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Analytical science has always been calling for simple, fast and ultra-sensitive methods to sense molecules of interest. Surface-Enhanced Raman Spectroscopy (SERS) has drawn much attention as a convenient tool for molecular fingerprint characterization. In addition to sample preparation, the key point of sensitive SERS detection is the preparation of highly reproducible and sensitive SERS substrates. In this paper, 2D gold nanoclusters are grown on surfaces of glass slips using an in-situ cyclic growth method in aqueous solutions to prepare high-quality SERS substrates, whose surface morphology can be effectively modulated by adjusting a few parameters during preparation. Substrates prepared with optimized parameters exhibit high SERS activity, uniform response, and good batch-to-batch reproducibility. Due to their strong absorption in the near-infrared range, the substrates can be combined with a portable Raman spectrometer with 785 nm excitation wavelength to detect traces of dibenzyl disulfide (DBDS), a major source of corrosive sulfur in mineral insulating oil. A detection limit lower than 1 mg/L can be achieved with the aid of a simple sample pretreatment method, representing a promising on-site insulating oil analysis method for electric power industry.
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INTRODUCTION
Surface-enhanced Raman scattering, usually 6–14 orders of magnitude stronger than spontaneous Raman scattering, is mainly caused by the localized surface plasmon resonance absorption arising from the interaction between the excitation light and the induced electromagnetic field near the surfaces of noble metal nanostructures. In the past few decades, the SERS technique has been applied in a wide variety of fields as an attractive tool for label-free and separation-free detection of target molecules in complex systems, and it is well accepted that high-quality substrates are essential for the success of such applications. Metal nanoparticles (NPs), either in the form of suspensions or anchored to solid materials, represent one of the most important types of SERS substrates today. The electromagnetic field above the substrate is uneven, and the distribution of its intensity relies heavily on the surface morphology, with an exceptionally high electromagnetic field intensity in close proximity to the tips of and gaps between noble metal NPs. These special areas, namely SERS hot spots [1], are far superior to other areas of the substrate in generating enhancement. SERS hot spots can be either generated in solution phase through aggregation of metal NPs, or constructed above solid substrates by arranging metal NPs in two-dimensional or three-dimensional space through physical or chemical means. In order to attain an immense enhancement effect, the analyte molecules must be brought close enough to SERS hot spots. Compared with solid SERS substrates, it is generally more challenging to capture the analytes at hot spots and guarantee the reproducibility of detection results with liquid SERS reagents, since the aggregation and dispersion of NPs in colloidal suspensions are usually difficult to be brought under control.
At present, preparation methods of solid SERS substrates mainly focus on organizing plasmonic nanostructures into ordered two-dimensional (sometimes three-dimensional) arrays, and can be divided into two main categories, i.e., top-down and bottom-up methods. Top-down methods involve fabrication of nanostructures using various lithographic techniques, such as electron-beam lithography, nanoimprint lithography and nanosphere lithography, which make it possible to precisely control the surface geometry and achieve uniform distribution of hot spots on the substrate surface. Although reproducible SERS substrates can be rapidly prepared [2], the top-down methods actually require sophisticated and expensive instruments as well as complicated preparation processes. Due to the limitation of the template size, the prepared substrates may fail to present sufficient enhancement [3]. So far, wide application of highly sensitive commercial SERS substrates prepared in batches by top-down methods has not been realized.
Self-assembly of NPs is widely used in bottom-up methods to prepare two-dimensional SERS substrates. The self-assembly of NPs at the interface of two immiscible fluids is one of the most attractive methods. Generally, NPs can be spontaneously adsorbed to the interface in order to minimize the free energy, thereby forming close-packed 2D nanoclusters [4, 5]. These structures can be directly used as a two-dimensional SERS substrate. For example, the self-assembly of gold nanorods at the oil-water interface can simultaneously and quantitatively detect water-soluble rhodamine 6G and organic molecules with low nanomolar concentrations, such as oleic acid. Such 2D nanoclusters can also be transferred to a solid-phase interface, such as the surface of a polymer film, and used as a flexible SERS substrate [6–8]. The bottom-up methods can also rely on electrostatic interactions, the van der Waals force or the stronger chemical bonding force to construct two-dimensional nanoclusters on dense surfaces. However, these methods are limited not only by the mismatch between the size of NPs and the ability to connect bifunctional molecules [9–11], but also by the presence of surface charges on NPs. As a result, it is generally difficult to form a continuous and dense self-assembly layer of noble metal nanoclusters on the surface of a solid substrate, and effective SERS detection is hampered by a reduced sensitivity [12, 13].
