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Abstract: Highly uniform Mo—-glycerate solid spheres are
synthesized for the first time through a solvothermal process.
The size of these Mo—glycerate spheres can be easily controlled
in the range of 400—1000 nm by varying the water content in the
mixed solvent. As a precursor, these Mo-glycerate solid
spheres can be converted into hierarchical MoS, hollow
nanospheres through a subsequent sulfidation reaction.
Owing to the unique ultrathin subunits and hollow interior,
the as-prepared MoS, hollow nanospheres exhibit appealing
performance as the anode material for lithium-ion batteries.
Impressively, these hierarchical structures deliver a high
capacity of about 1100 mAhg™" at 0.5 Ag™" with good rate
retention and long cycle life.

M olybdenum disulfide (MoS,) is a well-known two-dimen-
sional (2D) material with graphene-like crystalline struc-
ture.'* Recently, it has been recognized as a promising
electrode material in the energy conversion and storage areas
owing to its rich intercalation chemistry.*? In particular,
significant attention has been drawn on its potential use as the
anode material in lithium-ion batteries (LIBs) because MoS,
leads to a four-electron transfer reaction during the charge/
discharge process with a high theoretical capacity of
669 mAh g .11 Nonetheless, it still faces some challenges
in the practical applications such as the substantial volume
change during cycling and poor rate performance. To solve
these problems, various strategies have been reported to
optimize the electrochemical performance of MoS, by ration-
ally designing its geometric shapes and morphologies at
nanoscale.['> 2

Amongst the various approaches, the employment of
hollow nanostructures has been considered as an attractive
avenue to mitigate the above-mentioned obstacles and
improve the lithium storage performance.””*! To be specific,
the nanosized building blocks could effectively shorten the
diffusion distance of Li" ions, relax the strain, and lower the
barrier for lithium intercalation during the charge/discharge
processes.[*1>?] Meanwhile, the cavities in hollow structures
ensure their high surface-to-volume ratio, which offers larger
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specific surface area for plenty of electrochemical active sites.
Of note, the interior voids of the material could help preserve
the integrity of the electrodes by accommodating the large
volume variation associated with various electrochemical
reactions.”*

The templating method is the most common strategy to
generate diverse hollow materials.*** Usually, template-
based synthesis involves the coating of the shell material on
either hard or soft templates and the subsequent removal of
the inner templates. For instance, we have recently prepared
hollow MoS,-carbon boxes using cubical Fe,O; particles as
a hard sacrificial template.'¥ Despite its versatility, the
templating method would face the potential incompatibility
issue between the core and shell materials. A self-templating
method, on the other hand, directly transforms a precursor
template into the final product. Since it does not require the
heterogeneous process, better control over the size uniformity
can be easily achieved.””*"! Self-templating approaches have
been widely applied to generate a great variety of metal
sulfides with distinct morphologies and compositions.***!
Recently, Zhang and co-workers developed an anion-
exchange reaction of MoOj-amine hybrid nanowires to
produce hierarchical MoS, nanotubes.”! However, such
modified templating strategies have not been widely prac-
ticed yet owing to the paucity of applicable Mo-based
templates with high size uniformity.

Herein we report the first synthesis of highly uniform Mo-—
glycerate (MoG) solid spheres by a facile solvothermal
process. Afterwards, these MoG spheres are successfully
sulfurized by thiourea in a mixed solvent to obtain the MoS,
hollow nanospheres (HNS) constructed of nanosheets. The
MoS, HNS are further annealed and applied as the anode
materials for LIBs showing enhanced electrochemical per-
formance.

The synthesis process is schematically illustrated in
Figure 1. The whole synthesis process generally involves two
stages. First, a solvothermal method is used to synthesize
highly uniform MoG solid spheres using MoO,(acac), as the
molybdenum source, and glycerol, isopropanol (IPA)
together with a certain amount of water as the mixed
solvent.™! In the subsequent sulfidation step, sulfide (S*)
ions released from thiourea at high temperature react with
metal ions from the surface of the MoG spheres. Further
anion exchange reaction between the inward diffusing S*~
ions and faster outward diffusing metal-ion species can create
a void space between the newly formed MoS, layer and the
inner MoG core.'*#! Eventually after reaction for 6 h, the
original MoG spheres have been chemically transformed into
MoS, HNS composed of nanosheets.
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Figure 1. Schematic illustration of the formation process of the MoS,
hollow sphere. Mo—glycerate (MoG) solid spheres were firstly formed
by a solvothermal process, and then sulfurized by thiourea at 200°C to
obtain the MoS, hollow nanospheres (HNS).

