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Nanomaterials are playing an increasingly prominent role in recent biomedical applications, particularly due
to their promising potential to combine diagnostic and therapeutic functions within a single multifunctional
carrier. In this context, intrinsically luminescent silicon nanostructures offer a compelling alternative to
conventional fluorophores. Their integration with magnetic nanoparticles could pave the way for the
development of a traceable, multimodal platform in the field of nanomedicine. With this objective, we
investigated the decoration/infiltration of light-emitting porous silicon (pSi) with iron oxide nanoparticles
(FeO4NPs) synthesized by pulsed laser ablation at two different liquid—gas interfaces: water—air
(FeO4NPs—Air), and water—argon (FeO,NPs—Ar). This kind of polydispersed NPs are well-suited to filling
the wide pore size range of the porous network. Moreover, their intrinsic positive surface charge enables
straightforward and direct interaction with negatively charged carboxyl-functionalized porous silicon,
without requiring additional surface modifications, chemical agents, or time-consuming intermediate
processing steps such as the thermal oxidation or dehydration procedures reported in previous studies.
The effectiveness of this simple infiltration/decoration approach—achieved through basic chemical
mixing in a standard container—was successfully demonstrated by electron microscopies, Z-potential,
optical, and magnetization experiments, which indicate a ferromagnetic behavior of the porous Si FeO,
nanocomposites (pSi + FeO, NCs). The optical emission properties of the pSi + FeO, NCs were
maintained with respect to the bare ones, although slightly less intense and blue-shifted (about 15 nm),
in agreement with the change of radiative lifetime from about 30 ps to 20 ps. Magnetic measurements
reveal that pSi + FeO, NCs obtained using FeO,NPs synthesized at the air—water interface exhibit
a weaker, noisier signal with ~80 Oe coercivity and lower remanence. Conversely, those produced at
the argon—-water interface show a stronger magnetic response, with ~170 Oe coercivity and higher
remanence. Notably, the magnetic properties of the Ar-synthesized sample remained stable for months
without affecting its intrinsic photoluminescence, offering a stable micro—nano optical and magnetic
system for theranostics applications.

1. Introduction
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their applicability in magnetic resonance imaging (MRI).
Additionally, their ability to be guided by an external magnetic
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hyperthermia therapies. In addition, they are biocompatible
with low-cost manufacturing.* Among all, iron oxide nano-
particles (FeO,NPs) have gained attention over the years in the
magnetic-diagnostic field because of their paramagnetic nature
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combined to the easy fabrication methods and their low
toxicity. Indeed, several formulations have already been
approved by the Food and Drug Administration (FDA) for
clinics.*?

FeO,NPs can be produced by physical methods such as
Pulsed Laser Ablation in Liquids,® ball milling,” and gas-phase
deposition,® chemical approaches such as co-precipitation,®
hydrothermal synthesis, and micro-emulsions,™ or even by
biological synthesis with the use of plants** or bacteria.”
Depending on the choice of method, they will have different
properties such as size, shape, stability, structure, and magnetic
features that will then decide their future field of application.*
Even though successful preparation methods are available,
magnetic NPs are not yet extensively employed because of their
instability in various environment, hydrophobic insolubility,
and toxicity."*** Therefore, they are commonly administered
after proper surface modifications and/or coatings with organic
and inorganic materials.'” The transport of FeO,NPs through
an appropriate carrier can exert several benefits for both the
vector and the payload: the issues related to surface modifica-
tion of the loaded magnetic NPs are solved, while the addition
of magnetic features to the carrier enables its application as
a comprehensive tool in diagnostics, e.g. by combining optical
and magnetic properties. In this regard, porous silicon (pSi),
thanks to its intrinsic visible photoluminescence combined
with its large and tunable porosity, biocompatibility, biode-
gradability, and the possibility of easy and “tunable” surface
functionalization,®® stands as a suitable platform to be
improved with magnetic features by decoration of FeO,
nanoparticles.

