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a b s t r a c t
Hot spots have been considered as a dominant role in surface enhancement Raman scattering (SERS). Its
generation cannot be separated from the ultra-small nanogaps, which will tremendously contribute to the
strong electromagnetic ﬁeld. We propose a AgNPs/graphene@AuNPs system with three-dimensional hot
spots and tunable nanometer gap by changing the layer of graphene with a simple and facile method. The
excellent SERS behaviors of the proposed AgNPs/graphene@AuNPs substrate are demonstrated experimentally using rhodamine 6G (R6G) and crystal violet (CV) as probe molecules and theoretically using
commercial COMSOL software. The excellent SERS behaviors can be attributed to the electromagnetic
mechanism (EM) in all three dimensions introduced by the lateral nanogaps (AgNP-AgNP) and the vertical nanogaps (AgNP-AuNPs), and the chemical enhancement mechanism (CM) induced by the graphene
ﬁlm. For practical application, the prepared sensitive AgNPs/graphene@AuNPs SERS substrate was used
to detect Malachite green (MG) in sea water, which provides a bran-new avenue for the detection of
biological and chemical molecule.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Surface-enhanced Raman scattering (SERS), as a fascinating
and powerful spectroscopy technique, can achieve the detection
of low-concentration molecules by an enhancement factor up to
1014 or more [1–3]. Now, it has been widely accepted that the
lateral nanogap in noble metal can effectively focus the incident light and restrict the light around the nanogap, which will
excite the surface plasmon resonance and result in SERS enhancement based on electromagnetic mechanism (EM) [4–8]. To achieve
the lateral nanogap-embedded structures, multifarious fabrication
techniques have been presented and researched in recent years,
such as lithography [9–11], shadow evaporation [12] and vapor
transport method [13,14]. However, these fabrication techniques
are challenging, expensive and time-consuming. What’s more, it is
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a huge challenge to achieve the mass-production with excellent
repeatability. Compared with these lateral nanogaps, the vertical nanogaps (such as Au single nanowire/Au ﬁlm, [14] CuNPs/Cu
ﬁlm, [15] AuNPs/AuNPs, [16] AuNPs/AuNPs with a rippled structure
[17] and AuNPs/Cu foil [18]) can be obtained by relatively simple
and lost-cost technique. These studies have demonstrated that the
highly localized ﬁeld originated between the vertical nanogaps can
introduce a further strong SERS enhancement. As the lower adsorption capacity of these metal nanogaps for some molecules and the
signal variations of molecule-metal contact, it is hard to achieve
ideal SERS substrates with well stability and reproducibility, which
will limit their practical applications. It has been demonstrated that
by introducing an ultrathin inert shell (such as TiO2 , [19] Fe3 O4 , [20]
SiO2 [21] or Al2 O3 [22,23]) on the surface of the metal nanoparticles, one can improve the SERS behaviors of the metal nanogaps.
But, in these technologies, the materials and thickness of coating
shell, as the main roles, are challenging to be formed around the
mintage metal (Ag, Au and Cu) core. In addition, some expensive
precision instruments are required in the processes above. Therefore, it is greatly vital to ﬁnd a nanomaterial as sub-nanospacer that
can be easily integrated to SERS substrate.
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Graphene, as a typical 2-dimensional (2D) material, has been
widely used in multifarious ﬁeld by the virtue of its excellent properties and distinctive structure. [24–28] Recently, graphene, with
the potential for improving the SERS enhancement through a chemical enhancement (CM) mechanism, has been of particular interest
for researchers. Graphene as an outstanding candidate for SERS possesses the following attractive virtues: (1) the large speciﬁc surface
area of graphene makes it as a perfect molecule enricher, which can
control the molecular distribution and allow the molecular better
contact with the SERS substrate [14]. (2) graphene can passivate
the surface of metal nanoparticles and guarantee the chemical stability of the SERS substrate [29]. (3) graphene with its intrinsic
single-atom structure allows it sever as an excellent sub-nm spacer
and create a uniform nanogap between metal nanoparticles [15].
These excellent advantages equip graphene as an outstanding alternative SERS substrate for achieving high-sensitivity, well-stability,
homogeneous and reliable SERS signals.
Inspired by their advantages, we combine the AuNPs, AgNPs and
graphene and form the construction of AgNPs/graphene@AuNPs
with a simple and facile method attempting to obtain the sensitive, stable, homogeneous and reproducible SERS behaviors. The
excellent surface-enhanced Raman scattering (SERS) behaviors of
the proposed AgNPs/graphene@AuNPs substrate are demonstrated
experimentally using rhodamine 6G (R6G) and crystal violet (CV) as
probe molecules and theoretically using commercial COMSOL software. Here, the prominent SERS behaviors can be attributed to the
EM introduced by the lateral nanogaps (AgNP-AgNP) and the vertical nanogaps (AgNP-AuNPs), and the CM induced by the graphene
ﬁlm. In the proposed AgNPs/graphene@AuNPs substrate, the surface plasmon resonance in all three dimensions can be effectively
excited by the lateral and vertical nanogaps, which is much beneﬁcial for the enhancement of the EM. Besides, the graphene not
only can provide the SERS enhancement from CM, but also can act
as a nanometer ruler to accurately control the size of the nanogaps
by changing the layers of graphene, which will promote to better investigate the role of the nanogaps. Malachite green (MG), as
a harmful carcinogen, has been frequently and illegally abused in
aquaculture to breed the aquatic during the past centenary. The
residual of the MG oxalate in the aquatic animal can induce the teratogenesis and mutation of the organs in human beings, which will
further result in the canceration of the organs such as liver, heart,
kidney and so on. Hence, many countries have taken measures to
control the abuse of the MG and keep it out of the food. Therefore,
it is urgent need to develop a highly sensitive method for the MG
molecules detection. On the basis of the AgNPs/graphene@AuNPs,
we achieved the low limit (as low as the European Union’s standard: 5.48 nM) of detection of the MG in deionized (DI) water and
sea water by SERS. We expect that this sensitive and high-efﬁciency
SERS substrate can open a bran-new avenue for the detection of
biological and chemical molecule.

