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Abstract: By one-pot wet chemical method, Pt-based hollow nanostructures were synthesized at
room temperature. Because of the highly damping optical response of the metal, these Pt-based
hollow nanostructures exhibited weak thermal effects with a laser focal spot on 4-aminothiophenol
(PATP) molecules limiting dimerisation. The isolated surface enhanced Raman scattering (SERS)
spectra of PATP, in which the vibrational bands from 4,4’-dimercaptoazobenzene (DMAB) molecules
are not observed, were able to be seen, and this was in good agreement with the Raman spectra of
PATP powder. In addition, the concentration of PATP molecules was varied, and the illumination
time was increased to 2000 s, respectively. It was found that spectra were stable with varied PATP
concentrations, and the plasmon-driven chemical conversion of PATP to DMAB was still suppressed,
even when the laser illumination time was increased to 2000 s.
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1. Introduction

Nanomaterials can exhibit unique properties due to the size effects, when compared to their bulk
conterparts [1-5]. Among various nanostructures, the hollow nanostructure has attracted significant
attention owing to its high surface area [6], low density, and potential applications in a series of
technologies, such as catalysis [7], optical detection [8-11], and photothermal therapy [12]. Therefore,
it is of interest to explore hollow-structured nanomaterials in the hope of disclosing their important
physical properties.

One of the most significant physical properties of nanostructures is their optical/plasmonic
properties [13,14], which is characterized by their strong interaction with resonant photons through the
excitation of surface plasmon resonance (SPR). The SPR effect can be utilized in the analytical technique
of surface enhanced Raman scattering (SERS) [15-18]. Current accepted knowledge suggests that noble
metals (Au, Ag, and Cu) are the best materials as SERS substrates, with high enhancement factors [19],
and therefore they have been widely applied in Raman detection since the discovery of SERS in
1970s [20]. During the past decades, many efforts have been made to break the limitation of substrate
specificity and to expand SERS applications to other metals, especially the transition metals Pd and Pt,
which are widely used in catalysis [15,21,22]. Recently, it was reported that bimetallic/multiple metallic
nanomaterials display novel properties distinct from the pure Pd or Pt element nanostructures [23-28].
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Unique physical properties benefiting from the synergistic effect of magnetic material (Ni, Co, Fe)
alloying were observed in Pt-based bimetallic nanomaterials, such as good electrical, catalytic, and
stability characteristics [29,30].

SERS spectra of 4-aminothiophenol (PATP) molecules adsorbed on a SERS substrate surface have
been widely investigated. In previous work, bands seen at 1140, 1390, and 1432 cm ! have been
ascribed to the b2 mode, which is selectively enhanced by the chemical enhancement effect [31-33].
It has been confirmed that these peaks come from 4,4’-dimercaptoazobenzene (DMAB) molecules due
to the dimerisation reaction from PATP to DMAB by surface catalysis, making the observation of SERS
spectrum of PATP molecules a challenge [31]. In this work, we attempt to observe the genuine SERS
spectrum of PATP with a novel substrate. By one-pot wet chemical method using water solution at
room temperature, Pt-based hollow nanostructures were synthesised. Because of the highly damping
optical response of the metal, these Pt-based hollow nanostructures exhibited weak dimerising effects
with PATP molecules [34]. The genuine SERS spectra of PATP was able to be seen, where the vibrational
bands at 1140, 1390 and 1432 cm ™! from DMAB molecules were absent from observation. Furthermore,
the SERS spectra remained consistent with the Raman spectra of PATP powder under laser illumination
for more than 2000 s, during the experimental measurement process.

2. Materials and Methods

All raw materials in the experiment, such as K, PtClg (99.8%), PVP (99.5%), CoCl,-6HyO (25%),
and sodium borohydride (98%) which were purchased from LANYI REAGENT Ltd. (Beijing, China),
were used as-supplied, without further purification. Pt-based hollow NCs were obtained by one-pot
wet chemical method. Typically, CoCl,-6H,0 (8.5 mg) and PVP (polyvinylpyrrolidone K30, 20 mg)
were dissolved in 43 mL of water. After the dissolved solution was stirred for 20 min, a freshly
prepared NaBHjy solution (20 mg in 20 mL deionized water) was then added quickly with vigorous
stirring. Then, 10 mL K;PtCls (6 mM) was added into the mixture solution, followed by a stirring
process for 20 min. Pt-based hollow nanostructures were collected by further centrifugal separation
(16,000 rpm) and washed several times with water and ethanol. The final black powder CoPt sample
was then obtained by oven drying at 60 °C for 20 h.

