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ARTICLE INFO ABSTRACT

Keywords: Commercialization of MoS; electrode materials has been severely limited due to low electrical conductivity and
Li/Na storage significant volume variations during their cycling. Meanwhile, bottom-up modification strategies require precise
MoS, anode

experimental conditions and control techniques, which further restrict the industrial application of MoS; mate-
rials. Herein, the changes in the electronic structure of MoS; surfaces due to carbon coating and N-doped carbon
coating are compared through theoretical calculations. Based on this, a top-down modification strategy is pro-
posed, involving mechanical pulverization and N-doped carbon layer coating of commercial MoS; through high-
energy ball milling and ultrasound-assisted in situ coating technology, and carbonization. This strategy effectively
improves the electronic structure of the surface of MoS; particles, enhancing the ion transport kinetics and cycling
stability of molybdenum disulfide. Thanks to the elemental and structural advantages, the coated MoS; exhibits
excellent electrochemical performance, with outstanding specific capacity and cyclic stability (specific capacity of
753.9 mAh g1 at a current density of 500 mA g~ ! after 200 cycles, with a capacity retention percentage of 92.2
%) as well as excellent rate performance (specific capacity of 302.9 mAh g’1 after 500 cycles at a current density
of 5 A g~1). This study not only establishes a detailed scheme for enhancing the lithium storage performance of
MoS; but also provides new insights for its industrial research.

Derived N-doped carbon
Surface electronic structure adjustment

severely limited by the significant volume expansion during lithium
storage and the cycle stability issues because of chemical reactions with

1. Introduction

Lithium-ion batteries (LIBs), with advantages such as high energy
density, long lifespan, low self-discharge rate, and absence of memory
effect, have become the primary power source for various electronic
devices and transportation such as phones, computers, and electric ve-
hicles [1-3]. Over the past few decades, extensive material research has
been conducted on each component of LIBs to enhance their electro-
chemical performance. In fact, graphite is the mainstream negative
electrode material for LIBs, but its theoretical specific capacity is rela-
tively low (372 mAh g™1), no longer meeting the trend of high energy
density storage power development [4,5]. Consequently, various mate-
rials with high theoretical specific capacities have been investigated to
replace graphite anodes. For example, silicon has a high lithium storage
theoretical specific capacity of 4200 mAh g’l, but its application is

lithium. The high specific capacity (3860 mAh g~') and low electrode
potential of lithium metal electrodes make them promising anode ma-
terials for lithium-ion batteries, but safety and cyclic stability issues
arising from dendrite growth, corrosion, and volume changes during
operation have hindered their applications [6,7]. Conversion-type
negative electrode materials (transition metal oxides, transition metal
sulfides, and transition metal phosphides) are considered as alternative
materials to carbon materials due to their higher specific capacity.
Among other conversion negative electrode materials, transition metal
sulfides (TMSs) have higher theoretical specific capacities, conductivity,
and thermal stability. Additionally, the voltage platform of TMSs is
usually above 1.0 V, which avoids lithium dendrite formation during
cycling for high safety [8].
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As a representative transition metal sulfide, MoS; offers several ad-
vantages, including abundant reserves, a wide range of applications, and
suitable gravimetric and volumetric energy densities (Fig. 1). However,
as an anode material for LIBs, MoS, has not achieved successful
commercialization mainly due to the following issues [8-10]: (1) Low
intrinsic electronic and ionic conductivities, leading to sluggish
lithium-ion diffusion kinetics, which results in low specific capacity and
poor rate performance. (2) Severe volume expansion and contraction
during charge and discharge cycles, which can easily cause material
agglomeration and structural collapse, especially under high current
densities. To address these issues, various modification strategies have
been proposed to enhance the electrochemical performance of MoS,,
including the preparation of nanomaterials with unique morphologies,
expanding interlayer spacing, 1T phase transition, and compositing with
conductive buffering materials [11]. Among various modification tech-
niques, nano-miniaturization and carbon coating technologies have
garnered widespread attention due to their simplicity and significant
effects. In particular, carbon coating can alter the electronic structure of
the material's surface, thereby promoting the absorption of Li*, which in
turn accelerates the reaction kinetics [12]. Meanwhile, the N-doping
effect can control the carrier density, surface energy, and electron gain
and loss capabilities by regulating the internal defects and electronic
states of carbon materials. There are various configurations of N-doping,
such as graphitic nitrogen, edge pyridinic nitrogen, pyridinic nitrogen at
single vacancies, porphyrin nitrogen, and pyrrolic nitrogen. Due to the
differences in defects and electronic structures, the doping of different
configurations has significant impacts on many properties of carbon
materials [13].

