Pre prints.org

Article Not peer-reviewed version

Fabrication of Gold Nanostructures as
SERS Substrates for the Detection of
Rhodamine B Contaminant in Water

Cristhian A. Visbal , Wilkendry Ramos Cervantes, Lorena Marin i , John Betancourt, Angélica Pérez ,
Jesus E. Diosa, Luis A. Rodriguez , Edgar Mosquera-Vargas

Posted Date: 21 May 2024
doi: 10.20944/preprints202405.1339.v1

Keywords: gold nanostructures; surface plasmon; Rhodamine B; SERS; dewetting

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2206585
https://sciprofiles.com/profile/326350
https://sciprofiles.com/profile/2357674
https://sciprofiles.com/profile/424950

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2024 doi:10.20944/preprints202405.1339.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Fabrication of Gold Nanostructures as SERS

Substrates for the Detection of Rhodamine B
Contaminant in Water

Cristhian A. Visbal !, Wilkendry Ramos Cervantes 23, Lorena Marin 3*, John Betancourt 13,
Angélica Pérez 34, Jestis E. Diosa 35, Luis A. Rodriguez 35 and Edgar Mosquera-Vargas 35

1 Grupo de Peliculas Delgadas, Departamento de Fisica, Universidad del Valle, Santiago de Cali, Colombia;
cristhian.visbal@correounivalle.edu.co; betancourt.john@correounivalle.edu.co

2 Institucién Educativa Numero Dos, Maicao, La Guajira, Colombia; ramos.wilkendry@iedosmaicao.edu.co

3 Centro de Excelencia en Nuevos Materiales (CENM), Universidad del Valle, Santiago de Cali, Colombia;
jesus.diosa@correounivalle.edu.co, luis.a.rodriguez@correounivalle.edu.co,
edgar.mosquera@correounivalle.edu.co

+ Grupo de Optica Cuantica, Departamento de Fisica, Universidad del Valle, Cali A.A. 25360, Colombia

5 Grupo de Transiciones de Fase y Materiales Funcionales, Departamento de Fisica, Universidad del Valle,
Santiago de Cali, Colombia

* Correspondence: marin.lorena@correounivalle.edu.co

Abstract: Gold nanostructures (AuNSs) were used to fabricate surface-enhanced Raman
spectroscopy (SERS) substrates. These AuNSs were produced by the solid-state dewetting method
from thin films. The fragmentation process was studied at 300 °C, considering the duration of the
thermal treatment for 1, 3, 6, and 12 hours. These SERS substrates were then employed to detect
Rhodamine B (RhB) as a model analyte, simulating a contaminant in water at a concentration of 5
ppm. The morphology of the AuNSs was examined using SEM, which revealed a spheroidal shape
beginning to coalesce after 12 hours. The size of the AuNSs was estimated to range from 22 + 7 to 24
t+ 6 nm, depending on the annealing time. The surface plasmon resonance of the AuNSs was
determined using absorption spectroscopy, showing a shift as the annealing time increased. The
SERS signals of RhB adsorbed on the AuNS substrates were studied, and a comparative analysis
showed no significant differences in the positions of the bands; however, variations in intensity
enhancement ranged from 20 to 90 times for 6 and 3 hours, respectively. Three new vibrational
modes, observed at 1683, 1720, and 1789 cm™!, have been identified and reported.
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1. Introduction

The significant rise in mining, pharmaceutical, industrial, and agricultural activities has raised
concerns about the widespread introduction of emerging contaminants into aquatic ecosystems [1-
4]. This problem not only threatens the health of ecosystems but also the health and well-being of
communities that depend on water as a vital resource. In this context, accurate and timely detection
of contaminants becomes crucial to mitigate associated risks and safeguard water quality for present
and future generations.

Conventionally, sophisticated methods such as high-performance liquid chromatography
(HPLC) and mass spectrometry have been used to detect emerging contaminants [3-7]. Despite their
effectiveness, these have significant drawbacks. They are expensive due to the high cost of equipment
and reagents and require highly trained personnel. Additionally, these methods are labor-intensive
and slow, limiting their use in situations requiring real-time or high-frequency monitoring.

