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Coordination-Driven Hierarchical Assembly of Silver Nanoparticles on MoS2
Nanosheets for Improved Lithium Storage
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Abstract: We report a novel strategy for the hierarchical as-
sembly of Ag nanoparticles (NPs) on MoS2 nanosheets
through coordination by using a multifunctional organic
ligand. The presence of Ag NPs on the surface of MoS2

nanosheets inhibits their agglomeration, thereby providing
increased interlayer spacing for easy Li+ ion intercalation.
Such a unique hybrid architecture also ensures sufficient
percolation pathways on the whole surface of the MoS2

nanosheets. Moreover, the high rigidity and low deformabili-
ty of the Ag NPs effectively preserve the hybrid architecture
during the charge–discharge process, which translates into
a high cycle stability. A prominent synergistic effect between
MoS2 and Ag is witnessed. When the Ag content is only
5 wt %, the Ag–MoS2 hybrid delivers a reversible capacity
as high as 920 mA hg�1 at a current density of 100 mA g�1,
making the Ag–MoS2 hybrid an attractive candidate for
next-generation LIBs.

Today when people are celebrating new scientific and
technological progress on the one hand, they are facing a di-
lemma of energy shortage on the other hand. The develop-
ment of clean and renewable energy sources is therefore
more than a good idea—it is a necessity now. Lithium-ion
batteries (LIBs) have become the dominant driving force
for portable electronics due to their high energy density and
long service life.[1] However, the low specific capacity
(372 mA hg�1) of graphite—a commercialized anode materi-
al at present—limits the application of LIBs in large-scale
devices such as electric vehicles. In this sense, alternative
anode materials with better electrochemical performances
are particularly desirable.

MoS2 is a typical layered compound in which the molyb-
denum and sulfur atoms are covalently bonded to form
layers held together by weak van der Waals forces.[2] This
structure allows easy Li+ ion intercalation according to the
reaction MoS2 + 4 Li+ +4 e�!Mo+2 Li2S, and the theoreti-
cal capacity of MoS2 is as high as 670 mA hg�1.[3] Unfortu-
nately, the cycle stability and rate capability of MoS2 are far
from satisfactory due to the poor intrinsic conductivity of
the material. As such, nanometer-scale carbon materials, in-
cluding carbon nanotubes and reduced graphene oxide (r-
GO), have recently been employed as conductive additives
to improve the electrochemical performance of MoS2.

[4,5] It
is worth noting, however, that the conductivity of such nano-
meter-scale carbon structures depends heavily on their qual-
ity, which is affected by the preparation method and is often
inadequate and non-uniform. For example, r-GO is structur-
ally disordered and its conductivity is thus destroyed to
some extent. Moreover, the reported conductivity of r-GO
varies by up to two orders of magnitude.[6] Such deficiencies
inevitably impose adverse effects on the reproducibility and
reliability of the r-GO–MoS2 hybrid anodes. In this context,
introducing a small fraction of noble metal nanoparticles
(NPs), such as silver, as a conductive additive is a fascinating
concept to address this inadequacy and improve the lithium
storage capacity of MoS2 by conductivity resilience.[7] To the
best of our knowledge, however, there are no reports to
date on developing Ag–MoS2 hybrids as high-performance
anode materials for LIBs.

In situ hydrothermal synthesis is a newly adopted ap-
proach to decorating MoS2 with Ag NPs.[8] Basically, a Ag
precursor tends to nucleate and crystallize at the defect sites
of MoS2, resulting in the selective deposition of NPs at the
edges and the line defects in the basal planes. This method
is limited by its harsh experimental conditions and its inabil-
ity to control the loading density and distribution of NPs on
the nanosheets. The self-assembly of NPs on MoS2 under
mild experimental conditions is thus an elegant alternative
to solve these problems.[9] Unfortunately, the chemical inert-
ness of MoS2 compared to r-GO is an obstacle to functional-
ization by Ag NPs, and a different route is required from
the conventional carbon chemistry successfully applied for
the Ag–r-GO hybrids.[10]

