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ARTICLE INFO ABSTRACT

Keywords: Oxygen is one of the most abundant elements on earth, and even small amounts of oxygen can induce significant
Oxygen bidirectional strategy changes in material properties. In this study, we combined a non-oxide semiconductor molybdenum disulphide
SERS (MoSz) with an oxide semiconductor zinc oxide (ZnO), thereby simultaneously obtaining oxygen vacancies and
rﬁf:gf;lgve oxygen incorporations through a novel oxidation-assisted strategy. This strategy amplified interactions between

semiconductor substrates and probe molecules and increased charge-transfer resonance, thereby substantially
improving the surface-enhanced Raman spectroscopy (SERS) performance of semiconductor materials. The
enhancement factor of MoS;@ZnO was increased to a value comparable to that of traditional metals, enabling it
to detect methylene blue with a limit of detection as low as 10~'2 M. Additionally, a comparison sample
(MoS2@7ZnS) was examined to confirm the unique enhancement effect of the proposed strategy for SERS. The
effect of the proposed oxygen bidirectional strategy on the SERS performance of semiconductor substrates can

provide new frontiers in the development of ultrasensitive semiconductor technologies.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive
and nondestructive method that can be used to detect and identify
compounds with monomolecular sensitivity [1-4]. SERS is promising
for applications in the fields of medical diagnosis, biological imaging,
chemical analysis, and environmental monitoring. Substrate materials
are typically critical in SERS measurements due to large enhancement
effects that can be achieved through two widely accepted mechanisms.
The first mechanism is the electromagnetic mechanism (EM), which
mainly originates from electric-field amplification induced by surface
plasmon resonance. The EM generally contributes majorly to SERS
enhancement, which is caused by noble metals, making single-molecule
detection possible [5-8]. However, EM-based noble metals typically
present three disadvantages—a complex manufacturing process, poor
stability, and low biocompatibility—thereby restricting the practical
applications of SERS [9]. The second mechanism is the chemical
enhancement mechanism (CEM), which is induced by charge transfer

(CT) between the SERS active material and probe molecule. Due to their
excellent stability, biocompatibility, controllable bandgap, and geome-
try, semiconductor nanomaterials are superior to noble metals for their
use as SERS active sensors [10,11]. However, the limit of detection
(LOD) and Raman enhancement factor (EF) of semiconductor materials
are inferior to those of noble-metal structures, which make them un-
suitable for various applications. Therefore, the discovery of semi-
conductor substrates and development of novel strategies to enhance the
SERS activity on a large scale by using low-cost methods are highly
interesting [12].

In recent years, we have witnessed the development and advance-
ment of semiconductor SERS substrates [13,14]. Among numerous
methods for enhancing the SERS performance of semiconductor mate-
rials, introducing oxygen vacancies is a common strategy used for
increasing the EF. Cong et al. reported that oxygen deficiencies in
WO; 72 can enhance Raman scattering [15]. Xi et al. reported that ox-
ygen vacancy-rich MoO; exhibits an excellent sensitivity for detecting
the trace amounts of dangerous chemicals [16]. However, this strategy is
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not suitable for non-oxide semiconductors; thus, new strategies are
required for developing high-performance semiconductor SERS sub-
strates. Oxygen incorporation is an excellent electronic modulation
strategy for semiconductor nanomaterials and is the inverse process of
introducing oxygen vacancies. This strategy can be employed to develop
non-oxide semiconductors in the SERS substrate field. Zheng et al. re-
ported an increased EF (1.4 x 10%) and a reduced LOD (107 M) by
incorporating oxygen in MoS; as a SERS substrate, oxygen incorporation
was crucial for enhancing the SERS activity of the non-oxide semi-
conductor [17]. These results indicated that both oxygen vacancies (V,)
and oxygen incorporation (O;) can substantially amplify the SERS sig-
nals of semiconductor substrates. Accordingly, oxygen vacancies com-
bined with oxygen incorporation may yield high-performance SERS
substrates.

