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Abstract

Pulsed laser ablation in liquids (PLAL) is an approach for the direct synthesis of nanoparticles from the bulk material. In the
present work, silver and gold nanoparticles (NPs) were synthesized using the PLAL technique, and obtained water colloid
suspensions were characterized by TEM-EDX, ICP-OES, UV-VIS, and DLS methods. On the other hand, Laser-Induced
Breakdown Spectroscopy (LIBS) is a well-recognized and versatile analytical technique for the element analysis of solid
samples. However, obtaining improved spectral intensity and detection sensitivity are still great challenging tasks, especially
for an alternative and cost-effective LIBS setup based on TEA CO, laser. Considering these demands, this work aimed to
investigate a promising approach to signal enhancement based on the deposition of noble NPs on the plastic sample. The effect
of NPS on the enhancement of the LIBS signal has been investigated. LIBS experiments were carried out in air at atmospheric
pressure and obtained spectra with a high signal-to-background (SBR) ratio. This study shows that signal enhancement can
be achieved followed by the lower limits of detection by increasing the ablation amount rate.

1 Introduction

Plastic has become an integral part of human daily life and
global plastics production and consumption raise from year
to year. In 2019 worldwide production reached an all-time
high record of about 370 million tons. Many additives and
catalysts, that are added to plastic to give it better physico-
chemical characteristics, are based on compounds of heavy
metals. Insoluble inorganic compounds, partially soluble
organic compounds, or salts may be used as metal-based
additives [1]. For example, chromium (VI) trioxide (CrO5)
and lead oxide (PbO), are added to all plastics for pigmen-
tation and to improve fastness, and heat stability [2]. At
the same time, these elements become widespread in the
environment and their impact as a contaminant has caused
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significant attention in past decades. Very small quantities
of Cr and Pb are toxic and might be lethal for the living
world, while at very low concentrations and acute or chronic
poisonings may occur following exposure through water, air,
and food [3, 4]. Therefore, the degradation of plastic caused
the diffusion of heavy metals from a matrix and represents
a potential environmental problem. From an environmental
perspective, the quality control of plastic products, with a
special focus on the fast monitoring of heavy metals, raises
more attention.

As an analytical “star in raising” with many obvious
advantages, LIBS attaches more and more interest and
importance to plastic investigations, with the capacity for
simultaneous qualitative and quantitative analysis [5]. Gen-
erally, LIBS is an extremely versatile method that combines
the capability of providing fast multi-elemental analysis with
no or minimal sample pre-treatment, the potential for in-
laboratory, in situ, and remote analysis, micro-destructive-
ness, the ability to provide isotopic ratio information and
to perform multi-layered, depth profiling and qualitative or
quantitative imaging measurements [6, 7].

However, despite all these advantages, compared to other
standard and well-established spectrochemical methods for
trace metal analysis such as Inductively Coupled Plasma
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Optical Emission Spectrometry (ICP OES) or Atomic
Absorption Spectroscopy (AAS), LIBS show relatively high
Limits of Detection (LODs). Several different approaches
have been investigated to overcome this deficiency. De Giac-
omo et al. introduced a promising method to improve LIBS
sensitivity named Nanoparticle Enhanced Laser Induced
Breakdown Spectroscopy (NELIBS) by using a micro-drop
of a solution containing nanoparticles (NPs) deposited on
the sample surface in an area covering the focused laser spot.
Nanoparticles bring enhancement due to the lower thermal
conductivity of small-sized objects under laser irradiation
decreases the ablation threshold and laser-induced plasma
absorbs energy from a larger temporal portion of the pulse.
Consequently, the plasma plume resulting in this way will
be at a higher temperature and has a longer lifetime, and
the intensity of the emitted spectral lines will be stronger
and has a much better signal-to-noise ratio which improves
significantly the technique sensitivity [8]. The underlying
mechanisms responsible for NELIBS are described in detail
in a study by Dell’Aglio et al. [9].

