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reliability, and safety of batteries. The integration of rare earth elements into MoS, anode -~ w == —
materials holds promise for enhancing the cycling stability of batteries during charging and ~ — &i=— o0
discharging cycles. In this work, a nanoflower-like composite of Ce,Mo0;0,,/MoS,/C was 3 4 -
; . . 2h &
synthesized as an anode material by an enhanced hydrothermal method. The experimental = | ‘-
results showed that the incorporation of carbon resulted in a more sophisticated flower-like 1, ouetic stiming Autociave  CeMo0MoS/C €

structure of the material. The annealing process has little effect on the morphology and
crystal structure of the Ce,Mo;0,,/MoS,/C composite. After being annealed at 500 °C for
2 h, the Ce,;Mo30,,/MoS,/C composite exhibited remarkable cycling stability as an anode
material for lithium-ion batteries (LIBs). The initial discharge capacity at a current density
of S00 mA g~' was 747.98 mAh g~', while the discharge capacity after 200 cycles exhibited ;
a capacity retention rate of 77.34%. The results demonstrate the potential of this material . ——————
for energy storage applications and provide an alternative to the rational design of related

materials.

1. INTRODUCTION

Solar and wind energy can reduce carbon emissions from fossil
fuels, aiding in global carbon peaking and neutrality goals.
However, their discontinuous supply due to natural factors
hampers efficient utilization. Thus, developing reliable and
efficient energy storage systems to store electricity from these
sources is crucial for their practical application."” Lithium-ion
batteries (LIBs) have garnered significant attention owing to
their distinctive advantages, including high energy density,
extended cycle lifespan, and minimal self-discharge capabil-
ity.”* As a key component, the anode properties greatly
influence the LIB performance. Industrial graphite electrodes,
limited by low theoretical capacity and poor electrolyte
compatibility, hinder their use in high-energy-density LIBs.
Molybdenum disulfide (MoS,), with its high theoretical
capacity (670 mAh g7'), large surface area, excellent
electrochemical activity, and low cost, emerges as a promising
anode material for LIBs."™” Nevertheless, poor electrical
conductivity and large volume expansion during the charging
and discharging processes have impeded the commercialization
of MoS, as an anode material for LIBs. As the most effective
strategies, nanocrystallization of MoS, and the incorporation of
MoS, with other compounds were employed to address the
aforementioned shortcomings.'*™"*

The nanostructured design of the MoS, material has the
potential to significantly provide more active reaction sites,
shorten the diffusion pathway, and enhance the diffusion
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efficiency of lithium ions and electrons during the charging and
discharging processes. In recent years, nanosized MoS, with
various morphologies has been successfully synthesized,
including two-dimensional nanosheets”'’ and three-dimen-
sional nanospheres.”'* In addition to regulating the morphol-
ogy of MoS,, incorporation with other materials is also an
effective approach to improve the electrochemical performance
of MoS,-based anode materials. For example, the incorporation
of carbon materials,”’*"'® MXene,'” and transition metal
oxides”'® with MoS, has been demonstrated to mitigate the
structural collapse of anode materials that occurs during the
charge/discharge reactions.

As a novel functional material, rare earth element
compounds exhibit stable energy level structure, catalysis,
and other superior properties, rendering them suitable for a
multitude of applications in the field of new energy.'”™'
Cheng et al.”” synthesized CeO, mesoporous microspheres
comprised of nanoparticles. The integrated structure of the
CeO, electrode endows it with a notable lithium storage
capacity and excellent rate performance. Wen et al.”® have
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Figure 1. Schematic illustration of the CMC composite preparation.
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developed a novel nitrogen-doped carbon fiber structure
embedded in hollow cerium oxide spheres (CeO,@NCF).
The hollow spherical structure of CeO,, characterized by
abundant vacancies, offers additional catalytic sites for lithium-
ion aggregation and transport. Due to the synergistic effect
between CeO, and NCF, the anode material demonstrates
high capacity and excellent cycle stability, achieving a discharge
capacity of 450.8 mAh g™ after S00 cycles at a current density
of LAg.