In this paper, we propose a novel oxygen bidirectional strategy for
optimising semiconductor SERS substrates. We combined the nano-
flowers (NFs) of non-oxide semiconductor molybdenum disulphide
(MoS,) with the nanoparticles (NPs) of oxide semiconductor zinc oxide
(ZnO) by employing a simple hydrothermal method. MoS,, one of the
most valuable 2D materials, presents properties such as a direct band
gap and high carrier mobility, and its low-cost value and high chemical
stability can help develop a cost-effective SERS technology [18,19].
Moreover, MoS; presents not only a suitable band gap and biocompat-
ibility but also numerous active sites and appropriate surface roughness,
which can be used to construct a better SERS-active substrate for SERS
applications [20,21]. Additionally, SERS studies have been performed
on ZnO because of its wide bandgap, growth economy, and diverse
structure, which are the reasons why we selected ZnO as the ideal
candidate for developing an oxygen bidirectional strategy [22-25].
Under external conditions, oxygen from ZnO was transferred to MoSy;
thus, oxygen vacancies were created in ZnO. Meanwhile, oxygen was
introduced into MoS,. This strategy experimentally demonstrated sim-
ple operation, low-cost, and excellent SERS performance. The semi-
conductor materials prepared using this unique strategy exhibited
remarkable SERS activity with a high EF and low LOD of 1.13 x 10° and
10712 M, respectively. The novel oxygen bidirectional strategy yielded a
material that exhibited SERS sensitivity higher than all the reported pure
semiconductor substrates.

2. Experimental
2.1. Synthesis of MoS2 NFs

First, 0.5g of NagMoO4-2H20 and 0.7 g of CH4N2S were mixed in
70 mL deionised water and vigorously stirred for 20 min to form a ho-
mogeneous and limpid solution. Subsequently, 0.5 g of C¢HgO7-H20 was
weighed and dissolved in the homogeneous solution with stirring for
20 min until a homogeneous and clear solution was obtained again. This
solution was then transferred into a 100 mL reaction kettle at 240 °C for
24 h. When the reaction kettle cooled to room temperature, the pre-
cipitate was repeated through centrifugation three times with ultrapure
water and alcohol. Finally, it dried at 60°C for 6 h to obtain the MoS,
sample.

2.2. Synthesis of MoS2@ZnO nanocomposites (NCs) with various
contents of ZnO NPs

MoS>@ZnO samples with the MoS; (Mo) and ZnO (Zn) molar ratios
of 1:1, 1:4, and 1:8 were prepared. Three units of 0.1 g of MoS; were
separately dispersed in 50 mL deionised water and sonicated for 30 min
to obtain a homogeneous solution. Subsequently, Zn(NOgs)2-6H20
(0.1860, 0.7438, or 1.4876g) and CgHiaN4 (0.0443, 0.1752, or
0.3504 g) were separately dispersed in the three units of this solution,
and then 1, 4, or 8 mL of ammonia water was added to these three mixed
solutions and the resulting solutions were stirred for 20 min. Afterwards,
we transferred the solutions into a water bath pot maintained at a
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constant temperature of 60 °C, and heated it for 3h. The obtained
samples were separated through centrifugation, washed with ultrapure
water and ethanol, finally dried at 60 °C for 6h, and denoted as
‘MOSz@ZIlol;X’ X= 1, 4, or 8).

2.3. Synthesis of MoS;@ZnS NCs

To confirm the unique enhancement effect of the oxygen bidirec-
tional strategy for SERS, a comparison sample MoS,@ZnS (non-oxide
semiconductor - non-oxide semiconductor) was prepared. Primarily,
prepared MoS; (50 mg), Zn(CH3COO); (229 mg), and CH4N»S (100 mg)
were added into 50 mL deionised water. After 30 min stirring, this so-
lution was transferred into a 100 mL reaction kettle and heated at 150 °C
for 8 h. After the reaction kettle naturally cooled to room temperature,
the obtained precipitate was separated using centrifugation, washed
with ultrapure water and ethanol, and dried at 60 °C for 6 h to obtain
MoS,@7ZnS.

