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ABSTRACT: Herein, a reliable surface-enhanced Raman
scattering (SERS)-active substrate has been prepared by
synthesizing gold nanoparticles (AuNPs)-decorated MoS2
nanocomposite. The AuNPs grew in situ on the surface of
MoS2 nanosheet to form efficient SERS hot spots by a
spontaneous redox reaction with tetrachloroauric acid
(HAuCl4) without any reducing agent. The morphologies of
MoS2 and AuNPs-decorated MoS2 nanosheet were charac-
terized by TEM, HRTEM, and AFM. The formation of hot
spots greatly depended on the ratio of MoS2 and HAuCl4.
When the concentration of HAuCl4 was 2.4 mM, the as-
prepared AuNPs@MoS2-3 nanocomposite exhibited a high-
quality SERS activity toward probe molecule due to the generated hot spots. The spot-to-spot SERS signals showed that the
relative standard deviation (RSD) in the intensity of the main Raman vibration modes (1362, 1511, and 1652 cm−1) of
Rhodamine 6G were about 20%, which displayed good uniformity and reproducibility. The AuNPs@MoS2-based substrate was
reliable, sensitive, and reproducible, which showed great potential to be an excellent SERS substrate for biological and chemical
detection.
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■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) is one of the most
powerful and ultrasensitive analytical technique in biosensors,1,2

biological imaging3 and environmental monitoring4 due to its
unique vibrational fingerprints of the analytes.5 Furthermore,
the SERS signals can be amplified to 1012−1015 times when the
target molecules reside on the proper position between metal
nanostructures (generally called “hot spots”), enabling the
possibility of single-molecule detection.5 In general, hot spots
are not only formed by noble metal nanoparticles (Au, Ag and
Cu),6 but also generate from metal nanoparticles and metal
surfaces.7 Therefore, metal nanostructures decorated on the
surface of SERS-active substrates generated SERS signal
amplification effect, which has gradually attracted greatly
attentions.8 Interestingly, it has been found that molybdenum
disulfide (MoS2) can generate weak SERS activity.9 To obtain
better SERS effect, increasingly more researchers have focused
on functionalizing the nanomaterials to construct better SERS-
active substrate for SERS applications. For example, Zhao et al.
fabricated AgNPs-decorated MoS2 nanosheet for 2-mercapto-
benzimidazole detection according to a wet chemistry
procedure.10 Zhan and co-worker observed an improved
Raman enhancement of R6G molecules deposited on oxy-

gen−plasma MoS2 and argon−plasma treated MoS2 nano-
flakes.11 Although many SERS-active nanocomposite substrates
have been reported, constructing efficient SERS-active plat-
forms is still a challenge for ultrahigh and reproducible
detection.
MoS2 is a typical layered two-dimensional (2D) chalcogenide

material, which has attracted increasing interest for its novel
nanoelectronic and optoelectronic properties.12 As a graphene
analogue, MoS2 nanosheet has distinct similarities compared to
graphene such as 2D ultrathin atomic layer structure and high
surface area, which shows a great potential in nanoelectronics,
optoelectronics, and energy harvesting.13,14 Furthermore, MoS2
is considered as a promising supporting material to stabilize
metal nanoparticles (NPs), forming hierarchical composites. As
we know, noble metal nanoparticles such as Au, Pt and Ag are
broadly used in biosensing, photonics and catalysis because of
their unique chemical and physical properties. Therefore, it can
be expected that the noble metal nanoparticles (NPs)
decorated on the MoS2 sheet could potentially extend its
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functionalities as novel catalytic, magnetic, and optoelectronic
nanomaterials. Up to now, a few reports have focused on the
preparation of noble metal nanoparticles@MoS2 nanocompo-
sites. For example, Zhang’s group employed the solution-
processable MoS2 nanosheets to direct the epitaxial growth of
Pd, Pt and Ag nanostructures at ambient conditions.15 Shi et al.
found that gold nanoparticles (AuNPs) could be selectively
formed on the edge sites or defective sites of MoS2
nanosheets.16 Huang’s group had reported that AuNPs@
MoS2 could significantly enhance electrocatalytic performance
toward hydrogen evolution reactions.17 Our group also had
proved that noble metal nanoparticles could efficiently
decorated on the surface of MoS2 nanosheet by chemical
synthesis and electrodeposition technique.18,19 Unfortunately,
many synthetic strategies required the reduction agent to assist
AuNPs grown in situ on MoS2 nanosheet, such as trisodium
citrate,15 ascorbic acid18 and hydroxyl amine.20