Therefore, the density of states, adsorption energies, and charge
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densities of commonly encountered nitrogen-doped carbon layers with
different configurations were studied through theoretical calculations.
Based on this, various configurations of N-doped carbon layers were
prepared, and the modification effects on commercial MoS, particles
were experimentally verified. Firstly, nano-scale bulk particles were
obtained from commercial bulk MoS, particles through a ball-milling
mechanical grinding process. Subsequently, an unsaturated conjugated
Schiff base macromolecule with alternating benzene rings and C=N
linkages was in situ coated onto the particles via the reaction of p-phe-
nylenediamine and terephthalaldehyde in ethanol. Finally, a carboniza-
tion process yielded MoS>@C(N) composites, where MoS, bulk particles
were coated with a thin N-doped carbon shell. The porous structure of the
N-doped carbon facilitates good contact between the composite material
and the electrolyte, while buffering the significant volume changes of
MoS, during lithiation/de-lithiation. Additionally, the introduction of
the carbon structure effectively prevents the agglomeration of MoS;
nanoparticles during charge-discharge cycles, ensuring structural stabil-
ity. It is noteworthy that the in situ reaction coating with Schiff base
molecules results in a uniform distribution of N in the carbon layer,
effectively preventing the dissolution of Li5S in the electrolyte, which is
crucial for the capacity retention of MoS active particles. The simplicity
of the procedure and the abundance of commercial MoS; resources make
this approach more promising for preparations of commercial electrode
materials.

Benefiting from the dual effects of elemental and structural modifi-
cations, the resulting MoS>@C(N) composite material exhibits excellent
lithium storage performance. At a current density of 500 mA g™, it de-
livers a specific capacity of 753.9 mAh g~! after 200 cycles, with a ca-
pacity retention rate of 92.2 %, showing a significant improvement
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Fig. 1. (a) Proportion of MoS, and graphite reserved in China [the data are sourced from the United States Geological Survey (USGS)]. (b) Energy storage systems
applicable for common anode materials. (c¢) Gravimetric density and theoretical energy density of conventional electrode materials.
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compared to nano-sized particles directly obtained from commercial
MoS,. Additionally, at a high current density of 5 A g~1, the composite
maintains a specific capacity of 302.9 mAh g~ even after 500 charge-
discharge cycles, demonstrating exceptional rate performance and
cycling stability, indicating its broad potential for practical applications.

2. Experimental section
2.1. Synthesis of materials

Commercial MoS, material was ball-milled for 30 min to further
reduce its particle size. Then, 2-g ball-milled MoS; was dispersed in 20 ml
of anhydrous ethanol to obtain solution I. Next, 0.649-g (6 mmol) p-
phenylenediamine was dissolved in 20 ml of anhydrous ethanol to obtain
solution II, and 0.877 g (6 mmol) of terephthalaldehyde was dissolved in
20 ml of anhydrous ethanol to obtain solution III. Solutions II and III were
then added dropwise to solution I under ultrasonic conditions. After the
addition was complete, the mixture was sonicated for an additional 30
min to obtain a solid precipitate, which was washed with anhydrous
ethanol more than three times. The solid was then dried in an oven at 60
°C to yield a black solid powder. The dried solid powder was placed in an
alumina boat and annealed in an inert atmosphere (Ar) at a heating rate
of 5°C min’l, heated to 700 °C, maintained for 2 h, and then naturally
cooled to room temperature to obtain the nitrogen-doped carbon-coated
MoS; composite nanomaterial.

Transactions of Materials Research 1 (2025) 100013
2.2. Materials characterization

The morphologies of the as-synthesized samples were characterized
with SEM (FEI XL30 Sirion) at an accelerating voltage of 10 kV. The
microstructures of the products were determined by TEM (FEI Tecnai G2
F30). EDS elemental maps were used to define the distribution of ele-
ments. X-ray powder diffraction (XRD, Bruker D8 Advance) with Cu K
radiation range from 5° to 60° and Raman spectroscopy (LabRAM HR
Evolution, France) were employed to investigate the structure and crys-
talline phases by using a 532 nm laser source. The chemical composition
of all the samples was collected by an X-ray photoelectron spectroscope
(XPS, Thermo Scientific K-Alpha+, USA) using Al K, radiation. Further-
more, all the DFT calculations were conducted based on the Vienna ab
inito simulation package (VASP). The Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA) method
was adopted to describe the exchange-correlation effects. The projected
augmented wave (PAW) method accounted the core-valence in-
teractions. The energy cutoff for plane wave expansions was set to 400
eV. The structural optimization was completed for energy and force
convergence set at 1.0 x 10™* eV and 0.05 eV A}, respectively. The
Brillouin zone was sampled with the 3 x 3 x 1 K-point (when calculating
the adsorption energy of LiSy in carbon layer, the Brillouin zone was
sampled with the 1 x 1 x 1 K-point). Grimme's DFT-D3 methodology was
used to describe the dispersion interactions.