2. Experimental sections
2.1. Fabrications of the AgNPs/graphene@AuNPs,
graphene@AuNPs and AgNPs/graphene substrates
The SiO2 substrates were cleaned according to our previous
report [30]. The uniform Au (Au wires of 0.0020 g were used) ﬁlm
was evaporated on the SiO2 substrates by physical vapor deposition (PVD). After this process, monolayer graphene fabricated by
the CVD method was transferred on the SiO2 substrate as the following step: polymethyl methacrylate (PMMA), which is a support
and protective layer, was coated on graphene on Cu foil. And then
the derived sample was immersed into FeCl3 solution (∼1 M) to
absolutely etch Cu foil. After that the remaining PMMA/graphene

layer was carefully transferred into DI water for 5 times to remove
the residual etching solution. Next, PMMA/graphene layer in DI
water was gently ﬁshed up by the SiO2 substrate and was blown
dry under nitrogen atmosphere followed by baking under 130 ◦ C
to make PMMA/graphene layer closely paste on the surface of
SiO2 . After that the sample was put into 100 mL acetone solution
and heated to 80 ◦ C for 10 times to completely remove the coating layer (PMMA). After that, uniform Ag (Ag wires of 0.0030 g
were used) ﬁlm was evaporated on the sample by PVD. Finally, all
obtained samples were put into the tube furnace (OTL1200 bought
from Nanjing NanDa Instrument Plant) and annealed at 500 ◦ C for
30 min in the 40 sccm Ar environment to respectively dewet the Au
ﬁlm and Ag ﬁlm into the AuNPs and AgNPs. The graphene@AuNPs
and AgNPs/graphene substrate were fabricated using the similar
method.
2.2. Apparatus and characterization
To clearly observe the surface morphology of the above mentioned samples, atomic force microscope (AFM Bruker Multimode
8), scanning electron microscope (SEM ZEISS Gemini SUPRA55)
with the energy dispersive spectrometer (EDS) and transmission
electron microscope (TEM JEM-2100) were carried out. UV-vis
Spectrophotometer (UV-4501S, Tianjin Gangdong Sci. & Tech.
development CO., LTD) was performed to analyze the optical characterization of these samples.
2.3. SERS spectra measurements
SERS spectra were detected by Raman spectrometer (Horiba HR
Evolution 800) with laser wavelength of 532 nm. The laser excitation energy and spot respectively were respectively 0.48 mW and
1 m. Throughout the experiment, the diffraction grid was set as
600 gr/mm and the integration time was set as 8 s.
3. Results and discussion
Fig. 1 schematically illustrates the process for the fabrication of
the proposed AgNPs/graphene@AuNPs which is described in detail
in the methods. A 7 nm thick Au ﬁlm as exhibited in Fig. S1(a) was
deposited on the SiO2 substrate with a thermal evaporation method
followed by the double transfer of the graphene to form the bilayer
graphene/Au ﬁlm. Subsequently, a 16 nm thick Ag ﬁlm as shown in
Fig. S1(b) was deposited on the graphene/Au ﬁlm with a thermal
evaporation method and annealed at 500 ◦ Cfor 30 min in the Ar
