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ABSTRACT: Pesticides, extensively used in agriculture production, have received 

enormous attention because of their potential threats to the environment and human 

health. Hence, in this study, a kind of high sensitive and stable hybrid SERS-active 

substrates constructed with flower-like two-dimensional molybdenum sulfide and Ag 

(MoS2@Ag) has been developed, and then the above substrate was sequentially utilized 

in the recyclable detection of pesticide residues on several kinds of fruits and vegetables. 

In the first place, the excellent photocatalytic performance of the MoS2@Ag hybrid 

substrate was demonstrated, which was attributed to the inhibition of electron-hole 

combination after the formation of Schottky barrier between Ag NPs and MoS2 matrix. 

Thereafter, two calibration curves with ultra-low limits of detection (LOD) as 6.4 × 10-

7 and 9.8 × 10-7 mg/mL were established for the standard solutions of thiram 

(tetramethylthiuramdisulfide, TMTD) and methyl parathion (MP), and then the 

recyclable assay of their single and mixed residues on eggplant, Chinese cabbage, grape, 

and strawberry were successfully realized, respectively. It is interesting to note that the 

detection recoveries from 95.5% to 63.1% for TMTD and 92.3% to 62.6% for MP are 

greatly dependent on the size and surface roughness of these foods. In a word，the 

MoS2@Ag composite matrix shows attractive SERS and photocatalysis performance, 

and it is expected to have the potential application on food safety monitoring. 

KEYWORDS: flower-like MoS2@Ag hybrid, SERS, photocatalysis, recyclable 

detection, pesticide residues 
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1. Introduction 

Pesticides have been excessively used in nearly all kinds of vegetables and fruits to 

protect them against the harm from diseases, pests, and weeds. To be honest, the 

utilization of pesticides in agriculture has greatly improved the farm productivity as 

well as the quality of crops.1 Nevertheless, the overusing of various pesticides at 

different stages of the crops has brought in severe residues on them, consequently 

inducing unavoidable hazard to ecological system and human health.2 On the other hand, 

different kinds of vegetables and fruits maintain diverse sizes and surface roughnesses, 

which challenges the practical inspection of pesticide residues on them a lot. Therefore, 

it is imperative to develop a simple, rapid, efficient and reliable strategy with multi-

component detection ability that can accurately in-situ monitor the mixed pesticide 

residues on daily foods. 

To achieve the aforementioned purposes, plenty of laboratory analytical methods 

have been applied to detect and analyze pesticide residues on foods, including gas 

chromatography mass spectroscopy (GC-MS),3 liquid chroma-tography mass 

spectroscopy (LC-MS),4 high performance liquid chromatography (HPLC),5 

fluorescence spectroscopy,6 and immunoassays.7 Nevertheless, these methods present 

several disadvantages, including complicated sample treatment and time consuming, 

which hinder their wide use in the practical application. Thus, from the view point of 

making it easier and faster to monitor pesticide residues on food, it is desirable to 

develop alternative schemes, which are more suitable for accurate detection of multi-

molecules with appreciated sensitivity, selectivity and efficiency. Among the reported 
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methods, surface-enhanced Raman scattering (SERS) has been considered as one of the 

most promising strategies, which possesses unique fingerprint spectrum, nondestructive 

data acquisition, and ultra-high sensitivity of even single molecule level.8-10 And 

particularly, attributed to its narrow spectral linewidth, multiplexed in-situ testing can 

be easily realized in SERS detection. Therefore, SERS technique has been extensively 

used in the assay of various pesticide residues on vegetables and fruits. 

It is generally acknowledged that the high sensitivity of SERS technology mainly 

depends on the choice of SERS-active materials as well as their unique structure, 

therefore, in the past decades, extensive researches have been performed on noble metal 

nanoparticles (Ag or Au NPs) with different structures to obtain high-active SERS 

substrates.11 However, the reproducibility of noble metal NPs with prominent property 

is strongly dependent on the reliability of the chemical preparation process, which is 

usually a little poor and severely restricts their wide applications. So as to obtain much 

more facile and efficient synthesis method, some physical deposition strategies have 

been developed, such as magnetron sputtering.12 The superior of this method lies in the 

fact that not only its preparation process is simple, but also it maintains high 

repeatability, by which the size and density of noble metal nanomaterials can be 

accurately controlled through adjusting the sputtering time and power. Besides the 

exploitation of more powerful physical technology, the construction of self-cleaning 

composite substrates through introducing semiconductor materials with photocatalytic 

activity is another novel alternative strategy to achieve the reusing of noble metal 

nanomaterials.13-15 At the same time, it is still urgent to demonstrate multifunctional 

Page 4 of 55

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 5 

nanocomposites, which can not only sensitively monitor but also efficiently degrade 

the environmental pollutions.14 For these reasons, many research efforts have been 

recently focused on the preparation of recyclable SERS substrates. 

MoS2, a layered transition metal dichalcogenides, has gained an increasing level of 

attention for inexpensive price, good stability, and potential catalytic properties.16-18 

Nevertheless, the difficulty in separating the photo-generated electron-hole pairs in 

MoS2 leads to low photocatalytic efficiency, preventing its broad applications.19  With 

the aim to retard the recombination of electron-hole pairs for promoting the 

photocatalytic efficiency, one of the most effective methods is to introduce extra 

trapping center for the excited electrons through utilizing noble metal NPs. For example, 

compared with bare MoS2, Ag NPs modified MoS2 nanoflakes exhibited a higher 

hydrogen gas evolution attributed to the “pool” role of Ag NPs to gather photo excited-

electrons and suppress their recombination.19 Similarly, Cr NPs have also been 

anchored onto the surface of MoS2 nanosheets together with Ag as trapping sites by a 

solution-based method to enhance the photocatalytic hydrogen evolution performance 

of MoS2 nanosheets alone.20 The introduction of noble metal here can not only improve 

the photocatalytic efficiency of MoS2, but also induce a variety of nanocomposites to 

be used as SERS substrates with ultra-high sensitivity. For instance, a novel MoS2@Au 

nanocomposite has been proposed by a spontaneous redox reaction induced by the 

MoS2 matrix itself without the addition of reducing agent and a limit of detection (LOD) 

as low as 1.0 × 10–6 M was revealed.16 Another Ag-MoS2 nanohybrid prepared by 

photochemical reduction of femtosecond laser pulses has exhibited a SERS 
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enhancement factor (EF) of 1.32 × 107 with a LOD low to 1.0 × 10-11 M.18 Such EF of 

SERS has been further improved to 1.2 × 108 by a plasmonic 3D MoS2-NS@Ag-NP 

nanostructure prepared through an interfacial self-assembly technology together with a 

seeded growth strategy, and as a result, the LOD of 10 ppb for trace thiram in apple 

juice and local lake water was realized.21 Moreover, the LOD of Rhodamine 6G was 

even extended to 1.0 × 10-12 and 1.0 × 10-14 M by utilizing Au NPs decorated MoS2 

nanoflowers and AuNPs/GO@MoS2/AuNPs nanostructures, respectively.22-23 At this 

stage, it is worth to mention that the dominant contributions of MoS2 in the above SERS 

substrate can be ascribed to its three distinctive characters. Firstly, the high specific 

surface area of MoS2 nanosheets offer abundant anchoring sites for noble metal NPs, 

which subsequently support the enrichment of molecules during the SERS detection. 

