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Mo-based hybrids, including molybdenum oxide, molybdenum sulfide, and molybdenum carbide, have
been extensively investigated as anode materials for lithium-ion batteries (LIBs) due to their high
capacities compared However,
molybdenum phosphide, which shows great promise as an anode material for LIBs, has been scarcely
investigated to date. In this paper, two-dimensional (2D) mesoporous ultrasmall MoS,-MoP
heterostructured nanosheets/graphene hybrids (meso-MoS,-MoP/G) synthesized
a "nanocasting” method followed by a phosphidation treatment. The as-prepared 2D meso-MoS,—-MoP/

theoretical electrochemical to conventional carbon materials.

were using
G hybrid featured unique mesoporous structures with MoS,—MoP heterojunctions vertically growing on
the graphene nanosheet. Benefiting from its characteristic nanosheet morphology, abundant mesopores,
high electrical conductivity, and the unique MoS,-MoP heterostructure, the 2D meso-MoS,—-MoP/G
hybrid demonstrated exceptional lithium storage performance as an anode material for LIBs in terms of
specific capacity, cycling stability, and long cycle life. The specific capacity of 2D meso-MoS,-MoP/G
hybrid remained above 910.3 mA h g~* at a current density of 100 mA g~ after 50 cycles. Even at a high
current density of 1 A g7, the 2D meso-MoS,-MoP/G hybrid still delivered a remarkable discharge
capacity of 863.9 mA h g~! with good cycling stability. This study provides an efficient approach to
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1. Introduction

Owing to the extensive combustion of fossil fuels, the green-
house effect has become more severe, and environmental
pollution has emerged as a critical issue in modern society.*?
Nanomaterials have been studied for use in clean and sustain-
able energy devices, such as batteries, solar cells, and capaci-
tors.>* LIBs offer numerous advantages, such as high energy
density, lightweight design, desirable cycle life, and environ-
mental friendliness; thus, they are regarded as one of the most
promising energy storage systems.>® Generally speaking, ideal
electrode materials for LIBs should exhibit high electrical
conductivity and specific surface area while being cost-effective
and demonstrating long-term electrochemical stability.” Typi-
cally, carbon-based materials—particularly graphite—are the
most widely used commercial anode materials in LIBs; however,
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construct heterostructured nanosheets on 2D materials for high-performance LIBs.

they suffer from a relatively low theoretical capacity of
372 mA h g7, which significantly limits their application.®** To
further enhance the performance of LIBs, traditional graphite
should be replaced by advanced materials with higher capacity.
Tremendous research has been devoted to discovering or
designing anode materials with high specific capacity for LIBs
and which typically exhibit better lithium storage properties
and higher energy densities than the existing systems."™* As
alternative electrode materials, transition metal oxides,
nitrides, and sulfides have been widely reported.” Nevertheless,
anode materials with high theoretical capacity often suffer from
poor cycle stability due to drastic volume changes and severe
particle aggregation during repeated cycling. These issues lead
to the pulverization and exfoliation of anode materials from the
current collector, resulting in poor cycling ability and rapid
capacity decline.>'®

Recently, Mo-based materials have received intensive atten-
tion in the field of energy transformation and storage,'”'®
including oxygen reduction reactions (ORRs), hydrogen
production (HER), and LIBs,'® among others. More importantly,
MosS, exhibits a high lithium storage capacity due to the weak
van der Waals interactions between its (002) planes, which
facilitate easy intercalation of Li" ions without causing signifi-
cant 16,20,21 Various MoS,-based

