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Abstract

In this investigation the structural, optical and electrophoretic properties of silica coated silver
nanoparticles (Ag@SiO2) are investigated. These nanoparticles were synthesized through a
physicochemical process that integrates laser ablation and redox-reactions. Silicon particles were
produced by laser ablation of silicon target that was submerged in deionized water. These particles
were fragmented through laser irradiation with lower fluence to facilitate their complete oxidation
into SiOz. This procedure improved electron transfer and a higher production efficiency. When
irradiated at wavelengths that correspond to their localized surface plasmon resonance, Ag@SiO2
nanoparticles demonstrated plasmonic effects with potential microbicidal effects. Controlled
nanoparticles agglomeration is essential for microbicidal applications; aluminum chloride (AlCls)
was utilized to modify the surface charge and promote aggregation by neutralizing surface charge
and reducing electrostatic repulsion by interaction of aluminum ions with silanol groups of the silica
shell. Ag@SiO:nanoparticles were assessed for their optical and electrophoretic properties at varying
metal salt concentrations, which demonstrated the potential of AlCIs-enhanced nanoparticles for
advanced antimicrobial applications. The potential of these research findings to facilitate the
development of nanomaterials with targeted surface properties that exhibit effective biocidal
properties is promising.

Keywords: Ag@SiO: nanoparticles; laser ablation; REDOX reactions; microbicidal; zeta potential;
colloidal stability

1. Introduction

In the past few years, metal nanoparticles have garnered the attention of researchers due to their
extraordinary potential applications. The production of metallic nanoparticles has been achieved
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through a variety of chemical methods, including physical-chemical reduction [1,2] chemical
reduction with both organic [3,4] and inorganic reagents [5,6], condensation, and evaporation [7,8].
Recently, laser ablation has garnered substantial attention in addition to the chemical routes for
nanoparticles fabrication [9-11]. This technique enables the fabrication of a large variety of
nanoparticles both in colloids [12], and under vacuum conditions [13-15]. For the past few years,
silver nanoparticles (AgNPs) have been investigated for their microbicidal properties, which are
more effective than those of other metal nanoparticles [16]. Numerous studies have demonstrated
their efficacy against a variety of pathogens [17-19]. A key feature of AgNP’s is the Surface Plasmon
Resonance (SPR), a phenomenon caused by the coherent oscillation of the free electrons in response
to an external electromagnetic field such as light. This resonance generates a strong electric field
surrounding the nanoparticle which can result in a variety of effects, such the generation of reactive
oxygen species (ROS), the ejection of “bullet-like” atoms or clusters, and an increase in light
absorption, all of which contribute to their microbicidal activity [20-22]. Despite their promising
properties, AgNP commonly face challenges related to instability and reactivity in aqueous media,
limiting their practical applications. To overcome these issues, AgNPs are often coated with
stabilizing materials that reduce core reactivity without compromising their optical properties in this
regard, silicon dioxide (SiO:z) has emerged as a noble coating material due to its chemical stability,
transparency, and easy of synthesis [23].

A two-step process that integrates laser ablation and redox reactions has been employed to
synthesize silica-coated silver nanoparticles (Ag@SiO2 NPs)[24]. The initial step involves the laser
ablation of a silicon target while submerging in water. This process produces silicon nanoparticles
that oxidize rapidly, resulting in the formation of a colloid of H20-5iO:> nanoparticles. In the
subsequent step, silver ions are introduced into the colloid resulting in the formation of silver
nanoparticles that are coated by a silica shell (and thus producing Ag@SiO2 NPs [25,26]. The optical,
structural, and photo-induced microbicidal properties of these Ag@ SiO: nanoparticles have been
reported to be effective against both human bacteria [27] and phytopathogens [28].

During laser ablation in addition to nanoscale SiO: particles, larger micro and submicron-sized
silicon particles are also generated due to the laser shock wave-induced fragmentation of target
surface. These large particles do not fully oxidize in water and precipitate within minutes, affecting
colloid stability and coating uniformity. To address this challenge, the present study introduces a
modification involving an additional laser irradiation step applied to the as-prepared H20-5iO:
colloid. This secondary treatment further fragments the larger silicon particles, enhancing the
homogeneity and stability of the colloid, to evaluate both structural and electrophoretic properties.

