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Abstract Two-dimensional MoSe, is a promising candi-
date for lithium-ion battery anodes. However, its conduc-
tivity and lithium storage volumetric effect still need to be
optimized. In this work, W-doped MoSe,/rGO paper-like
microspheres are successfully prepared through ultrasonic
spray pyrolysis, achieving optimization at both the
microstructure and mesostructure to enhance the lithium
storage performance of the material. Firstly, by utilizing
the similar two-dimensional structure between MoSe, and
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rGO, self-assembly is achieved through spray pyrolysis,
resulting in a well-defined van der Waals heterostructure at
the interface on the microscale, enhancing the electron and
ion transfer capability of the composite. Secondly, the
mesoscale paper-like microsphere morphology provides
additional volume expansion buffering space. Moreover,
W-doping not only increases the interlayer spacing of
MoSe, (0.73 nm), thereby reducing the diffusion resistance
of Li*, but also allow for the modulation of the energy
band structure of the material. Density functional theory
(DFT) calculations confirm that W-doped MoSe,/rGO
exhibits the narrowest bandgap (0.892 eV). Therefore, the
composite demonstrates excellent lithium storage perfor-
mance, maintaining a specific capacity of 732.9 mAh-g~'

after 300 cycles at a current density of 1 A-g".

Keywords Molybdenum selenide; Heterostructure;
Microspheres; Li-ion batteries; Kinetics

1 Introduction

Transition metal selenides possess exceptional conduc-
tivity and special photoelectrochemical characteristics
[1-3], rendering them a popular choice in energy storage
and conversion technologies, including alkali metal ion
batteries [4-9] and photoelectrocatalysis [10-14]. Par-
ticularly, when applied in lithium-ion batteries (LIBs),
they have been widely studied due to their high lithium
storage capacity and advantageous phase structures that
promote lithium storage [15]. Examples of such materials
include GeSe, NiSe, CoSe, and SnSe,, which have
demonstrated remarkable electrochemical performance
[16-19].
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Among them, MoSe, has attracted much attention in

researchers due to its stable electrochemical reactivity and
low solubility [20]. It exists in three different crystal forms
(1T, 2H and 3R), where the most stable 2H-MoSe, block
has a narrow bandgap (1.1 eV) and a large interlayer
spacing (0.646 nm) [21-23]. This reduces the energy
expended during electron transitions of lithium storage
process, enhancing ion transport, decreasing polarization
and thus boosting charge—discharge efficiency [24, 25].
Additionally, MoSe, displays both intercalation and phase
transition characteristics for lithium storage, with lithium
ions intercalating between the MoSe, layers and undergo-
ing a phase transition reaction (MoSe, + 4Li"
+ 4e” — 2Li,Se + Mo,  theoretical  capacity = of
422 mAh-g~") [26, 27]. Despite being a semiconductor
material, the conductivity of 2H-MoSe, requires improve-
ment, and its mechanical stress is relatively weak, leading
to severe volumetric effects during the lithiation process,
similar to molybdenum oxide and molybdenum sulfide
[28, 29].

The optimization of MoSe, for enhanced lithium storage
performance can be done on both a microscopic and
mesoscopic scale. For example, Yao et al. [30] used a
combination of 2H-MoSe, with a graphite-like hexagonal
layered structure and graphene to create microscopic van
der Waals heterostructures, with the assistance of
ethylenediamine, resulting in an increased volumetric
capacitance. Additionally, metal doping can be used to
improve the band structure of MoSe,, leading to an
enhancement of its energy storage capacity at the intrinsic
level. Zhang et al. [31] modified the surface adsorption
capacity of the material through a 1% Mn-doping. DFT
analysis showed an increased electron occupancy on the
Fermi level, which helped optimize the electrochemical
reactions. Wang et al. [32] also employed Fe-doping to
manipulate the bandgap and exploit changes in the local
electronic structure to boost the electrochemical perfor-
mance and durability of the material. Moreover, by
blending MoSe, with carbon materials and controlling its
mesoscopic morphology, the volumetric effects of MoSe,
during lithium storage can be restrained [33-36]. As an
example, Wu et al. developed MoSe,-C nanocomposites
with small particle size and large interlayer spacing
through a hydrothermal process, resulting in remarkable
cycling and rate performance of lithium storage by opti-
mizing the structure [37-39].

In this work, a novel W-doped MoSe,/rGO paper-like
microsphere composite was successfully synthesized
through an ultrasonic spray pyrolysis process. Compared to
traditional composite synthesis strategies, the self-assem-
bly mechanism in this method enables the composite to be
formed with fewer layers of MoSe, while creating a vol-
umetric buffer space in the paper-like microspheres.
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Moreover, the van der Waals heterostructure of rGO and
MoSe, at the microscopic interface increases the electronic
and ionic transport capabilities of the material. Further-
more, the W doping adjusts the energy band structure of
MoSe,, boosting the conductivity and ion adsorption of the
material, thereby further enhancing its structural stability
and lithium storage performance.