Doping cerium into molybdenum disulfide (MoS,) can
adjust its structure and boost the lithium storage capacity.
Cerium, often used as a dopant in metal-ion batteries, helps
reduce internal impedance during discharge.”* Santhoshkumar
et al.” synthesized a cerium molybdate microsphere composite
(Ce,Mo50,¢) with a microsheet structure by the hydrothermal
method. The large specific surface area of the composite
enhances the energy storage capacity. Additionally, the
network of orderly flakes creates a myriad of wide-open
spaces, which facilitate the penetration of electrolyte ions and
enable swift electron transport. Feng et al*® prepared CNT-
MoS,/CeO, nanocomposites via a straightforward hydro-
thermal process. The initial discharge capacity was 1373.4 mAh
g™ ! at a current density of 0.1 C, and after 200 cycles, the
capacity retained was 933.9 mAh g'. The active site of CeO,
inhibits dissolution and alleviates the shuttle effect of the
polysulfide. In addition, the incorporation of carbon nanotubes
provides a buffer space for the volume expansion of the
electrode that occurs during the charge/discharge cycles.

In general, the rare earth elements are of great importance to
enhance the stability of batteries.””** The incorporation of rare
earth elements with MoS, will address the inherent issues of
high volume expansion during the charging and dischar%in
process. In this study, an enhanced hydrothermal method'®”
was employed to synthesize the Ce,Mo0;0,,/MoS, composite
(CM). In order to enhance the electrical conductivity of the
samples, carbon materials are incorporated into the synthesis
procedure to form the Ce,Mo;0,,/MoS,/C composite
(CMC). The composite material displayed a distinctive
morphology structure comprising nanoflower-like stacking,
which was formed by the aggregation of nanosheets. The flaky
nanoflowers exhibited a larger specific surface area and much
exposure of active sites, which enhanced the surface area and
reaction efficiency of the electrode reaction, thereby improving
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the discharge capacity of the material. Furthermore, this
unique structure can alleviate the volume changes of the
material during cycling, bolster the structural stability of the
anode material, and consequently enhance the cycling stability
of the battery.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Ce,Mo0;0,,/MoS,/C Composite.
The typical experimental procedure is depicted in Figure 1. All
reagents were of analytical grade and were used without further
purification. A total of 1.15 g of cerium nitrate hexahydrate
(Ce(NO;);-6H,0, China) and 1.5 g of L-cysteine (C;H,NO,S,
China) were dissolved in deionized water. After being
completely dissolved, the solution was transferred to a 200
mL modified polyethylene tetrafluoride (PTFE) lined micro
magnetic stirring autoclave at 200 °C for 8 h with a rotation
speed of 300 rpm. Then, the precipitation was centrifuge
washed using deionized water and anhydrous ethanol
alternately 4 times and then dried at 60 °C in a vacuum
oven for 12 h. The as-prepared cerium compound was
dispersed in 80 mL of deionized water with 1.95 g of sodium
molybdate (Na,MoO,2H,0, China), 3.66 g of thiourea
(CS(NH,),, China), 0.1 g of polyvinylpyrrolidone (PVP),
and 1 g of glucose (C4H;,04H,0, China). After completely
dissolving, a solution of dilute sulfuric acid (Vol. 20%) was
added to adjust the solution pH value to 2. Finally, the solution
was transferred to the same autoclave and reacted under the
identical hydrothermal conditions as previously described. The
products were centrifugally washed and dried to obtain a
Ce,M0;0;,/MoS,/C composite (CMC). As heat treatment in
an vital step for many of the synthesis procedure,” the CMC
samples were then annealed at 500 °C under an argon
atmosphere for 2 h. Sodium molybdate and thiourea were used
to synthesize pure MoS, material, and the Ce,Mo0;0;,/MoS,
composite (CM) was synthesized without glucose under
identical conditions for reference.

2.2. Characterization of the Ce,Mo05;0,,/MoS,/C
Composite. The crystal structure of the samples was
examined through the utilization of various advanced
techniques. Specifically, X-ray diffraction (XRD, Germany), a
field emission scanning electron microscope (FESEM, Japan),
and a high-resolution transmission electron microscope
(HRTEM, Japan) were employed. To determine the
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Figure 2. FESEM images of the CM (a), CMC (b), and CMC after annealing (c). EDS images of the CM (d), CMC (e), CMC after annealing (f).

composition and specific content of the specimens, an energy-
dispersive spectrometer (EDS) was used. The BET tests were
carried out with a surface area and pore size distribution
analyzer (BELSORP-max II, Japan). Additionally, an X-ray
photoelectron spectrometer (XPS) equipped with an Al Ka X-
ray source was utilized for a comprehensive analysis of the
elemental composition and valence states of the elements
present in the specimens.