An additional critical component of enhancing microbicidal efficacy is the regulation of
electrostatic interactions between microorganisms and nanoparticles. Subsequently, to facilitate
electrostatic interaction, nanoparticles must include neutral or positive surface charges [29].
Antimicrobial activity of silver nanoparticles coated with silicon dioxide is substantial against
bacterial strains, including both Gram-Positive and Gram-negative species. Electrostatic interactions
between the positively charged or neutrally stabilized Ag@SiO: nanoparticles and the negatively
charged bacterial cell wall promote adhesion to the microbial surface. The silica coating ensures a
high surface area, available for interaction by enhancing nanoparticles stability and preventing
agglomeration [30]. The microbial efficacy is primarily attributed to both the plasmonic effect and the
release of Ag* ions from the silver core, which could bind to sulfur and phosphorous-containing
biomolecules within the bacterial membrane and intracellular environment. This behavior disrupts
membrane integrity and inhibits critical metabolic processes. So far, the nanoparticles high surface
area enables them to establish a close relationship with bacterial membrane, thereby enhancing these
effects. Silver exposure can be optimized to enhance antimicrobial performance through
optimizations of the silica shell and taking advantage of the surface plasmon resonance. Ag@SiO:
nanoparticles are promising candidates for applications in antimicrobial coatings and therapies due
to their exceptional bactericidal mechanisms and physicochemical stability.
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Moreover, certain microorganisms such as fungi, can attain sizes of tens of microns, necessitating
the controlled agglomeration of nanoparticles to facilitate effective treatment coverage. The surface
charge can be modulated the pH and adding salts varying concentrations (8x10-- 10-'M) [31,32]. To
achieve optimal interactions between microorganisms and nanoparticles, the electrophoretic
properties of Ag@SiO2 nanoparticles were examined in a solution of AlCls salt. Since AlCls serves as
a critical auxiliar agent that significantly enhances colloidal stability, even though silica layer is the
source of the primary stabilization effect [33,34].

The aim of this research is to fully understand the mechanistic role of AICIs in modulating
surface chemistry in core-shell nano systems such as SiOz-coateed nanoparticles for microbicidal
applications which represents a promising platform for applications requiring long-term
nanoparticle stability, and the prudent use of aluminum salts is key controlling their physiochemical
properties.

2. Materials and Methods

The Laser ablation and irradiation were carried out using a pulsed laser (Nd: YAG, Q-Smart 450)
operating in Q-Switch mode. The laser is equipped with a harmonic generator with automatic phase
correction and operates at a frequency of 20 Hz, delivering 5 ns pulses, with maximum pulse energies
of 450 mJ, 200 mJ, and 100 m] for the first (A = 1064 nm), second (A = 532 nm), and third (A = 355 nm)
harmonics, respectively. For the fabrication process, only the first and second harmonics were
employed.

Optical properties of samples were studied through UV-VIS spectroscopy within a range of 200
to 800nm using a UV-VIS Cary 500 Agilent spectrophotometer. The structural properties of SiO2-H20
colloids and Ag@SiO2 NPs were studied by X-ray diffraction (XRD) using a Brucker Advance D8
diffractometer. Colloidal solution was dropped onto a glass plate until it formed a film thick enough
to be detected by X-ray. Diffractograms were acquired using the grazing incidence mode within the
20°<20 < 70° range, and the most intense signals were indexed. TEM and HRTEM micrographs were
acquired with a JEOL JEM2100 microscope at 200 kV. Zeta Potential and Hydrodynamic Diameter
were measured using a Litesizer 500 particle analyzer from Anton Paar. The pH measurements used
to determine the isoelectric point were made with a high-accuracy pH hand tester (HI98130) from
Hanna Instruments. Colloidal SiO2 was measured to evaluate the influence of the irradiation process
and Ag@SiO2 NPs were measured before and after adding different AICls concentrations to determine
its influence on the nanoparticle’s surface charge and agglomeration.

Experimental System

Ag@SiO2 NPs were synthesized with a novel physicochemical method that combines laser
ablation and oxidation-reduction mechanisms. A schematic representation of the experimental setup
used for laser ablation is illustrated in Figure 1. Laser radiation is focused onto the target surface
using a converging lens (L3, f3 = +30 cm) and a motorized reflective mirror (M). The mirror oscillates
at a fixed frequency (~2 Hz), enabling the focused beam to scan along the central axis of the target.
The silicon target is positioned at the bottom of a beaker containing 20 ml of solvent, in this case,
HPLC water.

The beaker is rotated around its central axis at = 60 rpm. This combination of both movements
(beam sweeping and container rotation) enables nearly uniform ablation of the target’s surface
thereby mitigating the crater formation resulting from multiple pulses impacting the same point on
the target’s surface.

The spot size at the lens focal point was measured using an optical microscope, yielding a
diameter of 1 mm. Consequently, the energy density (fluence) at the target surface was calculated
based on the pulse energy utilized, resulting in a value of 3.8 J/cm? for a pulse energy (Er) of 30 m].

The pulse energy was regulated using a metallic iris (I). The laser beam was previously
expanded (3x) using a lens arrangement (L1, f1 = -10 cm; L2, f2 = +30 cm) to prevent damage to the
iris surface from the laser radiation. Finally, the energy that reaches the target’s surface was calibrated
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by adjusting the iris aperture. Before every synthesis process, the energy incident on the material
surface was measured with a power meter (Ophir Nova II) equipped with a pyroelectric sensor
(PE25BEF-DIF-C).

L1 L2 I L3

Nd: YAG .
Q-Smart 450 20 [

Target
silicon

1

Figure 1. Schematic representation of the laser system used for ablation (red) and irradiation (green).