Figure 2 shows the morphologies of the MoG precursor
spheres and the as-formed MoS, HNS. Field-emission scan-
ning electron microscope (FESEM) and transmission elec-
tron microscopy (TEM) images (Figure 2a—c) show that the
highly uniform MoG spheres are solid in nature with an
average diameter of 580 nm. Besides, the well-separated
spheres possess a rather smooth surface over the whole
particle without any crystalline facets. Energy-dispersive X-
ray (EDX) spectroscopy data confirms the existence of
elements of Mo, C and O in the spheres (Figure S1, Support-
ing Information). The weak peaks of the X-ray diffraction
(XRD) pattern imply the amorphous nature of the MoG
spheres and the existence of possible MoO, phase (Figure S2,
Supporting Information). Only a small loss in weight can be
observed from the thermogravimetric analysis (TGA; Fig-
ure S3, Supporting Information), suggesting the small amount
of organic components. The size and uniformity of the MoG
spheres can be adjusted by tuning the volume fraction of
water in the mixed solvent. Generally speaking, the spheres
will grow bigger with compromised uniformity when the
water content is reduced. While a slight increase of the water
content to 37.5 vol% would still give uniform MoG spheres
with a reduced average size of approximately 400 nm (Fig-

Figure 2. FESEM and TEM images of the a)—c) MoG solid spheres and
d)—i) the corresponding hierarchical MoS, HNS after the sulfidation
process.
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ure S4a, Supporting Information). As the water content is
reduced to 12.5vol%, the MoG spheres obtained have an
increased average size of about 1 um (Figure S4b, Supporting
Information). In the absence of water, some irregular spheres
with larger size could be obtained (Figure S4c, Supporting
Information). When the IPA/H,0O volume ratio is increased to
1, the MoG spheres experience a rapid reduction in size with
much higher surface roughness (Figure S4d, Supporting
Information). Other Mo sources, such as
(NH,)sMo0,0,,-4H,0 and H,MoO,, could also be employed
to generate MoG spheres. Nonetheless, the size distribution
of corresponding products is quite difficult to control (Fig-
ure S5, Supporting Information).

After sulfidation under solvothermal conditions, the MoG
spheres are converted into MoS, HNS. The panoramic
FESEM image (Figure 2d) indicates the overall spherical
morphology of the as-prepared MoS, structures is well
preserved with a uniform diameter of around 580 nm,
almost same as the solid MoG spheres. The magnified
observations (Figure 2e,f) further reveal the surface of these
hierarchical structures are constructed by nanosheet subunits.
As depicted by TEM studies in Figure 2g,h, the hollow
structures and well-defined inner cavities of MoS, HNS are
clearly elucidated by the sharp contrast between the center
and the edge. From a closer examination of an individual
sphere (Figure 21i), it can be observed that the hierarchical
shell has a thickness of about 140 nm. Moreover, the dark
strips demonstrate the ultrathin nature of the exposed 2D
nanosheets. XRD study of the hollow product (Figure S6,
Supporting Information) can be assigned to the hexagonal
phase of MoS,, consistent with the previous reports.*! In
addition, the visible (002) diffraction peak further confirms
the formation of a well-stacked layered structure of MoS,. As
determined by N, sorption measurement (Figure S7, Support-
ing Information), these MoS, HNS possess a Brunauer—
Emmett-Teller specific surface area of 31.5m*g' with the
pore sizes mostly below 10 nm.

To verify our hypothesis on the formation mechanism of
the unique MoS, HNS, time series analysis is carried out to
monitor the morphological evolution during the sulfidation
reaction. The morphology of the MoG solid spheres appears
unchanged and their surfaces remain smooth after heating
treatment at 200°C for 1 h (Figure S8a, Supporting Informa-
tion). When the solvothermal process prolongs to 1.5 h, a thin
hierarchical shell made of MoS, nanosheets can be identified
around the outermost layer of the spheres (Figure S8b,
Supporting Information). Over an extended period of 2 to
6 h, the continuous anion exchange reaction further supports
the growth of the sulfurized shell accompanied by the
formation of an obvious hollow interior within the spheres
(Figure S8c, Supporting Information). After the complete
sulfidation process, the morphology of the hierarchical
architectures will not change any more, even when the
reaction is extended to 12 h (Figure S8d, Supporting Infor-
mation).

