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ABSTRACT The paper explores the morphology features of Pt(0) nanolayers obtained on the surface of chem-
ically polished nickel as a result of the galvanic replacement reaction using HoPtCls solution. In a series of
samples synthesized at a treatment time of 1-60 minutes, it is shown that the nanolayers consist of Pt(0)
nanocrystals 5-10 nm in size, which form a continuous porous layer with a thickness depending on the treat-
ment time in solution. For example, it is about 80 nm and 120 nm for samples obtained after 3 minutes and
20 minutes, respectively. Moreover, on the outer side of the nanolayer with respect to the substrate, these
nanocrystals form arrays of pointed agglomerates directed along the normal to the surface. After drying in air,
the Pt(0) nanolayer cracks and partially folded microscrolls form on the nickel surface, the number of which is
the largest for the samples obtained with a longer treatment time. The features of the practical application of
these samples as SERS substrates are studied using the Raman spectra of Rodamin 6G as an example. It is
shown that the ampilification factor is about 10°-10° using 532 nm laser excitation.
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1. Introduction

Application of Raman spectroscopy to the study of organic molecules and biological objects is one of the most widely
discussed topics in optical spectroscopy. To confirm it, one can mention that more than 300 reviews were published on
this topic in 2021 according to international databases, for example [1-3]. One of the central questions for choosing
the conditions for obtaining such spectra is the creation of optimal, so-called SERS substrates, which the investigated
substance is applied on and which provide high values of the effective signal amplification factor [4-8].

To date, many methods of creating such substrates have been tried and are being used. The use of precious metals
with nano- and microtubular morphology for this purpose is one of the directions of further development of the topic.
In particular, in article [9], microtubes of gold with a length of several microns and a diameter of 0.5 to 3.5 pm with
a wall thickness of several tens nm were obtained. The walls of these microtubes have a relatively large proportion of
atoms on the surface and exhibit SERS signals nearly 20 times larger than those of the gold film. A similar SERS signal
reinforcement effect was also found in the case of Au nanoparticles applied to the inner surface of microtubes with walls
made of InGaAs/GaAs layers [10]. The original way of producing Au microtubes was proposed in the work [11]. For this
purpose, nanoparticles Au were adsorbed on the surface of the Trichoderma asperelum and Aspergillus sydowii fungi and
then the biological material was removed by solvent washing and heating in the air at 400°. The walls of the microtubes
produced under these conditions were found to consist of nanoparticles Au with a size of about 20 nm and the microtubes
were 2—4 pm in diameter and several tens of ym in length. Moreover, the position of the maximum light absorption band
Au lies in the range of 680 to almost 1000 nm and depends on the ratio of the diameter and length of the tube.

The last circumstance makes it possible to focus on specimens that provide maximum amplification of the useful
signal in SERS. It should also be noted that the work [12] in which the authors studied the optical properties of microtubes
with walls of Ag obtained by the method of template - synthesis using a solution of the mixture AgNO3 and Na-cit and
porous membrane of polycarbonate. These microtubes had a diameter of about 3—4 um, a length of about 10 ym and a
wall thickness of several tens of nanometers. They have been found to exhibit SERS substrate properties in the production
of Raman spectra of Rhodamine 6G molecules.
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It is noteworthy to mention the work [13] devoted to fabrication of Ag-SiO, microtubules as robust SERS sub-
strates based on roll-up nanotechnology. As an illustration, dramatic enhancement is achieved using Rhodamine 6G as
a molecular probe, which indicates that a larger plasmonic density of states exist, leading to a greatly enhanced local
electromagnetic field (EM) when the sample is irradiated with a laser beam. Optimized results are obtained by controlling
the thickness of alumina coating onto Ag-SiO, microtubes using atomic layer deposition. Finite difference time-domain
simulations further illustrate the excitation of localized surface plasmon modes by calculating the EM field properties on
the surface of Ag-SiO, microtubes.

It should be noted that the potential of this approach has not yet been fully exploited, as other methods of producing
nano- and microtubular structures, such as those published in papers [14—19], have not yet been tested.

The aim of this paper is to study the application characteristics of SERS substrates of Pt(0) microscrolls produced on
the nickel surface as a result of galvanic replacement reaction (GRR) between its atoms and anions in HoPtClg aqueous
solution. For the first time in this way, such microscrolls were obtained in the work [20]. It was shown that they exhibit
active electrocatalytic properties in the hydrogen evolution reaction during water electrolysis in an alkaline medium. We
also note that earlier GRR have already been used to obtain SERS substrates, for example, in the synthesis of Au-Ag
nanocomposites [21-23].