Herein, a facile and green method has been developed to
construct SERS-active substrate by in situ growing AuNPs on
MoS2 nanosheet’s surface. The MoS2 nanosheet directly
reacted with gold precursor (HAuCl4) without any reduced
agents by taking use of carboxymethyl cellulose (CMC) as
stabilizer in aqueous solution. Because MoS2 compounds have

shown great ability in redox chemistry, they could directly react
with metal precursors to allow a straightforward and green
synthesis of AuNPs-decorated MoS2 nanosheets (illustrated as
Figure 1). Interestingly, the character of the AuNPs-loaded
MoS2 surface was changed with altering the concentration of
HAuCl4. The as-prepared MoS2-based substrate possessed
synergistic effects of the intrinsic properties of the AuNPs and
MoS2, making the AuNPs@MoS2 nanocomposites exhibit
attractive SERS application. More importantly, the AuNPs@
MoS2-3 nanocomposite generated more hot spots and obvious
synergistic effect, which exhibited higher SERS activity toward
the probe molecules than AuNPs@MoS2-4 and AuNPs@MoS2-
5 nanocomposites.

■ EXPERIMENTAL SECTION
Reagents and Materials. N-Butyllithium (n-BuLi, 2.4 M hexane

solution) was bought from Amethyst. Rhodamine 6G (R6G), gold(III)
tetrachloride trihydrate (HAuCl4·3H2O, ≥47.8%), sodium carbox-
ymethyl cellulose (CMC, 800−1200 mPa·s), and molybdenum(IV)
sulfide powder (<2 μm, 99%) were purchased from Sigma and used
without further purification. All chemicals were directly used without
further purification. All solutions were prepared with Milli-Q water
from a Milli-pore system.

Figure 1. Schematic illustration of synthesizing AuNPs@MoS2 nanocomposite.

Figure 2. TEM images of (A) MoS2, (B) AuNPs@MoS2-1, (C) AuNPs@MoS2-2, (D) AuNPs@MoS2-3, (E) AuNPs@MoS2-4, and (F) AuNPs@
MoS2-5.
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Apparatus and Measurements. UV−vis-NIR adsorption spectra
were measured on a Shimadzu UV-3600 spectrophotometer. Trans-
mission electron microscope (TEM) images were taken on a Hitachi
H-7500 electron microscope (120 kV), and high-resolution TEM
(HRTEM) characterization was performed on a Philips CM 200
electron microscope (200 kV) equipped with an energy dispersive X-
ray spectrometer (EDS). Surface morphologies of MoS2 nanosheet
and the selected AuNPs@MoS2 nanocomposite were examined with
atomic force microscope (AFM, Bruker). The SERS analysis was
performed on a HR800 Raman microscope instrument produced by
HORIBA Jobin Yvon (France). The instrument is equipped with a
standard 632.8 nm HeNe 20 mW laser. SERS experimental condition:
λexcitation = 633 nm, acquisition time = 1 s, laser power = 20 mW, hole =
1000, slit = 100, grating = 600, and filter = D2.
Preparation of MoS2 and AuNPs@MoS2 Nanocomposite.

MoS2 nanosheets were prepared using the intercalation-exfoliation
method developed by Joensen with some modifications.21 Under Ar
atmosphere, 0.3 g MoS2 was intercalated with 10 mL of n-butyllithium
solution at room temperature for 2 days. The unreacted n-butyllithium
solution was removed and the residual solvent was removed by Ar gas
flow. Oxygen-free water was added to exfoliate the Li intercalated
MoS2, and then the suspension was sonicated for 1 h to assist the
exfoliation process. Finally, the aqueous dispersion of MoS2 nano-
sheets was centrifuged at least twice to remove the LiOH and other
soluble impurities.
AuNPs-decorated MoS2 nanocomposite was synthesized by micro-

wave-assisted hydrothermal method. In a typical synthesis, 5 mL (0.08
mg/mL) of MoS2 nanosheets aqueous dispersion was added into a 10
mL quartz tube equipped with a magnetic bar. Under vigorous stirring,
400 μL of CMC (50 mM) and different aliquots of 100 mM HAuCl4·
3H2O were immediately mixed with MoS2 nanosheets solution. Then,
the reaction mixture was heated to 60 °C for 5 min in the microwave
reactor. Finally, the product of AuNPs@MoS2 nanocomposite was
purified by centrifugation.

