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Abstract

Nanoparticles, and more speciﬁcally gold nanoparticles (AuNPs), have attracted much scientiﬁc
and technological interest in the last few decades. Their popularity is attributed to their unique
optical, catalytic, electrical and magnetic properties when compared with the bulk. However, one
of the main problems with AuNPs is their long-term stability. Two-dimensional materials like
MoS2 (WS2) are semiconductors that exhibit a combination of properties which make them
suitable for electronic, optical and (photo)catalytic devices. Few-layer MoS2 (WS2) nanoparticles
(NPs), and in particular single-layer ones, show intriguing optical and electrical properties which
are very different from those of the bulk compounds. Here we demonstrate the synthesis of
AuNPs sheathed by a single layer of MoS2 (WS2), i.e. a core–shell nanostructure (AuNP@1LMoS2). The hybrid NPs exhibit optical properties that are different from those of either
constituent and are amenable for modulation via their chemistry, offering a myriad of
applications.
Supplementary material for this article is available online
Keywords: metal–semiconductor interactions, nanoparticles, nanoparticle synthesis,
nanocomposites, 2D materials
(Some ﬁgures may appear in colour only in the online journal)
Introduction

NPs produce increased quantum effects and also the dominance of surface atoms of the NPs over those in the interior [2, 6].
Noble metal NPs, and more speciﬁcally AuNPs, have
been known for millennia [7]. AuNPs have unique catalytic
properties [8–10], exhibit a red hue and show optical properties, known as localized surface plasmon resonance (LSPR)
[11], signiﬁcantly different from the bulk due to their nanosized dimensions [1]. LSPR produces an intense color, which

In the last two decades zero-dimensional (0D) nanostructures,
like gold nanoparticles (AuNPs), quantum dots and C60, have
been studied intensively due to their interesting optical [1, 2],
electronic [3, 4] and magnetic [5] properties which cannot be
seen in the bulk material [1]. Their unique properties arise,
among other factors, from the high surface-to-volume ratio of
the small NPs. The small (and conﬁned) dimensions of the
0957-4484/17/24LT03+08$33.00
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Figure 1. Schematic diagram of the process of formation of AuNP@1L-MoS2 core–shell NPs. (A) Schematic mechanism of the three-step
synthesis. (B) Schematics of the last step (vacuum annealing) with the material heated to 516 °C while the other edge was kept at 428 °C.

accomplished in 2D TMD layers (MoS2, WS2, MoSe2 and
WSe2) hybridized with Ag NPs [34] and a VSe2 monolayer
[35]. The most intriguing feature in these unique hybrid
metal–semiconductor systems is the exciton–plasmon interaction which occurs at room temperature, making them promising candidates for electro-optical modulation devices.
Despite the apparent beneﬁts in a hybrid metal @ TMD NP,
no attempt at complete sheathing of plasmonic NPs with a single
TMD layerhas been reported in the literature[36]. In most of the
reports the metal NP was placed on the monolayer which was
grown (placed) on a ﬂat substrate: no ﬁrm attachment between
the AuNPs and single-layer (1L) MoS2 was accomplished.
Herein, we present a preliminary report on a new strategy
for obtaining hybrid core–shell AuNP@1L-MoS2 nanostructures [37]. The AuNP core is sheathed conformably by
one fully closed MoS2 layer. Thus, the shell can be considered to have the structure of a curved (closed cage)
monolayer of MoS2 which surrounds the whole AuNP. The
plasmon resonance of the AuNP was shifted to the near IR by
the engulﬁng MoS2 monolayer, demonstrating the versatile
optical light modulation in such hybrid NPs. At the end of this
report, further work and future prospects for this strategy are
discussed in some detail.