Secondly, MoS2 can isolate highly active noble metal NPs from air, preventing them 

from getting oxidized, and consequently the hybrid substrate can be preserved for a 

long time. Finally, the as-obtained MoS2 usually maintains irregular shape with large 

amount of corrugated and creviced regions, when noble metal NPs were densely 

attached onto these regions, substantial SERS “hot spots” could emerge on the substrate. 

However, it should be noted that there have been very limited applications of their 

photocatalytic activity in these practical SERS detections. In particular, to our 

knowledge, there is nearly no systematically investigation about the dependence of 

SERS activity and photocatalytic efficiency on the amount of decorated Ag NPs on 

MoS2 matrix. And these innovative multifunctional and reusable SERS platforms have 
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rarely been applied for in-situ recyclable detection of pesticides on fruits and vegetables 

with diverse sizes and surface roughnesses. 

Herein, a hybrid semiconductor-noble metal substrate with admirable SERS activity 

and photocatalytic efficiency was prepared by magnetron sputtering Ag NPs onto 

hydrothermal synthesized flower-like MoS2 nanomaterials. And the recyclable SERS-

based monitoring scheme of multicomponent pesticide residues on several kinds of 

fruits and vegetables with different sizes and surface roughnesses was developed 

sequentially. Firstly, the coverage amount of Ag NPs on the surface of MoS2 matrix 

was adjusted by changing sputtering time and power, and the influence of Ag coating 

on their SERS performance and photocatalytic activity was studied systematically. 

Secondly, the flower-like MoS2@Ag substrate with the optimal properties was utilized 

in the recyclable SERS-based detection of thiram (tetramethylthiuramdisulfide, TMTD) 

and MP (methyl parathion) in their standard solutions, respectively. And especially, 

two corresponding linear dose-response curves with wide detection ranges from 1.0 × 

10-1 to 1.0 × 10-6 and from 1.0 × 10-1 to 2.5 × 10-6 mg/mL were successfully established. 

Then, the trace TMTD and MP residues on eggplant, Chinese cabbage, grape, and 

strawberry were examined by the as-obtained recyclable SERS-active substrate based 

on the above two linear dose-response curves. The detection recoveries ranged from 

95.5% to 63.1% for TMTD and 92.3% to 62.6% for MP, respectively. Finally, the 

multicomponent detection ability of the hybrid substrate was demonstrated by 

monitoring the TMTD and MP with different mixed concentration ratios. All in all, this 

work presents a quantitative and highly sensitive recyclable SERS-based detection of 
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trace pesticide residues in real samples, facilitated by the multifunctional flower-like 

MoS2@Ag hybrid substrate, and it is expected to be able to provide a low-cost and high 

efficient approach for future application on food safety monitoring. 

2. Experimental 

2.1 Materials 

Sodium molybdate dihydrate (Na2MoO4·2H2O, 99%), thioacetamide (C2H5NS, 99%), 

and TMTD (C6H12N2S4, 97%) were purchased from Macklin Biochemical Co., Ltd. 

Tungstosilicic acid hydrate (H4Si[W3O10)4]·xH2O), methanol solution of MP (1 

mg/mL), and 4-mercaptobenzoic acid (4MBA, 90%) were obtained from Aladdin 

Biochemical Technology Co., Ltd. Sodium hydroxide (NaOH), methanol (CH3OH), 

and ethanol (CH3CH2OH, ≥99.7%) were purchased from Sinopharm Chemical Reagent 

Co., Ltd. Milli-Q water (18.2 MΩ·cm) was used in the preparation of samples. All 

chemicals used in this work were of analytic purity and used without further purification. 

2.2 Preparation of Flower-Like MoS2@Ag Hybrid Substrate 

The flower-like MoS2 matrix was synthesized by a facile hydrothermal method.24 3 

mmol of Na2MoO4·2H2O, 9 mmol of CH3CSNH2, and 2.8 mmol of 

H4Si[W3O10)4]•xH2O were mixed in 50 mL of deionized water under violent stirring. 

After the reaction reagents were dissolved well, a moderate amount of NaOH aqueous 

solution (1 M) were used to adjust the pH value of the above solution to 7.6. Then, the 

precursor solution was added into a hydrothermal autoclave, which was sealed and kept 

at 220 °C for 24 h. After it was cooled, and the resulted samples were filtered off and 
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subsequently cleaned with NaOH solutions, absolute ethanol, and deionized water. 

Finally, the purified products were dried under vacuum condition at 60 °C for 6 h. 

In the preparation of MoS2@Ag hybrid substrate, 10 mg of MoS2 powder was 

dissolved in 1 mL of purified water to form homogeneous solution. Then, 20 μL of the 

above solution was dropped onto clean silicon wafers and dried naturally in air. After 

that, Ag NPs were coated onto the as-prepared MoS2 matrix by sputtering an Ag target 

(99.99%) in a radio-frequency magnetron sputtering system, which operated at 0.3 Pa 

with the working power of 50 W in an ambient of Ar. The sputtering time was tuned 

from 60, 80, 100, 120 to 140 s, respectively. After sputtering deposition, the obtained 

Ag-decorated MoS2 substrate was finally stored under vacuum condition for further test. 

2.3 Detection of 4MBA, TMTD, and MP by the Flower-Like MoS2@Ag Hybrid 

Substrate 

4MBA was chosen as the Raman model probe to test the feasibility of flower-like 

MoS2@Ag hybrid substrate, which was then used to detect the standard solutions of 

TMTD and MP molecules. In brief, 20 μL of 4MBA, TMTD, and MP solutions with 

different concentrations were carefully dropped onto the obtained substrate, and then 

the SERS spectra were measured after the substrates were naturally evaporated at room 

temperature for 2 h to ensure the binding of pesticide molecules. 

2.4 Detection of Pesticide Residues on Foods 

The fruits and vegetables including eggplant, Chinese cabbage, grape, and strawberry 

were washed with deionized water carefully. Then, 20 μL mixture solutions of the 
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TMTD and MP molecules with various concentration ratios were dropped onto the 

peels of the above vegetables and fruits and evaporated naturally at room temperature. 

After the TMTD and MP molecules from the pretreated peels were extracted by 

utilizing ethanol and methanol solutions, the SERS-active substrate was applied to 

slowly and carefully swab the surfaces of the peels. Finally, the SERS substrate was 

placed at room temperature for more than 2 h to ensure the binding of pesticide 

molecules for following SERS analysis. 

2.5 Photocatalysis and Recyclable SERS-Based Detection 

After the linking of 4MBA or pesticide residues onto the as-obtained flower-like 

MoS2@Ag substrate, a SERS-based direct detection of 4MBA or pesticide residues was 

carried out, and all SERS spectra were recorded by averaging five measurement data. 