environment to respectively dewet the Au ﬁlm and Ag ﬁlm into
the AuNPs and AgNPs. The nanometer gap between the AuNPs and
AgNPs can be simply controlled and tuned by changing the transfer
time for the graphene.
Scanning electron microscopy (SEM) was carried out
to investigate the surface morphology of the prepared
AgNPs/graphene@AuNPs. The low-magniﬁcation image showed
in Fig. 2(a) exhibits that the SiO2 substrate is covered by a
large amount of well-ordered and uniform nanoparticles after
the annealing process, which indicates that the Au ﬁlm and Ag
ﬁlm respectively dewet to AuNPs and AgNPs and enables the
AgNPs/graphene@AuNPs substrate possessing high-density and
uniform hotpots for the SERS. In order to give strong support for
the well distribution of these nanoparticles and identify the size,
we further perform the SEM measurement under a larger magniﬁcation (Fig. 2(b)), where layered nanoparticles are observed.
Combined with the energy dispersive spectrometer (EDS) map
shown in Fig. S2, we can identify that the bottom and small
nanoparticles are AuNPs and the top and large nanoparticles are
AgNPs. The diameter and diameter distribution of these nanoparticles shown in Fig. 2(b) are summarized in Figs. 2(c), (d) and S3
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Fig. 1. Schematic illustration of the fabrication of the proposed AgNPs/graphene@AuNPs.

Fig. 2. (a) and (b) SEM images of the AgNPs/graphene@AuNPs under different magniﬁcation. (c) and (d) Diameter distribution of the AgNPs and AuNPs. (e) TEM image of the
AgNPs/graphene. (f) TEM image of the graphene@AuNPs (insert: the absorption spectrum of the AgNPs/graphene@AuNPs).

with the help of the software Nano measurer. The diameters of
the AgNPs and AuNPs both have a weak ﬂuctuation as shown in
Fig. S3. Just as the histograms exhibited in Fig. 2(c) and (d), the
diameter distributions of the AgNPs and AuNPs are all complied
with a typical Gaussian curve. The peak positions of the AgNPs
and AuNPs respectively center at ∼100 nm and ∼40 nm, which
implies that the average diameters are respectively about 100
and 40 nm, respectively with a gap of 30 and 15 nm between
nanoparticles. To provide a more visualized exhibition of the structure of the proposed AgNPs/graphene@AuNPs, the transmission
electron microscope (TEM) measurement was implemented on
the AgNPs/graphene@AuNPs completely liberated from the SiO2
substrate. Just as expected in Fig. 2(e), AgNPs associated with
are observed and the average diameter of the AgNPs is 100 nm,
which is well consistent with the SEM results. In Fig. 2(f), typical
graphene@AuNPs is presented, which can be attributed to the
annealing process. Not only dewet the ﬁlm to nanaparticles, the
annealing process but also can improve the contact between the
graphene and Au NPs and form the quasi core-shell structure
[16], which is much beneﬁcial for the high SERS sensitivity [8,29].
What’s more, it is very interesting to note that three peaks can be

