) HRTEM images for the MoSSe@graphene sample; (f) The corresponding lattice spacing analysis. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) CV curves of the MoSSe@graphene@CC and the graphene@CC cells during the first scan at 0.1 mV s~!; Differential CV curves of (b) MoSSe@-
graphene@CC cathode and corresponding onset potentials of the redox peaks I, II, and III are shown in (c-e). Galvanostatic intermittent titration (GITT) discharge
profiles of (f) MoSSe@graphene@CC cathode and (g) graphene@CC cathode at 0.2C with respect to the normalized discharge — charge time. GITT charge profiles of
(h) MoSSe@graphene@CC and (i) graphene@CC cathodes at 0.2C with respect to the normalized discharge — charge time.

scan rate of 0.1 mV s 1. The CV profile of the MoSSe@graphene@CC cell
in Fig. 3a displays two noticeable cathodic and two anodic peaks. The
two noticeable cathodic peaks can be ascribed to the electrochemical
reduction from Sg to long-chain polysulfides (Li2Sy, 4 < n < 8) (at about
2.3 V) and the subsequent reduction from long-chain polysulfides to
insoluble short-chain polysulfides LiaSa/LisS (at about 2.0 V). The two
anodic peaks correspond to the oxidation from insoluble LisSy/LisS to
long-chain polysulfides LiSy and long-chain polysulfides LiaSx to
elemental Sg [29]. However, only “one anodic peak” can be seen from
the CV profile of the graphene@CC cell, suggesting sluggish redox ki-
netics. Compared with the graphene@CC electrode, the cathodic peak
CII of the MoSSe@graphene@CC electrode shifts to higher potential
while the anodic peaks of the MoSSe@graphene@CC electrode shift to
lower potential, indicating that MoSSe can enhance the redox kinetics of
soluble polysulfide and considerably reduce voltage polarization [30].
For instance, the voltage difference of the MoSSe@graphene@CC elec-
trode (0.37 V) is much smaller than that of the counterpart (0.45 V),
confirming the considerably reduced voltage polarization. In addition,
the cell with the MoSSe@graphene@CC electrode present increased
current intensity of both anodic and cathodic peaks due to the excellent
polysulfide conversion capability, while the counterpart exhibits a
broader anodic peak and decreased cathodic peaks along with a larger
potential gap. The anodic peak current of the MoSSe@graphene@CC
cell, which reaches a staggering 4.05 mA, compared to 3.31 mA for the
graphene@CC cell.

Similarly, the cathodic peak current CII of the MoSSe@-
graphene@CC cell, a substantial 3.89 mA, is also markedly higher than
that of the counterpart, which is a mere 2.91 mA. This difference in
current values between the two cells suggests that the redox kinetics of

the soluble polysulfide are dramatically enhanced for the MoSSe@-
graphene@CC cell. Moreover, the CV peak profiles of both the MoS-
Se@graphene@CC cell (Fig. S1a) and the graphene@CC cell (Fig. S1b)
overlap well during the first three scans at a scan rate of 0.1 mV s,
implying the excellent electrochemical reversibility of both cells.

The Tafel plots, which provide valuable insight into the electro-
chemical behavior of materials, are deduced from the potentiostatic
polarization measurements taken at the distinct peak position of the CV
curve. These plots directly reflect the kinetic degree associated with the
electrochemical process being studied [31]. The LisS oxidation reaction
and the polysulfide reduction were investigated by potentiostatic po-
larization measurement as shown in Fig. Slc-e. The MoSSe@-
graphene@CC cell demonstrates a lower onset potential (Fig. S1c¢) and a
higher current response for the LisS oxidation process than the control
cell, implying the lower energy barrier of Li»S decomposition [32].

Furthermore, the MoSSe@graphene@CC cell exhibits a higher onset
potential (Fig. S1d-e) and a higher current for the polysulfide reduction
than the graphene@CC cell, suggesting a lower energy barrier of poly-
sulfide catalytic conversion. The Tafel plots (Fig. S1f-h) are fitted to
obtain the slopes for investigating the electrocatalytic effect on the
charge-transfer kinetics during the polysulfide conversion. The MoS-
Se@graphene@CC cell exhibits a smaller slope during the reduction and
oxidation processes (Fig. S1f-h). The MoSSe@graphene@CC cell, in
comparison to the graphene@CC cell, demonstrates a lower Tafel slope,
registering at 42 mV dec™ for peak A, 71 mV dec™? for peak C I, and 45
mV dec! for peak C II, against the respective values of 69 mV dec ™! for
peak A, 100 mV dec ! for peak C1I, and 77 mV dec™! for peak CII for the
graphene@CC cell. This marked reduction in the Tafel slope values,
especially for the peaks A and C II, of the MoSSe@graphene@CC cell
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provides conclusive evidence of an enhanced redox conversion rate.

The electrocatalytic effect of the MoSSe@graphene@CC was also
investigated through a rigorous analysis of the onset potential of three
distinct redox peaks. The baseline voltage and current density are
defined as the value before the appearance of the redox peak, in which
the variation in current density is at its smallest, mathematically
expressed as dI/dV=0 [33]. In electrocatalysis, where numerous elec-
trochemical phenomena are examined, the term "onset potential’ refers
to a specific point on a graph where the current density is 10 pA em?
greater than the corresponding baseline current density.

