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Core-shell nanostructures have found broad potentials in a
large variety of applications including catalysis, biomedicine, and
energy conversion/storage devices [1,2]. The unique structural
configuration endows the composite a capability to combine
advantages of both core and shell materials, and deliver optimized
properties through a rational design of the components [3].
Accordingly, numerous research efforts have been directed to the
synthesis control of the coating materials to build desired nano-
shells. Particularly, silica-based core-shell structures have wit-
nessed enormous success benefiting from the flexible synthesis
capability ensured by the Stöber process, which provides favorable
growth kinetics in solution to build precise configuration of silica
nanoshells suited for their applications, for example, silica-based
nanocapsules for controlled drug delivery [4].

Transition metal sulfides (TMSs) have attracted increasing
research attention for their potential in energy and photonic
related applications [5], typically, as anode materials in sodium
ion batteries (SIBs) [6]. Significant research efforts have been
exerted to the compositional control and structural engineering
of TMSs, among which core-shell nanostructures have been widely
resorted to combat the sluggish sodiation/desodiation process of
TMSs by coating TMSs onto highly conductive substrates [7]. For
the TMSs coating efforts, hydro/solvothermal reactions has domi-
nated the synthesis routes, but these high pressure and high tem-
perature conditions inevitably lead to fast precipitation and
crystallization of TMSs particles, according forming mainly disor-
dered surface aggregates, in most cases randomly-stacked
nanosheets, rather than conformal TMSs nanoshells suited for a
systematic surface engineering in both thickness and composition
Elsevier B.V. and Science China Pr
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[8]. The technique of atomic layer deposition (ALD) emerges as a
powerful tool to resolve this synthetic challenge, which shows a
capability to form conformal TMSs coating with high accuracy
[9]. Unfortunately, ALD requires expensive machinery and is mean-
while struggled by its limited processing capability, risky precursor
chemistry, and tedious operations [10]. It is highly favorable to
develop solution-based synthetic routes with a precise surface
control capability similar to the ALD technique.

Herein, we demonstrated a synthetic protocol to build uniform
TMSs nanoshells starting from a solution-based route, whose reac-
tion control even at room temperature provided an efficient way to
control TMSs thickness with sub-nanometer precision. Using
thioacetamide (TAA) as the sulfur reservoir, we were able to mod-
ulate its decomposition by controlling the reaction parameters,
particularly pH value and additives like hydrazine [11], which
facilitated the release of sulfide in solution, forming molybdenum
sulfide precipitate in a favorable growth kinetics towards the for-
mation of uniform nanoshells. Such a simple reaction route could
be readily expanded to construct nanoshells of a large variety of
TMSs with well-defined nanostructures suited for their applica-
tions. For example, a composite material prepared by coating
cobalt sulfide onto graphene substrate showed promising potential
as a high performance anode of SIBs.

Taking the preparation of molybdenum sulfide as an example,
aqueous solution of 4 mmol/L sodium molybdate and 29 mmol/L
TAA were used as the sources for both molybdenum and sulfur,
respectively. Polystyrene (PS) particles (40 mg in weight) were
used as seeds for further coating, which were around 500 nm in
size with a clean surface according to the transmission electron
microscopy (TEM) analysis in Fig. 1a. Upon the addition of
70 mmol/L hydrazine under a weak acid condition (pH around 5),
molybdenum sulfide could slowly precipitate at room tempera-
ess. All rights reserved.
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ture. Fig. 1b revealed the emergence of a 6 nm coating layer around
each PS nanoparticle, showing a typically core-shell structure
without the formation of independent particles. Moreover, much
thicker surface coating could be achieved by reducing the amount
of seeds. Fig. 1c showed the formation of 25 nm nanoshells on the
PS surface when only 10 mg PS spheres were used. A further reduc-
tion to 5 mg could obtain a 50 nm coating layer. The elemental
mapping revealed that the major constituents of the shell species
were indeed molybdenum and sulfur (Fig. S1 online).