Inspired by the lone pairs on the sulfur surface layers of
transition metal disulfides,[11] we have studied the coordina-
tion ability of MoS2 with Cu2+ ions.[5a,12] Herein we report,
for the first time, a novel strategy for the ex situ hierarchical
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assembly of Ag NPs on bare MoS2 by using a multifunctional
organic ligand. Mercaptosuccinic acid (MSA) is bonded to
Ag NPs through the Ag�S covalent linkage as a stabilizer.[13]

Its carboxylate group, in turn, is linked to the sulfur atoms
of MoS2 through mutual coordination to Cu2+ ions. The
presence of Ag NPs on the surface of MoS2 nanosheets in-
hibits agglomeration, thereby providing increased interlayer
spacing for easy Li+ ion intercalation. Such a unique hybrid
architecture also ensures sufficient percolation pathways on
the whole surface of MoS2 nanosheets. The outstanding in-
trinsic conductivity of Ag NPs facilitates efficient electron
transport at a very low content. Last but not least, the high
rigidity and low deformability of Ag NPs compared to
carbon effectively preserve the hybrid architecture during
the charge–discharge process, which translates into a high
cycle stability.[7b] A prominent synergistic effect between
MoS2 and Ag is witnessed. When the Ag content is only
5 wt %, the Ag–MoS2 hybrid delivers a reversible capacity
as high as 920 mA hg�1@100 mAg�1. This value may rank
the Ag–MoS2 hybrid as a superior anode candidate for next-
generation LIBs. Moreover, the expense of using a small
fraction of Ag NPs is justified by this significant perfor-
mance improvement.

The successful covalent linkage between Ag and the thiol
groups of MSA is confirmed by Fourier transform (FT) IR
spectroscopy, as shown in Figure 1 a. A comparison between
the two spectra clearly reveals the formation of Ag�S
bonds, since the peak at 2547 cm�1 characteristic of S�H

stretching vibration disappears after the reaction between
MSA and Ag NPs. Moreover, the occurrence of double
peaks at 1563 and 1389 cm�1 corresponding to C(O)=O
asymmetric and symmetric vibration indicates that MSA
exists primarily in the form of a carboxylic salt.[13a] The Ag–
MSA NPs are readily dispersible in N-methyl-2-pyrrolidone
(NMP). Detailed observation of the NP morphology and
size distribution is realized by AFM and TEM (Figure 1 b, c).
Generally, the Ag–MSA NPs are homogeneously dispersed
in NMP with few, if any, agglomerates. Statistics show that
the NPs have a narrow size distribution centered at 8�
1.5 nm (76.5 %, inset Figure 1 c), which is a huge advantage
over the in situ hydrothermally synthesized NPs that are
often irregular in both morphology and size.[8] The high-res-
olution (HR) TEM image (Figure 1 d) focusing on an indi-
vidual Ag–MSA NP reveals a highly crystalline nature with
a lattice fringe spacing of approximately 0.23 nm, corre-
sponding to the (111) plane of face-centered cubic (fcc)
Ag.[10]

Figure 2 shows schematically the hierarchical assembly of
Ag–MSA NPs on MoS2 by means of coordination as well as
the related experimental results. The MoS2 powder (Fig-
ure 2 a) can be directly exfoliated in NMP under sonication,
producing a dark green solution (Figure 2 b) containing
MoS2 nanosheets. Figure 2 c shows the TEM image of
a large MoS2 nanosheet with a lateral size of approximately
1.5 mm. HRTEM characterization (Figure 2 d) on the edge
of a three-layer nanosheet identifies an interlayer spacing of

approximately 0.65 nm, which is
consistent with the value re-
ported for MoS2.

