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ARTICLE INFO ABSTRACT

Keywords: Silver-based nanostructures, especially the anisotropic ones such as triangular nanoplates, nanorods, nanocubes
Close-packed nanocubes assemblies or silver nanowires, are used as Surface enhanced Raman scattering substrates for different analytes sensing, with
SERS

outstanding results, in terms of the limit of detection (LOD), as well as the enhancement factor (EF), being
applicable for early clinical diagnosis of cancer, trace level detection of different organic pollutants, or for the
pesticides’ detection, and even explosives. Among all these shapes, cubes like nanoparticles (AgNCs) can
generate intense hot-spots due to their corners and edges, due to some additional plasmonic modes that occur at
different resonance wavelengths in the spectrum, thus, improving SERS sensitivity.

In this work we have successfully synthesized silver AgNCs of 60 nm, that were then assembled on a planar
silicon substrate, and use it as a simple SERS substrate towards Rh6G dye. We were able to obtain an averaged
calculated EF of 1.78 x 108, with a limit of detection of 4. 16 x 102 M. Furthermore, the effect of nanocubes’
configurations was investigated through the numerical calculations, being revealed that the edge-to-edge
arrangement exhibits the highest EF of about 10°, followed by the edge-to-face (8.6 x 10°) and face-to-face
(9 x 107) arrangements, in good agreement with experimental calculated value, ~10%, considering the fre-
quency of appearance of each configuration.

Our studies related to the use of assemblies of smaller AgNCs on planar silicon surface, with no further
nanostructuration process, as SERS based substrates towards one of the most known analyte molecules, as well as
an organic dye pollutant, are very encouraging, giving the chance to explore the emerging properties of small
nanocubes towards low concentration detection of different organic molecules, thus showing great applicability
in both scientific research and practical application, like water pollutants or even foodborne pathogen detection.

Rhodamine 6G
SERS enhancement factor

1. Introduction

From the industrial revolution, in the last century, a lot of chemicals
were released in the Earth atmosphere or in either surface or ground
water reserves [1]. Therefore, waters are becoming one of the most
suffering systems due to the pollutions, and, in this regard, the organic
dyes are important chemicals affecting its quality, since more than 100,
000 synthetic organic dyes types are available commercially worldwide
[2,3]. Moreover, these are released from different fields, like textile and
fashion industry, painting or food industry, coloring the water and
reducing the sunlight penetration, thus affecting the photosynthesis, and
subsequently, the aquatic ecosystem or are harmful for humans [4]. The
classical analytical tools to detect these pollutants, are generally based
on spectroscopic techniques [5-7], which are not focused on in situ
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detection, so, the need for solutions to develop reliable, low-cost and
‘on-site’ detection tools become more urgent [8].

Ever since the discovery, in the 1970s, of the Raman enhancement
effect [9], Surface Enhanced Raman Spectroscopy (SERS) has become a
powerful, nondestructive analytical tool, with high selectivity and
sensitivity [10], being able to detect different chemical species through
the vibrational fingerprints. During last years, this was extensively used
to identify a wide range of molecules, which are affecting various fields,
such as human health [11], environmental pollutants [12-14], pesti-
cides [15,16], food safety [17] and even explosives [18,19]. As stated
before, the electromagnetic enhancement is playing the leading role,
due to the localized surface plasmon resonance (LSPR) excitation of the
metallic nanostructures, when the so-called ‘hot spots’ are forming
[20-22]. Therefore, tremendous efforts have been made to prepare
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Fig. 1. (a, b) SEM micrographs of the synthesized AgNCs; (c) The histogram of the nanocubes dimensions.

