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Synthesis of a hollow MoSe,@MXene anode
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MXene and MoSe, as a novel two-dimensional transition metal carbide and selenide, respectively, are
widely used in battery electrodes. In this study, MoSe, nanoflakes were grown in situ on hollow MXene
spheres via a hydrothermal method. The obtained hollow 3D spherical MoSe,@MXene composite exhibits
outstanding rate performance and cycling stability as the sodium-ion battery anode. At a current density
of 1 A g7}, it achieves a specific capacity of 350.7 mA h g~* after 1000 cycles with a retention rate of
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93.7%. Even at a high current density of 10 A g™, the specific capacity remains at 224.2 mA h g~*. The out-
standing electrochemical performance of the MoSe,@MXene composite is primarily attributed to the
synergistic interaction between MoSe, and the MXene, which significantly reduces the self-aggregation of
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Introduction

With the widespread use of portable electronic devices such as
laptops and electric vehicles, lithium-ion batteries as the indis-
pensable technology have experienced rapid development.
However, owing to the limited lithium reserves, developing
efficient alternatives to lithium-ion batteries has become
crucial for the future energy system.'”

Sodium has the advantages of abundant reserves, cost-effec-
tiveness and physicochemical properties similar to lithium;
thus it has great potential applications in energy storage and
conversion.” However, the commercialization of sodium-ion
batteries still faces certain issues.” First, the larger radius of
sodium ions (1.02 A) than that of lithium ions (0.76 A) signifi-
cantly reduces the structural stability and energy density of
electrode materials.® Second, graphite, widely used as an
anode material in lithium-ion batteries, has been found to be
incompatible with sodium-ion batteries because of the larger
sodium ions and smaller spacing between graphite layers.””
Therefore, research and development of anode materials for
sodium-ion batteries is of great importance.

In recent years, transition metal chalcogenides (MX,: M =
transition metal and X = S, Se, and Te) have received extensive
attention in the field of energy storage owing to their unique
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the MXene and MoSe; and effectively enhances the diffusion and migration rates of sodium ions.

physical structures and chemical properties.'™"® Transition

metal sulfides (e.g. MoS,) have made significant progress as
anode materials for batteries. Selenium and sulfur belong to
the same main group; thus, the properties of transition metal
selenides and sulfides are similar."*'® Owing to the higher
density and conductivity of selenium, the volumetric energy
density and rate capability of selenide electrodes may exceed
those of sulfides. MoSe, is a two-dimensional layered material
similar to graphene. The spacing of the Se-Mo-Se interlayer is
about 0.65 nm, which is larger than that of sodium ions. Thus,
the MoSe, electrode can facilitate the rapid insertion and
extraction of sodium ions and deliver superior electrochemical
performance with a theoretical specific capacity of up to
422 mA h g~*."»'7'8 However, because of the inherent low con-
ductivity and agglomeration tendency of MoSe,, pure MoSe,
presents poor rate performance and cycling stability. To
enhance the conductivity of MoSe,, researchers have
attempted various strategies such as combing selenides with
carbon materials or constructing heterojunctions.®?° Zhang?'
synthesized MoSe,/rGO composites via a hydrothermal
method with a reversible capacity of 430 mA h g™ at a current
density of 0.5 A g~". The synergistic effect between MoSe, and
graphene significantly improves the sodium storage perform-
ance. Chao®* synthesized G-Cu,Se@MoSe, nanosheets with
dual heterojunctions by a  hydrothermal method.
G-Cu,Se@MoSe, with this special structure provides a capacity
of 288 mA h g™" at 50 A g~* and 89.6% capacity (291 mA h g™)
after 15 000 cycles at 10 A g ™.

MXenes are the novel two-dimensional transition metal car-
bides, which possess excellent properties such as high metallic
conductivity,>*?* large specific surface area,”® and abundant

This journal is © The Royal Society of Chemistry 2025
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functional groups.>® The outstanding conductivity facilitates
rapid charge transfer, and the unique layered structure pro-
motes the ion diffusion. Additionally, the large specific surface
area enhances the interactions with other materials and
reveals the significant potential in energy storage appli-
cations.”®> An MXene/MoSe, composite was synthesized by an
in situ one-step hydrothermal method.”” With the unique
heterostructure and large specific area, MXene/MoSe, achieved
a specific capacitance of 1358.5 F g~ at 1 A g™, significantly
higher than those of pure MXene and MoSe, electrodes.
However, similar to other two-dimensional materials, MXene
nanosheets tend to stack, restricting the diffusion and transfer
of sodium ions. Two-dimensional MXene sheets were syn-
thesized into three-dimensional hollow spheres by a template
method.*® The obtained hollow MXene microspheres delivered
a reversible capacity of 295 mA h g after 1000 cycles at a
charging rate of 2.5 C. Even at a high charging rate of 25 C, the
composite retained a discharge capacity of 120 mA h g™

The construction of MXenes with hollow spherical struc-
tures can effectively improve the structural stability and the
electrochemical performance.'”'*?° This structure allows the
electrolyte to fully penetrate into the hollow cavities and short-
ens the ion transport path.>® In this study, two-dimensional
MXene nanosheets were assembled into hollow MXene
spheres using a template method, and then, MoSe, was
anchored onto the hollow MXene spheres via a hydrothermal
method, preventing the growth of nanosheets and agglomera-
tion. The obtained MoSe,@MXene composite demonstrated
eminent cycling stability and rate performance for sodium-ion
batteries.