[2] The atomi-
cally resolved HRTEM image
(Figure 2 e) discloses a perfect
hexagonal symmetry of MoS2

with a lattice constant of ap-
proximately 3.2 �.[14]

The surface sulfur atoms of
MoS2 provide a basis for the co-
ordination-driven hierarchical
assembly of Ag–MSA NPs by
Cu2+ ions. It is found, interest-
ingly, that when the Ag–MSA
NPs are absent, the MoS2 nano-
sheets agglomerate randomly
and thus precipitate from NMP
due to their direct cross-linking
by Cu2+ ions (Figure S6 in the
Supporting Information). We
also observed similar phenom-
ena on other 2D materials.[15] A
small fraction (5 wt %) of Ag–
MSA NPs anchored to the
MoS2 nanosheets can effectively
prevent their agglomeration by
acting as a spacer (Figure 2 f–
h). The Ag–MSA NPs are uni-
formly distributed on the MoS2

Figure 1. a) FTIR spectra of MSA and Ag–MSA NPs; b) AFM and c) TEM images of Ag–MSA NPs uniform-
ly dispersed in NMP; d) HRTEM image of an individual Ag–MSA NP. The inset in (c) shows a histogram of
the Ag NP size distribution.
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surface without an obvious affinity difference. In the
HRTEM image (Figure S7 in the Supporting Information),
the ripples of the underlying MoS2 nanosheet supporting the
Ag–MSA NPs can easily be recognized. It should be
stressed that our strategy can arbitrarily tune the NP loading
density on the nanosheets by varying the Ag/MoS2 ratio
(Figure S8 in the Supporting Information). When the Ag
content is increased to 15 wt %, a complete coverage of the
MoS2 surface can be seen. In view of the structural integrity
of MoS2 nanosheets (Figure 2 e), we infer that the Ag–MSA
NPs are likely to be bound to the whole close-packed sulfur
surface layers rather than to the defect sites only.[16] It is
worth mentioning that even when the Ag–MSA NPs are
densely loaded, the MoS2 nanosheets are still very flexible
and can roll up to form “nanotubes” (Figure S9 in the Sup-
porting Information), which is plausible for stress buffering
during the subsequent charge–discharge process.

The successful coordination of MoS2 nanosheets and Ag
NPs to Cu2+ ions is confirmed by X-ray photoelectron spec-
troscopy (XPS) characterization (Figure 3). As discussed in
the Supporting Information (Figure S4), the C 1s XPS spec-
trum before coordination consists of three types of carbon

atoms, that is, C=O bond at 288.5 eV, C�H bond connected
to S at 285.3 eV and H�C�H bond at 284.6 eV (Fig-
ure 3 a).[17] In Figure 3 b, a decrease of intensity of the signal

Figure 2. a) Photograph of MoS2 powder; b) photograph of a MoS2/NMP solution; c) TEM image of a large MoS2 nanosheet and the corresponding elec-
tron diffraction (ED) pattern (inset); d) HRTEM image of a three-layer MoS2 nanosheet; e) atomically resolved HRTEM image and the corresponding
fast Fourier transform (FFT) image (inset); f, g) SEM and h) TEM images of 5 wt % Ag–MoS2 hybrid.

Figure 3. a,b) C 1s, and c,d) S2p XPS spectra of Ag–MoS2 hybrid before
(a, c) and after (b,d) coordination.
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arising from carbon atoms in the C=O bond is witnessed,
thus indicating the successful coordination between the car-
boxylate groups of MSA and Cu2+ ions.[12] On the other
hand, the S2p XPS spectrum before coordination consists of
two well-resolved peaks at 163.8 and 162.6 eV (Figure 3 c),
corresponding to the 2p1/2 and 2p3/2 orbitals of S2�, respec-
tively.[18] After coordination a satellite at 169.2 eV evolves
(Figure 3 d), demonstrating the formation of a Cu�S com-
plex.[19]