Physical Process: Laser Ablation

The SiO: nanoparticles were generated by irradiating a silicon target with first harmonic
radiation (A = 1024 nm) at room temperature (27 °C) for 5 minutes. Micro and nanoparticles of silicon
are generated as a result of each pulse ablation of the target surface. These particles undergo wet
oxidation, which commences from the outside when they come into contact with water [35], as
demonstrated by the following chemical equation:

Si+2H,0 — Si0, + 2H,

The oxidation reaction is exothermic, also the high temperatures in the plasma produced during
ablation facilitates the oxidation and fragmentation of the silicon particles. Nevertheless, certain
micrometric or larger particles that have not undergone complete oxidation remain in the solution.
In order to facilitate the complete oxidation of silicon and reduce polydispersity and particle size, the
colloidal suspension undergoes an irradiation process. A divergent lens is employed to expand the
diameter of the laser beam (second harmonic, A = 532 nm) by approximately a factor of two (d =1.4
cm). The pulse energy for the irradiation was Ep= 50 m], leading to a fluence of ®&= 200 mJ/cm?. The
colloidal was irradiated for 5 and 10 minutes under these conditions, as schematically depicted in
Figure 1. In order to guarantee uniform irradiation, the sample was continuously magnetic stirred.

The irradiation process results in the cavitation effect, which fragments larger silicon particles
produced during ablation, thereby facilitating their oxidation. This research paper Results section
offers evidence that this process significantly increases the concentration of nanometric silicon in the
solution.

Chemical Process: Oxidation-Reduction Reactions

After preparing the colloidal suspension of nanometric silicon, 80 uL of a 50 mM aqueous
AgNO:s solution is added to a total volume of 20 mL to achieve a final silver ions concentration of 0.2
mM. Silver ions are reduced to metallic silver (Ag?) through the production of free electrons in the
solution as a result of silicon oxidation. The metallic silver atoms bond via metallic bonds to form
silver nanoparticles as described in the following chemical equation [36].

Si(NP) + 4AgNO; + 2H,0 — Si0,(NP) + 4Ag(NP) + 4H* + 4NO3

Ermakov et al. [26] proposed that the extremely high energies associated with laser ablation
could result in the formation of multiple isomers of SiO:H: on the surface of these SiO: sub
nanoparticles. The production and study of these isomers have been previously reported using
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electrical discharges [37]. Silver ions may be reduced through the reaction with these SiO:H: isomers
(Agrl—AgY), promoting the growth of silver nanoparticles [25].

When silver nanoparticles and SiO2 approach, their electron clouds interact, resulting a dipole
moment due to the negative charge of the SiO2, (zeta potential = -40 mV). This interaction promotes
the formation of a SiO: shell around the nanoparticles. The pH is neutralized, and the colloidal
stability is improved by the addition of 0.1 mM of Na2COs at 0.1 mM to the colloid. Following the
synthesis of Ag@SiO: nanoparticles, aluminum chloride was incorporated into the colloidal solutions
at final concentrations of 1x104 M, 1x10-3 M, and 2x10-3 M.

3. Results
3.1. Optical Properties of Colloidal SiO:2

Absorption spectra of the SiO: colloid obtained in the 200 to 800 nm range are depicted in Figure
2. The spectra were measured as cast and irradiated for 5 and 10 min. Results show low absorption
for all samples, as SiO:2 is transparent down to approximately 200 nm [38]. The absorbance of the
synthesized SiO: colloid (green line) is high in the visible to near infrared wavelength range. The
behavior is believed to be the result of the scattering by particles in the solution that are comparable
in size to the wavelength of the incident radiation.

During the irradiation process micrometric and submicron-sized particles are detached by the
laser’s shock wave, and they begin to oxidize upon contact with water. Consequently, the
absorption(scattering) is significantly reduced, particularly in the visible and near infrared regions,
as can be observed for the SiO: colloid irradiated for 5 min (red line). This decrease is attributed to
the fragmentation of larger silicon particles generated during the irradiation process [39]. When the
irradiation time increases to 10 min (blue line), the scattering further decreases, suggesting that larger
particles continue to fragment.

081 Water
—— SiO, as cast

’:-;:\ 0.6 —— SiO, irradiated 5min
8 —— SiO, irradiated 10min
[
c
S 0.4
e
o
2 0.0
<9

0.0

200 300 400 500 600 700 800
Wavelength (nm)

Figure 2. Absorption spectra of the as-cast SiO:z colloid, irradiated for 5 minutes, and irradiated for 10 minutes.

The absorption spectrum of HPLC water was also added for reference.

3.2. Structural Properties of 5iO2-H20 Colloid by X-Ray Diffraction (XRD).

Figure 3 shows the XRD results of the SiO2-H20 colloid as cast (green line) and after irradiation
(blue line). The diffractogram of the SiO2>-H2O as cast reveals signals at 28°, 47°, and 56° corresponding
to the (111), (220) and (311) diffraction planes of the silicon cubic structure, respectively. (PDF 027-
1402), suggesting the presence of crystalline silicon particles in the colloidal SiO2. These particles are
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extracted from the silicon target due to the pulse shock wave during the ablation process and do not
completely oxidize to 5iO:2 due to their larger size.