2 Experimental
2.1 Chemicals

The reagents used in this experiment are all analytical
grade chemicals and need no further treatment. Ammonium
molybdate, ammonium tungstate and pure MoSe, were all
provided by Aladdin Biochemical Technology Co., Ltd.
Hexamethylenetetramine (HMTA) was provided by Sino-
pharm Chemical Reagent Co., Ltd. Graphene oxide (GO)
was provided by Nanjing XFNANO Materials Tech Co.,
Ltd. The water used in this experiment was deionized
water.

2.2 Synthesis of MoSe,/rGO-x

GO was initially dispersed in 100 ml deionized water to
achieve a concentration of 1 mg-ml~'. Subsequently,
3.090 g ammonium molybdate and 1.051 g HMTA were
dissolved in the dispersion, forming a precursor solution.
This solution was then sprayed into a tubular furnace using
air as the carrier gas at a flow rate of 20 L-min~" and an
ultrasonic frequency of 1.7 MHz. The thermal decompo-
sition process took place at a temperature of 800 °C. The
resulting spray pyrolysis product was denoted as P-MoSe,/
rGO-1. As a comparison, the spray pyrolysis product
obtained without the addition of GO was designated as
P-MoSe,. P-MoSe,/rGO-1 was mixed with selenium
powder and subjected to annealing in an Ar-H,(5%)
atmosphere at 450 °C for 4 h. The product was denoted as
MoSe,/rGO-1. The digit represents the concentration of
GO in the preparation process. For comparison purposes,
MoSe, was mixed with a GO dispersion of 1 mg-ml™",
followed by drying and annealing at 450 °C, resulting in
the formation of the MoSe,-rGO mixture. Additionally, by
varying the concentration of GO to 0.5 mg-ml~' and
1.5 mg-ml ™", different products were obtained and denoted
as MoSe,/rGO-0.5 and MoSe,/rGO-1.5, respectively.

2.3 Synthesis of MoSey(W x%)/rGO
GO was initially dispersed in 100 ml deionized water to

achieve a concentration of 1 mg-ml~'. Subsequently,
3.090 g ammonium molybdate, 1.051 g HMTA and
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Fig. 1 a Schematic illustration for synthesis of MoSe,(W 5%)/rGO; b XRD patterns and ¢ Raman spectra of MoSe,/rGO-1 and
MoSe,(W 5%)/rGO; d XPS spectra of MoSex(W 5%)/rGO and MoSe,/rGO-1; high-resolution spectra of e Mo 3d and f Se 3d for

MoSe,(W 5%)/rGO and MoSe,/rGO-1

0.223 g ammonium tungstate (with a W-to-Mo atomic ratio
of 0.05:1, resulting in a 5% W doping) were dissolved in
the dispersion. The subsequent steps followed the proce-
dure described for MoSe,/rGO-1. The resulting composite
material was designated as MoSe>(W 5%)/rGO. By
adjusting the amount of ammonium tungstate to 0.045 g
and 0.446 g (corresponding to W doping levels of 1% and
10% atomic ratios, respectively), different products were
obtained and identified as MoSe,(W 1%)/rGO and
MoSex(W 10%)/rGO, respectively.

3 Results and discussion

The paper-like microsphere composite material was suc-
cessfully synthesized through a simple process of ultra-
sonic spray pyrolysis and subsequent selenization
annealing (Fig. la). Ultrasonic spray generated small dro-
plets that entered a high-temperature tubular furnace with
the carrier gas. The solvent rapidly evaporated under the
high temperature, leading to the removal of oxygen-con-
taining groups from GO and the self-assembly of formative
reduced graphene oxide (rGO) into paper-like micro-
spheres. Meanwhile, ammonium molybdate decomposed in
the mildly alkaline and reduced environment provided by

Rare Met. (2024) 43(7):3019-3031

HMTA, resulting in the formation of molybdenum oxide,
which mixed thoroughly with the rGO paper-like micro-
spheres. Subsequent selenidation produced MoSe,, and due
to the interaction between molybdenum species and rGO,
the material retained the mesoscopic morphology of the
initial spray-formed paper-like microspheres, while the
layer number of MoSe, was constrained by rGO. The
addition of a small amount of ammonium tungstate allowed
for the synthesis of W-doped MoSe,/rGO composite
materials.

