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Abstract

:

The identification of high-energy compounds in trace concentrations not only in the laboratory, but also in field conditions is of particular interest. The process should be clear, easy, and well-recognizable. We formed SERS-active substrates by using elongated nickel nanotubes synthesized by electrochemical deposition in the pores of ion-track membranes and coated them with gold for further application in the detection of low concentrations of analytes. The substrates were characterized using various techniques to determine the morphology of the nanotubes and modifying gold layer. The possibility of obtaining two types of gold-layer morphology was shown: in the form of a smooth film up to 20–50 nm thick and a coating with nanoneedles up to 250 nm long. The electric fields around the nanotubes were simulated at a laser wavelength of 532 nm to demonstrate the influence of the gold-layer morphology on the field distribution. The “needle” morphology was chosen to form the most effective SERS-active substrates for detection of low concentrations of aromatic polynitro compounds. The spectral peaks were identified by comparing the model and experimental Raman spectra at concentrations down to 10−5 M. Within this limit, all peaks (“fingerprints” of the substance) were clearly distinguishable.
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1. Introduction


Detection and identification of high-energy compounds are highly needed for preventing potential threats. In particular, so-called improvised explosive devices are of great concern since they can be made from a wide range of commercially available chemicals. These chemicals can be detected by several spectroscopic methods. One of the most highly selective and sensitive methods is mass spectrometry, but the implementation of real-time measurements is difficult in out-of-laboratory conditions due to the requirements of complex sample preparation [1]. Fourier transform infrared (FTIR) and Raman spectroscopic techniques can be used with minimal sample preparation and are suitable for the identification of a wide range of explosives and related materials [2,3,4]. Using these methods, it is possible to detect the presence of explosives in solid, liquid, or gas forms within few minutes or even seconds. They also have a high selectivity due to a specific spectral response from each chemical compound, known as the IR or Raman fingerprint. However, a special interest is directed to the identification of such compounds not in laboratory, but in “field” conditions, which is practically impossible due to the low intensity of the Raman signal.



Surface Enhanced Raman Scattering (SERS) is particularly useful in the detection and identification of extremely small quantities of explosives [5]. Nanostructured substrates are needed to achieve Raman signal enhancement, which depends on the electric and chemical interactions between analytes and substrate. With the advances in nanotechnology, various SERS substrates have been used for trace-level detection [6,7,8]. In many cases, assemblies of nanoparticles of various shapes are used. In another approach, nanopatterned surfaces have been proposed as a more efficient SERS platform. Due to the development of synthesis techniques, the morphology of such surfaces and their composition can be varied, which makes it possible to optimize the substrates for specific applications. By varying the geometric parameters of nanostructures, it is possible to optimize the operating range of the substrate wavelength and use different sources of stimulating radiation [9]. This is important for shifting the operating mode to the wavelength region, where the substance under study has a weak luminescence, which prevents the recording of the SERS signal. The main mechanism of SERS signal amplification is electromagnetic, which is determined by the concentration of the electric field both at the sharp edges of the nanostructures and in the gaps between them [10]. Thus, by varying the shape of the nanostructures, it is possible to create optimal conditions for the localization of analyte molecules in the “hot spot” areas.



The synthesis of hybrid nanostructures instead of pure nanostructures for SERS also has led to higher gains due to the presence of “hot-spots” located at the interface between metals and metal-semiconductor substrates. These hybrid systems can significantly improve the reproducibility, sensitivity, and reliability of the SERS signal for high-performance sensors of various chemical/biological molecules [11,12]. Hybrid nanostructures can be obtained on a substrate by electromigration [13], electron-beam lithography, electrochemical metal growth, etc.



Substrates produced by electron-beam lithography are most effective for obtaining a system of ordered nanostructures [14]. The ordered nanostructures ensure the guaranteed enhancement of the SERS signal of the substance under study at different points of the SERS substrate. However, when switching to the mapping technique, when recording more than a hundred SERS spectra in the automatic mode, the probability of detecting a high intensity SERS spectrum of a molecule, located in the most favorable region relative to hot-spots, is high even on substrates with disordered nanostructures [15].



