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ABSTRACT: Molybdenum disulfide shows promise as an anode

material for lithium-ion batteries. However, its commercial L,

potential has been constrained due to the poor conductivity and ~ *r : ) -

significant volume expansion during the charge/discharge cycles. .| Em T Tocan Electralyte

To address these issues, in this study, N-doped MoS,/C | '
2 PYP-PEG/MOS, NMC >

composites (NMC) were prepared via an enhanced hydrothermal
method, using ammonium molybdate and thiourea as molybdenum

and sulfur sources, respectively. Polyethylene glycol 400 (PEG400) < w} %,
and polyvinylpyrrolidone (PVP) were added in the hydrothermal T e Comity reemion ez
procedure as soft template surfactants and nitrogen/carbon ot \"--i....._
sources. The crystal structure, morphology, elemental composition, K e

and surface valence state of the N-doped MoS,/C composites were ' u

characterized by X-ray diffraction (XRD), field emission scanning

electron microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy
(XPS), respectively. The results indicate that the NMC prepared by this method are spherical particles with a nanoflower-like
structure composed of MoS, flakes, having an average particle size of about 500 nm. XPS analysis shows the existence of C and N
elements in the samples as C—N, C—C, and pyrrolic N. As anodes for LIBs, the NMC without annealing deliver an initial discharge
capacity of 548.2 mAh-g~" at a current density of S00 mA-g~". However, this capacity decays in the following cycles with a discharge
capacity of 66.4 mAh-g~! and a capacity retention rate of only 12% after SO cycles. In contrast, the electrochemical properties of the
counterparts are enhanced after annealing, which exhibits an initial discharge capacity of 575.9 mAh-g~' and an ultimate discharge
capacity of 669.2 mAh-g™" after 70 cycles. The capacity retention rate decreases initially but later increases and elevated afterward to
reach 116% at the 70th cycle, indicating an improvement in charge—discharge performance. The specimens after annealing have a
smaller impedance, which indicates better charge transport and lithium-ion diffusion performance.

° Cap:

______

1 Anode § Cathode
| T (Mos,) | Separator (LiC *00,)

1. INTRODUCTION Lithium-ion batteries (LIBs) have attracted much attention
and good application prospects in the field of energy storage
due to their advantages such as relatively high volumetric
energy density, rapid charge/ dlscharge capacity, long cycle life,
and better safety performance.” '" As an important compo-
nent of LIBs, the anode material materials have become the
key point to improve the electrochemical performances of
LIBs.

Since the commercialization of LIBs, graphite has con-
sistently been the predominant selection for an anode material.
Although it exhibits many advantages such as good safety and

With the rapid development of the global economy and
population growth, the consumption rate of energy worldwide
has greatly increased. The problem of energy exhaustion has
become one of the major challenges faced by human society
today as fossil energy is limited in stock and nonrenewable.' ™
Additionally,” the combustion of fossil fuels will release a large
number of harmful gases, which will cause serious harm to the
ecology, such as the greenhouse effect. Therefore, the efficient
conversion and full utilization of clean renewable energy have
become a research hotspot. In recent years, the generation of
renewable energy such as wind and solar energy has made
great progress but is limited by the instability of its power Received:  December 15, 2023
source. Therefore, large-scale electrochemical energy storage Revised:  January 31, 2024
devices with high capacity are crucial for the efficient Accepted:  February 6, 2024
utilization of clean energy."”” In addition, the rapid develop- Published: February 16, 2024
ment of portable electronic devices has also put forward higher

requirements for the performance of the secondary battery.
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low price, its theoretical specific capacity is too low (~372
mAh-g™!)."" High-power LIBs are currently limited by the
cathode material that can meet the capacity demand, but with
the breakthrough of cathode material, it is of significant
necessity to exploit and research a new-type anode material
with high specific capacity.

As an alternative to the graphite anode, the molybdenum
disulfide with a layered graphite-like structure has been
extensively investigated because of its high theoretical specific
capacity (~670 mAh-g™"),"*"* low price, and abundant
reservation. Nevertheless, there are some obstacles to its
commercial applications,"*™"” such as structural collapse
resulting from volume expansion during charge/discharge
processes and relatively poor conductivity as a type of
semiconductor material.

Thus, the primary objective of research aimed at improving
the capacity of LIBs is to implement diverse strategies to
enhance the charge—discharge performance, cycle stability, and
conductivity of MoS,-based anode materials.