It should be noted that the onset potential is different for cathodic
and anodic peaks. Cathodic peaks’ onset potential occurs when the
current density is 10 pA cm ™2 more negative than the baseline current
density. Conversely, for anodic peaks, the onset potential occurs when
the current density is 10 pA cm ™2 more positive than the baseline cur-
rent density [34]. This allows for a direct comparison between the
MoSSe@graphene@CC and graphene@CC cathodes, as shown in
Fig. 3b-e and Fig. S2a-d respectively. The MoSSe@graphene@CC peaks
demonstrate a marked increase, reaching 2.471 V for site [ and 2.097 V
for site II. In contrast, the anodic onset potential drops to 1.974 V for site
III, providing clear evidence that the MoSSe@graphene@CC cathode
significantly accelerates the LiPSs redox kinetics due to its electro-
catalytic effect. This effect is further corroborated by a comparison with
the graphene@CC cathode, which exhibits cathodic onset potentials of
2.465 V for site I, 2.088 V for site II, and an anodic onset potential of
2.030 V for site III. Furthermore, the MoSSe@graphene@CC not only
accelerates the redox reaction, but also noticeably reduces polarization
within the cell, providing a dual advantage for improved cell perfor-
mance [35].

The galvanostatic intermittent titration technique (GITT), a widely
used analytical method in electrochemistry, was employed to assess
polysulfide’s internal resistance and redox kinetics. In particular, the
MoSSe@graphene@CC cell, as depicted in Fig. 3f-i, stands out with its
markedly lower polarization in both discharging and charging profiles.
This is distinct from those of the graphene@CC cell, which exhibits
higher polarization. To add further context, the polarization during the
electrochemical operation was quantified using the internal resistance.
This was achieved by applying equation, shown here:

ARinternat = |Vaocv — Veev| / Toppied
where ARjnternal Tepresents the internal resistance, Vgocy is the quasi-
open circuit voltage, Vccy is the closed circuit voltage, and Iapplied is
the current applied. Fig. 3f-i demonstrates that the MoSSe@-
graphene@CC cell exhibits a smaller internal resistance when compared
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to the graphene@CC cell. This is especially evident between the LisS
nucleation and activation points, implying its superior electric conduc-
tivity relative to the graphene@CC cell.

To confirm the catalytic ability of the MoSSe@graphene@CC elec-
trode, symmetrical cells with the red-brown Li;Sg catholyte were
assembled. CV tests were then implemented at a scan rate of 0.5 mV s !
within a voltage window ranging from —1.5 to + 1.5 V, as depicted in
Fig. 4a. Upon analysis of the CV curves, two distinct reduction peaks
emerged at potentials of —0.105 V and —0.434 V, while two prominent
oxidation peaks located at + 0.105 V and + 0.434 V, respectively.
Specifically, the anodic peaks at 4+ 0.105 V (B peak) and + 0.434 V (C
peak) are intimately linked to the electrochemical conversion of insol-
uble LisSo/LisS to the more soluble LiPSs, followed by the oxidation
from the long-chain LiPSs to Sg. In contrast, the two cathodic peaks at
—0.105 V (D peak) and —0.434 V (A peak) are closely associated with
the electrochemical reduction of Sg to LisSg, which is then followed by
the subsequent reduction of LiySg to LisS [36]. However, for the gra-
phene@CC electrode, it exhibits a pair of very broad redox peaks, which
suggests that the electrochemical reduction of Li»Se was considerably
slow [37].

Furthermore, the MoSSe@graphene@CC symmetric cell demon-
strates substantially higher redox response currents than the graphe-
ne@CC symmetric cell. This highlights the synergistic effect between the
MoSSe nanosheets and graphene nanosheets, which can accelerate the
redox reaction kinetics of soluble polysulfide species [38]. Moreover,
Fig. 4b illustrates the detailed redox reaction mechanism occurring
within the MoSSe@graphene@CC symmetric cell, elucidating the
intricate interplay of various electrochemical processes.

To investigate and gain insights into the interfacial charge transfer
resistance, EIS measurement was carried out within a frequency range
(0.01 Hz-100 kHz) (Fig. 4c-d). Before cycling (Fig. 4¢), an intercept on
the real axis at high frequency associated with the electrolyte’s internal
resistance (Re) can be easily observed from both Nyquist plots of two
different cells. The Ohmic resistances for both cells share many simi-
larities, suggesting a similar electrode and electrolyte environment. The
charge-transfer resistance (R, is represented by the single semicircle
on the Nyquist plot. This resistance is directly related to the kinetics of
the electrode reaction.