Figures 1b and Sla illustrate X-ray diffraction (XRD)
patterns of samples. The peaks observed at 20 = 13.7°,
31.4°, 37.8° and 56.9° correspond to the (002), (100), (103)
and (008) crystal planes of the 2H phase MoSe, (JCPDS
No. 29-0914), respectively [40, 41], confirming the pres-
ence of the 2H phase MoSe, structure. Among all the
samples, the characteristic diffraction peak at 20 = 31.4°
exhibits significant intensity, comparable to the intensity of
the maximum diffraction peak located at 20 = 37.8° in the
standard card. This may be attributed to the intertwining of
MoSe, and rGO within the composite, resulting in an
altered crystal plane exposure of MoSe, in the composite
material compared to the bulk MoSe,. Additionally, broad
and weak characteristic diffraction peaks around 26° cor-
respond to the (002) plane of graphitic carbon in the
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materials. This weak intensity can be attributed to the short
pyrolysis time and the entangled composite structure of
layered MoSe, and rGO, which hinders the graphitization
of rGO. To elucidate the formation process of MoSe,, XRD
analysis was performed on the spray pyrolysis-derived
precursor. From Fig. S1b, the diffraction peaks of P-MoSe,
coincide with MoO, and MoOs3, indicating that ammonium
molybdate decomposes into MoQ, in a weakly alkaline and
reductive environment provided by HMTA. XRD patterns
of the P-MoSe,/rGO-1 and P-MoSe,(W 5%)/rGO, as
shown in Fig. Slc, only exhibit characteristic peaks of
carbon, possibly due to the presence of rGO, which influ-
ences the growth of MoO, crystals. The interaction
between heterogeneous materials restricts the crystallinity
of the materials, resulting in a decrease in the corre-
sponding diffraction peak intensities [42]. These results
demonstrate the successful synthesis of MoSe, and carbon
composite materials through the proposed process.

Figure Ic presents the Raman spectra of the MoSe,/
rGO-1 and MoSe>(W 5%)/rGO, which further confirms the
presence of MoSe, and carbon materials in the composites.
The two distinct peaks of the D and G bands for carbon,
observed at ~ 1350 and ~ 1590 cm™ !, respectively,
indicate the presence of carbon layer defects and in-plane
vibrations of carbon atoms with sp> hybridization [36, 41].
It is observed that the peak intensity of the D band is
stronger than that of the G band in all samples, suggesting
that the carbon material and MoSe, composite create
numerous structural defect sites, which are beneficial for
the adsorption of Li" during energy storage. Additionally,
the Raman spectra show peaks at 148, 238 and 282 cmfl,
corresponding to the J, phonon mode, in-plane A;, and
out-of-plane Ezgl vibration modes of MoSe,, respectively
[43]. The J, phonon mode represents the 1T phase of
MoSe,, while the in-plane A;, and out-of-plane Ezgl
vibration modes are associated with the 2H phase of MoSe,
[44, 45]. The 2H phase of MoSe, is the most stable struc-
ture and exhibits semiconductor behavior, while the 1T
phase has metallic properties but is less stable [46]. It is
observed that the intensity of A, peak is higher than that
of J, peaks, indicating that the material is predominantly
composed of the 2H phase of MoSe,. Despite its structural
stability, the electrical conductivity of the material must be
improved. These findings are in agreement with XRD
results.

XPS spectroscopy was used to investigate the surface
chemical environment of the MoSe,(W 5%)/rfGO and
MoSe,/rGO-1 samples. The full measurement spectrum
(Fig. 1d) revealed characteristic peaks of Mo 3d, Se 3d, C
Is and O 1s in both samples. However, the intensity of the
W 4f characteristic peak in the MoSe;(W 5%)/rGO sample
is quite weak due to the low concentration of W and the
fact that XPS is a surface analysis technique.

aQ

Deconvolution fitting of the Mo 3d, Se 3d and O 1s peaks
(Figs. le, f and S2a) reveal that the Mo and Se in the
material are only involved in Mo-Se chemical bonding
[24, 36]. Notably, there is a slight negative shift in the
binding energy of Mo 3d in MoSe,(W 5%)/rGO, indicating
an increased electron density in MoSe, due to W doping
[47]. The two fitted peaks of the O 1s peak correspond to
C-O-H (532.4 eV) and C=0 (530.2 eV), indicating the
presence of non-lattice oxygen in the sample, suggesting
that all the MoO, species in the precursor have been
completely selenidated during the synthesis process [41].
Figure S2b presents XPS high-resolution spectrum of W 4f.
Through deconvolution fitting, two peaks corresponding to
4f;, and 4fs, are obtained, confirming the presence of
W*" in the sample [48]. The binding energy of the fitted
peaks exhibits a slight positive shift compared to other
reports, indicating that W doping can provide electrons to
MoSe,, thereby increasing the electron density of MoSe,.
This strengthens the interaction between MoSe, and rGO,
facilitating the formation of wvan der Waals
heterostructures.