700 T T T T T T T T T T T
S — as cast SiO,-H,0 colloid
600 ~ i . . . . 7]
D;)/ irradiated SiO,-H,0 colloid
500 - _ i
SiO,
3
)
@
[
>
o
O

30 35 40 45 50 55 60 65 70 75 80 85
20 (degrees)

Figure 3. Diffractograms pattern of colloidal SiO2- H20 obtained by laser ablation. (green line)- as cast, (blue

line)- after irradiation.

Using Scherrer’s formula and the signal around 28° a crystallite size of 12nm + 1nm was
calculated for the crystalline silicon.

Furthermore, the diffractogram for the as cast SiO2-H20 colloid exhibits a narrow signal around
31°, which corresponds to crystalline SiO: (cristobalite, PDF 893434). The appearance of this
crystalline signal could be attributed due to the high temperatures achieved at the surface of the
silicon target during the laser ablation process. Using the Scherrer formula for this signal a crystallite
size of 47 +1 nm was calculated.

Diffractogram of the colloid after the irradiation process shows wider and lower signals than
those observed in the as cast colloid. These signals are typical of amorphous SiO:2 [40], suggesting the
irradiation process fragments the bigger silicon particles into smaller ones, which undergo a further
oxidation and produce amorphous SiO:2 at nanometer scale.

Using the Scherrer’s formula and the signal around 28° (crystalline silicon), a crystallite size of
7nm * Inm was estimated for the irradiated SiO2-H2O colloid.

3.3. Electrophoretic Properties and pH Measurements of SiO2

Zeta Potential measurements of the as cast SiO2-H20 colloid and after irradiation are presented
in Figure 4(a). The average zeta potential of the as-cast colloid is approximately -39 mV, with a slight
shift to more negative values (-42 mV) upon irradiation. This change suggests that laser irradiation
produces smaller silicon particles, which oxidize at a faster rate, thereby increasing the concentration
of nanometric SiO: in the colloid. Consequently, the negative zeta potential increases in magnitude
as the surface charge density of SiO: increases [41]. The results also indicate that irradiation
increases the SiO:2 content of the colloid, which in turn increases the efficiency of reducing metal ions
(Ag*, Au*, Cu, etc). It is important to note that zeta potential values exceeding +30mV are regarded
as a reliable indicator of colloidal stability [42].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2544.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 September 2025 d0i:10.20944/preprints202509.2544.v1

7 of 19
— i"adiatteg_giol_?""c';o 164 4741 nm —— irradiated Si0,H,0
—as cast S10,-| :
4 . 2772 141 = as cast SiO,-H,0
42.7mV i -39.1 mV
< 124
< 31 g
> 210
S 2 64.53nm
[} » 8-
S 21 S
g :,
LL
11 2]
24
01 T T T 1 0-
-80 -60 40 -20 0 0O 20 40 60 80 100 120 140 160 180 200
(@) Zeta Potential (mV) b) Hydrodynamic Diameter (nm)

Figure 4. (a) Zeta Potential (mV) and (b) Hydrodynamic diameter of SiO2 colloid as cast (black) and irradiated
by 5 minutes (red).

Additionally, the hydrodynamic diameter results (Figure 4b) demonstrate the fragmentation of
larger Si particles. The results demonstrate a decrease in the mean particle size (64 to 47 nm), and an
increase in the signal intensity, indicating an increase in the number of smaller nanoparticles within
the colloid.

Furthermore, the results reveal a significant reduction of the full width at half maximum
(FWHM) for the size distribution of the irradiated colloid (black line). This suggests that the
fragmentation of larger particles resulted in the formation of particles with a narrower size
distribution. It is important to mention that the hydrodynamic diameter does not represent the real
size of the particles, but the particle in solution (i.e., including its solvation shell).

Table 1 presents pH measurements of SiO2 colloids over an 8-day period. A noticeable increase
in pH (from 6.18 to 7.10 and 7.54) is observed during the initial days for both samples. The release of
electrons (e) into the medium is the consequence of the oxidation of Si particles, which ultimately
leads to an increase in pH. Once the oxidation of silicon is complete, the pH stabilizes and remains
relatively constant for both samples. Minor fluctuations observed in the later stages are attributed to
the exposure of atmospheric CO..

The results indicate that the irradiation process does not exert a significant effect on the pH of
the SiO2 colloid, suggesting that irradiation does not substantially alter the chemical dynamics of the
system under the experimental conditions employed. It is also worth noting that the neutral pH of
the colloidal solution and the electron liberation to the medium, makes it ideal for metal reduction
synthesis.

Table 1. Values of pH measurements over time (days).