In this paper, we proposed an in-situ growth approach for the preparation of 2D gold nanoclusters with high-density nanogaps on the surface of flat glass slips, where 5 nm gold NPs were used as gold seeds. The gold NPs were anchored to the glass surface, and then underwent immersion in different growth solutions. The selection of basic parameters such as the composition and amount of the growth solution, soaking time and soaking sequence proved very important for the modulation of substrate surface morphology and SERS detection performance. With optimized parameters, batch preparation of highly reproducible SERS substrates can be achieved. Finally, the glass-surface-based SERS device was applied in the detection of dibenzyl disulfide (DBDS), a major source of corrosive sulfide in insulating oil, by using a regular portable Raman spectrometer.
EXPERIMENTAL SECTION
Chemicals and Materials. Chloroauric acid trihydrate (HAuCl4·3H2O), trisodium citrate (C6H5Na3O7, 99%), 3-aminopropyl trimethoxysiloxane (3-APTMS, C6H17NO3Si, 97%), Sodium borohydride (NaBH4, 99%), hydroxylamine hydrochloride (NH2OHHCl, 99%), 4-mercaptobenzoic acid (4-MBA, C7H6O2S, analytical grade), N-Methylpyrrolidone (C5H9NO, analytical grade) and dibenzyl disulfide (DBDS, C14H14S2, 99%) were purchased from Aladdin Biotechnology Co., Ltd. (Shanghai, China). All of the above-mentioned chemicals were of analytical grade and used without further purification unless otherwise noted. Insulating oil (KI25X) was purchased from KunLun Lubricant (Beijing, China). Milli-Q water with a resistivity of 18.2 MΩ·cm was used throughout the experiments. Glassware was soaked with aqua regia and cleaned before use.
Synthesis of Gold Seeds and its Fixation on the Glass Surface. 50 ml deionized water was added to a 150 ml round bottom flask, then 500 µL 1% wt chloroauric acid solution was added with constant stirring. 1.5 ml 11.4 mg/ml trisodium citrate solution was then added as a protective agent. Finally, 500 µL 0.8 mg/ml sodium borohydride solution was added, and the solution was stirred continuously for 2 h to obtain the wine red solution containing the required nano gold seeds. A 10 × 20 mm glass slip was cleaned and then immersed in 0.1% wt APTMS solution for dozens of minutes before taken out to dry with nitrogen. APTMS can couple a large number of amino groups to the glass surface, so that the nano-gold seeds can be fixed to the glass slip through the affinity interaction between NH2 and gold. The glass slip was then immersed in the nano-gold seeds solution and hung vertically for 10 h before taken out to dry with nitrogen.
In-situ growth of 2D Gold Nanoclusters on Glass Surface. The aforementioned pretreated glass slip was placed in a 5 ml Eppendorf microcentrifuge tube, and 3 ml deionized water was added to just immerse the entire slip. 40 μL 0.2% wt HAuCl4 and 20 μL 0.04 mol/L hydroxylamine hydrochloride solution were subsequently added to make the growth solution needed for a single growth cycle [14]. The microcentrifuge tube was then put in a constant temperature mixer to shake at 1,500 rpm for 15 min, before it was taken out and washed with deionized water at the end of the first growth cycle. Generally, it takes five such growth cycles to form a good 2D gold nanoclusters substrate on glass surface.
Preparation of DBDS Samples. The 1,000 mg/L DBDS stock solution was prepared by dissolving 10 mg standard powder in 10 ml ethanol. DBDS standard solutions of different concentrations (10, 50, 100, 500 mg/L) were prepared by serial dilution of the stock solution with ethanol. The spiked DBDS samples were prepared following similar procedures, with the solvent being insulating oil (KI25X) instead of ethanol.