depends on the shape, size and dielectric constants of the
metal and surrounding material [1, 11]. Due to their large
surface-to-volume ratio they tend to agglomerate or react with
the ambient. An important consequence is increased toxicity
with their shrinking size. However, if AuNPs are covered
with thiol moieties they become one of the most stable
nanostructures [12], at least in chemically accommodating
environments.
Following the discovery of graphene [13, 14] analogs of
graphene in other two-dimensional (2D) materials, such as
layered transition metal dichalcogenides (TMD), have
attracted much interest. The lattice of the layered TMD, like
MoS2, consists of a 2D X–M–X sandwich structure, M being
the transition metal atom which bonds to the chalcogen
(X = S, Se or Te) atoms via strong covalent bonds. The MX2
layers are stacked together by weak van der Waals forces
[15–17]. Thus, extensive attention has been paid to MoS2
single layers in recent years [15]. Unlike graphene, which is a
gapless material, MoS2 (WS2) exhibits a bandgap in the
visible range, making it suitable for exploitation in solar cells,
photodegradation of toxic materials and numerous other
electronic applications. The indirect bandgap of bulk and
multilayer MoS2 transforms into a direct bandgap in singlelayer material [15]. The direct transition leads to a strong
luminescence from MoS2 monolayers. Furthermore, the large
spin–orbit coupling lifts the degeneracy in the valence band,
enabling spin-polarized current and valleytronics. These
remarkable properties make MoS2 monolayers a promising
material for a variety of opto-electronic applications and have
attracted much interest in recent years.
Most notably, the properties of 2D TMD semiconductors
can be engineered through mechanical or structural changes.
For instance, due to coupling between their mechanical and
electrical properties [18], the electronic structures can be
altered by introducing curvature to the 2D topology [19–21].
The light–matter interaction of 2D TMDs can be tailored by
integrating them with photonic crystal cavities [22–26],
optical microcavities [27] and plasmonic nanostructures
[22, 28–31] and by application as optical limiters for pulsed
laser technology [32]. For example, attaching gold nanorods
to single-layerMoS2 resulted in enhanced luminescence of
the MoS2 monolayer [15, 33]. In another report, plasmoninduced modulation of light–matter interaction was

Methods section
Experiment/synthesis

The AuNPs were synthesized using a known method [38] in
which gold (III) chloride trihydrate (HAuCl4*3H2O) was
reduced by sodium borohydride (NaBH4) in an aqueous
environment. Following the addition of NaBH4, the gold yellow solution turned red. By inserting ammonium tetrathiomolybdate ((NH4)2MoS4) into the AuNP solution and
stirring overnight, the AuNPs were coated by a conformal
sheath of MoS4-2 anions (denoted as AuNP@MoS4-2 ;
ﬁgure 1(A)). Following these two steps, the precursor material
(AuNP@MoS4-2 ) was placed in evacuated (3 × 10−5 Torr)
quartz ampoule (length ≈10 cm, diameter ≈9.5 mm). The edge
with the precursor material in the sealed ampoule was heated at
516 °C while the other edge was kept at 428 °C, producing a
gradient of 88 °C (ﬁgure 1(B)) for 30 min.
2
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contrast in ﬁgure 2(A) was conﬁrmed to be mostly carbonaceous in nature. Furthermore, whereas AuNP@1L-WS2
NPs were also obtained (ﬁgure 2(C)), their synthesis was not
optimized and consequently the yield was rather low (5%).
Here, the MoS2/WS2 monolayer is seen as a dark fringe on
the contour of the NPs and the gold lattice is clearly observed
in the center. The size distribution of the obtained
AuNP@1L-MoS2 NPs is 9.9±1.8 nm, as assessed by a
statistical analysis of the TEM images (see the online supplementary information section SI3.1 available online at
stacks.iop.org/NANO/28/24LT03/mmedia).
The formation of 1L-MoS2 on the AuNPs is achieved due
to the attachment of the MoS4-2 anions, promoted by the
afﬁnity of gold to sulfur, i.e. similar to the well-documented
thiol–Au bond [38, 44]. Moreover, the ligation of the MoS4-2
anions to AuNPs is self-limiting, forming a ‘passivating
ligand layer’. The coating protects the AuNPs and prevents
their aggregation, at least for the duration of the next steps in
the synthesis. During the annealing (the ﬁnal step), the
MoS4-2 sheath converts into a MoS2 layer by releasing H2S,
S and NH3 and forming AuNP@1L-MoS2 NPs. To achieve
sufﬁcient energy needed to break the thiomolybdate bonds,
the annealing was performed at a relatively high temperature
(>500 °C). Another control parameter for the formation of
single-layerMoS2 is the release rate of the gases, which was
controlled by the temperature gradient in the ampoule. The
rate of release of H2S and S is dependent on the pressure of
H2S and S in the cold zone. When the pressure in the cold
zone is too low (temperature gradient >88 °C), the driving
force for the reaction is too large and the kinetics of the
reaction (in the hot zone) is too fast. In this case the rate of
growth of MoS2 could not be controlled and much of it
segregated into the (Au) interparticle space. On the contrary,
when the pressure in the cold zone was too high (temperature
gradient <88 °C), the MoS2 crystallites did not grow as fast
and the AuNPs were not completely coated. Therefore, the
release of H2S and S from the thiomolybdate ﬁlm should not
be too quick nor too slow and the optimum conditions are
achieved (for a ﬁxed hot temperature of 516 °C) when the
temperature gradient in the ampoule is 88 °C.
Interestingly, hybrid AuNPs covered by multilayered
MoS2 are also achievable using a similar synthetic path. Here,
multiple layers can be formed by prolonging the high-temperature annealing process. The amount of added (NH4)2MoS4
could also probably inﬂuence the number of sheathing MoS2
layers, but not in a linear fashion (see the discussion in section
SI3.4 in the online supplementary information). Note that full
control over this process has not yet been accomplished.
The MoS2 layers were observed from the side in their
two main lattice-symmetry projections using atomic resolution HRTEM analysis (ﬁgure 3(A)). EELS analysis of the
NPs (ﬁgure 3(B)) conﬁrmed that Mo, S and Au are indeed the
sole elements of the AuNP@1L-MoS2 NPs. Additionally,
complete coverage of the AuNPs by the MoS2 monolayer was
conﬁrmed using high-angle annular dark ﬁeld (HAADF)
analysis and elemental mapping with a large solid angle
windowless EDS detector (ﬁgures 3(C), (D)). The EDS