In another approach, core-shell hybrid nanostructures have been proposed as SERS substrates. Some examples include structures based on Ag-SiO2, Au-SiO2 [16], and Fe3O4/Au, which are usually obtained by wet-chemistry methods [17]. Carbon based hybrid nanostructures are also used for SERS, such as carbon nanotubes-Ag, carbon nanotubes-Au, graphene-plasmon metal, and graphene oxide-plasmon metal. These nanostructures can be obtained by thermal evaporation [18], magnetron sputtering [19], electrochemical deposition [20], and chemical vapor deposition.



A number of studies have demonstrated the ability of SERS-based methods for multiplex detection with high sensitivity [21,22]. An original method for the double detection of cancer biomarkers for rapid screening and biomolecular profiling has previously been proposed. The effectiveness of the method was demonstrated for three biomarkers, both individually and in combination. For further development of this method, it was suggested to employ a larger panel of antibodies and SERS nanotags. However, the main advantage of the proposed method of determining low concentrations of biomarkers could be negated by the screening effect [23].



Nevertheless, a hybrid of micro and nanostructure consisting of a laser-textured stainless steel surface with spacing of 50 μm and coated with a 60 nm thick gold layer has previously been proposed for SERS detection at the femtomolar level [24]. Micro-nanostructured substrates can be efficiently produced based on polymer templates with a system of identical pore channels 30–400 nm in diameter and 3–10 microns in length using template synthesis methods, which can be filled with different metals. Owing to the template structure, they also can be used as highly efficient substrates [25]. However, a greater repeatability of a high-intensity signal is higher for metallic nanostructures grown in the template pores. Based on such polymer templates, nanostructures of various shapes can be obtained from pure metals: nanocones [26], nanowires [27], or nanotubes [28]. Recently, thanks to the development of synthesis methods, it has become possible to mass-scale the synthesis of nanostructures from several metals by layer-by-layer deposition [29] or by coating the resulting nanostructures with a layer of another metal [30].



Magnetic-plasmonic nanoparticles (NPs) made of a magnetic core coated with plasmonic metals are of particular interest for forming SERS substrates, as they offer advantages over nanostructures made of pure noble metals [31]. Firstly, magnetic-plasmonic NPs can be ordered by a magnetic field to form controlled hot-spots for optimal amplification of the Raman signal by several orders of magnitude [32,33], and to obtain a finer spectrum structure. Such SERS substrates may be used in medicine; for example, magneto-plasmonic nanotubes were proposed for the extremely sensitive and specific detection of trace BPA down to 100 ng mL−1 [34]. Secondly, the magnetic properties of NPs ensure the efficient extraction and separation from target substances. The possible control by an external magnetic field also simplifies many processes such as stirring. In addition, magneto-plasmonic NPs can be reused to decrease the cost of SERS investigations of analytes for users.



The development of cost-effective methods for fabricating stable magnetoplasmonic nanostructures that are industrially scalable, easily controllable, and reusable remains an important challenge in the nano-industry. In such systems, iron oxide nanoparticles are most actively used as a magnetic core [35,36], but the use of 3d metals with stronger ferromagnetic properties can be more advantageous. In this respect, bimetal nanostructures produced by template synthesis are of interest due to their well-established and repeatable fabrication technology and large surface area. Nanotubes (NTs) and nanowires (NWs) with a magnetic core/plasmon metal shell structure can satisfy many important requirements for SERS substrates including a high enhancement factor, good reproducibility, and easy preparation [37]. It is interesting to note that magnetic NTs and NWs coated with a thin biocompatible material, such as gold, could be potentially used to develop a new kind of therapy based on magneto-mechanical effect. The magnetic shape anisotropy greatly enhances the efficiency of magneto-mechanical actuation. In combination with alternating or rotating external magnetic fields this treatment could achieve high level of cell viability reduction at small concentrations of NTs/NWs.