The morphology of the different samples was charac-
terized using scanning electron microscopy (SEM). Fig-
ures 2a and S3a, b show SEM images of the precursor
materials, P-MoSe,/rGO, with different metal contents. It
can be seen that due to the rapid evaporation of the solvent
during pyrolysis, the GO in the droplets contracts autono-
mously, leading to the formation of precursor materials
with a spherical shape at the mesoscale level, as depicted in
the scheme of Fig. 1a. At this stage, GO is transformed into
rGO by removing oxygen functional groups, and ammo-
nium molybdate decomposes into MoO,. Selenization then
predominantly converts MoO, into layered 2H-phase
MoSe,, which intertwines with rGO, resulting in the for-
mation of a paper-like spherical structure in the mesoscale
(Fig. 2b—d). The growth of MoSe; is restrained by rGO,
leading to the preservation of the original microsphere
form after selenization. This result, combined with the
analysis of XRD and Raman tests, suggests a strong
interaction between MoSe, and rGO. Moreover, with
increasing carbon content, the size of the microspheres
slightly increases, while the MoSe,/rGO-0.5 sample with
the lowest carbon content has some agglomeration. On the
other hand, the MoSe,-rGO mixture obtained by simple
mixing and calcination does not have a microsphere mor-
phology, but rather an unstructured mixture of aggregated
layers (Fig. S3c).

Figures 2e—g shows high-resolution transmission elec-
tron microscopy (HRTEM) images of MoSe,/rGO-1,
which demonstrate the presence of numerous wrinkles in
rGO, further confirming the composite of MoSe, and rGO.
The lattice fringes corresponding to the (002) plane in
MoSe,, the c-axis basal plane, can be seen in Fig. 2g. It is
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Fig. 2 SEM images of a P-MoSe,/rGO-1, b MoSe,/rGO-0.5, ¢ MoSe,/rGO-1 and d MoSe,/rGO-1.5; e-g HRTEM images of MoSe,/
rGO-1; h N, adsorption/desorption isotherms and (inset) pore size distribution curves of MoSe,/rGO samples

evident that the obtained MoSe, has a small number of
layers (less than ten layers). Additionally, the interlayer
spacing of the (002) plane is measured to be 0.715 nm,
11% wider than the standard value of 0.646 nm. This
widening is likely due to the van der Waals heterostructure
formed by the carbon layers and MoSe,, which impedes the
oriented growth of MoSe, crystals and causes the change in
interlayer spacing [49, 50]. HRTEM images of MoSe,/
rGO-0.5 and MoSe,/rGO-1.5 in Fig. S4 further confirm the
formation of van der Waals heterostructures between
MoSe, and rGO. Additionally, with an increase in carbon
content, the interlayer distance of the (002) plane in MoSe,
also increases, indicating that the alteration in interlayer
spacing is a result of the interaction between MoSe, and
rGO. These findings not only verify the microscopic
interaction between MoSe, and rGO, but also suggest that
the reduction in MoSe, layer numbers and the widening of
MoSe, interlayer spacing, achieved through their interac-
tion, could potentially improve the lithium storage perfor-
mance of the composite.

Owing to the unique morphology of the materials in the
form of paper-like microspheres, the nitrogen adsorption—
desorption experiments were performed to determine the
specific surface area and pore size distribution of the
composite materials. Figure 2h presents the nitrogen
adsorption—desorption isotherms and the corresponding
pore size distribution curves of the three samples. All the
three materials exhibited Type IV isotherms with H3 hys-
teresis loops, indicating their mesoporous nature with the
dominant pore type being flat slit pores [51]. The specific
surface areas of the samples by Brunauer—-Emmett—Teller
(BET) method were measured as 58.7, 122 and

Rare Met. (2024) 43(7):3019-3031

103 m*.g ™", respectively. This result is consistent with the
observations from SEM images, where MoSe,/rGO-0.5
shows the accumulation of MoSe, due to its lower carbon
content, while MoSe,/rGO-1 and MoSe,/rGO-1.5 have
similar microsphere morphologies and comparable specific
surface areas. However, MoSe,/rGO-1 showed a more
uniform mesoporous distribution and larger pore volume
due to its moderate composition. The pore size distribution
of the samples was concentrated around ~ 3.8 nm, indi-
cating that they are mesoporous materials. This result
suggests that MoSe,/rGO-1 has advantages in terms of
electrolyte infiltration and diffusion, potentially leading to
enhanced lithium storage performance. Additionally, using
thermogravimetric analysis (TGA), the thermal weight loss
curves of the samples in an air atmosphere were deter-
mined, as seen in Fig. S5. As the temperature rises, oxi-
dation of MoSe, and carbon occurs leaving a residual mass
fraction between 30% and 40% [38]. According to the
TGA results, the mass fraction of selenides in MoSe, (W
5%)/rGO is calculated to be 61.73%, while the content of
carbonaceous materials is 38.27%.