After that, the substrate was illuminated by an ultraviolet light (365 nm, 50 W) for a 

certain time to realize the photocatalytic degradation of 4MBA or pesticide molecules. 

During this period, the degradation of the molecules was monitored by measuring the 

corresponding SERS spectra every 20 min until the Raman signals are undetectable. 

Thereafter, the substrate was washed for several times with deionzied water and reused 

for the second detection and photocatalysis of the molecules. The above cyclical 

detection and photocatalysis were repeated until the LOD of the target molecules was 

reached as illustrated in Scheme 1. 

2.6 Characterizations. 

The morphologies of the samples were examined by using a field emission scanning 

electron microscope (FESEM, SU-70, Hitachi). Transmission electron microscopy 
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(TEM) and high-resolution TEM images, selective area electron diffraction (SAED) 

pattern, and energy-dispersive X-ray analysis (EDAX) were obtained from an electron 

microscope (Tecnai G2 F20, FEI) to characterize the structure, crystal phase, and 

component of the samples. The crystalline structure of the products could also be 

investigated by an X-ray power diffractometer (D8 ADVANCE, Bruker,). The 

deposition of Ag NPs on the MoS2 matrix was carried out by a magnetron sputtering 

device (TA13-XD) at a pressure of 0.3 Pa and a power of 50 W. The absorption spectra 

of the sample during the photocatalysis process were recorded using the ultraviolet-

visible (UV-vis) spectrometer (TU-1901, Pgeneral). X-ray photoelectron spectroscopy 

(XPS) was measured using an Al Ka X-ray source with an operating power of 150 W. 

SERS data were acquired with a Raman spectrometer equipped with a microscope with 

a 50 × objective lens (QE Pro, Ocean Optics) at the excitation wavelength of 532 nm. 

The laser power at the sample position was about 17 mW and the accumulation time 

was 10 s. The photocatalysis of the molecules on the sample was conducted by using a 

365-nm LED UV light with 50 W output powder (HY-UV365-P). 

3 Results and discussion 

3.1 Characterization of the MoS2 Matrix 

In literatures, MoS2 nanomaterials with high yield are usually synthesized by 

hydrothermal method without using harmful gases and extremely high reaction 

temperature.16,22,24 The resulted samples can be well dispersed in solutions and stably 

exist in atmospheric environments without surfactants or oxidation treatment. And 
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particularly, the morphology of MoS2 can be well adjusted by easily tuning the reaction 

parameters. Herein, such a facile hydrothermal method was also used to fabricate the 

MoS2 matrix. Although a long washing period was required, there is in fact no strong 

surfactants on the samples. Only NaOH solutions, absolute ethanol, and deionized 

water were utilized without using any special hazardous washing reagents, resulting in 

a green synthetic process. As depicted in Figure 1a, MoS2 nanostructures with flower-

like morphologies were successfully synthesized in a high yield. The distribution of the 

diameter is in the range of 445 to 735 nm. The magnified SEM image of one typical 

MoS2 nanoflower is shown in Figure 1b, and as it can be seen that MoS2 nanoflower is 

composed of numerous nano-petals with the thickness of 1 to 1.5 nm, for which the 

thickness variations are ascribed to the MoS2 layer number difference, and these nano-

petals self-assemble into the 3D nanostructures.22 EDS of MoS2 is shown in Figure S1, 

the quantification of the yellow stripe shows that the atomic ratio of S to Mo is about 

2.12, which is basically consistent with the stoichiometric of MoS2. Meanwhile, this 

hierarchical nanoflowers create relative large surface areas for later Ag modification. 

The TEM image in Figure 1c further presents the composed nanosheets of the MoS2 

nanoflowers, which are ultra-thin with several sharp edges. The crystal structure of 

MoS2 was then studied by HRTEM image and SAED pattern. The inter-layer spacing 

of 0.611 nm can be clearly observed as illustrated in Figure 1d, which is consistent with 

the (002) plane of hexagonal MoS2. And two diffraction rings in Figure 1e can be 

identified and assigned to the (103) and (110) planes of MoS2, respectively. 

3.2 Characterization of the Flower-Like MoS2@Ag Hybrid Substrate 
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Morphologies of flower-like MoS2@Ag hybrid substrates synthesized with different 

Ag sputtering times were characterized by SEM and the typical images are shown in 

Figure 2. When the sputtering time was initially set to 60 s, a relatively sparse layer of 

Ag NPs can be found on the nanoflowers, and the sheet structure of MoS2 could still be 

clearly observed as shown in Figure 2a, b. With the further increase of the sputtering 

time from 80 to 100 s, the MoS2 matrix was gradually covered by more and more Ag 

NPs until a uniform thin coating layer formed as presented in Figure 2c-f. Afterwards, 

it can be seen from Figure 2g, h that there is nearly no exposed surface of MoS2 when 

the sputtering time was extended to 120 s. However, the characteristic 3D hierarchical 

structures still maintains. Finally, when the sputtering time reached 140 s, a plethora of 

deposited Ag NPs assembled with each other, resulting in a large amount of 

aggregations and an irregular surface architecture. Based on the above experimental 

trace, it is clear that the sputtering time of Ag is a key factor that affects the morphology 

of the composite substrate. Other than that, the EDS was measured to confirm the 

composition of elements and their relative contents in the typical flower-like MoS2@Ag 

substrate prepared with the sputtering time of 100 s. As illustrated in Figure S2a, with 

the exception of the original Mo, S element, the appearance of Ag peaks gives clear 

evidence of the successful modification of Ag layer on MoS2. After that, the phase 

purity and crystal structure of the bare MoS2 and MoS2@Ag hybrid substrates were 

systematically explored by using the XRD analysis. As it is shown in Figure S2b, all 

peaks of MoS2 can be indexed into (002), (100), (103), and (110) planes of hexagonal 

phase (JCPDS 37-1492) without residues or impurity phases, indicating the complete 
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sulfuration of MoO4
2−. And after the magnetron sputtering, characteristic peaks from 

the (111) and (200) planes of cubic face centered Ag appear in XRD pattern and their 

intensities continually climbs, indicating the enrichment of Ag content with the 

extension of sputtering time. Besides, the featured XRD peaks of MoS2 in the hybrid 

substrate are similar to those of the bare MoS2, which suggests that the modification of 

the Ag NPs have no influence on their crystalline structure. 

