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Detecting small concentrations of nitro-compounds via surface-enhanced Raman spectroscopy (SERS) is
reported. In particular, explosive analogues, such as 4-nitrophenol, 1-nitronaphthalene, and 5-
nitroisoquinoline, and an explosive material (picric acid) are investigated and prepared by measurements
using two different methods. One method involved mixing the analyte with plasmonic silver
nanoparticles (Ag NPs) in a solution, followed by subsequent drop-casting of the mixture onto a silicon
substrate. In the second method, the analyte solution was drop-casted onto SERS substrates formed by
annealing of thin Ag films deposited over self-assembled layers of SiO, spheres. Both approaches
allowed for the SERS detection of analyte concentrations down to 107#-10~7 M. Furthermore, the
possible reasons for the different enhancements of the above analytes as well as their differences in the
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Introduction

Over the past few decades, researchers have developed
a number of methods to accurately and efficiently detect
explosives. They generally fall into two categories. One is the
bulk explosive detection technology, including X-ray imaging,*
nuclear quadrupole resonance,” and neutron activation.® This
category is suitable mainly for the detection of large quantities
of explosive material hidden from visual detection. Another type
is the technologies for detecting traces of explosive substances,
which include ion mobility spectrometry,® electrochemical
detection,’® colorimetric analysis,® mass spectrometry,” fluores-
cence,’ Raman spectroscopy,’ terahertz spectroscopy,'® and
localized surface plasmon resonance.*"

The development of a technique for detecting explosive
materials based on surface-enhanced Raman spectroscopy
(SERS) is of great relevance from the viewpoint of countering
potential threats in the field of national and global security.
SERS stands out as a highly promising method for ultra-
sensitive chemical analysis of both organic** and inor-
ganic'®***' substances, bringing it closer to practical
utilization.'»'*'%?>>*> The noble metal nanostructures with
localized surface plasmon resonance (LSPR) that are capable of
amplifying Raman scattering from the analyte molecule are
commonly referred to as “SERS substrates”. Raman spectros-
copy serves as a highly efficient and non-invasive technique for
the rapid detection of diverse materials by analysing their
vibrational spectra.”® The role of SERS is to enhance weak
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liquid (drop) and dried states are discussed.

Raman signals. In contrast to conventional Raman spectros-
copy, SERS enables the detection of molecules even in minute
concentrations in solutions or when deposited onto nano-
structured noble metal films.”” This technique can be used to
detect contamination in air,”® soils,” and water sources,*
including chemical substances that are components or
decomposition products of various types of explosives that may
threaten the environment and human health. Low concentra-
tion detection, versatility in the types of analytes, and non-
destructive analysis are the advantages of SERS compared
with other techniques described above.

Several studies have considered the application of SERS
technology in the field of detection of explosive substances in
the past.*'*** Hakonen et al.** focused on the portability of the
SERS detector and discussed in detail the development of SERS
technology in the field of detection of explosives and chemical
reagents. This study®® mainly summarized the principle of
SERS, colloidal nanoparticles of the SERS substrate in solution
or surface deposition nanostructure, and the application of
SERS technology for the detection of explosive substances in
water and the atmosphere. However, in the above SERS reviews,
little attention has been paid to SERS substrates.

In this work, we developed efficient SERS substrates based
on silica (SiO,) nanospheres, synthesized by a straightforward
route based on the modified Stobel method,*” self-assembled
into large-area ordered arrays on a substrate, and subse-
quently covered with a thin Ag layer. We showed recently that
such SERS substrates demonstrate very high performance,
enabling the detection of standard dye analytes (Rhodamine
6G) down to 10~ ** M.*® Another method of detecting explosives
materials, which was used in this work, for comparison, was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixing analytes with colloidal Ag nanoparticles in solution,
which was also previously successfully tested by us on dyes and
biomolecules.* As explosive analogues, we investigated several
nitro-compounds: 4-nitrophenol (4-NP), 1-nitronaphthalene (1-
NN), and 5-nitroisoquinoline (5-NI). Additionally, we used 2,4,6-
trinitrophenol (also known as picric acid) as an explosive
material to investigate.

