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ABSTRACT
Report 51 pages, 16 figures, 5 tables, 25 references, 2 annexes.
SURFACE-ENHANCED RAMAN SPECTROSCOPY, SURFACE PLASMON RESONANCE, MAGNETIC NANOTUBES, GOLD NANOSTRUCTURES, DYE DETECTION
Subject of research: magnetic nickel nanotubes.
The aim of the project is to develop methods of coating and modification of magnetic nanotubes, to study their morphological and structural characteristics. Determination of the application potential for the detection of substances of low concentrations by spectroscopy methods based on plasmon resonance.

Research methods: electrochemical deposition, surface-enhanced Raman spectroscopy, chemical gold deposition, X-ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis.
The results of the work and their novelty: magnetic nickel nanotubes were obtained by the template electrochemical synthesis method. The method of coating magnetic nanotubes with gold using an Au (III) solution in an acidic medium has been studied. The method of coating magnetic nanotubes with gold using an Au (I) solution in an alkaline medium has been studied. The samples obtained were characterized by modern physicochemical methods. The resulting nanotubes were tested in surface plasmon spectroscopy. Also, magnetic nanotubes were tested as substrates in surface-enhanced Raman spectroscopy of dyes in the concentration range from 10-3 to 10-8 M. The best results were obtained when using nanotubes with gold deposited in an alkaline medium, since this method allows one to obtain cleaner coatings with a higher concentration. A linear dependence of the concentration on the peak intensity was found in the concentration range of 10-6 - 10-8 M. Scope of the results: The results of the project can be applied in the analysis of various substances of low concentrations by the method of enhanced Raman spectroscopy. Economic efficiency: Methods for coating nickel nanotubes with gold have been developed for potential successful application in the detection of various organic substances by surface-enhanced Raman spectroscopy.
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LIST OF ABBREVIATIONS AND SYMBOLS
In this research report, the following abbreviations and symbols are used.
	Ni-Au-acid НТ
	- nickel nanotubes coated with gold in an acidic medium

	Ni-Au-alkali НТ
	- nickel nanotubes coated with gold in an alkaline medium

	LOD
	- detection limit

	R6G
	- rhodamine 6G

	SDS
	- sodium lauryl sulfate

	SERS
	- surface-enhanced Raman spectroscopy

	SPR
	- surface plasmon resonance

	BSА
	- bovine serum albumin

	FTIR
	- infrared spectroscopy

	LSPR
	- local surface plasmon resonance

	MB
	- methylene blue

	NSs
	- nanostructures

	NTs
	- nanotubes

	PET
	- poly(ethylene terephthalate)

	XPS
	- X-Ray photoelectron spectroscopy

	SEM
	- scanning electron microscopy

	ТeМs
	- track-etched membranes

	UV
	- ultraviolet spectroscopy

	EDX
	- energy dispersive X-Ray analysis


INTRODUCTION
The science and technology of nanoscale materials is currently being used for the development of numerous scientific, industrial, environmental and technological fields. Chemistry, physics, materials science, biology, medicine, pharmaceuticals, agriculture and food processing are the main fields that have benefited from the technological advances made in nanotechnology. One such area of ​​application of various nanostructures is surface-enhanced Raman spectroscopy (SERS) and also surface plasmon resonance (SPR), which allows for highly sensitive qualitative and quantitative analysis of substances with trace concentrations  [1]. 
The use of nanostructures makes it possible to enhance the signal of the Raman scattering of electromagnetic fields arising from the excitation of localized surface plasmons. Such plasmons arise when incident electromagnetic radiation interacts with metallic nanostructures. This type of analysis is widely used due to the fact that it is non-destructive, fast, and highly sensitive. It is used both for the analysis of the content of harmful substances (dyes, carcinogens, etc.) and biological molecules (proteins, cancer cells, etc.) [2]. As a rule, nanostructures based on copper, silver and gold of various shapes are used to amplify the signal [3]. The shape of nanostructures is a key property for the effective application in SERS and SPR, as it determines the physical parameters. Therefore, at present time, an active search is underway for approaches that allow controlled, reproducible, and technological production of platforms for SERS and SPR [4] leading to efficient detection of a wide range of substances.

Moreover, it is known that the use of magnetic nanoparticles Fe3O4 coated with gold or silver can significantly enhance the effect of SERS under the influence of a magnetic field [5,6]. The use of a magnetic field during research creates an increase in electromagnetic fields around the considered nanostructures, which leads to an increase in the signal from the substance [7]. The use of such nanostructures also leads to the possibility of magnetic separation and a reduction in the cost of the analysis. Although the applied methods have improved the reproducibility of the SERS analysis, nevertheless, the search for new platforms to improve the SERS analysis is still relevant.
Intense interest is shown in the study of metal nanotubes and nanowires [8, 9] due to their unique optical, electromagnetic, and catalytic properties, which are significantly improved through the use of their ordered assemblies. At the same time, the use of magnetic nanostructures based on Fe, Ni, Co in SERS and SPR, optoelectronic elements, sensors, magnetic sensors, contrast liquids, drug delivery systems and catalysis [10, 11] requires further coating and functionalization in order to increase their stability (chemical, mechanical, thermal) and selectivity of action. The most widely used coatings are gold (and other noble metals) [12], organosilicon compounds (silanes) [13], polymers [14], or their combinations. For use in SERS and SPR, the most commonly used metal is gold, since gold has a wide spectrum of plasmon resonance [15].

The main idea of ​​the project is to develop platforms based on magnetic nanotubes coated with plasmon metal (gold), capable of amplifying the signal in spectroscopy based on plasmon resonance for the detection of various substances with low concentrations.

Purposes and objectives of research were formed in accordance with the schedule presented in Appendix A.

The aim of the project is to develop methods of coating and modification of magnetic nanotubes, research their morphological and structural characteristics. Determination of the application potential for the detection of substances with low concentrations by spectroscopy methods based on plasmon resonance.
Work tasks:

1. Obtain magnetic nanotubes by template synthesis and cover them with gold.

2. Characterization in detail the morphological and structural parameters of the obtained magnetic nanostructures.

3. Determination of the effectiveness of the prepared platforms for use in SERS and SPR.
MAIN PART 
1 Template synthesis of magnetic nanotubes using track-etched membranes 
For the synthesis of magnetic nanotubes, matrices based on poly(ethylene terephthalate) track-etched membranes (PET TeMs) with a thickness of 12 μm and a pore diameter of ~ 400 ± 20 nm were obtained, a pore density of 4.2 × 107 pores/cm2 were controlled by irradiation with krypton ions on a heavy ion accelerator DC-60 and then, irradiated polymer film were chemical etched in sodium hydroxide.  Electrochemical deposition into the pores of PET TeMs was carried out in a potentiostatic mode at a voltage of 2.0 V [16]. Electrolyte solution is Ni2SO4·7H2O (120 g/l), H3BO3 (45 g/l) and ascorbic acid (1.5 g/l). The growth of nanostructures was monitored by chronoamperometry using an Agilent 34410A multimeter. Since the template matrix is ​​a dielectric, a 10 nm thick layer of gold was deposited on the matrix to create a conductive layer by magnetron sputtering in vacuum, which served as a working electrode (cathode) during deposition.
The outer diameter of the manufactured nickel nanotubes (Ni NTs) corresponds to the diameter of the membrane channel (400 ± 20 nm), the inner diameter measured by scanning electron microscopy (SEM) (Figure 1a) and gas permeability test is 200 ± 20 nm, thus, the wall thickness is about 100 ± 20 nm. X-ray diffraction analysis (Figure 1b) confirmed the pure structure of Ni NTs (phase concentration of Ni is 100%) with a degree of crystallinity of 76.2% and a crystallite size of 18.9 nm. The large ratio of the peaks (111) and (200) in the initial Ni NTs indicates the preferred direction of growth (111). NTs have a face-centered cubic lattice (FCC) structure with a parameter a = 3.53160 Å. The structural parameters of the initial Ni NTs are presented in Table 1.
Тable 1 – Structural parameters of the initial Ni NT
	Sample
	Phase
	Crystal lattice parameters, Å
	Crystallite size, nm
	Crystallinity,%
	Phase concentration,%

	Ni NT
	Ni - Cubic, Fm-3m(225)
	a=3.53160
	18.9
	76.2
	100
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Figure 1 – Typical SEM images of Ni nanotubes (a) and X-ray diffraction (b)
According to the obtained data, a change in the shape and width of the diffraction peaks indicates the presence of distorting factors in the structure that arose during the formation of the crystal lattice of nickel. The small size of crystallites (no more than 20 nm) indicates a high density of dislocation defects and is close to a single-domain magnetic structure (the size of magnetic single-domain structures is approximately 20-25 nm). The degree of crystallinity of more than 75% indicates a well-formed crystal lattice, as well as a low content of disordering regions, the presence of which is caused by deformation processes.
Before coating the nanotubes with gold, the polymer matrix was dissolved in 9 M NaOH at 60 °C for 3 hours. To remove the polymer residues after dissolution, the samples were washed in acetic acid, deionized water and sonicated for 5 minutes; the washing procedure was repeated 3 times.
2 Covering of magnetic nanotubes with gold. Determination of the structure, morphology and physical properties of the composite
2.1 Covering of magnetic nanotubes with gold in an acidic medium using Au (III) solution
For obtaining a gold coating on the surface of Ni NTs, a chemical method was initially used from a 0.01 M aqueous solution of gold chloride and 1% hydrofluoric acid [17] at 25 °C for 30 seconds. After the reaction, the samples were washed 3 times with sodium hydroxide (to neutralize the acid) and water. It should be noted that an increase in the reaction time of more than 30 seconds leads to the destruction of NTs by acid.