2.4. Characterisation

The morphology of MoS;@Zn0;.x was characterised using scanning
electron microscopy (SEM, JSM-7800 F) and transmission electron mi-
croscopy (TEM, JEM-2100 h). The structure quality of the samples was
analyzed using X-ray diffraction (XRD, Rigaku D/Max 3C) and X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250). Ultraviolet
(UV)-vis absorption spectra were measured at room temperature with a
Hitachi U-3600 spectrophotometer (Shimadzu, Japan). UV photoelec-
tron spectroscopy (UPS) analysis was performed using an ESCALAB
250Xi UPS system (thermo Fisher scientific). The Brunauer-Emmett—
Teller (BET) specific area was measured through the nitrogen adsorp-
tion/desorption isotherms by employing a NOVA2200e instrument
(TriStar II 3020). SERS signals were detected using a Renishaw in
through a Raman system under a 514.5-nm Ar" ion laser.

2.5. SERS experiments of methylene blue (MB)

The SERS activity of the samples was investigated using MB, a
common active probe molecule. The prepared samples (3 mg) were
immersed in a 1073-107!2 M MB ethanol solution and continuously
shaken for 12h to ensure complete adsorption. Similarly, 3 mg of
MoS,@ZnS powders were immersed in a 10~ M MB ethanol solution
and shaken for 12h. All SERS spectra were acquired using Renishaw
inVia Raman system under an excitation laser of 514.5 nm for 30 s with
1 scan every spectrum. The laser power was 40 mW, attenuating 1%.

3. Results and discussion
3.1. Structure and morphology of MoS>@ZnO1.x

By manipulating the ZnO amount, MoS>@ZnO;.x was successfully
prepared (Fig. 1). The self-assemble process was described in detail in
our previous study [26]. MoSy are composed of many thin folds in
different directions with a diameter of approximately 2-3 pm (Fig. 1a).
By changing the ZnO amount, MoS,@ZnO.x was successfully obtained
using a two-step hydrothermal method. Fig. 1b-d shows that the
morphology of ZnO grown in situ on the MoS; surface was affected by
the molar ratios of Mo and Zn. Fig. 1b shows the morphology of the
MoS>@Zn0;.; composite with crumpled and entangled nanosheets.
Only a small amount of ZnO NPs were dotted on the MoS, NFs surface,
which exhibited a small effect on the overall morphology. Fig. 1c shows
MoS>@ZnO01.4 with uniformly and densely grown ZnO NPs on the MoS,
NFs surface. With an increase in the ZnO amount, an increasing amount
of ZnO accumulated on MoS,, which eventually became a microsphere
completely wrapped with ZnO NPs (Fig. 1d). To more clearly indicate
the distribution of ZnO on the MoS; surface, Fig. 1e-g shows that MoS,
were modified with different contents of ZnO NPs (red area). Fig. 1h
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Fig. 1. Schematic illustrations of the hydrothermal synthesis procedure to obtain MoS,@ZnO;.x NCs. (a-d) SEM images of MoS;, M0S,@ZnO1.;, MoS>@ZnO1 .4,
MoS,@ZnO01 g, respectively. (e-g) TEM images of MoS>@Zn0O1.1, MoS>@Zn0.4, MoS2@ZnO01 g, respectively. (h) XRD patterns of MoS; NFs, ZnO NPs, MoS,@ZnO;.x
NCs. (i) HRTEM images of MoS,. (j) HRTEM images of MoS,@ZnO;.4 sample. (k) The lattice image of the rectangle region (MoS,) was further analyzed by the back
and forth FFT. (1) The lattice image of the rectangle region (MoS>@ZnO;.4) was further analyzed by the back and forth FFT.