For a representative sample shown in Fig. 1c, the obtained coat-
ing layer was amorphous as confirmed by the high-resolution TEM
(HRTEM) analysis (Fig. S2a online) and the corresponding fast
Flourier transformation (FFT) (Fig. S2b online). Similarly, its X-ray
diffraction (XRD) pattern showed no obvious peaks (Fig. S2c
online). The X-ray photoelectron spectroscopy (XPS) spectra
(shown in Fig. S3 online) was then used to probe the chemical
composition as well as the oxidation states of the coated sample.
The Mo 3d peaks suggested a chemical valence of Mo(IV) [12]
while the S 2p peaks indicated a mixture of both disulfide ion
Fig. 1. TEM image of bare PS nanospheres (a) and coated PS nanospheres (b–d). The
thickness of molybdenum sulfides coating layer were (b) 6 nm, (c) 25 nm, (d)
50 nm, with different amount of PS seeds and maintained concentration of reactant,
40, 10, and 5 mg, respectively.

Fig. 2. (Color online) Characterization of hollow MoS2 nanospheres and MWCNTs@MoS2
the prepared hollowMoS2 nanospheres; (g–i) TEM images of core-shell structured MWCN
(g), 3 layers (h), and 6 layers (i).
and sulfide ion [13]. Meanwhile, the energy dispersive spec-
troscopy (EDS) test affirmed a Mo/S ratio close to 1:3 in the surface
layer (Table S1 online). All the above-mentioned characterizations
suggested the formation of a MoS3 shell, which have been widely
known as an amorphous product from the sulfide precipitation of
molybdenum [13].

A further high temperature treatment at 700 �C in an inert
atmosphere would turn this amorphous sample into highly crys-
talline one without damaging the particle shape (Fig. 2a). After sin-
tering, the PS core would be removed and hollow nanospheres
formed instead (Fig. 2b). The elemental mapping of some
randomly-selected spheres (Fig. 2c and d) showed a uniform distri-
bution of Mo and S on the surface, whose EDS analysis gave a Mo/S
ratio of around 1:2 (Table S2 online). The XRD test shown in Fig. 2e
confirmed the formation of crystalline 2H-MoS2 (JCPDS No. 06-
0097) [14]. Further HRTEM analysis (Fig. 2f) on the surface exhib-
ited clear lattice fringes with their spacing around 0.64 nm (the
(0 0 2) planes of MoS2). It was therefore concluded that the amor-
phous MoS3 would crystallize into MoS2 through the high temper-
ature transition process.

Such a simple solution-based growth route exhibited favorable
growth kinetics to slowly form conformal shells, which effectively
circumvented the risk of fast precipitation and crystallization pro-
cess from the reported hydro-solvothermal process and made it
possible to grow surface layers with an unprecedented sub-
nanometer accuracy [15]. For example, using multi-walled carbon
nanotubes (MWCNTs) as the seeds, we were able to precisely
define the coating structure, and build multi-layer MoS2 nanoshells
(as shown in Fig. 2g–i). The thickness of MoS2 gradually increased
from 2 layers, to 3 layers, and to 6 layers, manifesting an atomic-
level control capability which had usually been considered as the
privilege of the ALD technique (TEM images of MWCNTs and amor-
phous MoS3 coated MWCNTs showed in Fig. S4 (online)).

The synthetic protocol was flexible to construct molybdenum
sulfide nanoshells around different core materials as shown in
Fig. S5 (online). This reaction route could also be readily expanded
to the creation of a large variety of TMSs nanoshells. Fig. 3 showed
our characterizations on representative products for other
transition metals including Co (Fig. 3a–e), Zn (Fig. 3f–j), or a
multi-compositional one as Co0.5Ni0.5 (Fig. 3k–o). The TEM images
combined with their corresponding elemental mapping confirmed
the effectiveness of our synthesis in building TMSs nanoshells. As a
matter of fact, we found that these metal sulfides were much easier
. (a) SEM, (b) TEM, (c) and (d) elemental mapping, (e) XRD, and (f) HRTEM results of
Ts@MoS2 sample with precisely-defined layer numbers of crystalline MoS2: 2 layers