The step-by-step mechanism of the formation of Au nanostructures on Ni NTs is represented by the following equations (1) - (4):
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Figure 2 shows SEM images of gold-plated NTs in an acidic medium (Ni-Au-acid NT). A change in the morphology of the NT surface and the formation of gold granules are clearly visible. At the same time, the dimensions of the NTs changed insignificantly.
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Figure 2 – SEM images of Ni-Au-acid NT
EDX mapping (Figure 3) shows a uniform distribution of gold over the Ni NTs surface. The EDX results show that the atomic content of Au and Ni in the structure is 37% and 62%, respectively. The detection of a small amount of fluorine on the NT surface can be explained by the presence of salts and complexes with different structures on the surface.
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	Figure 3 – EDX spectrum of Ni-Au-acid NT (a), SEM image (b) and mapping of Ni-Au-acid NT: fluorine (c), nickel (d), gold (e) 



X-ray diffraction of Ni-Au-acid NT is shown in Figure 4, the analysis results are summarized in Table 2.
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	Figure 4 – X-ray diffraction Ni-Au-acid NT


Table 2 – Structural parameters of Ni-Au-acid NT
	Sample
	Phase
	(hkl)
	2θº
	d, Å
	Crystallite size, nm
	Crystal lattice parameters, Å
	FWHM 
	Phase concentration,%

	Ni-Au-acid НТ
	Ni-Cubic Fm-3m(225)
	111
	44.599
	2.03061
	26.36
	3.51980
	0.362
	67.1

	
	Au-cubic Fm-3m(225)
	111
	38.420
	2.34109
	12.29
	4.06261
	0.761
	32.9


Low-intensity peaks observed in the diffractogram are characteristic of the FCC-Ni phase with the unit cell parameter a = 3.5198 Å and the FCC-Au phase with a = 4.0626 Å, while the values differ from the reference value (a = 4.0780 Å, PDF No. 040784).
For the determination of chemical content of  the surface of magnetic NTs, X-ray photoelectron spectroscopy (XPS) was performed. From the survey XPS spectrum of Ni-Au-acid NT nanotubes, the most intense peaks originate from the substrate and refer to Si, C, and O. Na was adsorbed after the washing process. Ni, Au, F and Cl were found in lower concentrations.
The high-resolution XPS spectrum of Au4f (Figure 5a) is difficult to interpret due to its high noise and low intensity. This spectrum consists of Au3+ and Au+. The high-resolution XPS spectrum for Ni2p (Figure 5b) shows that the NT surface consists of nickel oxide (NiO 2p1 at 872.75 and 871.23 eV, and NiO 2p3 at 855.15 and 854.16 eV) [18] and nickel fluoride (NiF2 2p1 at 876.11 and 874.43 eV, NiF2 2p3 at 858.02 and 856.89 eV) [19]. The absence of metallic nickel is due to rapid oxidation in air to form oxide. The formation of nickel oxide is also confirmed by the presence of a peak at 532.01 eV, characteristic of NiO, in the high-resolution spectrum for O1s (Figure 5c). The F1s spectrum (Figure 5d) is represented by a single peak at 686 eV, which is typical for nickel fluoride.
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Figure 5 – XPS spectrum Ni-Au-acid NТ: Ni2p (a), Au4f (b), F1s (c), O1s (d)
Thus, XPS analysis confirms the gold deposition mechanism. Nickel chloride is soluble in water and ethanol, while nickel fluoride is poorly soluble. Thus, nickel fluoride was found on the NTs surface, which was formed by reactions (1). As a result of  chemical etching nickel oxide with hydrofluoric acid, Ni0 is exposed and interacts with gold ions, gradually reducing them. In this case, non-interacting nickel was oxidized in air.
The results of measuring the magnetic properties of the obtained NTs are shown in Figure 6.
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Figure 6 – Hysteresis loops of Ni (a) and Ni-Au-acid NTs (b)
The hysteresis loops for the two samples are very similar and agree with the previously obtained results [12]. Magnetic parameters such as coercive force are practically the same for samples. Some change in the magnetic properties after coating with functional layers is associated with surface effects and changes in the interaction between particles [22].
2.2 Covering magnetic nanotubes with gold in an alkaline medium using Au (I) solution
The deposition of gold on Ni NTs was also carried out using a solution containing Au (I) ((Na3[Au(SO3)2]) in an alkaline medium (pH = 12), since it was previously found that the deposition from a solution of Au (III) in an acidic medium leads to the destruction of the tubes with an increase in the deposition time, moreover, the formation of gold with various oxidation states was observed. Therefore, we continued to search for ways to deposit gold on nickel nanotubes in order to obtain nanotubes with a layer of pure gold without any other oxidative states. Gold deposition was carried out for 18 hours at 2-4 ° C.
Gold covering was performed using solution of Na3[Au(SO3)2]. The synthesis of sodium gold sulfite solution was carried out according to the following procedure: 0.1 g of AuCl3∙3H2O was dissolved in 0.5 ml of aqua regia and was boiled at 84 °C with vigorous stirring. 

After adding 0.03 g of sodium chloride, the solution was evaporated to dryness at 95 °C, after which the dry residue of sodium tetrachloroaurate (III) was diluted in 1.8 ml of deionized water, and 0.1 g of barium hydroxide was added with heating the reaction mixture to 80 ° C. After adding a concentrated aqueous alkali solution (0.06 g NaOH in 120 μL of water), the solution was evaporated to dryness and after adding 1.8 mL of cold water, filtered and washed with cold water. Then the resulting precipitate was dissolved in 1.8 ml of cold water, heating to 50 °C with stirring, and the above procedure was repeated three times. The final precipitate was dissolved in 2.3 mL of water and heated to 60–65 °C with stirring, followed by the addition of 0.36 g of sodium sulfite (the reaction was carried out in an argon atmosphere). The reaction was continued for 45 min at 60–65 °C, observing a change in the color of the precipitate to violet – blue, after which the reaction was stopped, the precipitate was washed with hot water on a filter. The resulting filtrate of Na3[Au(SO3)2] was stored in an argon atmosphere in a dark vessel at a temperature of 4 °C and was further used without additional purification procedures.
Then, electroless Au deposition on Ni NTs was performed in Na3[Au(SO3)2] mixed in the proportion 1:10 with water, and solution of 0.127 M Na2SO3 and 0.625 M formaldehyde for 18 h at pH 12.0 (NaOH, if necessary) and temperature 2–4 °C. Afterwards the Au-plated Ni NTs was washed in water and ethanol several times using ultrasound bath and they were magnetically separated. 
The scheme of the chemical reaction for the reduction of gold is shown below:
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Samples of Ni-Au-alkali NTs were obtained. After that, the gold-plated samples were washed several times with water and ethanol using an ultrasonic bath and separated with a magnet.

Figure 7 shows the X-ray diffraction spectra of Ni-Au-alkali NT. There are diffraction patterns characteristic to FCC-Ni phase (cell parameter a=3.53442 Å) and FCC-Au phase (cell parameter a=4.08186 Å). Phase concentration of gold is 42.2%, crystallite size is 16.6 nm. In the case of Ni-Au NTs, the presence of mixed phases such as substitutional or interstitial solutions was not detected. According to the X-ray peak positions, both FCC-Ni and FCC-Au phases are well resolved and indicate the formation of a “core-shell” structure, where a gold coating acts as a shell. A slight increase in the degree of crystallinity is due to the formation of the FCC-Au phase.
Table 3 – Structural parameters of Ni-Au-alkali NT
	Phase
	Space group
	Crystal lattice parameters, Å
	Crystallite size, nm
	Crystallinity,%
	Phase content,%

	Ni
	Cubic, Fm-3m(225)
	a=3.53442
	21.08
	76.8
	57.8

	Au
	Cubic, Fm-3m(225)
	a=4.08186
	16.6
	
	42.2
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	Figure 7 – Results of research of Ni-Au-alkali nanotubes: X-ray diffraction (a), high-resolution XPS spectra Au4f (b) and FTIR spectra (c) 


Figure 7b shows high resolution Au4f XPS spectra of Ni-Au-alkali NTs. This spectrum contains only two peaks related to Au0 at binding energies of 83.5 and 87.2 eV, which is typical for Au [20]. This may indicate the complete reduction of Au+ ions during chemical deposition in an alkaline medium. The FTIR spectra (Figure 7c) confirm that the samples do not contain any organic contaminants and contaminants that are visible in the FTIR spectra.