2.3. Electrochemical Measurements. Prior to further
processing, the samples were thoroughly mixed and ground
with acetylene black and polyvinylidene fluoride. Subsequently,
a quantity of 20 drops of N-methylpyrrolidone (NMP) was
added to achieve a slurry with moderate viscosity. This slurry
was then evenly spread onto the unpolished surface of pristine
copper foils and served as the anode material. The assessment
of the capacities and cycling characteristics of the prepared
samples involved the use of CR2032 buckle cells, which were
assembled in an argon-filled glovebox, with a lithium sheet
serving as the counter electrode. The electrochemical
behaviors, including cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS), were conducted on
the CHI660E Electrochemical Workstation. Additionally, the
CT2001A button battery test system was employed to evaluate
the charge—discharge cycling performance and rate capability
of the samples.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure, Morphology, and Composi-
tion. The FESEM images of the as-prepared CM and CMC
composites are presented in Figure 2a—c. The synthesized CM
composite (as illustrated in Figure 2a) exhibits a nanoflower-
like structure, formed by the aggregation of nanosheets. The
addition of glucose results in a more refined structure (Figure
2b). During the hydrothermal process, glucose was carbonized
to form gray carbon micelles that serve as heterogeneous
nucleation sites for MoS,. Additionally, the agitation of the
system facilitates the coating of gray carbon micelles on the
surface of the nucleated MoS, nanocrystals, thereby reducing
the specific surface energy of the nano-MoS, and inhibiting the
further stacking aggregation of MoS,.'® The morphology of the
as-prepared CMC sample after annealing (Figure 2c) exhibits
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minimal alteration in comparison to the unannealed counter-
part, displaying a flaky nanoflower-like stacking structure.

Figure 2d—f illustrates the EDS spectra and the elemental
content of the as-prepared CM samples and the CMC
composite. The analysis reveals that the product is
predominantly composed of molybdenum, sulfur, carbon,
oxygen, and cerium. The Au element is introduced during
the conductive coating stage, for improving the electrical
conductivity of the material and enhancing the imaging effect.
Furthermore, the EDS energy spectrum of the CMC specimen
after annealing displays a reduction in the mass fraction of C
and O elements in comparison to that of the samples without
annealing. This can be attributed to the oxidation of carbon
with adsorbed oxygen on its surface during the high-
temperature process, which is accompanied by an increase in
the mass fraction of Mo, S, and Ce elements.

Figure 3 depicts the X-ray diffraction (XRD) patterns of the
as-prepared CM and CMC composite. It was observed that the
addition of glucose had no significant impact on the diffraction
peak position of the sample, indicating that the main
components of the material are Ce,Mo0;0;, and MoS,.
However, the peak intensity of the sample is enhanced with
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v CMC-annealing
- \\g l: : 4 1: . :? A AL
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E‘ Arenhe l; I N -
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Figure 3. XRD patterns of the CM, CMC, and CMC after annealing.
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Figure 4. HRTEM images of the CMC before annealing (a, b). HRTEM images of the CMC after annealing (c, d). Elemental mapping images of

Mo, S, Ce, O, and C for the CMC (e).

the addition of glucose. This is attributed to the carbon source
generated by the decomposition of glucose in the hydro-
thermal process, which contributes to the growth of nano-
sheets, and enhances the diffraction peak intensity of the
material.”” After annealing at 500 °C, the diffraction peak of
the CMC sample exhibited little significant difference,
indicating that the annealing treatment did not result in any
notable alteration to the primary composition of the samples.

The high-resolution transmission electron microscopy
images of the CMC composite before and after annealing at
500 °C are shown in Figure 4. As illustrated in Figure 4a,c, the
particle size distribution is relatively uniform, suggesting that
carbon is distributed homogeneously in the powder. EDS

mapping results for the unannealed samples are shown in
Figure 4e, which revealed that the composite material is
primarily composed of molybdenum disulfide, with carbon
uniformly distributed on the surface of the material. The
cerium element is predominantly located in the central part of
the sample, and a few cerium is also attached to the
molybdenum disulfide nanosheets at the edges. Furthermore,
the images provide compelling evidence for the growth
mechanism of the sample, where cerium molybdate is initially
formed, and molybdenum disulfide nanosheets subsequently
grow and encapsulate the surface of the cerium molybdate.
This structure has the beneficial effect of mitigating the volume
change of the material during the charge/discharge processes,

https://doi.org/10.1021/acsomega.4c11155
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Figure S. XPS spectra of CMC materials before and after annealing ((a) survey spectra; (b) Ce 3d unannealing; (c) Ce 3d annealing; (d) Mo 3d
unannealing; (e) Mo 3d annealing; (f) S 2p unannealing; (g) S 2p annealing; (h) C 1s unannealing; (i) C 1s annealing; (j) O 1s unannealing; (k)

O 1s annealing).

thereby enhancing the cycle stability of the material. A
comparison of Figure 4b,d reveals that the annealing treatment
results in a notable enhancement in the continuity and order of
the nanosheet lattice stripes, accompanied by an increase in the
lattice spacing from 0.64 nm before annealing to 0.68 nm after
annealing, which are both larger than those of the pristine
MoS,. The enlarged lattice space is conducive to lithium-ion
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embedding and de-embedding. These findings indicate that
annealing at 500 °C can effectively remove internal defects in
the material, avoid the particles smashing due to the stress
concentration of the material during the cycling process, and
thereby enhance the material cycle stability.