Experimental
Materials

All the chemical reagents used in our experiment were of
analytical grade and were used as received without further
purification. All reagents used for synthesis were supplied by
Sigma-Aldrich.

For silver nanoparticles, solution was prepared from silver
nitrate solution (AgNO;, 0.005 M), sodium citrate (C(CH,-
COONa),COONa, 1%) and deionized (DI) water.

For SiO, nanospheres, a precursor solution was prepared
from tetraethyl orthosilicate (TEOS: Si(OC,Hs),, technical
grade, 97%), and ethanol (96%) was adopted as the precursor
solvent. Ammonia (NH3, 25%) solution was used to increase the
pH to promote gelation. H,O was distilled and deionized.

Synthesis

Synthesis of silver nanoparticles (Ag NPs) was performed by
mixing AgNO; (25 ml) and sodium citrate (5 ml) with DI water
(100 ml) under stirring. The obtained solution was kept in
a dark place for 24 hours for the stabilization of nanoparticles.
Synthesis is well known and used in literature.*

Fine amorphous SiO, nanoparticles with a narrow size
distribution were prepared by applying a sol-gel approach. In
particular, it is based on the Stober method with certain
changes. A detailed description of the synthesis is provided in
ref. 47.

To fabricate the SERS substrates, SiO, NPs were drop-casted
on a Si substrate and dried. Then, by applying the thermal
evaporation method, a thin Ag layer (of nominal thickness of 15
nm) was deposited, and the obtained structure was annealed in
an inert atmosphere at 300 °C for 10 min.

The morphology of the bare SiO, and Ag-covered SiO,
nanosphere films was studied using scanning electron micros-
copy (SEM, Tescan Mira 3 MLU). An Ag layer with a thickness of
15 nm was deposited by thermal evaporation in a vacuum of 2 x
107 Pa. Optical absorption spectra were obtained using a Stel-
larNet Silver Nova 25 BWI6 spectrometer. Raman spectra were
excited with a 457 nm solid-state laser and acquired using
a single-stage spectrometer MDR-23 (LOMO) equipped with
a cooled CCD detector (Andor iDus 420, UK). The laser power
density of the samples was less than 10° W cm > to preclude any
thermal or photo-induced modification of the samples. A
spectral resolution of 4 cm ' was determined from the Si
phonon peak width of a single-crystal Si substrate. The Si
phonon peak position of 520.5 cm™" was used as a reference to
determine the position of the peaks in the Raman/SERS spectra
of the analyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the case of using Ag NPs, the water solutions of analytes
were mixed with colloidal Ag NPs in solution and drop-casted
on a Si substrate. In other cases, the analytes were drop-
casted on SERS substrates. Measurements of Raman spectra
were performed both from dropped solutions and after drying.

Results and discussion
Optical characterization of Ag NP and SERS substrates

Fig. 1a depicts the optical absorption spectra of colloidal AgNPs
measured in a solution in a cuvette. We can observe that
a localized surface plasmon resonance (LSPR) band at 425 nm
(Fig. 1a) is characteristic of Ag NPs of several tens of nm in
diameter.>"

Optical reflection spectra of obtained SiO, spheres covered
with 15 nm of Ag film (by applying the thermal evaporation
method) on glass and Si substrates (Fig. 1b) were measured in
reflection geometry. Spectra exhibit a plasmon band in the
same spectral range as for the colloidal NPs, ~420-425 nm,
enabling comparison of the SERS performance of these two
types of plasmonic structures. The detailed SEM characteriza-
tion of the SERS substrates was performed by us in ref. 48; thus,
Fig. 2 shows only the representative images of densely packed
bare SiO, spheres with an average size of ~200 nm (a), the
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Fig. 1 Optical absorption spectra of (a) colloidal Ag NPs and (b)
reflection spectra of SiO, nanospheres covered with 15 nm Ag film.
Inset: photo of the synthesized colloidal Ag NPs (a).
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Fig.2 SEM image of the self-assembled SiO, nanospheres on Si substrate (a), spheres covered with 15 nm Ag layer (b), and annealed at 300 °C

(c).

spheres overcoated with 15 nm of thermally evaporated Ag, (b)
and the final morphology after annealing at 300 °C (c).