Experimental
Chemicals

Titanium aluminum carbide (Ti,AlC,, 200 mesh, 98%),
sodium molybdate dihydrate (Na,M00O,-2H,0, 98%), methacry-
loxyethyl trimethyl ammonium chloride (DMC, CoH;3CINO,,
75 wt%), 2-methylpropionitrile (AIBN, CHj,N,, 99%) and
glucose (C¢H1,06, 99%) were purchased from Macklin.
Lithium fluoride (LiF, 99%), concentrated hydrochloric acid
(HCl, 37%), styrene (CgHg, 99.5%), hydrazinium hydrate solu-
tion (N,H,xH,0, 80%) and selenium powder (Se, 99%) were
purchased from Aladdin. No further purification was required
for these reagents.

Preparation of single-layered MXenes (MXene-SL)

First, 2 g LiF was weighed and dissolved into 120 mL of 9 M
HCI solution with stirring at room temperature for 15 minutes.
Then, 2 ¢ MAX powder was slowly added into the above solu-
tion in small portions to avoid overheating. The mixture was
stirred at 55 °C for 48 hours, centrifuged and then washed
several times with deionized water at 3500 rpm until the pH
value of the supernatant reached approximately 6. The precipi-
tate was redispersed into deionized water, sonicated for
30 minutes, and subsequently centrifuged at 3500 rpm for
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1 hour. The resulting suspension was collected with a concen-
tration of approximately 2 mg mL ™" and denoted as MXene-SL.

Preparation of MXene@polystyrene spheres (MXene@PS)

First, 13.6 g styrene was added into a flat-bottom flask contain-
ing 120 mL methanol and 30 mL deionized water, and then
AIBN and DMC were sequentially mixed with a mass ratio of
styrene, AIBN and DMC of about 50/1/1. The mixture was
purged with nitrogen gas for 10 minutes to remove dissolved
oxygen and then sealed for the reaction in an oil bath at 70 °C
for 8 hours. The product was centrifuged and washed to
obtain polystyrene (PS) spheres with an approximate diameter
of 500 nm. Then 1 g PS spheres were dispersed into 80 mL de-
ionized water, mixed with a 100 mL MXene-SL suspension
solution (mass ratio of PS to MXene-SL is 5/1) and then stirred
for 30 minutes. Finally, the suspension was centrifuged to
remove unbound MXenes, and the product was freeze-dried to
obtain greenish-black MXene@PS spheres.

Preparation of the hollow MoSe,@MXene sphere

The preparation process of hollow-structured MoSe,@MXene
composites is illustrated in Fig. 1. First, 0.4 g MXene@PS
spheres, 0.2 g glucose, and different amounts of
Na,Mo00,-2H,0 were ultrasonically dispersed in 30 mL de-
ionized water. Subsequently, Se powder with a Mo-to-Se molar
ratio of 1/2.5 was mixed into 15 mL N,H,-H,O solution under
constant stirring and heating to obtain a red-brown suspen-
sion. The resulting mixture was transferred to a 60 mL
polytetrafluoroethylene (PTFE) - lined reactor, sealed in a
stainless steel autoclave, and reacted at 200 °C for 24 hours.
The black product was washed several times with deionized
water and ethanol, vacuum-dried at 60 °C for 12 hours, and
finally calcined in a tubular furnace at 550 °C for 1 hour at a
heating rate of 5 °C min~". To investigate the effect of the
MXene content on the performance of the composites, the
MoSe,@MZXene samples with different mass ratios of MXene
to MoSe, (10%, 20%, 30%, and 40%) were prepared and
labeled as MoSe,@MZXene-10, -20, -30, and -40, respectively.
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Fig. 1 Schematic of the synthesis of the hollow MoSe,@MXene
spheres.
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Characterization methods

The crystal structures of the samples were identified through
powder X-ray diffraction (PANalytical P3040/60) using Cu Ka
radiation (4 = 1.5415 A). Raman analysis was performed using
an inVia Raman spectrometer with 523 nm laser light over the
scanning range of 50-2000 cm™". Nitrogen adsorption-desorp-
tion measurements were performed using an ASAP 2020
instrument after degassing the samples at 150 °C for 4 hours.
The morphology of the MoSe,@MXene composites was exam-
ined by field emission-scanning electron microscopy (SEM,
HITACHI-SU8010) and transmission electron microscopy
(TEM, FEI Tecnai F20). The elemental distribution of the com-
posites was further analyzed by energy-dispersive X-ray spec-
troscopy (EDS, Thermo Scientific K-Alpha). X-ray photoelectron
spectroscopy (XPS) data were collected using a Thermo
ESCALAB 250Xi spectrometer. The material compositions were
determined using an inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES, Optima 8300 ICP). The zeta
potentials of the samples in the aqueous medium were
measured — using a Zetasizer Nano analyzer (ZS920).