highly ordered plasmonic metallic nanostructures or assembly of plas-
monic nanomaterials [23]. Due to its remarkable enhancement effect
that has been revealed [24], Ag-based nanostructures with different
morphologies, like nanospheres [25,26], triangular nanoplates [27],
nanorods [28], nanocubes or Ag nanowires [29,30] and nanodecahedra
[31] were used as SERS substrates for different analytes sensing.
Compare to spheres like nanoparticles, a strong enhancement of the
electromagnetic field was observed in the case of the anisotropic mor-
phologies, due to their shapes, like corners, edges or tips [32]. Among all
these shapes, cubes like nanoparticles (AgNCs) can generate intense
hot-spots due to their corners and edges, due to some additional plas-
monic modes that occur at different resonance wavelengths in the
spectrum, thus, improving SERS sensitivity [33,34]. Their use as highly
sensitive SERS substrates can have outstanding results, in terms of the
limit of detection (LOD), as well as the enhancement factor (EF), being
applicable for early clinical diagnosis of cancer [35], trace level detec-
tion of different organic pollutants [36], or for the pesticides’ detection
[16], and even explosives [37,38]. In this regard, the enhancement
factors of SERS show strong sensitivity between the nanoparticle size
and shape [39].

Rhodamine 6 G is an organic chloride salt and a xanthene dye, a dark
red powder, water soluble, non-volatile, very popular as model analyte
to probe SERS enhancement of different substrates and a fluorescence
marker, as well. It is one of the toxic dyes, used as a colorant in the
textile industries, and water containing rhodamine dyes causes irritation
of the skin, eyes and respiratory system of human beings. It was also
stated that drinking water contaminated with rhodamine dyes is highly
carcinogenic and poisonous to living organisms [40]. There were some
studies about rhodamine detection using silver nanocubes decorated GO
nanosheets on different types of support, as SERS substrate. In this re-
gard, AgNCs of 120 nm in edge length mixed with GO nanosheets were
used as free-standing hybrid paper for SERS detection of rhodamine,
with a low detection limit of 1071° M [41], or 56 nm Ag@SiO2 NCs
assembled on modified nano-paper was used as an active SERS substrate
with an EF of 1.49 x 107 towards rhodamine [42]. GO@AgNPs based
pyramid silicon based flexible structure was used as SERS substrate, the
EF reaching up to 8.1 x 10° using rhodamine 6 G as the probe molecule
[43]. Ag nanocubes with sizes of 40, 60 and 80 nm were used to
investigate the SERS performances using crystal violet (CV) molecules as
analyte [39].

Looking back to the reports related to the use of smaller AgNCs as
SERS substrates towards rhodamine dye detection, we observed only a
few studies. So, in this paper, we have synthesized silver nanocubess
having the mean edge length of 60 nm, that were then assembled on a
planar silicon substrate, and use it as a simple SERS substrate towards
Rh6G dye. We were able to obtain an averaged calculated EF 1.78 x 10,
with a limit of detection of 4.16 x 10712 M. Furthermore, the effect of
nanocubes’ configurations was investigated through numerical calcu-
lations, being revealed that the edge-to-edge arrangement exhibits the

highest EF of about 10°, followed by the edge-to-face (8.6 x 10%) and
face-to-face (9 x 107) arrangements, in good agreement with experi-
mental calculated value, ~108, considering the frequency of appearance
of each configuration.

2. Experimental
2.1. Materials

All the chemicals used for our synthesis were purchased from
different suppliers, and further used without any purification. Silver
trifluoroacetate (CF3COOAg) was purchased from Alfa Aesar, ethylene
glycol (EG) from Honeywell, while sodium hydride (NaHS), Rhodamine
(Rh6G), and hydrochloric acid (HCI) were all from Sigma-Aldrich. Pol-
yvinylpyrrolidone (PVP), average mol. wt 40,000 (PVP K40) was sup-
plied from ChemCruz. High-purity water from Carl Roth was used in all
experiments. Prior to use, all glassware was washed for 20 min in aqua
regia (volume ratio HCI/HNOs = 3/1), followed by rinsing with
deionized water and drying under a nitrogen stream.