In recent years, the NELIBS approach has been studied
from various aspects by different research groups. Abdelha-
mid et al. studied the significance of nanostructure shapes
in NELIBS and have shown that LIBS signal’s achieved
enhancement was the highest when using silver nanowires
[10]. Composite Ag—Cu and Ni—C nanoparticles synthesized
by laser ablation and spark discharge in liquid, respectively,
have been used for NELIBS applications and the intensity
growth was higher for Ag—Cu nanoparticles [11]. Also,
Palasti et al. have shown that NELIBS signal enhancement
approach can be used successfully in the quantitative analy-
sis of liquid samples [12]. In a study by Salajkova et al. it
was shown that the optimal NPs concentration is extremely
important for a correct setup of the NELIBS experiment
[13]. An alternative approach of NELIBS based on the direct
mixing of gold nanoparticles (AuNPs) and metal chelates
increased the contact area, adhesion force, and uniform-
ity between analytes and AuNPs and significantly improve
the NELIBS method [14]. Most recent study by Dell’Aglio
et al. investigated systematically NELIBS performance using
AuNPs of different shapes by optimizing the sample prepa-
ration procedure. They have shown that when the optimal
concentration for each specific size and shape is selected,
the maximum enhancement does not depend on the type of
NP used [15]. On the other hand, the recent results obtained
by Kiris et al. [16] that the presence of NPs significantly
influences the analytical properties of plasma induced by
Nd:YAG laser, however, doesn’t significantly affect the ana-
lytical performance of LIBS based on TEA CO, laser.

Physical methodologies for the production of NPs used
in NELIBS are strongly suggested because the colloidal
solution should not have any unwanted residual byproducts
and impurities that can interfere with the measured analyte
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[9]. In the present article Ag and Au NP are synthesized
by pulsed laser ablation in liquid (PLAL) as described in
the experimental section. PLAL is a versatile and effective
physical method of synthesis and appeared to be competi-
tive with chemical techniques. First of all, it is an easy-to-
handle and cost-effective method for the room-temperature
synthesis of ultrapure nanomaterials [17]. PLAL is not
limited by a choice of metal material because any metal
can be ablated while synthesis can be done in a variety of
liquids. PLAL is also recognized as an environmentally
friendly technique because no chemicals are required for
synthesis processes making this method impurities—and
byproducts-free [18]. Generally, ‘clean” PLAL nanopar-
ticles’ surfaces are much more active in their interaction
with surrounding material and therefore are favorable
for advanced ultra-sensitive techniques such as surface-
enhanced Raman spectroscopy [19] or for applications
in catalysis [20]. An additional advantage of PLAL over
chemical methods is the stability of the colloidal solutions.
Namely, the presence of chemicals may reduce the surface
charge of the nanoparticles and thus electrostatic repulsion
causing poor stability due to the formation of agglomera-
tions and precipitation.

Our numerous previous papers demonstrated that an
original and much more low-cost LIBS setup based on
TEA CO, laser could be successfully applied for various
applications and that it is fully comparable in analytical
capabilities to much more expensive ones [21-26]. Bear-
ing in mind, that the most important characteristic of our
laser is its temporal profile of pulse which is composed
of a peak (duration of about 100 ns) followed by a long-
lasting tail (duration of about 2 microseconds) [21] and
because of that TEA CO, laser has a favorable condition
for obtaining long-lasting highly excited plasma. The
plasma is formed during the interaction of the initial por-
tion of the laser pulse with the target while the tail reheats
the plasma, elongates its lifetime, and increases the LIBS
signal. The effect is similar to a dual pulse excitation that
was shown to provide enhancement of plasma emission
[27]. It is expected that NELIBS additionally improves
excitation conditions in plasma and finally increases the
LIBS signal.

The aim of the present research was to assess the fea-
sibility of additional improving the analytical perfor-
mances of this unique setup, without raising the cost of
the equipment, since NELIBS technique is becoming a
very promising method in the LIBS community. Moreover,
the motivation for this work was the detection of heavy
metals in plastics, because, to the best of our knowledge,
no report has been published on the use of the CO, laser
for this purpose. Additionally, we fabricated solutions of
Ag and Au NPs and investigated their NELIBS analytical
performance.



Laser ablation in water for silver and gold nanoparticle synthesis and their application for...

Page3of 10 62

2 Materials and methods
2.1 Nanoparticle synthesis

PLAL synthesis of noble nanoparticles was performed by
using two independent Nd: YAG setups.

