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Abstract. We synthesize and separate triangular silver nanoplates (TSNPs) from a
mixture of colloidal silver nanoparticles of different shapes and sizes, aiming at
fabrication of substrates for a surface-enhanced Raman scattering (SERS). The
TSNPs are successfully synthesized via a photochemical process involving Ag
nanoseeds. This is confirmed by the UV-visible spectroscopy and transmission
electron-microscopy analyses. Centrifugation-based separation techniques are
employed to isolate the TSNPs and minimize the other nanoparticle morphologies,
thus resulting in a good SERS performance. The separated TSNPs manifest a
remarkable sensitivity, with the detection limit amounting to 10> M in the case of
Rhodamine 6G molecules. A linear relationship between the Rhodamine 6G
concentration and the Raman-peak intensity demonstrates a great potential of our
SERS technique. Hence, our study combines a successful synthesis and separation
of the TSNPs with demonstration of their efficient SERS performance. The latter
offers new possibilities for the ultrasensitive trace-level detection of substances.
These findings contribute to the development of reliable SERS measurements and
the advance in the field of nanomaterial-based sensing techniques.

Keywords: triangular silver nanoplates, centrifugation-based separation, surface-
enhanced Raman scattering, photochemical synthesis

UDC: 535.375.5+546

1. Introduction
Raman spectroscopy is a widely employed analytical technique that provides valuable insights into

molecular structures and interactions. It reveals chemical compositions and structural
characteristics of molecules by measuring inelastic scattering of photons. In spite of many
advantages, a conventional Raman spectroscopy encounters limitations in sensitivity, in particular
when detecting analytes at low concentrations or with weak Raman signals [1, 2]. To overcome
this constraint, a surface-enhanced Raman scattering (SERS) has emerged as an exceptional
technique that offers remarkable sensitivity and versatility. These features make it highly
appealing for a diverse range of applications, including environmental monitoring, biomedical
diagnostics and forensic analysis [3-5].

The SERS achieves substantial amplification of the Raman signals from analyte molecules,
which can reach several orders of magnitude. This effect is due to interaction of the molecules
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with the noble-metal nanostructures that possess unique plasmonic properties. Hence, the
extraordinary sensitivity enhancement arises from the phenomenon of localized surface-plasmon
resonance peculiar for these noble-metal nanostructures. This phenomenon occurs due to a strong
coupling between the incident light and the collective oscillations of conduction electrons at a
metal surface, which results in a significant enhancement of the local electromagnetic field
surrounding a nanostructure [6, 7]. In its turn, the enhanced electromagnetic field interacts with
nearby molecules, thus intensifying their Raman-scattering signal through an electromagnetic-
enhancement mechanism [8]. The efficiency of the effect depends on many factors such as a
shape, a size and composition of noble-metal nanostructures, as well as precise positions of analyte
molecules inside electromagnetic hotspots generated by nanostructures [6, 9]. As a consequence,
fabrication of SERS-active substrates and accurate design of SERS measurements play a vital role.

Colloidal SERS-active substrates have gained significant popularity due to ease of their
fabrication, compositional versatility, large surface area and strong ability to form enhancing
hotspots [10—12]. Among various noble-metal nanostructures explored as colloidal SERS-active
substrates, silver nanoparticles (AgNPs) have gained substantial attention of researchers due to
their exceptional plasmonic properties, including a strong localized surface-plasmon resonance and
a high scattering efficiency in the visible range [13, 14]. In particular, triangular silver nanoplates
(TSNPs) offer distinct advantages over other nanostructures due to their sharp corners and edges,
which create localized electromagnetic hotspots and promote efficient light-matter interactions [6,
15]. These unique features enable stronger coupling with the analyte molecules and so strong
Raman-signal amplification. Additionally, the abundance of crystal facets (111) in the TSNPs
enhances their surface reactivity and facilitates stronger chemical interactions with the analyte
molecules [16, 17].