Sample Day 1 Day 4 Day 5 Day 6 Day 7 Day 8
as cast SiO2 6.18 7.54 7.12 7.00 6.82 6.80
SiOvirradiated 618 710 710 704 688 688
(5 min)

3.4. Optical Properties of Ag@S5iO:2 Nanoparticles

In Figure 5, the absorption spectra of the synthesized Ag@SiO:2 nanoparticles are presented. The
sample was characterized at three distinct time points: immediately following synthesis, seven days
later, and fourteen days later. The absorption band observed at approximately 400 nm is indicative
of silver nanoparticles and is caused by an optical phenomenon known as Surface Plasmon
Resonance (SPR) (nanoparticle concentration 12.7 nM) [43]. Moreover, a secondary absorption feature
at approximately 272 nm is observed, with lower intensity. This feature can be attributed to electronic
transitions to higher energy levels within the potential box. The nanoparticle’s strong structural and
optical stability under the experimental conditions is implied by the fact that the absorption band

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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remains stable over time. This stability is attributed to the SiO: shell that envelopes the nanoparticles,
which provide colloidal stability.

AgNPs that have been coated with a silica shell demonstrate improved chemical and physical
stability in comparison to uncoated relatives. The silica shell serves a formidable protective barrier
that impedes oxidation, dissolution, and aggregation, thereby substantially reducing Ostwald
ripening and maintaining the integrity of the nanoparticles over time. In addition, this core-shell
architecture enables the functionalization of targeted applications and enhances dispersion stability
in media. In our analysis, a slight redshift in the LSPR peak observed in UV-Vis spectra from 400 nm
to 404 nm, represents a minor increase in effective particle size or subtle particle interactions, which
are typical signatures of early -stage Ostwald ripening or mild aggregation. The effectiveness of the
silica shell in maintaining colloidal stability is demonstrated by the fact that overall concentration of
silver nanoparticle remains essentially constant, despite this redshift. It is necessary to tune the SiO:
-coated silver nanoparticles colloidal systems by modifying the ionic environment and surface
chemistry of the silica shell.

2.5 3 3
—as cast
— ——— 7 days later
<2011 Iy —— 14 days later |
= | |
8 154t - 4y ]
[
<
o)
b
8 t04 4V 4
o)
<
05 4 Ny N ]
0.0

200 300 400 500 600 700 800
Wavelength (nm)

Figure 5. Absorption spectra of Ag@SiO2NPs as a function of time, evaluated through 15 days.

3.5. Electrophoretic Properties and pH Measurements of AQ@SiO2 NPs

Figure 6 depicts the hydrodynamic diameter and zeta potential of the synthesized Ag@SiO2 NPs.
The synthesized Ag@SiO: nanoparticles have a zeta potential value of -35.16 mV. As previously
mentioned, this value is within the characteristic range of stable colloidal dispersions. Compared to
SiO2 extracted during the initial stage of the synthesis process (z~ -43 mV), the synthesized
nanoparticles exhibit a slightly lower zeta potential modular value. This observation would suggest
that the 5iO2 employed to reduce the metal salt is the primary factor controlling the high surface
charge of the Ag@SiO2 NPs. In accordance with the findings of the high-resolution transmission
electron microscopy (HRTEM) studies [12], the PLD method has been successfully implemented to
produce Ag NPs with a stoichiometric SiO2 shell on their surface, which has a thickness of
approximately 2-3 nm. The zeta potential measurements, which suggest that the SiO: shell assembles
around the NPs, supports the hypothesis that the core of the nanoparticles is coated with SiO:
(Ag@SiO2 NPs) due to the irradiation.

Moreover, the near-neutral pH value of 7.6 is a critical parameter contributing to the colloidal
stability of the Ag@SiO2 nanoparticles. Deviations from this pH, as well as changes in the ionic
strength or composition of the medium, can have a substantial influence on the zeta potential
resulting in the destabilization of the colloidal system. The mean values of pH, zeta potential, and
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hydrodynamic diameter obtained for the Ag@SiO: nanoparticles under the experimental conditions
are summarized in Table 2, which emphasizes the correlation between these parameters and the
stability of the system.

The relatively large hydrodynamic diameter observed (~ 91 nm, Table 2) can be attributed to the
solvation layer surrounding the negative charged Ag@SiO: nanoparticles. This layer, which is
composed of the solvent molecules and ions that are tightly bound, extends beyond the nanoparticle
core, thereby increasing the apparent particle size as demonstrated by dynamic light scattering. The
hydrodynamic diameter and colloidal behavior of the system are significantly influenced by the
formation of this electrical double layer, which is influenced by electrostatic interactions with ions in
the surrounding medium. The colloidal stability of the system is strongly supported by the
measurements of both the zeta potential and hydrodynamic diameter. As evidenced by the high
absolute of the negative zeta potential, the Ag@SiO: nanoparticles are prevented from aggregation
due to the electrostatic repulsion among them. Moreover, the hydrodynamic diameter, which
remains constant over time, indicates that nanoparticles are not agglomerating. The UV-Vis
spectroscopy analysis further supports these findings, as demonstrate that nanoparticles typical
absorption band persist throughout the study.

3.0, >
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Figure 6. a) Zeta Potential and b) Hydrodynamic Diameter graphs of Ag@SiO2 NPs.
Table 2. pH, Zeta Potential and Hydrodynamic Diameter mean values of Ag@SiO-.
H Zeta potential Mean hydrodynamic
P (mV) diameter (nm)
7.6 -35.16 91

3.6. Structure and Size of Ag@S5iO2 NPs by XRD.

Figure 7a depicts the results for X-ray diffraction (XRD) of the Ag@SiO2 NPs synthesized using
the SiO: irradiated colloid. Diffractograms were obtained using the grazing incidence technique
within the range 20°<20 <100°.