The first two charge–discharge profiles of 5 wt % Ag–
MoS2 hybrid are presented in Figure 4 a. The two plateaus at

approximately 1.05 and 0.50 V during the first discharge
process represent the formation of LixMoS2 and its decom-
position into Mo NPs (embedded in a Li2S matrix), respec-
tively. The slope below approximately 0.50 V is attributed to
the generation of a solid-electrolyte interface (SEI) layer
originating from electrolyte degradation. During the subse-
quent sweep a new, inconspicuous plateau at approximately
1.90 V occurs, which is related to the reaction of Mo+ 4 Li+

+2 S+4 e�!2 Li2S+Mo (Mo is left to emphasize its inert-
ness). During the first charge process there is a plateau at
approximately 2.25 V. In principle, the polarization between
discharge and charge for the conversion of transition metal
oxides or sulfides is about 1.0 or 0.6 V.[20, 21] However, the
actual polarization between discharge and charge of 5 wt %
Ag–MoS2 hybrid is about 1.75 V, which is too high for the
oxidation of Mo NPs to MoS2. Therefore, the plateau at ap-
proximately 2.25 V is ascribed to the conversion of Li2S to S,
and it stays unchanged during the subsequent sweep.[3e]

These results are in good agreement with the cyclic voltam-
metry curves (Figure 4 b).

Figure 4 c displays the cycle behaviors of Ag–MSA NPs,
MoS2, and 5 wt % Ag–MoS2 hybrid. Neat MoS2 has an initial
discharge capacity of 1275 mA hg�1, a value much higher
than its theoretical capacity due to the increased interlayer
spacing arising from the liquid-phase exfoliation. Unfortu-
nately, the low conductivity and pulverization problem of
MoS2 leads to rapid capacity fading to 382 mAh g�1 at the
50th cycle. However, when only 5 wt % Ag–MSA NPs are
introduced, an extraordinarily high cycle stability is wit-
nessed with a reversible capacity up to 920 mAh g�1 after
50 cycles, which can rival or even outperform the achieve-

ment reported for carbonaceous
additives at a much higher load-
ing.[4,5] Moreover, the 5 wt%
Ag–MoS2 hybrid exhibits an ex-
cellent rate capability when
cycled at a higher current densi-
ty. The reversible capacity re-
mains at 840 or 695 mAh g�1

for current densities of 200 or
500 mA g�1 and is still above
500 mA hg�1 when the cur-
rent density is as high as
5000 mA g�1, emphasizing a
prominent synergistic effect be-
tween MoS2 and Ag. When the
current density is recovered to
100 mA g�1, the reversible ca-
pacity returns to 930 mAh g�1

immediately, once again dem-
onstrating the high cycle stabili-
ty of the Ag–MoS2 hybrid. The
expense of using a small frac-
tion of Ag is thus justified
by this significant performance
improvement. Here Ag plays
three important roles: 1) as a

high-efficiency conductive additive to increase the conduc-
tivity of the Ag–MoS2 hybrid; 2) as an interlayer spacer to
prevent the agglomeration of MoS2 nanosheets and allow
for easy Li+ ion intercalation; 3) as a rigid structural
strengthener to preserve the Ag–MoS2 hybrid architecture
during the charge–discharge process. It is worth mentioning,
however, that the increased interlayer spacing in the Ag–
MoS2 hybrid means more Li+ ions may be trapped in the
surface voids and defects of the active material, resulting in
a relatively low Coulombic efficiency during the first five
cycles. Note that although Ag can alloy with Li,[22] its ex-
tremely low capacity (Figure 4 c) determines that the Ag–
MSA NPs mainly serve as a conductive additive and con-
tribute little to the measured capacity, which is in accord
with a previous report.[7b]

In summary, we have developed a novel strategy for the
hierarchical assembly of Ag NPs on MoS2 through coordina-
tion. The strong interaction between Ag NPs and MoS2 fa-
cilitated by coordination inhibits their separation during the
charge–discharge process, which is advantageous over other