2.2. Methods

The FESEM images were obtained with a Field Emission Scanning
Electron Microscope from NOVA NanoSEM 630 (ThermoFisher Scien-
tific, USA). UV-vis analysis was carried out using a U-0080D bio-
spectrophotometer from Hitachi High Technologies. Infrared spectra of
the prepared nanostructures were recorded in the region of 400-4500
cm~! on a FTIR Vertex 80 V (Bruker Optics, USA), under transmittance
mode operating at 2 cm™! wave number resolution. X-ray diffraction
pattern was performed on Rigaku X-ray diffraction, Japan, using Cu K,
radiation source, with a scan rate of 8 deg. m™* and recorded in 20
range, from 20 to 80°. Dynamic light scattering (DLS) and electropho-
retic light scattering (ELS) were used to measure the hydrodynamic di-
ameters and surface charge of the obtained nanocrystals, using Beckman
Coulter (USA) Delsa™Nano C instrument. A laser diode of 658 nm
illuminated the nanoparticles, producing time-dependent fluctuations in
the intensity of laser light, while the angle for size measurements is 165°
and 15° for z-potential measurements. The measurements were per-
formed at 25°C. For data analysis, each sample measurement was per-
formed in triplicate and the DelsaNano 3.73/2.30 software was used to
further process the data.

The Raman spectra and all the SERS measurements were recorded at
room temperature with a Witec Raman spectrometer (Alpha-SNOM 300
S, WiTec. GmbH, Ulm, Germany) using 532 nm as an excitation and a
maximum power of 145 mW. The incident laser beam with a spot-size of
~ 1.0 um was focused with a 50 x objective, and 10 s the exposure time
and 3 accumulations.
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Fig. 2. (a) UV spectra of the synthesized AgNCs. The histogram of the nanocubes dimensions;(b) XRD pattern; (c) DLS measurements of the AgNCs; (d) zeta po-

tential value.

2.3. Silver nanocubes synthesis

Before synthesis, all the glasswares were washed with fresh aqua
regia and washed several times with ultrapure water. We have applied
an adjusted polyol method, reported by Zhang et al.” protocol [44],
using very small volumes of sulfide sodium hydride and hydrochloric
acid to obtain the silver nanocubes. The small volumes of NaSH decrease
over all the reaction time, while the chloride ions assure an oxidative
etching media, both of them improving the quality and reproducibility
of the synthesis method. Specifically, 5 mL of EG were added into a glass
round bottom flask and heated at 150 °C, for one hour, under magnetic
stirring. Then, 60 pL of NaSH 3 mM were added, followed by the addi-
tion of 500 pL HCI 3 mM. The PVP was then injected into the heated
solution, by adding 1250 pL of 180 mM (monomer concentration).
Finally, 400 pL of CF3COOAg 141 mM were added. The reaction was
stopped by placing the flask in ice-water bath to cool down. After
cooling down, the colloidal solution was centrifuged with acetone and
ethanol, at 8500 RPM, for 20 min, in order to eliminate the PVP excess
and ethylene glycol. Finally, the prepared AgNCs were dispersed in
ethanol, and kept in dark conditions.

3. Results and discussions
3.1. Characterization of the AgNCs

The obtained plasmonic nanostructures were firstly characterized by
SEM microscopy in order to investigate their morphology, the results
being revealed in Fig. 1. In this regard, the silicon Si (100) substrates (1
cm x 1 cm) were firstly cleaned in Piranha solution (a mixture of sulfuric
acid (>96%) and hydrogen peroxide (31%) in 3:1 vol ratio), followed by
rinsing in isopropyl alcohol, and deionized water for several times, and
dried under the nitrogen flow, and used as substrate for SEM in-
vestigations. The micrographs shown in Fig. 1 (a, b), reveal agglomer-
ated nanocubes, having the mean edge lengths of 60 + 8 nm, according
to the plotted histogram, the corresponding sharp corners and edges
being also highlighted.