Raman scattering study

The laser wavelength A = 457 nm was resonant with LSPR, so
it was chosen for the SERS study. Raman spectra of the initial
powders of explosive analogue materials were measured with
the same A. Then, the powders were dissolved in water at
different concentrations to determine the lowest concentration
of these compounds, which could be detected using standard
Raman spectroscopy.

The solutions were drop-casted onto the Si substrate and
measured from both the drop and after the solutions were
dried.

As shown in Fig. 3a-d, all analytes can be reliably detected
down to 10 >-10 " M (the intensity is comparable to the powder
samples), but after decreasing the concentration by another
order of magnitude, no Raman peaks could be observed.

For all investigated analytes, the spectra of their water
solutions (with different concentrations) have the same Raman
bands (with the same wavenumber position) as their powder
analogues; only a slight upside shift is observed for the 4-NP
sample. Powder samples were measured using a neutral filter to
avoid saturation of the CCD detector. Picric acid was available
only in the solutions.

Therefore, the next step was to detect lower concentrations of
the above analytes using the SERS technique.

SERS study

Solutions with silver nanoparticles. Investigated water solu-
tions of the analyte of certain concentrations were mixed with
Ag NPs in a 1:1 ratio and dropped on a Si substrate. Fig. 4
shows the SERS spectra of these samples in the form of solu-
tions (immediately after the drop deposition) and in the dried
state (i.e. after the solvent evaporated from the drop).

To exclude the possible contribution of the molecules
belonging to the colloidal Ag NPs in the SERS spectra of our
samples, the spectrum of the pure Ag NP sample is shown by an

254 | RSC Adv,, 2025, 15, 252-260

orange curve in each graph in Fig. 4(a-e). The black curve on
each graph corresponds to the reference sample - pure analyte
(i.e. without Ag NPs).

For 1-NN (Fig. 4a) after adding Ag NPs, we observe the
deterioration of analyte intensity (only 1336 and 1567 cm ™"
bands of 1-NN can be observed in the figure) even for 10™> M
despite the strong Raman features observed for the analyte
solution without Ag NPs (black curve). There are different
reasons responsible for the weakening of the Raman signal in
the case of a mixed solution with Ag NPs. For example, the
unfavourable pH level of colloid destroys or modifies molecular
structure or polarizability and therefore influences (decreases)
the Raman scattering cross section.

After mixing 4-NP with Ag NPs, the intensity of the bands
increases, and we can identify 4-NP features down to 10> M
(Fig. 4b).

For sample 5-NI after mixing with Ag NPs (Fig. 4c and d -
spectra of dropped and dried solutions), analyte peaks for 10>~
10~° M concentrations can be detected (for measurements of
dried samples). However, for a dropped solution, peaks of 5-NI
are present on the spectra only down to 10~* M. Such behaviour
was already reported by us for other analytes, where we had
lower concentrations detected for dried samples (R6G in ref. 48
and lysozyme and salicylic acid in ref. 53) or for dropped ones
(R6G in ref. 54). This can be explained by applying the mecha-
nisms of analyte drying on a particular type of SERS substrate
(or in a mixture with colloidal Ag NPs) and concomitantly
entrapping different analytes in the hot spots. Further factors
could be different adsorption geometry and a different contri-
bution of the chemical enhancement in the solution and the dry
form.