Porous silicon is produced from crystalline silicon by elec-
trochemical etching and a successive hydroxylation procedure
leading to pSi microparticles with a negatively charged surface
terminated with carboxyl-groups, with photoluminescence (PL)
in the orange-red portion of the visible spectrum and with
variable pores according with the etching parameters.">*

Some successful studies about the coupling of pSi and iron
oxide nanoparticles have been already reported: Gu et al. trap-
ped magnetite NPs in the porous structure of the silicon-derived
nanoparticles by means of a thermal oxidation/dehydration
procedure followed by the loading of the anticancer drug
doxorubicin.” Serda et al. managed to entrap a large amount of
super paramagnetic iron oxide nanoparticles (SPIONs) inside
the protective nanopores of discoidal pSi microparticles and
discovered that not only the relaxation times became shorter,
depending on the iron oxide NPs concentration, but also the
delivery to target sites was facilitated.” In another case, pSi
nanorods were successfully coated with SPIONs for magnetic
guidance and decorated with a peptide to enable targeting and
improve their internalization by the cancer cells.*

To overcome the issues related to the administration of bare
magnetic nanoparticles we previously assessed a protocol to
infiltrate commercial SPIONs, which presented a natural nega-
tive surface charge, within the pores of pSi bearing negatively
charged -COOH groups on the surface.*** Once properly
treated and positively charged, FeO,NPs could easily enter the
pores (about 20 nm in size) because of their small dimension
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(about 6 nm) and attached to the porous silicon surface by
electrostatic interaction. By electron microscopy analysis, we
proved that the magnetic nanospheres attached to the pSi
surface, whereas no attachment was observed in the case of
non-porous functionalized surfaces (i.e., the small crystalline
silicon portion). The main drawback of that approach is related
to the intrinsic negative surface charge of the NPs and the
chemical protocol used to get them positively charged, based on
their functionalization with cyclohexane diamine molecules.

In the present work, we investigate for the first time the use
of iron oxide nanoparticles produced by PLAL to add magnetic
features to the light emitting pSi.

PLAL is a quite versatile synthesis technique, which allows
the production of dielectric,”® metal, or metal-oxide nano-
particles,” and nanocomposites®* by the interaction of high
fluence laser pulses with the surface of a proper target
immersed in water, hence avoiding the necessity of specific and
often time-consuming chemical protocols.**** In the case of
iron oxide NPs produced by PLAL in water, several experimental
parameters affects the dimension of the resulting colloidal
nanomaterial, such the pulse length, wavelength and
fluence.?"*>%7

Independently on the experimental parameters, a common
feature of the iron oxide NPs produced by PLAL in water is the
coexistence of different oxidation and magnetic phases of the
products. Magnetite is the major part (i.e., ~75%) of them,
which present a positively charged NPs surface and a large
polydispersity, if compared to the colloidal systems synthesized
by chemical wet methods.?"%***

In this study, we investigate the decoration of porous silicon
(pSi) with two sets of iron oxide nanoparticles (NPs) produced
by pulsed laser ablation in liquid (PLAL) in water, differing in
average size. To achieve this size variation, PLAL was performed
in water at equilibrium with different gaseous atmospheres,
specifically pure argon (Ar) and ambient air (Air). Unlike
commercial iron oxide NPs, those obtained via PLAL in deion-
ized water exhibit an inherent positive surface charge.** This
evidence combined with their wide size distribution, making
them well-suited to the heterogeneous pore structure of pSi,
enables direct electrostatic interaction with carboxyl-
functionalized pSi by just chemical mixing in a simple bucket.
This eliminates the need for chemical agents and time-
consuming intermediate processing steps as in previous
approaches” and avoids the use of thermal oxidation/
dehydration procedure after infusion in an aqueous solution
as reported in Ref. 23. In fact, after an appropriate ultra-
sonication treatment, we proved, by means of TEM and by
magnetic response of the decorated pSi microparticles, that
they can easily enter the different sizes of the pores and/or
covered the negatively charged surface of the silicon micro-
particle by electrostatic interaction. As a result, the functional-
ization process is streamlined, very fast and simple thus
reducing preparatory steps and enhancing the system's overall
efficiency and maintaining the optical properties of the bare
light-emitting por-Si offering a stable micro-nano optical and
magnetic system for theranostics applications.
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2. Materials and methods