Electrochemical measurements

Polyvinylidene fluoride (PVDF), super P, and the active
material were weighed in a mass ratio of 1/2/7 and then mixed
uniformly with N-methyl pyrrolidone (NMP) as the dispersant.
The resulting slurry was pressed onto the copper foil and dried
at 60 °C for 12 hours. Circular electrodes with a diameter of
12 mm were punched from the coated foil and used as the
anodes. The mass loading of the active material was main-
tained within 1.2-2 mg. The coin cells were assembled with
the above electrode as the working electrode, a sodium metal
sheet as the reference electrode, and 1 M NaPFg dissolved in
EC/DEC (1:1 by volume) as the electrolyte. The assembly of
the half-cells was conducted in an argon-filled glove box.
Charge-discharge cycling and GITT measurements were per-
formed using a NEWARE battery test system over the voltage
range of 0.01-3.0 V. Electrochemical impedance spectroscopy
(EIS) was performed using a Solartron electrochemical work-
station (SI1287 + 1260) with an amplitude of 5 mV and a fre-
quency in the range from 100 kHz to 0.01 Hz.

Computational method

Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation package (VASP). The pro-
jector-augmented-wave (PAW) method and Perdew-Burke-
Ernzerhof (PBE) function were employed to describe the elec-
tron-ion interactions and the exchange-correlation energy.***
A plane-wave cutoff energy of 500 eV was applied, with an
energy convergence criterion of 1 x 107 eV and a maximum
final force threshold of 0.01 eV A™. A 16 x 16 x 1 k-point mesh
was used for the Brillouin zone. Additionally, a vacuum region
of 15 A along the z-direction was introduced to eliminate the
periodic interactions.
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Results and discussion

Multi-layered MXene (MXene-ML) with the typical accordion-
like structure was successfully etched from MAX (Fig. Slat)
precursor with the mixture of HCI and LiF, as shown in
Fig. S1b.T The single-layered MXene (MXene-SL) was exfoliated
with ultrasonic treatment and centrifugation, as shown in
Fig. 2a. MXene-SL exhibited a wrinkled morphology and
superior stretchability.*>** As shown in Fig. 2b, the diameter
of the as-fabricated polystyrene spheres (PS) is approximately
500 nm and the spherical surface is smooth. The zeta poten-
tials of PS, MXene-SL, and MXene@PS are provided in
Fig. S2.1 It is evident that the PS spheres carry the positive
charge, while MXene-SL is negatively charged due to the abun-
dant active functional groups on its surface.*® MXene@PS
spheres exhibited a negative charge, and the zeta potential was
lower than that of MXene-SL. For the MXene@PS sphere,
MXenes were uniformly covered on the PS spheres via electro-
static assembly, as shown in Fig. 2d and e. Fig. 2f and g verify
that the hollow MXene spheres were obtained after calcining
MXene-PS spheres and removing the PS template. Although
some MXene spheres were fragmented, the majority of MXene
spheres still maintained the spherical-shell shape. This is due
to the inherent bending resistance of the single-layered MXene
and PS spheres preventing MXenes from stacking. Fig. 2h and
i show that the MoSe,@MXene-30 composite retains a more
intact spherical structure than that of the hollow MXene
spheres. MoSe, nanoflakes are observed to grow vertically on
MXenes with the unique three-dimensional structure. This is
attributed to the rich functional groups on the surface of
MXene spheres, thus Mo0O,>” ions can be adsorbed onto the
surface of MXenes and then MoSe, was in situ synthesized
during the hydrothermal process.*> Without the MXene@PS
template, the MoSe, samples exhibited spherical nanoflowers

Fig. 2 SEM images of (a) the MXene-SL, (b and c) PS sphere, (d and e)
MXene@PS sphere, (f and g) hollow MXene sphere, and (h and i)
MoSe,@MXene-30. (j—js) TEM images of the MoSe,@MXene-30 compo-
site. (k—kq) HRTEM images of the MoSe,@MXene-30 composite and
elemental distribution profiles of Mo, Se, Ti, and C.