Diffractogram exhibits signals around 38°, 45°, 65°, and 77° corresponding to the (11 1), (2 0 0),
(22 0), and (311) diffraction planes of the Ag FCC crystalline structure (PDF 04-0783). Both FWHM
and intensity of signals are consistent with nanoscale material. The signal around 32° is attributed to
the SiO2 (PDF 893434) shell that coats the nanoparticles [44].

The low-intensity signal observed at 28° corresponds to the (111) reflection of crystalline silicon
(hexagonal structure). This suggests that a few crystalline silicon remains within the colloid after the
irradiation process. It is worth mentioning that the signal intensity is very low compared to
previously developed and reported processes where irradiation for fragmentation was not included
in the synthesis process, and multiple high-intensity signals for crystalline silicon were observed
(Figure 7b).
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The crystallite size of Ag was calculated using the Scherrer’s equation, and the signal at 38°

corresponding to the (111) diffraction plane of silver.
B (0.9)(0.15406nm)

Cpr =
497 (0.018)(cos(19))
Considering that silver nanoparticles are crystalline, we can affirm that the calculated value for

=9+ 1nm

the crystallite Dc,, (9 nm) is a good measure for the nanoparticle’s diameter.

Ag (111) x102
1000 18
Si
16
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Figure 7. Diffraction pattern of Ag@SiO2 NPs. (a)-this work and (b)-previously reported [28].

3.7. TEM and HRTEM of Ag@SiO: NPs

The morphological and structural properties of the synthesized Ag@SiO2 NPs were evaluated
using Transmission Electron Microscopy (TEM) and the micrographs were processed with Digital
Micrograph software.

The images obtained using high-resolution transmission electron microscopy (HRTEM) allow
for the observation of homogeneously spherical silver nanoparticles with a crystalline nature,
surrounded by an amorphous shell (SiO2) that prevents them from agglomerating. A characteristic
of AgNDPs is the appearance of twin planes (yellow arrows in Figure 8), which occur when there are
two or more families of symmetrical crystal planes.

Insets in Figure 8 (c) and (d) correspond to the analysis by Fast Fourier Transform (FFT) of the
HRTEM images of Ag@SiO2 NPs. Through this analysis, the interplanar distances were calculated
(2.39 and 2.37 A), which corresponds with the interplanar distance of the (111) plane (d=2.36 A)
according to the PDF card 04-0783 of silver FCC.
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Figure 8. High resolution images with a 10 y 20nm scale and diffractograms obtained by FFT, red arrows show
some twin planes, characteristics of AgNDPs.

It is noteworthy that, despite the high density of nanoparticles, there is no coalescence between
them (Figure 9a), which is attributed to the SiO2 coating. The ring diffraction pattern obtained from

this image is shown in Figure 9b, and the calculated interplanar distances were compared with the
Ag PDF (Table 3).

S ;
uin
C

Figure 9. (a) TEM image and (b) ring diffraction pattern of Ag@SiO2 NPs.

Table 3. Ring diffraction pattern analysis.

Diffraction Calculated PDF distance

Number of ring plane distance [A] [A] Error (%)
1 111 2.40 2.36 4
2 200 2.08 2.04 4
3 220 1.50 1.45 5
4 311 1.24 1.23 1

Ag@SiO2 NPs histogram (Figure 10) obtained from the TEM images, reveal a narrow size
distribution (from 6 to 22nm) with a mean size of 11+2nm, which coincides with XRD results

(reported above), and other values reported in the literature for Ag@SiO2 NPs synthesized by this
method [27,36].
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Figure 10. Size distribution histogram and mean size of Ag@SiO2 NPs.

3.8. Study of Ag@SiO2 NPs with AICls

In order to enhance the microbicidal applications of Ag@SiO: nanoparticles and modulate the
surface charge, aluminum chloride (AICls) was added to the colloidal suspension at varying
concentrations. The Al** ions introduced by AICls act as multivalent cations that effectively screen
and neutralize the negatively charged Si-OH groups on the nanoparticle surface. The electrostatic
repulsion between nanoparticles is reduced by this neutralization, which compresses the electrical
double layer surrounding each nanoparticle, this destabilizes the colloidal system and promotes
agglomeration [45]. Furthermore, Al* ions can function as bridging agents, allowing for the
formation of ionic cross-links between nanoparticle surface thereby enhancing agglomeration. The
balance between repulsive electrostatic forces and attractive van der Waals and ion-bridging
interactions governs the extent and kinetic of agglomeration. Over a five-day period, the optical and
electrophoretic properties of the suspensions were monitored to assess the influence of AICIs
concentration on the aggregation behavior and stability of the nanoparticles. Details of the sample
preparation and experimental conditions are summarized in Table 4.

Table 4. Summary of the Ag@SiO2 NPs + AlCIs samples evaluated.