Meanwhile, the Warburg impedance (W,), denoted by the inclined
line, represents the Li-ion diffusion into the electrolyte. The constant
phase elements (CPE2), on the other hand, represents the capacitance of
the charge transfer process [39]. The fitted equivalent circuit was used
to analyze the EIS data (Fig. 4e). As shown in Fig. 4f, it is noticed that the
R value of the MoSSe@graphene@CC cell (19.52 Q) is smaller than
that for the counterpart cell (63.64 Q). This observation suggests that
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Fig. 4. (a) CV curves of the MoSSe@graphene@CC and the graphene@CC symmetric cells at 0.5 mV/s. (b) The corresponding chemical reactions for the redox peaks
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MoSSe nanosheets can possibly facilitate the charge transfer during the
redox reactions, leading to improved active material utilization and a
high delivered discharge capacity [40]. To identify any variations in
charge transfer resistance, impedance test was also implemented and
impedance data were also collected after cycling (Fig. 4d). For two
different cells after cycling at 1C for 200 cycles (Fig. 4d), the internal
electrolyte resistance (Re) is represented by the real axis intercept at
high frequency. In contrast, the semicircle from high to medium fre-
quency indicates the internal resistance of the solid electrolyte inter-
phase (SEI) film correlated with the insoluble LisSy/LisS (Rs). The
second semicircle at medium frequency denotes the charge transfer
resistance (R¢t) [41]. For both cells, it is noted that two semicircles and a
straight sloping line with a 45° angle at low frequency region. The
Warburg impedance is denoted by the straight sloping line, representing
the migration of Li* in the organic electrolyte [42]. The fitted equivalent
circuit was used to interpret the EIS results (Fig. 4e). CPE1 is used to
represent the capacitance of the electrode bulk in high-frequency region,
CPE2 is associated with the capacitance of the charge transfer process at
the interface between the sulfur and electrolyte. The semi-infinite
Warburg diffusion impedance of the long-chain LiPSs is denoted by
W, [43]. The SEI film is the LiyS layer formed on the electrode surface
during discharge. It is well acknowledged that the electrochemical
behavior of rechargeable Li-S batteries is greatly affected by two
essential factors: R and Rg. As anticipated (Fig. 4g), the MoSSe@-
graphene@CC cell shows a smaller R value (2.89 Q) and Ry value
(10.41 Q) than the graphene@CC cell (R¢t = 6.54 Q and Rs = 24.22 Q),
which is primarily owing to its higher electrical conductivity during
cycling [44]. The aforementioned EIS results verify that the MoSSe@-
graphene@CC cell has better electrochemical properties.

Additionally, the oblique is associated with Warburg impedance and
the Li* diffusion coefficient DLi" is introduced to compare the diffusion
kinetics, which can be calculated by the following equation [45].

Dy = R*T?/2A%n*F*C20,,> 6h)
Where R is the gas constant (8.314 J mol'lK’l), T is the absolute tem-
perature (298 K), A represents the surface area of the cathode (1.13
crnz), n is the number of electrons per molecule during oxidation (here,
n = 2), F represents Faraday’s constant (96458 C mol’l), C represents
the concentration of lithium ions (1 M). Additionally, o, is the Warburg
impedance coefficient, which can be calculated by the following equa-
tion [46].

Z =R, +Ry + 0,072 @
Where 6, is the angular frequency and ® = 2xf (f is the frequency). The
6, in Equation (2) is represented by the slope of the fitting line of Z* vs
w®> (Fig. 4h), which is substituted into Equation (1) to obtain DLi*.
According to the calculation, the DLi" for the MoSSe@graphene@CC
and graphene@CC cells are 3.20 x 1077 and 1.29 x 1077 cm?7},
respectively. This result suggests a faster Li* diffusion in the MoSSe@-
graphene@CC cell, which is also confirmed by CV tests at various scan
rates.

To further confirm the superiority of MoSSe@graphene@CC towards
the electrochemical LiPSs conversion, LiS precipitation experiments
were carried out. The conversion kinetics of LiPSs can be evaluated
based on the distinctive ability of Li»S deposited on the specific sulfur
host materials. Consequently, the deposition capability of LisS was
tested through potentiostatic discharge of the red-brown colored Li»Sg
catholyte for two separate samples. For this test, the discharge cut-off
voltage was set at 2.12 V, a value chosen specifically to consume
large, substantial quantities of higher-order lithium polysulfides. It’s
generally understood that the nucleation and growth processes of LiS
are highly dependent on the reactive interfaces of the specific sulfur host
materials. Hence, Li,S deposition tests on various surfaces were imple-
mented to confirm the synergistic effect of MoSSe@graphene@CC
hetero-structure. It is obvious that the MoSSe@graphene@CC cell
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demonstrates a higher precipitation capacity (323.7 mAh g~1) suggest-
ing a higher activity towards LiyS precipitation (Fig. 5a) compared with
the counterpart cell (184.6 mAh g’l) (Fig. 5b). In additional, the
responsivity of LipS nucleation of the MoSSe@graphene@CC cell was
faster (1166 s) compared with the counterpart cell (4170 s). The results
suggest that the MoSSe@graphene@CC cell can successfully enhance
the adsorption capability towards LiPSs and facilitate the catalytic
conversion of LiPSs and LisS.

To give further insight into the distinct Li,S growth behaviors on
both electrodes, a detailed analysis was conducted on the current-time
response profiles. These profiles, obtained from potentiostatic electro-
deposition tests, were fitted using a dimensionless current (I/Iy, Iy
representing the maximum current) and time (t/t, ty, being the time to
reach the maximum current) transient. This was done following four
well-established classic electrochemical deposition models. Through
applying theoretical formulas, as captured in the provided equations, it
was possible to categorize the instantaneous (I) or progressive (P) nuclei
formation. This categorization was based on whether it occurred
through two-dimensional (2D) or three-dimensional (3D) growth di-
rection modes, respectively [47].

Bewick, Fleischmann, and Thirsk (BET) models:

2

i 2 3 3
J_ [t 2 (Ut
() e[ 5 (5o) | roror
242
(t£>exp{ (t tﬁ“)} for 2DI

Scharifker-Hills (SH) models:

s\ 2
()
()

The set of mathematical models developed by Bewick, Fleischman,
and Thirsk, which are referred to as the BFT models, are specifically
designed to delineate two-dimensional (2D) progressive (2DP) or
instantaneous (2DI) nucleation. Following the nucleation stage, these
models track the subsequent growth process, during which adatoms
become incorporated into the crystalline lattice structure. In contrast,
the Scharifker-Hills (SH) models are used to elucidate three-
dimensional (3D) progressive (3DP) or instantaneous (3DI) nucleation.
These models conceptualize the evolving 3D structure as a hemispher-
ical nucleus. This nucleus is envisioned to grow under the influence of
ion diffusion, a process that is intrinsically controlled by the system’s
characteristics [48]. Both the BFT and SH models are articulated in
mathematical language, capturing the intricate dynamics of the phe-
nomena. These two sets of models and their underlying mathematical
formulations are illustrated in the figures, offering a comprehensive
visual representation of the four classic electrochemical deposition
patterns (Fig. S3).