■ RESULTS AND DISCUSSION

The morphologies of MoS2 and AuNPs-decorated MoS2
nanosheets were characterized by TEM and HRTEM. Figure
2A showed the typical TEM image of MoS2 nanosheets,
indicating that these nanosheets were not monolayer. To
determine the layers, AFM was employed to examine the

thickness of these MoS2 nanosheets. As observed from the
AFM image, the average height of MoS2 nanosheets was about
2.0 nm (Figure 3A), suggesting that the prepared MoS2
nanosheets were dilayer.22,23 It has been reported that MoS2/
AuCl4

− should form a redox pair, allowing spontaneous
reduction of gold ions to gold nanoparticles in situ on the
MoS2 nanosheets.17 To prove the MoS2 nanosheets can be
used as reducing agent, the MoS2 nanosheets and HAuCl4
solution were mixed without adding any reducing agents. The
MoS2 nanosheets decorated with AuNPs were examined by
changing the amount of HAuCl4 and keeping other conditions
unaltered. Interestingly, the morphology of AuNPs@MoS2
nanocomposite could be tuned by different amount of
HAuCl4. As shown in Figure 2B−F, the size of AuNPs and
the aggregation of AuNPs were changed with the concentration
of HAuCl4 from 0.8 to 4 mM. Only few and small AuNPs were
dispersed on the MoS2 nanosheets with 0.8 mM HAuCl4
addition (AuNPs@MoS2-1, Figure 2B). When the concen-
tration of HAuCl4 was increasing, the AuNPs grew larger and
became aggregated (AuNPs@MoS2-2, Figure 2C). As the
concentration of HAuCl4 is 2.4 mM, a uniform, high-density
AuNPs-decorated MoS2 nanocomposite was obtained
(AuNPs@MoS2-3, Figure 2D). However, the MoS2 nanosheet
began to be damaged when the HAuCl4 concentration was up
to 3.2 mM (AuNPs@MoS2-4, Figure 2E). When the
concentration of HAuCl4 was 4 mM, the MoS2 nanosheet
almost disappeared, leaving only AuNPs aggregation (AuNPs@
MoS2-5, Figure 2F). This reason was that HAuCl4 possessed
high oxidation activity and continually reacted with MoS2,
resulting in Mo atoms that were oxidized to water-soluble,
higher valence forms and leaching into the solution.20 In
conclusion, the density and size of the AuNPs decorating the
MoS2 nanosheets can be easily tuned by controlling the amount
of HAuCl4.
AFM was also employd to study the AuNPs@MoS2

nanocomposite. Taking AuNPs@MoS2-3 for example, Figure
3B clearly shows that AuNPs with a diameter around 20 nm
were successfully decorated on the surface of MoS2 nanosheet.

Figure 3. AFM images of (A) MoS2 and (B) AuNPs@MoS2-3 nanocomposite.
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More interestingly, with the AuNPs decoration, the MoS2
nanosheet gradually becomes a porous structure. The AFM
image further proved that a small portion of Mo atoms may be

oxidized to water-soluble, higher valence forms and leached
into the solution, resulting in the MoS2 nanosheet damaged.
The HRTEM (Supporting Information Figure S1), EDX

Figure 4. Spontaneous decoration of gold nanoparticles on MoS2 nanosheets. (A) Photo images of MoS2 nanosheets and different AuNPs@MoS2
nanocomposite. (B) UV−vis spectra of MoS2, HAuCl4, and AuNPs@MoS2 nanocomposite. (C) UV−vis spectra of different AuNPs@MoS2
nanocomposite.