volume  expansion.
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nanomaterials, such as MoS, nanosheets,** Mo0O,/MoS,/
carbon,> MoSSe,” and MoS,/C composites,***” have been
widely researched as anode materials for LIBs. Moreover,
phosphorus (P), characterized by low electronegativity, serves as
a promising alternative anion that can combine with transition
metals (Mo, Co, Ni, Fe) to form effective electrode materials and
enhance the electrochemical performance of LIBs. Yan et al.*®
reported a straightforward method involving simple mixing and
annealing treatment to synthesize a composite of MoP@PC
(molybdenum phosphide and porous carbon). Thanks to its
advantageous microstructure and composition, the MoP@PC
structure retains its nanodot morphology without any agglom-
eration, even after multiple charging-discharging cycles. Wang
et al.”® proposed a facile strategy to synthesize MoP/CNTs
microspheres using a spray drying method followed by a phos-
phating process. The carbon nanotubes (CNTs) are embedded
throughout the MoP/CNTs microspheres, which not only
promotes the electrical conductivity of the composite but also
alleviate volume changes during cycling. Shen et al.*>* proposed
a meso-MoO,/MoP-NBs composite, composed of uniform
nanoparticles, obtained through a one-step phosphorization
process. Benefiting from the synergistic effects, the meso-MoO,/
MoP-NBs  exhibit  remarkable cycling  performance
(515 mA h g~ " after 1000 cycles at 1 A g~ ') and excellent rate
capability (291 mA h g~' at 8 A g~ '). Wang et al®* reported
a modification strategy involving the coating of hetero-
structured MoP-MoS, and porous carbon nanofibers onto the
surface of a Celgard separator. The combination of hetero-
structured MoP-MoS, with carbon nanofibers effectively
suppresses the shuttle effect of lithium polysulfides (LiPS),
thereby enhancing the kinetics of catalytic reactions within the
battery. Leveraging these advantages, the assembled Li-S
battery featuring a MoP-50/PCNFs separator demonstrates an
impressive specific capacity of 1090.02 mA h g, along with
a high discharge capacity of 884.67 mA h g~" even after 300
cycles at 1C. These findings can provide insights into the
behavior of electron/ion regulation in heterostructures and
offer a potential route for developing high-performance
lithium-ion storage materials. Thus, it can be predicted that
endowing nanostructures, combined with graphene, and
fabricating MoS,-MoP heterojunctions can not only maximize
the contact surface area between the MoS, electrode and elec-
trolyte, shortening the diffusion paths for electrons and lithium
ions, but also facilitate charge redistribution at the interface.
Based on the above investigation, we proposed a novel
strategy to fabricate a two-dimensional (2D) mesoporous ultra-
small MoS,-MoP heterostructured nanosheets/graphene hybrid
(meso-MoS,-MoP/G) as an anode material for LIBs. The as-
prepared 2D meso-MoS,-MoP/G hybrid possessed a unique
mesoporous structure, with heterostructured MoS,-MoP
nanosheets vertically growing on the graphene nanosheet. This
unique configuration offered significant advantages over tradi-
tional electrode materials: First, the 2D layered graphene, as
a flexible conductive carrier, greatly enhanced the conductivity
of the material. Second, the mesoporous heterostructured
MoS,-MoP nanosheets facilitated a shorter transfer distance for
Li" ions and electrons, thereby enhancing the ion diffusion rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and optimizing the charge and discharge processes associated
with volume effects. Third, the vertically oriented MoS,-MoP
nanosheets provided exceptional structural advantages that
promoted effective multi-directional electron transfer pathways.
Finally, the existence of the Mo-P bond enables strong coupling
between MoS, and MoP, inducing rapid electron transfer in
MoS, and enhancing its electrochemical performance. Due to
its unique structure and composition, the 2D meso-MoS,-MoP/
G hybrid exhibited outstanding lithium storage performance as
an anode material for lithium-ion batteries, demonstrating
excellent specific capacity, cycling stability, and prolonged cycle
life.

2. Results and discussion

2D meso-MoS,-MoP/G was prepared via a “nanocasting”
method followed by a calcination process. TEOS served as the
silicon source in the template, and P123 acted as the structure-
directing agent. During the calcination process, sodium hypo-
phosphite was used as the phosphate source. Sodium hypo-
phosphite, along with Mo and S precursors, was placed in
different temperature zones of the tube furnace, as shown in
Fig. 1a. The temperature of the left zone was maintained at 350 ©
C to ensure the decomposition of sodium hypophosphite and
the production of PH; gas, which partially converted MoS,,
located in the high-temperature zone of the tube furnace, into
MoP.