The colloidal TSNPs have been synthesized using various methods that encompass physical,
chemical and bio-based processes [18]. Among these approaches, a chemical reduction represents
the most commonly employed method, which utilizes organic and/or inorganic reducing agents to
generate nanoseeds. The nanoseeds are subsequently transformed into triangular nanoplates via
different light-induced reactions [10, 11, 19-23], which is known as a seed-mediated
photochemical method. Achieving of a high yield of the TSNPs in this method, which is suitable
for the satisfactory SERS performance, involves subjecting Ag nanoseeds to light irradiation with
specific durations (typically from 2 to 5h). The optimal irradiation time depends on various
parameters, including the light wavelength, the intensity, the reaction temperature, the seed
concentration and the characteristics of a surrounding medium [6, 7, 10, 11, 17, 24-26].

It is important to note that, besides of the TSNPs, the self-assembled Ag nanostructures
obtained under photo-irradiation include also a mixture of nanoparticles with polydispersity in
terms of their shapes and sizes, including nanospheres, nanowires and irregularly shaped
nanoparticles [23, 27]. Heterogeneity in the nanoparticle morphology poses challenges in
achieving a consistent and reproducible SERS performance. The variations in the electromagnetic-
field enhancement across a sample, which results from different shapes and sizes of nanoparticles,
can lead to variable SERS signals. This potentially impacts both reproducibility and reliability of
the SERS measurements. This is why separation of the TSNPs from the mixture of different
nanoparticles becomes crucial if one wishes to ensure a consistent and reliable SERS performance
and a precise and meaningful analysis of the data.

To address these challenges, we suggest optimizing the synthesis parameters and
implementing a centrifugation-based separation technique in order to isolate the TSNPs and
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minimize the presence of other multi-shaped AgNPs. This approach aims to improve the SERS
performance by achieving a more uniform and controllable plasmonic response. In this work, we
present a comprehensive study focused on the synthesis of TSNPs through photoconversion of Ag
nanoseeds. The photoconversion process involves exposing Ag nanoseeds to light emitted by a
high-pressure sodium lamp with the wavelength 589 nm (corresponding to the photon energy
2.1 eV) and the duration time of only 1 h. Subsequently, we vary the centrifugation time as a
critical parameter in the centrifugation-based separation process, to obtain the TSNPs manifesting
the highest SERS performance. The SERS activity of the separated particles at different
centrifugation times has been evaluated using rhodamine 6G (R6G) as a target molecule with
colloidal SERS-active substrates, without drop casting. This approach offers many advantages
such as enhanced sensitivity, homogeneous particle distribution, ease of handling, and stability
[17]. Additionally, we investigate the morphology and the plasmonic behaviour of the colloidal
AgNPs before and after their separation. Our findings have significant implications for the
advances of SERS techniques.

2. Materials and methods

2.1. Preparation of TSNPs using the photochemical method

Preparation of self-assembled Ag nanostructures in the shape of triangular nanoplates was based
on a photochemical method and involved two main steps. First, Ag nanoseeds were synthesized
using a conventional chemical reduction method with a customized recipe. A 10 mM silver nitrate
(AgNO;) solution was prepared by dissolving 99.9% AgNO; (POCH, Poland) in deionized water,
while a 300 mM solution of trisodium citrate dihydrate (Na;C¢Hs07-2H,0, from Ajex Finechem,
Australia) was prepared by dissolving the compound in deionized water. The AgNO; (0.75 mL)
and trisodium citrate dihydrate (0.75 mL) solutions were added to 72.75 mL of deionized water,
which was followed by stirring of the mixture at the rate 433 rpm for 30 min. Then 37.5 uL of the
8 mM solution of sodium borohydride (NaBH,;, QReC, New Zealand) was slowly added to the
mixture in a dropwise manner, while stirring continued for additional 2 min. The change in the
colour to light yellow confirmed a formation of Ag nanoseeds, which were then stored in the dark
at 4°C for 2 h.