A pure gold target (GoodFellow, UK, purity >99.9%)
was immersed in 25 ml of Milli-Q water and placed about
2.5 cm under the water surface. The sample surface of
approximately 1 cm? in size was continually scanned to
achieve a homogenous ablation by a pulsed laser beam.
The total number of pulses for irradiation was 2000 using
the Nd:YAG laser (300 mJ output energy, 5 Hz repetition
rate, 5 ns pulse duration, wavelength of 1064 nm, Quantel,
Brilliant). The laser beam was focused by a 10 cm lens to
enhance the ablation yielding the laser fluence of 25 J/cm?.
A detailed experimental setup is shown in [28].

A pure silver target (Alfa Aesar, DE, purity 99.9985%)
was covered with 6 ml of Milli-Q water. The treated sam-
ple surface was approximately the same as for the gold
target and it was continually scanned by a pulsed laser
beam of Nd: YAG laser (20 mJ, 10 Hz, 150 ps pulse dura-
tion, wavelength of 1064 nm, EKSPLA SL 212/SH/FH) for
25 min. The laser beam was focused by a 15.3 cm lens to
enhance the ablation yielding the laser fluence of 28 J/cm?.

Characterization of formed nanocolloids was performed
with the measurement of the SPR band using a UV-VIS
spectrophotometer (LLG-uniSPEC 4 UV/VIS-Spectro-
photometer). The averaged hydrodynamic diameters (dy)
were estimated by dynamic light scattering (DLS), meas-
ured on a Zetasizer Nano ZS90 apparatus (Malvern, UK)
with a 4 mW 633 nm He—Ne laser source. The measure-
ments were performed in disposable polystyrene cuvettes
(DTS0012) at ambient temperature (25 +0.1 °C). Also,
NP concentration as an important parameter for signal
enhancement was determined by ICP-OES spectrometer
(Thermo Scientific iCap 7400 duo). The calibration stand-
ard solutions of both elements were prepared from a sin-
gle element stock standards J.T. Baker (1000 pg/ml) by
diluting to different volumes of distilled deionized water
with 1% high-purity HNO3 (w/w). The data acquisition
and processing were performed by using The Thermo Sci-
entific Qtegra Intelligent Scientific Data Solution (ISDS)
software. The obtained results are presented in the form
of the average values of three measurements.

For morphology study, NPs were investigated by trans-
mission electron microscopy (TEM) at 200 kV accelera-
tion voltage. The images were recorded on a Talos F200X
electron microscope from FEI Company, equipped with a
CCD camera with a resolution of 4096 x 4096 pixels using
the User Interface software package. An energy-dispersive
X-ray spectroscopy (EDX) system attached to the TEM

operating in the scanning transmission (STEM) mode was
used for chemical analysis and element color mapping.
High-angle annular dark-field (HAADF) images were cap-
tured in nanoprobe-TEM mode with probes of below 1 nm
size and a camera length of ~200 mm. The samples for
TEM examination were prepared by a standard procedure
where a drop of the water solution was placed on a carbon-
coated copper grid, which was allowed to dry in the air.

2.2 LIBS setup and NELIBS experiments
on the polypropylene sample

The TEA CO, laser developed at VINCA Institute was used
as an excitation source for plasma generation. The laser
energy was measured in front of the ZnSe lens with Jou-
lemeter ED-200 through a Tektronix TDS 1002 digital oscil-
loscope. Applied laser energy was 160 mJ with a repetition
rate of 1 Hz and the shot-to-shot fluctuation of its energy
was about 5%. The laser was run in a multimode regime.
The angle of incidence of the laser beam with respect to the
target surface was 90°. The optical emission from the plasma
was viewed in the direction parallel to the sample surface.
Time-integrated space-resolved laser-induced plasma spec-
troscopy (TISR LIPS) method was applied. This method
provides enhance of signal background ratio by observing
further-out regions of plasma where the plasma background
continuum emission is largely reduced. The plasma emis-
sion was projected by an achromatic lens on the entrance
slit of the monochromator Carl-Zeiss PGS2 (entrance slit
width 30 pm, height 1 mm, magnification 1:1). The mono-
chromator was equipped with a diffraction grating with 600
lines/mm (dispersion around 0.7 nm/mm, depending on the
wavelength, blaze at 330 nm in the first order). The position-
selective spectra were monitored by CCD camera Apogee
Alta F1007, consisting of 1024 x 122 pixels, 12X 12 pm
each, and a total active area of 12.3 X 1.46 mm. A Mercury
lamp was used for spectral calibration.