Owing to the favorable microscopic and mesoscopic
structural characteristics observed in the MoSe,/rGO-1
sample, the doping of W element was carried out based on
this optimal ratio. Figures 3a and S6a, b show SEM images
of the MoSe,/rGO with different doping W contents (1%,
5% and 10%). It can be observed that the mesoscopic
morphology of the three samples, MoSe,(W 1%)/rGO,
MoSe>(W 5%)/rGO and MoSe,(W 10%)/rGO, still main-
tains a distinctive paper-like spherical structure. However,
from a microscopic perspective, the doping of W may lead
to increased disorder in the MoSe, crystal, thereby

al

&«



3024

W. Wang et al.

Z

Counts (a.u.)

1000 2000 3000
Energy / eV

Fig. 3 a SEM image; b TEM image; ¢ HRTEM image; d elemental mapping images and e EDS spectrum of MoSex(W 5%)/rGO

disrupting its crystal growth to some extent. This can
weaken the interactions between the MoSe, layers, result-
ing in an expected MoSe, structure with an increased
interlayer spacing and fewer layers [52]. TEM images in
Figs. 3b and Sé6c, d confirm the above speculation. Com-
pared to the undoped samples, the W-doped samples
exhibit a more uniform dispersion of MoSe, and rGO. This
is attributed to the easier formation of van der Waals
heterostructures between the low-layer MoSe, and rGO.
Figure 3c reveals that MoSe,(W 5%)/rGO has fewer than
five layers of MoSe,, and the (002) crystal plane spacing is
widened to 0.73 nm. Moreover, the carbon layer is aligned
with MoSe,, forming a beneficial van der Waals
heterointerface. TEM mapping (Fig. 3d) reveals a uniform
distribution of C, Mo, Se and W throughout the material.
Additionally, the atomic ratios, obtained from the EDS
analysis (Figs. 3e and S7), were calculated, showing that
the actual molar fractions of W relative to the total amount
of Mo and W in MoSe>,(W 1%)/rGO, MoSe»(W 5%)/rGO
and MoSe,(W 10%)/tGO are 0.72%, 2.64% and 6.31%,
respectively.

However, EDS is a semi-quantitative analytical method.
In order to obtain accurate molar fractions of Mo and W in
the sample, inductively coupled plasma optical emission
spectroscopy (ICP-OES) was employed to analyze the
elemental content in MoSe>(W 5%)/rfGO. The obtained

Q

mass fractions of Mo and W were found to be 22.37% and
1.96%, respectively. Based on this, it can be calculated that
W accounts for 4.39% of the total Mo and W substances in
the composite material. Furthermore, calculations reveal
that the mass fraction of selenides in the composite mate-
rial is 62.83%, thereby confirming the accuracy of the
previous TGA results.

Cyclic voltammetry (CV) technique was used to inves-
tigate the lithiation/delithiation processes of the materials.
Figures 4a and S8a show CV curves of MoSe,(W 5%)/rGO
and MoSe,/rGO-1, respectively, during the initial five
charge/discharge cycles. The reduction peak at around 0.6
V in the first cathodic scan of MoSe,/rGO-1 corresponds to
the phase transition and lithium storage reaction of MoSe,,
where the material transforms from MoSe, to Li,MoSe,
and further decomposes into Mo and Li,Se upon Li™
insertion [53]. This process is accompanied by the trans-
formation of MoSe, from the 2H phase to the 1T phase
[54-56]. There is also a reduction peak at around 0.25 V,
which is due to the formation of the solid electrolyte
interface (SEI) [55]. After the first cycle, the reduction
peak (around 1.7 V) and oxidation peak (around 2.4 V) in
CV curves indicate the conversion reactions between Li,Se
and MoSe,; [24]. The good overlap of CV curves after the
first cycle demonstrates the excellent stability of material,
which is attributed to the formation of van der Waals