This journal is © The Royal Society of Chemistry 2025
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with obvious self-aggregation (Fig. Sic and dt).*° The addition
of MXene@PS spheres effectively suppressed MoSe, aggrega-
tion and prevented the formation of stacked nanoflower struc-
tures. For the MoSe,@MXene series composites (Fig. Sle-jt),
the MoSe, layers became thinner and the arrayed structure of
MoSe, was more pronounced with the gradual increase in
MXene content. Notably, the hollow MoSe,@MXene compo-
sites can serve as a container for the electrolyte and offer the
buffering space to alleviate the volumetric expansion of MoSe,
during the charge-discharge processes.**

The microstructure of the MoSe,@MXene-30 composite was
analyzed by transmission electron microscopy (TEM) test. In
Fig. 2j-j;, MoSe,@MXene-30 displays a clear hollow spherical
structure with a particle size of approximately 500 nm. The
dark region within the spherical wall corresponds to MXene-
SL, which further proves the complete removal of the PS tem-
plate and the formation of a hollow structure. Additionally, the
lattice fringe of 0.95 nm is attributed to the d-spacing of the
(002) lattice plane for the MXene sample (Fig. 2j,). It is demon-
strated that the interlayer distance of MXene-SL increases
during the exfoliation of MXene-ML.*” Fig. 2j; shows that the
MoSe, sheets are grown on the shell of the hollow MXene
sphere. The lattice spacing is 0.65 nm corresponding to the
(002) crystal plane of hexagonal 2H-MoSe,."""** To reveal the
elemental distribution of the MoSe,@MXene composites,
energy-dispersive spectroscopy (EDS) analysis was performed,
and the patterns are presented in Fig. 2k-k,. It is shown that
Ti and C elements are mainly distributed in the hollow sphere,
while Mo and Se are mainly centered in the outer shell. It is
illustrated that MoSe, is grown uniformly on the surface of
hollow MXene sphere. In addition, the contents of Mo and Ti
elements in four MoSe,@MXene composites were measured
by ICP-OES. As displayed in Table S1,{ the MoSe, contents in
these composites closely match the theoretical values with
minor deviation.

The crystal structures of MAX, MXene-ML, MXene-SL, and
MoSe,@MXene composites were characterized by XRD, and
are shown in Fig. 3a. The characteristic diffraction peak (104)
of MAX was absent for both MXene and MXene-SL, indicating
the complete etching of the Al layer from MAX and the suc-
cessful synthesis of MXene. Furthermore, the (002) peak
located at 9.5° for MAX shifted to 8.7° and 7.4° for MXene-ML
and MXene-SL, respectively. Additionally, the diffraction peaks
corresponding to the (004) and (006) planes of MXene-SL were
observed, which revealed that MXene was successfully pre-
pared® and the interlayer spacing of MXene increased pro-
gressively after the removal and exfoliation of the Al layer.'*®
This enlarged interlayer spacing facilitated the rapid insertion
and extraction of sodium ions. Fig. 3b presents the XRD pat-
terns of pure MoSe, and MoSe,@MXene composites with
different MoSe, and MXene ratios. All samples exhibited
characteristic peaks centered at 13.7°, 31.56°, 37.88°, and
56.35° attributed to the (002), (100), (103), and (110) planes of
hexagonal 2H-MoSe, (PDF#29-0914), respectively.’*** It was
demonstrated that PS template was removed completely after
calcination and no impurity phases were introduced. Notably,
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Fig. 3 (a) XRD patterns of MAX, MXene-ML and MXene-SL. (b) XRD pat-
terns of MoSe,, MXene-SL and MoSe,@MXene series composites. (c)
Raman spectra of the MoSe,@MXene composites. (d) N, adsorption/de-
sorption isotherms of MoSe,, MXene-SL and MoSe,@MXene-30 and
pore size distribution curve of MoSe,@MXene-30.

the (002) peak of MoSe, for the MoSe,@MXene samples
showed a significant leftward shift compared with that of pure
MoSe,, which indicated that the MoSe,@MXene samples had
larger MoSe, layer spacings than those of MoSe,. The
expanded MoSe, layers continued to gather into spherical
nanoflowers, which is consistent with the above analysis with
SEM images. As the MXene-SL ratios of MoSe,@MXene com-
posites increased, the intensity of the (004) and (006) peaks
progressively enhanced.

The Raman spectra of pure MoSe,, MXene-SL, and
MoSe,@MZXene composites are shown in Fig. 3c. Pure MoSe,
exhibits two distinct peaks at 241.5 cm™' and 286.8 cm™,
representing the out-of-plane A,y and in-plane E',, vibrational
characteristics of Se.'' The Raman peaks of MXene are located
at 1344.0 cm™" and 1591.0 cm ™" corresponding to the D and G
bands of carbon vibrations, respectively.?® The four peaks of
the MoSe,@MXene composites attributed to A;, and
E',, vibrated peaks of Se element and the D and G vibrated
bands of carbon, respectively. The successful in situ growth of
MoSe, on MXene was further confirmed, which is in agree-
ment with the XRD results.