As the next step, self-assembled colloidal AgNPs were synthesized with a photochemical
process. A 20 mL portion of the Ag-nanoseed solution was collected and transferred to a
transparent vial. The solution was then exposed to the visible light with the wavelength 589 nm for
1 h. Two high-pressure sodium lamps (Luna, SC735) were used as light sources. They provided
the irradiance of approximately 130 mW/cm”. The reaction temperature was carefully maintained
at a constant value, 39.1+0.6°C, throughout the overall photochemical-synthesis process.

The optical and general physical properties of the solutions obtained before and after light
irradiation were analyzed using a UV-visible spectroscopy and a transmission electron microscopy
(TEM). The properties of the solutions obtained before and after light irradiation were compared in
order to assess any changes in the self-assembled colloidal AgNPs. Furthermore, the self-
assembled colloidal AgNPs obtained after light irradiation were subjected to centrifugation to
determine experimentally the optimal centrifugation time needed for obtaining the TSNPs with
high SERS performance.

2.2. Separation of TSNPs by varying the centrifugation time
Separation of the TSNPs from the colloidal mixture was achieved through centrifugation. The
colloidal AgNPs, which become self-assembled via the photoconversion process, were transferred
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to four microcentrifuge tubes, where each tube contained 1.5 mL of the colloidal solution. Then
the tubes were centrifuged at the speed of 14000 rpm with varying durations (5, 10, 15 and
20 min), using a high-speed microcentrifuge (UGAIYA, M16). After each centrifugation, a bright
yellow supernatant containing unbound nanoparticles was carefully separated from the sediment,
using a syringe. The sediment observed as a concentrated dark blue solid-like deposit at the bottom
of each tube, was then dissolved in 9 mL of deionized water. The resulting solution was
thoroughly mixed with a vortex for 10s to ensure its homogeneity. The optical and general
physical properties of the solutions obtained from both sediment and supernatant were studied at
each centrifugation time. Furthermore, the sediment solutions were stored in a dark environment at
the temperature 4°C until they were utilized for subsequent SERS measurements.

2.3. Experimental details of SERS

The SERS experiments were conducted to assess the enhancement of Raman signals from analyte
molecules. Two types of substrates were used: the self-assembled colloidal AgNPs after light
exposure (before centrifugation) and the sediment solutions obtained at each centrifugation time.
The experimental procedures of the SERS measurements are detailed in Fig. 1 and described

below.
SERS signaljdL jk
A A A
Raman spectroscopy
O\ . 785 nm laser at 20 mW
[N O
5 "ve
R6G solution
/‘\ 3D printing liquid chamb
l—a printing liquid chamber
‘ Aluminum foil
N 7 7
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Colloidal SERS- Vortex Mixture solution  Sample holder for SERS measurement
active substrates for10 s

Fig. 1. lllustration of our SERS-measurement method.

To prepare samples for the SERS measurements, colloidal SERS-active substrates were
thoroughly mixed with R6G (the dye content 99%; Sigma-Aldrich, Thailand) which served as a
testing analyte. A 10~* M solution of R6G was prepared and the colloidal substrates and R6G were
mixed according to the volume ratio 1:1 for 10s, using a vortex to ensure homogeneity.
Subsequently, 200 puL of the resulting mixture was pipetted into a cost-effective liquid chamber
with the dimensions 3x5x5 mm’. This liquid chamber was designed specifically for this study,
using a 3D printing technology. It was mounted onto a glass slide covered with an aluminium foil.
The use of this custom liquid chamber facilitated efficient containment of a sample and its
subsequent analysis.

The Raman spectra were recorded using a Renishaw inVia Raman spectrometer equipped
with a 50" objective lens. The excitation wavelength was set at 785 nm, and the laser light (the
maximum output power 20 mW) was focused on the middle height of the liquid chamber. The
Raman signals were collected at a single point with a 10-second acquisition time and three
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accumulations. This experimental setup provided precise Raman spectral measurements and
enabled the capture of vibrational information from the analyte molecules. The selected excitation
wavelength and the acquisition parameters chosen by us provided optimal signal-to-noise ratios,
which contributed to reliable and reproducible data acquisition.