shows the XRD patterns of MoS; NFs, ZnO NPs, MoS,@ZnO;.; NCs,
MoS;@7Zn0;.4 NCs, and MoS;@Zn0O;.g NCs. The XRD pattern of MoS;
NFs sample is similar to that of the pristine 2H-MoS, (JCPDS card
n0.37-1492). Furthermore, ZnO diffraction peaks correspond to the
hexagonal wurtzite structure (JCPDS card no. 36-1451). The peak
strength of ZnO increased with an increase in the ZnO content on the
MoS; surface. Fig. 1i—j presents the results of the high-resolution TEM
(HRTEM) analysis. Obvious lattice lines indicated suitable crystal-
lisation and agree well with the hexagonal MoS; structure with the
spacing of 0.62nm, which corresponds to the (002) crystallographic
plane [27]. The lattice spacing of 0.25 nm is consistent with the (101)
crystallographic plane of hexagonal ZnO [28]. The HRTEM image of
MoS; (Fig. 1i) was captured for analysis by using back and forth fast
Fourier transformation (FFT) (Fig. 1k). The crystal lattice of pure MoS,
was straight, and no bending was observed. By contrast, obvious lattice
bending was observed at the interface between ZnO and MoS; (Fig. 11)
because oxygen in ZnO was incorporated into the crystal lattice of MoSy
and Mo atoms were oxidised along the edge planes of MoS; crystals [29].
In these twisty areas, local electronic properties changed observably
compared with electronic properties in the undistorted regions, possibly
affecting the CT efficiency and amplifying molecular polarisation,
eventually leading to an increase in SERS signals.

3.2. SERS activity of MoS2@Zn0y:x

To confirm this conjecture, MB was used to examine the SERS ac-
tivity of the pure MoS; and MoS,@ZnO;.x samples. These samples
showed considerably large differences in SERS sensitivity. In Fig. 2a, the
common seven characteristic peaks of MB (1073 M), 448, 501, 770,
1156, 1303, 1397, and 1626 cm ™}, are marked. The strongest peak at

1626 cm™! is assigned to the ring stretching of C—C, the peaks at 448
and 501 cm ™! may originate from the skeletal deformation of C—N—C,
the peaks at 770 and 1156 cm ™! correspond to the in-plane bending of
C—H, the peak at 1303cm™! can be assigned to the in-plane ring
deformation of C—H, and the peak at 1397 cm ™" is attributed to the
symmetrical stretching of C—N [30]. To clearly show the change in the
intensity with respect to ZnO concentrations, the SERS intensity of 1397
and 1626 cm™! was plotted (Fig. 2b). The SERS intensity initially
increased with an increasing concentration of ZnO, reaching a maximum
for MoS2@Zn01.4 and then showed a decreasing trend. To scientifically
compare the SERS performance of these samples, EF values were
calculated. The EF was roughly estimated using the following equation
[31,17]:EF=(Isgrs/IRaman) (NRaman/NsERs)

where Iggrs and Iraman are the integrated of the SERS and Raman
scattering spectra, respectively, for MB with and without SERS substrate
under the same test condition (Fig. 2c); Nggrs and Nraman are the
numbers of the MB molecules probed with and without substrate ma-
terials, respectively. The EF was estimated by assuming that a MB
monolayer film sufficiently covered the substrate surface. The detailed
calculation process is shown in Supporting Information. For
MoS2@ZnO1 .4, the EF can reach as high as 1.13 x 10° when evaluated as
the band of 1626 cm ™!, and to the best of our knowledge, this EF is
better than the EF of the reported semiconductor nanomaterials [32,33].
Furthermore, even with MoS,;@Zn0;.; and MoS;@ZnO0;.g, the EFs can
reach 5.28 x 10° and 7.08 x 10°, respectively. These results further
revealed that the SERS activity of MoS,@ZnO;.x samples is comparable
to or better than that of noble metals. Fig. 2b shows that the EF trend is
consistent with the Raman intensity. Even small amounts of oxygen
induced a substantial change in the SERS performance of these samples.
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Fig. 2. (a) SERS spectra of MB absorbed on MoS,, ZnO and MoS,@ZnO;.x samples. (b) A plot of the SERS intensity of the 1397 and 1626 em ™! versus MoS, and
MoS,@Zn0,.x samples, and the EF values of different samples. (c) SERS spectra of MB (10~3 M) absorbed on MoS,@ZnO, .4 substrate (red line) and MB alcohol
solution (blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