SEM images and EDX are shown in Figure 8, from which it is seen that Ni NTs are coated, EDX analysis confirmed that the formations on the surface of nanotubes are gold. Elemental content according to EDX is Ni - 77%, Au - 23%. Elemental content according to XPS data is Ni - 39.5%, Au - 60.5%. The difference can be explained by the fact that XPS analyzes only the top surface of the sample, while EDX and XRD analyze the sample in the bulk. The uniform distribution of gold along the length of the nanotube can be seen on the EDX mapping presented in Figures 8 c, d, g.
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	Figure 8 – SEM images of Ni NT (a), Ni-Au-alkali NT (b, f), EDX mapping of nickel (c) and gold (d, g) Ni-Au-alkali NT, EDX spectrum of Ni-Au-alkali NT (e)


UV-vis spectra were first taken from an ethanol suspension of nanotubes in the range from 190 to 1100 nm (Figure 9) after washing and magnetic separation. As can be seen from the figure, UV-vis spectroscopy did not record significant changes, probably due to the low concentration of nanotubes in the solution.
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	Figure 9 – UV-vis spectra of nickel nanotubes before and after gold plating


Therefore, it was decided to deposit nanotubes on a quartz substrate. The UV-vis spectrum is shown in Figure 10.
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Figure 10 - Absorption spectra of Ni-Au nanotubes deposited on a quartz substrate with different dispersion
The absorption spectra of a colloidal solution of Ni-Au NT are characterized by peaks of local surface plasmon resonance (LSPR) in the range from 450 to 800 nm, depending on the degree of aggregation of nanotubes and their concentration on the substrate. The narrow absorption band for the LSPR peak at 530 nm, which is characteristic of NTs separately located on the Ni-Au substrate, indicates the same tube sizes and uniformity of the coating. Accordingly, a broad absorption peak and a shift in the position of the maximum of the LSPR peak to longer wavelengths indicates NT conglomeration. The formation of surface plasmons on substrates with deposited Ni-Au NTs should lead to a number of nonlinear optical effects, for example, surface enhancement of Raman scattering (SERS).
3 Testing of magnetic Au-Ni nanotube arrays in SERS  and SPR
3.1 Testing of magnetic Au-Ni nanotube arrays for SERS
The obtained magnetic NTs coated with gold in two ways from an alkaline and acidic medium using III - and monovalent gold were tested in SERS using methylene blue (MB) and rhodamine 6G (R6G) dyes as examples. Due to the developed inhomogeneity of the deposited layer of gold with a granular structure, a large number of so-called "hot (active) points" are formed on the NT surface, which can amplify the Raman signal.

Figure 11 shows the results of the detection of methylene blue (MB) using Ni-Au-acid NT. In this case the dye can be detected only within the concentration range up to 10-6 M, which is not a high value compared to the works published in the literature [21,22]. However, NTs have shown an effect and further research is required. A calibration graph was constructed by measuring the signal intensity at 1624 cm-1. Another dye, R6G, was found in the same concentration range (up to 10-6 M).
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Figure 11 – SERS spectra for various concentrations of methylene blue (a) and SERS intensity depending on the concentration of the peak at 1624 cm-1 (b)
In the same way, Ni-Au-alkali NTs, which obtained from Au (I) in an alkaline medium were investigated. Typical Raman spectra of R6G, obtained on Ni-Au-alkali NTs in the concentration range 10-3 - 10-8 M are shown in Figure 11b. The main peaks are 1655, 1578, 1515, 1369, 1315, 1190, 776, and 620 cm– 1, which are typical for R6G and with a slight shift [23, 24]. For the peaks of maximum intensity and reproducibility at 1655, 1515 and 1369 cm-1, calibration curves were plotted (Figure 12a). A linear dependence was found in the concentration range 10-6 - 10-8 M with R2 = 0.994, 0.996, 0.991, respectively. The detection limits are LOD1655 - 12.6 nM, LOD1515 - 10.4 nM, LOD1369 - 15.1 nM. MB dye was tested in the same way, LOD1624 for MB was 10.5 nM. Thus, it can be seen that the detection limit significantly depends on the method of applying gold to magnetic NTs. Plating gold from an alkaline environment results in a cleaner coating consisting of only “0” oxidation gold at a higher concentration, resulting in better dye detection results.
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	Figure 12 – Concentration vs SERS intensity at 1655, 1515, and 1369 cm-1 (a), SERS spectra for different concentrations of R6G (b) 



Comparing the results with previously published [24, 25], where the authors used NTs, also obtained by template synthesis, we can conclude that the proposed modification method significantly increases LOD. Thus, we have demonstrated a high potential for further studies of nanotubes in the SERS analysis of organic molecules. More detailed information on SERS analysis is presented our submitted manuscript (Annex B).
3.2 Testing of magnetic Au-Ni nanotube arrays for SPR
For investigation of the interaction of substances with a surface, the method of surface plasmon resonance (SPR) is used, which occurs when light is incident at an angle greater than the angle of total internal reflection. It can be used to study of the interaction of biological molecules in real time. The method of registration of SPR has advantages over most other methods for studying intermolecular interaction, since it does not require labeling of reagents and allows one to determine the equilibrium interaction parameters without separating substances and their complexes.

The SPRimager II setup (GWC Technologies) was used in infrared Fourier transform spectrometer. Resonance curves SPR are observed in the form of the dependence of the intensity of the reflected light on the wave number k = 1/λ. Since the wavenumber can be measured with a higher accuracy than the angle of incidence, this measurement is potentially more sensitive. The device works with replaceable biochips coated with a 45 nm thick gold film. The source of monochromatic light (670 nm) is a GaAs laser. The resonance position is determined by precise mechanical rotation of the prism. The SPRimager II uses a flow-through microcell that monitors the interaction of a substance attached to the surface of the cell (ligand) with a substance flowing through it (analyte).
SPRimager II uses a special technique called SPR imaging, in which the instrument can track changes in thickness on the gold surface in an array format. When imaging an experiment, the SPR effect is determined by measuring the light reflected from a sample illuminated at a fixed angle. The device measures the change in the intensity of the reflected light over the entire optical region of the gold film. These two-dimensional images are obtained by focusing the reflected light with a lens and transmitting it to a detector. Reflectance changes are monitored in real time.

To determine the possibility of using chips in SPR analysis, Ni-Au-alkali NTs was adsorbed. The calibration solutions were 1% and 10% ethanol. The data obtained were compared with the control, which is SPRchip with a gold layer.
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Figure 13 – Image of a Ni-Au-alkali NTs chip in a flow cell, the study areas for measurement are marked with a dotted line
The change in the SPR signal upon passing the alcohol solution (sensogram) was recorded in a flow cell (Figure 14, Table 4). When alcohol hits the chip, the reflected light intensity changes. In this case, this is due to the difference in the refractive indices of alcohol and water. The intensity of the SPR signal depended on the ethanol concentration: for a 10% solution, it was 27–49, and 1.9–2.6 a.u. for 1% alcohol. For comparison, on the SPRchip (GWC Technologies), the change in intensity was ~ 155 a.u. (10% alcohol) and ~ 22 a.u. when using 1% alcohol. This difference may be due to the presence of large Ni-Au conglomerates and, as a consequence, a decrease in the signal with distance from the substrate surface.
It can be seen that an increase in the number of particles in the registration region led to a decrease in the SPR signal. This is probably due to a drop in the intensity of the reflected light with distance from the substrate surface.

Next, we studied the interaction of bovine serum albumin (BSA) with the surface of the chip with Ni-Au-alkali NT. For this, solutions of bovine serum albumin 1 mg/ml (BSA), detergents Triton X100 (1% aq.), and sodium lauryl sulfate (SDS) (0.5% in 10 mM NaOH) were sequentially passed through the flow cell. The results are shown in Figure 15, 16 and Table 5.
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Figure 14 – Sensogram obtained by passing 10 and 1% ethanol through a flow cell with a modified Ni-Au-alkali NTs chip (regions 1 - 6), region numbers (ROI) correspond to the selected regions in Figure 13
	Table 4 - Data on the change in signal intensity when using a Ni-Au-alkali NTs substrate
№ measurement 
	№ research areas
	Added substance
	Signal change, a.u.

	1
	1
	C2H5OH 1 %
	2.2

	2
	2
	
	2.6

	3
	3
	
	1.9

	4
	4
	
	2.3

	5
	5
	
	1.4

	6
	6
	
	1.9

	7
	7
	
	1.4

	8
	8
	
	1.2

	9
	1
	C2H5OH 10 %
	47.5

	10
	2
	
	49.0

	11
	3
	
	25.0

	12
	4
	
	40.5

	13
	5
	
	41.0

	14
	6
	
	27.0

	15
	7
	
	27.0

	16
	8
	
	30.0
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Figure 15 – Image of a Ni-Au-alkali NT chip in a flow cell. Research areas are highlighted with a dotted line
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Figure 16 – Sensogram obtained by passing 10 and 1% ethanol through a flow cell with a modified Ni-Au-alkali HT chip 
	Table 5 – Data on the change in signal intensity when ethanol is passed through a flow cell with a Ni-Au-alkali NTs chip
№ measurement
	№ research areas
	Added substance
	Signal change, rel.