After mixing picric acid with Ag NPs, we can observe SERS
peeks of analyte down to 10~° M (Fig. 4e), which is three orders
of magnitude better than Raman detection without Ag NPs
(Fig. 3d).

Solutions on SiO, nanospheres covered with a 15 nm Ag
layer. It is well known that the major contribution to the SERS
intensity is made by the “hot spots” - few-nm gaps between
neighbouring plasmonic NPs or sharp edges of other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of (a) 1-NN, (b) 4-NP, (c) 5-NI and (d) picric acid. Grey curves-powder spectra, dotted curves-solution of different

concentration, solid ones-dried solutions.

nanostructured noble metal morphologies.***® In the case of
colloidal NPs described above, the formation can occur between
two or many NPs due to the partial aggregation of NPs. The
reasons for different aggregations can be the weakening of
colloidal stability due to changes in pH caused by the addition
of analyte molecules, or electrostatic interaction between the
analyte molecules and the NPs (or its ligand shell).*”*® The
aggregation can be additionally stimulated by adding cations or
anions, in particular, by dissolving salts, such as NaCl.>***° The
advantage of colloidal NPs is that a large number of hot spots
can be created at once, but the disadvantage is that the
formation of hot spots in colloidal systems is not a well
controllable and reproducible process.®* Therefore, great efforts
of the researchers are put towards developing pre-determined
morphologies capable of the generation of large areal or
spatial density of hot spots.®** In this work, we used the kind of
SERS substrates recently developed by us, which proved to be
efficient for dye analytes and biomolecules.*® Despite the rela-
tively straightforward and cheap fabrication procedure, the
resulting morphology reveals a large area of highly homoge-
neous hot spots between metal NPs situated in the dips
(between SiO, spheres) intended for the localization of the
analyte exactly in the hot spots (Fig. 2b). The metal NPs are
formed by self-assembling during thermal annealing of the thin

© 2025 The Author(s). Published by the Royal Society of Chemistry

(15 nm) continuous Ag film deposited over the layer of SiO,
nanospheres (Fig. 2c).

For the SERS study of the explosive compounds, solutions of
various concentrations were deposited on these SERS substrates
by drop casting. The results are presented in Fig. 5 for
measurements performed on the drop of the solution imme-
diately after its deposition (dotted curves) and after the solution
was dried (solid curves).

The most pronounced difference in the SERS performance of
the SERS substrates compared to mixing with colloidal Ag NPs
was observed in the case of 1-NN molecules. Here, we can
observe that 1-NN with a concentration down to 10" M can be
identified (Fig. 5a), while only 107> M could be measured
without SERS (Fig. 3a), and using colloidal Ag NPs surprisingly
gave no Raman signal even at 10~> M concentration (Fig. 4a).

As depicted in Fig. 5b, we observe that a 10~> M concentra-
tion of 4-NP can be reliably detected, which is the same order of
magnitude for colloidal Ag NPs (in the case of measuring
a dropped solution of the same concentration, Raman peaks
disappeared after drying (Fig. 5b)).

The best sensitivity among the studied explosive-like
compounds was achieved using SERS substrates for the 5-NI
molecule. Fig. 5¢ shows the possibility of measuring even
a 10”7 M concentration of 5-NI in the solution state (drop),
while only 10™* M was detected with colloidal Ag NPs (Fig. 4c).

RSC Adv, 2025, 15, 252-260 | 255
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Fig. 4 SERS spectra of the investigated samples mixed in solution with Ag NPs: (a) 1-NN, (b) 4-NP, (c) 5-NI drop, (d) 5-NI dried, and (e) picric acid.

The orange curve shows the spectrum of the bare Ag NP sample.

The behavior of the picric acid spectra is interesting.
Although the colloidal Ag NPs were detected down to 10~ ® M
(Fig. 4e), on the SERS substrate, their peaks were recognizable
down to 10~ M (Fig. 5d). Moreover, two additional observations
are worth noting: (i) the spectrum of 10™> M is better than
10~* M (the same behavior was demonstrated by us in ref. 48
with spectra of Rhodamine 6G and was explained that the
number of analyte molecules became comparable to (or even
smaller than) the number of hot spots), and (ii) in the case of
107> M, spectrum of dried solution is much better than that of
the drop.