Potentiostatic discharge profiles were analyzed and fitted with four
theoretical deposition models, as illustrated in Fig. 5c-d. The MoS-
Se@graphene@CC electrode shows 3DP Li,S nucleation, implying that
LisS growth is associated with fast ion diffusion [49]. The Li,S precipi-
tation behavior could be profoundly influenced and regulated by two
key factors: surface lateral atomic diffusion and mass transport in the
electrolyte [50]. Consequently, the 3DP LiyS growth mode of the MoS-
Se@graphene@CC electrode suggests that the growth rate is primarily
regulated by ion diffusion. This phenomenon can be attributed to the
facilitated fast ion diffusion on the surface of the MoSSe@graphene@CC
electrode [51]. This suggests the surface active sites of the MoSSe@-
graphene@CC electrode could successfully manipulate the radical LisS
growth, and the surface passivation issue can be effectively avoided
[52]. However, when using the graphene@CC electrode, LisS growth
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shows a tendency to the 2DI model, leading to the formation of LisS
nucleation, which made its surface easily passivated [53].

Next, the cycled cells were disassembled and subjected to SEM im-
aging. The surfaces of both cathodes (the MoSSe@graphene@CC cath-
ode and the graphene@CC cathode) were analyzed after the LisS
precipitation test. Thicker and rougher Li»S deposition formed on the
surface of the MoSSe@graphene@CC cathode (Fig. 5e,i), which is
consistent with the higher deposition capacity. Li»S deposits not just in a
thin film mode but in a 3D morphology on the surface of the MoS-
Se@graphene@CC cathode (Fig. 5e,i). This deposition pattern is
consistent with the 3DP nucleation model discussed previously, where
Li»S nucleates and grows in a 3D manner on the cathode surface.
However, small LiyS particles are distributed nonuniformly on the sur-
face of the graphene@CC cathode and the graphene@CC cathode sur-
face is heavily passivated by thin Li,S films (Fig. 5g,k), which are caused
by the less dominant nucleation sites. The EDS mappings of the sulfur
element also demonstrate that more LiyS deposits on the MoSSe@-
graphene@CC cathode surface (Fig. 5f,j) than on the graphene@CC
cathode surface (Fig. 5h,l), further confirming the enhanced LisS
deposition by the hetero-structure of the MoSSe@graphene composite.
Considering that the same solvent was used, the huge difference in
deposition morphology on both cathode surfaces can be attributed to the
embedded MoSSe nanosheets with high electrochemical activity [54].
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The MoSSe nanosheets functioning as active sites guide selective
nucleation and growth, mitigating surface passivation (Fig. 5m-n).
Additionally, more Li5S originating from the disproportionation reaction
of LiPSs has a strong tendency to precipitate on the pre-formed LisS
particles owing to the strong chemical interaction among analogous
species, which is important to fulfill the 3D morphology and a larger Li,S
deposition capacity. The strong chemical interaction between the MoSSe
nanosheets and LiPSs significantly weakens the Li-S bonds, decreasing
the energy barrier of the LiPS electrochemical reduction process. The
oxidation of deposited lithium sulfide (Li»S) is analyzed via a poten-
tiostatic charging process, as illustrated in Fig. S4a-b. Analogically, the
dissolution capacity of MoSSe@graphene@CC is significantly higher
compared to graphene@CC, implying that MoSSe@graphene@CC
dramatically expedites the solid-to-liquid conversion of Li,S into lithium
polysulfides. The comprehensive results validate that the MoSSe@-
graphene@CC exhibits exceptional catalytic potential concerning the
precipitation and dissolution of LisS.

The Li-ion diffusion ability was assessed by CV measurement at
various scan rates (Fig. 6a-b) [55-57]. At the same scan rate, the
MoSSe@graphene@CC cell demonstrates higher cathodic peak currents
(Ic1, Ic2) and anodic peak current (Ip) than the graphene@CC cell
(Fig. S5a-c). Fig. 6¢-e displays the connection of cathodic peak currents
(Ic1, Ic2) and anodic peak current (In) with the square root of the scan
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rates. It is also worth noting that the slopes of cathodic peak currents
(Ic1, Ic2) and anodic peak current (In) of the MoSSe@graphene@CC cell
in the cathodic scan and anodic scan process are higher than those of the
counterpart cell (Fig. 6¢-e), implying that the favorable hetero-structure
of MoSSe anchored on conductive graphene sheets achieves accelerated
Li ion diffusion rate.

Additionally, the classic Randles-Sevcik equation below was used to
calculate the Li-ion diffusion coefficient and evaluate Li-ion diffusion
dynamics.