The XRD patterns of the obtained 2D meso-MoS,-MoP/G
hybrids calcined at 700 °C, 750 °C, and 800 °C are shown in
Fig. 1b. The diffraction peaks at 26°, 37°, and 53.4° were
attributed to the MoO, phase (JCPDS#86-0315). However, two
weak peaks at 33° and 43°, corresponding to MoS, (JCPDS#37-
1492) and MoP (JCPDS#24-0771), respectively appeared, indi-
cating that the electrode material obtained at 700 °C was
primarily the MoO, phase, accompanied by a small amount of
MoS, phase. When the phosphidation temperature increased to
750 °C, the diffraction peaks assigned to MoO, disappeared,
while the diffraction peaks at 14° and 33°, attributed to the
MoS, phase, gradually increased. Meanwhile, the peak at 43°,
identified as the MoP phase, was also observed. These results
indicated that the electrode material obtained at 750 °C was
MoS,-dominant, with a small amount of MoP. When the
temperature was further raised to 800 °C, the intensities of the
diffraction peaks of MoP increased, while the peaks of the MoS,
phase became weaker, indicating that a large amount of MoS,
had been converted into MoP. The sample synthesized at 800 °C
was a mixed phase of MoS, and MoP. The relatively broad
diffraction peaks suggested that the confined effect of the
mesopores in the KIT-6 template limited the growth of MoS,
and MoP nanocrystals.

The samples obtained at different phosphidation tempera-
tures were further investigated by SEM and TEM, and the results
are shown in Fig. 2. Fig. 2a-c display the SEM images of the
samples prepared at 700 °C, 750 °C and 800 °C, respectively.
Clearly, a two-dimensional lamellar structure and corrugated
graphene was observed in the SEM images, with the thickness
of the lamellae approximately 40-50 nm. As the temperature
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Fig. 1
°C), and meso-MoS,—-MoP/G (800 °C).

increased, the sample surface gradually became rougher due to
the generation of more MoP nanocrystals at high calcination
temperatures, which was consistent with the XRD results.
Fig. 2d and e show the TEM images of meso-MoS,-MoP/G ob-
tained at 800 °C, where the lamellar structure with ultrasmall
nanosheets (marked by red dotted circles) perpendicularly
growing on the surface of the graphene sheet can be clearly
observed.** This phenomenon was also confirmed by HRTEM.
The lattice spacings in Fig. 2f were 0.70 nm and 0.27 nm, cor-
responding to the MoS, (002) crystal plane and MoP (100)
crystal plane, respectively, suggesting the formation of a heter-
ostructured MoS,-MoP nanosheet.**>** From the SEM and TEM
images, it could be seen that the addition of sulfur to the
precursors was beneficial for obtaining a well-dispersed

Fig. 2
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(a) Schematic of the synthesis of meso-MoS,-MoP/G hybrid. (b) XRD patterns of meso-MoS,—MoP/G (700 °C), meso-MoS,—MoP/G (750

lamellar structure. Compared with MoP-based materials ob-
tained using other precursors, the MoP obtained using MoS, as
the precursor possessed an ultrasmall size and was well-
dispersed on the surface of the lamellar MoS, structure. This
structure increased the number of electron transport paths and
facilitate the diffusion of lithium ions and electrons. The
elemental mapping images revealed the uniform distribution of
S, Mo, C, and P (Fig. 2g).

The pore structure and specific surface area of meso-MoS,—
MoP/G (700 °C), meso-MoS,~-MoP/G (750 °C), and meso-MoS,~
MoP/G (800 °C) were measured by nitrogen adsorption-
desorption tests (Fig. 3). As shown in Fig. 3a, the nitrogen
adsorption-desorption isotherms of the samples obtained at
different phosphidation temperatures exhibited a type IV

d=0.70 nm
Mos, (002)

i
d=0.27 nm )
L MaR(1Q0) (100)

(a—c) SEM images of meso-MoS,~MoP/G (700 °C), meso-MoS,—-MoP/G (750 °C), and meso-MoS,—-MoP/G (800 °C), respectively; (d—f)

TEM images of meso-MoS,—MoP/G (800 °C), (g) elemental mapping of meso-MoS,-MoP/G (800 °C).
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Fig. 3 (a) N, adsorption/desorption isotherms and (b) pore size distribution of meso-MoS,-MoP/G (700 °C), meso-MoS,-MoP/G (750 °C) and

meso-MoS,—MoP/G (800 °C).