It is important to highlight that the above experimental details were consistently applied in all the
SERS measurements conducted throughout this study. This standardized approach ensured the
comparability and validity of the results obtained. Finally, the Raman enhancement factor was
calculated and our further studies were conducted on the colloidal SERS-active substrates that revealed
the highest SERS activity, with a specific focus on their ability to detect R6G in a dilution series.

2.4. Characterization methods

The characterization methods utilized in this study involved the TEM and the UV-visible
spectroscopy. For the TEM analysis, a JEOL JEM-2100 transmission electron microscope was
employed to examine the morphology of our samples. A drop of the solution was deposited onto a
carbon-coated copper grid and left to air-dry at the room temperature. Subsequently, the prepared
grid was inserted into a TEM chamber and the appropriate images were acquired under the
acceleration voltage 120 kV. The TEM images obtained in this manner were carefully analyzed to
determine the sizes, the shapes and the distribution of the nanoparticles. The sizes of the particles
were measured with SemAfore 5.2 software.

The UV-visible spectroscopy was based on an Avantes AvaSpec-EDU spectrophotometer. It
was employed to investigate the optical properties of our samples. The solution with the volume
3 mL was placed into a quartz cuvette and the absorbance spectrum was recorded inside the
wavelength range 350-850 nm. This spectrum provided valuable insights into the plasmonic
resonance and the absorption characteristics of the nanoparticles.

The characterization methods mentioned above were consistently applied throughout all the
studies to ensure an accurate and reliable analysis of our materials. The TEM analysis allowed for
visualization and determination of morphology of the nanoparticles, while the UV-visible
spectroscopy provided the information on their optical properties. By combining these techniques,
we achieved a comprehensive understanding of the structural and optical characteristics of the
nanoparticles.

3. Results and discussion

3.1. Self-assembly of silver nanoparticles under visible-light exposure

The AgNPs which included the TSNPs have been successfully synthesized through the two-step
process involving a generation of Ag nanoseeds and their subsequent transformation into TSNPs
with the photochemical process. The use of AgNO3;, NaBH, and Na;C4Hs0- as important chemical
precursors in the synthesis process enables a controllable formation of the Ag nanoseeds with
small sizes and initial morphology [23, 24, 27]. The generation of the Ag nanoseeds begins with
the reduction of silver ions (Ag') obtained from AgNOs, which is facilitated by a presence of
citrate ions in Na;C¢HsO-. The citrate ions act as a protective layer on the surfaces of Ag', thus
preventing efficiently their agglomeration and ensuring their stability. This protective layer plays a
vital role in promoting a controlled growth of the nanoseeds. The addition of NaBH, as a reducing
agent initiates the reduction reaction in a slow and controlled manner, which converts Ag" into
silver atoms (Ag’) and leads to formation of the nanoseeds [23]. A precise combination of these
chemical precursors with a controlled reduction process results in the successful synthesis of the
Ag nanoseeds with desired properties [18].
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The efficiency of the synthesis process is confirmed by observation of a bright yellow colour
in the resulting solution, as illustrated in Fig. 2a. This colour change can be attributed to the
surface-plasmon absorption characteristics of the spherical Ag nanoseeds (see Fig. 2a). The UV-
visible spectrum (red line) manifests a distinct peak at approximately 398 nm (see Fig. 2b). This
indicates a presence of dipole plasmon resonance in the Ag nanoseeds [28]. A presence of this
peak in the UV-visible spectrum supports further a successful formation of the Ag nanoseeds and
validates their spherical morphology. Additionally, the TEM analysis provides a direct visual
evidence of the spherical shape of the Ag nanoseeds synthesized by us and confirms their
successful formation. The TEM image depicted in Fig. 2c reveals well-defined nanoparticles
which combine small (2—-6 nm) and large (6—10 nm) seeds. The average diameter is equal to
3.14£0.1 nm. This size interval falls within the range suitable for the subsequent photoconversion
process, thus ensuring optimal light-matter interactions and an efficient energy transfer [29].

A hv ~ 2.1eV
Duration time = 1 h .