I, = [2.69 x 10°An'*D{3Cy;: [0%°

Where I, indicates the peak current of redox peak in amperes (A), n is the
number of transferred electrons in reaction (for Li-S batteries, n = 2), A
represents the effective area of the electrode (here, A=1.13 cmz), Criy is
the concentration of Li-ion in the electrolyte (here, Cy;. = 0.001 mol
cm™d), Dy, is the coefficient of Li ion diffusion and v is the adjustable
scan rate (V s’l) [58]. Lithium-ion diffusion coefficient (D) is a
crucial parameter for evaluating redox kinetics. Since n, A, and C;, are
constant, the square root of the diffusion coefficient (DLH)O'5 is pro-
portional to the slope Ip/vf)‘5 Fig. 6f exhibits a column graph quantifying
the Li-ion diffusion coefficient calculated based on the slopes (ip/vo's).
The latter sample has a higher diffusion coefficient when comparing the
diffusion coefficients at all redox peaks. The higher Li-ion transfer rate
guarantees the smooth conversion of polysulfide intermediates and
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further mitigates the surface passivation of the electrode [59]. This
further validates that the MoSSe nanosheet is an efficient catalyst to
achieve the accelerated conversion of soluble polysulfides and enhanced
redox kinetics.

The severe self-discharge behavior is another major limitation of Li-S
batteries, mainly caused by the shuttle effect [60-62]. As illustrated in
Fig. 6g, Li-S cells were assembled with either a graphene@CC electrode
or a MoSSe@graphene@CC electrode. Initially, they were galvanos-
tatically discharged and charged at 1C for ten consecutive cycles. Sub-
sequently, the cells were allowed to rest for 24 h before the 11th cycle,
also at 1C. In the case of the battery incorporating the graphene@CC
electrode (Fig. S6), approximately 8.2 % of its capacity was lost over the
24-hour rest period. This capacity loss was evident from the discharge
curves presented in Fig. S6. Conversely, for the battery incorporating
the MoSSe@graphene@CC electrode (Fig. 6h), there was no discernible
decrease in either capacity or discharge plateau voltage. This evidence
suggests that the MoSSe@graphene@CC electrode significantly miti-
gates the shuttle effect in Li-S batteries, thereby suppressing capacity
fade. In Fig. 6i, the chronoamperometry curves of symmetric cells
incorporating Li»Se display an enhanced current response compared to
cells lacking Li»Se. This observation suggests that the current responses
are predominantly influenced by the lithiation-delithiation reaction
pathway rather than the double-layer capacitance [63]. Moreover, the
MoSSe@graphene@CC electrode exhibits a higher current response,
which proves its improved LiPS affinity and enhanced redox kinetics.
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Fig. 7a displays the 1st discharge/charge curves of both cells at 0.2C.
It is noted that the discharge/charge profiles display two observable
reduction plateaus. The upper discharge plateau corresponds to the
electrochemical conversion of Sg to soluble long-chain polysulfides [64].
The lower discharge plateau is related to the electrochemical trans-
formation of the soluble long-chain polysulfides to insoluble Li3So/LisS,
the main delivery of discharge capacity in the Li-S cells [65]. The initial
discharge capacities are 1305 mAh g~! and 973 mAh g7, respectively.
The lower discharge plateau, which was greatly extended with the aid of
MoSSe nanosheets, substantiates that the MoSSe@graphene@CC cell
accelerates the reaction kinetics of the electrochemical conversion of
polysulfides to the final discharge product LisSy/LisS and demonstrates
superb electrochemical behavior. Fig. 7b-c exhibits a distinct valley
between the high and low discharge plateau. This valley is referred to as
the “nucleation point”, a particularly notable feature [66]. The potential
difference exists between the tangential of the low discharge plateau and
the nucleation point. This difference was employed to evaluate the redox
kinetics associated with LisS nucleation. A comparison reveals a
disparity in their respective nucleation overpotentials. Specifically, the
MoSSe@graphene@CC cell demonstrates a reduced nucleation over-
potential of merely 18 mV, significantly lower than the 22 mV observed
in the counterpart cell. Moreover, the ratio of Q2/Q; is often utilized as a
means of assessing the catalytic activity of the sulfur host materials
throughout their cycling lifespan. In this context, Q; and Q2 serve to
designate the respective capacities of the two distinct discharge pla-
teaus, elucidated in Fig. 7d-e. In light of the electrons involved in two
different processes (for Qq, Sg + 4Li" + 4e~ — 2Li»S4 and for Qa, 2LisS4
+12Li" + 12e” — 8Li,S), the calculated capacity ratio should be Q2/Q;
= 3 under ideal conditions [67]. However, the calculated Q,/Q; ratio in
reality is generally lower than 3 due to the sluggish redox kinetics of
LiPSs and the huge loss of active materials caused by the polysulfide
shuttling. Importantly, the MoSSe@graphene@CC cell demonstrates a
higher Q2/Q; ratio of 2.62 (Fig. 7e), which is attributed to its acceler-
ated redox kinetics and the effective inhibition of soluble LiPSs.
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Moreover, a lower electrode polarization voltage (AE) was also observed
for the MoSSe@graphene@CC cell (221 mV). These results suggest that
the MoSSe@graphene@CC cell successfully reduces the overpotential of