The adsorption energy (Eags) of Li is calculated by
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Fig. 2. (a—c) Top views, (d-f) density of states, and (g-i) adsorption energies of three models: MoS,@C, MoS,@C (Graphitic N), and MoS,@C (Graphitic N/Pyridine

N/Pyrrole N).
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where E*1; represents the energy after the adsorption of Li on the sub-
strates. Ep; is the energy of the Li single atom. Egy, is the energy of C-MoS;
and CN-MoS; surfaces. Meanwhile, the adsorption energy (Eags) of LisS is
calculated with the similar method.

2.3. Electrochemical measurements

The battery assembly was carried out in an Ar-filled glovebox (Mik-
rouna, Germany, H,O < 0.1 ppm, Oz < 0.1 ppm), and 2025-type coin
cells were used to study the electrochemical properties. A Celgard 2400
membrane served as separator, 1:1 organic solvent mixture by volume of
ethylene carbonate, diethyl carbonate (EC:DEC) with 1 M LiPFg as elec-
trolyte, and lithium foil as the counter electrode. The as-prepared ma-
terials were kept in vacuum oven for overnight at 100 °C before making
electrode slurry. For the half-cell testing, the working electrode was
prepared by thoroughly mixing the 80 wt% as-synthesized material, 10
wt% polyvinylidene fluoride (PVDF), and 10 wt% acetylene black (Super
P) in N-methylpyrrolidone (NMP) with vigorous stirring for 12 h, which
was coated on copper foil and vacuum dried at 100 °C for 12 h.
Furthermore, the galvanostatic charge/discharge cycling test in the
voltage window of 0.1-3 V was conducted on Neware Test System
(Neware CT-5000, China) at various current densities. The coin cells
were assembled by the traditional method. Cyclic voltammetry (CV)
curves were obtained on an electrochemical workstation (CHI760E,
China) in the range from 0.01 to 3 V. Electrochemical impedance spec-
troscopy was recorded on an electrochemical workstation over the fre-
quency range from 0.01 Hz to 100 kHz. The current densities and
capacities were calculated based on the weight of the entire electrode.

3. Results and discussion
The modulation of electronic structures is investigated using DFT
calculations. Initially, the optimized structures of three models, MoS,@C,

MoS>@C (Graphitic N), and MoS,@C (Graphitic N/Pyridine N/Pyrrole
N), are proposed, as shown in Fig. 2a—c. Fig. 2d-f displays the total and

QOO
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partial density of states (TDOS and PDOS) near the Fermi level for three
models. It was clearly observed that VB below the Fermi level was formed
by every elemental orbital whereas CB above the Fermi level was majorly
formed by Mo 4d orbital. The presence of N 2p orbital leads to greater
overlap of the electronic state density around the Fermi level, resulting in
higher charge transfer and conductivity characteristics. N-doping, espe-
cially the introduction of pyridine N and pyrrole N, can effectively reduce
the bandgap of the material, achieve higher electrical conductivity, and
enhance electron transfer kinetics [14,15]. As shown in Fig. 2g-i, all of
the three kinds of materials exhibit the negative values, indicating that
the carbon layers facilitate the absorption of Na*, which can fasten the
reaction kinetics. However, the introduction of pyridine N and pyrrole N
can effectively enhance the effect [13].

Although the introduction of N elements enhances the affinity of the
carbon layer for Li, it often leads to the transfer of interfacial charge from
MoS; to the carbon matrix, thereby exacerbating its side reactions with
the electrolyte and reducing the reactivity of MoS, [12]. According to the
charge density difference (Fig. 3a—c), the introduction of graphitic N
exhibits the strongest electron transfer phenomenon, while the intro-
duction of pyridinic N and pyrrolic N is limited by the electron donor
effect, restricting charge transfer. This allows the material to have high
Li T adsorption energy bands while exhibiting weaker side reactions and
stronger MoS; reactivity. The plane-averaged charge density distribution
curves (Fig. 3d-f) intuitively illustrate this phenomenon.