	39
	1
	BSA
	28,7

	40
	2
	
	27,7

	41
	3
	
	19,5

	42
	4
	
	11,5

	43
	5
	
	15,8

	44
	6
	
	16,3

	45
	7
	
	15,7

	46
	8
	
	23,3

	47
	9
	
	18,9

	48
	10
	
	17,1

	49
	11
	
	28,8

	50
	12
	
	18,6

	51
	13
	
	20,5

	52
	14
	
	24,2

	53
	15
	
	27,6


	54
	16
	
	27,3


When the BSA solution passing through a change in the signal intensity by 16-29 units depending on the research area is observed, which indicates the effective binding of the protein to the surface of the substrate. To investigate the possibility of chip regeneration after the experiment, we used detergents such as Triton X100 (1%) and 0.5% SDS in 10 mM NaOH. It can be seen that Triton X100, after washing with water is completely washed off from the surface without affecting the BSA layer, while SDS desorbs most of the protein from the substrate. The subsequent addition of albumin leads to its adsorption: the signal change is 10-20 units. Thus, substrates with deposited Ni-Au-alkali NTs can be used in SPR analysis to study the interaction between substances of different nature.
CONCLUSION
Based on the results of the work, the following results were obtained:

- Magnetic nickel nanotubes were prepared by template electrochemical method. The outer diameter of the nickel nanotubes corresponds to the diameter of the membrane channel (400 ± 20 nm), the inner diameter is 200 ± 20 nm, thus the wall thickness is about 100 ± 20 nm. X-ray phase analysis confirmed the presence of a nickel phase in the amount of 100%.

- The method of coating magnetic nanotubes with gold using a solution of Au (III) in an acidic environment was studied.
- The method of coating magnetic nanotubes with gold using a solution of Au (I) in an alkaline medium was studied. It was found that this method leads to the formation of a purer gold coating with a higher concentration of gold on the surface.

- The obtained samples were characterized by advanced physico-chemical methods such as SEM, EDX, XRD, XPS, FTIR spectroscopy.

- The resulting nanotubes are tested in SPR.

- The resulting Ni-Au-acid and Ni-Au-alkali nanotubes were tested as substrates for SERS analysis of R6G and MB in the concentration range from 10-3 to 10-8 M. The best results were obtained using Ni-Au-alkali NTs, since this method leads to the formation of a purer layer of gold with a higher concentration on the surface of nanotubes. A linear dependence of the concentration on the peak intensity was found in the concentration range 10-6 - 10-8 M at 1655, 1515 and 1369 cm-1 with R2 = 0.994, 0.996, 0.991, respectively. LOD1655 is 12.6 nM, LOD1515 – 10.4 nM, LOD1369 – 15.1 nM.

According to the results of the study, 1 article was submitted to peer-reviewed journal (Applied materials today, Q1), the submitted work is presented in Annex B. 
In case of rejection by the editorial board of the journal, the manuscript will be submitted to another journal included in the 1-3 quartile in the Web of Science database and (or) having a CiteScore percentile in the Scopus database of at least 50 (fifty). The manuscript will be published by April 30, 2022 according to the tender documentation.

It should be noted that we received primary results (according to the calendar plan, the scientific work is planned for May-December 2021). We also plan to continue this work. Further research will focus on the effect of the magnetic field on the detection limit, as well as expanding the variety of nanotube materials and coatings. Checking the report for plagiarism will be carried out at the NCSTE.
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Annex А
Calendar plan
TECHNICAL SPECIALISATION AND CALENDAR PLAN
1. Republican State Enterprise on the Right of Economic Use «L.N. Gumilyov Eurasian National University» Ministry of Education and Science of the Republic of Kazakhstan» 
1.1 By the priority: 10. Scientific research in the field of natural sciences 
1.2 By the sub priority: 10.3
Fundamental and applied research in the field of chemistry.
1.3 Title of the project: AP09562038 «Synthesis and modification of magnetic nanotubes for enhancement of the surface plasmon resonance».

1.4 Overall project’s foundation 2021 year 7 999 424 (seven million nine hundred ninety nine thousand four hundred twenty four) tenge for the performance of work in accordance with clause 3.
2. Characteristics of scientific-technical production by the classifying values and economical performances.
2.1 Direction of work: Basic research. The main direction of the project is the development of platforms based on magnetic nanotubes coated with plasmonic metal (gold), capable of amplifying the signal in spectroscopy based on plasmon resonance, for the detection of various substances with low concentrations.
2.2 Application area: The results of the project can be used by the world scientific community, specialists in the field of nanotechnology, analytical chemistry, spectroscopy. Potential consumers of research results can be analytical and research laboratories, environmental organizations.

2.3 Final result for 2021: Magnetic nanotubes will be synthesized and modified with gold. The resulting nanostructures will be characterized by SEM, EDX, XRD, UV spectroscopy and other methods. The prepared nanostructures will be tested in surface-enhanced Raman spectroscopy and SPR.
2.4 Patentability: no
2.5 Scientific and technical level (novelty): The science and technology of nanoscale materials is currently being used for the development of numerous scientific, industrial, environmental and technological fields. One such area of ​​application of various nanostructures is surface-enhanced Raman spectroscopy (SERS) and also surface plasmon resonance (SPR), which allows for highly sensitive qualitative and quantitative analysis of substances with trace concentrations. The use of nanostructures makes it possible to enhance the signal of the Raman scattering of electromagnetic fields arising from the excitation of localized surface plasmons. It is used both for the analysis of the content of harmful substances (dyes, carcinogens, etc.) and biological molecules (proteins, cancer cells, etc.). As a rule, nanostructures based on copper, silver and gold of various shapes are used to amplify the signal. The shape of nanostructures is a key property for the effective application in SERS and SPR, as it determines the physical parameters. Therefore, at present time, an active search is underway for approaches that allow controlled, reproducible, and technological production of platforms for SERS and SPR leading to efficient detection of a wide range of substances.
At the same time, synthesized in the laboratory of L.N. Gumilyov ENU, metal nanotubes based on nickel, cobalt and iron have not yet been studied as platforms for SERS.
The use of magnetic nanoparticles based on metal oxides has a number of disadvantages compared to the possibility of using magnetic nanotubes made of pure metals: low specific magnetization, absence of magnetic anisotropy associated with shape anisotropy, small size, this complicates the orientation of large biological objects relative to nanoparticles. In this regard, the use of elongated magnetic nanostructures: nanotubes and nanowires can be a good solution. Within the framework of this project, for the first time, methods of covering magnetic nanotubes with gold with various morphologies will be studied for effective use in SERS and SPR. The dependences of the size of nanotubes, the type of covering on the amplification of the signal in the considered spectroscopic methods have been established.

2.6 Usage of scientific-technical production is carried out by: 

contractor and customer agreed to the law of the Republic of Kazakhstan.
2.7 Type of using  the result of scientific and (or) scientific-technical activity: method of covering magnetic nanostructures with gold for use in surface-enhanced Raman spectroscopy and SPR.
3. Name of the targets, execution periods and results
	Number of tasks, stage
	Name of the target due to agreement and the main stages of its progress
	Completion period
	Expected result

	
	
	start
	finish
	

	2021 

 

	1.
	Template synthesis of magnetic nanotubes using track-etched membranes.

Covering of magnetic nanotubes with gold.
	May 
	September

	Template synthesis of magnetic nanotubes using track-etched membranes will be carried out. The magnetic nanotubes will be covered with gold.

	2.
	Determination of the structure, morphology and physical properties of the composite using SEM, EDX, XRD, UV-vis spectroscopy and etc.
	May 
	October

	Будет исследована структура, морфология и физические свойства композита с  привлечением методов SEM, EDX, XRD, УФ-спектроскопии и др.

	3.
	Testing of nanotube arrays covered with gold in SERS and SPR.


	July 
	December

	 The obtained nanostructures will be tested in SERS and SPR.

1 (one) article will be published, accepted for publication or submitted to a peer-reviewed scientific publication in the scientific direction of the project, included in the 1 (first), 2 (second) or 3 (third) quartile in the Web of Science database and (or) having a percentile by CiteScore in the Scopus database at least 50 (fifty).
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1. Hexkommepueckoe aKuHoHepHoe oOmecTBo «EBpasuiickuii  HauMoOHANLHBIH
yuusepeuter umenn JLH. Fymunesan.

1.1 ITo npuopurery: 10. HayuHble HcenenoBaHus B 061aCTH €CTECTBEHHBIX HAyK.

1.2 ITo noanpuopurery: 10.3 OyHnameHTaNbHBIC ¥ NPUKJIAHBIE HCCIEIOBAHKS B 061aCTH
XHMHH.

1.3 Ilo Teme npoexra: AP09562038 «CuuTe3 n MoaM(HKalLKs MArHHTHBIX HaHOTPYGOK
JUIS YCHJIEHHMS CHTHAIA NIOBEPXHOCTHOTO MJIA3MOHHOTO PE30HAHCA).