Figure 5. (A) SERS spectra of R6G molecules and (B) Raman intensity of R6G molecules collected on different SERS-active substrate: (a) MoS2,
(b) AuNPs@MoS2-1, (c) AuNPs@MoS2-2, (d) AuNPs@MoS2-3, (e) AuNPs@MoS2-4, and (f) AuNPs@MoS2-5. (C) SERS spectra of R6G
molecules with different concentrations (a) 5 × 10−7 M, (b) 10−6 M, (c) 5 × 10−6 M, (d) 10−5 M, (e) 5 × 10−5 M, and (f) 10−4 M. (D) Raman
intensity of R6G at 1362 cm−1 for various R6G concentrations.
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spectroscopy (Supporting Information Figure S2) and Raman
spectroscopy (Supporting Information Figure S3) were also
used to prove that AuNPs had successfully decorated on the
surface of MoS2 nanosheet. From HRTEM image and the size
distribution of AuNPs, the average of AuNPs in the AuNPs@
MoS2-3 nanocomposite was about 20 nm. After decoration of
AuNPs on the MoS2 nanosheet via microwave-assisted method,
the Raman peaks of E1

2g (378 cm−1) and A1g (401 cm−1)
showed a small blue shift and the Raman intensity greatly
enhanced, suggesting the AuNPs had successfully decorated on
the surface of MoS2 nanosheet.
The AuNPs loaded on the surface of MoS2 was also

confirmed by the UV−vis spectra. As shown in Figure 4B, when
a small aliquot of HAuCl4 was added into chemically exfoliated
MoS2, the absorption peak of the gold precursor at around 215
nm significantly decreased. Meanwhile, a new absorption peak
corresponding to the Au plasmon band at around 550 nm
emerged, suggesting the consumption of Au3+ and the
formation of gold nanoparticles. Upon mixing, an obvious
color change was observed as the dispersion changed from
yellow to purple and from purple to wine with the
concentration of HAuCl4 increasing (Figure 4A). The UV−
vis spectra of AuNPs@MoS2 hybrids would exhibit a red shift in
the concentration of HAuCl4 from 0.8 mM to 1.6 mM,
indicating the size of formed AuNPs was increasing. Then,
there is almost no red-shift between AuNPs@MoS2-2 and
AuNPs@MoS2-3 (from 1.6 to 2.4 mM). As the concentration
of HAuCl4 over 3.2 mM, the AuNPs@MoS2 hybrids exhibited
narrower and a blue shift from 551 to 546 nm and 536 nm at
3.2 mM and 4 mM, respectively. As we know, the color of
AuNPs changed with their diameter and UV−vis spectra.24 In
this experiment, the UV−vis spectra of AuNPs@MoS2
nanocomposite was generated from the synergic effect of the
AuNPs and MoS2 nanosheets in solution. Therefore, the
plasmon coupling and refractive index effects may originate the
experimentally observed UV−vis band red-shift and broad-
ening.
As mentioned above, MoS2 nanosheets decorated with

different density and size of AuNPs has been synthesized. To
select the best SERS-active substrate, the standard probe (R6G)
was employed to study the SERS performance of different
AuNPs@MoS2 nanocomposites. The strong Raman peaks at
1187, 1311, 1362, 1511, and 1652 cm−1 were in good
agreement with previous reports of pure R6G or R6G on
nanomaterials-based SERS substrate.25,26 As shown in Figure
5A, MoS2 nanosheets and AuNPs@MoS2 nanocomposites
possessed different Raman enhanced effect toward R6G
molecule. Weak Raman signal of R6G was detected on MoS2
nanosheets and AuNPs (Supporting Information Figure S4),
while much stronger Raman signals of R6G were observed on
AuNPs@MoS2 nanocomposites. Moreover, the Raman inten-
sity of R6G was increasing with the MoS2 nanosheets decorated
with more AuNPs. Unexpectedly, the Raman intensity of R6G
on AuNPs@MoS2-4 and AuNPs@MoS2-5 nanocomposites was
weaker than that on AuNPs@MoS2-3 nanocomposite. As we
know, Raman enhancement is caused by chemical enhancing
mechanism and electromagnetic mechanism, depending on the
compositions of SERS-active substrates. Recent reports showed
that MoS2 nanosheet could be used as a SERS substrate, which
can absorb target molecules and a chemical enhancing
mechanism for this SERS effect.9,10 In addition, different size,
density and aggregation of AuNPs would cause different SERS
influences on the molecules, which were considered as well-