detected in the absorption spectrum insert in Fig. 2(f). These peaks
can be respectively assigned to the absorption of graphene, AgNPs
and AuNPs, which provides us further credible evidence for the
successful fabrication of the AgNPs/graphene@AuNPs and is well
agreed with the EDS results.
e respectively choose the R6G and CV as probe molecule to evaluate the SERS activity of the proposed AgNPs/graphene@AuNPs
substrate and all the Raman spectra were collected on the same
conditions. We can detect the characteristic Raman peaks of R6G
and CV for the concentration respectively from 10−5 to 10−11 M and
from 10−5 to 10−12 M as well as the peaks of graphene. Besides,
the typical Raman spectra can still be observed even with lower
concentration of 10−11 and 10−12 M respectively for R6G and CV
(Fig. S4), which demonstrates the high sensitivity of the proposed AgNPs/graphene@AuNPs substrate. The high sensitivity of
the proposed AgNPs/graphene@AuNPs substrate can be attributed
to the surface plasmon resonance in all three dimensions effectively
excited by the lateral and vertical nanogaps. The enhancement
factors of the AgNPs/graphene@AuNPs substrate will be further discussed in detail later. The primary vibrations of R6G and CV are
conﬁrmed according to the previous reports. [1,8,29] We can also
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Fig. 3. (a) and (b) Raman spectra of R6G and CV on the AgNPs/graphene@AuNPs substrate respectively from 10−5 to 10−10 M and from 10−5 to 10−12 M. (c) and (d) Intensity
of peaks at 613 and 774 cm−1 for R6G as a function of the molecular concentration. (e) and (f) Intensity of peaks at 914 and 1619 cm−1 for CV as a function of the molecular
concentration.

observed in Fig. 3(a) and 3(b) that the intensities of the SERS signals for the R6G and CV molecular both gradually rise with the
increase of the concentration, which indicates that the intensities
of the characteristic Raman peaks are proportional to the numbers of molecules. To investigate the ability of this quantitative
detection for molecules, the linear ﬁt curves of the vibrations of
R6G located at 613 and 774 cm−1 and the vibrations of CV located
at 914 and 1619 cm−1 versus the concentrations are illustrated in
Fig. 3(c)–(f). To ensure the dependability of the data, the average
intensity based on ten spectra randomly collected on the proposed
AgNPs/graphene@AuNPs substrate is chosen. It is thoroughly obvious that reasonable linear responses with the high coefﬁcient of
determination (R2 ) for both R6G and CV molecular in log scale are
achieved between the intensity of SERS signal and the concentration.
Besides the SERS activity and the ability of the quantitative
detection, the homogeneity of the SERS signal and the reproducibility of the SERS substrate are the additional indispensable
parameters for the practical application. Fig. 4(a) and (b) respectively present the SERS spectra of the R6G with a concentration of
10−5 M and CV with a concentration of 10−9 M randomly collected
on AgNPs/graphene@AuNPs substrate from thirty points. Just as
exhibited in Fig. 4(a), the SERS spectra of R6G with a concentration of 10−5 M are greatly well consistent between each other and
the intensities for various peaks only ﬂuctuate quite mildly. Similar
phenomena are observed for the case of CV with a concentration of
10−9 M in Fig. 4(b) and the Raman detect of the proposed substrate
in Fig. S5. The excellent conformity of the SERS spectra for both
R6G and CV and the Raman spectra of the pure prepared substrate
indicate the perfect homogeneity of the AgNPs/graphene@AuNPs
substrate, which can be ascribed to the well-ordered and uniform AgNPs and AuNPs as well as the existence of the graphene.
The well-ordered and uniform AgNPs and AuNPs is much beneﬁcial for the acquisition of well distributed three-dimensional hot
spots and the graphene can make the molecular well distributed
around the three-dimensional hot spots further allowing the probe