2.1 Porous silicon microparticles fabrication and
functionalization

Anodization of a boron doped p-type crystalline Si wafer ((100)
oriented, 10-20 Q cm ™ resistivity, purchased from University
wafers, Boston MA) was performed in a PTFE cell filled with an
electrolytic solution of ethanol with 16% HF and etched at
a constant current of 80 mA cm > for 15 minutes. The porous
layer was removed from the wafer surface, transferred into
toluene and fragmented into microparticles by 20 min of soni-
cation in a thermal bath. Light-driven hydrosilylation by acrylic
acid was performed in toluene at 80 °C and stirred for five hours
to introduce -COOH groups at the porous surface. After that,
the suspension was washed ten times with ethanol to remove
the toluene containing the non-reacted acrylic acid. The intro-
duction of carboxylic groups allows the sample to be stored in
ethanol at room temperature for years without degradation or
loss of luminescence.

2.2 Synthesis of FeO,NPs by PLAL in water

Iron oxide nanoparticles were synthesized by PLAL in deionized
water at equilibrium with different gaseous atmosphere,
ambient air (FeO,NPs-Air) or argon (FeO,NPs-Ar). The target
material was a disk of pure iron (99.99% purity), purchased
from Kurt J. Lesker (U.S.A). To remove surface oxides before
PLAL, the disk was gently scrubbed with sandpaper and then
rinsed with deionized water. To remove eventual organic
material, the disk was subject to subsequent ultrasonic treat-
ments in different liquid environment: 10 minutes in ethanol,
10 minutes in acetone and 10 minutes in deionized water. After,
the iron disk was dried using nitrogen and stored in vacuum.

PLAL was performed using a Nd:YAG laser source model Q-
Smart 850 (Quantel, U.S.A), equipped with a second harmonic
generator module, emitting pulses with an energy of 7 mJ at the
wavelength of 532 nm and a temporal duration of 5.8 ns
(repetition rate = 10 Hz). The laser pulses were focused onto the
surface of the target under a column of water of 10 mm using
a lens with a focal distance of 14.9 cm. To calculate the spot size
and fluence F of the laser pulse on the target we used the same
approach reported in our previous work,** where we developed
a code based on the ABCD matrix method,** which simulates
the propagation of circular Gaussian beams passing through
experimental setup components. In particular, the code uses as
input information the wavelength of the pulse, the focal length
of the lens, the distance between the lens and the target, and
also the height of the column of water over the target. According
to the laser's manufacturer specifications, the laser pulse is
characterized by an elliptical Gaussian profile (TEMy,) with
minor differences between the major and minor axes (<5%).
Based on these considerations, the laser spot was approximated
as circular in the optical simulations, with a beam waist value of
2.6 mm in radius at the wavelength of 532 nm.

The fluence F of the laser pulse was adjusted by changing the
height of the lens over the target and was set to a value 8 ] cm >
for ablation performed in water at equilibrium with both air or
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argon. In the two different ablation environments, the total
ablation time was 5 hours and 3.5 hours for water-air and
water-argon interfaces, respectively. The difference in the time
of the ablation cycles is due to the difference in the volume size
of the container used for each ablation (12 ml for water-air
interface and 5 ml for water-argon interface). The volume of the
water in the two different cases was in fact adjusted to maintain
the same height of the column of water, which is known to be an
important experimental parameter to control the properties of
the nanoparticles obtained by PLAL.** For these reasons, the
ablation time was dependent on the synthesis environment, in
order to obtain colloidal dispersions of nanoparticles with
similar metal concentration.