Methods

The AuNP@1L-MoS2 hybrid structures were characterized
using a JEOL JEM-2100 transmission electron microscope
(TEM) equipped with a LaB6 emitter operating at 200 kV and
a high-resolution FEI Tecnai F30-UT FEGTEM operating at
300 kV, equipped with a Gatan imaging ﬁlter (GIF). This
mode permitted a parallel electron energy loss spectroscopy
(EELS) analysis. For atomic resolution analysis, a chromatic
aberration-corrected FEI Titan 50–300 ‘PICO’ [39] and a FEI
Titan 80–200 ChemiSTEM [40] were, used operating at
80 kV (Ernst-Ruska-Centre Juelich, Germany). Energy dispersive x-ray spectroscopy (EDS) elemental maps were
recorded on the ChemiSTEM with a Super-X large solid
angle EDS detector. A FEI Tecnai F20 Twin was used to
record tilt series for STEM tomography, operating at 200 kV.
In the present work the perturbative method and some
further adjustment were used to yield equation (1) [41]:
w - w0
f  MoS2 (w ) -  H2 O
= -2
.
 H2 O
w

(1 )

Here ω is the resonance frequency of the shifted plasmon,
ω0=514 nm (5.83×1014 Hz) is the original resonance frequency of the plasmon, eH2 O =1.33 is the dielectric constant
of water, εMoS2(ω) is the dielectric function of 1L-MoS2 [42]
and f is the fraction of the volume ofinteraction (with light).
Here f=V1/V2, where V1 is the volume of 1L-MoS2 in the
AuNP@1L-MoS2 (r1L-MoS2=0.62 nm [15]) and V2 is the
total volume of interaction of the electromagnetic radiation
with the NP. The fraction of the volume of interaction ( f ) was
calculated assuming that the MoS2 shell is part of the ﬁelds
which interact with the light. It was shown in [43] that the
ﬁeld penetrates to about 1.4 of the NP diameter. Thus the total
radius for V2 was estimated as rtot≈1.35rAuNP and rAuNP
was considered to be about 5 nm. The intersection between
the left and right parts of equation (1) produce the value of the
resonance frequency of the shifted plasmon (ω). Note that
since the exact information about the exponential decay of the
ﬁelds around the plasmonic NP is unknown, equation (1) just
provides a qualitative approximation of the plasmonic shift.