Figure S illustrates the X-ray photoelectron spectroscopy
(XPS) spectra of CMC before and after annealing at 500 °C.

https://doi.org/10.1021/acsomega.4c11155
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Figure 5a depicts the survey spectrum of the as-prepared CMC
composite, which includes the elements Ce, Mo, S, C, and O.
Figure Sb,c shows the refined Ce 3d spectra before and after
annealing, which both exhibit six distinctive peaks. Before
annealing, these peaks located at 881.6, 885.4, 888.1, 901.1,
905.2, and 909.8 eV, which were represented by a, 3, 7, ', f',
and 7/, respectively. The peaks f and f# are attributed to Ce®"
3ds/, and Ce* 3d;,,, @ and y correspond to Ce** 3ds,, @’ and
y' are assigned to Ce*" 3d,,, respectively. These distinctive
peaks indicate that Ce is present in the composite in a
multivalent valence state. After annealing, the characteristic
peaks for @, §, o, ', and ¥’ shift to 882.6, 886.7, 901.6, 905.7,
and 911.3 eV, respectively. Furthermore, the characteristic
peak of y was eliminated and replaced by a @ characteristic
peak at 893.4 eV, which corresponds to the satellite peaks of
Ce.”' ™% The interaction between cerium and glucose results in
the transformation of Ce*" into Ce>*, which in turn leads to the
generation of oxygen vacancies and thus enhances the
electrochemical activity of the material. After calcination, the
area of the Ce*" peak decreases while the area of the Ce** peak
increases, indicative of a relatively higher Ce*" content, which
improves the electrochemical activity.* Figure Sd,e presents
the Mo 3d spectra of the element before and after annealing.
The two main characteristic peaks at 228.9 eV (Mo 3d;/,) and
232.3 eV (Mo 3d,,) are attributed to Mo*" in the 1 T phase
MoS,, while the peak that appeared at 229.7 (Mo 3ds),) is
indexed to Mo*" in the 2 H phase MoS,. The energy level
splitting of Mo 3d leads to a typical difference in binding
energy between the two spin—orbit split peaks of 3.15 eV.
However, for metallic phase Mo-base material, the difference in
binding energy is slightly larger. Given the metallic nature of
1T-phase molybdenum disulfide, the difference in binding
energy between its two peaks is accordingly larger,
corresponding to the observed peaks of Mo*" in the 1T
phase in the Figure 5d,e. The Mo*" 3d,, peak from the 2H-
phase molybdenum disulfide should theoretically be located at
232.9 eV. However, at this position, due to the relatively low
content of Mo*" in the 2H phase, it may be obscured by
intense peak noise, making it impossible to fit the Mo*" 3d,,,
peak accurately. The peaks at 236.4 and 233.3 eV are
attributed to Mo®" 3d;,, and Mo®" 3d;,,, respectively.”’~*'**
The Mo®" are mainly derived from Ce,Mo;0,, present in the
sample, with part of the Mo®* potentially attributable to MoO;,
which can be formed by the surface oxidation of MoS,.
However, the presence of Mo®* in the sample is predominantly
in the form of MoO,* rather than MoQj;, which results in a
slight shift in the peak position of Mo®". In addition, the minor
peak at 226.2 eV corresponds to S 2s.*" After annealing, the 1T
phase of metastable molybdenum disulfide converts entirely to
the 2H phase of molybdenum disulfide at high temperatures
due to its inherent instability. As a result, the peaks
corresponding to the 1T phase of molybdenum disulfide
disappear completely, while the peaks of the 2H phase
intensify. The peaks of Mo*" 3d,, and Mo* 3d;, are
observed at 229.3 and 232.5 eV, respectively. The peak at
235.8 eV corresponds to Mo®" 3d; ;. Theoretically, the peak of
Mo® 3ds/, should be located at 232.6 eV. However, during the
annealing process, most of the MoOj; sublimates, leading to a
reduction in the intensity of the Mo®" peaks. Consequently, the
Mo 3ds), peak at this position is interfered with by the
intense Mo*" peak, making it impossible to fit accurately.*~*
The small peak at 226.5 eV is attributed to S 2s.