3.3. Analysis of SERS mechanism

The EF of traditional semiconductor substrates is usually in the range
of 101—103, which is considerably lower than that of MoS,@ZnO1.4
(10%). Thus, an in-depth mechanism study must be performed. The XPS
analysis was conducted to further demonstrate the bidirectional action
of oxygen. Fig. 3a shows the survey spectrum of MoS; and MoS2@ZnO;.
%> all elements of which can be easily indexed. The spectrum recorded
before recombination exhibits photoelectron signals attributable to the
photoemission peaks of Mo 3ds,s, Mo 3ds/2, S 2p1,2, and S 2ps3/2
appearing at 231.2, 228.1, 162.7, and 161.5 eV, respectively. When ZnO
successfully recombined with MoS,, the peaks of O 1s, Zn 2p; /5, and Zn
2ps,2 appeared with the binding energies of 1044.0, 1021.0, and
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531.8 eV, respectively. The peak intensity of these three peaks showed
an increasing trend with an increase in the ZnO content [34]. Fig. 3b
presents the wide and asymmetric XPS peak of O 1s of MoS>@ZnO1 .4,
the peak at 530.68 eV is assigned to the oxygen in the lattice (Zn-O and
Mo-0), which is caused by oxidation that resulted in O~ in ZnO com-
bined with Mo** to form Mo-O bonds. The peak at the binding energy of
531.4 eV is caused by O?~ ions present in oxygen vacancy areas in ZnO.
The centred peak at 532.0eV corresponds to surface OH™ groups,
adsorbed or dissociated oxygen on the surface of MoS; and ZnO [35].
The percentage of defect oxygen calculated was 24.7 %. Thus, the
contribution of defect oxygen (oxygen-vacant ZnO) to the CT degree was
10.6 % (detailed calculation is presented in Supporting Information)
[36]. Fig. 3c shows the XPS spectra of Mo for the MoS,@ZnOs.1,

MoS:@Zn01:s

Mo

Intensity (a.u.)

I I I I

MoS:@ZnO1:1

736 234 232 230 288

Binding energy (eV)

240 238

Fig. 3. XPS for (a) Survey spectrum (MoS, and MoS,@ZnO; .x); (b) The XPS spectra of O-1 s of MoS>@ZnO;.4. (c)The XPS spectra of Mo 3d of MoS,@ZnO; x.
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MoS>@Zn0j.4, and MoS,@Zn0;.g samples. For MoS,@Zn01.1, two Mo
3ds,2 and Mo 3ds/5 of Mo** signals appeared at the binding energy of
229.2 and 232.2eV, other two weak shoulder peaks at 232.6 and
235.6 eV can correspond to Mo®?, and only a small portion of Mo** was
oxidised to Mo®" during the reaction [16]. According to the peak areas,
the concentration of Mo®" in MoS2@7ZnO1.4 considerably increased. In
addition, the electronegativity of oxygen was stronger than that of
sulphur, which indicated that oxidation increased mutual repulsion
between adjacent layers. This repulsion caused a large increase in the
spacing between the adjacent layers of MoS,, which ultimately led to Mo
peak broadening. However, when the ZnO concentration was consid-
erably high, the resultant ZnO tended to self-nucleate and grow into
independent ZnO particles. These ZnO particles were wrapped on the
MoS; surface, so that most Mo*" can oxidise to Mo®", which eventually
resulted the low concentration of Mo*".