Inspired by the above DFT results, MoS>@C (Graphitic N/Pyridine N/
Pyrrole N) composite is designed based on commercial MoS; materials.
Fig. 4 illustrates the steps of the preparation of the composite material.
Firstly, commercial MoS, particles are dispersed into spheroid-like
nanoparticles using dry ball milling technology and washed with
ethanol solute on to remove soluble impurities remaining in the com-
mercial preparation process. Then, under ultrasonic conditions in an
ethanol solution, a conjugated Schiff base polymer is grown in situ, uti-
lizing the coordination of imine bonds with Mo*" to uniformly coat the
nanoparticle surfaces [16]. This is followed by an annealing process
under inert conditions to convert the polymer into nitrogen-doped car-
bon material, while a low-temperature pre-carbonization process is used
to maintain its inherent porous structure. The final product is the
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Fig. 3. (a—c) The charge density difference (yellow and cyan represent charge accumulation and depletion, respectively) and (d-f) plane-averaged charge density
distribution curves of MoS,@C, MoS,@C (Graphitic N), and (c) MoS,@C (Graphitic N/Pyridine N/Pyrrole N) models.
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MoS;@C(N) composite material with a uniformly coated nano-scale
carbon layer.

Fig. 5a and b shows the SEM images of MoS; and MoS;@C(N) com-
posites at 1 pm (inset at 20 nm). Both MoS; and MoS;@C(N) exhibit
irregular particulate morphologies, but the N-doped carbon layer coating
smooths the active edge surfaces, facilitating smoother Li* migration
paths on the surface [17]. The EDS image of the MoS,@C(N) powder, as
shown in Fig. 5¢c, confirms the presence of Mo, S, C, and N elements.
Notably, the uniform distribution of C and N elements in the selected area
further demonstrates the uniformity of the coating. The TEM images

.

N

200.nm))

(Fig. 5d and e) reveal the internal structure of MoS;@C(N). An amor-
phous, porous N-doped carbon layer coats the surface of MoS,. This
porous structure ensures sufficient contact between the electrolyte and
the active material, as well as high ionic conductivity, thereby enhancing
the charge-discharge rate and efficiency of the electrode material. The
presence of the carbon layer plays a crucial role in improving the elec-
tronic conductivity of the MoS, nanoparticles. The interface between the
carbon layer and MoS, nanoparticles also provides additional pathways
for Li * migration. The EDS spectrum from the TEM further illustrates the
elemental distribution on the surface and interior of the sample (Fig. 5f).

MoS;@CNRA Mo

ffr:-'-'().(ﬁ ni

.i»q//gﬂ( (02)

Fig. 5. (a, b) scanning electron microscope (SEM) images of MoS, and MoS,@C(N) composites, (c) energy-dispersive spectroscopy (EDS) spectra, (d, e) transmission
electron microscope (TEM) images of MoS, and MoS,@C(N) composites, and (f) EDS spectra.
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Fig. 6. (a) X-ray diffraction (XRD) pattern of the MoS,@C(N) material, (b) element content in MoS>;@C(N) as determined by inductively coupled plasma emission
spectrometry (ICP), (c) X-ray photoelectron spectroscopy (XPS) survey spectrum of MoS;@C(N), (d) Mo 3d XPS spectrum, (e) C 1s XPS spectrum and (f) N 1s

XPS spectrum.