The UV-Vis analysis shows in Fig. 2(a) a broad SPR band, having the
absorption maximum around 468 nm, along with two shoulders peaks
observed at 370 and 430 nm, revealing the dependence between size of
the nanocubes and their absorption spectra [45]. The X ray pattern
(Fig. 2(b)) reveals the main peaks of 260 values at 38.06°, 44.25°, 64.40°
and 77.37°, corresponding to Ag (111), (200), (220) and (311) planes of
cubic silver, which is in good agreement with the Joint Committee on
Powder Diffraction Standards (JCPDS file No. 04-0783), and in agree-
ment with the literature [46]. The DLS measurements shown in Fig. 2(c)
reveal a narrow distribution of the hydrodynamic diameter, with the
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Fig. 3. SEM image of the AgNCs after dodecanethiol addition, resulting in a
close-packed arrangement, like edge-to-edge, face-to-face, edge-to-face.

mean diameter of 120 nm, with a polydispersity index of 0.134, indi-
cating the monodispersed nanocubes solution that we obtained. Addi-
tionally, the measured zeta potential was —74.86 mV, suggesting the
solution stability.
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3.2. SERS substrates fabrication, characterization and performance
analysis

In order to study the interaction between our prepared 60 nm Ag
nanocubes and the Rh6G, we deposited the metallic nanostructures on
clean silicon substrates, previously described.

The SERS substrates were built by drop-casting volumes of 50 ul
AgNCs on planar silicon support following the addition of 10 ul mixture
solution containing 1-dodecanethiol and ethanol, 1:5 vol ratio. This step
allowed the nanocubes to be arranged into some close-packed structures
with certain configurations, like edge-to-edge, edge-to-face, face-to-
face, as presented in Fig. 3.

After almost 30 min, 50 pul of Rh6G aqueous solutions with concen-
trations ranging from 10~° to 10~ M were dropped and left to interact
for 2 h, on the shaker, at 250 RPM, in darkness, to improve the
arrangement and to speed up solvent evaporation. These concentrations
were sequential dilutions from the standard stock solution of 10> M
Rhodamine 6 G in deionized water.

The IR spectroscopy was used to study the interaction between the silver
nanocubes and the chosen probe molecule.

Regarding the IR spectroscopy evaluation, in Fig. 4a, the spectra of
pure PVP and AgNCs were shown. In the case of PVP spectra, there are
two strong peaks at 1647 and 1287 cm™!, assigned to the stretching
vibration of C=0 and C—N stretching bonds [47], respectively, while
the bending vibration of this latter bond are located at 1014 and 1068
em™!. After the nanocubes synthesis, these two peaks are shifted to-
wards higher wavenumbers, at 1050 and 1106 cm™!, indicating a
stronger coordination between the pyrrolyl nitrogen electrons to the Ag
atoms [48]. At the same time, the peak located at 1647 em~ s shifted to
1681 cm ™!, maybe due to an intense interaction during the chemical
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Fig. 4. (a) FT-IR analysis of the synthesized AgNCs and of PVP; (b) FT-IR analysis of Rh6G@10°3 M and its interaction with AgNCs at different concentrations
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Table 1
FT-IR, Raman and SERS peaks assignments for Rh6G and Rh6G+AgNCs.

FT-IR of Raman of SERS
Rh6G Rh6G of Rh6G Peak assignments
(em™) (em™) 10 °M-+AgNCs
(em™)
- - 238 Ag-O bond
490 - - Si-O vibrations
- 522 522 Si peak
617 608 608 C-C-C ring in plane bending/
C-S stretching from thiol

670 - - Cl anion
- - 707/1075 C-S stretching
737 778 778 C—H out of plane bending
921 - 926 -CH;, stretching
1095 - 1095 COO" stretching

1177 1126 C-H out of /in plane vibration
- 1257 1257 C-O-C stretching
- - 1307 N-H in plane
1365 1345/ 1361/1440 aromatic C—C/C—N

1428 stretching
1520 1530 1545 aromatic C-C stretching
1560 1595 1570 xanthene ring stretching / N-

H in plane

1645 1646 1646 aromatic C=C stretching of

the Rh6G skeleton

process, and further, a possible coordination to Ag atom from the
nanocubes [49], strengthened by the band from 1522 cm™] attributed to
the N-Ag coordination [39].