the electrochemical reaction and fulfills bidirectional catalysis for sulfur
species. Next, long-term cycling performance tests were carried out
(Fig. 7f). As expected, the MoSSe@graphene@CC demonstrates superb
cycling performance compared to the counterpart. After 100 cycles at
0.2 C, the MoSSe@graphene@CC cell remains as high as 1287
mAh g™, corresponding to a minimal capacity fading rate of 0.014 %
per cycle. However, for the battery with the @graphene@CC electrode,
the observed discharge capacity is only 903 mAh g~! after 100 cycles at
0.2 C, suggesting a serious capacity decay rate of 0.072 % per cycle. The
charge/discharge curves at different rates for the MoSSe@-
graphene@CC cell are exhibited in Fig. 7g. The charge/discharge
voltage plateaus rise/drop as the current density increases. The two
representative discharge plateaus are still noticeable, and the charge
plateau is also observable. An initial specific capacity of 1305 mAh g~*
was obtained by the MoSSe@graphene@CC cell at 0.2C (1C=1675 mA
g_l). Along with the increase of the current rate to 0.5, 1, 2, 3, and 5C,
an outstanding initial specific capacity of 1182, 1091, 998, 878, and
678 mAh g~! were obtained at various current densities, respectively.
The corresponding sulfur utilization rates of the MoSSe@graphene@CC
cell at 0.2, 0.5, 1, 2, 3, and 5C are 77.9 %, 70.6 %, 65.1 %, 59.6 %, 52.4
%, and 40.5 %, respectively (Fig. 7h). The long cycling performances at
1C are shown in Fig. 7i. It is noticed that the MoSSe@graphene@CC cell
can be cycled up to 1000 cycles. The specific discharge capacity slowly
decreases from 1091 mAh g~ ! at the 1st cycle to the final capacity of
656 mAh g! at the 1000th cycle, corresponding to a minimal capacity
degradation rate of 0.040 % per cycle. However, the graphene@CC cell
exhibits a lower initial discharge capacity of 760 mAh g~! and a
noticeable capacity drop between 302 and 358 cycles. Moreover, the
graphene@CC cell fails at the 358th cycle with a final discharge capacity
of 405 mAh g™, implying a severe capacity attenuation rate of 0.130 %
per cycle and testifying to a severe active sulfur loss. Such an inferior
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electrochemical performance is attributed to the fact that the non-polar
graphene, without the help of the polar MoSSe nanosheets, can only
provide limited physical confinement against polysulfide migration.
Testing of the rate performances further demonstrates the superior
electrochemical behavior of the MoSSe@graphene@CC cell (Fig. 7j). At
0.2C rate, the MoSSe@graphene@CC cell delivers a higher initial
discharge capacity of 1298 mAh g! than the graphene@CG cell which
only reaches 972 mAh g~! for the 1st cycle at 0.2C (Fig. 7j). With the
increase in the current density, the MoSSe@graphene@CC cell exhibits
the discharge capacities of 1181, 1091, 999, 878 and 679 mAh g™ ! at
0.5, 1, 2, 3 and 5C, respectively. The discharge capacity of the MoS-
Se@graphene@CC cell restores to 1301 mAh g~! when the current
density returns to 0.2C, demonstrating a superb capacity retention
capability (Fig. 7j). In comparison to the MoSSe@graphene@CC cell, the
discharge capacity of the graphene@CC cell decreases from 972 mAh
g1 to 239 mAh g ! after undergoing a current density ranging from 0.2
to 5C. When the current density finally reverts to 0.2C, the graphe-
ne@CC cell delivers a much lower capacity of 967 mAh g~*, implying an
inferior rate performance with varied current densities. Overall, the
MoSSe@graphene@CC cell exhibits its superiority in rate performance
and cycling stability. The favorable electrochemical characteristics of
the assembled Li-S cells with the MoSSe@graphene@CC electrode are
attributed to the incorporation of MoSSe anchored on graphene archi-
tecture. The hereto-structure engineering of MoSSe with intrinsic polar
characteristics and graphene with a large surface area restricts the pol-
ysulfide migration by chemical adsorption instead of mere physical
confinement [68]. Additionally, MoSSe demonstrates the promising
electrocatalytic capability of the electrochemical conversion of long-
chain intermediate polysulfides to lower-order polysulfides, acceler-
ating the electrochemical conversion in both discharge and charge
stages and ultimately fulfilling the improvement of active material sulfur
utilization. To allow the energy density of Li-S batteries comparable to
that of commercial Li-ion batteries and enhance the commercial
viability of the Li-S batteries, the Li-S batteries were assembled with a
high sulfur loading of 6 mg cm™2. The cycling profiles under a high
sulfur loading of 6 mg cm~2 at 0.1C are exhibited in Fig. 7k. As shown in
Fig. 7k, the MoSSe@graphene@CC cell delivers a high initial capacity of
799 mAh g~! and a discharge capacity of 734 mAh g~! can be main-
tained after 100 cycles at 0.1C with a high sulfur loading of 6 mg cm 2,
corresponding to a minimal capacity attenuation rate of 0.081 % per
cycle. However, the graphene@CC cell presents an unsatisfactory initial
capacity of 497 mAh ¢! and a reversible discharge capacity of 278 mAh
g1 after 100 cycles, implying a formidable capacity decay rate of 0.441
% per cycle. This can be attributed to the fast redox reaction and con-
version of the polysulfides on the MoSSe nanosheets, achieving a
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favorable sulfur utilization rate and successful inhibition of the poly-
sulfide shuttling.