molecular contact well with the SERS substrate. Therefore, in our
case we can achieve the SERS signals with high homogeneity.
Fig. 4(c) and (d) respectively show the intensity distribution of
the peak at 613 cm−1 for the R6G with a concentration of 10−5 M
and 1619 cm−1 for the CV with a concentration of 10−7 M from
10 different batches of AgNPs/graphene@AuNPs substrates. The
green line in Fig. 4(c) and (d) are the average intensities of the
peak at 613 cm−1 for the R6G and 1619 cm−1 for the CV from
these 10 different batches of AgNPs/graphene@AuNPs substrates.
The individual intensity of these two representative peaks from
the same batch is calculated based on ten spectra randomly collected on the AgNPs/graphene@AuNPs substrate. It is obvious that
for both the case of R6G and CV, all the data exhibit a minor ﬂuctuation around the average intensity and the variation ranges for
R6G and CV are respectively conﬁned in the region from −6.7% to
+9.8% and from −8% to +9.1%. What’s more, it should be noted that
most of the ten data lie within ±6%, which is more superior to the
requirements for practical SERS measurements (deviation should
be within 20%) [31]. The prominent reproducibility of the proposed
AgNPs/graphene@AuNPs substrate can be assigned to the following aspects: the facile reproduction of the AgNPs/graphene@AuNPs
substrate can reduce the signal ﬂuctuations induced by the substrate and the well-controlled graphene as a perfect molecule
enricher can homogenously capture the probe molecules and
effectively suppress the background ﬂuorescence improving the
reproducibility of the SERS substrate.
To further estimate the SERS activity of the proposed
AgNPs/graphene@AuNPs substrate, the SERS spectra of R6G
and CV with concentration of 10−5 M on the graphene@AuNPs
and AgNPs/graphene are also collected in the same condition.
For the cases of both graphene@AuNPs, AgNPs/graphene and
AgNPs/graphene@AuNPs substrate, as shown in Fig. 5(a) and (b),
all the typical Raman peaks of R6G and CV are observed in a sharp
form, which indicates the excellent signal-to-noise ratio and can be
attributed to the existence of graphene. It is distinct that the intensities of SERS spectra on the AgNPs/graphene@AuNPs are much
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Fig. 4. (a) and (b) Raman spectra of R6G with a concentration of 10−5 M and CV with a concentration of 10−9 M randomly collected on the same AgNPs/graphene@AuNPs
substrate. (c) and (d) Intensity distribution of the peak at 613 cm−1 for the R6G with a concentration of 10−5 M and 1619 cm−1 for the CV with a concentration of 10−7 M from
10 different batches of AgNPs/graphene@AuNPs substrates.

Fig. 5. (a) and (b) Raman spectra of R6G and CV with concentration of 10−5 M on the graphene@AuNPs, AgNPs/graphene and AgNPs/graphene@AuNPs substrate. (c) Intensity
of the peak at 613, 774, 1185 cm−1 for R6G with concentration of 10−5 M. (d) Intensity of the peak at 914, 1175, 1619 cm−1 for CV with concentration of 10−5 M.

stronger than those on graphene@AuNPs and AgNPs/graphene.
What’s more, the intensities of SERS spectra on the AgNPs/graphene
are similar with that on graphene@AuNPs and the former is little

stronger than the latter. Fig. 5(c) and (d) respectively plot the intensity of the SERS signal at 613, 774, 1185 cm−1 for R6G and 914, 1175,
1619 cm−1 for CV. The peaks of R6G at 613, 774, 1185 cm−1 on the
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Fig. 6. SEM images of the prepared (a) graphene@AuNPs, (b) AgNPs/graphene and (c) AgNPs/graphene@AuNPs substrate, coresponding COMSOL calculation: the y-z planes
of the local electric ﬁeld distribution respectively on (d) graphene@AuNPs, (e) AgNPs/graphene and (f) AgNPs/graphene@AuNPs substrates.

AgNPs/graphene@AuNPs are about 1.8-3.8 times stronger than that
on graphene@AuNPs and AgNPs/graphene. The peaks of CV at 914,
1175, 1619 cm−1 on the AgNPs/graphene@AuNPs are about 5.1–7.5
times stronger than that on graphene@AuNPs and AgNPs/graphene.
In order to better understand and further identify the perfect
SERS behaviors of the AgNPs/graphene@AuNPs substrate, the local
electric ﬁeld properties of these substrates were respectively calculated and analyzed using commercial COMSOL software. The
theoretical models were built based on the SEM results shown
in Fig. 6(a)–(c). As the SEM images exhibited combining with the
energy-dispersive X-ray spectroscopy in Fig. S6, we can appreciate that the diameter of the AuNPs on the graphene@AuNPs
substrate is similar with that on the AgNPs/graphene@AuNPs substrate and the diameter of the AgNPs on the AgNPs/graphene
(average diameter: ∼90 nm) is slightly smaller than that on the
AgNPs/graphene@AuNPs, which can be attributed to the temperature variation on different substrates. The absorption spectra in
Fig. S7 also demonstrate this phenomenon. The diameter of AgNPs
and AuNPs on the AgNPs/graphene@AuNPs substrate was respectively set as 100 and 40 nm respectively with a lateral gap of 30
and 15 nm and the vertical gap between the AgNPs and AuNPs was
set as 0.68 nm according to the graphene layer. The diameter of
AuNPs on the graphene@AuNPs and AgNPs on the AgNPs/graphene
was respectively set as 40 and 90 nm with a lateral gap of 15 and
25 nm. Just as expected, the intensity of the local electric ﬁeld on
the AgNPs/graphene@AuNPs substrate in Fig. 6(f) is ∼2.54 times
stronger than that on the graphene@AuNPs (Fig. 6(d)) and ∼1.95