Ag nanoseeds Self-assembled AgNPs

1.84
1.6 670 nm

144 Self-assembled AgNPs

1.2
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0.8

Intensity, a.u.
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:: 328 . e £t > - ~co ¥
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Fig. 2. The colour of colloidal Ag nanoseeds changes from bright yellow to basil green after their irradiation for
1 h with the light at the wavelength 589 nm (the photon energy 2.1 eV) (a); UV-visible absorption spectra (b)
and TEM images of Ag nanoseeds and self-assembled AgNPs after their irradiation for 1 h (c).

The unique properties of the Ag nanoseeds obtained by us enable their dual functionality,
which facilitates simultaneous feedstock of silver cations and promotes the reduction reactions
through their plasmonic properties. Under excitation, the plasmonic seeds transfer efficiently the
charge carriers (electrons or holes) to the adsorbed species, thereby driving a reduction of Ag" by
citrate [29]. This mechanism enables a controlled growth of the AgNPs with desired morphologies,
including the TSNPs, under visible-light irradiation [21].

At the specific wavelength 589 nm and the irradiance of approximately 130 mW/cm?, the
nanoseeds undergo oxidation by oxygen, resulting in generation of Ag" ions. Then the light-
induced surface-plasmon resonance in the nanoseeds plays a crucial role in facilitating the
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reduction of Ag" to Ag’ through the action of citrate. This process involves the production of
electrons by citrate, which actively participate in the reduction of Ag" under light irradiation [23,
24, 29, 30]. Additionally, the growth of the self-assembled AgNPs is guided by the citrate ions,
inducing the formation of nanoplates due to their preferential binding affinity towards the (111)
planes [15]. An interplay of these mechanisms enables a successful growth of the AgNPs, from the
initial seeds to the formation of the TSNPs.

After 1 h of irradiation, the Ag nanoseeds undergo a transformation into the Ag nanoplates
with various morphologies, resulting in a significant colour change from bright yellow to a basil
green hue, as depicted in Fig. 2a. This transformation is confirmed further by the UV-visible
spectra presented in Fig.2b. Disappearance of the surface-plasmon resonance peak at
approximately 398 nm and emergence of a dominant absorption peak at 670 nm provide a strong
evidence of the shape transformation occurring with the nanoplates, which corresponds to an in-
plane dipole plasmon resonance [31]. Additionally, a weaker and broader absorption band around
428 nm is observed. It can be attributed to an out-of-plane dipole plasmon resonance, thus
indicating a presence of the large-sized spherical AgNPs mixed with the circular nanoplates [31,
32]. These results are consistent with the TEM data.

The TEM images of the resulting AgNPs (see the right-hand panel in Fig. 2c) reveal a diverse
range of highly anisotropic structures. These structures include the spherical nanoparticles with the
average diameter 17.0+£0.6 nm (19% of all the particles), the circular nanoplates with the average
diameter 28.2+1.4 nm and the thickness 9.4+0.6 nm (12% of the particles), the hexagonal
nanoplates with the average edge length 30.7+1.3 nm and the thickness 11.7+0.3 nm (11% of the
particles), the trapezoid nanoplates with the average edge length 16.0=1.3 nm and the thickness
6.2+0.8 nm (10% of the particles), and the triangular nanoplates with the average edge length
30.0+1.6 nm and the thickness 12.6+0.2 nm (48% of the particles).

3.2. Comparison of SERS activities of TSNPs separated at different centrifugation times

To achieve efficient separation of the TSNPs for the SERS measurements, we have subjected the
colloidal solution composed predominantly of nanoplates with different morphologies to
centrifugation. This has been done in order to minimize the presence of the other morphologies
and retain predominantly the TSNPs, thus ensuring a high SERS activity. The centrifugation times
are equal to 5, 10, 15, and 20 min, with the speed amounting to 14000 rpm.

B
1.5 ml »— Supernatant
-~ - -

Colloidal solution Smin 10 min 15 min 20 min
prior to centrifugation Centrifugation time —Y___®e— Sediment

Fig. 3. Images of two-layer aqueous structures composed of supernatant and sediment phases, as taken after
centrifugations with different durations (see the legend).