2. Experiment

Dihydrogen hexachloroplatinate (IV) hydrate (H2PtClg-6H20, JSC “Aurat”) and Ni foil with a size of 0.5 x 10x10.0
mm were used as precursor and a substrate, respectively, to synthesize the Pt(0) nanolayer by GRR. Ni plates were cleaned
with acetone by ultrasonic treatment for 30 min and treated according to [24] in hydrochloric acid (HCI, 3 M). Then, the
substrates were washed in deinosized water and treated for 30 seconds in a solution of a mixture of CH3COOH, HNOg
and HCI acids. At this stage, the chemical polishing of the surface took place and the samples acquired a mirror shine.
Thereafter, Ni plates were immersed into a solution of HoPtClg (C = 0.005 M) for 0.5-60 minutes. The GRR was carried
out at room temperature and atmospheric pressure. As a result, the Pt(0) nanolayer is formed on the surface and rolls up
into microscrolls during drying in air. SEM, TEM, STEM, EDX and HR-TEM methods were used to characterize the
samples. SEM analysis was carried out with a Zeiss Merlin or a Zeiss EVO-40EP electron microscopes. TEM, STEM,
and HR-TEM micrographs were obtained using a Zeiss Libra 200 microscope. EDX spectra were received with Oxford
Instruments INCA 350 and INCAx-act spectrometers, which were equipped with a Zeiss EVO-40EP and Zeiss Libra
200 electron microscopes, respectively. The Raman spectra were recorded using a Bruker spectrometer (Senterra model)
under excitation by a 532 nm laser and a power of 20 mW, the radiation focusing area on the sample had a diameter of
about 1 mm without using a microscope objective. Alcoholic solutions of Rhodamine 6G of various concentrations were
used as the research object which were applied to the surface.

3. Results and discussions

The study of the nickel surface by the SEM and STEM methods (Fig. 1) and by the EDX method (not shown in the
figure) after its contact with an HoPtClg solution made it possible to establish that, at a treatment time of more than 2-3
minutes, Pt(0) nanolayers with a morphology of partially formed microscrolls are observed. With an increase in treated
time, the thickness of the walls of such microscrolls increases from 80 nm to about 120 nm for the samples obtained
during treatment with a solution of 3 minutes and 20 minutes, respectively (Fig. 1d,e,f). An increase in the treatment time
also leads to an increase in the number of such microscrolls per unit area of the substrate surface. It is also noteworthy
that the Pt(0) layer is porous and consists of separate nanoparticles. These nanoparticles form agglomerates, which have
the form of pointed vertices on the outer side of a layer with respect to the substrate, directed along the normal to the
surface. Such peaks up to 100 nm in height can be clearly identified in the sample obtained during 10 min of treatment
with an HyPtClg solution (Fig. 1e). Increasing the treatment time to 20 minutes reduces the number of such vertices/ It
is likely due to the fact that the new nanoparticles Pt(0) that are formed during the synthesis process are located between
these vertices. It should also be noted that the thickness of the Pt(0) nanolayer is practically not increased by increasing
the treatment time in the solution to 60 minutes, indicating that the nickel surface is blocked by the already formed Pt(0)
nanolayer.

The study of Pt(0) nanolayer fragments by TEM and STEM methods made it possible to establish that the size of
platinum nanocrystals is 5—-10 nm, regardless of the treatment time. Each of these particles has a face-centered cubic
crystal lattice characteristic of Pt(0). In this regard, we present in Fig. 2 the results of the STEM and HR-TEM study of
only one sample obtained by treating Ni with a HyPtClg solution for 3 minutes.