To perform PLAL at the water-argon interface, we applied
a vacuum for about 100 s in a dedicated ablation glass chamber
containing the deionized water. Subsequently, pure argon was
fluxed inside chamber, and let diffuse into the water at a pres-
sure of about 1.2 atm for about 4 hours.

After the synthesis of the NPs, the samples were placed near
a permanent magnet for 4 days to selectively collect the iron
oxide nanoparticles presenting a stronger magnetic behavior.
For each ablation cycle, the concentration of NPs attracted by
the magnet as measured by inductively coupled plasma mass
spectrometry (ICP-MS), was (8 £+ 1) ppm and (32 + 3) ppm for
water in equilibrium with air and argon, respectively.

Before the decoration of the NPs into the pSi, the concen-
tration of the FeO,NPs was raised by collecting the nano-
particles with the permanent magnet and suspending the
material in a lower volume of deionized water, which is also
a useful and simple step to eliminate the non-magnetic amor-
phous iron oxides formed during PLAL of iron targets in water.
Hence, the final concentration of the colloidal suspension of
FeO,NPs before the decoration was 220 ppm (air) and 360 ppm
(argon).

2.3 UV-Vis absorption and emission spectroscopy

The stability of the colloidal dispersion of FeO,NPs was verified
by monitoring the UV-Vis spectra along 48 hours, which corre-
sponds to the time used to allow the interaction between the p-
Si and the nanoparticles, as described in the next sub-sections.
For this aim, we used a double beam spectrophotometer of
PerkinElmer (USA) model Lambda 950.

Optical measurements were performed by Horiba Jobin-
Yvon Nanolog spectrofluorometer. The configuration setup for
the PhotoLuminescene spectra acquisition was: excitation at
325 nm, 3 nm slit size, 1200 gratings per mm density grating
(blazed at 500 nm). Photoluminescence decay curve were ana-
lysed by time correlated single photon counting (TCSPC)
method. The lifetime (lifetime in the us range) was investigated
by a xenon pulsed lamp (with A, = 325 nm and pulse width 1.1
us). The lifetime values t were obtained by fitting the decay
curve.

2.4 Morphological and dimensional characterization

After the synthesis, the samples were characterized using TEM
(Transmission Electron Microscopy) for the structural and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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morphological analysis and DLS (Dynamic Light Scattering) to
determine average hydrodynamic size and surface charge.

TEM analysis was performed using an FEI Tecnai G2 F20
operating at 200 kV. The samples were prepared diluting the
pristine colloidal dispersion of nanoparticles as obtained by
PLAL about approximately 30 times and depositing a 20 pl drop
on TEM Formvar-Carbon grids (Ni, 200 mesh).

The microscope was equipped with two windowless silicon
drift (SDD) EDS detectors (Energy Dispersive X-rays Spectros-
copy). S-TEM (Scanning Transmission Electron Microscopy)
mode was used to determine elemental distribution in samples
by collecting EDS maps and gaining insights about FeO,NPs
average size and possible incorporation within the pSi
microparticles.

The surface charge (¢-potential) and the size distribution of
the samples, were determined by Zetasizer Nano-SZ (Malvern)
instrument, by dynamic light scattering (DLS) with a 633 nm
laser beam. The measurements were conducted in water at 25 °©
C after a 10 minute sonication bath.

A common approach used for the analysis of the TEM images
is the fit the average size distribution using a monomodal log-
normal function.”® The latter can be expressed as:

1 in(o)-In(p. )

n = —— ¢ 2w?
(®) oo /om

Herein, the parameters w and ¢, are related to nanoparticle
average diameter quantity ¢ and standard deviation ¢ by the

2
relations ¢ = eM* 2 and o = (e’ +2M (0" _ 1))%, in which M =
In(p).*

In order to measure the distribution of the linear dimension
of the NPs, an average spherical shape was assumed. In this
case, using the software Image], we zoomed in on the TEM
images and drew circles or ellipses representing the contour of
each NP. After this, the diameter ¢ of the NPs was obtained
using the equation A = wg®/4, where A was calculated by the
software.