For further structural analysis of the materials, Fig. 6a displays the
XRD pattern of the MoSy;@C(N) composite material, where typical
diffraction peaks at 14.1°, 32.9°, 39.5°, 58.8°, and 60.8° correspond to
the (002), (100), (103), (110), and (112) planes of MoS; phase (PDF#
75-1539). The coating of the N-doped carbon layer does not alter the
crystal structure of MoS; and its predominant crystal facets (the XRD
spectrum of MoS; is shown in Fig. S1). Inductively coupled plasma op-
tical emission spectrometry (ICP-OES) determined the elemental content
in MoS,@C(N) (Fig. 6b), establishing the chemical composition ratio
between the surface and the entire structure. The mass percentages of
Mo, S, C, and N elements are 49.42 %, 32.17 %, 17.24 %, and 1.16 %,
respectively, indicating that the mass fraction of MoS; in the composite is
81.59 %. The low carbon content further supports the presence of the
thin carbon layer. Typical XPS is employed to elucidate the bonding
states and chemical composition of the sample. The XPS survey spectrum
indicates that MoS,@C(N) is mainly composed of O, N, C, Mo, and S
elements (Fig. 6¢), where the Mo 3d core level peaks are assigned to
Mo** 3ds,3 (229.5 eV) and Mo** 3ds /5 (232.6 eV), and the double peaks
at 233.0 eV and 236.1 eV are attributed to Mo%*, the presence of them
can be attributed to surface oxidation of MoS; [18]. Additionally, a single
peak at 226.6 eV in the Mo 3d XPS region is observed for S 2s (Fig. 6d). In
the S 2p XPS spectrum (Fig. S2), peaks at 162.3 eV for S 2p3,2 and 163.5
eV for S 2p;  reveal the presence of Mo—S bonds in MoS, with S2~, while
the satellite peak at 168.7 eV corresponds to surface-adsorbed sulfur
oxide. In the C 1s spectrum (Fig. 6e), three main peaks at 284.8 eV, 285.9
eV, and 286.6 eV correspond to the C—C, C—N, and C—O bonds,
respectively, indicating that the C elements in the coating layer are pri-
marily sp>-hybridized carbon, with successful N doped into the surface
carbon layer. In the N 1s spectrum (Fig. 6f), a peak at 395.4 eV for Mo 3p
and a weaker peak at 397.1 eV corresponding to Mo—N bonds demon-
strate partial N doped into MoS,, bonding with metallic Mo. Peaks at
398.3 eV, 399.5 eV, and 401.1 eV correspond to pyridinic nitrogen,

pyrrolic nitrogen, and graphitic nitrogen, respectively. Pyridinic and
pyrrolic nitrogen can enhance the adsorption capacity of doped materials
for ions, and abundant nitrogen doping can provide more active sites for
metal cations by enhancing material polarity, improving material elec-
tronic conductivity, and enhancing its electrochemical kinetic perfor-
mance [19].

The mechanism of which N-doped carbon layers enhance the elec-
trochemical performance of MoS; has been studied through various
electrochemical and non-electrochemical testing techniques. Compared
to MoS,, the introduction of the nitrogen-doped carbon layer can
significantly improve the wettability of the electrode material with the
electrolyte, with the contact angle decreasing from 43.1° to 27.3°
(Fig. 7a). The fitting spectra of MoS; and MoS2;@C(N) in terms of EIS are
shown in Fig. 7b to investigate the conductivity and electrochemical
kinetics of the electrodes before and after cycling. The charge transfer
resistance is evaluated from the diameter of the semicircle in the high-
frequency region, which describes the ease of electron transfer during
redox reactions. The ion diffusion resistance is described by the slope of
the straight line in the low-frequency region, and the intercept of the
high-frequency region curve represents the internal resistance of the
battery [20,21]. The internal figure illustrates the equivalent circuit di-
agram of the fitting process, where Ry is the electrolyte resistance, R is
the charge transfer resistance at the interface, and W1 is the Warburg
impedance for lithium-ion diffusion process. CPE1 is the constant phase
element of the corresponding capacitance. The charge transfer re-
sistances (R¢) of MoS; and MoS;@C(N) are 175.4 and 94.66 Q, respec-
tively. This can be attributed to the introduction of the carbon layer
structure, effectively enhancing the electron transfer capability on the
surface of the electrode and enhancement of Li* adsorption capacity.
After cycling, both MoS; and MoS;@C(N) experience a decrease in Ryt to
varying degrees, which can be attributed to changes in ion concentration
in the electrolyte and electrode interface [21]. The R of MoS>@C(N)
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Fig. 7. (a) Contact angle between MoS; and MoS;@C(N) and the electrolyte. (b) Electrochemical Impedance Spectroscopy (EIS) fitting spectra of MoS, and
MoS,@C(N) before and after cycling. (c) Galvanostatic Intermittent Titration Technique (GITT) curves and lithium diffusion coefficient (D;;+) for MoS, and
MoS,@C(N). (d) Cyclic voltammetry (CV) curves for the first six cycles at a scan rate of 0.5 mV s lof MoS; and MoS>@C(N). (e) Specific capacity-voltage curves of
MoS, and MoS,@C(N) at a current density of 200 mA g’l. (f) CV curves at different scan rates of MoS, and MoS,@C(N).

decreases to 29.34 Q. Under the same conditions, MoS, decreases to
116.9 Q, indicating a significant improvement in the infiltration effect of
the electrolyte due to the presence of loose carbon layers.