A comparative analysis of detected concentration levels
using different approaches to sample investigation is

256 | RSC Adv, 2025, 15, 252-260

summarized in Table 1. As we can see, for samples drop-casted
on SERS substrates, on average, higher sensitivity could be
achieved (at least 2-3 orders of magnitude for 1-NN and 5-NI,
and the same order for 4-NP) compared to mixing the same
solutions with colloidal Ag NPs, except only for picric acid,
a smaller concentration of which is detected when mixing with
Ag NPs. The smallest concentration detected for 5-NI is 107 M.
In ref. 11, a 5-NI sample with a 1077 M concentration was
detected using the LSPR technique. Picric acid was detected
with a 107® M concentration, while literature analysis showed
from 107°-107° M,**® to 107°-107"" M,** (107" M is the
lowest concentration detected so far in literature). Authors in
both ref. 43 and 45 used the fabrication of substrates that are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 SERS spectra of samples drop-casted on SiO, nanospheres covered with a 15 nm Ag layer: (a) 1-NN, (b) 4-NP, (c) 5-NI, and (d) picric acid.
The measurement was performed on the drop of the solution immediately after its deposition (dotted curves) and after the solution was dried

(solid curves).

formed with nanopillars using reactive ion etching. The 4-NP
sample in our work was detected down to 10> M concentration.
Different concentrations have been reported in the literature:
107 M, 10* M,*** 10° M, (fabricated multihole capillaries
covered with Au nanoparticles), and 10~ > M3 (synthesized Ag
nanospheres on ZnO multipods and used 532 nm laser

excitation). 10™* M concentration was detected for the 1-NN
sample (there are no data in the literature at the moment).
For all investigated analytes, we calculated the enhancement
factors of SERS, which are presented in Table 1.
The enhancement factor was calculated using the following
formula:

Table 1 Enhancement factors for all investigated analytes, both with Ag NPs and on the SERS substrate, and the corresponding lowest
concentrations detected (LOD). The vibrational modes used to determine EF are also specified

With Ag NPs On SiO, Ag 15 nm substrate
Analyte EF LOD EF LOD
4NP 1343 cm '-1.5 x 10* 10°M 1595 cm ™ '-3.0 x 10° 10°M
1595 ecm ™ '-1.0 x 10°
5NI 1380 cm ™ *-1.0 x 10° 107 M 1380 cm™'-6.7 x 10° 107’ M
1562 cm™ '-7.6 x 10°
1NN — 1072 M 1568 cm ™ '-4.0 x 10> 107*M
Picric acid 1282 em '-3.0 x 10° 10°°M 1282 cm '-3.7 x 10* 10°M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EF Isgrs/ Csers

= —
IRaman/CRzlman

where Isgrs — the intensity of the SERS band, Iraman - the
intensity of the Raman band, Csgrs — the concentration of
molecule measured by SERS, and Cgraman — the concentration of
molecule measured by Raman spectroscopy.

Conclusions

We investigated the possibility of detecting small concentra-
tions of explosive materials using the SERS technique. Two
approaches were used: mixing analyte molecules with silver
nanoparticles and drop-casting those on Si substrates and drop-
casting analytes fabricated using SERS substrates. SERS
measurements allowed us to detect explosive materials by
applying both approaches with the next limits of detection: 5-
NI-10~7 M, picric acid-10"® M, 4-NP-10"> M, and 1-NN-10"* M.
The SERS enhancement factors vary from 1.5 x 10* to 7.6 x 10>
depending on the analyte under study. Possible reasons for the
different enhancements of the above analytes, as well as the
differences in the liquid (drop) and dried states, are discussed
in this study.
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