RESULTS AND DISCUSSION
Synthesis and Characterization of Gold Seeds. The nano-gold seeds must be sufficiently small in size so as to meet the need of subsequent solid-phase growth. The minuscule gold seeds not only ensure the uniformity of adsorption on the glass surface in the initial step, but also make the controllable epitaxial growth of gold seeds possible [15]. In the process of gold seeds synthesis, besides sodium borohydride that served as a reducing agent [16], trisodium citrate was added as a protective agent to make the gold seeds stable. Furthermore, the 2-h reaction time ensures complete consumption of excess sodium borohydride, so that the subsequent fixation can be achieved without further purification [17], thus effectively simplifying the preparation process. The transmission electron microscopy (TEM, JEM-2100, JEOL) images of the gold seeds are shown in Supplementary Figure S1. It can be seen from the TEM images that the gold seeds have a relatively uniform particle size around 5 nm.
Optimization of Soaking Time of Glass Slips in APTMS. At room temperature, the glass slips can be simply soaked in the APTMS solution to complete surface adsorption. APTMS was selected as the linker between gold NPs and glass surface for the following reasons: First, the adsorbed APTMS can contribute a large number of amino groups, so that the affinity interaction between NH2 and gold NPs allows successful fixation of gold seeds; second, Raman signals of APTMS molecules are notably weak in the spectral range of interest and will not interfere with the spectra of other surface substances; third, the APTMS-modified layer on the surface of the glass slip is optically transparent in the visible and near-infrared range and won’t affect focusing of the excitation laser. The only factor affecting the adsorption rate of APTMS on the glass surface is soaking time. To optimize the soaking time, both the gold seeds assembly time (10 h) and number of growth cycles (five times) were kept unchanged. The morphologies of two-dimensional nanoclusters prepared with soaking time of 10, 20, 30 and 60 min were obtained by scanning electron microscopy (SEM, Zeiss SIGMA, Zeiss). As shown in Supplementary Figure S2, no obvious change in morphology was observed except that the particle spacing in Supplementary Figure S2A is larger. Therefore, the soaking time of glass slips in APTMS was chosen to be 20 min, since a further increase in soaking time has little impact on the morphology of nanoclusters.
Optimization of the Number of Growth Cycles. The number of growth cycles was varied between three and nine, while other conditions were fixed during the in-situ growth of 2D gold nanoclusters. As the number of growth cycles increases, the nanoclusters get closer to each other. As shown in Figure 1, the 2D nanoclusters basically formed a dense monolayer on the surface of the glass slip after five growth cycles, while no obvious change in morphology was found with two additional cycles. A further increase to nine growth cycles lead to excessive growth of nanoclusters on the glass surface and a significant change in morphology was observed. Therefore, five growth cycles were the best choice taking into account both substrate quality and preparation time.
[image: Figure 1]FIGURE 1 | SEM images of the 2D gold nanoclusters on glass slips obtained by merely adjusting the number of growth cycles to (A) 3 cycles (B) 5 cycles (C) 7 cycles and (D) 9 cycles.
Optimization of the Surface Morphology of Substrates. Although the 2D gold nanoclusters on glass slips were obtained through the aforementioned optimization process, where the density of nanoclusters could be conveniently controlled by adjusting a few parameters, the size of NPs can also play a crucial role in producing substrates with high enhancement factors. In order to optimize the size of NPs, it is necessary to determine the most appropriate amount of growth solution, and the number of growth cycles may need to be adjusted accordingly. After some preliminary attempts based on the above cyclic growth method, it was found that an increase in the amount of growth solution helps form gold nanoclusters of larger sizes, which is generally beneficial for generating greater SERS enhancement. If 40 μL 0.2% wt chloroauric acid solution and 20 μL 0.04 mol/L hydroxylamine hydrochloride solution are defined as a basic unit of growth solution amount, represented by a circled number ①, then an increased amount of growth solution can be represented by a larger circled number. For example, the symbol ② represents 80 μL 0.2% wt chloroauric acid solution and 40 μL 0.04 mol/L hydroxylamine hydrochloride solution, while the symbol ④ stands for 160 μL 0.2% wt chloroauric acid solution and 80 μL 0.04 mol/L hydroxylamine hydrochloride solution. To simplify the optimization procedure, the amount of growth solution in the first cycle was increased to ④, ⑥ and ⑧ in different trials, while a constant amount of ② was used for the remaining four growth cycles in each trial. The obtained substrates exhibited excessive growth morphologies rather than the ideal morphology of single-layer 2D nanoclusters, as shown in Supplementary Figure S3. It was also found that an even higher initial amount of growth solution, i. e., ⑩ in the first cycle, makes the particle size nonuniform and the morphology difficult to control.