The strong peak from 1430 cm™! assigned to tertiary nitrogen vi-
bration in the case of PVP spectra is still visible after the synthesis, being

Journal of Molecular Structure 1294 (2023) 136441

shifted to 1464 cm ™. Additionally, the peak from 669 cm ™ is given by
the C—C vibrations in the ring [6], while the intense and broad peak
around 397 cm ! might correspond to the silver metal [50]. Moreover,
the C—H vibrations bonds are revealed in both cases, PVP and AgNCs,
by the bands around 2875 cm™! and 2937 cm™, while the presence of
hydroxils is marked by the broad band from 3423 cm™L.

Accordingly, in Fig. 4b are revealed the IR spectra for Rh6G as well as
for the its interactions with the prepared silver nanocubes, at 10~ and
107°M, respectively, with an inset representing the molecular structure
of Rh6G. For the Rhodamine 6 G spectra, the bands absorption from
3300 and 3100 cm ™! are due to the N—H bond stretching [51]. The high
number of small peaks in the region 3100-2650 cm ™}, as well as the
intense bands between 2326 and 1921 cm™! from the IR spectra of
Rh6G, as well as the ones from 1560 and 1365 cm ™!, could be ascribed
to the xanthene ring from its structure [52]. Chlorine ion from rhoda-
mine solution is revealed by the peak from 670 cm ™!, while the one from
490 cm™! could be assigned to the Si-O vibrations from the substrate
[53].

After the interaction with the silver nanostructures, some of these
peaks are disappearing (e.g. 1645, 1520 cm ™)), or shifted (the one from
1095 to 1107 cm’l, attributed to stretching vibration of COO™), and
even, there are observed some new ones, e.g. the absorption band from
1440 cm ™! assigned to the CHsN stretching mode. The low band from
737 ecm™! shown in Rh6G spectra, assigned to the di-substituted aro-
matic ring is increased after the interaction between the probe molecule
and AgNCs [54]. Detailed bands assignment is presented in Table 1.

An important characteristic is the fact that by decreasing the Rh6G
concentration when reacting with Ag-based nanostructures, the in-
tensity of the bands is also decreasing.

(b)
1260 - 10°M
840
420
(@ or
800 5
Rh6G_10°M@AgNCs 1260 |-
700 [ @ % 840 |
© © B
600 - | £ < 853 a2 [
' T E
500 1 ob
400 i
" 1200
o — -
" g =800 | 10-°M
| 5 400
100 - 0 wm“*u
2 E
3 0 F1200 [
G100 3 800 [
2 6% Ea00f 107
g 640 - 8 ofF N sl SO
£ 624} | 1200 [
608 800 12
592 400 - o
576 0F = = =
560 1200
800 [
544 Rh6G bulk 400 [ 1073M
528 - O;J?.-.—.-r...n.l

— T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Fig. 5. (a) Raman and SERS spectra of Rh6G bulk and of Rh6G 10°° M on AgNCs-based substrate; (b) SERS spectra of probe molecule on AgNGs, at different Rh6G

concentrations. All spectra were subjected to baseline substraction.



P. Varasteanu et al.

Table 2
Calculated EF for the selected bands.