A sample of polypropylene plastic (PP) used for medical
waste disposal container production was selected for these
experiments. Before LIBS experiments, the concentration of
Pb and Cd in a plastic sample was determined by ICP-OES.
A sample of PP was digested using a TANK microwave
digestion system (SINEO, CN) and ACS-grade nitric acid
and hydrogen peroxide. For calibration 1000 mg/L Multi-
element ICP Standard solution (Chem-Lab, Belgium) was
used. The sample was prepared in duplicate and ICP-OES
measurements were performed in triplicate.

Nanoparticles of silver and gold were applied in a thin
layer on the surface of the plastic sample with a micropipette
and left to dry in an oven. The shutter of the non-gated CCD
detector was opened for 6 s and in this way, two consecutive
spectra were acquired without time resolution. The optimi-
zation of the spectral emission was achieved by applying
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the TISR-LIBS method, where the spectrum acquisition was
performed in triplicate. In addition, the obtained spectra rep-
resent the average values of the emission signal measured
from nine different parts of the sample surface.

2.3 Profilometric measurement

The effect of deposited nanoparticles on the ablation rate
was evaluated using a non-contact Zygo 3 New View 7100
Optical Surface Profiler which is based on the interference
of the light beam reflected from the reference surface and the
beam reflected from the examined surface. The main advan-
tage of this method for surface characterization is that it is
non-destructive and maintains surface characteristics. The
surfaces of samples with or without nanoparticles, before
and after irradiation with TEA CO, laser radiation, were
analyzed. Data acquisition and analysis are performed using
ZYGO MetroPro.

3 Results
3.1 Nanoparticle characterization

Confirmation of noble metal nanoparticle formation and
plasmonic resonance can be found by analyzing the absorb-
ance data of UV—VIs spectroscopy. In Fig. 1a, the UV-Vis
spectra showed characteristic peaks at 428 nm and 525 nm,
which correlate to the surface plasmon absorbance of Ag and
Au nanoparticles, respectively. The hydrodynamic diameters
of noble nanoparticles solution at pH 6, were determined by
the DLS method and the obtained d; value was 110 nm for
AuNPs, while in the case of AgNPs, agglomeration occurs
and two groups were detected, a smaller one at 25 nm and
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larger one at 200 nm, Fig. 1b. Total concentrations measured
by ICP-OES were 8.7 +0.1 and 49.2 +0.1 pug/ml for Au and
AgNPs, respectively.

Furthermore, the size and morphology of these nanoparti-
cles were also estimated by TEM images and EDX analysis.
Typical images are shown in Fig. 2. The observed nanopar-
ticles are mainly spherical and pseudospherical and partially
agglomerated. The size distributions of Au and Ag NPs were
determined by manual measurement of about 100 particles
using the public domain software ImagelJ [27]. After statis-
tical analysis, it was found that the particle size of AgNPs
was dpp,=29.7+10.4 nm, while the size of AuNPs was
drpy =46 +£26 nm. Furthermore, HR-TEM images revealed
the crystalline nature of NPs and also showed that lattice
fringes have a spacing of 0.235 nm for AgNPs and 0.239 nm
for AuNPs, which reveals that the growth of these nano-
particles occurs preferentially on the (1 1 1) plane [29, 30].
HAADF images, elemental mapping, and EDX analysis
confirmed that these are pure suspensions of Ag and Au
nanoparticles, Fig. 3.

Results from ICP-OES and TEM measurements were
then used to estimate the number of particles per milliliter.
Approximately, 8.85x 10° Au particles and 3.42x 10! Ag
particles/ml were obtained by the PLAL method.