Given these challenges, the search for more accessible and efficient alternatives is a priority in
the field of contaminant detection. Surface-enhanced Raman spectroscopy (SERS) has emerged as a
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highly promising technique due to its selectivity, sensitivity, and non-destructive capacity, crucial in
various applications, from environmental monitoring to medical diagnosis [8-13]. In this technique,
the enhanced Raman signal is produced by the interaction of light with metallic nanostructures (e.g.,
Au, Ag and Cu), generating the excitation of surface plasmons [10,11,14]. These excitations, known
as surface plasmon resonances, increase the electromagnetic field on the surface of isolated
nanoparticles or in the interparticle spaces (“hot spots”) [10,11,15]. This phenomenon allows to
increase the Raman signal of various analytes located in the vicinity of these hot spots by several
orders of magnitude [10,11,15,16]. Consequently, obtaining nanostructured metallic, also known as
SERS substrates, with controlled morphological and optical properties, greatly influence SERS
performance [10,11,15].

Typically, these substrates are produced via advanced nanofabrication techniques such as
electron beam lithography, focused ion beam and UV photolithography [11,15,17]. These methods
offer high reproducibility and sensitivity, enabling precise control over the size, shape, and gap
distance between metallic nanostructures [11,15,17-19]. However, the procedures associated with
these techniques are usually long, expensive, and difficult to scale. In this context, obtaining SERS
substrates through solid-state dewetting stands out as a low-cost, simple, and fast alternative
technique with low experimental complexity. This method involves the controlled heating of a thin
layer of metallic material on a solid substrate to reduce the free energy of the environment-film-
substrate system and transform the film into a set of nanoparticles or droplets [20-22].

In this work, we demonstrate the fabrication of gold nanostructures films as SERS substrates by
thermally treating gold thin films deposited on glass substrates. These SERS substrates, obtained
under various synthesis conditions, were characterized for their morphological and optical
properties. Subsequently, we evaluated the direct detection of rhodamine B using the SERS substrates
and found that they enhance the Raman signal, achieving an intensity enhancement in a range 20 to
90 times to 6 and 3 hours, respectively.

2. Materials and Methods
2.1. Materials and Cleaning the Glass Substrate

All reagents were obtained from Chemical companies and used without further purification.
The glass substrates underwent a two-stage cleaning process. Initially, a solution comprising acetone
and isopropanol was prepared and introduced, along with the substrates, into a Branson M1800H
ultrasonic cleaner for 15 minutes. Subsequently, the substrates were transferred to a solution of
isopropanol and underwent a further 15 min ultrasonic cleaning cycle. This procedure aimed to
eliminate any remaining impurities that might impact the sample quality.

2.2. Fabrication of SERS Substrate

5 mg of gold was evaporated onto glass substrates using the thermal evaporation method to
produce gold thin films. The process utilized a current of 70 A under a vacuum of 10 mbar.
Subsequently, the prepared substrates underwent thermal treatment at 300 °C for 1 h, 3 h, 6 h, and
12 h to investigate the influence of annealing time on the SERS signal. Afterward, a 5 pL drop of
Rhodamine B (RhB, CzsH31CiN20s) solution with a concentration of 5 ppm was deposited onto the
gold nanostructured films. To facilitate the adsorption of RhB onto the film surface, the solution
droplet was left in contact with the film for 24 hours to air dry before spectrum acquisition. The choice
of RhB was made due to its widespread use in evaluating SERS activity [23-26].

2.3. Characterization

The morphology of the films was examined using a Tescan Clara Field Emission Scanning
Electron Microscope (FE-SEM). Optical characterization was performed with a Jasco V-770 UV-
visible (UV-Vis) spectrometer to observe the surface plasmon resonance (SPR) of the gold
nanostructures on glass substrates. SERS measurements were conducted using a Jasco RMS 4500
Raman spectrometer. The samples were irradiated with a line laser at 457.10 nm (2.72 eV) with a
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power of 3.5 mW. All Raman spectra were recorded with an exposure time of 5 s and 30
accumulations to facilitate visualization of the characteristic vibrational modes of RhB.
Measurements were taken at three different points where the RhB droplet had dried, and an
additional three spectra were obtained at zones on the film where no RhB was present.