To meet the requirements of both large particle size and good uniformity, the amount of growth solution in the first cycle was selected to be ⑥ or ⑧, and a constant amount of ② was used for all remaining growth cycles in each trial. Meanwhile, the total number of cycles was properly reduced to avoid excessive growth of NPs, as shown in Figure 2. It can be seen in Figure 2D, where a four-cycle sequence of ⑧②②② was applied, that the particle size is uniform and substantially larger compared with substrates obtained before surface morphology optimization. With the soaking time in APTMS and subsequently in gold seeds solution unchanged, the density of gold seeds fixed to the glass slip surface will not change either. The larger the size of nanoparticles obtained by epitaxial growth, the smaller the spacing between particles and the better the enhancement effect, on condition that no excessive growth of nanoparticles occurs. More importantly, the nano gaps in Figure 2D are dense and evenly distributed. Additionally, the morphology of this optimized substrate exhibits good batch-to-batch reproducibility, as shown in Supplementary Figure S4.
[image: Figure 2]FIGURE 2 | SEM images of substrates obtained by adjusting the number of growth cycles and the amount of growth solution to (A) three growth cycles: ⑥②② (B) four growth cycles: ⑥②②② (C) three growth cycles: ⑧②② (D) four growth cycles: ⑧②②② and (E) SPR reflection characterization of the above substrates.
Optical Properties of Different SERS Substrates. The performance of SERS detection relies heavily on substrates’ optical properties such as surface plasmon resonance (SPR) reflection and the uniformity of SERS signal intensity. As shown in Figure 2E, the glass slips hardly absorb in the visible range. However, once the 2D gold nanoclusters form on their surfaces, the SPR reflection from 400 to 800 nm shows peaks similar to absorption. With greater amounts of growth solution and more growth cycles, the intensity of SPR is significantly enhanced. It can also be seen that in addition to the SPR reflection of individual gold NPs, there is an obvious coupling SPR reflection between gold nanoclusters above 600 nm. Therefore, 785 nm semiconductor near-infrared laser can be used as the excitation light source of SERS for practical on-site detection.
In order to characterize the uniformity of SERS signals across the 2D substrate, 4-MBA was selected as the reporter molecule. 40.8 mg 4-MBA was dissolved in ethanol and diluted to 100 ml to prepare a 1 × 10–3 mol/L stock solution, which was further diluted using deionized water to make a 1 × 10–6 mol/L 4-MBA standard solution. SERS substrates were prepared following the same procedure as the one shown in Figure 2D. Substrates were immersed in the above-mentioned 4-MBA standard solution for 30 min and then taken out for measurements. SERS measurements were performed by using a confocal micro-Raman spectrometer (DXR3, Thermo Fisher) with 5 mW of 632.8 nm radiation from a Helium-Neon laser. The 20 × objective lens of the spectrometer was used to scan an area of 300 × 150 μm2, with an exposure of 5 s and a spectral range of 400–1800 cm−1. Each spectrum was an average of results from three repeated measurements. SERS mapping images were drawn based on the SERS intensity of the characteristic peak at 1,080 cm−1 shown in Figure 3A, and the enhancement effect of the substrate is relatively uniform except for a few odd values, as shown in Figure 3B.
[image: Figure 3]FIGURE 3 | (A) SERS spectrum of 4-MBA and (B) SERS mapping image of the optimized substrate based on the SERS intensity of the 1,080 cm−1 peak of 4-MBA.