When analyzing complex molecules at low concentrations it can be difficult to interpret the spectra for substances similar in nature. As a result of such processes as inhomogeneous broadening of an ensemble of molecules, the Stark effect, etc., the peaks in the spectrum can be broadened, which makes it difficult to compare the obtained experimental data with existing databases. On the other hand, high sensitivity and extreme levels of details are important for real-time detection and are required for safety. This can be provided either by the presence of stable hot-spots on the surface of the substrates, or by a high degree of concentration of analyte molecules around the hot-spots.



In this work, special attention is paid to the identification of high-energy compounds belonging to the group of trinitrobenzene compounds with the help of SERS using Ni@Au NTs as amplifying agents. For other types of spectroscopy, it would be difficult to make a selective detection of these compounds. We aim to compare the SERS detection of explosives and similarly structured materials using partial SERS spectra in order to accurately detect substances of similar composition at low concentrations. Therefore, in this work, greater emphasis is placed on the morphology and optical properties of the gold coating.



The experimental results are compared with the Raman spectra modeling of the studied substances in the ORCA 5 package. The mathematical modeling of electric fields scattered by magneto-plasmonic NTs provides a basis for revealing the optimal morphology of gold plating for the identification of SERS spectra. This is important to prevent overestimation of the SERS enhancement factor when a two-dimensional simulation is used ignoring the electrostatic shielding caused by closely spaced plasmonic nanoparticles. In [23], 3D calculations of the amplification of local electric fields by silver nanoparticles distributed on dielectric spheres were performed for various concentrations of Ag nanoparticles. For densely situated Ag nanoparticles, the effect of shielding the incident radiation by the upper hemisphere was strong. Therefore, the probe molecules must be properly situated considering the SERS substrate topology.




2. Materials and Methods


Ni@Au NTs were fabricated by the use of a two-stage process: (i) nickel NTs were synthesized in the pores of ion-track matrices by the template-synthesis method at a voltage of 1.75 V in a two-electrode electrochemical cell using an aqueous solution of NiSO4 × 6H2O (100 g/L), H3BO3 (45 g/L) at room temperature, and (ii) gold was deposited on the NTs surface by the electroless wet-chemistry method from an aqueous solution of gold chloride with two concentrations of 0.005 M and 0.01 M and 1%-hydrofluoric acid at 25 °C for 30 s [35,36,37]. Track-etched membranes 12 μm thick with a pore diameter of 360 ± 20 nm and a density of 4 × 107 cm−2 were made of polyethylene terephthalate (PET) and used as templates. The length of the tubes was 10.2 ± 0.2 μm, which is less than the thickness of the PET template, to prevent the formation of nanotube overlaps. The NTs external diameters corresponded to the pore diameters. The internal diameters were 195 ± 20 nm, and the wall thickness was equal to 85 ± 10 nm [38].



The characteristics of the modified NTs were comprehensively studied. Structural features were examined using scanning electron microscopy (SEM, Hitachi TM3030, Tokyo, Japan), scanning transmission electron microscopy (STEM, Hitachi SU9000) at simultaneous bright-field and annular dark-field imaging regimes, transmission electron microscopy (TEM, JEOL JEM-100, Tokyo, Japan), and energy-dispersive X-ray analysis (EDA, JED-2300 Analysis Station at JEOL JCM-6000 Plus Neoscope microscope). The results of XRD analysis and magnetic parameters for similar systems were reported in [38].



For this, substrates containing magnetic Ni@Au NTs were prepared using an ultrasonic bath. Then, their conglomeration with alignment along magnetic lines was dried. Using an optical microscope at a magnification of 100×, micrographs of these reinforcing substrates were obtained. Solutions of analyte were deposited dropwise using a dispenser, no more than 5 μL, onto areas containing single nanotubes. Solutions of 10−2–10−5 M in acetone were prepared for analysis. After that, the substrates with the analyte were dried in air. SERS spectra of (NO2)3C6H2N(NO2)CH3 and C6H3N3O8 molecules with concentrations from 10−2 to 10−5 M in acetone solution adsorbed at the layered array of magnetic-plasmonic Ni@Au NTs were recorded using a Senterra Raman microscope (Bruker) with a laser wavelength of 532 nm. The spectra were measured in the range from 600 to 1900 cm−1. A laser radiation with a power of 2 mW was applied. During the measurements, the signal acquisition time was 2 s, and the final signal intensity was calculated as the average of 5 signal measurements at different points of the sample. The processing and construction of the spectra were carried out using the OPUS program.