Analyte molecule Signals Calculated EF
(cm™)
608 1.08 x 10®
Rh6G 1257 2.06 x 108
1361 2.04 x 108
1646 1.96 x 10

Next, there were recorded the Raman and SERS spectra corre-
sponding to Rhodamine 6 G powder (namely as Rh6G bulk) and
AgNCs@Rh6G_10"6 M, and shown in Fig. 5a. First, we recorded Raman
spectra of Rh6G on clean Si substrate, and there were not observed the
all the distinct Raman peaks. When using silver nanocubes as a sub-
strate, all the characteristic bands of the xanthene ring are revealed for
the probe molecule, as follows: 608, 778 and 1126 em™! (C—C-C ring
bending, C—H out of /in plane vibration), 1307 and 1570 cm ! (N—H in
plane vibration), 1361/1440/1545 cm ! (aromatic C—C/C—N
stretching mode) [55]. Additionally, the peak from 520 cm ! could be
attributed to the Si from the substrate [56], which is increasing by
decreasing the rhodamine concentration, while the ones from 926 and
238 cm ™! are assigned to the PVP Raman modes, used for the nanocubes
synthesis [57], and the stretching vibration of C-S bond as result of
dodecanthiol adsorption of silver nanocubes surface [58], respectively.
This is sustained by the two peaks from 707 and 1075 cm™), also
assigned to the stretching C-S bond from the thiol onto silver surface.
Moreover, the aromatic stretching vibration from 1646 cm™! could be
assigned to the Rh6G molecule adsorption on the nanocubes surface, as
indicated elsewhere [59,60].

The efficiency of our silver-based SERS substrate was further evalu-
ated, by recording the SERS spectra of Rh6G with concentrations
ranging from 1079 M to 10~ 13M on the AgNGs, as depicted in Fig. 5b.
There are observed most of the prominent peaks of the Rh6G previously
reported, and by going down to lower concentrations till 10~13M, their
intensities are also decreasing. The presence of chlorine ion from
rhodamine solution is revealed by the peak from 670 cm™'. The bands
assignment is summarized in Table 1.

Going further, the performance of the prepared substrate was
investigated, and the calculated EF values of the Rh6G molecule
adsorbed on 60 nm AgNCs based substrate, for the most significant
bands are listed in the Table 2:

The formula used to calculate the EF for the Rh6G, when using our
prepared silver nanocubes-based substrate is given below [30]:

EF = Isgrs X Nyui/Igs X Nsgrs (€9)

where Iggrs and Igrg represent the intensity of the band in SERS and
Raman spectra respectively, Npyk is the number of molecules that pro-
bed the Raman measurement sample, Ngggs is the number of rhodamine
molecules probed in SERS.

The Rh6G molecules’ number was estimated using the formula [30],

Nsgrs = CVNaSsean/ Ssup (3]
Npuik=MPhNAARaman 3

where C = molar concentration of Rh6G (10”6 M), V = droplet ‘volume
(50 pL), Ny= Avogadro number (6.023 x 10%%), Sscqn = area of Raman
scanning, Sy, = area of the substrate, M and p represent molecular
weight and density of Rh6G, respectively, (M = 479.02 u.a.m., p =1.26
g/cme'), h is the confocal depth, and Aggman = laser spot diameter (1.62
um, calculated for 532 nm laser wavelength).

ARaman = 1.22 X 1/NA @

where, =532 nm and NA =0.4; Argman = 1.62 pm.For 10”6 M Rh6G, and
considering Sscan/Ssub=ARaman= 1.62 pum, we obtained the following

Journal of Molecular Structure 1294 (2023) 136441

Table 3
Summary of literature survey for Rh6G detection by AgNCs-based SERS
substrate.