1.4 Obmas cymma npoexra Ha 2021 roa: 7999 424 (Cemb MMIUIHOHOB JEBATHCOT
JIEBSIHOCTO J€BATH THICAY YETHIPECTA JBAJLATh YETHIPE) TEHre [UIS BBINOJHEHHSA PaGoOT COrIacHo
TIYHKTY 3.

2. XapakTepHCTHKA HAYYHO-TEXHHYECKOH NPOAYKUHH MO KBAJTHPHKANHOHHBIM
NpH3HAKAM H IKOHOMHYECKHe MOKa3aTelH

2.1 Hanpasaenne pa6orbi: ®yHnamenTanbible ucenenoBanns. OCHOBHOE HanpasieHue
paboThl MpoeKTa 3ak/ioYaeTcs B paspaboTke MIaT(OpM Ha OCHOBE MAarHMTHBIX HAaHOTPYGOK ¢
MOKPBITHEM M3 ILJIa3MOHHOrO MeTaia (30710Ta), CIIOCOOHBIX YCHIHTH CHTHAI B CIIEKTPOCKOIMH,
OCHOBAHHOH Ha TNJa3MOHOM pe3OHaHCe, JUIA JETEKTHPOBAHWS PA3IMYHBIX BELIECTB HH3KUX
KOHLEHTpaLHii.

2.2 Obaacts npumenennsi: Pe3ynbTaThl NPOEKTa MOTYT OBITH MCIIONB30OBAHBI MHPOBBIM
HAY4HBIM COOOLIECTBOM, CENHATHCTAMH B 0GJACTH HAHOTEXHONOIMH, AHAIMTHYECKOH XHMHH,
crekTpockonuy. IToTeHUHANLHBIMH TOTPeGHTENs MM PE3y/IbTATOB HMCCIENOBAHHA MOTYT CTaTh
AHATHTHYECKHE M HCCIIEA0BATENbCKHE J1ab0paTOPHH, IKONOrHYECKHE OPraHu3aLIMH.

2.3 Koneunnlii pesyanTar 3a 2021 roa: ByayT cuHTe3HpoBaHb! MarHWTHEIE HAHOTPYOKH,
nposefieHa X Moaudukauus 3onotom. IomydyeHHbIE HAHOCTPYKTYpbl GyAyT OXapakTpH3OBaHbI
meronamn SEM, EDX, XRD, V®-cnexktpcokonud u japyrumu Metozamu. [lonyueHnble
HaHOCTPYKTYpsl ~ OyIyT  NpPOTECTHPOBaHBl B  MOBEPXHOCTHO-yCHJIEHHOW  PamaHoBckoi
cnextpockonuu u SPR. Byner ony6iukoBaHa, npuHsTa B NeyaTh WM noaHa 1 (o1Ha) CTaThs B
PELEH3UPYEMOe HayYHOE H3JaHHE 10 HAYYHOMY HalpaB/IeHHIO MPOeKTa, BXoaswee B 1 (nepseiit), 2
(BTopoit) mu6o 3 (Tpernii) ksaprunb B Gase Web of Science u (unu) umerouee npoLeHTHIL 10
CiteScore B 6ase Scopus He MeHee 50 (naTHAECATH).

2.4 ITaTeHTOCNOCOOHOCTD: HE NPE/YCMOTPEHO

2.5 Hayuno-Texuudecknii yposenb (HoBH3Ha): Hayka W TeXHONOrMs HaHOPa3MEPHBIX
MaTepHaoB B HAaCTOSUIEE BPEMA MCIONB3YETCH /NI Pa3sBHTHH MHOrOYMCIEHHBIX HAy4YHBIX,
NPOMBIUIICHHBIX, 3KOJOTHYECKHX M TEXHONOTHYecKHX obnacteii. OnHoil W3 Takux obnacteit
MPUMEHCHHS PA3THYHBIX HAHOCTPYKTYp SBJSETCS MOBEPXHOCTHO-YCHJICHHAs paMaHOBCKas
cnektpockonus (SERS), koTopas no3sosisieT NpOBOAHTE BEICOKOUYBCTBHTENbHbIN KaueCTBEHHBIH
M KOJHYeCTBEHHLIH aHaIu3 BELUECTB HHU3KHUX KOHUBHTpauHﬁ. Hcnons3osanne HaAHOCTPYKTYp
MO3BONAET YCHIHTH CHTHA! KOMOMHAUMOHHOIO DAcCesHMs IJeKTPOMATHWTBIX  MOJei
BO3HHMKAIONMX NPH BO30YXKAEHHH JIOKATH30BAHHBIX MOBEPXHOCTHBIX MIa3sMOHOB. [Ipumensercs
KaKk Ul aHalH3a COJACPXKAHHS BPENHLIX BEIIECTB (KPAaCHTENH, KaHIEpPOTeHbl W Ap.), TaK H
Guonoruyeckux Monekyn (6GenKkH, pakoBble KJIETKH H jp.). OObIYHO, [UIS YCHIEHHS CHrHala
NPHMEHAIOTCA HAHOCTPYKTYpbl Ha OCHOBE MeZH, cepebpa M 3010Ta pa3nuuHoil hopmer. Dopma
HaHOCTPYKTYp AB/AETCA KIIOYEBBIM CBOHCTBOM Uls 3(dekTiBHOrO npumenenns B SERS, Tak kak
oHa onpefenser (U3MueckHe mapamerpsl. [103TOMy B HacTosiliee BpeMs BEAETCS aKTHBHBIN
MOMCK TMOJXOMOB, KOTOPHIE IIO3BOJSIOT KOHTPOIHPYEMO, BOCIPOM3BOAMMO, TEXHONOTHYHO
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nonyyats miardopmbl s SERS npusoasmme K 3bQeKTHBHOMY NETEKTHPOBAHHIO LIMPOKOrO
CIEKTpa BELIECTB.

Bmecte ¢ TeMm, cuutesupyembie B nabopatopun EHY umenn JLH. TIymunepa
MeTalIMyecKHe HAaHOTPYOKH Ha OCHOBE HHMKelsi, KoGanbTa M )Keje3a 10 CHX Mop He Obuin
u3yyeHbl B kadectse muardopm s SERS. Micnonp3oBaHne MarHMTHBIX HAHOYACTHIL HA OCHOBE
OKCHIOB METALIOB, MMEET P HEIOCTATKOB MO CPABHEHHIO C BO3MOXKHOCTBIO MCMONb30OBAHUS
MarHMTHBIX HBHOTPYGOK M3 YHCTBIX METAUIOB: HH3Kas y/e/ibHas HaMarHM4e€HHOCTb, OTCYTCTBHE
MarHATHOH aHM3OTPONMH, CBS3aHHOW C aHu30TponMeil (opMbl, HeGONbIIME pa3Meps, 3TO
3aTpy/IHSET OPHEHTALMIO KPYITHBIX GHONOrHYeCKHX 0GBEKTOB OTHOCHTENILHO HAHOYACTHI. B crszu
C 3THM, MCNIO/b30BAHHE YUIHHEHHBIX MATHHTHBIX HAHOCTPYKTYP: HAHOTPYGOK M HAHONPOBOJIOK
MOXeT ObITh XOPOLIMM pellieHkeM. B paMkaX JaHHOro npoekTa, Bnepsble GyaeT H3yueHb! METOAbI
MOKPBITHA MAarHHTHBIX HAHOTPYOOK 307I0TOM C CO3JaHHEM MOKPBITHIA C Pa3InYHON MOp(OIOrHei,
npoBeena X Monu(HKauus crneunduyHbIME arenTamMn Ui o3¢ dekTHBHOrO npuMenenns B SERS
1 SPR. YcTaHoBieHbl 3aBUCHMOCTH pa3MepoB HaHOTPYOOK, THIIA MOKPBITUA OT YCHJIEHHS CHTHAIA
B PacCMaTPHBAEMbIX METO/IaX CIIEKTPOCKOMHH.

2.6 HUcnoabzosaune HAYYHO-TCXHHYCCKOH NPOAYKUHH OCYIECTBIACTCH:
HcnonHuTeneM H 3aKa34uKOM COIacHo 3aKkoHoaarensctsy PK.

27 Bua HCNoAb30BaHHMSA pe3yJbTATa HAYYHOH H (HAM) HAYYHO-TEXNHYeCKOi
NeNATeIbHOCTH:  €noco6  (METON) TOKPBITHA MArHHTHBIX  HAHOCTPYKTYP 30J0TOM  JUIs
MCNONb30BAHHKS B IOBEPXHOCTHO-YCHJICHHOH PamMaHOBCKO# cniekTpockonuu u SPR.

3. HanmeHoBaHue PaGoT, CPOKH HX PeaIH3ALMUH U Pe3yabTaThl

Wudp HaumenoBanue paGot no CpoK BbINOIHEHHS OxHiaeMblit pe3ynbTar
3a1aHK OroBopy u HBIE JTambl
a A PYi#.OcHoB Hayalo | OKOHYaHHe
s, 9Tana €ro BBINOTHEHHS
2021 roa
15 TeMmniaTHBIH CHHTE3 MAarHUTHBIX Maii Cents6ps | Byner nposenen

HaHOTPYGOK ¢ HCIOTB30BAHHEM
TPEKOBBIX MeMOpaH.