Figure Sf,g illustrates the three distinctive peaks of S 2p
present in the specimens before and after annealing. The peaks
at 161.3 and 162.4 eV before annealing are attributed to S>~
2ps), and S*7 2p, )y, respectively.'”** The peak at 168.6 €V is
attributed to the formation of sulfur oxides, which result from
the oxidation of MoS, in the air.*® After annealing, the
intensity of the peak at 168.6 eV is significantly reduced,
corresponding to enhancement of the characteristic peak of $*~
2p;/,- This indicates that the S—O bond decomposes during
the annealing process. The peaks of S>~ 2p;,, and S*~ 2p, ),
shift to 162.1 and 163.3 eV, respective1y.47’48 The C 1s
exhibited three characteristic peaks, as illustrated in Figure Sh,i.
Prior to annealing, characteristic peaks at 284.8, 285.8, and
287.6 €V correspond to the C—C, C—0O, and C=O0 bonds,
respectively.'”*"** These bonds are attributed to the
amorphous carbon derived from the decomposition of glucose.
In contrast, Figure Si depicts the C 1s spectrum of the samples
after annealing. The three characteristic peaks at 284.8 285.7,
and 289.3 eV correspond to the C—C, C—-0O, and C=O0,
respectively. The peak area of the C=O bond is diminished
due to the decomposition of the C=0 bond in the annealing
procedure, leading to an increase in the intensity of the C—O
bond. The O 1s spectra of the as-prepared CMC composite
before and after calcination are shown in Figure Sj,k. Prior to
annealing, the peaks at around 531.6 and 532.4 eV correspond
to Mo—0O and C=0-C, respectively.””*" After annealing, the
two characteristic peaks are still evident, exhibiting a shift to
531.1 and 532.1 eV, respectively. However, during the high-
temperature annealing process, the area of the Mo—O
characteristic peak is attenuated due to the sublimation of
MoOj, which is accompanied by an increase in the intensity of
the C=0-C characteristic peak.

BET tests were carried out by the surface area and pore size
distribution analyzer and the resulting data were summarized
in Table 1. It is shown that the CMC sample without annealing

Table 1. BET Testing Results of the As-Synthesized
Materials

SAggr pore volume pore size
sample (m*g™) (em® g™) (nm)
CMC after 29.80 0.15 20.36
annealing
CMC 32.17 0.14 17.05

has a higher specific surface area (32.17 m* g™') than that of its
annealed counterpart (29.80 m* g™'). However, the disparity of
the two samples is minimal, indicating little change in their
morphology and structure, which is consistent with the
FESEM observations (shown in Figure 2). The BET results
show that the isothermal curve of CMC is of the typical type
IV shape, with obvious H3-type hysteresis loops. These loops
are indicative of the predominant mesoporous characteristics
of CMC. Consequently, the CMC after annealing and the
CMC prior to annealing are mesoporous materials, with the
pore size of the former being larger (20.36 nm) than the latter
(17.05 nm). The N, adsorption/desorption isotherm and pore
size distribution of the two samples are shown in Figure 6a,b,
respectively. As can be observed from the Figure 6, the
adsorption and desorption curves of the CMC before and after
annealing nearly coincide.

3.2. Synthesis Mechanism. Based on the above
discussion regarding the characterization results of the samples,
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Figure 6. (a) N, adsorption/desorption isotherm and (b) the corresponding pore size distribution of the CMC composite.
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Hydrothermal

carbon ]

encapsulate

a hypothesized hydrothermal synthesis reaction mechanism of
the product is proposed, as illustrated in Figure 7.

The final composite was prepared by two individual
hydrothermal synthesis processes. In the first hydrothermal
process, the product synthesized by the addition of cerium
nitrate hexahydrate and L-cysteine is a mixed compound
comprising Ce,S;, Ce,0;, and CeS,.”> At elevated temper-
atures and pressures, cerium ions hydrolyze to form Ce,0;,
which is then reduced to Ce,S; by H,S, the decomposition
product of L-cysteine. This process results in the generation of
a minor quantity of CeS,. The reaction mechanism can be
described as follows

2Ce** + 3H,0 — Ce,0, + 6H* (1)
2C,H,NO,S + 5O, — 2NH; + 2H,S + 6CO, + 2H,0
@)
Ce,0; + 3H,S — Ce,S; + 3H,0 3)
2Ce,0; + 8H,S + O, — 4CeS, + 8H,0 (4)