isotherm with an H1 hysteresis loop at P/P, of 0.4-1.0, which
was characteristic of the adsorption curve of typical ordered
mesoporous materials. The specific surface areas of the elec-
trode materials obtained at 700 °C, 750 °C, and 800 °C were 74.5
m® g, 99.0 m* ¢ ', and 80.9 m* g, respectively. The rich
mesoporous characteristics of meso-MoS,-MoP/G (750 °C) were
possibly due to the reduction reaction between Mo®" and H,S
during calcination, while the higher calcination temperature
may cause the sintering of nanoparticles or structural collapse,

leading to a reduction in porosity and surface area. The highest
surface area of 2D meso-MoS,-MoP/G (750 °C) suggested that it
could provide more lithium-active sites during the electro-
chemical reaction process. In addition, the pore structure of
meso-MoS,-MoP/G (750 °C) was measured using the Barrett-
Joyner-Halenda method. The pore volume of meso-MoS,-MoP/
G (750 °C) was 0.23 cm® g™, with a pore size of 3.2 nm, which
was the highest among the three electrode materials (Fig. 3b
and Table S17). Due to the large specific surface area and pore
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Fig. 4 XPS spectra of (a) C 1s, (b) Mo 3d, (c) S 2p, and (d) P 2p for meso-MoS,—-MoP/G (700 °C), meso-MoS,—-MoP/G (750 °C), and meso-MoS,—

MoP/G (800 °C).
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volume, the obtained electrode material could effectively alle-
viate the volume change during the electrochemical reaction,
provide more active sites, and enhance cycle performance.
XPS was used to investigate the surface electronic state and
composition of the meso-MoS,-MoP/G hybrids (Fig. 4). The
overall XPS spectra showed the presence of Mo, S, P, and C. The
C 1s spectrum was fitted with three components. The main peak
(284.8 eV) was attributed to graphitic C-C, while the other two
peaks at 286.2 and 288.8 eV were assigned to C-O and O-C=0,
respectively (Fig. 4a).>* For the XPS spectrum of Mo 3d for meso-
MoS,-MoP/G hybrids, two peaks at 232.7 (Mo*" 3d;,) and
229.5 eV (Mo*" 3d5/,) were observed. The weak double peaks,
corresponding to MoO;, were observed at 236.1 eV, which
resulted from slight oxidation on the surface of meso-MoS,-
MOoP/G in air. The S 2p,,, and 2p;,, peaks, located at 163.6 and
162.4 eV, were attributed to S>~ species in MoS,, while the high-
energy component at 169.2 eV was assigned to $** species in

View Article Online

Paper

sulfate groups (SO;>7) (Fig. 4b and c). Furthermore, a shift of
the S 2p peaks toward higher binding energy occurred after
phosphidation. The difference in work function was found to
drive the redistribution of interface charges. This indicated
a higher chemical state due to electron transfer between P and
S.*¢ This phenomenon confirmed that P was successfully doped
into the MoS, matrix (Fig. 4c). The XPS spectra of P 2p are
shown in Fig. 4d. After phosphidation at 700 °C, two broad
peaks occurred at about 134 eV (133.9 and 133.1 eV), corre-
sponding to the P-O of PO,’ .** When the phosphidation
temperature was 750 °C, the peaks showed a slight shift, but no
new peaks appeared. As the phosphidation temperature
increased to 800 °C, the Mo-P peak became clearly visible.
These results indicated that the MoP content in the meso-MoS,—
MOoP/G hybrid gradually increased with temperature, which was
consistent with the XRD results.”” Additionally, the major P
species located at 129.9 eV could be assigned to P°~ bonded to
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Mo atoms (0 < 6 < 4). This indicated that P’~ could induce
a charge transfer from Mo to P. The XPS results showed that the
existence of the Mo-P bond induced fast electron transfer in
MoS,, leading to strong coupling between MoS, and MoP.

To confirm this result, electrochemical behaviors of the
meso-MoS,-MoP/G (700 °C), meso-MoS,-MoP/G (750 °C), and
meso-MoS,-MoP/G (800 °C) hybrids were investigated using
cyclic voltammetry (CV), galvanostatic charging-discharging
tests, and electrochemical impedance spectroscopy (EIS).