Figure 3 shows the FESEM and TEM images of the MoS,
HNS after the thermal treatment at 700°C in Ar/H, for 2 h.
Despite the ultrathin feature, the FESEM images (Fig-
ure 3a,b) indicate that the hierarchical MoS, shell exhibits
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Figure 3. a),b) FESEM and c),d) TEM images of the MoS, HNS after
annealing in Ar/H, at 700°C for 2 h. e),f) HRTEM images of the MoS,
sheets.

of the (002) planes and (100) facet of hexagonal MoS,
(Figure 3¢e,f).

The hollow MoS, HNS were evaluated as the anode
material for LIBs to demonstrate their promising application.
Figure 4a shows the representative galvanostatic charge/
discharge voltage profiles of the hollow nanospheres in the
voltage range of 0.01-3.0 V versus Li/Li" at a current density
of 0.5 A g '. Two voltage plateaus located at 1.1 and 0.6 V can
be observed in the first discharge, corresponding, respectively
to the formation of Li,MoS, by the insertion of Li* ions into
the interlayer MoS, lattice and the generation of Li,S and Mo
through the further reaction between Li,MoS, and Li* !4
In the first charge process, a pronounced peak at around 2.3 V
can be assigned to the delithiation of Li,S to sulfur. In the
following discharge process, the discharge plot with two
voltage plateaus located at 2.0 and 1.3V is observed,
indicating a multi-step lithium insertion mechanism.!**4]
To further study the mechanism of lithium storage, the cyclic
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Figure 4. a) Charge—discharge voltage profiles at 0.5 Ag™', b) rate capability test, and
c) cycling performance at 0.5 Ag™' of the MoS, HNS and of MoS,. The blues trace shows
Coulombic efficiency of MoS, HNS.

voltammograms (CV) curves of the hollow nanospheres
(Figure S10, Supporting Information) obtained at various
cycles are investigated. In the CV plots, the representative
cathodic/anodic peaks can be clearly identified, which is
consistent with the above charge-discharge voltage profiles.
In addition, the CV profiles are approximately overlapping
except for the initial cycle, suggesting the excellent stability of
these hollow structures for reversible lithium storage. Galva-
nostatic charging-discharging measurements confirm that
these unique MoS, HNS can be reversibly cycled at various
current densities. As shown in Figure 4b, the average specific
capacities of the hollow nanospheres are approximately 944,
895, 831, 762, 711 and 576 mAhg " at the current densities of
0.1,02,05,1,2 and 5 Ag !, respectively. When the current
density is reduced back to 0.1 Ag', a high capacity of
1000 mAhg! is immediately resumed, suggesting the good
reversibility of the electrode materials. The cycling perfor-
mance of the MoS, HNS electrodes is presented in Figure 4c.
The reversible capacity of the MoS, hollow nanospheres in
the first cycle is 1270 mAh g !, which is much higher than that
of solid MoS, spheres (640 mAhg'). The irreversible
capacity of 238 mAhg™! in the first cycle corresponding to
a Coulombic efficiency (CE) of 83 % could be attributed to
irreversible processes such as the formation of the solid-
electrolyte interface (SEI) film and decomposition of electro-
lyte."? The MoS, HNS deliver a reversible specific capacity
of 1100 mAhg™ at 0.5 Ag™' without obvious capacity decay
after 100 cycles, while the reversible specific capacity of solid
MoS, sample is only 500 mAhg~'. The Coulombic efficiencies
of MoS, HNS are nearly 100 % after the first few cycles. The
superior electrochemical performance of the hollow spheres
might be related to the increment of electrochemical active
sites compared with the solid sample. Clearly, the hierarchical
MoS, HNS exhibit interesting properties as potential anode
materials for LIBs benefitting from their unique structural
features such as the ultrathin subunits and well-defined
hollow interior to withstand the structural strain.
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In summary, we have developed a facile solvothermal
method to synthesize highly uniform Mo-glycerate spheres
with size in the range of 400-1000 nm. These Mo-glycerate
spheres can be used as precursor to synthesize MoS, hollow
nanospheres constructed of nanosheets. The process allows
good quality control on the uniformity and structure of the
obtained MoS, materials. After thermal treatment in inert
environment, hollow MoS, nanospheres show excellent
electrochemical performance as the anode of lithium-ion
batteries with high specific capacities and excellent cycling
stability. It is worth mentioning that the ease of the structural
tailoring provides the possibilities to further optimize the
properties of the MoS,-based functional materials.
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