Modulating the composition is an effective approach to
increasing the conductivity of the material and achieving a
higher capacity. Doping the nonmetallic N element effectively
enhances the conductivity of MoS,, ensuring optimal electron
transport. Additionally, it accelerates the oxidation-related
multielectron transport process by promoting the relatively
high valence state of the Mo element. According to the
literature review, nitrogen is a favorable element for stable
doping into MoS, to increase its theoretical specific capacity by
activating extra active sites and enhancing electrical con-
ductivity."*™*° Nanoflower-like N-doped MoS, was synthe-
sized by Li et al.*' via a simple, one-step hydrothermal method
and used as anode materials for lithium-ion batteries. The N-
doped MoS, anode material exhibits a specific capacity of 786
mAh-g™! after 100 cycles at a high current density of 0.5C,
indicating excellent cyclic stability compared to the pristine
MoS,. This excellent cycling performance is attributed to the
superior electronic conductivity of N-doped MoS, anode
materials, which provides a pathway for charge transport.
Moreover, previous studies”> > indicated that the incorpo-
ration of carbon-based materials with molybdenum disulfide
can greatly improve the conductivity of materials due to the
high conductivity and specific surface area of the former.
Carbon-based materials, such as graphene, carbon nanotubes
(CNTs), and porous carbon, are commonly combined with
molybdenum disulfide.

Therefore, it is hypothesized that the N element doping of
the MoS, material combined with carbon would result in a
positive effect on the electrochemical performance. It has been
found that the N-doped porous carbon layer in N-MoS,/C has
both relatively high electrical conductivity and the ability to
effectively retard the strain caused by the volume changes in
the charge/discharge process. This layer also inhibits the
accumulation or reaccumulation of MoS, during the lithium
storage process. Yan-Hong Shi et al.*® successfully integrate
nanostructured MoS, into N-doped porous carbon through a
simple one-step hydrothermal reaction. MoS,/N—C micro-
particles greatly enhanced the electrical conductivity and
electrochemical activity. Furthermore, the integration of
nanoscale MoS, particles into porous carbon yields a unique
structural benefit that effectively combines the advantages of
nanoscale MoS, and micron-scale N-doped C. The particles
exhibit excellent electrochemical behavior due to their
increased surface area and improved conductivity. Conse-
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quently, the N-doped porous carbon materials serve as
promising electrode materials for energy storage devices.

In addition to composition modulation, morphology
regulation is also a crucial method for material synthesis and
modification. Polyethylpyrrolidine (PVP) intercalated molyb-
denum disulfide (PVP/MoS,) nanosheets with good inter-
connections were successfully prepared through an effective
and versatile one-step hydrothermal strategy by Gu et al.”’” The
structural characterization indicates that the incorporation of
PVP molecules into MoS, leads to an enlarged interlayer
spacing. The as-prepared PVP/MoS, nanomaterials exhibit
exceptional absorption properties, due to the enhanced specific
surface area and functional groups of PVP/MoS,. Liu et al.**
produced molybdenum disulfide nanosheets with severe lattice
distortion through solvothermal methods, employing PEG400
as both a surfactant and a reactant. The incorporation of
oxygen-containing and carbon-containing groups into the
molybdenum disulfide interlayer leads to heterogeneous
coupling of Mo—O—C and Mo—O, which modifies the
microstructure of molybdenum disulfide and expands its
layer spacing to 0.97 nm, significantly larger than the 0.615
nm of pristine MoS,. This structure improves the electron
transport rate and enhances the structural stability, allowing
molybdenum disulfide to exhibit remarkable electrochemical
properties without relying on carbon support or coating. As an
anode material, it retains a capacity of 600 mAh-g™" even after
1000 cycles at a current density of 0.5 A-g~". Even at a high
current density of 10 A-g”', it maintains a capacity of 364
mAh-g™!, indicating an outstanding electrochemical perform-
ance.

Herein, nonmetallic nitrogen elements and composite
carbon-based materials were doped to the MoS, matrix, to
increase the number of charge carriers and inherent
conductivity. Furthermore, surfactants were introduced to
improve the structural stability by increasing the lattice
spacing. The incorporation of these components will address
the issues of high volume change rate, low conductivity, and
suboptimal cycling performance found in pristine molybdenum
disulfide when it is used as an anode material during the
charging and discharging process. In this study, N-doped
MoS,/C composites (NMC) were synthesized by an enhanced
hydrothermal process, using ammonium molybdate and
thiourea as sources of molybdenum and sulfur, respectively,
and surfactants PEG400 and PVP to assist the process. The
crystal structure, morphology, elemental composition, valence
distribution, and electrochemical properties of the as-prepared
composites were characterized by X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), high-
resolution transmission electron microscopy (HRTEM) and X-
ray photoelectron spectroscopy (XPS), respectively. The
effects of subsequent annealing on the properties of the
powder were also investigated.