Fig. 3. (Color online) Characterization of various metal sulfide coated PS sample. (a,
f, k) TEM images of PS spheres with different metal sulfide coating layers: (a)
PS@17 nm CoSx; (f) PS@50 nm ZnS; (k) PS@20 nm NiSx + CoSx (Ni:Co = 1:1). (b–d)
Elemental mapping of PS@ CoSx, (g–i) Elemental mapping of PS@ZnS, (l–o)
Elemental mapping of PS@NiSx + CoSx. (e) XRD patterns of PS@ CoSx. (j) XRD
patterns of PS@ZnS.
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to form compared to MoS3. The pH control alone was effective to
produce TMSs coatings without the need of hydrazine as the addic-
tive for TAA decomposition.
Fig. 4. (Color online) Electrochemical characterization of the core-shell structured RGO
RGO@Co9S8 sample operated at a current density of 100 mA/g from 0.01 to 3.0 V; (b) cycl
for the subsequent cycles; (c) rate performance at current density of 50, 100, 200, 500,
The creation of uniform TMSs nanoshells in our synthesis high-
lighted the effectiveness and flexibility of growth control in solu-
tion. Different from those reported synthesis protocols, which
usually rely on hydro-solvothermal reactions to initiate the
decomposition of sulfur-containing procures, while inevitably
endured fast precipitation process to form disordered surface
aggregates of TMSs species, our synthesis were inspired by the
long-existing and widely-acknowledged observation that the TAA
decomposition could be accelerated by hydrazine [16]. Therefore
we proposed that the TAA-hydrazine combination would provide
a unique tool to modulate the growth kinetics in solution to cir-
cumvent the synthesis challenge for TMSs coatings. Our control
experiments (Fig. S6 online) clearly demonstrated the critical role
played by hydrazine for nanoshell formation. Without the addition
of hydrazine, the room temperature reaction could not form any
MoS3 precipitate (Figs. S6a and S6e online). The addition of
30 mmol/L hydrazine made the precipitation of MoS3 possible
(Figs. S6b and S6f online), and this reaction became more evident
at 70 mmol/L hydrazine, forming uniform nanoshells as shown in
Figs. S6c and S6g (online). Notably, too much hydrazine
(150 mmol/L) would enforce a fast precipitation process, and inde-
pendent MoS3 particles formed (Figs. S6d and S6h online). We
found that the coating process would also be affected by the pH
values of the solution, because the TAA decomposition itself was
an acid-catalyzed process [11,16]. Detailed experimental results
upon pH control were showed in Fig. S7 (online). Through a con-
certed effort in both hydrazine and H+ control, it became conve-
nient for us to control the growth of TMSs in solution.

The synthesis protocol reported here has enormous potentials
for applications in different research areas such as catalysis, opto-
electronics, and energy storage devices. The last of these potentials
was demonstrated by using the prepared reduced graphene oxide-
Co9S8 compound samples (denoted as RGO@Co9S8) as an anode
material for sodium ion batteries (see the Supplementary Materials
for synthesis details, characterizations results in Fig. S8 online).
The combination of electrochemically-active TMSs species and
conductive graphene matrix was favorable to alleviate the kinetic
issue of TMSs anode [17]. Fig. 4a showed the charge/discharge
@Co9S8 and the control samples. (a) Galvanostatic charging/discharging profiles of
ing performance at current density of 50 mA/g for the first two cycles and 100 mA/g
1000, and 2000 mA/g; (d) electrochemical impedance spectrum (EIS).
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curves of RGO@Co9S8 after different cycles, which showed a high
capacity of 553 mAh/g with good reversibility. The much improved
cycling capability was further confirmed in Fig. 4b when compared
to different control samples. A detailed comparison on the rate
capability (Fig. 4c) showed clearly the advantage of the RGO@Co9-
S8 sample especially when working at high rate. The electrochem-
ical impedance spectroscopy (EIS) analysis was carried out to
probe the electrochemical kinetics (Fig. 4d) in the assembled cells.
The charge transfer resistance of RGO@Co9S8 was the smallest
among different samples, which was not surprising considering
the close electronic contact of the surface metal sulfide and its con-
ductive RGO substrate in RGO@Co9S8 (fitting results of EIS was
showed in Table S3 online).

We demonstrated a solution-based synthesis strategy to build
uniform TMSs coatings with their thickness achieving sub-
nanometer accuracy. Using thioacetamide as the sulfur reservoir,
we were able to modulate its decomposition by using hydrazine
as a unique additive together with the pH control in solution. We
identified that the thioacetamide-hydrazine combination provided
a highly-efficient tool to modulate the growth kinetics of molybde-
num sulfide in solution even at room temperature, and ensured a
reliable and versatile process towards the formation of uniform
nanoshells instead of highly-crystallized aggregates as prepared
from the hydro-solvothermal processes. Such a simple reaction
route could be readily expanded to construct nanoshells of a large
variety of metal sulfides with well-defined nanostructures suited
for their applications.
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