TokpeiTne MarHHTHBIX
HaHOTPYGOK 30/10TOM.

TEMILIaTHbIA CHHTE3
MarHHTHBIX HAaHOTPYGOK C
HCIIOJIB30BAaHHEM TPEKOBBIX
MeMOpaH. MarHuTHsle
HaHOTPYOKH GYAYT OKPBITHI

30J10TOM.

2! Onpenenenne CTPYKTYphl,| Mait Oxrs6ps | Bynmer HCCNe0BaHa
Mopdonorud M (H3HYECKUX CTpyKTypa, Mopdonorus u
CBOWCTB KOMIIO3HTa ( ¢usuyeckue cBoiicTBa

npusnedeHneM wmeronos SEM,
EDX, XRD, V®-cnexrpockonuu
H Ip.

KOMIIO3HTA C TPHBICYEHHEM
meronoB SEM, EDX, XRD,
V®-crieKTpoCKOMHH U Jp.
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TecTupoBanue MacCHBOB
HAHOTPYOOK MOKPBITHIX 30J10TOM
JUIA YBETHYEHHA PaMaHOBCKOTo
curxana u SPR.
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Please find attached for your kind review our manuseript titled “Magnetic-plasmonic Ni
‘nanotubes covered with gold for improvement of SERS analysis”.

In this study, at the frs time we have shown simple and technologically convenient method of
gold deposition on Ni nanotubes using alkal solution contain Au (1. This method allows
obtaining uniform pure gold layer on magnetic Ni nanotubes according to XPS, EDX, XRD and
SEM analysis. The proposed modification method insignificantly affects the magnetic properties
of the nanotube powder (magnetic coro). I is shown tha, using 3 magneti field,i is possible to
obtain Ni-Au nanotubes substrates with different morphology of their distribution over the
surface of slicon chips. The effciency of using substratesis determined by the optical properties
of the substrate (ihe position of the plasmon resonance peak). The substrates with scattered
‘nanotubes having a plasmon resonance position at 530 nm are the most effective for use in SERS
when using a aser with a wavelength of 532 nm, as exemplified by the spectra of Radomin 6G
in concentration range from 10 o 10°* M. LOD s 10.4 nM.

‘The manuscript as it is and any part of this work have never been published before. The
‘manuscript s & continustion of our work on synthesis of magnetic nanotubes and  their
‘modification:

1. Synthesis of Ni@Au core-shell magnetic nanotubes for bioapplication and SERS detection.
Colloids and Surfaces A. - 2021. - Vol.626. - P. 127077.

In ths work, it was shown that magnetic Ni nanotubes can be covered with gold nanostructures
in acidic media (HF) using Au(ll) chloride. Despite the fact that this method has led fo
encouraging results, it has been shown to be effectve with SERS detection of methylene bluc
only within the concentration range of 10 ~ 10° M. Morcover, this method has shown that
rivalent gold i not completely reduced, and gold (1) and gold (I are present i the coated.
shell. Therefore, we continued to search for methods of depositing gold on nickel nanofubes.
Results are presented in the manuscript.

2. Degradation mechanism and way of surface protection of nickel nanosiructures Materials
Chemistry and Physics. - 2019. - Vol. 223. - P. 88:97

3. FeCo nanotubes: possible tool for targeted delivery of drugs and proteins. Applicd.
Nanoscience. - 2019. - Vo9, - P. 1091-1099

Look forward to your favorable consideration.

Mostsincerely,

Dr. Iiya Koralkov,
Senior Researcher, LN. Gumilyov Eurasian National University

Nus-Sultan, Kazakbstan
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Abstract

“The paper describes the synthesis of subsirate for surface enhanced Raman spectroscopy
(SERS) based on magnetic nickel nanofubes (Ni NTs). Forthe success application of Ni NTs in
quantiative SERS analysis of organic molecule by the example of Rhodamine 6G (R6G),
electoless depositon of gold (1) on Ni NTs in alkali media was performed. The purity and
uniformity of the gold layer has been proven by methods of XRD, SEM-EDX, XPS and FTIR
analysis. The magnetic propertcs of the obtained magnetic Ni-Au NTs measured by VMS did
ot change compared to the initial Ni nanotubes. The effciency of using substrates is determined
by the optcal propertes of the substrte (the positon of the plasmon resonance peak). The
Substrates with scattred nanofubes having a plasmon resonance position a 530 nm are the most
effective for use in SERS when using a laser with a wavelengih of 532 nm, as exemplified by the
specira of Radomin 6G. SERS analysis of R6G using Ni-Au NTs in concentration range from 10
1010 led to LOD of 10.4 M.

Keywords: magnetic nanotubes; nickel nanostructure; gold covering; SERS; Rhodamine

1. Introduction

The science and technology of nanoscale materials s curently being used for the
development of mumerous scientifc, industrial, environmental and technological filds
Chemistry, physics, materias science, biology, medicine, pharmaceuicals, agriculture and food
processing are the main fields that have benefited from the technological advances made in
‘nanotechnology. Among nanoscale structues, plasmonic partcles occupy a special place. Such
structures can be produced of nobel metals - gold,slver, copper,eic.,or they can be made as a
coreshell type nanostructures. In this case, the most inferesting are nanopariicles with @
‘magnetic core and a plasmonic shell[1,2} which will combine magnetc and optial properties
[3-5), allowing ane to enhance and change both the optcal properties in 2 magnetic feld and

control the morphology or movement. of substrates based on such particles [6,7). In addition, a




[image: image32.jpg]coating based on nobel metals wil chane the toxicological propertes of paricls (which is of
great importance when used with biological objects) 8], and willaso slow down / accelrate the
degradation of the magneti core [9,10]. One such area of application of various nanostructures
is surface-enhanced Raman spectroscopy (SERS), which allows for highly sensitve qualitative
and quanitative analysis of substances with trace concentations 11,12]

The use of nanostructures makes it possible fo enhance the Raman signal of
electromagneti fields arsing from the exciation of localized surface plasmons. Such plasmons
arise when incident lectromagnetic radiaton interacts with metalic nanostructures. This type of
analysis is widely used since it is non-destructive, fast, and highly sensitve. It can be used for
analyzing the content of harmful substances (dyes, carcinogens,etc.) and biological molecules
(protens, cancer cll, etc) [13-15). Usually, nanostructures based on copper, silver and gold of
various shapes are used to enhance the signal (16,17]. The shape of nanostructures is a key.
property for effectve use in SERS, since it determines the physical parameters. Therefore, n
active search s currently underway for approaches that allow the controlled, reproducible, and
technologically advanced fabrication of substrates for SERS (18] leading to the efficient
detection of  wide range of substances. Methods fr thesynthesis of noble metal nanostructures
in porous matrices based on carbon nanotubes, aluminum oxide, polymers, silicon oxide,
SI0ySi, titanium oxide, on a paper basi, and others are used [17,19-23]. In this case, it s
possible to control the geometry and localization of the obiained nanosiructures by controlling
thesize and positon of the pores in the matri.

Moreover, it is known that the use of magnetic nanosiructures covered with gold or silver
can_ significantly enbance the effect of SERS under the influence of a magnetic field
14,152425). The use of 2 magnetic field during SERS will increase in electromagneic felds
around the considered nanostructures, which will lead {0 an increase i the signal from the
analyte [26]. The use of such nanostructures also leads o the possibility of magnetc separation
‘Although the applie techniques have improved the reproducibility of the SERS analysis resuls,
neverthelss,the scarch for new plaforms to improve the SERS analyss isstil elevant

Heightened interet is shown in the study of metal nanotubes and nanowires (27-30] in
SERS. Perales-Rondon et al. [29) synthesized siver microtubes with average diameter of 5 pm
inside the pores of polycarbonate rack-ciched membranes. Authors demonstratd that obiained
‘microtubes can be used as SERS substrates for high precision, sensitve and reproducible
quantitaive analysis of R6G in concentration rang of 0.25-25 M.

However, the use of magneti nanosiructures based on Fe, Ni, Co n SERS, requires further
coating and. functionalzation in order to increase their chemical sibilty, sclectvity and
plasmonic properties. For use in SERS, the most commony used metal is gold [31,32], as it has
2 wide specirum of plasmon resonance and can be used for signal amplifcation [12]. In recent




[image: image33.jpg]work [30), it was shown that magnetic Ni nanotubes synthesized by elecirochemical method in
polylethylene terephihalate) track-etched membranes (PET TeMs) can be covered with gold
‘nanostructure in acidic media (HF) using Au(11) chloride. Despit the fact tha this method has
led to encouraging resuls, it has been shown 1o be effective with SERS detection of methylene
blue within the concentration range of 10 ~ 10° M. Moreove, this method has shown that
rivalent gold i not completely reduced, and gold () and gold (I are present i the coated
shell Therefore, we continued fosearch for methods of depositing gold on nckel nanotubes.