2. EXPERIMENTAL SECTION

2.1. Synthesis of N-MoS,/C Composite. All chemical
reagents used in the experiment were of analytical grade and
used without further purification. In a typical synthesis process,
30 mL of polyethylene glycol 400 (PEG400, Tianjin Kermel
Chemical Reagent Co., Ltd.) was first dissolved in 50 mL of
deionized water, then 1.00 g sodium molybdate (Na,MoO,
2H,0, Tianjin Hengxin Chemical Co., Ltd.) and 1.84 g
thiourea (CS(NH,),, Tianjin Damao Chemical Reagent Co.,
Ltd.) were added in sequence during stirring. After being
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completely dissolved, 0.15 g of polyvinylpyrrolidone (PVP,
Rhawn reagent Co., Ltd.) was added and stirred for 60 min to
obtain a clear starting solution. Then, it was transferred to a
magnetic stirring autoclave lined with polytetrafluoroethylene
(PTFE) and reacted at 220 °C for 8h. After cooling to room
temperature, the residue was centrifuged and washed with
ethanol and deionized water alternately four times and then
dried at 60 °C for 12 h. Subsequently, the obtained N-MoS,/C
composite powder was annealed in a tubular furnace with
argon (purity >99.999%) protection at S00 °C, 700, and 900
°C for 2 h at a heating rate of S °C/min and a flow rate of 250
mL/min. For comparison, MoS, was synthesized under
identical experimental conditions without any surfactants or
with only one single type of PEG400 and PVP.

2.2. Characterization of N-MoS,/C Composite. The
phase analysis of the sample was carried out using a D8-
Advanced X-ray diffractometer (XRD, Bruker, Germany). The
morphology and microstructure were characterized by a JSM-
IT800SHL field emission scanning electron microscope
(FESEM, Nippon Electronics, Japan) and a JEM-2100 High-
resolution transmission electron microscope (HRTEM,
Nippon Electronics, Japan). ESCALAB 250Xi K-Alpha + X-
ray photoelectron spectrometer (XPS, Thermo Fischer
Scientific, USA) was used to analyze the elemental
composition and valence states of the samples.

2.3. Electrochemical Measurements. The capacities and
cycling properties of the as-prepared samples were performed
by CR2032 buckle cells assembled in an argon-filled glovebox
(Mikrouna (Shanghai) Ind. Int. Tech. Co., Ltd.), with a
lithium sheet as the counter electrode. The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) tests
were carried out at the CHI660E Electrochemical Workstation
(CH Instruments, USA). The charge—discharge cycle perform-
ance and rate performance were tested on a CT2001A (Wuhan
Land Electronics Co., Ltd.,, China) button battery test system.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure, Morphology, and Composi-
tion. To investigate the effect of different types of surfactants
on the microscopic morphology of MoS,. MoS, materials were
added with 0.15 g of PVP and 30 mLPEG400, and both
surfactants were prepared, respectively. A control experiment
was performed with MoS, without any added surfactant. As
depicted in Figure 1, the FESEM images disclose the
morphology of the obtained samples. The representative
FESEM images of as-prepared samples are displayed in Figure
4a—d, revealing a porous nanosphere structure assembled from
ultrathin MoS, nanosheets. Such an open porous structure is in
favor of electronic contact and rapid electron transfer during
the discharge/charge process. Figure la shows MoS,
synthesized without any surfactant, which is composed of
irregular spherical nanosheets. However, the average particle
size is approximately 10 pm due to agglomeration. When
PEG400 was added as the sole surfactant, it can be observed
that the irregular surface of molybdenum disulfide transformed
into small spheres, as shown in Figure 1b. The synthesized
molybdenum disulfide yielded a microsphere with an average
diameter of about 2—3 um. Nevertheless, its dispersibility
remained inadequate, as it clustered together to create large
and irregularly shaped particles. When PVP was solely added,
its refinement effect on the particle size was more prominent.
Compared with the samples using PEG400, the MoS,
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Figure 1. FESEM images of MoS, and NMC synthesized using
different surfactants (a, no surfactant; b, PEG400; ¢, PVP; d,
PEG400+PVP).

synthesized with PVP has a smaller spherical structure with
an average particle size of 900 nm, as displayed in Figure lc.

Additionally, the morphology images of MoS, synthesized
from both PEG400 and PVP are presented in Figure 1d. It can
be observed from the figures that the particles are further
refined with good dispersion and uniformity evident at low
multiples. While at high multiples, the material maintains a
nanoflower-like structure with an average particle size of
around 500 nm. PEG400 is dispersed into the solution to form
a spatial steric site resistance effect. The mutual contact
between the molybdenum disulfide nuclei was prevented,
which led to the morphology of MoS, being transformed into
microspheres. Therefore, the addition of PEG400 can refine
the grain, but the dispersion is poor. When PVP was added to
the molybdenum disulfide reaction system, it spontaneously
assembled into a vesicular micelle with amide groups inside the
outer alkyl backbone. It encapsulates the molybdenum
disulfide nucleation core in solution to form a circular
“microreactor”. Molybdenum disulfide nanosheets are oriented
to grow in a specific region of the “microreactor” and the size
of the material is controlled. Therefore, the addition of PVP
both alleviated the agglomeration of molybdenum disulfide
and improved the dispersion. When both surfactants were
added at the same time, MoS, showed uniformly dispersed fine
particles.