TEM, HRTEM, SAED, and EDX elemental mapping was then utilized to discern the 

structure and crystal phase of the hybrid substrate as illustrated in Figure 3. It is clearly 

identified from Figure 3a that the MoS2 matrix presents a well-layered structure, and 

Ag NPs can be found to adhere at the edge of the nanosheets, confirming the formation 

of MoS2@Ag hybrid structure. Then, the HRTEM images in Figure 3b, c detect several 

selected regions of MoS2 and Ag, and they reveal that the interplanar spacing of 

approximately 0.234 and 0.611 nm, which corresponds to the (111) plane of Ag and 

(002) plane of MoS2, respectively. Moreover, it can be concluded from the SAED 

pattern of the matrix (Figure 3d) that except the initial diffraction rings of MoS2, the 

single crystalline structure of the deposited Ag NPs could be identified by the bright 

diffraction pots, which can be assigned to the allowed (111) and (200) reflections, 

respectively. In addition, EDX elemental mapping analyses (Figure 3e) illustrate the 

distribution of Mo, S, and Ag elements in the substrate, further revealing its hybrid 

structure and the uniform deposition of Ag NPs on the MoS2 matrix. To further 

qualitatively and quantitatively reveal the chemical states of each element in the 

MoS2@Ag substrate, the XPS characterizations were carried out as shown in Figure 4. 
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All of the element spectra were calibrated by a carbon 1 s peak (284.7 eV). The survey 

spectrum of MoS2@Ag composites as depicted in Figure 4a demonstrates the presence 

of Mo, S, and Ag elements. Two well-defined peaks at 367.5 and 373.5 eV in the 

spectrum of Ag 3d with high resolution are attributed to Ag 3d5/2 and Ag 3d3/2 which 

derived from the sputtered Ag NPs (Figure 4b). Meanwhile, in the fine spectrum of Mo 

3d (Figure 4c), two peaks at 228.2 and 231.3 eV can be assigned to Mo 3d5/2 and Mo 

3d3/2, which suggest the IV oxidation state of Mo is dominant in the MoS2 matrix. 

Besides, the peak at 225.6 eV is attributed to S 2s, and the peak at 235.6 eV is due to 

Mo-O bond caused by the oxidation of the MoS2 surface.25-26 Additionally, in the high-

resolution S 2p spectrum (Figure 4d), it can be seen that there are two peaks of S 2p1/2 

at 162.0 eV and S 2p3/2 at 161.1 eV, which can be assigned to the S2-. In brief, the above 

characterizations confirm the final obtaining of the MoS2@Ag hybrid substrate, which 

could be utilized in the following practical SERS-based detections. 

3.3 SERS Property and Photocatalytic Activity of the Flower-Like MoS2@Ag 

Hybrid Substrate 

Attributed to the fact that it can easily chemisorb on the surface of noble metal NPs 

through Ag (Au)–S bonds, 4MBA has been extensively exploited as a model molecule 

to realize reproducible output of SERS signals.27 Therefore, 4MBA was also used in 

this work to investigate the SERS performance of the samples. The averaged SERS 

spectra of 4MBA molecules from the bare MoS2 matrix and various MoS2@Ag hybrid 

substrates prepared with diverse sputtering times of Ag NPs are compared in Figure 5a. 

The almost negligible characteristic peaks of 4MBA at 1078 and 1587 cm-1 from the 
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bare MoS2 matrix are gradually triggered after the decoration of more and more Ag 

NPs. Such a boosting trend of the SERS intensity towards deposition amount of Ag 

NPs is more directly shown by presenting the average intensities of peak at 1587 cm-1 

in Figure 5b. As it is known that size, density and aggregation degree of Ag NPs all 

play critical roles in obtaining high SERS activity. Considering the situation in our 

experiment, attributed to the rough surfaces with relative high area ratio of the 

hierarchical MoS2 matrix, the significant aggregation of Ag NPs with appropriate 

interparticle spacing could form and be maintained on the matrix, which benefits the 

formation of the electromagnetic “hot spots”. Additionally, the enrichment of Ag NPs 

on the surface of MoS2 nanoflowers further raise the total number of effective 4MBA 

molecules on the noble metal, which will contribute to the overall Raman signal 

intensity.28-31 

The SERS enhancement ability of the prepared flower-like MoS2@Ag matrix was 

evaluated using the Raman EF, which is calculated by the following equations: EF= 

(ISERS/IRaman) × (NRaman/NSERS), where ISERS and IRaman are the integrated intensity of 

SERS peaks at 1587 cm−1 of 4MBA on the hybrid matrix and that of the 4MBA powder 

on the glass substrate, respectively. NRaman and NSERS represent the molecule amounts 

of 4MBA bare powder and 4MBA molecules absorbed on the hybrid substrate within 

the illuminated area, respectively. In order to calculate NRaman, the diameter of focus 

laser spot as 1.18 μm was calculated by applying the equation Ddiamter = (λ/NA) × 1.22, 

where λ is 532 nm and the value of the numerical aperture (NA) is 0.55. And the 

penetration depth of the focused beam into the 4MBA powder was estimated as 3.52 
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μm by the equation Ddepth = 2λ/NA2, resulting a volume of 1.28 μm3. Considering the 

density and molecular weight of molecule power as 1.5 g·cm-3 and 154.19 g·mol-1, 

NRaman was calculated as 7.5 × 109. NSERS was calculated by the equation: NSERS = NA 

× A/δ, where NA is Avogadro constant, A refers to the effective area of 4MBA 

molecules in the laser spot and its value is 0.55 μm2. And the area of molecules per 

mole in a monolayer exhibits a δ of 2.0 × 10-9 cm2·mol−1.32 Therefore, the value of NSERS 

was calculated to be 1.66 × 106. At the same time, the values of ISERS and IRaman were 

recorded to be 9.9 × 105 and 3.9 × 103 according to integral area of SERS spectrum of 

4MBA molecules absorbed on the SERS-active matrix and the Raman spectrum of 

4MBA power (Figure S3). Eventually, EF value was obtained to be 1.1 × 106. 

Besides the attractive SERS properties, the flower-like MoS2@Ag hybrid substrate 

also possesses photocatalytic ability owing to the presence of MoS2, which provides 

great opportunities for the realizing of recyclable SERS-based detection. In order to 

evaluate the photocatalytic activity of the substrates with different coating amounts of 

Ag NPs and explore the superior one, the photocatalytic degradation experiment were 

carried out on a series of substrates with 4MBA decoration. The SERS spectra versus 

time for these MoS2@Ag hybrid substrates under UV light are illustrated in Figure 6a 

and Figure S4a-d. Obviously, a temporal drift of the 4MBA SERS signal can be 

visualized. The SERS signals from the MoS2@Ag substrates synthesized with 

sputtering time of 60, 80, and 100 s become completely undetectable when the catalytic 

time extends to 125 min. On the contrary, noticeable SERS intensities still can be 

observed even when the UV irradiation reaches 130 min, manifesting the significant 

Page 17 of 55

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 18 

residue of 4MBA on the substrates synthesized with longer sputtering times of 120 and 

140 s. Henceforth, to further compare the degradation efficiency of the various hybrid 

substrates more directly, the SERS peak located at 1587 cm−1 was chose as a signature, 

and the corresponding time-dependent ratios of I/I0 based on the above samples are 

shown in Figure 6b, where I0 is the initial SERS intensity and I is the intensity after UV 

irradiation. It is evident that the substrate prepared with the sputtering time of 100 s 

shows the largest degradation slope, indicating its astonishing photocatalytic activity. 

However, as it also can be observed in Figure 6b that if UV irradiation was not 

performed, there is nearly no degradation of 4MBA. In addition, control experiment of 

irradiating 4MBA molecules in the absence of MoS2@Ag substrate was also conducted. 