known Raman substrates for chemical and biological detection.
Therefore, the SERS effect of AuNPs@MoS2 nanocomposite
depends on the AuNPs size, density and MoS2 nanosheet.
From the TEM images, the aggregation of AuNPs was different
in the AuNPs@MoS2-3, -4, and -5. In the AuNPs@MoS2-3,
AuNPs have close to each other and a little aggregation, which
can generate more hot spots than that seriously aggregated in
the AuNPs@MoS2-4 and AuNPs@MoS2-5. The more hot spot
there are, the stronger the SERS signal. Moreover, MoS2
nanosheet has been damaged in the AuNPs@MoS2-4 and
almost disappeared in the AuNPs@MoS2. As we know, the
synergic effect is better that the single effect. Therefore, the
SERS performance of AuNPs@MoS2-3 was superior to
AuNPs@MoS2-4 and AuNPs@MoS2-5 (Figure 5B), which
was agreement with the previously reported work.27 For the
purpose of obtaining the high sensitivity and reproducibility
toward probe molecule, the AuNPs@MoS2-3 nanocomposite
had been selected as SERS-active substrate in the following
experiment.
To study the SERS performance of AuNPs@MoS2-3

substrate, the Raman peak located at 1362 cm−1 was chosen
as the signature to determine the concentration of R6G in the
samples. As shown in Figure 5C, SERS spectra of a series of
R6G were obtained on AuNPs@MoS2-3 substrate. The Raman
signal of R6G was obviously increased with the concentrations
of R6G ranging from 5 × 10−7 M to 10−4 M. Due to its stronger
coupling ability of AuNPs and MoS2 nanosheet, the AuNPs@
MoS2 Raman-active substrate can detect as low as 1× 10−6 M
R6G (Figure 5D). For quantification, the enhancement factor
(EF = [(Isers/Ibulk)(Nbulk/Nsers)]) was calculated according to
the previously reported.28,29 Figure S5 showed the normal
Raman spectrum of 10−1 M R6G on silicon wafer and SERS
spectrum of 10−4 M R6G on AuNPs@MoS2-3 nanocomposite,
respectively. On the basis of the intensity of the carbon
skeleton stretching modes at 1362 cm−1, the EF was calculated
to be 8.2 × 105, showing the good SERS activity of the
substrate.
Uniformity of SERS-active substrate played a vital role in

practical applications. An area (15 μm × 13 μm) of the
AuNPs@MoS2-3 substrate was selected for point-by-point
SERS mapping, which were recorded with a 2 μm step for R6G
on AuNPs@MoS2-3 substrate (Supporting Information Figure
S6). Each spot showed distinctive Raman intensity, revealing
the AuNPs@MoS2-3 substrate had excellent capability to
enhance the Raman signals of R6G molecule. The experimental
results indicated the AuNPs@MoS2-3 substrate possess good
reproducibility for molecule detection. To further evaluate the
reproducibility of SERS signals, the SERS intensity of R6G
from the mapping spectra (49 spots) is shown in Figure 6. To
get a statistically meaningful result, the relative standard
deviation (RSD) of the Raman intensity of R6G was calculated.
The RSD of the Raman shifts at 775, 1185, 1311, 1362, 1511,
and 1652 cm−1 are 24.2%, 26.8%, 24.5%, 20.6%, 20.3%, and
23.1%, respectively, revealing as-prepared AuNPs@MoS2-3
nanocomposite could be considered as a promising substrate
for SERS detection with high reproducibility.30

■ CONCLUSION
In conclusion, an efficient SERS-active substrate has been
developed by synthesizing AuNPs@MoS2 nanocomposite.
Under the optimal conditions, uniform and high density of
AuNPs has grown in situ on the surface of MoS2 nanosheet,
creating many hot spots to amplify the SERS activity toward
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the probe molecule. The AuNPs@MoS2-3 substrate possesses
good sensitivity and reproducibility, suggesting that the
AuNPs@MoS2 nanocomposite has great potential in SERS
applications of chemical and biological molecules detection.
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