The morphology of the products was characterised by Hitachi 54800 scanning electron microscope
(SEM, Hitachi Ltd., Tokyo, Japan) and JEOL 2200F transmission electron microscope (TEM, JEOL Ltd.,
Tokyo, Japan). The crystal structure and chemical composition of the products were characterised by
energy-dispersive X-ray spectroscopy (EDS, EDAX Inc., Mahwah, NJ, USA) and electron energy loss
spectroscopy (ELLs) with the TEM. For X-ray diffraction (XRD, PANalytical B.V., Almelo, Netherlands)
measurements, powder samples were analysed with an X'Pert Pro MPD system (Cu Ko X-ray source).
The emission spectrum was observed with a Raman spectrometer (Horiba, Ltd., Kyoto, Japan), using a
504 nm wavelength excitation laser.

Pt-based hollow nanostructures in ethanol solution were dropped onto a silicon wafer and dried.
Afterward, the substrate was immersed in 10~% mol/L PATP ethanol solution for 6 h. Then the Si
substrate, covered with the sample, was taken out and constantly rinsed by ethanol. After being
dried in air, the substrate was characterised by SERS measurement. A Horiba Jobin Yvon Raman
spectrometer (Horiba, Ltd., Kyoto, Japan) with 532 nm laser (laser spot size ~1.5 um and beam power
320 uW) was used to measure the Raman spectra. SERS spectra were collected with a 50 x objective
lens. A total of 10 or 100 spectra were measured for an integration time of 20 s each, giving a total
SERS measurement time of 200 s or 2000 s, respectively.
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3. Results

The morphology of the as-prepared products was investigated by SEM at different magnifications.
A typical low-magnification SEM image, as seen in in Figure 1a, shows that the sample can be prepared
in uniform large quantities. The Pt-based hollow nanostructure size is about 300 nm, as shown in
Figure 1c,d. It demonstrates that the Pt-based hollow nanostructure surface is rough, indicating that
the sample has a high surface area to volume ratio. This feature is very important for enhancing
the substrate SERS activity, especially for the Pt substrate, which has low SERS activity, to allow the
acquisition of high quality SERS spectra. The SERS and catalysing property of as-prepared Pt hollow
nanostructures will be described later. The EDS data (Figure S1a) shows that the main signal peaks
are ascribed to the elements Co and Pt, and reveals that the atomic ratio of Co to Pt is nearly 30:70.
The XRD data of samples is shown in Figure S1b, which represents a good match with the face-centered
cubic (fcc) structure of CoPt, according to the Bragg reflections data [35,36].

Figure 1. Scanning electron microscope (SEM) images of Pt-based hollow nanostructures. Scale bars in

(a—d) indicate the images proceed from from low to high magnification.

The TEM image shown in Figure 2a displays a single Pt-based nanostructure, in which a hollow
core can be deduced from the distinct color contrast. The size of the Pt-based hollow nanostructure is
about 300 nm, in agreement with the SEM image in Figure 1d. In Figure 2b, the hollow structure was
more evident given the bright colour contrast. To investigate the elemental distribution of the Pt-based
hollow nanostructures, the TEM-EELs Co mapped image of the Pt-based hollow nanostructure is
shown in Figure 2c. Because the EELs spectroscopy is not sensitive to the Pt element, and no EELs Pt
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map could be collected. The EELs spectrum of Co is shown in Figure S2. The corresponding selected
area electron diffraction (SAED) pattern taken from the area shown in Figure 2a, demonstrates a
typical polycrystalline fcc structure with lattice parameter a = 0.38 nm. It is in good agreement with
the obtained XRD data, and the lattice fringes of CoPt which were measured to be 0.22 and 0.19 nm,
corresponding to the (111) and (200) planes, respectively. High-resolution TEM (HR-TEM) images of
the Pt-based hollow nanostructures are shown in Figure S3 for additional support.

Figure 2. (a) Transmission electron microscope (TEM) image of a single Pt-based hollow nanostructure.
(b) TEM image of a single Pt-based hollow nanostructure with enhance color contrast. (¢) TEM-EELs
mapping of Co element in the Pt-based hollow nanostructure. (d) The corresponding selected area
electron diffraction (SAED) image of Pt-based hollow nanostructure.