Fig. 5a, ¢, and 5e show the charge-discharge curves for meso-
MoS,-MoP/G (700 °C), meso-MoS,-MoP/G (750 °C), and meso-
MoS,-MoP/G (800 °C) hybrids, obtained at a current density of
100 mA g~ '. The meso-MoS,-MoP/G (700 °C) electrode deliv-
ered initial charge and discharge capacities of 829.3 and
687.6 mA h g, respectively, with an initial coulombic efficiency
of 82.9%. The initial discharge capacities of meso-MoS,-MoP/G
(750 °C) and meso-MoS,-MoP/G (800 °C) electrode materials
were 766.4 and 1192.8 mA h g™, respectively, and their initial
coulombic efficiencies were 90.8% and 95.4%, respectively. The
irreversible process in the first cycle led to capacity loss owing to
the trapping of Li* in the MoS, or MoP lattice and the formation
of a solid electrolyte interface (SEI). The cycling performances at
a current density of 100 mA g * for these samples are shown in
Fig. 5b, d, and f. Clearly, the cycling performance of the meso-
MoS,-MoP/G (800 °C) electrode material was superior to those
of meso-MoS,-MoP/G (700 °C) and meso-MoS,-MoP/G (750 °C).
The 50th discharge capacities of meso-MoS,-MoP/G (700 °C),
meso-MoS,-MoP/G (750 °C), and meso-MoS,-MoP/G (800 °C)
were 619.6, 514.0, and 910.3 mA h g™, respectively.
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In addition, the rate performances of the samples were
evaluated, as shown in Fig. 6a. The meso-MoS,-MoP/G (800 °C)
electrode material exhibited final discharge capacities of 928.5,
839.9,788.7,and 729.5 mA h g~ " at current densities of 100, 200,
500, and 1000 mA g, respectively. When the current density
returned to 0.1C, the capacity of the meso-MoS,~-MoP/G (800 °C)
electrode material recovered to 863.9 mA h g~ ', demonstrating
good rate capability over a wide range of current densities.

Cyclic voltammetry (CV) was also performed in the voltage
range of 0.01 to 3 V at room temperature to investigate the
electrochemical behavior. Fig. 6¢c shows the CV curves of the
meso-MoS,-MoP/G (800 °C) electrode material during the
initial three cycles. In the first cycle, the CV curves exhibited two
oxidation peaks at 1.50 and 2.27 V, and two corresponding
reduction peaks at 0.41 and 1.78 V. In the second cycle, the
reduction peak at 1.50 V shifted to a higher potential of 1.60 V.
Meantime, compared with the first cycle, the intensity of the
reduction peak at 2.27 V decreased, while the oxidation peaks
slightly increased. This phenomenon was consistent with the
charge-discharge curves shown in Fig. 5e and f.

To better understand the enhanced electrochemical perfor-
mance of the meso-MoS,-MoP/G (700 °C), meso-MoS,-MoP/G
(750 °C), and meso-meso-MoS,-MoP/G (800 °C) electrode
materials, electrochemical impedance spectroscopy (EIS) was
conducted before cycling, in the frequency range of 10 kHz to
100 MHz. As shown in Fig. 6b, the Nyquist plots of meso-MoS,-
MOoP/G (700 °C), meso-MoS,-MoP/G (750 °C), and meso-MoS,-
MOoP/G (800 °C) displayed a semicircle in the high-frequency
region and a slope in the low-frequency region. These features

(b)
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(a) Rate performance, (b) electrochemical impedance spectra of meso-MoS,-MoP/G (700 °C), meso-MoS,-MoP/G (750 °C), and meso-

MoS,-MoP/G (800 °C) hybrids, (c) cyclic voltammetry curves of meso-MoS,-MoP/G (800 °C) .
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were associated with the charge-transfer resistance (R.) at the
electrode-electrolyte interface and the Warburg-type resistance
resulting from ion diffusion in the electrode. The resistance
values for the meso-MoS,-MoP/G (750 °C) and meso-MoS,—-
MoP/G (800 °C) electrodes were lower than that of meso-MoS,-
MOoP/G (700 °C), indicating that the presence of Mo-P bonds in
meso-MoS,-MoP/G (800 °C) significantly reduced charge-
transfer resistance. As mentioned in the XPS analysis above,
meso-MoS,-MoP/G (800 °C) possessed Mo-P bond, which
induced a charge transfer from molybdenum to phosphorus,
thereby downshifting the d-band center of molybdenum in MoP
and reducing the Mo-H binding energy. The incorporation of P
activated the MoS, basal plane, enhancing its activity.*® This
mechanism improved electroconductivity and enhanced the
lithium storage properties of the molybdenum-based material.