ID sample Sample content
L1 H20 HPLC +Ag@SiO2 NPs 10 % (20 mL)
L2 H20 HPLC +Ag@SiO2 NPs 10 % + 1 x 10+M AICls (20 mL)
L3 H20 HPLC +Ag@SiO2 NPs 10 % + 1 x 10*M AICls (20 mL)
L4 H>O HPLC +Ag@SiO2 NPs 10 % + 2 x 10-*M AICls (20 mL)

3.9. Optical Properties (UV-VIS Spectroscopy)

Figure 11 depicts the absorption spectra of samples L1, L2, L3, and L4, as they were recorded on
the first and fifth days following their preparation. On the initial day, the surface plasmon resonance
band is observed to be near 400 nm. Results reveal that by increasing the Al concentration, the
plasmon intensity decreases and the FWHM increases. This phenomenon is particularly pronounced
in sample L4, which contains the highest Al concentration. The primary cause of this behavior is the
role of the Al ions in mediating nanoparticle aggregation. Aluminum ions, which are trivalent
cations with a high charge density, effectively screen and neutralize the negative surface charge
provided by the silanol groups on the SiO2 shell of the nanoparticles. Al ions promote aggregation
and facilitates closer nanoparticles approach by compressing the electrical double layer and reducing
electrostatic repulsion. Furthermore, Al* ions can function as bridging species, stablishing ionic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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cross-links between neighboring nanoparticles and stabilizing larger aggregates that absorb light at
longer wavelengths as can be seen in the absorption spectra. Simultaneously, the decrease in
absorption intensity is indicative of a reduction in the population of small, dispersed nanoparticles,
which typically absorb near 400 nm because of the agglomeration into larger clusters, which
influences optical properties. The significant decrease in intensity observed in sample L4 when
contrasted with L2 and L3 is the result of its elevated AlCIs concentration (2x10-*M)The absence of a
second absorption band at longer wavelengths likely indicates that the concentration of aggregated
nanoparticles remaining dispersed is below the UV-Vis detection threshold, consistent with the
relatively low initial nanoparticle concentration of 10%.

After 5 days of sample preparation (Figure 8b), the absorption band intensity decreases,
evidencing ongoing Al** induced aggregation and sedimentation of nanoparticles This leads to
precipitation and a consequent reduction in the concentrations of suspended nanoparticles,
Conversely, sample L1, lacking AlCls maintains stable absorption features with no significant spectral
changes, confirming the stability of the unmodified nanoparticles.

0.301 0.301
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Figure 11. Absorption spectra of L1, L2, L3, and L4 samples evaluated the 1st (a) and the 5th day (b).

3.10. Zeta Potential and Hydrodynamic Diameter

According to the theory of colloids, zeta potential is a function of the electrolyte concentration
and the ion valence. This is reflected in the results shown in Figure 12, where a decrease in the zeta
potential is observed as a function of AICls concentration since Al*® ions counteract the negative
charge of the SiO:2 shell. This reduces the colloidal repulsive potential, thereby facilitating the
aggregation of Ag@SiO2 NPs.
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Figure 12. Zeta Potential of Ag@SiO2 NPs with different concentrations of AlCls.

Figure 13 depicts the results of the hydrodynamic diameter evolution over time. These results
of this study demonstrate a significant difference between the samples from the first day (Figure 10a).
A distinct increasing trend in the particle size is observed in all samples that contain AlCls, with the
most pronounced change in the sample with the highest concentration (green line). The graphs in
Figure 10b also illustrate that the Ag@SiO2 nanoparticles have the potential to form larger aggregates
as time advances. Al*3 ions are responsible for “screening” the negative charge of the silica solvation
shell, which prevents that nanoparticles from aggregating and maintains them separated. Therefore,
it can be concluded that a concentration of 2 x 10-* M of AlClsis sufficient to cause the agglomeration
and surface charge modification of nanoparticles.
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Figure 13. Hydrodynamic Diameter of samples L1, L2, L3, and L4 evaluated (a)- the 1st day and (b)- the 5th
day.

3.11. Isoelectric Point and pH Measurements

The colloidal stability of the Ag@SiO2 nanoparticles is substantiated by the fact that the sample
maintains a neutral pH (approximately 7) as depicted in Figure 14. The pH gradually decreases as
the concentration of AICIs increases, resulting in a more acidic environment. This acidification results
from the hydrolysis of dissolved AlICls which releases Al*? ions. Water and hydroxide ions react with
these ions to form Al (OH)s, which release protons (H*) and increases the hydrogen ion concentration
([H*]), thereby lowering the pH of the solution, according to:

Al + 3H.0 — Al (OH)s + 3H*

Nanoparticles microbicidal activity is significantly influenced by the acidic medium generated
by AICl. The release of silver ions from the silver core is primarily responsible for antimicrobial
properties, which is enhanced by a lower pH. The bactericidal mechanisms of silver ions are
multifaceted: they disrupt the integrity of cell membranes, generate reactive oxygen species that
provokes oxidative damage, bind to thiol groups in proteins and DNA, thereby inhibiting vital
functions, and interfere with replication processes, resulting in an eventual cell death. The controlled
release of silver ions may be facilitated by a partial dissolution or restructuring of the silica shell,
which is also promoted by Al ions. Meanwhile, Al*3 ions. Also facilitate nanoparticles aggregation
by neutralizing surface charges, which can elevate localized silver ion concentrations and improve
microbicidal effect. Thus, the nanoparticles microbicidal efficacy is synergistically enhanced by the
combined effects of AICls -induced acidification and surface charge modification. To optimize
antimicrobial performance and maintain colloidal stability, it is essential to achieve an optimal
balance of pH and nanoparticle aggregation.
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Figure 14. pH measurements of Ag@SiO2 NPs with different concentrations of AICls.