Figure 2 displays the XRD patterns of the NMC specimens
synthesized with varying surfactants. As the sample with no
surfactant, four diffraction peaks located at 14.1, 33.2, 39.8, and
58.9° can be indexed to (002), (100), (103), and (110) crystal
planes of 2H-MoS, (JCPDS 37-1492), respectively. While the
peak position of the patterns with surfactant is similar to that of
the sample without surfactant. The results indicate that the
crystalline structure of molybdenum disulfide is not affected by
the introduction of surfactant. However, the intensity of all
diffraction peaks was weakened after surfactants were added,
with peak (002) showing the greatest reduction, implying that
the crystallization of molybdenum disulfide was reduced by the
addition of surfactants. The intensity of the diffraction peak
(002) demonstrates a noteworthy decrease, suggesting that the
addition of surfactants impedes the development of the
molybdenum disulfide layer structure.”’ The spacing between
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Figure 2. XRD patterns of MoS, and NMC synthesized with different
surfactants.

the adjacent (002) crystal planes can be calculated by the
Bragg eq (eq 1).
2dsin 0 = nl (1)

where d represents the distance between crystal planes, @ is the
diffraction degree, n is the diffraction order, and 4 is the X-ray
wavelength (4 = 0.15406 nm for Cu target Ka radiation). As
per the equation, a shift of the (002) peak to a lower degree
indicates an increase in the distance between the (002) crystal
planes. As shown in Figure 2, the (002) peak position of MoS,
without surfactant is approximately 13.9°, which shifts to a
lower degree with surfactant. With the addition of PEG400, the
intensity of the (002) peak decreased notably and shifted to
roughly 13.6°. As for the PVP addition, the (002) peak shifted
further leftward to 12.5°. When both surfactants were added
simultaneously, the (002) peak shifted to around 12.2°, which
is lower by approximately 1.7°, compared to the pristine MoS,.
As a result, the introduction of surfactants enhances the
interlayer spacing of MoS,.

Molybdenum disulfide synthesized with PEG400 and PVP
as synergistic surfactant was annealed at 500, 700, and 900 °C
for 2 h, respectively. Figure 3 shows the FESEM images of the
samples after annealing at different temperatures. The
morphology of molybdenum disulfide does not change
significantly before and after annealing, indicating that high-
temperature treatment has little effect on the morphology of
the specimens. Point scanning energy spectrum analysis was
conducted at point m (unannealed) in Figure 3a and point n
(annealed) in Figure 3c, and the EDS maps were obtained, as
shown in Figure 4. It is evident from the figure that the main
elements of the samples prior to and postannealing are C, O, S,
and Mo. The atomic ratio of S to Mo before and after
annealing is 18.23:9.26 and 28.61:14.81, respectively, which is
approximately 2:1. Hence, it can be proven that the main phase
of the as-prepared samples is MoS,, which is also identified by
XRD analysis. The C element mainly originates from the
residue of the surfactant. EDS analysis revealed a decline in the
mass fraction of C and O elements in molybdenum disulfide
after annealing at 700 °C for 2 h. This implies that some of the
carbon is lost as gaseous oxides during the high-temperature
treatment process. Nevertheless, not all carbon is eliminated
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Figure 3. FESEM images of NMC before and after annealing (a,
unannealed; b, 500 °C; ¢, 700 °C; d, 900 °C).

since the residual PEG400 and PVP carbonizes to form
amorphous carbon, which is uniformly distributed in
molybdenum disulfide. The reduction of O content is caused
by the decomposition of oxygen-containing functional groups
on surfactants at high temperatures and the volatilization with
carbon.

Figure S shows the XRD patterns of the NMC samples
before and after annealing. Four diffraction peaks located at 26
of 13.9, 332, 39.7, and 58.8° represent the (002), (100),
(103), and (110) crystal plane of 2H-MoS, respectively
(JCPDS 37-1492). As displayed in Figure S, the intensity of
the (100), (102), and (110) diffraction peaks increased after
high-temperature treatment, denoting the high crystallinity of
the specimens. Interestingly, the intensity of the diffraction
peak (002) decreased at elevated temperatures, suggesting
inhibited layered stacking of molybdenum disulfide. The
reduced layered structure can be attributed to the super-
abundant defects in the structure caused by the high-
temperature treatment.”” Nevertheless, the XRD patterns
obtained after annealing at 700 and 900 °C exhibit very little
disparity, indicating that the crystal structure of molybdenum
disulfide will not be further affected when the annealing
temperature exceeds 700 °C.