In the following hydrothermal procedure, the cerium
compound reacts with MoO,*” to yield Ce,Mo;0,.
Concurrently, MoO,>” reacts with thiourea, resulting in the
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formation of MoS,. Subsequently, the CM composite is
produced. The reactions that occur in the second hydro-
thermal process are described as follows

Na,MoO, — 2Na* + MoQ,*” ()
CS(NH,), + 2H,0 — 2NH, + H,S + CO, (6)

4Mo0O,*” + 98 + 24H"' — 4MoS, + SO,>” + 12H,0
)

Ce,0, + 3M00,”” + 6H" — Ce,Mo0,0,, + 3H,0  (3)
Ce,S; + 3MoO,”” + 6H' - Ce,M0,0,, + 3H,S  (9)

2CeS, + 3MoO,”” + 8H' — Ce,Mo0,0,, + 4H,S  (10)

In the initial stage of the second hydrothermal process,
Ce,Mo0;0,, is first formed in the solution. Subsequently,
glucose is carbonized at 180 °C or higher to produce gray
carbon micelles, and MoS, forms with a uniform nanosheets
structure. Subsequently, the carbon and MoS, formed as a
uniform composite, and coated on the surface of Ce,M0;0,,
to generate uniformly dispersed nanoflower-like CMC
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composite material. The unique structure, in addition to the
improved electrical conductivity afforded by carbon, will favor
stable cycling performance and excellent capacity retention.
3.3. Electrochemical Performance. The pristine MoS,,
CM, unannealed CMC, and annealed CMC were assembled
into button batteries, respectively. The charge—discharge cyclic
performance of the material is shown in Figure 8. The initial

800

MoS,

M
CMC-unannealing
@ CMC-annealing

400

200

Speicific Capacity(mAh g™)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 8. Cyclic stability of MoS,, CM, CMC, and CMC after
annealing.

discharge-specific capacities of the pristine MoS,, CM, CMC
(unannealed), and CMC (annealed) at a current density of
500 mA g™ are 673.1, 542.9, 796.4, and 747.98 mAh g7,
respectively. The CMC electrode after annealing maintained
the discharge capacity of 411.60 mAh g~' over 200 cycles with
an excellent capacity retention of 77.34% (in comparison to
the second cycle), which is higher than that of the CMC
composite electrodes without annealing. The second discharge
capacity exhibited a notable decline, which can be attributed to
the generation of the solid electrolyte interface (SEI) film
formed during the first discharge—charge cycle. Subsequently,
the capacity demonstrates a gradual and consistent evolution,
which may be indicative of the intrinsic charge and discharge
capacity performance of the battery. Accordingly, the second
capacity can be regarded as a suitable reference value. The
discharge capacities of the pristine MoS,, CM, CMC
(unannealed), and CMC (annealed) after 100 cycles were
27, 144.8, 200.4, and 422.46 mAh g_l, respectively. In
comparison to pristine MoS,, the CM synthesized doped
with cerium exhibits a favorable specific capacity. Following

the addition of carbon materials, the initial capacity is not as
high as that of CM. However, the material demonstrates a
notable enhancement in cyclic stability. After annealing, the
CMC composite displays the most favorable cyclic stability.
The incorporation of Ce elements can reduce the rate of
capacity decay and enhance cycling performance, thereby
extending the operational lifespan of the battery. CMC
composites were synthesized through the doping of C
elements, resulting in enhanced conductivity and optimized
electron transport.lﬁ’29

Furthermore, the incorporation of carbon materials
enhanced the crystallinity of the material, as illustrated by
the XRD patterns in Figure 3. The uniform distribution of C
into the CM enhanced the stability of the material and reduced
capacity decay during the cycle, thereby improving the cyclic
stability of the material. The capacity retention rate of CMC
after annealing at 500 °C is 77.34%. Table 2 presents the
electrochemical performance of various MoS,-based anode
materials synthesized through disparate methodologies.

To investigate the cycling stability of composite materials,
the batteries were disassembled after cycling, and field
emission scanning electron microscopy (FESEM) observations
were promptly conducted on the anode slices. Figure 9ab
depicts the morphologies of the anode slices after annealing
CMC cycling for S and 100 cycles, respectively. Figure 9c
shows the anode slice after cycling 100 times without annealing
the CMC. After 5 cycles, a complete layer film has grown on
the anode slice. Following 100 cycles, the film was observed to
vanish in certain areas. In contrast, for the anode slices
prepared with CMC and subjected to 100 cycles, large areas of
voids appear on the film grown on the surface of the slices,
accompanied by the disappearance of the film. This indicates a
significant collapse of the composite material. By comparison,
it is found that the CMC composite material exhibits an
enhanced cycling stability after annealing.