In this article, we present of the resuts of electoless gold deposition on Ni NTs using.
‘monovalent gold salt in alkli media with the aim to obiain nanotubes with pure gold layer
‘without any other oxidative states. This approach allows us o obiain SERS substates with better
detection limit

2. Experimental part

2.1 Chemicals

Gold chloride (1, Rhodamine 6G (R6G), Ba(OH):, sodium sulfite were supplied by
Sigma Aldrich. All other chemicals and solvents such as NiSO« 7H:O, HiBOy, NaOH, AgNOs,
Sodium chioride, acetic acid, ascorbic acid, cthanol, ammonia had purity of analytica grade. In
allexperiments, deionized water (18.2 ME) obtained from Aquilon-D301 was used.

2 2Template synhesis of Ni nanotubes

Track-ctched membranes (TeMs) based on polyethylene erephihalae (PET) were used as
templates with a thickness of 12 um, nominal pore diameter of ~400:20 nm and a density of
42107 poresiem’.

Electrochemical deposition inside the pores of PET TeMs was carried out in potentiostatic
‘mode [33] at @ volage of 2.0 V. Electrolte solution: NiSOL7H:0 (120 g/L), HiBO; (45 glL)
and ascorbic acid (15 gl). The growth of nanostructures was monitored by the

chronoamperometry method using the Agilent 34410 multimeter Since the template marix is 2

diclctric gold layer with 10 nm thickness was deposited to crete 2 conductive layer on the
‘matrix by magnetron sputering in a vacuum, which served as a working clectrode (cathode)
during deposition. Under these conditons, th sputtering o the poresin the matri remains open,
that led 0 obtin nanostructures n th form of nanotubs.

2.3Electroles depositon of Au on N nanorubes

Beore the study, the samples were released from the polymer matix, by disolving the
PET TeMs in a soluion of 9M NaOH at 2 temperature of 60°C for 3 h. To remove polymer
residues afer dissolution, he samples were washed in aceti acid, dionized water and they were
ulrasonicaed for S minutes,the washing procedure was repeated 3 times.

Gold covering was performed using solution of Na,[Au(SO.). The synthesis of sodium
£0ld sulfte solutionwas caried out according 1o the following procedure(34]: 0.1 g of




[image: image34.jpg]AUCH3H:0 was dissolved in 0.5 m of agua regia and was boiled at 84 °C with vigorous
stiring.

After adding 0.03 g of sodium chlorde, the solution was evaporated fo dryness at 95 °C,
after which the dry residue of sodium tetrachloroaurate (1) was diluted in 1.8 m of deionized
water, and 0.1 g of barium hydroxide was added with heating the reaction mixturcto 80 ° C.
After adding a concentraed aqucous alkali solution (0.06 ¢ NaOH in 120 L of wate), the
ered and washed

solution was evaporated to dryness and afler adding 1.8 mL of cold water,
with cold water. Then the resultng precipitate was dissolved in 1.8 mi of cold water, heating to
50/°C with siming, and the above procedure was repeated three times The fnal precipitate was
dissolved in 23 mL of water and heated to 60-65 °C with siring, followed by the additon of
036 g of sodium sulfite (he reaction was carried out in an argon atmosphere) The reaction was
continued for 45 min at 60-65 °C, observing a change in the color of the precipiate {0 violet
blue, after which the reaction was stopped,the precipitate was washed with hot water on a fitr
‘The resultng filtrate of Nas[Au(SO3):] was stored in an argon atmosphere in a dark vessel at &

temperature of 4 °C and was further used without additiona purification procedures

“Then, electroless Au deposition on Ni
proportion 1:10 with water, and solution of 0.127 M Na,S0,and 0.625 M formaldehyde for 18 h

{Ts was performed in Nas[Au(SOy);] mixed in the

a1 pH 120 (NaOH, f necessary) and temperature 24 °C. Aferwards the Au-plated Ni NTs was
washed in water and ethanol several times using ultrasound bath and they were magneically
separated.

2.4 Methods of characterization

Xeray diffraction analysis was carried out on D ADVANCE ECO diffractometer (Bruker,
Germany) using CuK source (. = 1.54060 A). To identify the phases and study the crystal
structure, the software. BrukerAXSDIFFRAC.EVAV.4.2 and the intemnational database 1CDD
PDF-2 were used.

JEOL JSM-TS00F scanning clectron microscope was used for charactrization of na-
noparticles size and morphology EDX analysis was done using Hitachi TM 3030 with
‘microanalysis system Bruker XFlash MIN SVE at 15 kY.

XPS measurements were recorded on a Thermo Scientific K-Alpha spectrometer with a
‘monochromaized Al K X-ray source (1486.6 ¢V photons) at  constan diwel time of 100 ms
for severalscans and pass energy of 50 ¢V with step of 0,1 eV for region scan spectra and 200
& with step 1 ¢V’ for survey scan specira. The pressure in the analyss chamber was maintained
a210% Paor lower.

FTIR spectrometer InfralUM FT-08 was used (o record FTIR spectra (range 400-4000
", 25 scans, 2 e resolutions, on ATR accessory (PIKE, USA).



[image: image35.jpg]The values of the characteistic magnetic parameters were determined from the
‘magnetization loops measured by the vibration magnetometer of the universal measuring system
“Liquid Helium Free High Field Measurement System (Cryogenic LTD)". The measurements
‘were performed at oom temperature, the maximal magnetic field was 0.5 T.

“The study of localized surface plasmon resonance was caried out using a Cary 50 (Varian)
UV-VIS spectrophotometer based on measuring the absorpion spectra. A drop of 2 colloidal
solution of nanotubes of a fixed size was deposited on a transparent quartz substrate. The
absorption spectrum of a pure quartz substrate was taken as the bascline. The choice of the
Scanning area was from 200 o 800 nm, according fo the data o the condition for the appearance

AWNTS

of surface plasmons fornickel gold (

25 SERS assay.

“The SERS spectra of Rhodamine 66 (R6G) molecules with concentrations of 10°,10°,
and 10 M adsorbed on an array of Ni-Au layer magneto-plasmonic nanofubes were recorded.
using a Senterra Raman microscope (Bruker). The spectra were measured in the spectral range
from 600 to 1800 cm". The specira were excited by a laer with a wavelengih of 532 nm and a
power of 2 mW. During measurements, the signal accumulation time was 2 seconds, th final
signal intensity was calculated as the arthmetic mean of $ signals at diffrent points of the

sample.

3. Results and discussion

3.1 Synthess of Ninanorube and electroless depositon ofgold

Magnetic nickel nanotubes (Ni NTs) were synthesized inside the pores of PET TeMs by
method of clectrochemical depositon [35). Extemal diameter of prepared nanotubes s
cortesponding to diameter of membrane channel (400+20 nm), internal diameter was measured
by SEM and gas-permeabiliy test, it i equal to 200:20 nm, thus, the wall thickness is equal to
around 10020 nm. SEM images of initial Ni nanotubes are ypical and can be compared with
previously published 33,35 The average length of the nanotubes is 8.50.5 ym. XRD analyss
(Figure 1) confirmed pure structure of Ni NTs (phase concentration of Ni is 100%) with the
degre of crystallnity of 76.2% and crysalie size of 18.9 nm. The large ratio of peaks (111)
and (200) in inital Ni NTs indicates the preferred growh direction (111). NTs have a face-
centered cubie (FCC) latice structure withthe parameter a = 3.53160 A" Structural parameters

of inital Ni nanotubes are collected in Table 1.



[image: image36.jpg]Figure 1 - SEM-image of Ni nanotubes with PET template (a), XRD of iniial Ni NTs (b).

‘Table 1 - Structural parameters of nital Ni nanotubes
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A change in the shape and widih of the diffaction peaks indicates the presence of
distorting factors in the structure tht arose during the formation of the crystal latice of nickel.
“The smallsiz of crystalites (no more than 20 nm) indicats a high density of dislocation defects
andis close 102 single-domain magnetc structure (the size of magnetic single-domain structures
is approximately 2025 nm).The degree of crystallniy of more than 75% indicates a well
formed crystal latice, as wel as a low content of disordering regions, the presence of which is
caused by deformation processes

Depositon of gold on Ni NTs was performed using solution containing Au (1) in akali
‘media (pH-
of methylene blue (in concentration range from 10° 1o 10° M). However, covering of Ni NTs

). The paper [30) shows promising result of using Ni@Au NTs in SERS analysis

with gold was applied in acidic media (hydrofluoric acid) using trivalent gold chloride. This
‘method has shown tha tivalent gol is not completely reduced, and gold () and gold (I are
present in the coated shell. Morcover, reaction cannot be proloned for along time since Ni NTs
can degrade and dissolve in acidic media [33]. Therefore, we continued to search for methods of
depositng gold on nickel nanotubes. In this work, we have use alkali media, where Ni NTs is
stable and monovalent gold salt (Na,{Au(S0,);]) with the aim to obiain nanotubes with pure
gold layer without any other oxidative states. Deposition of gold was performed during 18 h at 2-
acc.

To demonsirate the successful coatng of nickel nanofubes with gold using the newly
proposed technique, a comprehensive study of the sructural, morphological, optical propertcs,

s wellas the composition of nanotube arrays was carried out (Figure 2).