2.5 Decoration/infiltration of porous silicon pores

Prior to decoration the iron oxide NPs were disaggregated by
a treatment composed of sonication bath for 20 minutes (Ban-
delin Sonorex 52H) with a frequency of 45 kHz, and power of
135 W and ultrasonication (US) for 1 minute with frequency of
20 kHz and power of 180 W (Bandelin Sonopuls Ultrasonic
Homogenizer HD 2070, 2 mm diameter probe, amplitude 200
umygg), repeated for 5 cycles and resuspended in water.

Carboxyl-functionalized pSi microparticles were dried for 5
hours in a 50 °C oven to remove the ethanol and resuspended in
the iron oxide NPs water suspensions (0.3 mg mL™") for two
days at room temperature to allow electrostatic interaction,
then washed twice with ultrapure water to remove the non-
bound NPs. A schematic view of the experimental procedure
is shown in Fig. SI_1.t

A first proof of the success of the decoration was checked by
simply placing a magnet on the side of the suspension to
observe the attraction.

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

The magnetic properties of the porous silicon samples deco-
rated with FeO,NPs were measured through magnetization
curves obtained using a vibrating sample magnetometer
module of the Quantum Design PPMS Versalab, under a DC
magnetic field in the range of £1 T at room temperature.

Due to the limited amount of material available for the
magnetization measurements, which led to a low magnetic
signal, a background subtraction procedure was performed to
account for the diamagnetic contribution of the sample holder.
The magnetic response of the empty holder, measured under
the same conditions, was used for this correction. The
subtraction was carried out using a linear interpolation func-
tion, applied to match the magnetic field values of the sample
measurement and ensure accurate point-by-point subtraction
of the background moment.

3. Results and discussion

3.1 pSi microparticles and iron oxide NPs structural
characterization

The carboxylic functionalization method of pSi microparticles,
previously developed,** was aimed at preserving the intrinsic
photoluminescence at room temperature of pSi and allowing
the binding of different molecules with the porous network.

In this study, we exploited both the compatibility between
silicon pore size and the iron oxide NPs size, and the negative
surface charge - derived from the carboxylic groups - to bind
iron oxide NPs, which present a positive surface charge.

In fact, pSi microparticle size and Z-potential were measured
by DLS, obtaining values of 350 + 80 nm and —26.5 + 5 mV,
respectively. From TEM images (see Fig. SI_2%), it is possible to
estimate a pore size distribution of 9 £ 5 nm. Moreover, the
intrinsic photoluminescence at room temperature of porous
silicon was checked by fluorescence spectroscopy, obtaining
a spectrum characterized by a broad emission band centered at
about 688 nm, by excitation at 325 nm.

The iron oxide NPs fabricated by PLAL in water have been
investigated by TEM (Fig. 1) to analyze the morphological
aspects and the size distribution, while DLS was used to confirm
the average size, and to evaluate the agglomeration state and
surface charge.

From the analysis of TEM images (Fig. 1), we observe that the
FeO,NPs morphology is not uniform: aggregation is a phenom-
enon frequently observed when working with iron oxide nano-
particles. It is often solved by using some additive to prevent the
NPs from aggregating, but this often results in a negative
surface charge, preventing easy and immediate electrostatic
bonding to the COOH-terminated porous silicon surface. In our
sample, the tendency to agglomerate in structures with average
dimensions between 100-400 nm is observed. The majority of
the NPs in the agglomerates has an average statistical diameter
of (6.0 + 1.7) nm and (16.7 £ 2.5) nm for FeO,NPs-Air and
FeO,NPs-Ar, respectively. These results are well aligned with
those reported in the literature for PLAL at water-air interface of
iron targets without the use of surfactants and without post
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Fig. 1 TEM Images and size distribution of (A and B) FeO,NPs—Air and (C and D) FeO,NPs—Ar.