An important issue surrounding nanostructured materials for SERS applications is the morphologic stability during laser-beam illumination. The minimum available exposition time and power settings were chosen for spectrum acquisition. Changes in the spectra during the study (decreasing in intensity by the end of the spectrum measurement) were not detected.



The geometric optimization of molecules and the determination of the wave numbers of Raman scattering and the activity of the tested substances were carried out using the ORCA 5.0.3 software package [39]. The numerical error of the frequency shift can reach 50 cm−1, but in most cases it should be much smaller. This error can occur for several reasons, including various optimizations of molecular vibrations, or the use of simplifying assumptions such as replacing a molecular medium with a certain permittivity with a vacuum. However, the general form of the spectrum remains unchanged.



To study the electric field distribution and a possible SERS enhancement factor, the simulation was performed using the KARAT electromagnetic code with a monochromatic incident laser wavelength of 532 nm [40].




3. Results and Discussion


The surface morphology and elemental content of the fabricated structures are presented in Figure 1. The nickel NTs had a polycrystalline structure [34], and their surface had a pronounced granular morphology with level changes (bumps) of at least 5 nm, due to irregularities on the walls of the polymer pores formed during etching, as well as due to processing. The SEM images demonstrate that the morphology of the nickel NTs with gold coating depended on the concentration of gold ions in the solutions used for Au deposition. At a concentration of 0.005 M, the gold coating formed a thin film about 20–50 nm thick with fragments of gold particles 50–70 nm in size (Figure 1e). At a higher concentration of 0.01 M, gold nanostructures grew on the surface in the form of needles up to 150–250 nm long, which evenly covered the surface (Figure 1h). The content of elements corresponded to 100% of Ni for the bare Ni NTs, 78.3% of Ni and 21.7% of Au for the NTs coated with a layer of Au (0.005 M) and 48.3% of Ni and 51.7% of Au for the NTs coated with Au needles (0.01 M).



Modelling of the electric field around each of the obtained types of nanotubes (and also around the pure gold nanotubes) was carried out in order to determine the most efficient parameters for their use as SERS enhancement substrates.



The simulation was performed for the case of the pure nickel and “ideal” gold nanotubes (i.e., without roughness) with a wall thickness of 80 nm and a diameter of 400 nm. This was compared to core/shell NTs; a nickel tube core with a wall thickness of 100 nm, covered with a gold shell 20 nm thick. Finally, the structure of the nickel NTs coated with gold needles 150 nm long and 20 nm thick was also studied. The excitation by a laser pulse propagating perpendicular to the NTs axis (y-axis) along the x-direction was considered. The light was linearly polarized with a transverse electric field E0z. The normalized electric field amplitude E/E0 was obtained by the following procedure: the field amplitudes were calculated at all points of the computational domain (x-z plane) at each moment of time, and then the ratio of the field amplitude at a certain point to the incident wave amplitude E0 was determined.



A large E-field was found to be on the edges of the nanotubes, at a gold shell/environment interface (Figure 2a,c,d). Figure 2b confirms that pure nickel nanotubes did not cause E-field localization. The highest E-field enhancement was observed using the NTs covered by an ensemble of golden needles (Figure 2d). This electric field localization is known as tip “hot-spots”. The modelling results decisively demonstrated that the coating metal and morphology were very important for the subsequent use of such nanotubes as SERS active surfaces.



The effects of shielding the field inside the nanotube when laser radiation was applied to its side surface is also worth mentioning. As can be seen from Figure 2a,b, the shielding effect depended on the nanotube material. When pure gold nanotubes were used, the shielding was much less than when nickel was used. In the resulting SERS spectrum, there will be practically no contribution from the analyte molecules adsorbed inside the nanotube.