[image: image37.jpg]The SEM image (Figure 2 a, b) demonstates the chang in the morphology of the
‘nanotube surface. The gold coating i uniformly deposited on each nanotube and is a continuous
film consistng of nansized (n0 more than 20 nm) gold crysals. The aray contains nsignificant
deviations of the coating morphology associated with the pecularity of the coating synthesis
technique in solution. The resuling diameter of Ni-Au nanotubes s dificut to determine 470 +
30mm
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Figure 2 - SEM-image of Ni

u nanotubes (2), XRD of Ni-Au NTs (b), EDX-mapping (<) and
u nanotube, high resolution Ausr XPS spectra of Ni-Au NTs
(9 and FTIR spectra ofinitial Ni and Ni-Au NTs (¢).

EDX-specia (d) of separate Ni



[image: image38.jpg]Figure 2 b shows XRD spectra of Ni-Au NTs. There are diffraction pattems charactristic
o FCC-Ni phase (cell parameter a=3.53442 A) and FCC-Au phase (cell parameter a4 08186
A). Phase concentration of gold s 42.2%, crystllte size is 16.6 nm. In the case of Ni-Au NTs,
the presence of mixed phases such as substiutional or interstitial solutions was not detected.
According 1o the X-ray peak positions, both FCC-Ni and FCC-Au phases are well resolved and
indicate the formation of a “core-shell”structure, where a gold coating acts as a shell. A sight

increase i the degree of crystallniy i du to the formation of the FCC-Au phase.

‘Table 2 - Structural parameters of Ni-Au nanotubes

T
S i
! o %
NCAUNTS 5y Cubic, Fn-3m(22) a=4 08186 166 ™ 422

EDX analysis are presented in figure 2 d, e, it confirmed that nanopariices on the nickel
NTs surface are gold. Good gold disribution of gold along the lengih of the nanotube can be
Seen in EDX mapping presented i Figure 2d. Elemental conten according to EDX is Ni - 73%,
Au-27%. Elemental conten according to XPS is Ni - 39.5%, Au- 60.5%. The difference can be
explaned by the fact that XPS analyse only very top surface of the sample, whereas EDX and
XRD analyse bulk sample.

Figure 2f shows high-resolution Au 4f XPS spectra of Ni-Au NTs. XPS could study top
surface siate of the elements. This specira has two peaks indicative of metallic Au’at binding
energy of §3.5 and 87.2 e, that i typical for Au [36]. This can prove the complete reduction of
A" ions during elecroless depositon. FTIR spectra (Figure 2¢) confirm that Ni NTs do not
contin any organic pollutant and polluant that are visible in FTIR spectra.

“The applicaton of the Ni-Au NTs which can be clasficatied as the structures of the type
«anagnetic core-shell made of plasmon metal» makes it possble to manipulat the positon of
‘nanotubes on the surace of the substrate, thereby siructuring the morphology of the substrate for
SERS: creating pattemns and conglomerats from nanotubes, isolting single siructures.

Hysteresis loops (Figure 3) are characteisic for ferromagnetic materals and are in good
agreement with previously obiained results [32]. Magnetc propertes: the coercivity and
quadaticity of the hysteresis loops for Ni-Au NTs samples are slighty diffeent from the
properties of iital Ni NTs powder. The values of the main magnetic parameters: the coercivity
He for the samples are calculated, respectively, for Ni - 75 Oc and Ni-Au - 82 O, and the

Squareness of the hysteresis Ioops Mr/Ms = 0.314 for both samples. A slight increase is caused

the state of the surface of the magnetic core during coating - ixation of magnetic moments.
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Figure 3 - Hysteress loops of Ni and Ni-Au nanotube powder samples (2, UV absorption
spectra of Ni-Au deposited on edge glas i various concentrtions (1), microscope 100x image
of Ni-Au subsrat prepared for SERS (c), SERS of Radomin 66 in concentration10* M
obtained by using of subsrat of different Ni-Au nanotubes concentrations (d).

In a way, being ferromagnetc, nanotube powder samples will be subject to magnetic
‘nanotube maniiculations, which can be used in different ways: concentrated in one region of the
substrate, which provides an additional concentration of analyte molecules at 2 point. On the
other hand, single plasmonic Ni-Au nanotubes can be uniformiy disributed along magnetic lines
to magnetic lnes. The effectveness of both manipulation methods wil be determined by the
position of the localzed surface plasmon resonance (LSPR)

Absorption spectra of Ni-Au NTs are characterized by the peaks of the surface plasmon
resonance inthe region from 450 0 800 nm (Fig. 3b), depending on the degree of ageregation of
the nanotubes and their concentraton on the substrae. The electric

d of the incident radiaion
induces coherent collecive oscilltions of the electrons of the conductvity zone relaive to the
positively charged metallic nucleus Ni. The dipole oscllation resonates with the incident
radiation at a certain frequency, which depends on the size and shape of the particls. The
‘o absorption band for LSPR peak at 530 nm is characteristic of the uniformiy positioned on
the Ni-Au NTs substrate, that indicates the same dimensions of the nanotubes and uniformiy of
the coating, which was created due 1o manipulation of NTs power by magnetic field.
Accordingly, the wide absorption peak indicates the presence of nanotubes and. their

aggregations of different szes, and the shift of the maximum LSPR peak in the longwave region




[image: image40.jpg]indicates a conglomeration. Thus, the formaion of surface plasmons on subsraes with
deposited Ni-Au NTs should lead o a number of non-linear opica effcts such as, for example,
enhanced Raman scatering. The greatest efficiency will be achicved by approaching the
absorption pesks o the SERS substrat a the wavelength of th laser.

Prepared Ni-Au nanotubes have been used as SERS substrates for detection of organic
‘moleculs by example of R6G: (his molecule is quite often used to analyze the sensitvity and
reproducibility of substrates suiable for SERS)

Figure 3¢ shows the characteristi arcas on the substrate, which are a conglamation of a
nanotube (Zone 1), the intersection / abutment of two nanotubes (Zone 2), 2 single nanotube
(Zone 3. From the regions underconsidertion, the SERS specta were abianed (Figure 30) for
a concentration of R6G of 10 M, difeing in the quality and intensity of the signal. The R6G:
‘molecules adsorbed on nanotube conglomerates are screened by nanotube layers and th signal
intensity is significanty reduced. The signal received on adjacent nanotubes (the point of
intesection of nanotubes was determined as th central one), o on sngle ones, has a significant
intensity suffcient fo accurate detction of the analyte

"o study th effciency of using gold-coated magnetic nanotubes o ampify the Raman
signal, as well as to determine the limit of detecton of Ni-Au NTs substrate on single-crystal
silicon wafes i the magnetic fild of a permanent magnet, the scatered nanotubes substrates
were prepared.

“Typical Raman spectra of R6G obiained on Ni-Au nanotubes in concentraton range of
107~ 10% M are presented in Figure b, Main peaks are 1655, 1578, 1515, 1369, 1315, 1190,
776 and 620 e, they are typical for R6G: and with minor shift can be compared with other
published works [29.37). For the most intensity and reproducibility peaks at 1655, 1515 and

1369 e, the calibration curves were constructed (Figure 4a)

Concantaton, M- Ramen shi, o1

Figure 4 - SERS intensity vs. concentation o the 1655, 1515 and 1369 cm! peak (a), SERS
spectrafor different concentrations of R6G (5)



[image: image41.jpg]Lincar relaionship was found i the concentraton range of 10° - 10° M with R*=0.994,
0996, 0.991 respectivey. Limit of detetion (LOD) was calculted according these three peaks
are quit smilar: LODics ~ 12.6 1M, LOD s~ 104 nM, LODys-15.1nM. Compare obiained
results with previously published 29,30] where authors used nanotubes obained by template
synthess, it can be concluded that proposed method of modification significanty ncrease LOD.
“Thus, we have demnstated high potential or urther sudis of anotubes in SERS anaysis of

organic molecules

Conclusions

In ths study, we have shown simple and technologically convenient method of gold
depositon on Ni nanotubes using alkali solution contain Au (1. This method allows obiaining.
uniform pure gold layer on magnetic Ni nanotubes according to XPS, EDX, XRD and SEM
analysis. The proposed moification method insignificantly afects the magnetic properties of the
‘nanotube povwder (magnetic core). I i shown that, using a magneti feld, it s possible to obiain
Ni-Au nanotubes substates with different morphology of ther disribution over the surface of
silicon chips. The efficiency of using substrates is determined by the optcal properties of the
substrae (the position of the plasmon resonance peak). The substrates with scattred nanotubes
having a plasmon resonance position at 530 nm are the most effective for use in SERS when
using a laser with a wavelength of 532 nm, as exemplifed by the spectra of Radomin 6. Such
subsrates Ni-Au nanotubes were tested for SERS analyss of Rhodamine 6G in concentration
range from 10 10 10* M. Linear relationship of concentration vs peak intensity was found in the
concentration range of 10° - 10° M at 1655, 1515 and 1369 cmwith R'-0.994, 0.996, 0.991
respectively LODyess~ 12.6 nM, LODisis - 10.4 nM, LODises- 15.1nM. Our furthr studies wil
be concentrated on the effect of magnetc field on detection limit as well as expanding the
variety of nanotube material.
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