Results and discussion
The hybrid AuNP@1L-MoS2 core–shell nanostructures were
obtained via a three-step synthesis: (a) AuNP synthesis; (b)
formation of the AuNP@1L-MoS4-2 structure by adding
MoS4-2 (ammonium thiomolybdate) anions to AuNPs; and
(c) crystallization of AuNP@1L-MoS2 NPs by heating and
release of H2S and sulfur. Besides the ﬁrst well-documented
step, the other two steps depend on careful temperature
control; the ratio between Au and MoS4-2 precursors and the
annealing time. A high-resolution transmission electron
microscopy (HRTEM) micrograph of the yielded NPs is
shown in ﬁgure 2. It is important to note that while many of
the AuNPs (>90%) are indeed coated with a MoS2 monolayer, imperfect coatings are visible as well as multilayer
MoS2 particles. Using EELS/HRTEM, the weak interparticle
3
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Figure 2. HRTEM images of AuNP@1L-MoS2 (WS2). (A) Overview image of AuNP@1L-MoS2 particles. (B) A single AuNP@1L-MoS2

NP. (C) Single NP of AuNP@1L-WS2. (Images taken on a LaB6 JEOL 2100 TEM at 200 kV acceleration voltage.)

Figure 3. AuNP@1L-MoS2 and elemental characterization. (A) Atomic resolution TEM image showing the single MoS2 layer coverage of a
AuNP. The triple atomic layer model of MoS2 is presented on the right together with the matching magniﬁed view in the image. (B) EELS
data for an individual AuNP@1L-MoS2 NP. (C) HAADF scanning TEM image of another NP. (D) EDS elemental map of the same NP as in
(C) showing complete coverage with a double layer of MoS2.

4
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elemental map (ﬁgure 3(D)) revealed that the MoS2 molecules
indeed surround all the AuNPs. Further proof of the complete
coating was accomplished by tomography of the NPs using
scanning TEM (STEM) (see tomography-Au@MoS2.mp4
and technical details in section SI3.2 of the online supplementary information).
The presented electron microscopy analysis strongly
indicates that, in contrast to common nucleation models, the
MoS2 layer grows by nucleating on a single (or very few) site
and propagates superﬁcially with a single growth front on the
AuNP substrate. Obviously, the MoS2 layer coating the NP
conformably, is not defect-free. Indeed, much more research
is needed in order to elucidate the detailed structure of this
conformal coating.