Rare Met. (2024) 43(7):3019-3031
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heterointerfaces and the unique paper-like microsphere
morphology. Compared to MoSe,/rGO-1, MoSe,(W 5%)/
rGO exhibits an increased number of reduction peaks in
CV curves, indicating enhanced redox reaction activity of
the material [57]. This phenomenon confirms that doping
W can adjust and enhance the intrinsic electronic structure
of MoSe,, consequently increasing the lithium storage
performance of the material. Figure 4b illustrates the
constant current charge—discharge profiles of MoSe,/rGO-1
and MoSe,>(W 5%)/rGO, respectively, at a current density
of 200 mA-g~' for the Ist cycle. The initial discharge
capacities of MoSe,/rGO-1 and MoSe,(W 5%)/rGO are
981.3 and 1176.9 mAh-g~", respectively. The initial charge
capacity of the samples is lower than the discharge
capacity, which can be attributed to the irreversible reac-
tions that occur during the first discharge, such as the
formation of SEI. The 1st cycle charge capacity of MoSe,/
rGO-1 and MoSe,(W 5%)rGO is 7554 and
937.8 mAh-g~ ', respectively, corresponding to irreversible
losses of 23.02% and 20.32%.

To compare the differences in lithium storage perfor-
mance, cyclic stability tests were conducted on the samples
at different current densities. Figure 4c shows the results of
MoSe,/rGO-1 and MoSe,(W 5%)/rGO at a current density
of 200 mA-g~'. It can be observed that MoSe,/rGO-1
exhibits excellent cyclic stability, with a reversible specific
capacity of around 600 mAh-g~'. On the other hand,
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MoSe»(W 5%)/tGO, benefiting from its superior micro and
mesostructure, maintains a reversible specific capacity of
around 750 mAh-g~'. Based on the mass fractions of
individual components and theoretical specific capacity in
MoSex(W 5%)/rGO, it can be calculated that the theoretical
specific capacity of this composite material is
545 mAh-g~'. The capacity exceeding the theoretical value
originates from the excellent structure of the composite
material. From a mesoscale perspective, the unique mor-
phology of paper-like microspheres in the material can
accommodate the volume expansion during lithium stor-
age. From a microscale perspective, the doping of W ele-
ments further improves the intrinsic electronic structure of
MoSe,, widens the interlayer spacing, and reduces the
number of layers, facilitating the formation of van der
Waals heterostructures with rGO. This promotes the
adsorption of Li* on the surface of material and diffusion
within the bulk. These advantages are also reflected in the
rate performance test results. The long-term cycling sta-
bility of the samples at a current density of 1 A-g™" is
shown in Figs. 4d and S8b-d. It can be observed that the
MoSe,-rGO mixture obtained by directly mixing and cal-
cining MoSe, with GO exhibits a capacity of only
284 mAh-g~ ! after 300 cycles. The stability is attributed to
the protective effect of rGO, however, due to the lack of a
well-formed van der Waals heterostructure between MoSe,
and rGO, the lithium storage capacity of MoSe,-rGO
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Table 1 Comparison of lithium storage cycle performance
between this work and some other works reported previously

Samples Current Cycle Remaining Refs.
density / number capacity /
(mAg™") (mAh-g~")
MoSe,(W5%)/ 1000 300 7329 This
rGO work
e-MoSe, 0.2C 100 630.9 [58]
MoSe,@C 500 300 711 [59]
Mo-MoSe, 0.2C 50 550 [43]
PVP/SIiOC/ 50 100 450 [60]
MoSe,
MoSe,@CC 5000 1200 638 [61]
MoSe, LSFAC 100 50 501.3 [62]
MoSe,/graphite 100 100 787.3 [63]
MoSe,/MoO, 100 100 1042 [64]

mixture is not high. On the other hand, MoSe,/rGO-1
maintains a capacity of 655 mAh-g~" after 300 cycles at a
current density of 1 A-g_l, while MoSe»(W 5%)/rGO has a
high capacity of 732.9 mAh-g~'. Besides, compared to
other reported MoSe,-based lithium-ion battery anodes,
MoSe,(W 5%)/rGO exhibits superior performance, as
illustrated in Table 1 [43, 58-64].

Notably, both of these materials show an increase in
capacity with cycling and surpass the theoretical capacity.
This is thought to be due to the continuous refinement of
MoSe, during charge and discharge cycles while keeping it
within the microspheres, thus increasing the number of
effective active sites [65]. To ascertain the microstructural
changes of the materials after charge—discharge cycling,
SEM and TEM were conducted on sample cycled for 50
cycles at a current density of 1 A-g~'. As shown in Fig. $9a,
the material retains its microsphere morphology. However,
under the influence of phase transition stress, the paper-like
morphology of the material is disrupted and gradually
transforms into microspheres composed of two-dimensional
nanosheets, as depicted in Fig. SOb. Figure S9c, d presents
TEM images of the material after cycling, demonstrating
that MoSe, remains coupled with rGO, with the refined
MoSe, retained within the microsphere structure, con-
tributing to the continuous increase in specific capacity.