A series of experiments that were carried out with Ni foil samples and HoPtClg solutions showed that the Pt(0)
nanolayer with the microscroll morphology is relatively strongly retained on the Ni surface. In this regard, such Ni samples
can be used as substrates for obtaining Raman spectra of organic compounds under conditions of signal amplification by
the surface. To record such spectra, we used Ni foil substrates with Pt(0) nanolayers obtained on their surface by treatment
under GRR conditions in an HyPtClg solution for 3, 10, and 20 minutes. For comparison, similar spectra of this compound
deposited on the single-crystal silicon surface were recorded using a similar technique. The obtained Raman spectra of
such samples are shown in Fig. 3.
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F1G. 1. SEM images of the Pt(0) nanolayers on the Ni surface obtained by treating it for 3 (a,d), 10 (e)
and 20 (b,f) minutes with a HoPtClg solution. (a,b) — general top views, (d,e,f) — side views of the Pt(0)
nanolayers. (c) — STEM image of Pt microscrolls obtained after treatment with a solution for 3 minutes

FIG. 2. STEM (a) and HR-TEM (b) images of Pt(0) nanocrystals, obtained after treatment Ni foil with
a HyPtClg solution for 10 minutes
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FI1G. 3. Raman spectra Rhodamine 6G on the Pt microscrolls surface (a,b) and on single-crystal silicon
surface (c) with different concentrations. a — the alcohol solution R6G was applied to the samples
prepared under the GRR conditions of Ni treatment with a HyPtClg solution for 3 (1), 10 (2) and
20 (3) minutes (the concentration of the Rhodamine 6G solution was 10~°M); b — the concentration
of Rhodamine 6G solution was 10~7 (1), 107° (2) and 10~* (3) M and it was applied to the sample
prepared with a treatment time of Ni with a HoPtClg solution equal to 20 minutes; ¢ — substrate of the
initial silicon (1) and after applying solutions with concentrations 1072 (2) and 10! M (3)
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Analyzing these spectra, first of all, we note that the most informative spectrum of Rhodamine 6G was obtained for the
samples prepared by treating nickel in a HoPtClg solution for 10 and 20 minutes (Fig. 3a(2,3)). In these spectra, in addition
to peaks with maxima at 630-634 and 1552—1554 cm™!, one can distinguish peaks with maxima at 1635-1667 cm™*.
Recall that the peaks in the region of 1500-1700 cm™' are due to stretching vibrations of C—C atoms in benzene rings,
and in the region of 630 cm™*, they are due to vibrations of atoms of chains of C-C—C bonds [25]. Moreover, from the
spectra shown in Fig. 3b, it is possible to detect these molecules already in a solution with a concentration of 10~7 M.
The intensity of the peaks in the Raman spectrum increases with increasing concentration up to 10~% M. In this regard, it
can be argued that the detection limit of Rhodamine 6G when obtaining spectra by this method is the value of 1077 M.
At the same time, if this solution is applied to the silicon surface, then the most intense peaks in its spectrum are observed
only starting from a concentration of 1072107 M.

Thus, the obtained results indicate that the amplification factor of the studied substrate, which consists of Pt(0)
microscrolls on the nickel surface, is 10°~10° times. In our opinion, this result is achieved due to the special and unique
morphology of the microscrolls layers, the walls of which, on the one hand, consist of nanocrystals with a high specific
surface area, and, on the other hand, some of these nanocrystals form arrays of pointed agglomerates. It should also be
noted that the walls of microscrolls form a kind of micromirrors for repeated reflection of laser radiation. In our opinion,
this may lead to increase of the useful signal. It is also important to note that this effect of increasing the intensity of the
bands in the spectrum was achieved using a 532 nm laser, i.e. far from the maximum of plasmon absorption by electrons
of Pt(0) nanoparticles, which, as noted, for example, in [26], is at 250-450 nm. In this regard, the proposed substrates for
the production of Raman spectra of organic molecules under SERS conditions certainly have great potential for further
development. We believe that the creation of nano-composite series based on these samples with other metals, for example
with Au and Rh, will make it possible to significantly increase the observed values of the efficiency signal amplification
factor. The first experiments on the synthesis of Pt(0) nanocomposites with Rh(0) nanoparticles indicate the possibility of
such synthesis.

4. Conclusion

The treatment of chemically polished nickel in a HoPtClg solution with a concentration of 0.005 M for 2 or more
minutes leads to the formation of porous Pt(0) nanolayers with a thickness that depends on the treatment time. These
nanolayers are formed by Pt(0) nanocrystals 5-10 nm in size, which, on the outer side with respect to the substrate,
form arrays of pointed agglomerates directed along the normal to the surface. After drying in air, cracking of the Pt(0)
nanolayers and the formation of partially rolled microscrolls on the nickel surface are observed. Their number is the
largest for the samples obtained with a longer treatment time. The features of the practical application of these samples
as SERS substrates are studied using the Raman spectra of Rodamin 6G as an example. It is shown that the amplification
factor is about 10°~10° using 532 nm laser excitation.
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