Furthermore, the actual diffusion coefficient of Li* during the cycling
process was also obtained using GITT. The GITT results include the in-
fluence of diffusion kinetics during the insertion/extraction processes.
Fig. S3 shows the GITT curves for the first cycle (Fig. S3a) and the 50th
cycle (Fig. S3b). When E is linearly related to r'/2, the simplified Eq. (S1)
can be used to calculate the D;;+ of the material [22]. The calculated
results are shown in Fig. 7c. Since the contribution of side reactions such
as electrolyte decomposition to the capacity is very small, all capacities in
this study are directly attributed to the extraction and re-insertion of
lithium ions in MoS,@C(N). The value of D;;+ varies significantly within
the range from 1071° to 107! cm? s! with different electrode states.
Similar to previous reports, the initial D;;+ is very high at the beginning of
discharge; then, as Lit is inserted, this value slightly decreases and re-
mains at a relatively high level. The charging process exhibits a similar
trend to the discharge process, which is related to the changes in material
composition and structure caused by Lit extraction [22,23]. The Dy;+ of
MoS; (Fig. 7c) shows similar variations to MoSa@C(N), but D;;+ ranges
from 107 to 107'* cm?® s7!, significantly lower than that of
MoS;@C(N). This can be attributed to the improvement of the electronic

structure of MoS; and the ion migration path by the introduction of the
nitrogen-doped carbon layer.

The CV curves were employed to evaluate the lithium storage
behavior of the electrode. Fig. 7d illustrates the CV curves of MoS; and
MoS,@C(N) for the first six cycles at a scan rate of 0.5 mV s~ L. In the
initial scan, irreversible reduction peaks around 0.385 V and 0.982 V are
attributed to electrolyte decomposition and the formation of solid elec-
trolyte interface (SEI) [24,25]. In the second cycle, the peak at 1.894 V
corresponds to the formation of Li,MoS; intercalation compounds and
the subsequent 2H to 1T phase transition (Fig. S4), while the peak at
1.089 V arises from further conversion of Li,MoS, to metallic Mo and
LisS, as indicated by Eq. (S2) in the Supplementary data [9,26,27].
During the reverse scan, the oxidation peak around 2.399 V mainly
originates from the oxidation of LisS to S. The absence of other obvious
oxidation peaks indicates minimal oxidation of metallic Mo to MoS;. In
subsequent cycles, owing to the introduction of nitrogen-doped carbon
covalently coupled structure, better overlap of CV curves is observed,
indicating high reversibility and stability of the MoSy;@C(N) electrode
during charge-discharge processes.

Fig. 7e presents the charge-discharge curves of MoS; and MoS;@C(N)
electrode for the 1st, 2nd, 5th, 50th, 100th, and 120th cycles at a current
density of 200 mA g~!. Within the voltage range of 0.01-3V at room
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temperature, the initial discharge specific capacity reaches 1045 mAh
g1, followed by 818.5 mAh g~ ! for the 2nd cycle, with a coulombic
efficiency of 95.3 %. Even after 120 cycles, a high specific capacity of 716
mAh g1 is maintained. In comparison, the MoS; electrode exhibits rapid
capacity decay under the same testing conditions, with an initial
discharge specific capacity of 1275.6 mAh g~*, dropping to 923.8 mAh
g~ ! for the 2nd cycle and further decreasing to 215.3 mAh g™ after 120
cycles. The significant enhancement in cycling stability can be attributed
to the alleviation of volume expansion during the lithiation/de-lithiation
process and the improvement in conductivity of MoS; facilitated by the
loose carbon layer structure.

Fig. 7f presents the CV curves of MoS;@C(N) material at different
scan rates during lithium storage, showing that the CV curves obtained at
different scan rates are basically similar, indicating minimal polarization
of the electrode material. Additionally, with scan rate increasing, the
cathodic oxidation peak shifts towards positive potential and the anodic
reduction peak shifts towards negative potential, attributed to the in-
crease of internal resistance of the electrode [28]. The b values can be
determined as a function of log i and log v in Fig. S5. When the b value
approaches 0.5, the electrochemical behavior is primarily controlled by
diffusion mechanisms. When the b value approaches 1, the
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electrochemical behavior is primarily controlled by capacitance [29].
The b values at oxidation peak A, reduction peak B, and peak C are 0.687,
0.820, and 0.880, respectively, indicating that the electrode material
simultaneously exhibits pseudocapacitive and diffusion-controlled pro-
cesses, with capacitive processes predominantly contributing to charge
storage. Furthermore, the ratio of capacitance contribution to diffusion
contribution is shown in Fig. S6. At scan rates of 0.1 mV s‘l, 0.2 mV s‘l,
0.5mV s’l, 0.8mVs 1, 1.0mV s’l, and 2.0 mV s’l, the materials exhibit
pseudocapacitive contribution rates of 58.92 %, 62.09 %, 65.79 %,
72.21 %, 76.34 %, and 88.18 %, respectively. The ratio of capacitance
contribution increases with increasing scan rate. The enhanced
capacitance-controlled behavior can be attributed to the synergistic ef-
fect of nitrogen-doped carbon layer and MoS, nanoparticles [29,30].
Interconnected loose carbon layers effectively improve the conductivity
of MoS;, nanoparticles and enhance the contact between the electrode
and the electrolyte.