Figure 4e shows that at different current densities of 0.1,
0.2,0.5,1and 2 A-g_l, MoSer(W 5%)/rGO demonstrates
superior rate performance, with a discharge specific
capacity of around 560 mAh-g~' at 2 A-.g”', and a
capacity of around 770 mAh-g~' when the current density
is returned to 100 mA-g~'. The reversible capacity reten-
tion of MoSe,/rGO-1 and MoSe,(W 5%)/rGO at different
rates is compared in Fig. 4f. It can be observed that as the
current density increases, the reversible capacity retention

aQ

of the materials decreases due to polarization. However,
the superior microstructure of MoSe,(W 5%)/rGO facili-
tates the rapid insertion and extraction of Li*, allowing for
a higher level of reversible capacity retention than that of
MoSe,/rGO-1. At a high current density of 2 A-g ',
MoSex(W 5%)/rGO has a reversible capacity retention of
73.8%, while MoSe,/rGO-1 only retains 71.5%. The well-
formed van der Waals heterostructure of MoSe>,(W 5%)/
rGO allows the material to have better Li* adsorption
capability, where Li* is adsorbed at the surfaces/interfaces
of the materials, providing rapid lithium storage ability
[66]. Therefore, MoSe,(W 5%)/rGO, which has the optimal
microstructure and mesostructure, has the best lithium
storage performance, surpassing MoSe,/rGO-1 and other
composite materials.

In order to study the kinetic differences between
MoSe»(W 5%)/rGO and MoSe,/rGO-1 for lithium storage,
CV curves of the two materials at different scanning rates
of 0.2-1 mV-s~! were tested, as shown in Figs. 5a and
S10a. Both the cathodic and anodic peak intensities of both
MoSe,/rGO-1 and MoSe,(W 5%)/rGO increase with the
scanning rate, and the peak positions of both cathodic and
anodic peaks shift with the scanning rate due to electro-
chemical polarization. However, MoSe(W 5%)/rGO
exhibits smaller changes in peak amplitudes than MoSe,/
rGO-1, indicating better reversibility of the electrochemi-
cal reactions [67]. This suggests that MoSe,(W 5%)/rGO
has remarkable electrochemical kinetics, facilitating the
rapid insertion and extraction of Li* during the charge-
discharge process. The contribution of capacitance control
and diffusion control to the capacity of simple can be
determined using the formula i= kv + kov'?, where
kv represents capacitance control and k,v'? represents
diffusion control [68]. Figures 5b and S10b show the
capacitance contribution to the lithium storage capacity of
MoSe,(W 5%)/rGO and MoSe,/rGO-1, respectively, at a
scanning rate of 1.0 mV-s~'. The capacitance contribution
is indicated by the shaded area. The calculations reveal that
the capacitance contribution to the lithium storage capacity
of MoSex(W 5%)/rGO is 60.2%, while for MoSe,/rGO-1, it
is 51.6%. The high capacitance contribution in MoSe;(W
5%)/rGO confirms its high rate performance from a kinetic
perspective, which is closely related to its superior van der
Waals heterostructure and the favorable adsorption of
lithium ions at the surface/interface of material [69].

The intensity of the peak current in CV curve is influ-
enced by the scanning rate and the diffusion rate of Li™
ions (D;;+). As depicted in Fig. Sc, both the cathodic and
anodic peak currents of the two samples exhibit a linear
correlation with the square root of the scanning rate (v'/?).
Consequently, the Li* diffusion within the materials can be
determined by employing the classical Randles—Sevchik
equation [70]:
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f corresponding linear fitting of Warburg impedance

ip = (2.69 x 10°)n*2sD'2Cy!/? (1)

where 7 is the charge-transfer number, i, is the peak current
(A), S is the electrode area, D is the diffusion coefficient of
Lit (cmz-sfl), C is the concentration of Li* and v is the
scan rate (V'sfl).

Based on the fitting analysis of Fig. 5c, the calculated
values of apparent D;;+ at the cathodic and anodic peaks
for MoSe»(W 5%)/rGO and MoSe,/rGO-1 are presented in
the bar chart of Fig. 5d. The apparent D;;+ values for
lithium insertion and extraction in MoSe,/rGO-1 were
calculated to be 1.36 x 10™® and 1.11 x 107° cm®s ™",
respectively. On the other hand, MoSe,(W 5%)/rGO
showed higher Dy;+ values of 1.42 x 10~® cm®s™" for
insertion and 1.20 x 107% cm*s™' for extraction. This
indicates that widening of the interlayer spacing in MoSe,
as well as the improved van der Waals heterostructure due
to W doping leads to faster lithium insertion and extraction,
resulting in superior lithium storage performance compared
to MoSe,/rGO-1.