Although slight photothermal degradation of 4MBA was observed, it was almost 

negligible compared with that induced by photocatalysis. At this point, it is evidence 

that MoS2 in the hybrid substrates play a critical role in achieving photocatalysis. 

Subsequently, in order to further reveal the crucial role of Ag NPs in enhancing the 

photocatalytic efficiency, Raman signal of 4MBA from bare MoS2 matrix was also 

recorded. Unfortunately, without electromagnetic enhancement, the Raman signal is too 

weak to show the photocatalytic process obviously in the absence of Ag NPs. In this 

regard, the traditional liquid phase photocatalytic strategy was used as an alternative 

method to compare the photocatalytic efficiency of the bare MoS2 matrix and that 

modified by Ag NPs. The as-prepared sample was carefully immersed into a small 

beaker containing 1 mM 4MBA solutions, a portion of which under UV irradiation was 

taken every 20 min to measure their UV-vis absorption spectra until no apparent 
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characteristic band of 4MBA at 273 nm was observed as represented in Figure 6c and 

S5. After 125 min of UV irradiation, the degradation rate of 4MBA by the MoS2 matrix 

approaches to 96.3%, and the required degradation time of 4MBA by 96.9% adsorbed 

on the MoS2@Ag hybrid substrate with sputtering time of 100 s decreased to 90 min, 

which is nearly 1.3 times shorter than bare MoS2 matrix. These findings verify that the 

hybrid substrate maintains the significantly enhanced photocatalytic activity toward 

degradation of 4MBA. In the meanwhile, the corresponding time-dependent ratios of 

C/C0 based on the different substrate of MoS2 and MoS2@Ag are shown in Figure 6d, 

where C0 is the initial absorption intensity and C is the intensity after UV irradiation. 

From the absorption intensity degradation curve, it can be known that the hybrid 

substrate has better catalytic efficiency. Furthermore, in order to understand the 

mechanism for such improvement, a possible catalytic procedure is elucidated in 

Scheme 1. When the samples were exposed under photo-irradiation with appropriate 

photon energy, a large number of electrons (e-) from the valence band of MoS2 can be 

excited to the conduction band and leave holes (h+) in valence band. These highly active 

electrons will be captured by the oxygen adsorbed on the surface of the nanocomposites 

and produce super oxide radicals (•O2
-). Meanwhile, the interactions between the 

corresponding holes and the surface H2O will produce hydroxyl (•OH-). The detailed 

reaction process and the corresponding equations are illustrated below. With strong 

oxidant ability, these groups of •O2
- and •OH- can directly oxidize the target organic 

molecules.14,33-34 

(1) hv ＋ MoS2 →MoS2 ( h
＋＋ e

－
); 
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(2) e
－

 ＋ H2O2 → OH
－
 ＋ •OH

－
; 

(3) e
－
 ＋ O2 → •O2

－
; 

(4) h
＋
 ＋ •OH

－
 → •OH

－＋H
＋

. 

However, in the intrinsic semiconductors including MoS2, it is always difficult to 

separate the photo-generated electron-hole pairs effectively, resulting in low 

photocatalytic efficiency. In this regard, various semiconductors have been combined 

with noble metals to improve the practical performance of the former ones, and the 

proposed mechanisms of the enhancement of charge separations or photocatalytic 

efficiency are summarized in Table 1. The main reasons include the generation of “hot 

electrons” induced by plasma, the formation of Schottky barrier between noble metal 

and semiconductor, the good conductivity of noble metal or graphene etc. In this work, 

owing the band structures of Ag and MoS2, the existence of Schottky barrier was also 

proposed to elucidate the mechanism of the better photocatalytic performance. It is 

known to all that work function is defined as the distance between vacuum level and 

Femi level as shown in the Figure S6a. Based on the previous experimental data, the 

work function of the modified Ag NPs dominated by (111) crystal plane is known as 

4.74 eV 40 and those of MoS2 range from 4.2 to 4.6 eV.41 When the MoS2 matrix with 

lower work function contact with the Ag NPs, Schottky barriers (the bending up of 

surface energy level in semiconductor) will form between them to reach the balance of 

Femi level, which facilitates the transfer of electrons from the semiconductor to the 

metal as shown in Figure S6b.42 As a consequence, the modified Ag NPs, serving as 

acceptors of electrons, will effectively reduce the recombination of the photo-generated 
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electron-hole pairs. Nevertheless, too many Ag NPs will become the recombination 

center of electron-hole pairs, thereby reducing the photocatalytic activity of hybrid 

substrate.43 Another possible reason for the reduction of the photocatalytic efficiency 

with more decorated Ag NPs is speculated that the formation of too thick Ag layers on 

the MoS2 matrix will prevent the efficient interaction between the semiconductor and 

the target molecules. Based on these results, the MoS2@Ag substrate synthesized with 

sputtering time of 100 s is expected to have optimum photocatalytic ability, endowing 

it great potential for practical recyclable assay. 

3.4 Investigation of Sensitivity and SERS Stability 

With the aim to conduct a practically recyclable SERS-based monitoring of trace 

pesticide residues in fruit and vegetable, sensitivity and reproducibility of the SERS 

substrate with the optimal photocatalysis property was then evaluated, which are two 

prerequisites to achieve the reliable ultrasensitive SERS detection. In the first place, the 

monitoring of 4MBA with different concentrations were performed on the flower-like 

MoS2@Ag hybrid substrate synthesized with sputtering time of 100 s and the 

corresponding SERS spectra are shown in Figure 7a. It can be observed that the Raman 

signal is accordingly diminishing when the 4MBA solution is diluted from 1.0 × 10-4 

to 1.0 × 10-10 M, and even when the concentration reaches 1.0 × 10-10 M, the Raman 

spectra still can be clearly identified. Additionally, blank control experiment was also 

conducted by collecting the spectrum from the bare substrate without Raman molecules, 

and the scarce signal indicates a negligible background interference in SERS-based 

detection. Thereafter, experimental data of the 4MBA fingerprint peak intensity at 1587 
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cm-1 and the molecule concentration were used to access the analytical relationship 

between them. As it is shown in Figure 7b, a well-defined linear relationship can be 

obtained, giving a R2 value of 0.989. Particularly, the LOD of the substrate was 

estimated to be 5.9 ×10-11 M based on three times of the signal-to-noise ratio from the 

background spectrum.44 Simultaneously, SERS mapping of the band at 1587 cm-1 from 

total 900 points on the 600 × 600 µm2 portions of the hybrid substrate was collected as 

presented in Figure 7c. A small RSD value of only 14.9% was finally obtained due to 

the slight fluctuation of these SERS signals (Figure 7d). These results evidence that the 

excellent sensitivity and comparatively good uniformity assure the flower-like 

MoS2@Ag hybrid substrate superior as a potential SERS matrix in practical 

applications. 