To further elucidate the influence of the constructed N-doped carbon
layer on the cycling stability of MoS; electrode materials, the anomalous
SEM images and particle size analysis of MoS; and MoS,;@C(N) elec-
trodes were tested before cycling, after 1 cycle, and after 25 cycles
(Fig. 8a and Fig. S7). With the progression of charge-discharge cycling,

500nm

Intensity (a.u.)
1130

0 40 0 120 160 200 240
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Fig. 8. (a) SEM images and particle size analysis of MoS, and MoS,@C(N) electrode after standing in electrolyte, followed by 1 cycle and 25 cycles. (b) The time-

voltage curve and in situ Raman spectra of MoS,@C(N) during the second cycle.
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irreversible desorption of some Li * leads to changes in the size of active
particles and varying degrees of particle aggregation. This phenomenon
may contribute to the initial capacity decay during cycling. Compared to
MoSs, the MoS2@C(N) electrode benefits from the constraining effect of
the N-doped carbon layer, exhibiting lesser particle aggregation and size
variation, consistent with its higher cycling stability. Additionally, the
reaction mechanism of MoS;@C(N) electrode during lithiation-de-
lithiation was analyzed using in situ Raman spectroscopy. MoS; ex-
hibits two strong peaks at ~383 cm ™! and ~408 cm™!. During lithiation,
the intensity of these peaks gradually decreases due to the conversion
reactions between Li,MoS; and MoS; compounds forming Li>S and Mo
[Eq. (S2)]. As the de-lithiation process proceeds, the intensity of the
peaks gradually recovers, demonstrating the structural stability of
MoS2@C(N) during its lithium storage process (Fig. 8b) [31].

Fig. 9a illustrates the cycling performance of MoS; and MoS,;@C(N)
electrodes at a current density of 500 mA g~ *. After 200 cycles, the ca-
pacity of MoS; significantly declines to only 235.3 mAh g™, with a ca-
pacity retention rate of only 32.4 %. In contrast, MoS>;@C(N) exhibits a
specific capacity of 753.9 mAh g~! with a high capacity retention rate of
92.2 %. Fig. 9b evaluates the rate performance of MoS; and MoS;@C(N)

Transactions of Materials Research 1 (2025) 100013

electrodes within the current density range of 100-5000 mA g~ 1. As the
current density increases from 100 mA g_1 to 200, 500, 800, 1000, 2000,
and 5000 mA g}, the corresponding average discharge specific capac-
ities decrease from 846 mAh g’1 to 792.2, 744.4, 673.4, 612.1, 562.1.5,
and 480.3 mAh g1, respectively. Reverting to a current density of 100
mA g}, the battery's specific capacity rapidly recovers and remains
stable at 824.9 mAh g™, with a coulombic efficiency of 98 %, indicating
excellent reversibility and superior rate capability of the MoS>;@C(N)
electrode. This can be attributed to the uniform distribution of three-
dimensional channels within the material, which shortens the ion
diffusion path, enhances the electron and ion migration rates, and thus
achieves high-rate capacity. It is noteworthy that at a current density of
5000 mA g}, the specific capacity of MoS, declines rapidly due to the
lack of a structured coating layer for protection, leading to the destruc-
tion of the internal structure and loss of stable lithium storage capability.
In contrast, the MoS2@C(N) electrode maintains a specific capacity of
302.9 mAh g~ ! after 500 cycles, demonstrating stable lithium storage
capability. The material's strong rate performance and high stability
indicate the decisive influence of the carbon layer on the electrochemical
stability of MoS,.
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Fig. 9. Charge-discharge cyclic curves for MoS, and MoS,@C(N) at (a) a current density of 500 mA g~ and (b) rate performance. (c) Charge-discharge cyclic curves at
a current density of 5000 mA g~*. (d) Dimensions of the pouch full cell. () Series voltage of series pouch full cell and (f) the picture of battery light device.
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In situ polymerization of chain-like Schiff base polymers under ul-
trasound conditions results in their uniform distribution on the surface of
MoS, particles, leading to a relatively even distribution of nitrogen-
doped carbon layers after carbonization. Meanwhile, nitrogen atoms
mainly exist in the form of pyridinic nitrogen and pyrrolic nitrogen.
Therefore, density functional theory (DFT) calculations were employed
to study the adsorption energy of Li;S on nitrogen-doped carbon net-
works with different doping types. Using PWSCF software, the binding
energies (E,gs) of LipS with nitrogen-doped carbon networks in two
different distribution states were obtained. As shown in Fig. 9d,
compared to the unevenly distributed graphitic nitrogen (E,qs = —0.57
eV), the relatively evenly distributed pyrrolic nitrogen and pyridinic ni-
trogen (Eags = —1.72 eV) exhibit higher adsorption capacity for LisS. This
suggests that nitrogen atoms uniformly doped in the conjugated carbon
network can effectively suppress the dissolution of Li,S. Fig. 9e displays
the differential charge density iso-surface of MoS;@C(N), where the
yellow area represents the electron-enriched region, and the cyan area
represents the electron-deficient region. Differential charge density
analysis indicates a significant electronic rearrangement at the interface
between MoS; and the nitrogen-doped carbon network, accelerating the
charge transfer kinetics. The denser distribution of deformed charges
between interface atoms suggests covalent bonding between the two
phases. The change in electron density affects the adsorption of reactants
and intermediates on active sites, particularly the nitrogen atoms rich in
electrons at the interface, which facilitate the adsorption of Li,S.