Optical properties

The optical properties of the hybrid NPs are not likely to be a
simple linear combination of the two phases but rather a
conﬂuence of the two components. Extinction measurements
were performed by dispersing the AuNP@1L-MoS2 NPs in
an aqueous solution, and the results are presented in
ﬁgure 4(B). Interestingly, the LSPR of the AuNPs (pink) is
missing from the extinction spectrum of the dispersed
AuNP@1L-MoS2 NPs (black) and multiple maxima superposed on a new broad feature appear in the visible range
extending to the near IR. The quenching of the LSPR can be
attributed to two main mechanisms: (1) coupling of the C
exciton with the AuNP plasmon and (2) the effective medium
phenomenon. It was shown previously that the plasmon
oscillations on a AuNP might be strongly damped due to the
mixing with MoS2 electronic states [50, 51]. The strong
structural coupling in epitaxial metal–semiconductor nanocomposites promotes mixing of the electronic states at their
domain interfaces, which then causes a signiﬁcant suppression of both the plasmonic and excitonic features [51].
Indeed, the existence of small epitaxial domains between the
AuNP and MoS2 domains can be observed in the HRTEM
images at the AuNP@1L-MoS2 interface (ﬁgure 3(A)).
The C exciton of 1L-MoS2 (see ﬁgure 4(B), green line) is
close to the resonance of the AuNP LSPR (see ﬁgure 4(B),
purple line), which is ideal for strong coupling (ﬁgure 4(C)).
Indeed, a large transparency deep in the vicinity of the Au
LSPR is apparent in the extinction spectrum of AuNP@1LMoS2 (ﬁgure 4, black line). Similar extinction features with a
large transparency dip were previously observed in plasmonic
nanostructures hybridized with molecules, and were attributed
to Rabi splitting and the emergence of plexcitons [52–54].
Strictly speaking, strong plasmon–exciton coupling will
manifest as well-separated response peaks in the extinction
spectrum. Here, the coupling constant should be larger than
both the plasmon and exciton linewidth (g>γsp, γexc). In this
regime, the plasmon and the exciton modes are hybridized
and thus form two new normal (orthogonal) modes with
similar linewidths and different frequencies [52, 53, 55].
While at this stage strong evidence in support of mode
splitting is not yet available, the clear transparency dips in the
extinction spectrum reveal effective plexcitonic coupling in
this system.
In addition, the absence of an LSPR peak in the AuNP
extinction spectrum could possibly originate from the fact that
both the MoS2 shell and water serve as an effective medium
which redshifts the plasmonic resonance. A perturbation
approach was used to consider the effect of the (1L-MoS2)
thin layer and the water on the LSPR of the AuNPs. The
approach is based on the variational principle and was used to
calculate the effect of a small perturbation on the solution of
the Maxwell equations. It further assumes a small difference
between the thin layer and the medium (water) permittivities,
which results in a shift of the resonance LSPR frequency [56].
This calculation revealed that the Au plasmon resonance peak
shifts to a new position (957 nm) [57] (for further details see
Methods). Indeed, the extinction spectra (ﬁgure 4(B)) exhibit

Raman measurements

Raman measurements of AuNP@1L-MoS2 are presented in
the online supplementary information (section SI3.3). The
Raman spectrum of MoS2 consisting of a few layers has
been investigated by a number of authors [45–48]. The
frequency of the shear mode E2g 2 is reduced gradually from
32 to 30 cm−1 when the number of layers shrinks from ten
to four and then goes down abruptly to 23 cm−1 for two
layers. The Raman spectrum of the core–shell AuNP@1LMoS2 are compared with bulk MoS2 and silicon in
ﬁgure 4(a). The bulk 2H-MoS2 particle shows the expected
E2g 2 peak at 32 cm−1. However, this peak is absent in the
core–shell NPs, corroborating the notion that these NPs
consist of a single layer of MoS2. The origin of the lowintensity peaks below 20 cm−1 is not known and requires
further study.
The Raman spectrum of the intralayer modes in the range
350–430 cm−1 is compared with that of fullerene-like (IF)
NPs and bulk (2H)-MoS2 (see online supplementary table S1
in SI3.3). The main conclusion from this Raman study is that
the closed MoS2 monolayer in the core–shell NP resembles
the IF-MoS2 and not the bulk phase. These results are consistent with the idea that the MoS2 single-layer shell accommodates an IF structure, i.e. a structure of seamless folded
layers [45–47].
The Raman spectrum of single to multilayer MoS2 is
well established (see, for example, [47, 49]). When the
number of MoS2 layers is reduced, the A1g mode softens
from 412.0 to 410.3 cm−1, while the in-plane E 2g1 mode
hardens (from 387.8 to 391.7 cm−1). Direct comparison with
the present results is not possible, however, due to the effect
of the underlying (electron-rich) Au substrate and the considerable strain on the MoS2 monolayer induced by the
curvature. Moreover, the present results were obtained with
a micro-Raman set-up. Here, the laser beam was focused on
a group of NPs, and accidental excitation of MoS2 particles
cannot be ruled out completely. Future studies will make use
of advanced Raman techniques, analyzing individual
AuNP@1L-MoS2 NPs at a time, which could be much more
informative.
5
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Figure 4. (a) Normalized low-frequency Raman (Stokes) spectrum of the shear mode measured on bulk 2H-MoS2 (upper red line) and
AuNP@1L-MoS2 core–shell NPs (lower black line). (b) The extinction spectrum of the AuNP@1L-MoS2 NPs (solid black) and AuNPs
(pink) dispersed in aqueous solution. The local maxima in the extinction spectra are marked with vertical gray lines. The literature values are
shown for comparison: MoS2 closed cage NP [66], blue dots; 1L-MoS2 [67], red dots; 2L-MoS2 [67], green dots; bulk MoS2 [67], brown
dots; resonance of the A exciton in a MoS2 single layer [62], blue circled cross; MoS2 single layer [42], green dotted line. (c) Illustration of
the possible coupling between the C exciton of 1L-MoS2 and LSPR of AuNP. Here, the black lines correspond to the A, B and C excitons,
the red lines (on the right side) correspond to the plasmon bandwidth peak and the gray lines (upper left side) represent the bandwidth of the
C exciton.