In fact, the aggregation of Ag NPs during storage will to some extent affects their 

practical applications and especially the repeatability of SERS signal. Up to now, it 

remains great challenge to avoid the aggregation of Ag NPs with exposed surfaces.23 

The morphology and SERS stability of the flower-like MoS2@Ag hybrid substrate were 

tested in air atmosphere at room temperature as shown in Figure 8. After being stored 

for one month, the hierarchical structure of the hybrid substrate could still be kept and 

no severe aggregation was observed as presented in Figure 8a, c. However, it is quite 

evident from magnified images that some minor Ag NPs on the substrate disappeared 

(Figure 8b, d), indicating the slight oxidization happens on the substrate. When the 

substrate was continually stored for another month, there is no further transformation 

of its structure and morphology, which may be caused by the presence of the surface 
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oxidation layer and the inert storage environment (Figure 8e, f). The corresponding 

evolution of the SERS spectrum from these aged substrates is illustrated in Figure 8g. 

It can be seen that the SERS intensity degraded significantly after one-month storing, 

and then the signal intensity remained within a range of modest variation after an 

additional month’s time. Such a trend is shown more clearly by illustrating the 

corresponding intensity of the peak at 1078 and 1587 cm-1 in Figure 8h, and based on 

the temporal structural change, it can be inferred that the first decreasing of the intensity 

may be attributed to the oxidation of the surface Ag NPs, which suppresses their SERS 

activities, and then the formation of Ag2O layer hinder the further oxidation of other 

Ag NPs, thus render the substrate promising stability.45-46 All in all, the time-dependent 

experiment displays that the morphology of the samples did not change drastically and 

the SERS intensity was stable within a certain range, even when the oxidation and 

aggregation of Ag NPs exist to some extent. In addition, some protective chemical 

species have been utilized to control the aggregation of Ag NPs and ensure their 

mechanical stability.11,47 Nevertheless, the existence of these surface species will hinder 

their following applications. In future work, we will also try to introduce protective 

surface molecules during the storage of sample and degrade them under photocatalysis 

to fully utilize the multifunctional hybrid nanostructure. 

3.5 Establishing of Calibration Curve for Recyclable SERS-based Detection 

To explore the practical applications of the flower-like MoS2@Ag hybrid substrate with 

remarkable photocatalytic and SERS properties in recyclable biochemical detection, 

two of the most commonly agricultural pesticides TMTD and MP were selected as 
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model pollutants in this study. As an extensively used fungicide, TMTD can protect 

agricultural crops from downy mildew, kenaf anthracnose, and yellow spot during the 

seedling stage.48-50 While, MP is a prototypical organophosphorus insecticide, which 

can inhibit the activity of alkali-ester in the nerve of insect pests to kill them.10,52-54 As 

shown in Figure 9a, SERS spectrum of TMTD with concentration of 1.0 × 10−1 mg/mL 

on the hybrid substrate exhibits prominent characteristic peaks at 562, 1145, 1376, and 

1508 cm−1, which can be assigned to υ(S-S), ρ(CH3) or υ(C-N), and ρ(CH3), 

respectively.49 After UV irradiation, all these characteristic peaks of TMTD were 

completely removed, which can be ascribed to the improved photocatalytic capability 

of MoS2 with the help of Ag NPs. When the same substrate after photocatalysis was 

applied in the second detection of TMTD with diluted concentration, characteristic 

peaks with decreased intensity can be detected again, indicating the reusability of the 

substrate. Such detection and photocatalytic process was continually preceded for 

TMTD by progressively reducing concentration, and it is inspiring to find that the signal 

of TMTD could be well observed even at 1.0 × 10−6 mg/mL after six cycles of reactions. 

Then, the correlation between the SERS intensity and the molecule concentration is 

linearly fitted with R2 value of 0.991 and illustrated in Figure 9b. The LOD was 

estimated to be 6.4 × 10−7 mg/mL, which is extremely lower than the minimal residue 

limit (MRL) of 7 ppm in fruit prescribed by the U.S. Environmental Protection Agency 

(EPA).9 Meanwhile, the recyclable detection of MP by using the hybrid substrate was 

also demonstrated as shown in Figure 9c. The main characteristic peaks at 1112, 1344, 

and 1588 cm-1 can be attributed to C−N stretch, C−O bend, and phenyl stretch, 
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respectively.52-53 And R2 value of 0.986 was obtained (Figure 9d). After a linear fitting 

of the SERS intensity at 1344 cm−1 toward molecule concentration, the LOD for MP 

was concluded as 9.8 × 10-7 mg/mL. The successful establishing of the calibration curve 

between the SERS intensity and the concentration of the standard molecule solution 

readily enable the following assay of pesticide residue on the peels of vegetables and 

fruits. Meanwhile, the current substrate was also compared with other reported ones for 

TMTD and MP detection as shown in Table 2. It is found that the LOD achieved here 

is not the lowest one in comparison with the other results. The possible reason for such 

vulnerable sensitivity can be probably attributed to the smaller size and less dense of 

the magnetron sputtering Ag NPs than those prepared by chemical method, which leads 

to fewer “hot spots”. In fact, density and aggregation degree of Ag NPs all play critical 

roles in obtaining high SERS activity.54 As discussed above, the enrichment of Ag NPs 

after extending the sputtering time to 120 and 140 s could indeed increase the SERS 

activity and improve the detection sensitivity. However, the photocatalytic efficiency 

of the sample modified with too many Ag NPs is relatively poor. With regard to 

obtaining both good SERS sensitivity and photocatalytic ability, the MoS2@Ag 

substrate synthesized with sputtering time of 100 s was finally chose to enable the 

following in-situ recyclable multiplexed assay of TMTD and MP on different kinds of 

fruits and vegetables with various sizes and surface roughnesses, which has not been 

investigated before to the best of our knowledge. It is also imagined that the detection 

sensitivity can be improved by tuning the morphology of MoS2 matrix or modifying Ag 
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NPs with better size and aggregation status by in-situ reducing strategy, which will be 

carried out in our next work. 

3.6 Simultaneous Recyclable Detection of Multi-Pesticides on Different Vegetables 

and Fruits 

In previous works, most of the fruits and vegetables applied for in-situ SERS-based 

monitoring are those with large size and few wrinkles on the surface.2,10,51-52 Whereas, 

owing to the wide application of pesticide in agriculture, it is of extreme importance to 

realize the ultra-sensitive assay of pesticide residues on vegetables and fruits with 

diverse sizes and surface roughnesses to ensure food safety under different conditions. 

In this regard, a series of foods including eggplant, Chinese cabbage, grape, and 

strawberry were chose as recyclable detection models by following the rules from 

relatively big size to small one and from smooth surface to rough one. Figure 10 shows 

the SERS signals of the target TMTD and MP collected on all these real samples, 

representing the evidence of the astonishing enhancement ability of the hybrid substrate. 