To further explore the application value of MoS;@C(N),
MoS,@C(N)||LiPFe/EC/DEC||LFP pouch cells were assembled after pre-
lithiation (Fig. 9f-h). After charging to 3.2 V and resting for 6 h, two
pouch cells were connected in series, maintaining a voltage of 5.85 V,
successfully powering a device consisting of 9 LED lights connected in
series.

In addition, the advantages of modification strategies in the sodium-
ion storage process have also been studied to evaluate their impact on ion
accommodation capacity through adjustments in surface electronic
structure. As shown in Fig. S8, under the same current density, the
MoS2@C(N) electrode exhibits significantly higher capacity perfor-
mance. At the current densities of 50, 100, 200, 500, and 1000 mA g’l,
the discharge specific capacities are 445, 320, 235, 148, and 36 mAh g’l,
respectively. Thanks to the maintenance of the active material structure,
when the current is restored to 100 mA g}, the specific capacity of
MoS,@C(N) is well restored, averaging 227 mAh g’l. Fig. S9 shows the
specific capacity-voltage curves of MoS; and MoS,;@C(N) within the
voltage range of 0.01-2.5 V. The initial discharge specific capacity of the
MoS,@C(N) electrode is 667.15 mAh g}, and the subsequent charge-
discharge curves show good overlap, which can be attributed to the
carbon layer coating inhibiting the volume changes of MoS; caused by
the repeated insertion and extraction of Na™. Fig. S10 records the cycling
performance of the electrodes at 50 mA g~! and 500 mA g}, respec-
tively. Under a low current density of 50 mA g™}, after 100 cycles, the
specific capacity of MoS, rapidly decreased, with a capacity retention
rate of only 45.5 %; whereas the specific capacity of MoS;@C(N)
changed more stably, with a sodium storage specific capacity of 298.5
mAh g ! after 100 cycles, a coulombic efficiency close to 100 %, and a
capacity retention rate increased to 71 %. At a high current density of
500 mA g}, after repeated charge and discharge for 300 cycles, the
specific capacity of MoS,@C(N) is 202 mAh g™, with a nearly 100 %
coulombic efficiency. In contrast, the specific capacity of MoS; is less
than 20 mAh g~ .

4. Conclusion

In summary, according to the theoretical calculation results, the ion
transport kinetics and cyclic stability of commercial MoS,; have been
improved through mechanical pulverization and N-doped carbon layer
coating achieved by high-energy ball milling, ultrasound-assisted in situ
coating and carbonization. Benefiting from the synergistic effects of
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elemental and structural modifications, the MoS,/C(N) electrode ex-
hibits excellent lithium storage performance as an anode material for
LIBs, with a specific capacity of 753.9 mAh g~! after 200 cycles at a
current density of 500 mA g™}, and a capacity retention percentage of
92.2 %. Even at a high current density of 5 A g}, it retains a specific
capacity of 302.9 mAh g~! after 500 cycles. Experimental validation and
theoretical calculations indicate that the N-doped carbon layer signifi-
cantly enhances the electrochemical performance of commercial MoS,,
showcasing its vast potential for future applications in lithium-ion
batteries.
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