The specific surface area is a crucial factor to the energy
storage property of the electrode materials. N, adsorption-de-
sorption analyses are performed for pure MoSe,, MXene-SL
and MoSe,@MZXene samples, and the results are displayed in
Fig. 3d and Fig. S3.1 It is revealed that all MoSe,@MXene
samples exhibit type III hysteresis loops in the curve. The
specific surface areas of MoSe,@MZXene-10, -20, -30, and -40
composites are 28.84, 52.37, 71.13, and 37.49 m> g™, respect-
ively, which are higher than that of pure MoSe, and MXene-SL.
Notably, the MoSe,@MXene-30 composite achieved the
highest specific surface area, approximately 3.26 times that of
pure MoSe, (21.8 m> g7') and 4.9 times that of MXene-SL
(14.51 m? g™'), which is due to the vertical growth of MoSe,
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nanoflakes on MXene template spheres and the formation of
the unique three-dimensional array structure. The large
specific surface area and broad mesoporous distribution
(4-50 nm) of MoSe,@MXene-30 facilitate the rapid transport
of Na* ions.

The chemical composition and interfacial characteristics of
MoSe,@MXene-30 composite were characterized by X-ray
photoelectron spectroscopy (XPS) analysis. The survey spec-
trum in Fig. 4a reveals the presence of Mo, Se, Ti, C, and O
elements, which is in accordance with the EDS results. As
shown in Fig. 4b, the high-resolution Mo 3d spectrum displays
three main peaks at 228.4 eV, 231.6 eV, and 234.7 eV, respect-
ively. The first two peaks are attributed to the 3ds,, and 3d;),
peaks of Mo"" species, respectively.”” While the last peak at
234.7 eV corresponds to Mo-O bond, which is indicative of the
electron exchange between the MXene and MoSe,.*’ The Se 3d
XPS spectrum shows two distinct peaks at 53.9 eV and 54.9 eV
assigned to Se 2ds;, and Se 2d;,, respectively.””*” Ti 2p XPS
spectra, as shown in Fig. 5d, display four distinct peaks
located at 457.7, 463.8, 458.4, and 464.7 eV, corresponding to
Ti*" 2psj, Ti*" 2pyjs, Ti-O 2ps, and Ti-O 2p,, orbitals,
respectively.'’ Notably, it is reported that the characteristic
peaks of Ti*" species will vanish from the Ti 2p spectrum if the
oxidation of MXene occurred.*' Thus the presence of Ti*" 2ps),
and 2p,,, peaks authenticates that the MXene nanosheets can
still remain unoxidized during the synthesis process. The
peaks of Ti-O species arise from the formation of Ti-O bonds
between the MXene and oxygen-containing functional groups
on the surface.”” The C 1s XPS spectrum in Fig. 4e exhibits the
characteristic peaks at 280.7, 283.3, and 284.8 eV, assigned to
the C-Mo, C-Ti, and C-O bonds, respectively. The presence of
C-Mo peak indicates the strong interaction between MoSe,
and the MXene.*?

The electrochemical behavior of the MoSe,@MXene-30
composite was systematically investigated in sodium-ion bat-
teries. Cyclic voltammetry (CV) measurements were performed
in the voltage window of 0.0001-3 V (vs. Na/Na') at a scan rate
of 0.1 mV s™'. As shown in Fig. 5a, the CV curves of the
MoSe,@MXene-30 composite for the first two cycles exhibit

Se3d

(b) Mo 3d

A Se3dg,

Intensity (a.u.)
Tntensity (.u.)
Intensity ()

Mo-O

Intensity (a.u.)

a0 s a0 s Y w6 m w
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Fig. 4 XPS profiles of MoSe,@MXene-30 composites: (a) full spectrum,
(b) Mo 3d, (c) Se 3d, (d) Ti 2p, and (e) C 1s.
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Fig. 5 (a) CV curves of MoSe,@MXene-30 at a scan rate of 0.1 mV st
(b) Cycling performance of MoSe, and different MoSe,@MXene samples
at 1 A g. (c) Rate performance of MoSe, and MoSe,@MXene compo-
sites at different current densities. (d) Long-term cycling discharge
capacities and coulombic efficiencies of MoSe,@MXene-30 at different
current densities of 0.5, 1.0, and 2.0 Ag™.

significant differences. The discrepancy is primarily attributed
to the formation of SEI films during the first cycle.*>** In the
initial cycle, two cathodic peaks are observed at 0.75 V and
0.45 V, respectively. The former peak is ascribed to the initial
intercalation of sodium ions into MoSe, layers, while the latter
peak at 0.45 V is associated with the conversion of Na,MoSe,
into metallic Mo and Na,Se, along with the formation of the
SEI layer.>”** Two anodic peaks are observed at 0.4 Vand 1.7 V
owing to the deinsertion of sodium from Na,Se and Na,MoSe,,
respectively.>”*® In the second and third cycles, the redox
peaks appear nearly at the same positions as the first cycle,
indicating the excellent cycling stability of the MoSe,@MXene-
30 composite. Notably, in the second cycle, two additional
cathodic peaks emerged at 1.37 V and 0.7 V, corresponding to
the intercalation of sodium ions into Se after the formation of
SEI layer, namely the reduction of Se to Na,Se, and Na,Se, to
Na,Se, respectively.*>**4”

The rate performance of pure MoSe, and MoSe,@MXene
series composites was evaluated in the current density range
of 0.1-10 A g~' (Fig. 5c). The results demonstrate that
MoSe,@MZXene composites exhibit superior rate performance
to pure MoSe,, whether at low or high current densities.