The genuine SERS spectrum of the 10~% mol /L PATP molecules [37] adsorbed on the Pt-based
hollow nanostructure surfaces under a laser wavelength of 532 nm is shown in Figure 3a. The emission
spectrum of the Pt nanostructure powder was observed with a Raman spectrometer, using a 504 nm
wavelength excitation laser as shown in Figure S4. In the SERS spectrum, the band at 1580 cm ™! is
assigned to the C=C stretching vibration of the benzenyl ring mode and the band at 1080 cm~! is
attributed to the C-S stretching mode. The band at 1180 cm~! corresponds to the C-H deformation
mode [31]. And it can be calculated that the EF factor is approximately 1 x 10%, and the detailed analysis
method can be seen in the Supporting Information (Figure S5). In addition, the high power of the laser
on the focal spot can result in the thermal effects. This is known to promote the PATP dimerising to
DMAB. However, as shown in Figure 3a, the vibrational peaks of DMAB at 1140, 1390, and 1432 cm !
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were not observed in the SERS spectrum. This demonstrated that the SERS signal could be attributed
to the PATP monomer, instead of DMAB dimerising from two PATP molecules. In addition, owing to
the thermal effects caused under prolonged illumination time, the time dependence of SERS spectra
needed to be investigated to demonstrate the stability of the substrate for acquiring a genuine PATP
SERS spectrum. Figure 3b gives the time dependence of SERS spectra for PATP molecules at the very
beginning and after 200 s of continuous laser irradiation on the substrate. The bands from DMAB
molecules at 1140, 1390, and 1432 cm ! ascribed to b2 mode were still not observed. This was able
to exclude the plasmon-driven chemical conversion of PATP to DMAB under extended illumination
time, as no spectral changes were observed in the experiment. The mechanism could be related to the
highly-damping optical response of the Pt material, since the Pt-based hollow nanostructures exhibited
weak dimerising effects with PATP molecules.
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Figure 3. (a) Surface enhanced Raman scattering (SERS) spectrum of 10~* mol/L PATP
molecules measured with 40 s of laser irradiating on the Pt-based hollow nanostructure substrate.
(b) Time-dependent SERS spectra of 10~# mol/L PATP on the Pt-based hollow nanostructure substrate
illuminated with the laser power of 0.3 mW.

4. Discussion

Problems may result from the illumination time dependence in combination with variations to tip
molecule concentration, therefore this was also taken into account in the SERS experiments. To further
illustrate the stability of the substrate for ascertaining genuine PATP SERS spectrum, the concentration
of PATP molecules was varied, while maintaining the increased the illumination time. Figure 4a—c
display time dependence of SERS spectra (200 s) with different tip molecule concentrations at 102,
107%, and 10~7 mol/L. It shows that the spectra were stable and no new peaks (at 1140, 1390, and
1432 cm 1) attributed to DMAB emerged with PATP concentration changes. Figure 4d—f reveal the
time dependence of SERS spectra with PATP molecule concentrations at 107°,107% and 107 mol/L,
for which the illumination time was increased from 200 s to 2000 s. By comparing with the results
from Figure 4a—c, it can be seen that plasmon-driven chemical conversion of PATP to DMAB was not
occurring, even though the peak intensity of SERS spectra continuously decreased. Thus, the results
demonstrate that the plasmon-driven chemical conversion was suppressed and the substrate is stable
under laser illumination.
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Figure 4. Time-dependent SERS spectra of Pt-based hollow nanostructures on Si, after adsorption of
PATP from an ethanol solution, with different laser illumination time. The concentration of PATP in
solution and laser irradiation time for collecting Raman spectra from these samples are: (a) 1075 M,
200 s; (b) 1072 M, 2000 s; () 10~ M, 200 s; (d) 10~° M, 2000 s; (e) 10~7 M, 200 s; (f) 10~7 M, 2000 s.

5. Conclusions

In summary, genuine SERS spectra of PATP molecules were successfully observed with Pt-based
hollow nanostructures, though Pt itself has weak SERS activity. In the reported SERS measurements,
PATP molecule dimerisation did not occur, and vibrational modes of 1140, 1390 and 1432 cm ! related
to DMAB molecules were not observed. The SERS spectra are in good agreement with the Raman
spectrum of PATP powder, even the laser illumination time is prolonged. The laser illumination
time and the concentration of PATP molecules in solution are both the key factors that affect the
plasmon-driven chemical conversion from PATP to DMAB, due to the thermal effects of a laser focal
spot. In this work, the illumination time and the tip molecule concentration show no influence on the
isolated SERS spectra of PATP, demonstrating the stable SERS catalytic stability of Pt-based hollow

nanostructures. Furthermore, this suggests that the substrate with its unique optical properties may be
useful in other SERS detection processes to obtain genuine SERS spectra.

Supplementary Materials: Supplementary materials are available online at http:/ /www.mdpi.com/2076-3417/
7/9/953/s1.
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