times stronger than that on the AgNPs/graphene (Fig. 6(e)). What
should be noted is that, besides the enhancement of lateral local
electric ﬁeld, the vertical local electric ﬁeld is also greatly enhanced
on the AgNPs/graphene@AuNPs as obviously shown in Fig. 6(f),
which will contribute to the excellent SERS behavior of this proposed SERS substrate.
After that, we next further investigate the effect of the size
controllability of the decorated AuNPs and AgNPs and the width
of the vertical nanogaps between AuNPs and AgNPs. The corresponding SEM results of the samples based on different thickness
of Au and Ag ﬁlm and different layer of graphene are respectively shown in Figs. S8, S9 and S10. With the increasing the
thickness (2 nm to 17 nm) of Au ﬁlm, the size of AuNPs changes
from smaller one to bigger one and become more sparse. Similar phenomenon is also detected for the case of AgNPs, which
may be attributed to the temperature variation on different substrates introduced by the change of the thickness of the metal
ﬁlm. For the case of various layer of the graphene, the top (AgNPs)
and bottom (AuNPs) can be distinguished by their brightness in
SEM ﬁgures. In other word, the bottom AuNPs look like covered
by a thin layer of silk that supports the top AgNPs, and look
slightly foggy in case of existing graphene compared to that without
graphene (AgNPs/0G@AuNPs) in Fig. S10(a). And the morphology of AuNPs and AgNPs on AgNPs/2G@AuNPs, AgNPs/4G@AuNPs,
AgNPs/6G@AuNPs and AgNPs/8G@AuNPs respectively corresponding to Figs. S8(b), S10(b), S10(c) and S10(d) is not sensitive to the
spacer-layer of graphene. The R6G molecules (10−5 M) is chosen as
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Fig. 7. The relative intensity of the peaks at 613, 774 and 1360 cm−1 from R6G (10−5 M) molecules based on the increase of thickness of (a) Au and (b) Ag ﬁlm, and (c) the
different layer of graphene. (d) The theoritical calculation value of the local electromagnetic ﬁeld for the different layer of graphene.

the probe to estimate the SERS performance of the different substrates based on different thickness of Au and Ag ﬁlm and different
layer of graphene as shown in Fig. S11. The relative intensity of the
peaks at 613, 774 and 1360 cm−1 on different substrates presented
in Fig. 7(a), (b) and (c) exhibit a similar trend, where a decrease
can be detected after the rise with the increase of thickness of Au
and Ag ﬁlm and the layer of graphene. The highest SERS intensities
were obtained from the AgNPs (16 nm Ag ﬁlm)/2G@AuNPs (7 nm
Au ﬁlm) as shown in Fig. 7(a), (b) and (c). Just as expected, the
calculated enhanced intensity of the local electric ﬁeld in Fig. 7(d)
(extracted from Fig. S12) provides further evidence for the excellent behaviors of the AgNPs/2G@AuNPs, which is well consistent
with the experimental result in Fig. 7(c) and demonstrate that the
plasmon tunneling phenomenon due to the narrow gap (<0.5 nm)
between AgNPs and AuNPs will result in reducing the plasmonic
coupling effect and weakening the Raman signal. Therefore, monolayer graphene was not adopted in our work. Besides, the enhanced
local electric ﬁeld will exponentially decay with the increase of the
nanogap. What should be noted is that the LSPs or hot spots, distributed not only at lateral nanogaps (AuNPs-AuNPs, AgNPs-AgNPs)
but also at the tunable vertical nanogaps by graphene between
AgNPs and AuNPs in our work, which can greatly enhance the
Raman signal.
To research the potential possibility of AgNPs/graphene@AuNPs
SERS platform applying in real samples, we carried out the
SERS detection of MG, a chemical of poisonous triphenylmethane
[32], in both DI and sea water. To verify that the prepared
AgNPs/graphene@AuNPs can be satisﬁed with the actual requirements, MG was added to the DI water and prepared the solution
with concentrations from 10−5 to 10−11 M. The characteristic