It is worth mentioning that Li»S nucleation and decomposition are
recognized as the “rate-determining” steps during sulfur redox reactions
due to the sluggish “liquid < solid” transformation and the insulating
characteristic of Li»S [69]. To gain insight into the enhanced effect of
MoSSe@graphene composite on dual-directional electrocatalysis,
potentiostatic intermittent titration technique (PITT) was used to
demonstrate the quantitative analysis. Regarding Li,S precipitation, the
assembled coin cells were potentiostatically discharged from 2.25 to
1.90 V at 50.0 mV intervals and 3600 s holding period per interval. As
for the LiyS oxidation, the assembled coin cells were potentiostatically
charged from 2.20 V to 2.45 V using the same parameters. Generally, the
PITT discharge curves of Li»Sg catholyte can be divided into two regions
[70]. The first region is the liquid-liquid electrochemical conversion.
The current plunges and reaches stability between 2.25 and 2.10 V,
corresponding to the electrochemical conversion from long-chain pol-
ysulfides to short-chain polysulfides. The second region is the liquid-
—solid electrochemical conversion. At the constant voltage platform of
2.05 V, the current responses show a bump (Fig. 8a-b), suggesting that
Li>S nucleation occurs for both cells. The nucleation peak of LisS is
significantly earlier (261 min) for the MoSSe@graphene@CC cell
compared with the counterpart(274 min), implying that the redox ki-
netics of the liquid-solid electrochemical conversion is fast on the
MoSSe@graphene@CC cell (Fig. 8c). The nucleation/dissociation ca-
pacity of lithium sulfide (Li2S) can be determined by a methodical
integration of the current density over time at the voltage corresponding
to the peak currents. The nucleation capacities on both cathodes are 331
and 207 mAh g1 (Fig. 8d), respectively. Through the entire discharge
PITT, the MoSSe@graphene@CC cell displays a superior discharge ca-
pacity of 331 mAh g~!, which was 1.6 times than that of the graphe-
ne@CC cell (Fig. 8d). Similarly, the oxidation of LisS for the
MoSSe@graphene@CC cell occurs at a lower potential in contrast to the
counterpart. For the MoSSe@graphene@CC cell, the dissolution of LiyS
began at 2.25 V with an obvious current peak observed to indicate phase
transition (Fig. 8e). However, the graphene@CC cell demonstrates a
current peak at 2.30 V (Fig. 8f). The collected peak response time and
calculated nucleation capacity of the MoSSe@graphene@CC cell are
superior (Fig. 8g-h). It delivers a shorter response time (103 min) and a
larger dissolution capacity (372 mAh g!) than the counterpart (130
min and 220 mAh g~1). Through the entire charge PITT, the MoSSe@-
graphene@CC cell exhibits an excellent charge capacity of 372 mAh g2,
69 % higher than that of the graphene@CC cell (Fig. 8h). Therefore, the
participation of the MoSSe nanosheets considerably improved the
electrochemical conversion kinetics for both LisS deposition and
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dissolution and significantly enhanced the capacity of both processes
[71].

The soluble polysulfides, generated at the cathode during the
discharge phase of the battery, can diffuse across to the Li anode side.
Here, they undergo a reduction process leading to the formation of
insoluble LiySs and LisS. This particular reaction contributes signifi-
cantly to an irreversible capacity loss in the battery, a critical issue that
needs to be addressed. The phenomenon, commonly referred to as the
“shuttle effect,” can be readily observed and quantified by analyzing the
shuttle current, as depicted in Fig. 9a [66]. Upon a comprehensive
evaluation, the shuttle current of the MoSSe@graphene@CC cell was
found to be approximately ~1.05 x 10~2 mA cm 2. This value is
remarkably lower than the shuttle current recorded for the graphe-
ne@CC cell, which stood at 3.36 x 10> mA em™2 This difference in-
dicates that the MoSSe@graphene@CC electrode demonstrates superior
efficacy in trapping polysulfides and mitigating the harmful effects of
the shuttle effect [72].
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A visualized polysulfide adsorption experiment was then carried out
to evaluate the adsorption capability of MoSSe@graphene composite
and graphene as exhibited in the inset of Fig. 9b. The Li;S¢ catholyte
mixed with MoSSe@graphene composite exhibits the decoloration after
2 h adsorption test compared with the Li;Sg solution mixed with gra-
phene, implying a strong trapping capability towards polysulfide.
However, the LisSe solution with graphene remained yellow. In addi-
tion, ultraviolet/visible absorption spectroscopy was implemented to
determine residual polysulfides in two electrolyte samples. An absorp-
tion band attributed to Li;Sg at about 250-300 nm becomes weaker
after adding MoSSe@graphene composite. This observation serves as
powerful evidence and further confirms the impressive adsorption
capability of the MoSSe@graphene composite [73].

The MoSSe@graphene powder, after being thoroughly soaked in the
LisSg catholyte solution, was then put under rigorous analysis using XPS.
The main objective of this analysis was to study and understand the
complex chemical interactions that might occur between the
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222



Z. Wei et al.

MoSSe@graphene and Li»Se. As depicted in Fig. 9¢, in comparison to the
Mo 3d spectrum of the pristine MoSSe@graphene powder, a notable
observation is that the distinctive Mo 3d peaks exhibit a discernible shift
towards a lower binding energy post Li»Se adsorption. Moreover, the S
2p peaks corresponding to the LisSg polysulfides which were adsorbed
within the MoSSe@graphene composite demonstrate a prominently
observable shift to a higher binding energy, as depicted in Fig. 9d. Such
substantial peak shifts provide a clear indication of the deviation of
electrons away from the highly electronegative S atoms and towards the
more electropositive Mo atoms. This electron movement results in the
formation of a charge shielding effect [74]. As illustrated in Fig. 9d, the
pristine LisSg exhibits two prominent S 2ps/» peaks at 161.2 and 162.5
eV, which are attributed to the bridging (St) and terminal (Sg) sulfur
atoms, respectively. When contacted with the MoSSe@graphene com-
posite, these peaks experience a noticeable shift to higher binding en-
ergies: 161.6 and 163.1 eV for the S 2p3,, resonances. Such a positive
shift is closely correlated with a reduction in the electron density along
the sulfur chain. This phenomenon is a direct consequence of the
chemical interaction between the Li;Sg and the MoSSe [75].
Furthermore, distinct peaks become evident at higher energy levels
(167.1 eV for S 2p), a phenomenon that can be attributed to the for-
mation of thiosulfate groups. The subsequent interaction of LiPSs with
the firmly anchored thiosulfate groups is directly responsible for the
emergence of a polythionate peak, discernible at a binding energy of
168.9 eV. This polythionate peak is a direct result of a complex redox
reaction between LisS¢ and MoSSe, mediated through the formation of
thiosulfate [76]. Utilizing XPS analysis, it becomes evident that the
MoSSe@graphene sulfur host primarily relies upon the formation of
chemical bonding to accomplish the process of chemical adsorption. The
utilization of chemical bonding for adsorption purposes leads to a sig-
nificant attenuation of the polysulfide shuttling effect, thereby
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Intensity (a.u.)
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enhancing the overall stability and efficiency.