More specifically, the first cycle of recyclable SERS-based detection from eggplant, 

Chinese cabbage, grape, to strawberry is shown in Figure 10a, b. Then, the SERS 

intensities obtained in the above experiment were subsequently used to fit the 

calibration curve (Figure 9 b, d), and the recoveries of the calculated data to the real 

ones are illustrated in Figure 10e, f. It is interesting to find that the recovery presents a 

drift trend with the decrease of the sample size (eggplant to grape or Chinese cabbage 

to strawberry), which may due to the fact that the fitting between the rigid SERS-active 

substrate and the small sample is not as good as that between the substrate and the large 
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one. In the meanwhile, when the surface of the food becomes rougher (eggplant to 

Chinese cabbage or grape to strawberry), a significant decline of the recovery was 

observed as well, which could also be attributed to the difficulty of tightly contacting 

the SERS-active substrate to the surface of food. Besides, some target molecules even 

lies into the surface folds and cracks of the food, which further reduce the effective 

pesticide molecules collected on the substrate. In total, the detection recovery on these 

foods ranges from 95.5% to 63.1% for TMTD and 92.3% to 62.6% for MP respectively. 

Although the results for the foods with smaller size and more wrinkles were not so ideal, 

all the detection recoveries were higher than 60% and different cycle sequences resulted 

in a deviation of only 8%, which can already reveal the feasibility of the developed 

hybrid substrate for simple and fast determination of pesticide residues. A flexible 

Ag/Au NWs/PDMS film developed in our recent work presented advantage over the 

rigid ones because of their ability to conform to the curved object for the directly 

efficient extraction of target molecules.52 Thence, it may be another innovative potential 

design to combine the MoS2@Ag nanocomposites with such flexible matrix to further 

improve their application universality. Moreover, it should be pointed out that the assay 

of TMTD or MP on different foods was also conducted utilizing only one SERS-active 

substrate according to the recyclable process combined with detection and 

photocatalysis. Therefore, the obtained recovery may fluctuate under different 

recyclable sequence from eggplant to strawberry or the inverse one. Therefore, the 

measured concentration and the corresponding recoveries under the recyclable 

sequence from strawberry to eggplant were also collected (Figure 10c, d) and 
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summarized in Figure 10e, f as second cycle. It can be seen that the fluctuation of these 

data due to the recyclable sequence limits within 8% (Figure 10f), indicating the 

reliability and reproducibility of the SERS detection and photocatalysis strategy. 

From the view of protecting vegetables and fruits from various diseases and insects, 

most of the time, two or more mixed pesticide should be used during their growth 

process. However, this fact can lead to multi-pesticide residues which seriously threaten 

food safety and ecological protection. Therefore, it is of immense importance to 

quantitative detecting the mixture of TMTD and MP with different concentration ratios 

on the foods. As it is known, besides ultra-high sensitivity of even single-molecule level, 

another unique superior of SERS technology lies in its ultra-narrow spectral line width, 

which is more beneficial for multiplexed detection compared with other method. 

Therefore, the SERS-based detection of various mixed molecules have been intensively 

investigated to promote the practical application of SERS technology.14,45,53-54 In this 

work, the solutions of TMTD and MP with the same volume and different 

concentrations were mixed together and resulted in the mixed solution with various 

concentration ratios of 8:2, 6:4, 5:5, 4:6, and 2:8. And then, these mixtures were 

dropped on the surface of eggplant and evaporated before recyclable detection, 

respectively. From the collected SERS spectra presented in Figure 11a, the 

characteristic peaks of TMTD and MP, which are marked separately, can both be 

identified without any interference owing to the ultra-narrow width of the Raman peak. 

Meanwhile, it is obviously observed from Figure 11b that the characteristic peak 

intensity of TMTD at 1376 cm-1 gradually became stronger with increasing TMTD 
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concentration, while the characteristic peak intensity of MP at 1344 cm-1 progressively 

reduced along with decreasing MP concentration. It is envisioned that the simultaneous 

recyclable detection of multi-molecule can be effectively facilitated by the substrate 

with remarkable SERS and photocatalytic properties. Attributed to the relatively 

evident SERS peaks of the molecules, the mixed solution of TMTD and MP with 

concentration ratio of 8:2 was then selected to further test the multicomponent detection 

ability of the recyclable hybrid substrate on different vegetables and fruits. As 

illustrated in Figure 11 c, the characteristic peaks of TMTD and MP at 1376 and 1344 

cm-1 can both be clearly distinguished, which verifies the realization of multicomponent 

detection on different foods. In addition, attributed to its relatively large and smooth 

surface, which is good for the binding of target molecule and substrate, the eggplant 

gave out the strongest SERS signal. While, the SERS signal gradually decreased with 

the food became smaller and their surface changed to rougher. Such a trend is clearly 

presented in Figure 11d. These results evidence that the in-situ recyclable detection of 

two kinds of pesticides on fruits and vegetables was effectively demonstrated, which is 

promising from a food safety standpoint. However, it can be imagine that too many 

added pesticide residues or other impurities will interfere with each other due to the 

overlapping of their characteristic Raman peaks. Even worse, it is a great challenge to 

distinguish a target molecule with low concentration from numerous colleagues. 

Therefore, it is of extreme importance to further pave the way for practical multiplex 

detection such as design and develop other powerful substrates with higher 

electromagnetic enhancement ability. 
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4. Conclusions 

In summary, an efficient SERS-active MoS2@Ag hybrid substrate was put forward to 

realize recyclable detection of pesticide residues. Significant SERS effect and 

photocatalytic activity were simultaneously observed due to the presence of Ag layer 

on the flower-like MoS2 matrix, which could generate enough electromagnetic “hot 

spots” and act as an electron reservoir to prevent the combination of electron-hole pairs. 

The MoS2@Ag hybrid substrate synthesized with sputtering time of 100 s exhibited the 

highest photocatalytic efficiency and SERS EF of 1.1 × 106, which was then used to 

recyclable detect TMTD and MP on eggplant, Chinese cabbage, grape, and strawberry, 

respectively. Gradually declined detection recoveries from 95.5% to 63.1% for TMTD 

and 92.3% to 62.6% for MP verified the difficulty of in-situ monitoring of molecules 

on the small foods with rough surfaces and the adaptation of the developed substrate. 

Importantly, trace mixed residues with different concentration ratios on these fruits and 

vegetables could be simultaneously detected by the MoS2@Ag hybrid substrate, 

demonstrating its great potential in practical on-site monitoring and analysis of 

multicomponent pesticide residues. 
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Scheme 1. The typical fabrication process of the flower-like MoS2@Ag hybird 

matrix and their application in recyclable monitoring of pesticide residues. 
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Figure 1. (a, b) SEM, (c) TEM, (d) HRTEM and (e) SAED images of flower-like 

MoS2 matrix. 
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Figure 2. SEM images of flower-like MoS2@Ag substrates with different 

sputtering times of (a, b) 60, (c, d) 80, (e, f) 100, (g, h) 120, and (i, j) 140 s, 

respectively.  
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Figure 3. (a) TEM image, (b, c) HRTEM image, (d) SAED pattern, and (e) EDX 

elemental mapping of Mo, S, and Ag of the flower-like MoS2@Ag hybrid substrate 

synthesized with sputtering time of 100 s. 
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Figure 4. (a) XPS spectrum of the flower-like MoS2@Ag hybrid substrate 

synthesized with sputtering time of 100 s, and the corresponding high-resolution 

spectra of (b) Ag 3d, (c) Mo 3d, and (d) S 2p. 
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Figure 5. (a) SERS spectra of 4MBA (10 mM) on the pure flower-like MoS2 matrix 

and the flower-like MoS2@Ag hybrid substrates synthesized with sputtering times 

of 60, 80, 100, 120, and 140 s. (b) Comparison of average Raman intensity of the 

peak at 1587 cm-1. 
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Figure 6. (a) SERS spectra of 4MBA (10 mM) adsorbed on MoS2@Ag hybrid 

substrate synthesized with sputtering time of 100 s for different UV irradiation 

time. (b) The time-dependent ratios of I/I0 from SERS peak at 1587 cm-1 on various 