Raman peaks of MG molecules for the concentration respectively
from 10−5 to 10−11 M located at 437, 799, 912, 1170 and 1614 cm−1
as well as the peaks of graphene such as 2D peak can be easily detected in Fig. 8(a). And the linear ﬁt curve in Fig. 8(b) (R2
can reach to about 0.994) of the vibrations of MG located at
1614 cm−1 with error bars based on ten spectra randomly is presented, which prove the capacity of quantitative detection for the
MG molecules. Thus, these aforementioned results demonstrate the
proposed AgNPs/graphene@AuNPs substrate possesses virtues of
ideal SERS substrate and can meet practical application. The sea
water (obtained from local seafood supermarket) was chosen as
solvent and was used to dilute MG molecules to the concentration
of 10−5 M. Based on the insert in Fig. 8(c), one can see clearly that
unlike that in DI water, the MG solutions in sea water is colorless
and transparent just like pure water, which can be attributed to
some complex components in sea water and will present a misleading for the customers. It can be seen that even diluted in sea
water, the characteristic Raman peaks of MG can also be detected on
AgNPs/graphene@AuNPs in Fig. 8(c). As a comparison, MG diluted
in DI water (black curve in Fig. 8(c)) with 10−5 M also was detected
and the intensity of the spectrum is a little higher than that of MG
diluted in sea water, which may be introduced by the complex components such as NaCl crystal (in micro-image in Fig. 8(d)) in sea
water. The high uniformity of novel SERS substrate is extremely signiﬁcant for the pratical application. Therefore, the futher uniform
detection of MG in sea water (10−8 M) on the homogeneity of the
AgNPs/graphene@AuNPs substrate was carried out as presented in
Fig. S13, which indicates that the uniformity of SERS signals. Therefore, the SERS spectra of MG diluted in sea water obtained from the
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Fig. 8. (a) Raman spectra of MG in various concentrations in DI water. (b) The relative intensity of MG for the peak of 1614 cm−1 in DI water detected on
AgNPs/graphene@AuNPs, as a function of the concentration of MG molecules. (c) Raman spectra of MG for 10−5 M diluted in sea water (red curve) and in DI water (black
curve). Inset: the prepared MG solutions respectively in sea water and DI water. (d) The surface micrograph of AgNPs/graphene@AuNPs substrate detected by 50 × objective
after MG solution (in sea water) was dry in the lab atmosphere. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

AgNPs/graphene@AuNPs demonstrated the vast potential ability
for practical application in the food safety.

Shandong Province Higher Educational Science and Technology
Program (J15LJ01) and Excellent Young Scholars Research Fund of
Shandong Normal University.

4. Conclusion
In summary, AgNPs/graphene@AuNPs system with a tunable
nanometer gap as SERS substrate has been prepared with a simple
method. Based on the proposed AgNPs/graphene@AuNPs substrate,
the perfect SERS behaviors were investigated using R6G and CV
experimentally and commercial COMSOL software theoretically. In
the proposed AgNPs/graphene@AuNPs substrate, the hot spots in
all three dimensions can be effectively excited by the lateral and
vertical nanogaps, which is much beneﬁcial for the enhancement
of the EM. The graphene not only can provide the SERS enhancement from CM, but also can act as a nanometer ruler to accurately
control the size of the nanogaps by changing the layers of graphene.
The contrast SERS spectra of the substrate with different nanogaps
demonstrated that the optimal size of the nanogap is 0.68 nm. For
practical application, the spectra of MG in DI and sea water were
also collected and the detection limit was achieved (10−11 M) as
low as the European Union’s standard: 5.48 nM, which show the
wide potential in food safety.
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