The XPS results indicated that when the non-oxide semiconductor
(MoS3) combined with oxide semiconductor (ZnO), the oxygen ions in
the ZnO doped into MoS;, under the action of external energy (thermal
energy, light energy), while oxygen vacancies generated in ZnO simul-
taneously. To investigate the contribution of MoS;@Zn0;.4 to oxygen
vacancies, Fig. 4a presents the photoluminescence (PL) spectra of pure
ZnO and MoS>@Zn0;.4. The deep level emission (DLE) of ZnO was
caused by an electronic transition from defect-associated trap states,
such as oxygen vacancies [ [37]]. The DLE peak intensity of
MoS2@7ZnO1.4 was stronger than that of ZnO, which indicated that after
combination, MoS; generated more oxygen vacancies in ZnO. The ox-
ygen vacancies caused by combining with MoS; generated new energy
levels under the conduction band as an electron trap, which inhibited
photoexcited charge recombination induced by photo excitation [38].
This phenomenon played an irreplaceable role in facilitating efficient CT
processes between semiconductor materials and the matching energy
levels of the adsorbed MB molecules, resulting in the further enhance-
ment of SERS signals.

To understand the effect of oxygen ions on MoS,, both the pure MoS,
and oxygen-doped MoS, systems were investigated through first-
principle density functional theory (DFT) simulation (Fig. 4b, c)
(simulation details are provided in Supporting Information). The final
simulation results confirmed that the incorporation of oxygen in MoS,
NFs can lead to a narrow bandgap and improve intrinsic conductivity,
which is in strong agreement with the study of Zheng [17]. The bandgap
reduction can be ascribed to the enhanced hybridisation of the p-orbital
of S and p-orbital of Mo when incorporating oxygen. Compared with the
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MoS; exhibited obviously downward orientation, which made transition
energy form VB to lowest unoccupied molecular orbital (LUMO) to be
closer to excitation laser energy; thus, a stronger CT resonance was
achieved for oxygen-incorporated MoS;. The CT contribution of
oxygen-incorporated MoS; was 32.4 % (Supporting Information). In
addition, the UV-vis and UPS spectra were used to measure the actual
band structure of ZnO, MoS,, and MoS;@ZnO heterostructures (Fig. S2
and S3, Supporting Information). According to the measurements and
calculation results, Fig. 4d presents the charge transfer mechanism.

Although CT resonance is vital for higher Raman enhancement on
oxygen vacancies in oxygen-vacant ZnO and oxygen-incorporated MoSa,
other factors in this system also make irreplaceable contributions. The
sulphur atoms of MoS, are present on the surface, and the polarity of
polar-covalent Mo-S bonds is vertical to MoS; surface; therefore,
interface dipole-dipole coupling might simultaneously occur with
charge transfer, which could induce effective Raman enhancement [39,
40].

The last factor to consider is the specific surface area. The larger is
the specific surface area, the more are the probe molecules adsorbed,
which ultimately leads to stronger Raman signals. The BET specific area
and pore volume of these samples were investigated through nitrogen
adsorption—desorption isotherms. Fig. 4e-h shows N, gas adsorp-
tion—desorption isotherms for the samples, and the insets represent pore
volume distribution curves. The BET surface area of pure MoS,,
MoS,@Zn01.1, MoS,@Zn01.4, and MoS,@Zn01.g obtained from iso-
therms was 3.795, 8.676, 14.785, and 8.030 m?> g’l, respectively. The
BET specific surface areas of composites tended to be larger initially and
then to decrease because when the ZnO load was low, ZnO NPs were
randomly distributed on MoSy NF folds, resulting in higher roughness
(the specific surface area of the composite samples was higher than that
of pure MoSy) and an increased specific area from 3.795 to 8.676 m2 g~ *.
MoS>@Zn0.4 resulted in the highest specific area, which can be
attributed to the layered structure that provided an appropriate surface
for dispersion of ZnO NP dispersion, thereby providing more reaction
sites for MB adsorption. However, when ZnO NPs were overloaded, they
were converged and coated on the MoS;, surface. All the synthesised
MoS>@Zn0;.g samples were micro-spherical with a diameter approxi-
mately 3 pm, which reduced the composite roughness; thus, the specific
surface area decreased. The design and synthesis of MoSo@ZnO1.4 with
both oxygen vacancies and incorporations is highly conducive to the
adsorption of probe molecules.