3.2 LIBS and NELIBS experiments

To determine the optimum experimental conditions a
series of spatially resolved measurements were performed
for Cr and Pb. Considering that the TISR method utilizes
the fact that intense continuum emission is mostly emitted
from a region close to the sample surface, the best signal-
to-background (SBR) value was achieved by changing the
viewing position of plasma along its expanding direction
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Fig.1 a UV-Vis spectra of noble nanoparticles; absorbance for AuNPs is 3 times multiple for better clarity; b Hydrodynamic diameters of

AuNPs and AgNPs measured by the DLS method
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Fig.2 TEM images of nanoparticles and lattice fringes of Ag and Au NPs

toward the laser beam [23]. After finding the plasma
region with the best SBR value for these elements, TISR
measurements were conducted. The surface area covered
with NPs was approximately 3.2 mm? while the laser spot
was approximately 1 mm?. Despite the fact that the laser-
affected area is smaller than the covered area, obtained
plasma was luminous and covered even beyond the

NPs-covered area. Furthermore, it has been noticed that a
noticeable signal enhancement is only achieved when two
laser shots per spot are applied. Since all measurements
are time-integrated, each recorded spectrum represents an
accumulation of consecutive spectra from 2 laser shots at
one spot on three different sample areas. This procedure
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Fig.3 HAADF-TEM images (a, d), elemental mapping (b, e) and EDX spectra (c, f) of Ag and Au nanoparticles

was replicated in triplicate and the resulting segments of
averaged LIBS and NELIBS spectra are given in Fig. 4.
Sharp and well-resolved lines of Pb 1405.78 nm and Cr 1
425.43 nm were used to estimate the effect of deposed nano-
particles on the measured signal. In addition, in obtained
spectra several titanium lines were detected since titanium
dioxide is one of the most widely used pigments in plas-
tics, as it efficiently scatters visible and absorbs UV light,
thereby imparting whiteness, brightness, and opacity [31].
These emission line profiles were reasonably well approxi-
mated by the Voigt line shape, and integrated peak areas
were used for the estimation of the enhancement effects and
limit of detection (LOD). The repeatability of the LIBS and
NELIBS methods can be observed by the relative standard
deviation of integrated areas. Obtained RSD values were
similar in the case of LIBS and NELIBS with gold nanopar-
ticles (around 30% for Cd, 18% for Pb), while in the case of
AgNPS NELIBS RSD was 6% for Pb and 9% for Cd. Using
the ratio between the area of an emission peak acquired
with LIBS and the area of the same emission peak acquired
by AuNPs and AgNPs NELIBS it was estimated that the
enhancement of the Cd emission line was 14 and 45 times,
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respectively. A similar trend was observed with Pb emis-
sion lines, and the enhancement was 26 and 52 times. Since
there were no available standards in the time the experi-
ment was conducted, LOD was calculated using the formula
LOD = (3 xc)/SNR, where c is a known analyte concentra-
tion obtained by the ICP-OES method (290 +20 mg/kg Cr,
1160+ 50 mg/kg Pb in sample), and signal-to-noise ratio
(SNR) is the absolute intensity of the integrated peak area A,
divided by the width of the peak area w, times the absolute
value of the rms noise, SNR = A/(w Xrms) [32]. Obtained
LOD results are summarized in Table 1.

3.3 Surface effects of noble nanoparticles

Characterization of the laser-affected areas of the sample sur-
faces was carried out using optical profilometry. Three-dimen-
sional (3D) and linear profilometric analyses have been uti-
lized to determine the effect of nanoparticles deposition on the
resulting sample damages after the LIBS analysis. In Fig. 5,
3D and linear damage profiles of the sample surface before
and after LIBS and NELIBS measurements are given. Further
analysis showed that ablated volume was 1.9 +0.4x 10" nm®
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Fig.4 Segments of LIBS and NELIBS spectra obtained by analyzing pure polypropylene sample (PP) or PP samples covered with AgNPs/

AuNPs (AgNps, AuNps)

Table 1 Estimated limits of detection for Cr and Pb in plastic sample

Exp LOD Cr, ppm LOD Pb, ppm
LIBS 71.3 69.5
NELIBS Ag 44 4.1
NELIBS Au 10.9 5.4

in the case of classic LIBS measurements, while when Ag
and Au nanoparticles were applied ablated volumes were
higher, 5.4+0.8x 10'> nm? and 5.0+0.7 x 10'> nm?, respec-
tively. Based on obtained results it can be concluded that the
slightly higher sample volume was ablated during the NELIBS
experiment.