As shown in [41], the SERS signal gain (enhancement factor, EF) is proportional to the field enhancement as (E/E0)4, considering its average over all illuminated molecules. The maximum E/E0 value for NTs coated with gold needles was estimated at 28.3 at sharp edges (Figure 2d). A similar field enhancement for dendritic nanostructures was demonstrated in [42,43]. The maximum value of E/E0 for NTs made of pure gold and nickel with a smooth surface was 2.8 and 2.2, respectively (Figure 2a,b). The field enhancement caused by Ni NTs was weaker compared to Au NTs and the latter had a much wider gain zone. For Ni NTs coated with a smooth gold layer, the maximum E/E0 value was 2.33 (Figure 2c). Therefore, Au NTs received the greatest field enhancement, but their production is complicated. The combination of Ni NTs and a thin layer of gold, which is easier to synthesize, could be promising for achieving a strong field enhancement but a more complex gold-layer morphology is required.



This was realized in Ni@Au NTs with a needle-type morphology of Au coating. The field enhancement at the sharp edges of the needles was about 12.14 which theoretically can provide a SERS enhancement factor of more than 2 × 104. This result was consistent with previous studies [36] where the highest SERS gain was obtained for NTs with a developed spike-like Au morphology. Therefore, based on the modelling results, this type of Ni@Au NTs was selected to form SERS substrates.



The idea of rapid detection of substances in the field is based on several factors:




	
Simple and efficient sample preparation and preparation of equipment for operation.



	
A simple and fast detection technique with a portable device, and there should be no need to create special conditions for measurements.



	
A reliable signal processing technique allowing the obtaining of a full spectrum from a partial spectrum. The option of comparison with the library of substance spectra or with calculated spectra should be provided.








In this work, we tried to partially satisfy these requirements by synthesizing Ni@Au nanotubes and preparing a suspension based on them, proposing various methods for the formation of active substrates, and reconstructing the theoretical spectra of the analyzed substances, followed by their comparison with those obtained experimentally.



In order to determine the effectiveness of detecting low concentrations using substances with Ni@Au NTs, the following aromatic nitro-compounds with various functional groups were selected: (NO2)3C6H2N(NO2)CH3 and C6H3N3O8. The SERS analysis of the aromatic nitrates was carried out for concentrations of 10−2–10−5 mol/L.



There are two basic options for sample preparations and the formation of SERS active substrates using hybrid nanotubes and for the experimental analysis of substances [31,36,44]:




	
Add a suspension of functionalized nanotubes at a concentration of 1 mg/mL to the analyte solution. Then, the NTs need to be concentrated in a solution with a magnet and deposited on a single-crystal silicon substrate. The NTs are spread evenly over the surface with a magnet and dried.



	
Preliminarily apply functionalized nanotubes from the suspension onto a single-crystal silicon plate, distribute them with a magnet, and dry. Apply the analyte solution.








Both methods were tested by us earlier [37,44] and it was found that method 2 is easier to operate and gives better results, which is probably due to a more uniform distribution of nanotubes over the surface during the preliminary preparation of the SERS active substrate. The first method was proposed in [37] using a standard dye Methylene Blue (C16H18ClN3S) at concentrations of 10−4–10−6 M. The average value of EF of the SERS signal was about 104. The second method was used in [44]. In this work, Radomin 6G (R6G) molecules with concentrations of 10−3–10−8 M adsorbed on an array of Ni@Au nanotubes were recorded. The average EF was estimated as 8 × 105. In addition, it was shown that the enhancement of the SERS signal is greater on single NTs than on their conglomerates, which requires careful distribution of functionalized nanotubes over the surface. The alignment can be achieved using template-assisted electrodeposition techniques [45], which is potentially possible with the considered structures.