Figure 6 shows the XPS spectra of the NMC samples before
and after annealing. The survey spectra (shown in Figure 6a)
demonstrate that the samples both prior to and postannealing
consist mainly of Mo, S, C, N, and O elements. The O element
is mainly derived from both oxygen adsorption and oxygen-
containing functional groups in surfactants. The C and N
elements primarily originate from surfactant residues. Figure
6b,c displays Mo 3d spectra of NMC before and after
annealing. As shown in Figure 6b, prior to annealing, the Mo
3d spectrum shows five distinct peaks, where the Mo*" 3ds,,
and Mo*" 3d;, peaks (at 229.37 and 232.47 €V, respectively)
correspond to the molybdenum ion of 2H-MoS,. The Mo**
3ds,, peak at 229.37 eV also displays a small peak toward the
lower binding energy. This peak observed at 228.40 eV
indicates the presence of a small quantity of 1T phase
molybdenum disulfide in the synthesized material.*> Mean-
while, the peaks at 226.43 and 235.66 eV correspond to S 2s
and Mo®" 3ds,, where the latter is derived from the M—O
bond of MoOs,. It is speculated that molybdenum oxide results
from the incomplete reaction, leaving a small amount of MoOj;
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Figure 4. EDS maps of NMC before and after annealing.
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Figure 5. XRD patterns of N-doped MoS,/C composites before and
after annealing.

in the final product. Further, MoS, is oxidized by residual
oxygen molecules absorbed on the surface to generate
molybdenum oxide during calcination.®

Figure 6¢ shows the Mo 3d spectrum of NMC after roasting.
The peaks at 229.82 and 232.95 €V correspond to Mo*" 3d;,,
and Mo*" 3D, ,, respectively. After annealing, the small peak at
229.37 eV present in the precalcined sample was absent. This
indicates the complete conversion of metastable 1T-MoS, to
2H-MoS, during the annealing procedure. A considerable
decrease was noted in the intensity and area of the Mo®* 3d;),
peak at 235.50 eV as contrasted to the values before roasting.
The findings suggest that the majority of MoO; has sublimed,
leaving a small fraction behind during annealing. Conse-
quently, the content of Mo declined in the sample. Figure
6d,e illustrates the S 2P spectra, which depict the valence states
of the molybdenum disulfide before and after annealing. Both
samples exhibit two peaks, S*~ 2p,/, and S$*~ 2p,,,, which
appear at 162.19 and 163.47 eV before annealing in Figure 6d,
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while at 162.24 and 163.84 eV after calcination in Figure Ge.
Figure 6f displays the C 1s spectrum of the NMC prior to
annealing. The peak at 284.65 eV corresponds to the C—C
bond, which originates from the residual carbon chains of
PEG400 and PVP. The peaks at 286.01 and 288.05 eV
correspond to C—N and C=O bonds, respectively, and are
derived from residual PVP. Figure 6g displays the C 1s
spectrum of the specimen following a high-temperature
treatment. The unheated sample exhibits three discernible
peaks at 284.76, 286.1, and 288.57 eV, respectively, which
corresponded to C—C, C—N, and C=0 bonds, respectively.*”
While the peak position relating to C—C bonds remained
relatively stable, in contrast, those linked to C—N and C=0
bonds experienced significant peak area reductions.
According to the data presented in Table 1, the atomic ratio
of C—N decreased from 14.48 to 10.77%, and C=0O reduced
from 6.06 to 2.30% after annealing. The surfactant within
molybdenum disulfide was carbonized during roasting,
resulting in the retention of most C—C bonds and the near-
complete sublimation of pyrrole at 700 °C. Consequently, the
C=O0 content was reduced to a minimum, while the N
element attached to the carbon chain was partially preserved.
Figure 6h,i shows the N 1s spectra of the as-prepared sample
prior to and postannealing. It can be observed from Figure 6h
that two peaks appear at 395.2 and 399.84 eV, corresponding
to Mo 3p;, and Pyrrolic N, respectively.” Pyrrole N is derived
from polyvinylpyrrolidone (PVP). After annealing, the
spectrum of N 1s reveals two peaks indicative of Mo 3p3/2
and Pyrrolic N at 395.69 and 399.64 eV, respectively, as shown
in Figure 6i. Compared with samples prior to annealing, the
pyrrole N content of samples after annealing is greatly reduced.
Table 1 illustrates a 3.49% decrease in the atomic ratio of
pyrrole N, declining from 10.12 to 6.63% after annealing,
which is consistent with the reduction rate of the C—N bond.
Thus, the experiment validates both the regulation of
morphology and the achievement of N element doping into
the MoS,/C composites. During the carbonization of the
carbon chain in PVP, the N element distributes uniformly in
molybdenum disulfide together with the carbon chain. N*~
ions (0.171 nm) have a similar ionic radius to S*~ ions (0.184
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Figure 6. XPS spectra of NMC before and after annealing (a, survey spectra before and after annealing; b, Mo 3d before annealing; ¢, Mo 3d after
annealing; d, S 2p before annealing; e, S 2p after annealing; f, C 1s before annealing; g, C 1s after annealing; h, N 1s before annealing; i, N 1s after

annealing).