Since the hydrogen ion concentration affects the solvation layer surrounding the nanoparticles,
the pH is directly related to zeta potential and plays a crucial role in colloidal stability. Figure 15
shows a graph of the zeta potential as a function of the pH at which the Ag@SiO: nanoparticles are
presented, highlighting the isoelectric point (IEP), which is the pH at which a particle has a net charge
of zero, and electrostatic repulsion is minimal. In this system, the IEP is approximately 5.6, which
indicates the threshold at which aggregation initiates as a result of the loss of surface charge
stabilization. This behavior is significantly influenced by the concentration of trivalent aluminum
ions, which compress the electrical double layer and screen the negative charges on the silica surface,
thereby reducing the magnitude of the zeta potential. The efficacy of this charge neutralization is
significantly influenced by the concentration of the ions in relation to the Debye length, which is the
characteristic distance by which the electrostatic interactions are screened in the medium [46].

The Debye lengths for AICls concentrations (1x10* M, 1x10°% M, and 2x10 M) that were
examined are approximately 12.4 nm, 3.9 nm, and 2.8 nm, respectively. The most optimal condition
is achieved by the concentration of 1x10? M as the hydrodynamic diameters of Ag@SiO:
nanoparticles is on the order of 10-20 nm from UV-Vis analysis. Achieving optimal particle
aggregation without rapid precipitation is facilitated by this concentration, which induces effective
but controlled double-layer compression, since the particle size is comparable to the Debye length.

A larger Debye length is the result of a lower concentration (1x10-* M) which is sufficient for
strong charge screening and particle interaction. This lower concentration maintains high colloidal
stability but potentially could limit microbicidal efficacy due to reduced silver ions release. On the
other hand, the double layer undergoes excessive compression at the highest concentration (2x10-3
M), resulting in rapid and widespread aggregation that may result in sedimentation and the loss of
nanoparticle functionality.

Thus, it is imperative to achieve a balance between effective aggregation and colloidal stability
by optimizing the modulation of surface charge and zeta potential with Al*3 ions that are located near
the Debye length that corresponds to nanoparticle size. This balance enhances microbicidal
performance by fostering increased silver ions release and facilitating nanoparticle-microbe
interactions while preventing premature nanoparticle loss.

Thus, we can conclude that a colloid of Ag@SiO2 NPs with a pH = 5.6 will have zero charge,
marking the point at which aggregation begins.
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Figure 15. Zeta Potential of Ag@SiO2 NPs as a function of pH, showing its Isoelectric Point.

4. Discussion

The results obtained by X-Ray Diffraction, dynamic and electrophoretic scattering, and UV-VIS
spectroscopy of SiO:2 colloid give physical and chemical evidence that the irradiation process of the
solution with a wavelength of 532 nm and an energy density of 200 mJ/cm? for silicon fragmentation
is efficient, and the amount of unreacted silicon remaining after SiO2 formation is relatively low.
Furthermore, the high z potential value(-42 mV) of the SiO: colloid give electrophoretic evidence that
the Ag NPs are coated with a silica shell thus forming Ag@SiO2 NPs. The properties of the SiOz colloid
synthesized by laser ablation make it a suitable option for coating metal nanoparticles, as they
provide stability, electric charge, and it ensure that the core remains isolated, thus reducing its
reactivity. Zeta potential results demonstrated that the addition of AICls at low concentrations
promotes the aggregation of Ag@SiO:2 NPs (both immediately and over the following 5 days) by
altering the pH and their electric charge, reaching a value of +20.8 mV at a concentration of 2x10-3 M.
This potentially could favor the microbicidal application, as larger positively charged aggregates can
more easily adhere to microorganisms that have a negatively charged membrane. Varying AlCls
concentrations, indicates that the Debye length decreases as the ionic strength increases, resulting in
a thinner electrical double layer surrounding the nanoparticles. This reduction results in a larger
hydrodynamic diameter as a result of aggregation, which in turn enhances particle-particle
interactions. It is important to note that higher zeta potential is associated with enhanced colloidal
stability, which is essential for the proper dispersion of nanoparticles and the optimization of their
microbicidal efficacy. In the design and application of AgNPs as effective antimicrobial agents, the
significance of controlling ionic strength and surface charge is emphasized by these findings. The
isoelectric point (the pH value at which particles have a net charge of zero) for the Ag@SiO2 NPs is
observed at a pH of 5.6 value at which the aggregation process may begin to occur.
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