SERS substrate type Laser Analyte EF Limit of Reference
(nm) molecule detection
M]
AgNCsof 500nmonSi 785 RhB 10 10°1% [21]
substrate [7]
AgNGCs of 60, 90, 115 633 Rh6G - 10710 [33]
nm on PE@Au film
substrate
AgNCsof 106 nmonSi 514 Rh6G 4.5 x -
substrate 10° [34]
106 nm AgNCs on Au 514 Rh6G 2.3 x -
substrate 108
153 nm AgNCs on 633 Rh6G 8.71 - [38]
glass substrate X
1010
80 nm Ag nanocubes 532 CV 3.1 - [39]
x 10°
120 nm AgNCs@GO 532 Rh6G - 10710 [40]
hybrid paper
substrates
SiO2@AgNCs of 56 633 Rh6G 1.49 - [41]
nm on x 107
Fe-TiO, NS paper
GO@AgNPs based Rh6G 8.1 x - [43]
pyramid silicon 10°
Ag 532 Rh6G 6.8x 107U [46]
nanotriangles@259 107
nm
roughened Au film 532 Rh6G 2.5 x 7.1 x [40]
108 101
micro-ring arrays of 532 Rh6G 8.85 - [62]
Ag nanostructures x 108
AgNCs@60nm 532 Rh6G 1.11 4,16 x our work
x 108 10712

values for Nsgrs and Npyik:

Ngrs = 48.78 x 10°molecules;

Ny 12.37 x 10" molecules;

The Rh6G limit of detection (LOD) was estimated using the values of
the 1650 cm ™! SERS peak intensities. A near-linear dependence of peaks
intensities as a function of Rh6G concentrations, ranging from 10~° to
107'3 M, is observed. Hence, a linear fit on this calibration curve is
necessary to determine the LOD according to eq. below [61,40]:

LOD = 3.3 x SD/slope (5)

where SD is standard deviation, and the slope of the calibration curve.

Finally, our obtained value was 4.16 x 1072 M. This value, as well
as the one for EF (1.78 x 108)

These values could be the result of the Ag nanocubes uniform dis-
tribution on the silicon substrate, which created a very small space be-
tween them, creating an LSP-SPP (localized surface plasmon of AgNCs —
surface plasmon polariton) coupling effect, generating thus, the hot
spots. Additionally, the reported EF or limit of detection corresponding
to the Rh6G detection using AgNCs-based SERS substrates were gath-
ered and listed in Table 3.

The EF that we obtained is comparable to that from roughened Au
film (2.5 x 10%) or from micro-ring arrays of silver (Ag) nanostructures
(8.85 x 108), as reported in the literature [40,62], when talking about
Rh6G detection.

A very important remark is that low detection limits or high EFs were
recorded when using silver nanocubes in different hybrid nano-
structures, like GO, or using different support, as gold, glass or nano-
structurated silicon. Overall, it seems to be very encouraging using this
type of SERS substrate for further sensing investigations.
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Fig. 6. Left-hand side, a schematic illustration of simulated domain, and on the Right-hand side, a top view schematic of each proposed arrangements of particles on
the substrate: (a) face-to-face, (b) edge-to-face, (c) edge-to-edge, and (d) nanospheres used for reference.
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Fig. 7. Top: Electromagnetic field distribution for each proposed particles configuration: (a) single cube with the edge length of 60 nm. (b) single sphere (used for
reference) with a diameter of 60 nm, and from (c) to (f) the proposed configurations in front view for clarity; Bottom: Variation of EFs for different interparticle

distances (2, 4, 6 nm) for the three considered configurations.

3.3. Numerical analysis

In order to validate the SERS enhancement factor obtained by Raman
spectroscopy studies, a series of Finite Element Method (FEM) simula-
tions in COMSOL Multiphysics® [63] were performed. By analyzing the
SEM micrograph in Fig. 3, a few AgNCs configurations could be found,
such as: face-to-face, edge-to-face and edge-to-edge. These configura-
tions together with the simulation domain are illustrated in Fig. 6a.

The electromagnetic enhancement factor (EF) was calculated by
employing the Scattered Field Formulation in Comsol’s Wave Optics
module, using the following formula: |g|4, where E is the maximum
electric field in the presence of the particles, whereas E, (background
field) is the incidence electric field (without any particles). The refrac-
tive indices of silver (Ag) at a wavelength of 530 nm (excitation wave-
length in our study), were taken from literature [64].