a quenching of the LSPRof the ‘bare’ AuNPs and the
appearance of a maximum at ∼960 nm.
In addition to the suppressed LSPR feature at 514 nm, the
characteristic MoS2 maxima at 665 and 625 corresponding to
the A and B excitons can be observed superimposed on a
large extinction band (ﬁgure 4(B)). Notably, the excitonic
features are substantially weaker than that for pure 1L-MoS2
(ﬁgure 4(B), green line) [42] and they are somewhat redshifted (see the supporting information for further details).
The exciton shift and the corresponding change in spin–orbit
splitting can be ascribed to the small NP diameter
(9.9±1.8 nm), which induces lattice strain on the MoS2
layer [58–60].

Interestingly, an additional weak maximum at 715 nm
can also be observed. The origin of this peak can be attributed
to a trion (A−), which is a free electron bound to the neutral A
exciton via Coulomb interaction [61, 62]. Presumably, the A−
transition is promoted by charge transfer from the medium to
the 1L-MoS2 shell [63, 64]. Alternatively, it was shown
earlier that MoS2 closed cage NPs are able to retain not only
the excitons but also a LSPR at ∼730 nm [65]. Thus, the
appearance of shoulder-like peaks at 715 nm could also
possibly be ascribed to the plasmonic resonance of the MoS2
shell (see the supporting information for further details).
We note that in addition to the AuNP@1L-MoS2 NPs,
the product may also contain variable amounts of other
6
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by-products (10%), such as isolated MoS2 platelets and
uncoated AuNPs in relatively small amounts. Moreover, some
of the AuNPs are covered by more than one layer of MoS2.
Hence, multiple mechanisms of light–matter interaction occur
in the dispersed mixture and are detected during the extinction
measurements. Indeed, the extinction spectrum changes signiﬁcantly once the amount of by-products increases (see
online supplementary ﬁgure S3 in section SI4.3).
Studies of the optical properties of individual
AuNP@1L-MoS2 NPs are under way and will hopefully shed
more light on the complex behavior of these new hybrid NPs.
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Conclusions
This work presents a systematic study of a synthetic method
for single-layer MoS2 sheathing of AuNPs in a core–shell
structure. The conformal coating of a single layer of MoS2 on
top of the AuNPs can pave the way for a new type of hybrid
material with new optical, electronic and catalytic properties.
The characterization of the AuNP@1L-MoS2 structure by
Raman and electron microscopy conﬁrmed that AuNPs are
indeed coated by a single-layer of MoS2. Extinction measurements show that the hybrid NPs represent genuine optical
properties belonging to neither the AuNPs nor the MoS2
coating. These properties can be tuned by varying the size and
shape of the AuNPs, the nature of the 2D layer (e.g. replacing
MoS2 by WSe2) and the number of layers in the 2D material.
The present work paves the way for a new generation of
hybrid semiconductor–metal NPs with tenable physico-chemical properties and potential applications in the ﬁelds of
sensors, (photo)catalysis, medical imaging, etc.
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