Figure 4. a) Charge–discharge (current density 100 mA g�1) and b) cyclic voltammetry (scan rate 0.1 mV s�1)
curves of 5 wt % Ag–MoS2 hybrid; c) cycle behaviors (current density 100 mA g�1) of Ag–MSA NPs, neat
MoS2, and 5 wt % Ag–MoS2 hybrid; d) rate capability of 5 wt % Ag–MoS2 hybrid.
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weak interactions, such as van der Waals forces. The intro-
duction of Ag NPs ensures efficient electron transport at
a very low content. Moreover, their high rigidity and low de-
formability effectively strengthen the hybrid architecture.
The Ag–MoS2 hybrid exhibits a significantly improved lithi-
um storage capacity, thus holding great promise in next-gen-
eration LIBs.

Experimental Section

The synthesis of Ag–MSA NPs was adapted from the literature.[13] In
a typical experiment, AgNO3 (10 mmol, 1.70 g) and MSA (10 mmol,
1.50 g) were dissolved in deionized water (100 mL) under stirring. Fresh
NaBH4 (20 mmol, 0.76 g) in water (20 mL) was added dropwise to the as-
prepared solution over a period of 10 min. The mixed solution was stirred
at ambient temperature for 2 h to achieve a complete reaction. A mixture
of deionized water and acetone was then added to the solution to precipi-
tate the Ag–MSA NPs, which were separated by high-speed centrifuga-
tion at 11000 rpm for 20 min and washed by a mixture of deionized
water and acetone three times. After being washed the Ag–MSA NPs
were dried in a vacuum oven at 30 8C. The procedures for exfoliating the
MoS2 powder in NMP were adapted from a previous report.[23] Briefly,
the MoS2 powder was added to NMP at an initial concentration of
10 mg mL�1, homogenized at 11500 rpm for 60 min, and then subjected to
sonication at 300 W for 60 min. The obtained slurry was centrifuged at
1500 rpm for 45 min, and the top half of the supernatant was collected.
The collected supernatant was further centrifuged at 3000 rpm for anoth-
er 45 min. The precipitated solid was collected and re-dispersed in NMP
by sonication, yielding a dark green MoS2/NMP solution containing rela-
tively large MoS2 nanosheets. The Ag–MSA NPs were mixed with the ex-
foliated MoS2 nanosheets in NMP at different ratios, followed by the ad-
dition of dehydrated CuCl2 at a MoS2/Cu2+ molar ratio of 10:1 The
mixed solution was kept under gentle sonication (60 W) for 48 h to
ensure an adequate reaction while preventing the precipitation of MoS2

nanosheets. Next, the mixed solution was centrifuged at 11 000 rpm for
60 min to collect the Ag–MoS2 hybrids, which were washed by deionized
water repeatedly. It was found that when the Ag content was below
15 wt %, the Ag–MSA NPs could be completely assembled on the MoS2

nanosheets. After centrifugation, there were few, if any, free Ag–MSA
NPs left in the NMP solution (as confirmed by TEM observation). More-
over, the solution after centrifugation was nearly transparent and color-
less, further demonstrating that the Ag–MSA NPs were completely as-
sembled on the MoS2 nanosheets. An anode was prepared by coating
a copper foil (current collector) with a slurry containing 80 wt % active
material, 10 wt % acetylene black and 10 wt % poly(vinylidene fluoride)
dissolved in NMP. The anode was then dried in nitrogen at 120 8C for
12 h to adequately evaporate the residual organic solvent and equipped
in a half cell according to the configuration of (�) Li jelectrolyte janode
(+) with a liquid electrolyte (1 m solution of LiPF6 in ethylene carbonate/
dimethyl carbonate at a volume ratio of 1:1) in a vacuum glove box. A
microporous polypropylene membrane was used as the separator. The
active material was Ag–MSA NPs, neat MoS2, or 5 wt % Ag–MoS2

hybrid.
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