Microphotographs of the Ni@Au NTs surface with adsorbed analyte substances (NO2)3C6H2N(NO2)CH3 of different concentrations are shown in Figure 3. The analyte droplet was contracted and therefore its molecules were concentrated around the nanotubes, which is favorable to further increase the intensity of the SERS signal. This contraction effect, well-known as a coffee-ring effect [46], is observed when a drop of analyte is applied to glass or foil with a pinned contact line. However, in the case of nanotubes, the concentration occured precisely around them, and not at the edges of the drop. It is assumed that this was due to the surface charge of the nanotubes (+), while the contraction of the droplet on the glass is mainly due to the effect of surface tension. The contraction of the analyte droplet to the plasmonic nanostructures increased the intensity of the SERS signal due to the chemical effect of molecule concentration.



The SERS spectra for different concentrations of the adsorbed analyte substances using Ni@Au NTs, are shown in Figure 4a,b. The calculated spectra are given in Figure 4c,d.



For each concentration of both analytes, the SERS spectra were taken from several randomly selected spots on the substrate surface (on the surface of single NTs) and subsequently averaged. For (NO2)3C6H2N(NO2)CH3, the experimental spectrum was dominated by peaks around 1600 cm−1, which were responsible for C=C aromatic stretching vibration due to the large Raman cross-section of the aromatic ring. The spectrum was also characterized by the presence of a peak in the range 1317–1335 cm−1, which was responsible for the symmetric stretching vibration of the NO2 group and is one of the distinctive peaks for this substance. It should be noted that the presence of this peak was also preserved for such a low concentration as 10−5 M. The experimental spectra showed a peak at 1767 cm−1, which is also characteristic of the nitro group. The general form of the spectrum curve fully corresponded to theoretical calculations (Figure 4c).



The SERS spectrum of the C6H3N3O8 molecule is shown in Figure 4b. The spectra obtained for different concentrations of the substance were dominated by peaks at 1319 cm−1, which correspond to the symmetric stretching vibration of the NO2 group. The shape of the spectral curve, as well as the positions of the peaks, were in complete agreement with the calculated spectrum (Figure 4d), except for the peak at 963 cm−1, which is characteristic of silicon vibrations (the surface on which the nanotubes were deposited).



To determine the difference in the spectra of the two different substances related to aromatic polynitroamines, it is enough to pay attention to the region 1200–1400 cm−1, which is characteristic of vibrations of the NO2 group. Precise identification of (NO2)3C6H2N(NO2)CH3 and C6H3N3O8 was possible by the number of characteristic peaks (one or two, respectively) for concentrations down to 10−4 M, but somewhat more difficult for 10−5 M due to inhomogeneous broadening and a weak concentration effect. It is also worth noting the presence of a characteristic peak at 1767 cm−1, which is also typical of the nitro group for (NO2)3C6H2N(NO2)CH3. For C6H3N3O8, this peak was absent both in the experimental and theoretical spectra, which makes it possible to clearly understand which polynitroamine was registered.



For the calculated Raman spectrum of (NO2)3C6H2N(NO2)CH3, the peaks at 1187, 1431, 1491, 1611, 1628 cm−1 were responsible for benzene ring, the 1069 cm−1 peak was for fluctuations of CH3 group and the peaks at 1698, 1709, 1712 cm−1 were for fluctuations of NO2 group. While for the calculated Raman spectrum of C6H3N3O8 the peaks at 825, 1349, 1615, 1630 and 1654 cm−1 were responsible for NO2. The peaks at 1152, 1203 and 1260 cm−1 were responsible for C-N bonds. The peaks at 1308 and 1316 cm−1 were responsible for benzene ring, C-O, and C-N bonds. Hydrogen bonds appeared on the spectrum at 1421 and 1492 cm−1. Benzene rings appeared on the spectrum at 1562 and 1567 cm−1.



The calibration curves which present the averaged peak intensities of the 1317 cm−1 and 1319 cm−1 bands vs. the logarithmic concentrations of (NO2)3C6H2N(NO2)CH3 and 2,4,6-trinitro-1,3-benzenediol, respectively, are shown in Figure 4e. Using these data, the limit of detection (LOD) for the two substances was determined as 10−5.9 M and 10−6.4 M, respectively. Such an approach for LOD investigation is the most appropriate for substances with a high luminescence level. We consider such a limit of detection to be sufficient for fast (out-of-laboratory) substance identification.