To verify the effect of oxygen bidirectional action on improving the

valence band (VB) position of pure MoS, partially oxygen-incorporated SERS activity of non-oxide semiconductor-oxide semiconductor
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Fig. 4. (a) The PL spectra of ZnO and MoS,@ZnO1.4; The calculated band structures of (b) pristine MoS, and (c) oxygen-incorporated MoS,; (d)Schematic diagram of
the enhancement mechanism; N, adsorption-desorption isotherms and the pore size distribution (the inset) of (e) MoS,, (f) M0oS.@ZnO;.1, (g§) M0oS>@ZnO1 .4,

(h) MoS,@ZnO;.g.



Y. Quan et al.

composite materials, several spectra were investigated under the same
conditions for another crucial wide bandgap non-oxide semiconductor
of ZnS material. Fig. 5a presents the XRD characteristics of the
MoS,@ZnS sample for the molar ratio of Mo (MoS5) and Zn (ZnS) was
1:4; no impurity peaks appeared and these diffraction peaks were
assigned to 2H-MoS, (JCPDS No.37-1492) and sphalerite ZnS (JCPDS
No0.05-0566). The morphology of MoS,@ZnS is similar to that of
MoS2@7ZnO, both of which are NPs attached on NFs (Fig. 5b and c).
MoS;@ZnS exhibits the BET specific surface area of 15.6 m?/ g, which is
considerably close to that of MoS>;@Zn0;.4 (14.785 mz/g) (Fig. 5d).
Therefore, the effect of the specific surface area on the enhanced Raman
signal can be ignored. Moreover, the XPS spectrum of MoS,@ZnS
(Fig. 5e and f) indicated an absence of O 1S and M06+, which further
confirmed that the oxygen bidirectional strategy did not influence the
SERS activity of MoS,@ZnS. Fig. 5g shows the comparison of SERS
spectra between MB collected on MoS;@Zn01.4 and MoS;@ZnS. For the
MoS;@ZnS samples, the average SERS intensity at approximately
1626 cm s substantially lower than that for MoS>@Zn0;.4. The EF for
MoS,@ZnS can reach as high as 3.97 x 10*. By contrast, the estimated
EF value of MoS>@ZnO;.4 is hundred times larger than that of the
MoS;@ZnS sample. This finding further confirmed the extremely vital
contribution of oxygen in enhancing the SERS performance of composite
semiconductors.

MB is often used as a fungicide and an antidote in the aquaculture.
However, studies have shown that MB is highly toxic, teratogenic,
carcinogenic, and mutagenic. Due to its extensive use and abuse, MB has
caused some toxicity and side effects in aquaculture animals [41].
Therefore, the trace detection of MB molecules is crucial. Fig. 6a pre-
sents the concentration-dependent SERS spectra of MoS;/Zn0;.4 of MB
(1073210712 M). With the gradual dilution of the MB solution, the in-
tensity of the main characteristic Raman peak decreased. Although the
concentration of the MB solution decreased to 10~12 M, the Raman peak
at 1626 cm~! was visible (inset of Fig. 6a), which indicated that the
detection limit can reach 10™'2 M. This result is substantially lower than
the concentration of 0.4 mg/kg (1.07 x 10°° M) set by the EU as a
disinfectant. To the best of our knowledge, the SERS performance of the
MoS2/Zn0;.4 sample is significantly superior to that of most previous
semiconductor SERS substrates (Fig. 6b) [42-47] and to the comparison
sample (MoS.@ZnS) (Fig. 5h). Fig. 6¢ shows the linear correlation be-
tween the SERS intensity of the MoS,@ZnO1.4 system and MB concen-
tration. The calibrated linear regression equation at 1626 cm ™! can be
described as log(I7626) = (528 + 22) logCyp + (6165 + 172), and for this

—
=
-

® MoS:
* ZnS

Intensity (a.u.)