4 Discussion

Based on the represented results, enhancement was achieved
for both NPs. There are several differences. The difference
between measured nanoparticle diameters by TEM and DLS
methods is because the DLS obtained value presents the size
of the nanoparticles in their hydrated state, together with the
surrounding layers of water molecules that extend the hydro-
dynamic diameter and make the hydrated shell around the par-
ticle significantly larger than the particles themselves, or more
likely, the diameter differences are arousing because the NPs in
colloidal solutions are subject to aggregation, as visible in the
SPR spectra. For this reason, results obtained by TEM analysis
were used to estimate the number of nanoparticles per milli-
liter in the colloid solution obtained by the PLAL method. Fur-
thermore, the number of AgNPS is 38 times greater than the
number of AuNPs in the solution. Nevertheless, the resulting
difference in the enhancement of the emission signal is only
2-3 times greater in the favor of Ag. Based on the recent publi-
cation Dell’Anglio et al. the futher optimization of the optimal
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Fig.5 3D and linear profilometric analyses of the polypropylene
surfaces a before irradiation b after irradiation with TEA CO, laser
without deposited nanoparticles, ¢ after irradiation with TEA CO,

number of NPs per unit surface should be performed to come
to an accurate conclusion [15]. There is also a difference in
the reflectivity of these two metals for the applied laser wave-
length. Since to the best of our knowledge, there is no report
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laser, with deposited gold nanoparticles, and d after irradiation with
TEA CO, laser, with deposited silver nanoparticles

for the studies regarding the reflectivity of noble metal nano-
particles at 10.6 um, the closes relevant study was performed
by Bennet and Ashley [33]. They reported that ultra-high
vacuum silver foil has a reflectance of 0.9953 while the gold
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measured value is 0.9939 for 10 um wavelength. In fact, silver
has the highest infrared reflectance of any known material. On
the other side, with the heating of nanoparticles to high tem-
peratures, intensive thermal radiation can be expected. This
phenomenon is explained very well in the investigation regard-
ing the efficiency of losses in nanomaterials production tech-
nologies, for dimensions smaller than the wavelength at the
maximum radiation spectrum in dependence on the tempera-
ture and conductivity of particles [34]. Furthermore, surface
plasmon resonance of these nanoparticles can be achieved only
at a specific wavelength in the visible part of the spectrum,
meaning that underlying mechanisms responsible for NELIBS
enhancement of signal in our experiments cannot be explained
by the plasmonic effect. To our best knowledge, this is the first
paper that confirms the possibility of using TEA CO, laser
for NELIBS applications, considering that already mention
Kiris et al. [16] are the only ones who have so far investigated
the prospect of using this type of laser for NELIBS, had the
lack of enhancement of analyte signal during use copper oxide
nanoparticles deposited on polytetrafluoroethylene. The rela-
tive standard deviation of LIBS (24% for Cr, 18% for Pb) and
NELIBS Integrated peak areas of Cr and Pb was calculated,
and it was noticed that the RSD values decreased when AgNPs
(9% for Cr, 5% for Pb)) were used, while when AuNPs (40%
for Cr, 16% for Pb) were employed, these values were similar
to in the LIBS analysis. In the comparative study, Lui et al.
showed that the repeatability of NELIBS was lower than that
of LIBS except for silicon wafer, in which the reflection of
laser light seemed to play an important role in making the dif-
ference [35]. These preliminary results can be related to the
method of acquisition of emission spectra since they represent
the accumulated spectra of 2 laser shots. Considering that the
Maximum Concentration Value (MCV) for Pb and Cr covered
by Restriction of Hazardous Substances (RoHS) is 0.1%, it can
be assumed that the NELIBS method developed in this work
be well suited as a fast and reliable screening method of Pb and
Cr in plastic materials within the RoHS directive.

While TEA CO,-based NELIBS can produce lower LOD
values, profilometric measurements showed that the amount
of ablated material was greater than in the LIBS experi-
ment. As the NELIBS is considered a good method for the
elemental analysis of transparent samples such as gemstones
or precious cultural relics [35], it cannot be considered a
non-destructive method.

5 Conclusions

In this paper, we have proposed a variant of an unconven-
tional LIBS based on TEA CO, laser on the use of silver
and gold NPs, synthesized by the PLAL method, to enhance
the emission intensity of plastic. The limit of detection
for both elements is over 10 times lower than the limit of

detections without deposition of an NP's colloidal solution.
Moreover, an increase in the amount of material ejected dur-
ing NELIBS was observed by profilometric analysis. The
NELIBS method developed in this work is well-suited as a
fast and reliable screening method for Pb and Cr in plastic
materials within the RoHS directive.
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