As depicted in Fig. 3, the phase separation begins from 5 min. A more distinct separation into
two different layers is observed with increasing centrifugation time. This is visually confirmed by

the colour division in the two layers. Here the supernatant phase appears to be yellow, while the
sediment forms a concentrated dark blue solid-like deposit at the bottom of a microcentrifuge tube.
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After that, the supernatant phase in each tube has been carefully separated, while the sediment
phase has been thoroughly re-suspended in 9 mL of deionized water, thus ensuring no intermixing.
The resulting supernatant and sediment phases can be visually seen in Fig. 4, which implies
distinct phases obtained at different centrifugation times.

Centrifugation time

Smin 10 min 15 min 20 min

e
II

Supernatant phase

Colloidal solution
prior to centrifugation

Sediment phase

Fig. 4. Supernatant and sediment phases obtained at different centrifugation times after careful separation and
re-suspension.
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Fig. 5. UV-visible absorption spectra of colloidal AGNPs obtained before centrifugation and the same spectra of
sediment-phase suspension obtained after centrifugation at different durations (see the legend).

The efficiency of the separation has been further assessed through the UV-visible
spectroscopy and the TEM analysis. The UV-visible spectra shown in Fig. 5 reveal the absorbance
and plasmonic characteristics of the nanoparticles and enable a comprehensive comparison of their
optical properties before and after the centrifugation process is performed. After centrifugation for
5 min, the spherical nanoparticles are removed, resulting in a notable absence of broadening in the
absorption band located around 428 nm. Instead, two small humps centred around 400 and 480 nm
are observed, which can be assigned to the out-of-plane dipole plasmon resonance of the circular
nanoplates, albeit in smaller quantities. Moreover, the main surface-plasmon resonance peak at
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670 nm reveals a redshift towards 683 nm, which implies a contribution into the in-plane dipole
plasmon resonance and indicates a presence of the TSNPs [33]. The peaks centred at 400, 480 and
683 nm increase with increasing centrifugation time. In particular, this refers to the peak located at
683 nm, which displays a higher and broader full width at half maximum. This observation
suggests a higher amount and broader size distribution of the TSNPs due to larger gravitational
forces exerted during a longer centrifugation process. Importantly, these results conform well to
the TEM images presented in Fig. 6. These images show that, after centrifugation for 5, 10, 15 and
20 min, the TSNPs with the average edge length 31.1+4.8 nm account respectively for ~ 28, 58, 75
and 87% of the enriched population. Moreover, we observe enrichment with the circular,
hexagonal and triangular nanoplates under these conditions, if compared to the initial nanoplate
population observed before centrifugation.

o™
100 nm @0 100 nm 100 nm
eall L) ° —— ——

Fig. 6. Representative TEM images of AgNPs before centrifugation (a) and AgNPs in the sediment phase
obtained after centrifugation for 5 (b), 10 (c), 15 (d), and 20 min (e).

Now we wish to select the optimal condition for the centrifuge-based separation process and
achieve the highest enhancement in the SERS activity. For this aim, we employ the colloidal
AgNPs obtained before centrifugation and the separated AgNPs obtained at different
centrifugation times as colloidal SERS-active substrates, in order to amplify the Raman signal of
10 M R6G. Here our custom-designed 3D-printed liquid chamber has served as a sample holder.

Typically, several characteristic Raman shift bands can be observed in the R6G solution with
the concentrations higher than 10> M even if no SERS technique is applied. Prominent Raman-shift
bands are typically observed around 1362 and 1510 cm ™. They represent a C—C stretching vibrations
in a xanthene ring. Another notable Raman-shift band can be observed around 1651 cm™, which
corresponds to a C=C stretching vibration in this ring. Additionally, a significant Raman-shift band
appears around 1182 cm™, which is associated with a C—H in-plane bending vibration in the
xanthene ring. Finally, weak Raman-shift bands are observed around 773 and 1311 cm™". They can
be attributed to a C—H out-of-plane bending vibration and a hybrid mode, respectively [34-37].