MoS2@Ag hybrid substrates with and without UV irradiation. (c) UV-vis 

absorption spectra of 4MBA (1 mM) on the substrate of MoS2 under UV 

irradiation. (d) The time-dependent ratios of C/C0 from the absorption spectra of 

the MoS2 matrix and MoS2@Ag hybrid substrate synthesized with sputtering time 

of 100 s under UV irradiation. 
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Figure 7. (a) The SERS spectra of 4MBA with the concentration from 10-4 to 10-10 

M on flower-like MoS2@Ag hybrid substrate and Raman spectrum of blank 

substrate. (b) The plot of SERS intensities at 1587 cm−1 as a function of the 

logarithm of 4MBA concentration. (c) SERS mapping (600 × 600 μm2, step size of 

20 μm) of the peak at 1587 cm−1 recorded from the flower-like MoS2@Ag hybrid 

substrate modified with 10−4 M 4MBA. (d) The corresponding intensity 

distribution of all 900 points. 
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Figure 8. SEM images of flower-like MoS2@Ag hybrid substrate: (a, b) the fresh 

one (c, d) stored in air atmosphere for one month, (e, f) stored in air atmosphere 

for two months. (g) Average SERS spectra of 4MBA (10 mM) on these substrates. 

(h) The corresponding intensity of the peak at 1078 and 1587 cm-1 from these 

substrates. 
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Figure 9. Recycle detection of (a) TMTD and (c) MP at different concentrations 

based on SERS spectra. The corresponding dose-response curves of (b) the peak 

intensity at 1376 cm-1 for TMTD and (d) the peak intensity at 1344 cm−1 for MP. 

  

Page 48 of 55

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 49 

 

Figure 10. Recyclable SERS-based detection on eggplant (denoted as 1), Chinese 

cabbage (2), grape (3), and strawberry (4): first cycle for (a) TMTD and (b) MP, 

second cycle for (c) TMTD and (d) MP. The corresponding recovery rates for the 

detection of (e) TMTD and (f) MP.  
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Figure 11. (a) Recyclable SERS-based detection of mixed MP and TMTD with 

different concentration ratios of A 8:2, B 6:4, C 5:5, D 4:6, and E 2:8 on eggplant. 

(c) Recyclable SERS-based detection of mixed MP and TMTD with the same 

concentration on F eggplant, G Chinese cabbage, H grape, and I strawberry. (b, d) 

The histogram of average SERS intensity of the peak at 1376 and 1344 cm-1 

according to (a, c). 
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Table 1 Summary of typical recyclable SERS substrates composed of different 

semiconductor and plasmonic NPs. 

Substrate The mechanism of charge 

separations 

Targets and LOD Ref. 

Au-ZnO nanorods Au-semiconductor interface 

allows for an efficient separation 

of charges. 

Methylene blue; 

10-12 M 

13 

Ag-coated 

Fe3O4@TiO2 

microspheres 

Ag nanoparticles act as electron 

scavengers and can effectively 

suppress the electron-hole 

recombination. 

Methylene blue; - 35 

TiO2-based spherical 

resonator 

UV light induces the formation 

of e-/h+ pairs in anatase TiO2 

supported by ozone. 

Methylene blue; - 33 

GO/Ag/TiO2 nanotube 

array (NTA) 

1. The photogenerated 

electrons facilely transfer 

from the conduction band of 

TiO2 NTA to Ag NPs 

through Schottky barriers. 

2. Both Ag NPs and GO serve 

as acceptors of the 

photogenerated electrons 

from TiO2 NTA. 

Methylene blue 

and bisphenol A; 

10-9 and 5 ×10-7 M 

36 

Ag nanoparticle-

decorated TiO2 

nanorod arrays 

1. Deposited Ag NPs would act 

as traps to capture photo-

induced electrons and holes. 

2. The plasmon-induced 

photoexcited electrons can 

move into the conduction 

band of TiO2. 

Rhodamine 6G; 

10-7 M 

14 
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Ag nanorods@HfO2 

shell 
The thermal release of adsorbed 

molecules and regeneration of 

substrate through annealing. 

Methylene blue 

and crystal violet; 

- 

37 

3D chestnut-like 

Ag/WO3-x 

nanostructures 

The high electron conductivity 

of the Ag NPs helps to improve 

the photogenerated electron/hole 

separation. 

Malachite green 

and thiram; 0.29 

pM and 0.32 nM 

38 

Ag-decorated g-C3N4 

nanosheets 
The photo-excited electrons 

could transfer from g-C3N4 to 

the surface of the Ag NPs 

through a quasi-fermi level after 

their contact. 

Crystal violet and 

rhodamine B; - 
39 

Magnetic sphere-

MoS2@Au hybrid 

1. H2O2 as an electron acceptor 

was added to suppress the 

fast electron-hole 

recombination. 

2. Under light irradiation, the 

surface plasmon resonance 

of AuNPs could generate 

hot-electrons, which were 

transferred to MoS2. 

3. Decoration of AuNPs also 

enhanced the adsorption to 

visible light. 

Crystal violet, 

malachite green, 

and methylene 

blue; 1 pM, 0.15 

nM, and 1 nM 

34 

MoS2@Ag hybrid 

nanoflower 

The transfer of electrons from 

the conduction band of MoS2 to 

Ag due to the formation of 

Schottky barrier and the trapping 

of excited electrons in Ag could 

effectively accelerate charge 

separation and prevent the 

combination of electron-hole 

pairs. 

4-

mercaptobenzoic 

acid, thiram, and 

methyl parathion; 

10-10 M, 6.4 × 10-7 

and 9.8 × 10-7 

mg/mL 

This 

work 
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Note: Symbol “-” denotes no data of LOD. 
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Table 2 Summary of detection pesticides, substrates, and LOD.  

Pesticides Substrate LOD Ref. 

TMTD Triangular silver nanoplates 90 ng/g 48 

TMTD PMMA/Ag NPs/graphene 0.24 ppm 49 

TMTD AuNPs/PVC film 10 ng/cm2 50 

MP Floriated Ag nanoplates 1 μg/mL 10 

MP Bipyramid gold NPs 31.6 ng/cm2 51 

MP Ag/Au NWs/PDMS film 10−6 and 10-5 mg/mL 52 

TMTD and MP Ag-NC@PE composite film 10 nM 53 

TMTD and MP “Paste and peel off” Au NPs 0.24 and 2.6 ng/cm2 46 

TMTD and MP MoS2@Ag nanoflower 1.3 × 10-6 and 1.8 × 10-6 

mg/mL 

This 

work 
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