3.3. Microscopic characterizations after cycling

Moreover, the batteries were disassembled after 200 cycles at 1C to
study the polysulfide adsorption capability and the polysulfide conver-
sion ability of MoSSe during the cycling process. After cycling (Fig. 10a,
e), the slight color change of the separator in the MoSSe@graphene@CC
cell was found, suggesting the efficient restriction of polysulfide disso-
lution by MoSSe. Furthermore, minor corrosion can be detected on the
surface of Li metal anode paired with the MoSSe@graphene@CC cath-
ode implying outstanding polysulfide adsorption capability and superb
polysulfide conversion ability of MoSSe towards soluble long-chain LiPS
(Fig. 10b,f).

Moreover, to investigate the polysulfide-blocking capabilities, the
cycled Li metal anodes were characterized by SEM. The Li metal anode
assembled with the graphene@CC electrode has an uneven, rough sur-
face with a crack structure, implying inhomogeneous Li" deposition and
corrosion induced by the polysulfide shuttling (Fig. 10c-d). Contras-
tively, the Li metal anode assembled with the MoSSe@graphene@CC
cathode demonstrates a much smoother and more compact surface,
suggesting the successful inhibition of the polysulfide migration
(Fig. 10g-h). The enhanced lithium deposition state is attributed to the
effective regulation of Li-ion deposition and mitigation of polysulfide
corrosion to the lithium anode. The element mappings, as illustrated in
Fig. 10i-k and 10m-o, provide additional confirmation of the mitigated
shuttling issue. This is evidenced by a discernibly weaker signal of the
sulfur element, probed within the cycled lithium anode of the MoS-
Se@graphene@CC cell. A gold coating was applied to both cycled
lithium anodes to enhance conductivity and alleviate the buildup of
electrons on the surface.
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Fig. 10. The optical microscope photos of (a) the cycled separator and (b) the cycled Li anode; (c-d) SEM images, (i) EDS overlays, (j) EDS sulfur map (yellow), (k)
EDS spectrum (the number of repeat experiments: 3), and (1) SEM cross-section image and EDS line scan profile of sulfur for the cycled Li anode from the gra-
phene@CC cell. The optical microscope photos of (e) the cycled separator and (f) the cycled Li anode; (g-h) SEM images, (m) EDS overlays, (n) EDS sulfur map
(yellow), (o) EDS spectrum (the number of repeat experiments: 3), and (p) SEM cross-section image and EDS line scan profile of sulfur for the cycled Li anode from
the MoSSe@graphene@CC cell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Furthermore, the corrosion degree of Li metal anode was assessed by
cross-sectional morphologies of the cycled Li metal anode paired with
the MoSSe@graphene@CC cathode and the graphene@CC cathode. A
corrosion thickness can be represented by the p sulfur species that
migrated from the cathode to the anode. The graphene@CC cell
(Fig. 101) displays the Li metal anode with a corrosion thickness, which
is much thicker than that with the MoSSe@graphene@CC cathode
(Fig. 10p). These results as mentioned above verify the severe shuttle
effect in the graphene@CC cell. The slight corrosion on the surface of Li
metal anode paired with the MoSSe@graphene@CC cathode confirms
the effective immobilization of polysulfide diffusion by polar MoSSe
[77]. Therefore, these results further evidence that the additive selection
and design with strong polysulfide adsorption and catalytic activity for
the sulfur cathode are crucial for the electrochemical performance
enhancement of Li-S battery [22,71,78,79].

4. Conclusion

In this work, sulfiphilic few-layered MoSSe nanoflakes were deco-
rated on high surface area and highly conductive graphene (MoSSe@-
graphene) to optimize the binding energies of soluble polysulfides and
guide the LisS nucleation and growth vertical to the interfacial surface.
This nanohybrid structure can also mitigate the formation of the LisS
passivation layer on the catalyst surface and allow for continuous Li*
diffusion and subsequent nucleation of LisS. Owing to these beneficial
features, Li-S cells with a MoSSe@graphene@CC electrode demonstrate
remarkably enhanced electrochemical performance, including a high
initial capacity of 1091 mAh g~! at 1C and ultralong cycle stability with
a low capacity decay rate of 0.040 % per cycle over 1000 cycles at 1C.
This study offers an energy-efficient strategy (ultrafast microwave syn-
thesis) to synthesize electrocatalytic host additive to control the LizS
nucleation and growth and mitigate the shuttle effect of polysulfides,
which provide a new processing route to fabricate highly efficient
electrocatalysts for long-cyclable and high performance LSBs.
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