Table 1. C 1s and N 1s Spectrogram Atomic Ratio of NMC
Before and After Annealing

type before annealing after annealing
Cc-C 17.78% 15.87%
C-N 14.48% 10.77%
C=0 6.06% 2.30%
Mo 3ps/, 24.58% 30.01%
Pyrrolic N 10.15% 6.63%

nm) but possess different valence states. Therefore, doping the
N element into the lattice of MoS, introduces defects and
enhances the conductivity of MoS,.

Figure 7 depicts the HRTEM images for NMC samples
prior to annealing in (a) and (b) and after annealing in (c) and
(d). It can be observed that the morphology of NMC retains a
flower-like structure composed of molybdenum disulfide

9797

nanosheets without any significant change after annealing.
Figure 7b shows an HRTEM image (400,000X) of several few-
layered ultrathin MoS, nanosheets, each composed of only five
or nine layers. The results show that the layer growth of the
(002) crystal plane is inhibited, which is consistent with the
XRD analysis. Using Fourier transform and DigitalMicrograph
software, the spacing of the (002) crystal plane after annealing
was determined to be 0.67 nm. After annealing, the crystal
plane spacing increased by more than 0.64 nm. This was
attributed to the carbonization of residual surfactants
remaining in molybdenum disulfide. Consequently, molybde-
num disulfide can fully contact the electrolyte. Figure 7d shows
that the lattice fringe of the roasted molybdenum disulfide
exhibits more bending and discontinuity compared to the
unannealed samples. This suggests that a high-temperature
environment has resulted in the formation of more defects,>*
which in turn can provide more impingement sites for lithium
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Figure 7. HRTEM images of NMC before and after annealing (a,
before annealing, 50,000X; b, before annealing, 400,000%; c, after
annealing at 700 °C, 50,000%; d, after annealing at 700 °C,
400,000x).

ions and enhance the specific capacity. Furthermore, the
enhanced spacing between layers can effectively buffer the
expansion of the volume during the charging and discharging
process, leading to an improvement in stability.

3.2. Analysis of Hydrothermal Synthesis Mechanism.
According to characterization results in the previous sections, it
is inferred that the reaction mechanism is as depicted in Figure
8. At the initial stage of the reaction, the molybdate ions in
solution were attracted to the hydrophilic —O— bond on the
carbon chain of PEG400 and bound to it as a “surface
template” to determine their growth position.”” Subsequently,
driven by a hydrophilic amide group and a hydrophobic alkyl
backbone, PVP self-assembled spontaneously into vesicular
micelles with amide groups outside and alkyl backbone chains
inside, as reported by ref 36. The nucleation cores of MoS,
were then enclosed in the solution, forming a circular
“microreactor”.””** The MoS, nanosheets grew directionally
in a specific region of the “microreactor” that serves as a
“bottom template” to limit its growth space. In this manner,
uniformly dispersed nanoflower-like MoS, with an average
grain size of approximately 500 nm was generated. Excessive
PEG400 molecules were driven by hydrophilic and hydro-
phobic groups alternatively to form micellar aggregates,”
which were dispersed into the solution to prevent the MoS,

nuclei from aggregating contact due to the steric hindrance
effect. Thus, the morphology of MoS, was transformed into
microspheres, and the agglomeration was reduced simulta-
neously. Then, the hydrothermal product was annealed for two
h with a nitrogen atmosphere at 700 °C. After annealing, the
surfactant remaining in molybdenum disulfide was carbonized,
while the N element connected to the carbon chain via a C—N
bond was retained. Finally, N-doped nanoflower-like MoS,/C
composites were synthesized.

3.3. Electrochemical Performance. Figure 9a displays
the cyclic voltammetry (CV) curves of NMC samples after
calcination, performed at a scan rate of 0.3 mV-s™' in a
potential range of 0.01—3 V. The figure shows two reduction
peaks at 0.79 and 0.45 V during the first cathodic scan. The
reduction peak at 0.79 V represents the intercalation process
where Li" is embedded in the MoS, layer to form a compound,
accompanied by a phase transition of MoS, from 2H to 1T.*
The reaction equation for the intercalation of lithium ions with
MoS, is xLi* + xe” + MoS, — Li,MoS,. However, the
reduction peak at 0.45 V represents the transition of the
intercalation compound Li,MoS, to the metallic molybdenum
and Li,S. The reaction equation for this transition is Li,MoS, +
(4 — x)Li* + (4 — x)e” — Mo + 2Li,S. Furthermore, the
reaction between lithium ions and electrolytes results in a solid
electrolyte interface film (SEI film). The first anodic scan
displays two oxidation peaks at 1.68 and 2.28 V. The oxidation
peak at 1.68 V corresponds to the partial conversion of Mo to
MoS,, as indicated by the following reaction equation:
Li,MoS, — MoS, + x Li* + S + x e”. The oxidation peak at
2.28 V represents the conversion of Li,S to S, with the
equation: Li,S-2e” — 2Li"+S. The second cathodic scan in the
subsequent cycle exhibits two reduction peaks, indicating that
the reaction of the second cathodic scan was identical to that
of the first scan. Specifically, it involved the transformation of
MoS, to metallic Mo nanoparticles and Li,S. Nonetheless, the
position of the reduction peak differs from the first cycle,
appearing at 1.92 and 1.06 V. This deviation is due to the
consumption of a portion of lithium ions in the irreversible
reaction that occurs during the SEI film formation in the first
cycle.*"*” The comparable CV curves in the second and third
cycles confirm that the material exhibits excellent stability and
reversibility.