In order to explore the possibility of applying the above-mentioned substrates in SERS detection with a portable Raman spectrometer, SERS signals of 4-MBA were registered with substrates prepared by two, three and four growth cycles, respectively. For substrates preparation, the amount of growth solution was selected to be ⑧ in the first growth cycle and ② for all remaining growth cycles. SERS measurements were performed by using a portable Raman spectrometer (SEED3000, OCEANHOOD) with 200 mW of 785 nm radiation. The exposure was set as 1 s and the spectral range was 400–1800 cm−1. Each spectrum was an average of results from two repeated measurements. Stronger SERS signals of 4-MBA were registered as the number of growth cycles increased, as shown in Supplementary Figure S5, due to a smaller spacing and thus enhanced coupling between nano particle clusters. It can be seen that the cyclic epitaxial growth can effectively regulate the enhancement effect of the substrate, and more importantly, the wet-chemistry based method allows substrates to be prepared in batches.
SERS Detection of DBDS in ethanol and in Insulating Oil. Standard solutions of DBDS were obtained by dissolving DBDS in ethanol. Before SERS measurements, 1 μL of standard solution was dripped onto the surface of the substrate using a micropipette. After evaporation of the solvent, SERS measurements were carried out with the above-mentioned portable Raman spectrometer by focusing the excitation laser on the thin layer of remnants. SERS spectra of DBDS standard solutions of different concentrations (10, 50, 100, 500, 1,000 mg/L) obtained in this manner were shown in Figure 4A. By comparison with the intrinsic Raman spectrum of DBDS in Figure 4C, which was obtained through direct measurements of DBDS powder, the peak at 996 cm−1 was identified as a characteristic peak of DBDS. This peak is clearly discernible in all three spectra in Figure 4A, with its intensity dependent on the original concentrations of DBDS solutions, as shown in Figure 4B.
[image: Figure 4]FIGURE 4 | (A) SERS spectra of DBDS standard solutions of different concentrations (10, 50, 100, 500, 1,000 mg/L DBDS in ethanol) (B) The working curve (C) The intrinsic Raman spectrum of DBDS obtained through direct measurements of DBDS powder and (D) The SERS spectrum of the DBDS solution obtained by extracting 3 ml 1 mg/L DBDS in insulating oil with 300 µL 3-methylpyrrolidone.
DBDS has been identified as a major source of corrosive sulfur in mineral insulating oil widely used in power industry. DBDS may do harm to paper insulation commonly used in high-voltage power equipment and cause reduction in key insulation properties. Standard detection methods of DBDS in insulating oil rely on lab-based analytical instruments such as gas chromatograph, ion chromatograph and mass spectrometer. In order to explore whether SERS method is applicable to the detection of DBDS in insulating oil, 1 mg/L DBDS sample was prepared and 3 ml such sample was mixed well with 300 µL 3-methylpyrrolidone in a 5 ml Eppendorf microcentrifuge tube. After standing for 15 min, the bottom layer was taken out and dripped onto the substrate for SERS detection using the aforementioned portable Raman spectrometer. As shown in Figure 4D, the characteristic peak of DBDS at 996 cm−1 was clearly discernible, suggesting a detection limit lower than 1 mg/L when combined with the above-mentioned pretreatment method. In the latest version of IEC 60296, an international standard issued by the International Electrotechnical Commission, the concentration of DBDS in mineral insulating oil is required to be less than 5 mg/kg, a limit that is obviously higher than 1 mg/L since the density of mineral insulating oil used in the experiment is around 0.9 kg/L at room temperature.
CONCLUSION
In this paper, tiny gold seeds were uniformly modified on the surfaces of glass slips, and the gap plasmon coupling of two-dimensional planar gold nanoclusters was controllably adjusted via epitaxial growth. A multiple cyclic growth procedure was designed to ensure the reproducibility and thus enable batch preparation of SERS substrates. Wet chemical synthesis was adopted throughout the preparation process, making the method simple and cost-effective. Substrates prepared by this method exhibit high SERS activity and uniform SERS response. When combined with simple sample pretreatment such as liquid-liquid extraction, practically important organic compounds such as DBDS in insulating oil can be detected by using a commercially available portable Raman spectrometer, and a detection limit lower than what is required by the international standard can be achieved, thus representing a promising on-site insulating oil analysis method for power industry.
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