It is evident from Fig. 7 that the characteristic Raman bands of R6G alone (under condition
of no AgNPs) are too weak to be observed. However, the Raman signals become detectable when
all the SERS-active substrates are utilized. The intensities of different Raman signals, in particular
that of the strong primary peak located at 1510 cm ™', have been used to calculate the estimated
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enhancement factor EF. This has been done by comparing the SERS intensity (/sgrs) with the
normal Raman intensity (/raman) according to the relation EF = Isgrs/Iraman [17, 23]. We have found
that the AgNPs before centrifugation reveal the enhancement factor EF = 492, while centrifugation
leads to higher enhancement factors. In particular, we have EF = 739, 1003, 1343 and 733 in the
cases when the AgNPs separated respectively at the centrifugation times 5, 10, 15 and 20 min are
taken as SERS-active substrates.

1362 1510

Count 5000 1311
1773 1182 1651
? 20 min

L___NJ\J\/UL/\ 5 min

A/\—“N\/\_J\UM/L 10 min
‘A—A/\/\_//\M\b“/& 5 min
—/:\—-—AA-/\—/-/\/\—A—-——/L Before centrifugation

Normal Raman

Intensity, a.u.

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Raman Shift, em’

Fig. 7. A normal Raman spectrum measured for the 10 M R6G solution and SERS spectra for the same
solution amplified using the AgNPs, as measured before centrifugation and at centrifugation times indicated in
the legend.

The reason why the colloidal AgNPs separated at the speed 14000 rpm for 15 min yield the
highest enhancement factor, if compared to the other conditions, is disappearance of the spherical
nanoparticles. This results in an optimal proportion of the triangular (74%), hexagonal (20%) and
circular (6%) nanoplates. These different nanoparticle shapes in the optimal quantities can reveal
varying degrees of the localized surface-plasmon resonance, which potentially leads to a strong
electromagnetic-field enhancement and a notable SERS-signal amplification.

3.3. Efficiency of TSNPs for a trace-level detection based on SERS

In this section, we present the experimental results and their analysis, which highlight the
enhanced sensitivity and detection capabilities of the colloidal AgNPs separated under
centrifugation for 15 min for R6G in a dilution series. The separated nanoparticles include
predominantly the TSNPs, with smaller proportioni of hexagonal and circular nanoplates. Our
findings emphasize potential applications of the TSNPs as highly efficient SERS-active substrates
for a trace-level detection and open up new possibilities in such fields as sensing, diagnostics and
environmental monitoring.

The spectral results depicted in Fig. 8 provide a compelling evidence of the enhanced
sensitivity achieved with the separated AgNPs. It is notable that the limit of detection for the case
of R6G decreases to an impressive value, 107 M. This demonstrates a remarkable capability of
the TSNPs for amplifying Raman signals of R6G, even at its extremely low concentrations. This
exceptional sensitivity enables one to detect R6G even at trace levels, thus making our approach
promising for ultrasensitive analytical applications.

Furthermore, a linear relationship between the R6G concentration and the Raman-peak
intensity increases the reliability of the SERS technique, which is based upon the colloidal AgNPs
separated under centrifugation for 15 min. The correlation between the two variables is highly
significant, as indicated by the R? value exceeding 0.99 (see Fig. 8c). This high correlation
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coefficient demonstrates high consistency and reproducibility of the SERS measurements. As a
result, our colloidal AgNPs can serve as robust and reliable SERS-active substrates.

300004 30000 1510
1x104 M 1362 1510 —Ix104M '
250001 1x106 M n‘ \II 25000 — 1x109M
1x10¥ M — 1x10%M )
) J i
5 20000 110490 1311 { “ = 20000 1050 M
< ) A E
- 1x1011 M i i -
2 15000+ x | H‘ ! 215000 1 1x1011 M
7 12 a
L,__.J 1x10-2 M . § 1x102 M
= 10000 4 = 10000 A
50004 5000 4
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Raman shift, cm’ Raman shift, cm™
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300001
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0_ .
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(©
Fig. 8. (a) SERS spectra of R6G with the concentrations ranging from 10" to 107* M (see the legend), as
obtained for the colloidal AgNPs (separated during 15-min centrifugation) as a SERS-active substrate; (b) a
zoomed-in region (14001600 cm™) of the above SERS spectra; (c) a calibration curve showing logarithmic
relationship between the SERS intensity detected at 1510 cm™ and the R6G concentration.