It was reported that SERS substrates consisting of Ni nanowires made possible the identification of SudanII solution with a concentration of 10−5 M [47]. This was explained by tip enhanced Raman scattering. The level of detection is similar to that obtained with the use of Ni@Au NTs, however, in our case randomly oriented nanotubes were used. Ordered Ni@Au NTs will provide much higher EF and lower LOD [44].



Thus, the experimental spectra were well consistent with the calculated ones, which makes it possible to create a local database of the spectra of substances, to isolate these substances when working in a mixture of several substances, and to create software that compares the calculated and practical experience.




4. Conclusions


Ni@Au core-shell magnetoplasmonic nanotubes 10 ± 0.2 μm in length were synthesized by a two-stage method including nickel nanotube growth in pores of PET ion-track templates and electroless wet-chemical functionalizing with a gold layer in the form of a smooth coating or a coating with nanoneedles. Such functionalization did not bring changes to the magnetic core-nickel nanotubes, because neither the structural nor magnetic properties changed noticeably. The optical properties of the two distinct morphologies were investigated by simulation confirming a strong electric field enhancement at the needle edges. These NTs were used as substrates for the SERS method.



The possibility of accurate detection of aromatic polynitroamines (trinitroamines) with different functional groups using SERS with the developed substrates was demonstrated. It was possible not only to accurately determine the type of substance, but specifically name it and distinguish it from a similar one in composition. The use of Ni@Au core-shell magnetic nanotubes made it possible to amplify the signal from aromatic polynitroamines due to the effect of plasmon resonance observed when the structures were irradiated with light. The possibility of using the synthesized Ni@Au core-shell magnetic nanotubes for SERS was demonstrated using (NO2)3C6H2N(NO2)CH3 and C6H3N3O8 analytes. The amplification of Raman signals for concentrations up to 10−5 M for (NO2)3C6H2N(NO2)CH3 and C6H3N3O8 was estimated. To demonstrate the significant accuracy of the reproduction of the spectra of substances using the SERS method, the Raman spectra of substances were simulated and, by comparing the characteristic peaks, the correspondence between the calculated and experimentally obtained spectra was shown. Ni@Au NTs are promising for use in chemo- and biosensorics by active SERS.
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Figure 1. Images and elemental content mapping of fabricated structures. Nickel NTs: SEM (a), TEM (b) and EDX-mapping (c). Ni@Au with thin gold layer: SEM (d), TEM (e), EDX-mapping (f), and elemental composition (j). Ni@Au with gold needles: SEM (g), TEM (h), EDX-mapping (i), and elemental composition (k). 
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Figure 2. Electric field distribution around Ni/Au nanostructures. (a) Nanotubes made of pure gold, (b) nanotubes made of pure nickel, (c) core/shell (nickel/gold) nanotubes with a smooth Au layer, (d) Ni nanotubes covered by a uniform layer of Au needles. The exiting radiation wavelength was 532 nm. 
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Figure 3. Micrographs of samples of the SERS-active substrate of Au@Ni nanotubes with analytes (NO2)3C6H2N(NO2)CH3 at various concentrations: (a) −10−2 M, (b) −10−3 M, (c) −10−4 M. The analyzed area is marked with a square, the area under study is of 20 × 20 μm2. The laser beam is concentrated in the center of the square. 
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Figure 4. Measured and calculated SERS spectra. (a)—measured SERS spectra for (NO2)3C6H2N(NO2)CH3 at concentrations of 10−2–10−5 M, (b)—measured SERS spectra for 2,4,6-trinitro-1,3-benzenediol at concentrations of 10−2–10−5 M. (c,d)—theoretical Raman spectra for (NO2)3C6H2N(NO2)CH3 and 2,4,6-trinitro-1,3-benzenediol, respectively. (e)—calibration curves where the averaged peak intensities of the 1317 cm−1 band was plotted as a function of the logarithmic concentration of (NO2)3C6H2N(NO2)CH3 and the same for the peak intensities of the 1319 cm−1 band of 2,4,6-trinitro-1,3-benzenediol. 
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