Figure 10a,b presents the cyclic voltammetry (CV) curves of
the CMC composite electrodes before and after annealing at
500 °C for 2 h. As illustrated in Figure 10a, the CMC
electrodes without annealing show two reduction peaks in the
first cathodic scanning. The weak peak at 1.4 V is attributed to
the formation of amorphous Li,MoS,, which is a result of Li*
embedding within the molybdenum disulfide lattice, as
indicated. Moreover, the reduction peak at 0.4 V can be
assigned to the conversion of Li,MoS, to Li,S. The reaction
between lithium ions and electrolytes results in the formation
of a solid electrolyte interface (SEI) film. After annealing, the
two reduction peaks shift to 1.3 and 0.45 V, respectively,
during the initial cathodic scan. As for anode scanning, the
CMC electrodes before annealing exhibit two distinct

Table 2. Cyclic Stability of the MoS,-Based Anode Synthesized by Different Methods

initial discharge-specific
capacity
747.98 mAh ¢! (0.5 A g™")

capacity retention (Nth)
(mAh g7') references

411.6 (200th) this work

material morphology method time
Ce,Mo0;0,,/MoS,/C  nanoflower hydrothermal 8h
MoS,/MXene nanosheet hydrothermal 12 h
MosS, layered structure  hydrothermal 6h
MoS,/TiO, micrometer florid hydrothermal 16 h
MosS, nanoflower hydrothermal 24 h
CoS,/MoS, nanosphere solvothermal 2h
MosS, nanosheets hydrothermal 24 h
Sn-MoS, vacancy-assisted 16 h

compositing
18546

738 mAh g7' (0.1 Ag™)
(0.05A g™

4108 mAh g ' (0.8 Ag™")
(10

(02A¢g™)

501 mAh g7' (1 Ag™)
1260 mAh g™ (1A g™")

731 (100th) 1

108 (500th) 53
361.5 (300th) 18
430 (300th) 7
319.2 (100th) 8
142 (600th) 54
160 (100th) s5S
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Figure 9. FESEM images of the anode slices after annealing CMC cycling for S cycles (a) and 100 cycles (b) CM, the anode slices CMC cycling for

100 cycles (c).
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Figure 11. Charge and discharge curves of CMC (a) and CMC after annealing (b) at 500 °C.

oxidation peaks at approximately 1.75 and 2.15 V, respectively
(as shown in Figure 10a). The peak at 1.75 V corresponds to
the conversion of Li,S to S. Moreover, the peak at 2.15 V can
be due to the partial vulcanization of Mo to form MoS,. After
annealing, the oxidation peaks of the composite electrode
exhibit a shift to approximately 1.65 and 2.25 V. As per the CV
curves of the CMC composite electrodes before and after
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annealing, there is no significant difference in the peak
positions, suggesting that the electrochemical reactions
occurring during the charge and discharge cycles are identical.
The high coincidence of CV curves in the following two cycles
indicates that the CMC composite exhibits excellent cycle
stability both before and after annealing, as observed in
previous cycles.'"' ¥
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Figure 11a,b illustrates the charge—discharge profiles of the
CMC composite during the initial three cycles within a voltage
range of 0.01 to 3 V at a current density of 500 mA g~'. The
specific discharge capacities of the CMC composite before and
after annealing during the first cycle are 796.4 and 762.1 mAh
¢!, respectively. However, the capacities after the first cycle
decrease in the subsequent two cycles. The loss of capacity is
mainly associated with the formation of the SEI film. The
perfectly superimposed curves in the second and third cycles
demonstrate the favorable reversibility and cycle stability of the
CMC composite as an anode material. Two different plateaus
at 1.5 and 0.4 V are shown in the charging curves for samples
with the CMC composite electrodes before annealing. After
annealing, two discharge platforms emerge at approximately
1.1 and 0.5 V. The voltage platforms at 1.5 and 1.1 V
correspond to the insertion of Li* between the MoS, layers to
form the intercalation compound Li,MoS,. The observed
voltage platforms at 0.4 and 0.5 V indicate that the
intercalation compound experiences a transformation into
Mo nanoparticles and Li,S. The CMC materials after annealing
display a disparate discharge potential plateau during the
second and third cycles in comparison to the first cycle. This
indicates that an irreversible reaction occurred, resulting in the
formation of Li,MoS,.