P. Varasteanu et al.

It is important to mention that Perfectly Matched Layers were used to
absorb all the unwanted reflections from the system. A linear polarized
plane wave was used to excite the system, the incidence wave’s electric
field amplitude being considered arbitrary as 1 V/m. The edge length of
AgNCs was 60 nm as the mean value obtained from ImageJ analysis of
SEM micrographs. The vertices were rounded to avoid the lighting rod
effects and numerical instabilities (where the electric field tends to in-
finity) and the radius of curvature was set as 2 nm. In addition to the
aforementioned configurations, where the distance between the parti-
cles was considered 2 nm, two additional inter particle distances (4 nm
and 6 nm) were considered in order to have a complete picture of the
whole system and also to take into account the stochasticity of particles
arrangements on the substrate.

The AgNCs systems were compared with the spherical nanoparticles
of 60 nm in diameter (the same as the edge length) considering the same
spacing between them, since it was revealed that the nano-
cubes’enhancement is greater compared to the spheres like nano-
particles with the same size thanks to more efficient separation of
charges and high curvature corners present in the NCs that allow
accumulation for larger charge.

The electromagnetic field for each configuration is illustrated in Fig
7, where it can be seen that the electric field in the case of the single
nanocube is located at the vertices (Fig. 7a), in comparison with the
nanosphere, where the field is concentrated on the particle surface
(Fig. 7b). When two particles are considered, as in Fig. 7c-f, and placed
very close to each other (d = 2 nm), the electric field is more confined in
the space between them than at their extremities.

The highest ER 10°, was obtained for the edge-to-edge configuration
(Fig. 7e), while the lowest one was exhibited by the nanosphere’s
configuration, 6 x 107, very close to the one for the face-to-face case, 9
x 107 (Fig. 7d). This could be in accordance with the results obtained by
Rabin and Lee that claims that the face-to-face assemblies of the nano-
cubes give a decreased enhancement, while the edge-to-edge might be
responsible for the highest enhancement [65]. Going further, in the case
of edge-to-face arrangement, the EF was 8.6 x 10° and, when the dis-
tance between particles is increased to 6 nm, the EF’s decreases to 2 x
10° for the nanosphere configuration.

Therefore, given the weight each particles arrangements on the
surface throughout the area scanned by the laser, an experimental
calculated electromagnetic EF of about 108 it is attainable for AgNCs
with a mean side length of 60 nm.

4. Conclusions

In this work we successfully synthesized silver nanocubes having the
mean edge length of 60 nm, which were then analyzed by electronic
microscopy, X-ray diffraction, as well as several, spectroscopies tech-
niques, such as UV, FT-IR and DLS.

Going further, simple, efficient and low-cost SERS substrate based on
these anisotropic nanostructures was prepared on planar silicon support,
and using it towards rhodamine 6 G dye. The obtained close-packed
structures provided highly sensitive detection of Rh6G up to 107 13M,
and the calculated limit of detection was 4.16 x 10~'2 M, while the
averaged calculated EF was of 1.78 x 10%. In addition, the effect of
nanocubes’ arrangement was probed through the theoretical calcula-
tions, being reported that the edge-to-edge arrangement exhibits the
highest EF of about 10°, followed by the edge-to-face (8.6 x 10%) and
face-to-face (9 x 107) arrangements, in good agreement with experi-
mental calculated value, ~108, considering the frequency of appearance
of each configuration.

Our studies related to the use of assemblies of smaller AgNCs on
planar silicon surface, with no further nanostructuration process, as
SERS based substrates towards one of the most known analyte mole-
cules, as well as an organic dye pollutant, are very encouraging, giving
the chance to explore the emerging properties of small nanocubes to-
wards low concentration detection of different organic molecules, thus
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showing great applicability in both scientific research and practical
application, like water pollutants or even foodborne pathogen detection.
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