4. Conclusions
We have successfully synthesized the TSNPs with the photochemical process and implemented

their centrifugation-based separation in order to boost the SERS performance. The optimization of
the synthesis parameters and the separation process allow us to isolate the TSNPs with a minimal
presence of the other nanoparticle morphologies. The TSNPs separated in this way, which are
mixed with the hexagonal and circular nanoplates in smaller proportions, reveal an exceptional
SERS sensitivity. It can be characterized by the detection limit for R6G as low as 10> M. The
linear relationship observed between the R6G concentration and the Raman-peak intensity
empbhasizes further a great potential of the SERS technique based on the separated TSNPs.

In other words, our study reveals a reliable and reproducible approach for the SERS
measurements and demonstrates that the TSNPs can represent promising and highly efficient
SERS-active substrates for the trace-level detection of substances in various fields. Future
researches along this direction can explore a potential of the TSNPs for the other analytes and
further clarify the conditions of optimized synthesis and separation still greater enhancement of the
SERS performance. The findings of our study contribute significantly to the advances of the SERS
technique and provide valuable insights into the development of highly sensitive and selective
detection techniques for diverse scientific and technological applications.
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Anomayia. Mu cunme3sysanu ma po30inuau mpuxkymui cpioni nanonaacmunu (TCHII) i3 cymiwui
KOJIOIOHUX HAHOYACMUHOK Cpibna pi3HUX opm i po3Mipie i3 Memoro 8U20mosneHHs NiIOKIA00K O
Nno6epxHeso-niocunIeH020 Kombinayiunozo posciosanns (IIIIKP). TCHII ycniwno cunmeszosano 3a
00NOMO02010 POMOXIMIuHO20 npoyecy 3a yuacmio Hanosepen Ag. Lle niomeepoceno memodom
yaempagionemogoi ma uOUMOi CHeKMPOCKONIi, a Makojic OAHUMU MPAHCMICITIHOL eleKmMPOHHOT
Mmikpockonii. Memoou po30inenus Ha 0cHO8I yenmpugyeysanns euxopucmaro 01s izoasyii TCHIT
[ MIHIMI3aYil THUWUX MOPGON02Tll HAHOYACMUHOK, WO 3a0e3neuuio eucoky egexmusnicmo IITIKP.
Biookpemneni TCHII usagnsiioms Oyoice 8UCOKY UYMAUGICHb, i3 MENHCEI0 GUABIEHHS, WO CKIAOAE
107" M onsa sunaoxy monexyn podaminy 6G. Jlinitinuii 36 330K migic Konyenmpayieio podaminy 6G
ma HMEeHCUBHICIIO PAMAHIBCLKO20 NIKY OeMOHCMPYE 3HAYHUNL NOMEHYIan HAWOoi MemoOouxu
HIIKP. Omowce, Hawe O0CHiONCeHHA NOEOHANO YyCniwHuil cunme3 i po3dinenns TCHII i3
demoncmpayiero  ixuvoi egpexmuenoi IIIIKP. OcmanHe nNponoHye HOGI MONMCIUBOCHI OJiA
VIbMPAYYMIUB020 8UAEIEHHA Cidi6 peuosut. L[i pezyniomamu cnpuamumyms po3spooyi HaOiuHux
sumiprosans ITTIKP i npozpecosi 6 eany3i memooieé 30HOYEAHHS HA OCHOGI HAHOMAMEPIATs.

Knrouosi cnoea: mpuxymui cpiOHi HAHONIACMUHU, PO30LIEHHS HA OCHOBL YEeHMpPU@y2y8aHHs,
nosepxHeso-niocuieHe KOMOIHAYiliHe PO3CIIO8AHHS, QOMOXIMIYHULL CUHME3
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