This journal is © The Royal Society of Chemistry 2025
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MoSe,@MXene-30 composite displays the best electrochemical
performance. At current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and
3.0 A g7, it delivers specific capacities of 415, 385, 376, 355,
346, and 332 mA h g7, respectively. Even at high current den-
sities of 5.0, 7.0, and 10.0 A g, the specific capacity can remain
301, 268, and 230 mA h g7*, respectively. Remarkably, when the
current density drops back to 0.1 A g™*, the reversible capacity
can restore 421 mA h g~ without any capacity fading. These
results further prove that MoSe, supported on hollow MXene
spheres not only significantly improves the poor electrical con-
ductivity of MoSe,, but also enhances the structural stability.
Thus, MoSe,@MXene composites show excellent cycling pro-
perties and rate performance at high current density.

Fig. 5b manifests the cycling performance of pure MoSe,
and four different MoSe,@MXene composites at a current
density of 1 A g~'. The initial reversible capacity of the pure
MoSe, electrode is 319.6 mA h g~'. However, after 1000 cycles,
the capacity of the MoSe, electrode sharply declines to
41.8 mA h g7, with only 13.1% retention rate of the initial
capacity. The remarkable degradation is attributed to the
agglomeration of the flower-like MoSe, nanostructures. The
edges of MoSe, nanoflakes gradually fracture during the
cycling, which causes a rapid decrease in electrochemical per-
formance. In contrast, MoSe,@MXene-10, -20, -30, and -40
electrodes exhibit retention rates of 42.1%, 89.6%, 93.7%, and
80.9%, respectively, after 1000 cycles. Notably, the
MoSe,@MXene-30 electrode demonstrates the best cycling
stability, with an initial capacity of 374.3 mA h g~ and a high
reversible capacity of 350.7 mA h g™ after 1000 cycles.

To further evaluate the cycling stability of MoSe,@MXene-
30 composite, cycling tests are conducted at different current
densities (Fig. 5d). At a current density of 0.5 A g™*, the elec-
trode reaches an initial reversible capacity of 386.5 mA h g™ and
maintains the capacity of 367.6 mA h g™ after 1000 cycles, corres-
ponding to the retention rate of 95.1%. At a higher current
density of 2 A g7, the capacity decreased slightly from the initial
292.3 mA h g™ to 261.1 mA h g~ after 1000 cycles, with a reten-
tion rate of about 89.1%. Hollow MXene spheres not only serve as
a robust bracket to mitigate the agglomeration of MoSe, nano-
flakes but also reduce the size of the MoSe,@MXene-30 sample,
which can enhance the interaction between the MoSe,@MXene-
30 electrode and the electrolyte and promote exceptional cycling
stability.*”*® However, MoSe,@MxXene-10 fails to effectively allevi-
ate the agglomeration issues of MoSe, due to the low MXene
content, resulting in relatively poor cycling stability. Similarly,
MoSe,@MXene-40 composites with low proportion of MoSe,
possess significantly low capacities due to insufficient active
material. The incorporation of MXene substantially enhances the
electrochemical performance of MoSe,-based composites, par-
ticularly at high current densities.

To further elucidate the electrochemical behavior of the
MoSe,@MXene-30 composite, the cyclic voltammetry (CV)
characteristics were investigated at different scan rates
(Fig. 6a). The results indicate that the CV curves of
MoSe,@MXene-30 exhibit similar profiles at a scan rate in the
range of 0.2-1 mV s '. The redox peak intensities gradually

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

02mvs’
— 04mVs!
\/ — 0.6mVs"
Peak2 Peakl — 08mVs’
038 — 1.0n

Current (mA)
L L oo o

00 05 10 LS 20 25 30 08 07 06 05 04 03 02 01 00 o1
(C) Voltage (V) Log (scan rate, mV s)
10 (d)ns

084 1.0mvs'

[ Ipiffusion Capacitive

7.4%
0.6 4
3 17.0% | | 14.0%
o 8 [|s6%| [202%
i 0

g
z
3
2
=
92.6% g0
H
H
<

£

92.6%

_ Current (mA)

83.0% | | 86.0%
sy |l e

6 Diffusion 20

08 Capacitive

20 02 0.4 0.