Figure 9b shows the charge/discharge profiles of N-doped
MoS,/C material after annealing at 700 °C for 2 h. The testing
was performed at a current density of S00 mA-g~', with a

o — MoO,?

5 — PVP

8 —  PEGA400 Q
Q - MoS, Q

a®

Figure 8. Illustration of the synthesis mechanism of NMC.
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Figure 9. Electrochemical property of NMC (a, CV curves; b, charge and discharge curves of the first three turns; ¢, cycle charge and discharge

curves; d, rate curve).

voltage range of 0.01—3 V for the first three cycles. The first
discharge curve reveals two voltage platforms at 0.75 and 0.47
V. The voltage platform at 0.75 V denotes the insertion of Li*
ions between the MoS, layers to form the intercalation
compound Li,MoS,. The voltage platform observed at 0.47 V
suggests that the intercalation compound transforms into Mo
nanoparticles and Li,S. In the first charge curve, a voltage
platform appears between 2.18 and 2.4 V, representing the
transformation of Li,S to S. The voltage platforms correspond
distinctly with the REDOX peaks observed in the cyclic
voltammetry (CV) curves. However, a slight discrepancy still
exists and may be related to the battery manufacturing process.
Nevertheless, the second and third charge/discharge curves
display notable differences from the initial ones. This is
attributed to the irreversible reaction of lithium ions with the
electrolyte, resulting in the formation of the SEI film during the
first discharge. Consequently, certain lithium ions are
permanently lost, leading to inconsistencies between the first
scan and the following two scans of the CV curves.

The N-doped MoS,/C specimens after annealing at 500,
700, and 900 °C, respectively, for two h were assembled into
button batteries. The charge—discharge cyclic performance of
the material was tested at a current density of S00 mA-g™!, as
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shown in Figure 9c. It is apparent that the specific discharge
capacity of the sample before roasting was 548.2 mA-g™" for
the first cycle. Although the capacity increased over the next
five cycles, it dramatically declined after the fifth. By the 50th
cycle, the specific discharge capacity had decreased to just 66.4
mA-g~', with a capacity retention rate of only 12%. Annealing
at elevated temperatures is a potential solution to enhance
cycle capacity and stability. Samples annealed at 700 °C for 2 h
demonstrated the best performance with an initial specific
discharge capacity of 575.9 mA-g~' and a gradual increase in
the subsequent 70 cycles. After the 70th cycle, the specific
discharge capacity reached 669.2 mA-g~', while also maintain-
ing a capacity retention rate of 116%. Therefore, annealing is
essential for the cyclic performance of the as-prepared
materials. The annealing treatment both benefits the
crystallinity of the material and facilitates the carbonization
of surfactant remaining in molybdenum disulfide. N-doped
MoS,/C composites were synthesized by the doping of N
elements, resulting in improved conductivity and enhanced
electron transport. Moreover, the layer spacing of the plane
(002) was found to increase after annealing, leading to more
contact sites for lithium ions and providing a buffer for volume
expansion during the charge/discharge cycles. Consequently,
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the cycle performance of N-doped MoS,/C composites was
significantly improved.

During the first 30 cycles, the specific discharge capacity of
the sample exhibited a substantial increase after roasting at 500
and 900 °C for 2 h. Nevertheless, the capacity retention rate
was subpar, plummeting significantly after the 40th cycle. The
sample treated at 500 °C demonstrated an initial specific
discharge capacity of 488.7 mA-g~', which dropped to 275.2
mA-g~" with a capacity retention rate of 56% on the 70th cycle.
The initial specific discharge capacity of the sample treated at
900 °C was 697.4 mA-g_l, which is the highest in the three
samples. However, it decreased to 167.2 mA-g”' in the
following 70th cycle with a capacity retention rate of only 24%.
In comparison to the samples treated at 700 °C, these values
were notably lower. Thus, the optimal roasting temperature for
the hydrothermal product was found to be 700 °C.