Combining with the above experimental results, it was
inferred that the present Mo-P bond played a vital role in
promoting the electrochemical performance. Therefore, pure
meso-MoS,/G without the Mo-P bond was synthesized as
a reference sample. Meso-MoS,/G hybrids were prepared at
different temperatures under an Ar/H, atmosphere, and the
detailed synthesis process is provided in the ESLT Fig. S1f
displays the XRD patterns of meso-MoS,/G electrode materials
obtained at 400 °C, 450 °C, and 500 °C. It can be seen from the
XRD patterns that when the calcination temperature reaches
500 °C, all diffraction peaks can be assigned to MoS,
(JCPDS#74-0932), indicating the successful fabrication of the
meso-MoS,/G (500 °C) hybrid.

The morphology and microstructure of the as-synthesized
meso-MoS,/G hybrids were characterized by SEM. Fig. S2t
illustrates the SEM images of meso-MoS,/G hybrids annealed at
400 °C, 450 °C, and 500 °C for 4 h under a nitrogen atmosphere,
where the layered structure and draped morphology of gra-
phene can be clearly observed. Meanwhile, the morphology of
the hybrids obtained at different calcination temperatures
showed no significant change.

The overall XPS spectra (Fig. S3at) revealed the presence of
Mo, S, and C elements. The C 1s spectrum was deconvoluted
into three peaks at 284.7 eV for C-C, 286.1 eV for C-O, and
288.7 eV for O-C=0 (Fig. S3bt). Fig. S3ct shows the high-
resolution spectrum of Mo, which can be mainly deconvo-
luted into four peaks. Two intense peaks at 229.3 and 232.5 eV
were attributed to the binding energies of Mo 3ds,, and Mo 3d3,
of Mo"", respectively. The peak located at 226.5 eV corresponded
to S 2s. In addition, the XPS peak at 236.0 eV suggested the
presence of MoOj; species. As shown in Fig. S3d,T the S 2s peaks
at approximately 163.3 and 162.2 eV corresponded to the
binding energies of S 2p,,, and S 2p;),, respectively, and the
high-energy component at 168.7 eV was assigned to S** species
in sulfate groups (SO3>7).

Fig. S47 presents the galvanostatic charge-discharge profiles
and cycle performance of meso-MoS,/G (400 °C), meso-MoS,/G
(450 °C), and meso-MoS,/G (500 °C) hybrids recorded over
different cycles at a current density of 100 mA g '. Their
discharge capacities during the first cycle are 937.2, 1122.9, and
796.6 mA h g™, respectively. After several cycles, the discharge
capacities stabilized at 424.1, 508.3, and 526.3 mA h g,
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respectively. Among them, the meso-MoS,/G (500 °C) hybrid
exhibited the highest cycle performance after 50 cycles, but it
was still not comparable to meso-MoS,-MoP/G (800 °C), further
confirming the importance of the Mo-P bond in meso-MoS,-
MoP/G.

3. Conclusion

In this paper, two-dimensional (2D) mesoporous ultrasmall
MoS,-MoP heterostructured nanosheets/graphene hybrids
(meso-MoS,-MoP/G) were synthesized using a “nanocasting”
method followed by a phosphidation treatment. The as-
prepared meso-MoS,-MoP/G hybrids possessed unique meso-
porous structures, with ultrasmall heterostructured MoS,-MoP
nanosheets vertically growing on graphene nanosheets.
Furthermore, the Mo-P bond also improved the properties of
the molybdenum metal. Benefiting from its unique structure
and composition, especially the MoS,-MoP heterostructure, the
2D meso-MoS,-MoP/G hybrid demonstrated excellent lithium
storage performance as an anode material for lithium-ion
batteries, in terms of specific capacity, cycling stability, and
long-cycle life. The specific capacity of the meso-MoS,-MoP/G
(800 °C) electrode material remained above 910.3 mA h g™* at
a current density of 100 mA g~ after 50 cycles. Even at a high
current density of 1 A g~', the meso-MoS,-MoP/G (800 °C)
hybrid still delivered a remarkable discharge capacity of
863.9 mA h g~ with good cycling stability.
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