00 s Lo 15 20 25 6 5 0.8
Voltage (V) Scan Rate (mV s)

Fig. 6 Electrochemical test of the MoSe,@MXene-30 composite: (a) CV
curves at a scanning rate between 0.2 and 1 mV s, (b) relationship
between the peak current and the scan rate, (c) capacitive contribution
curve at a scan rate of 1 mV s™%, and (d) contribution rates at different
scan rates.

increase with the increase in scan rate, accompanied by minor
shape deformation. This suggests that the MoSe,@MZXene-30
composite possesses excellent rate performance. At a scan rate
of 1 mV s7', the cathodic peaks (peak 1 and peak 2) are
located at 1.3 V and 0.45 V, while the anodic peaks (peak 3
and peak 4) appear at 0.5 V and 2 V, respectively. Moreover, the
area under the CV curve reflects the total capacity, which
includes the contributions of diffusion-controlled and capaci-
tive processes. The pseudo capacitive behavior of the electrode

material can be evaluated using eqn (1) and (2):***°

i=a’ (1)
logi=blogv+loga (2)

where v represents the scan rate (mV s™'), i denotes the total
current (mA), and the characters @ and b are adjustable para-
meters. The value of b was determined by the fitted slope of log i
vs. log v plot. When the value of b is equal to 0.5 or 1, the electro-
chemical reaction is regarded as the diffusion-controlled process
or surface-controlled pseudocapacitive process, respectively.>'”?
As shown in Fig. 6b, the values of b obtained from the linear
fitting of the cathodic peaks (peak 1 and peak 2) are 0.842 and
0.857, respectively, whereas the values of b are 0.14 and 0.785
acquired from the anodic peaks (peak 3 and peak 4), respectively.
These results illustrate that the MoSe,@MXene-30 composite
exhibits a significant pseudocapacitive behavior.*®> The pro-
portions of the capacitive effects and diffusion-controlled contri-

butions were calculated using eqn (3) and (4):>*”*

i =k + k2 (3)

i = k' 4 ky (4)
The capacity is composed of diffusion contribution (kzv” %)

and capacitive control (k;v).>® As shown in Fig. 6c, the ratio of
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capacitive contribution at a scan rate of 1.0 mV s~ is as high
as 92.6%. Moreover, Fig. 6d illustrates that the capacitive con-
tribution gradually increases with the increase in scan rate. It
indicates that the MoSe,@MXene-30 composite exhibits domi-
nant capacitive behavior at higher scan rates, which accounts
for its excellent cycling stability and superior rate
performance.

To evaluate the reaction Kkinetics of MoSe, and
MoSe,@MXene-30 electrodes, electrochemical impedance
spectroscopy (EIS) measurements were performed in the fre-
quency range of 0.01-10° Hz. Fig. 6a and b present the EIS
results of the two electrodes for the third cycle and 1000th
cycle, respectively. The Nyquist plots consist of three distinct
regions: a semicircle in the high-frequency region representing
the solid electrolyte interface (SEI) film resistance (R¢), a semi-
circle in the mid-frequency region assigned to the charge
transfer resistance (R.) at the interface between the electrode
and the electrolyte, and a sloped line in the low-frequency
region indicative of ion diffusion resistance, also known as
Warburg impedance (Z,).>° Additionally, R, represents the
electrolyte resistance.’” The impedance parameters obtained
using ZView software are summarized in Table 1.

It is revealed that the R; values of both MoSe, and
MoSe,@MXene-30 remain nearly unchanged before and after
the cycles, confirming that no electrolyte decomposition
occurs during excessive charge-discharge processes. After
1000 cycles, the value of R¢ for pristine MoSe, increases from
28.45 to 90.24 Q, while MoSe,@MXene-30 retains a relatively
constant R value. It is suggested that MoSe,@MXene-30 forms
a robust SEI layer, whereas the SEI layer on pristine MoSe,
tends to rupture and degrade during the cyclic processes.’®
MoSe,@MXene-30 has obviously lower R values than those of
pristine MoSe, before and after the cycles, demonstrating that
the incorporation of MXenes effectively enhances the conduc-
tivity of MoSe,. There is a sharp increase in the value of R for
pristine MoSe, after the 1000th cycle, but only a slight incre-
ment in the R, value is seen for the MoSe,@MXene-30 elec-
trode. It is assumed that the incorporation of MXene relieves
the collapse of the structure on account of the volume expan-
sion during the electrochemical cyclings and improves the
structural stability.>>*° The SEM patterns of MoSe,@MXene-30
after 1000 cycles are shown in Fig. S1k and L.f It is revealed
that MoSe,@MXene-30 still retains the hollow spherical struc-
ture and MoSe, is uniformly distributed on the surface of
MXene spheres even after 1000 cycles. The highly stable struc-

Table 1 Fitting results of the Nyquist plots of MoSe, and
MoSe,@MXene-30 at the 3rd and 1000th cycles

MoSe, MoSe,@MXene-30
Cycle 3rd 1000th 3rd 1000th
R, (@) 5.26 6.39 3.71 2.85
R: (Q) 28.45 90.24 10.8 15.45
R (@) 160.6 446.2 96.5 160.1
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ture of MoSe,@MXene-30 not only enhances the cycling per-
formance but also prolongs the lifespan.