Figure 12 presents a comparison of the rate capabilities of
CMC samples before and after annealing. The rate perform-
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Figure 12. Rate performance of the CMC before and after annealing.

ance of the CMC electrode before annealing exhibited
reversible capacities of 623.0, 512.6, 328.2, and 180.6 mAh
¢! at current densities of 0.1, 0.2, 0.5, and 1 A g7/,
respectively. When the current density returns to 0.1 A g™', the
reversible specific capacity recovers to 422.1 mAh g7},
indicating poor rate performance. During the rate capability
testing of lithium-ion half-cells, the specific capacity of the
battery continues to decline as the current density increases.
The intercalation-deintercalation process of lithium ions within
electrode materjals necessitates a certain amount of time.
When the current density increases, the number of Li* ions
required to migrate per unit time escalates, yet the diffusion
rate intrinsic to the material remains limited. This leads to the
under-utilization of some active materials. Additionally, the
internal structure of the composite material can be disrupted at

higher current densities, causing the specific capacity of the
material to continue declining even after the current density
returns to 0.1 A g™'. The specific discharge capacities of the
CMC electrode after annealing are 609.1, 536.3, 449.2, and
370.6 mAh g™" at current densities of 0.1, 0.2, 0.5,and 1 A g™,
respectively. When the current density is restored to 0.1 A g™/,
the specific capacity of the CMC electrode before annealing is
588.5 mAh g~!, with a capacity retention rate of 96.6%. It can
be observed that the CMC electrode after annealing exhibits a
superior rate performance. This phenomenon can be attributed
to the enhancement of the electrical conductivity of the active
material resulting from the annealing procedure, which
consequently leads to an augmented reversible capacity. The
annealing treatment enhances the crystallinity of the material
and mitigates the disruption of particles during the cycle
process.

In order to investigate the kinetic process of the CMC
electrode, electrochemical impedance spectroscopy (EIS) tests
were performed. The equivalent circuit and the Nyquist
diagram were fitted by using Zview, as illustrated in Figure 13.
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Figure 13. Electrochemical impedance spectra (EIS) and equivalent
circuit diagram of the CMC electrode.

R, represents the internal resistance of the cell, which is
attributed to the combined physical and contact resistances
within the lithium-ion battery. It corresponds to the intercept
from zero to the starting point of the semiarc on the Z’ axis.
The charge transfer resistance at the electrode—electrolyte
interface, designated as R, reflects the electrochemical
properties of the active material. It corresponds to the
intercept of the semiarc of the high-frequency region on the
Z' axis. Additionally, Z,, represents Warburg impedance, which
signifies the diffusion resistance of Li* in the electrolyte. This is
represented by the intercept of the slash line in the low-
frequency region on the Z’ axis. The CPE represents the
corresponding constant phase element.”’~>” As illustrated in
the impedance diagram, the introduction of carbon dramati-
cally reduced the resistance of the composite electrode. The
resistance of the CM electrode is 375 €, whereas the resistance
of the CMC electrode incorporated with C is 212 Q. This
suggests that the incorporation of carbon significantly
diminishes the charge transfer impedance and enhances the
electrical conductivity of the material, thereby enhancing its
charge transport performance.'”*"* Furthermore, upon
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annealing at 500 °C, the charge transfer resistance (R) value
of the CMC composite decreased to 202 €2, representing the
lowest value observed among the specimens. These findings
indicate that the annealed CMC composite exhibits superior
charge transport and lithium-ion diffusion properties during
the charge/discharge cycles. This suggests that an annealing
treatment may be an effective method for further reducing the
R, of the composite electrode.”’ Specifically, the CMC
electrode after annealing exhibits increased conductivity and
a significantly enhanced electrochemical performance.

4. CONCLUSIONS

In summary, nanoflower-like CMC composite powder was
prepared by using an enhanced hydrothermal method. The as-
synthesized CMC composite exhibits a nanoflower-like
structure formed by the aggregation of nanosheets. Annealing
has little effect on the morphology of the prepared CMC
sample. In comparison to pristine MoS,, the CM composite
synthesis doped with Ce exhibits a favorable cycle stability.
Following the addition of carbon materials, while the initial
capacity is not as high as that of CM, the material cycle
stability demonstrates a notable enhancement. After annealing,
the CMC material displayed the most favorable cyclic stability.
After annealing at 500 °C, the CMC composite exhibited
remarkable cycle stability as an anode material for lithium-ion
batteries. The initial discharge capacity at a current density of
500 mA g~! was 747.98 mAh g~', while the discharge capacity
after 200 cycles exhibited a capacity retention rate of 77.34%. It
is anticipated that this study will provide a potential approach
for the rational design of related materials.
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