Figures Se and S11a display the Nyquist plots obtained
from the alternative current (AC) impedance measure-
ments of the composite materials after 10 charge—dis-
charge cycles. The inset in Fig. 5e illustrates the
impedance equivalent circuit, wherein R stands for the
electrolyte resistance, which is equivalent to the intercept
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on the x-axis of the high-frequency region arc [71]; Ry and
R, represent the charge-transfer impedance between the
electrolyte and the SEI, and the SEI and the internal
electrode interface, respectively, corresponding to the
diameter of the high-frequency region arc [72]; Z,, is the
Warburg impedance connected to Lit diffusion in the
material, that is equal to the linear part in the low-fre-
quency region [36]. It can be clearly observed that, after
10 charge—discharge cycles, MoSe,(W 5%)/rGO exhibits
a lower interfacial resistance. Additionally, an analysis of
Z,, was performed by linearly fitting the impedance Z’ in
the low-frequency region with the reciprocal square root
of the angular frequency (w™"?). The obtained slope ¢
represents the Warburg factor, which is correlated with
the lithium-ion diffusion coefficient D;;+. The corre-
sponding formulas are as follows [20]:

7 =Ry +Rs + oo '/?

(2)
(3)

where R is the gas constant (8.314 J -K_l), T is the absolute
temperature (298 K), A is the surface area of the electrode,
n is the electrons number per molecule in intercalation
process, F'is the Faraday constant (96,485 C~m0171), Cpiis
the Li* molar concentration in electrode, o is the angular
frequency and o is the Warburg factor related with Z’.

D = R*T?/(2A*n*F*Cy;6%)

al
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The fitting results in Figs. 5f and S11b show that
MoSe>(W 5%)/rGO has a ¢ value of 46.14, lower than the
other samples, thus demonstrating its superior lithium-ion
diffusion performance, as previously found.

In order to gain a deeper understanding of the effect of
W doping on the electrochemical performance of materials,
DFT (details in Supplementary Information) was used to
study the differences between MoSe(W 5%)/rGO and
MoSe,/rGO. Figure S12a, b depicts the models of single-
layer graphene and single-layer MoSe,, respectively. By
combining these two, the model for the MoSe,/rGO
heterointerface is obtained. To create the MoSe,(W 5%)/
rGO heterointerface, Mo atoms are replaced with W atoms
in situ, with W atoms accounting for 5% of the total atomic
content of W and Mo. Figures 6a and S12c show the
electron density difference results of MoSe,(W 5%)/rGO
and MoSe,/rGO, respectively. The red and blue regions
signify electron gain and loss, respectively. It can be
observed that the charge transfer between MoSe, and
graphene is enhanced after W doping, which is consistent
with the experimental results such as XPS. W doping
optimizes the van der Waals heterostructure, strengthens
the interaction between MoSe, and rGO, and enhances the
interface reactivity [73-75]. Additionally, the calculated
density of states (DOS) result (Fig. 6b, c) indicates that the
band gap of MoSe,/rGO is 1.406 eV, while that of
MoSe,(W 5%)/rGO is 0.892 eV. This confirms that W
doping increases the intrinsic conductivity of MoSe,
[73, 76]. Furthermore, W doping shifts the center of the d
band in the material from — 1.21 eV in MoSe,/rGO to
— 1.08 eV in MoSe>(W 5%)/rGO, which is beneficial for
Li" adsorption [77]. Thus, DFT calculation reveals that W
doping can optimize the microstructure of material and
enhance its lithium storage performance.

K4

4 Conclusion

In summary, a W-doped MoSe, composite rGO paper-like
microsphere material was prepared via a simple ultrasonic
spray pyrolysis process. The material has been optimized at
both the microstructure and mesostructure. On the
microstructure, the material has an increased interlayer
distance and fewer layers of MoSe,, plus W doping pro-
motes the interaction between MoSe, and rGO, creating a
more efficient van der Waals heterostructure. This facili-
tates the diffusion of Li™ in the material and its adsorption
on the surface/interface. On the mesostructure, the paper-
like microspheres provide additional space for volume
expansion. These structural improvements result in excel-
lent lithium storage capacity, cycle stability, rate perfor-
mance and kinetics. The reversible specific capacity of the
material can still remain 732.9 mAh-gfl, at the current
density of 1 A-g~!' after 300 cycles. Furthermore, DFT
calculations have revealed the role of W doping in opti-
mizing the lithium storage performance of MoSe,/rGO.
The preparation and modification strategies employed in
this study can provide insights and ideas for the design and
fabrication of other lithium storage composite materials.
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