The rate performance of the NMC samples annealed at 700
°C for 2 h was evaluated by cycling 10 times at each current
density, as illustrated in Figure 9d. The discharge specific
capacity of the NMC is 658.9, 634.3, 596.5, 557.5, and 479.7
mA-g”" at current densities of 0.1, 0.2, 0.5, 1, and 2 A-g”},
respectively. The material exhibits excellent tolerance for
changes in the current density. As the current density increases,
there is only a slight decrease in the specific discharge capacity.
Even at a high current density of 2 A-g™", it still has a specific
discharge capacity of 479.7 mA-g~'. When the current density
drops to 0.1 A-g”", the specific discharge capacity rises to 770.6
mA-g~". Additionally, during the rate performance test, the
specific discharge capacity exhibits a consistent upward trend.
This is due to the fact that at lower current densities, electrons,
and ions are transported more smoothly within the electrode
material, resulting in increased reactivity. And as the current
density decreases, the electrolyte ions have more time to
redistribute in the electrode material, resulting in an increase in
the specific discharge capacity. The discharge plateau is longer
and smoother when the current density drops back to 0.1 A-
g~'. This results in an increase in the specific discharge
capacity. The initial discharge specific capacity was 786 mA-
g, and the discharge specific capacity was 794.1 mA-g™" at
the end of the rate performance test. The capacity increases by
1% compared to the initial discharge specific capacity, which is
consistent with the cyclic performance diagram shown in
Figure 9c.

The specimens before and after annealing were first cycled
10 times at a current density of 500 A-g”' and subsequent take
measurements of electrochemical impedance spectroscopy
(EIS). The Nyquist diagram (Figure 10a) was obtained by
analog circuit fitting in Zview software. As depicted in Figure
10a, each curve exhibits two distinct formations: a semicircle in
the high-frequency region and a slash in the low-frequency
region. The initial point of the high-frequency semicircle on
the Z' axis is not zero, indicating the presence of an electrolyte
resistance Rs. The high-frequency semicircle represents the
charge transfer resistance Rct between the electrode and the
electrolyte. CPE is the constant phase element. The slanted
line in the low-frequency region represents the Warburg
impedance Zw, also recognized as the concentration polar-
ization impedance, that occurs due to the impact of reactant
concentration and diffusion on the electrode reaction.*” The
equivalent circuit diagram is presented in Figure 10b. The
Nyquist diagram in Figure 10a illustrates that the Rct of the
pristine MoS, material is 333.5 €, while the Rct of the N-
doped MoS,/C material is 240.8 €. Remarkably, the Rct of
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Figure 10. (a) Nyquist diagram of NMC before and after annealing
and (b) equivalent circuit diagram.

NMC annealing at 700 °C for two h significantly drops to
108.6 €, which is the smallest value among the specimens. The
results demonstrate that NMC after annealing have excellent
charge transport performance and lithium ion diffusion
performance. Specifically, MoS, was doped with N and
integrated with carbon, resulting in increased conductivity
and a significantly enhanced electrochemical performance.

4. CONCLUSIONS

Nanocrystalline flower-like N-doped MoS,/C composites were
synthesized by an enhanced hydrothermal method, utilizing
sodium molybdate as a source of molybdenum and thiourea as
a source of sulfur. Surfactants, including polyethylene glycol
400 (PEG400) and polyvinylpyrrolidone (PVP) were
employed in the hydrothermal reaction as soft template
surfactants and nitrogen sources. After annealing in an argon
atmosphere at 700 °C for 2 h, the hydrothermal residue
transformed into N-doped MoS,/C composites, as the residual
surfactant was carbonized while retaining the N element during
the annealing procedure. The as-prepared N-doped MoS,/C
composites with an average particle size of approximately 500
nm were uniformly dispersed without agglomeration. No
morphological changes were observed before and after
annealing. The initial specific discharge capacity of the N-
doped MoS,/C composite was 548.2 mA-g~' without
annealing. However, the specific discharge capacity dropped
significantly to 66.4 mA-g~' by the 50th cycle, exhibiting a
capacity retention rate of only 12%. In contrast, the initial
specific discharge capacity of the samples after annealing was
575.9 mA-g~". Furthermore, there was a noticeable increase in
the discharge capacity throughout the cycles, with a discharge
specific capacity of 669.2 mA-g~' by the 70th cycle. The
capacity retention rate reached an impressive 116%, leading to
a significantly improved cycle performance. Additionally, the
impedance of the N-doped MoS,/C composites was reduced
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after annealing, resulting in a promoted electron/ion transfer at
the electrode interface. This study manifests that the design of
hybrid materials and carbonization at high temperatures can
significantly modify the electrochemical performance of
molybdenum disulfide as an anode material for lithium-ion
batteries and also provides new research ideas for the
application of other layered materials in energy storage devices.
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