3. Results and Discussion

3.1. Characterization of Gold SERS Substrates
3.1.1. Effect of Thermal Treatment Time

Figure 1 shows the scanning electron microscopy (SEM) images of gold nanostructures (AuNSs)
deposited on glass substrates by thermal evaporation method. However, the glass substrates with
AuNSs were annealed at a temperature of 300 °C. Here, nanostructure with spheroidal morphology
is observed, as shown in Figure 1a—c. Furthermore, as the time at the annealing temperature increases,
some AuNSs tend to coalesce, as seen in Figure 1d. Despite the coalescence, it can be seen from Figure
1 that there is no major and significant difference in the size and shape of AuNSs found for samples
annealed at this temperature. This suggests consistency in the annealing process in terms of
nanostructure morphology. Furthermore, the average particle size was estimated between 22 + 7 nm
and 24 + 6 nm, respectively, without considering some nanoparticles with irregular shapes as the
annealing time increases. The estimation of the size of the nanostructures was carried out using
Image] Software. The histogram of the particle size distribution is shown in Figure 2a—d. Here, the
average diameters show a variation attributed to errors associated with the assumption of a spherical
shape in the nanoparticles.
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Figure 1. SEM images of the gold nanostructured thin films at different annealing times: (a) 1 h, (b) 3
h, (c)6hand (d) 12 h.
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Figure 2. Size distribution histograms of the nanostructures: (a) 1 h, (b) 3 h, (c) 6 h and (d) 12 h.

On the other hand, UV-visible absorption spectroscopy was carried out to determine the surface
plasmon resonance (SPR) of the gold nanostructures on glass substrates. The SPR phenomenon
exhibited by AulNSs is known to be influenced by their size and shape [27]. Consequently, the
absorption spectra of the film annealed for 1 h exhibit a strong SPR band around 600 nm (2.07 eV),
attributed to AuNSs (Figure 3a). However, for AuNSs annealed at 3 h, 6 h, and 12 h, the observed
SPR bands were located around 588 nm (2.11 eV), 590 nm (2.10 eV), and 575 nm (2.16 eV), as depicted
in Figure 3c-d. Additionally, the SPR band indicated that the supported AuNSs on the glass substrate
were approximately spheroidal in shape, as observed in the SEM images. Notably, Figure 3 shows
no significant difference in the absorption spectrum for the sample annealed for 12 h, consistent with
the morphological findings. Furthermore, a similar trend is observed for the other samples. However,
according to the shape and position of the SPR band, a shift is observed with increased annealed time.
Moreover, the undulations observed in the absorbance spectra could be attributed to both the size of
the gold nanostructures and the roughness of their surface.
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Figure 3. Absorption spectra of AuNPs on glass substrates annealed at 300 °C. (a) 1 h, (b) 3 h, (c) 6 h,
and (d) 12 h.