20 (degree)
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regression model, the squared correlation coefficient (R?) is as high as
0.9696, which can provide a reliable basis for the determination of MB
residue in both qualitative and quantitative analyses.

In actual applications, in addition to the SERS activity, the stability
and uniformity of substrates are problems that must be considered.
Almost no change was observed in the SERS spectra of substrate mate-
rials at different storage times (0-3 month) (Fig. 6d). This result indi-
cated that the MoS,@ZnOs .4 substrate presents extremely high stability.
Fig. 6e presents a 3D waterfall plotted using the SERS signals from 20
random positions on the MoS,@ZnO1.4 substrate. The estimated relative
standard deviation for the 1626 cm™! peak was 11.3 % (Fig. 6f). Our
results showed that the substrate presents good uniformity. The
outstanding sensitivity, excellent reproducibility, and remarkable uni-
formity further demonstrated the practical use of MoS2@ZnO;.4
substrates.

4. Conclusion

We proposed an effective strategy for the first time: oxygen bidi-
rectional strategy, to greatly ameliorate the defects of semiconductors to
be used as SERS substrates. During the recombination of the oxide
semiconductor (ZnO) and non-oxide semiconductor (MoSy), a part of
oxygen escapes from ZnO into MoS; as an active centre, which results in
the simultaneous oxygen vacancies and oxygen incorporation phenom-
enon. The MoS,;@Zn01.4 substrate exhibited a remarkable SERS sensi-
tivity with an EF of 1.13 x 10° and a considerably LOD of 10~'2 M for
the MB molecules, which is higher than that of the most semiconductor
SERS substrates and is comparable to that of traditional noble metals.
The unique oxidation-assisted strategy not only offers crucial method for
the realisation of semiconductor substrate with a high SERS activity but
also provides an avenue for wide applications of semiconductor SERS
such as food safety, chemical analysis, bioscience, material science, and
biological imaging.
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MoS,@ZnS. (g) SERS spectra of MB (1.0 x 103 M) on the MoS,/Zn01.4 and MoS,/ZnS samples. (h) The corresponding Raman intensity variations at 1626 cm™ with

different concentrations of MB on two substrates.



Y. Quan et al. Sensors and Actuators: B. Chemical 327 (2021) 128903
(a) (b) (C) @ 1626 cm! .
non-plasmonic
3z L 107 M Tanetal, 2006 3 | 28 22)0gur165172)
: o i 3 R*=0.9696
= Seiadoned liC: 2x105M Singh et al., 2017 &
nanofibers b
Q Nb20s 10°M Shan et al., 2017 -
2 MoOs.x nanobelts 10'M Wuetal, 2017 =
2 MNPs-MoS:@Au 10°M Laietal, 2019 <+
,E ZnO@Au nanorods 10°M Xu et al., 2019 .E
Mo02/GO 10°M Chen et al., 2019
7 - -
600 800 1000 1200 1400 1600 1800 MoSH @200 _— Thiserk S ".ﬂ T e
Raman Shift (cm™) Concentration (M)
(C) o O) ® RDS=11.3%
v ~ ~
= A = = i
3 month -3 i
< z > |
3) 2 month 3’ Q E!
o= ] i
‘@ <] = i
= s < I i
5 1 month 8 = i 3 i
- = i i fi
= = L= i i 1
= Lo i3 i 1
0 month x§§ I E}
r i L R
1000 200 T200 T600 1800 300 & o e 1234567891011121314151617181920

Raman Shift (cm™)

0
Raman Shift/cm-

Random Spot
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