The Na' diffusion coefficients were obtained from galvano-
static intermittent titration technique (GITT), as shown in
Fig. 7c and d. The sodium-ion diffusion coefficient (Dy,-) was
calculated using eqn (5):°>%

2 2

D = (") (32) (5)
where 7., Vi, and S represent the number of moles (mol),
molar volume (cm® mol™"), and the electrode/electrolyte
contact area (cm®) of the tested sample, respectively. AE; and
AE; correspond to the voltage changes (V) during steady-state
and constant current discharge, respectively.’ As shown in
Fig. 7d, the value of Dy, for the MoSe, electrode ranges from
1072% to 107""*” ecm® s™' when the discharge voltage is
between 0 and 3 V, whereas the diffusion coefficient for the
MoSe,@MXene-30 electrode ranges from 10~''% to 107"
cm? s™%. Both curves exhibit the local minimum value of Dy,-
when the discharge voltage is at 0.55 V, 0.8 V, and 1.5 V.
Around 1.5 V, some MoSe, in the composite undergoes the
intercalation reaction with sodium ions to form a Na,MoSe,
intermediate. Further intercalations of sodium ions with the
Na,MoSe, intermediate are corresponding to the peak at
potentials near 0.8 V and 0.55 V.>**® Eqn (6) and (7) describe
the intercalation reactions:

MoSe, + xNa™ + xe~ — Na,MoSe, (6)

Na,MoSe, + xNat + xe~ — Mo + xNa,Se (7)

This is consistent with the analysis of the cyclic voltamme-
try (CV) tests discussed above. Clearly, the MoSe,@MXene-30
electrode shows a higher value of Dy, than that of the MoSe,
electrode, indicating that MoSe, nanoflakes anchored on
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Fig. 7 (a and b) Nyquist plots of MoSe, and the MoSe,@MXene-30
composite after the 3rd and the 1000th cycles; (c) GITT discharge
curves and (d) Na* diffusion coefficients of MoSe, and MoSe,@MXene-
30 electrodes.
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MXene spheres provide more active sites for sodium ion reac-
tions and facilitate the faster sodium ion intercalation
reaction.

To better understand the impact of MXenes on the pro-
perties of MoSe,, density functional theory (DFT) calculations
were performed to simulate the physicochemical properties of
the MoSe,@MXene composite.’® As depicted in Fig. 8a, pure
MoSe, has a clear bandgap of 1.176 eV, indicating that MoSe,
exhibits a typical semiconducting behavior. However, MXene
and MoSe,@MXene demonstrate a metallic behavior near the
Fermi level, with a bandgap of zero, as shown in Fig. 8b and c.
It is suggested that the introduction of MXene significantly
enhances the electronic conductivity of MoSe,. The density of
states (DOS) for MoSe,, MXene, and MoSe,@MXene (Fig. 8d)
are consistent with the band structure results. The patterns of
the charge density difference for MoSe, and MoSe,@MXene
models are depicted in Fig. 8e. The brown and yellow electron
clouds reflect the gain and loss of electrons, respectively. It is
illustrated that for the MoSe,@MXene composite, Se atoms in
the Na-Se bond accumulate a substantial amount of elec-
trons.®®> Furthermore, as shown in Fig. 8f, the adsorption
energy of Na" on MoSe,@MXene is —1.21 eV, which is lower
than that of MoSe, (—1.16 eV). It is confirmed that the pres-
ence of MXenes can thermodynamically favor the adsorption
of Na' on MoSe,, thereby promoting Na' intercalation in the
charge and discharge processes.**
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Fig. 8 (a—c) Energy band structure of MoSe, MXene, and
MoSe,@MXene; (d) total density of states for MoSe, MXene and
MoSe,@MXene; (e) charge density differences of Na* adsorbed on
MoSe;, and MoSe,@MXene; (f) adsorption energy of Na* adsorbed on
the surfaces of MoSe, and MoSe,@MXene models.
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Conclusions

Hollow MoSe,@MXene spheres with a unique MoSe, array
structure were prepared by electrostatic adsorption and hydro-
thermal methods. The hollow structure not only alleviates
structural damage due to volume expansion during cycling,
but also enhances the electrolyte penetration and the contact
area between the electrolyte and the active material. The pres-
ence of MXene and the unique MoSe, arrayed structure signifi-
cantly improve the specific surface area and active sites for
sodium-ion storage. Furthermore, the MXene obviously
enhances the electrical conductivity of the MoSe,@MXene
series electrodes and accelerates the sodium-ion diffusion.
MoSe,@MXene-30 exhibits superior specific capacity and rate
capability. At a current density of 1 A g™', the composite
retained a specific capacity of 350.7 mA h g~' during 1000
cycles with a capacity retention of 93.7%. The specific capacity
is 261.1 mA h g™ after 1000 cycles with a retention rate of
89.1% at a current density of 2 A g~'. The specific capacities
can still remain at 301, 268, and 230 mA h g~* even at high
current densities of 5.0, 7.0, and 10.0 A g', respectively.
MoSe, nanosheets in situ supported on the hollow MXene
spheres show the potential prospects in sodium-ion battery
electrodes.
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