3.2. SERS Spectra of RhB Adsorbed on AuNSs

Micro-Raman spectroscopy was utilized to characterize the surface-enhanced Raman scattering
(SERS) activities of gold nanostructures fabricated on glass substrates, with Rhodamine B employed
as the labeling molecule. Figure 4 displays the Raman scattering spectra of RhB adsorbed on AuNSs
annealed at 300 °C for 1 h, 3 h, 6 h, and 12 h, respectively. Additionally, no SERS signals were detected
for the AuNSs without RhB. It is observed that the SERS spectra exhibit similarities, although certain
vibrational modes appear more intense than others. This discrepancy in intensity can be attributed
to the spatial orientation of the RhB molecule relative to the substrate, which influences the Raman
signal. Furthermore, by examining the annealing time of each SERS substrate with the Raman signal
obtained from RhB, it is inferred that 1 h or 3 h is sufficient to achieve a good SERS substrate and,
therefore, detect the molecule’s Raman signal. It is also important to consider that SERS sensing could
be greatly affected by the size and morphology of the substrates used. Hence, the SERS response of
this molecule could be attributed solely to the properties of the substrate, without additional
contributions from the molecule itself [28]. The bands observed in the SERS spectra closely match
those reported in previous Raman studies [23,25,28-30]; however, some bands exhibit a slight shift
and broadening, attributed to the interaction between the analyte molecules and the AuNSs.
Therefore, characteristic vibrational modes and their assignment are shown in Figure 4 and Table 1.
However, a few new vibrational modes appear at around 1683, 1720 and 1789 cm-1 respectively. The
new vibrational modes could be attributed to the interaction of the carboxyl group with Cl- [23].
Furthermore, this suggests a possible change of the electronic state or local symmetry of the RhB
molecule, given that the SERS spectrum can be influenced by AuNSs in the probed area owing to
variations in plasmon resonance conditions and population of the hot spot. Therefore, considering
the nature of the fabricated substrates, it is reasonable to observe fluctuations in the spectral shapes
from the distinct experiments. Nevertheless, these spectral variations can yield unique features
depending on the analysis conditions employed.
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Figure 4. SERS spectra of RhB adsorbed on AuNSs. Inset, SERS spectra of other Raman frequencies.


https://doi.org/10.20944/preprints202405.1339.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2024 doi:10.20944/preprints202405.1339.v1

Taking the above into account, our results demonstrate that the intensity of the Raman signal
varies from 20 to 90 times for the 6-hour and 3-hour treatments, respectively.

Table 1. Assignments of vibrational modes (v, cm™) in SERS spectra of RhB.

Observed Raman shifts
Other reported RhB SERS (RhB/AuNPs) Assienment References
SERS modes 1h  3h __ 6h  12h 8
1355, 1361, 1362 1344w 1344 m - 1344 w arom C—C str [23?5],28_
1426, 1430 1425 lags  AOMCCsr+CCH o0 o)
bend
1503, 1504, 1510, 1512 -- 1514 sh -- -- arom C-C str [23?5],28_
1526, 1532, 1533 1532 sh 1532 sh -- 1532 sh C-H str [25,28,29]
1 1572, 1575, 1
560,15 1 é 855 > 1580, 1587 vs - 1587 sh - arom C—C str [25,28,30]
1594, 1599 -- 1594 vs 1594 m 1594 s arom C—C str [23,25,28]
1642, 1649, 1652, 1664 - ~ 1663 yw ATOM CC str + carboxyl [23,25,28-
group with ClI- 30]
- 1686 vw 1687 vw 1683 vw 1683 vw 21O S st +caboxyl o ites
group with CI-
- 1720 vw 1720 vw  — 1720 vw SO ST carboxyl ot
group with CI-
- 1789s 1789 m - 1789s  ester group with CI- Our results

vs-very strong, s-strong, m-middle, w-weak, vw-very weak, sh-shoulder, str-stretching, arm-aromatic ring.

4. Conclusions

In this study, we illustrated the potential of thin films composed of gold nanostructures as highly
efficient and appropriate substrates for fabricating Surface-Enhanced Raman Spectroscopy (SERS)
platforms aimed at detecting emerging contaminants in water. A significant advantage of these
AuNSs thin films lies in their ability to strongly enhance SERS signals, particularly for Rhodamine B
detection. Our results show a range of variation of the intensity of the Raman signal from 20 to 90
times for 6 and 3 hours, respectively. Experimental findings underscored that the enhancement of
SERS is closely linked to the coupling of particles at the nanoscale level. Furthermore, alterations
observed in the SERS spectrum upon sample drying are attributed to the dynamic behavior of RhB
molecules, potentially linked to changes in molecular adsorption and surface distribution, which
manifest through distinct plasmonic resonances. Additionally, new vibrational modes were
identified and documented in this study.
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