irradiation processes, which are listed in Table 1. As well
known, the use of ultrashort fs laser pulses leads to broader size
distribution of nanoparticles by PLAL, and bigger average
diameters are obtained by the use of a higher fluence of the
laser pulse.*® In the case of FeO,NPs, the wavelength seems to
play a fundamental role for the dimension only in the case of
post-irradiation treatments,*® but it controls the threshold value
of PLAL independently on the nature of the metallic target.*” It
is worth noting that not all of the works found in literature
report the method of calculation of the fluence, and very few
consider the effect of the column of water, which can be very
significant depending on the case.*

DLS measurements confirmed the size of the agglomerates,
which was between 100 and 400 nm for both samples.”> We
attribute the absence of the population of smaller FeO,NPs
(average diameter ~ 6 nm) in the DLS results to the fact that the
scattering cross-section of spherical particles is proportional to

Table1 Dimension of FeO,NPs obtained by PLAL in deionized water
using different laser pulse parameters. With 4, r and F are indicated the
wavelength, temporal duration and fluence of the laser pulses,
respectively

A(mm) t  F(Jem ?) Diameter (nm) Interface Ref.

355 ns 1.3 12.5 + 4.7 Water-air 27

1064 ns 0.7-7 5.0 Water-air 46

1064 ns 3.2 1.0-10.0 Water-air 47

532 ns 4.5-6.1 14 + 8-18 +- 12 Water-air 48

532 ns 8 6.0 £ 1.7 Water-air This work
532 ns 8 16.7 £ 2.5 Water-argon This work
532 ns 15 25 + 11 Water-air 49

532 ns 16-22 24 + 6.1 Water-air 50

527 fs 15 9.0-25.0 Water-air 45

527 fs 59.2 39.0-78.0 Water-air 51

19004 | RSC Adv,, 2025, 15, 19000-19012

the sixth power of the linear dimension (i.e., r°), so smaller
nanoparticles cannot be detected in the presence of larger
agglomerates, even at low concentrations.

In summary, although both TEM and DLS results confirm
the presence of agglomerates of NPs both in liquid and solid
form, the dimensional analysis of the colloidal dispersion of
single nanoparticles by TEM shows a good match between the
polydispersity of the nanopores of the pSi and the size distri-
bution of FeO,NPs.

As for the surface charge of the FeO,NPs, the Z-potentials
were almost neutral: —3 + 5 mV for FeO,NPs-Air and +4 +
5 mV for FeO,NPs-Ar. Iron oxide NPs, as previously seen, have
a tendency to aggregate, and given that we expected to have
positively charged samples, the almost neutral Z-potential
might be an indication of their aggregation state.”*** There-
fore, it was necessary to induce a detachment before the deco-
ration process inside the pSi pores.

3.2 Stability of the FeO,NPs in water

The eventual instability of the colloidal dispersion of FeO,NPs
in water can limit the interaction with the p-Si microstructures.
For this reason, we monitored the stability of the extinction
spectra of the iron oxide nanoparticles along 48 hours, which is
the time used to allow the interaction with the p-Si. The results,
reported in Fig. 2, show a decrease in optical density of
approximately 12% and 34% for the FeO,NPs-Air and FeO,NPs-
Ar samples, respectively. This observation confirms that the
majority of the FeO,NPs can interact with the p-Si before the
eventual precipitation in the water environment.

3.3 Sonication treatments

Samples were sonicated with different procedures, and their
size was measured by DLS after each of the following steps:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Monitoring of the UV-Vis extinction spectra of the FeO,NPs—Air (A) and FeO,NPs—Ar (B) along 48 hours.

a sonication bath for 20 minutes (1st sonication) and ultra-
sonication (US), 5 cycles of 1 minute each (2nd sonication). The
main difference between the two methods is the mode of
transmission of ultrasonic energy to the sample: for the first
method, it is the water bath; for the second, it is the sonication
probe. The probe is in direct contact with the sample, allowing
the transmission of higher energy, which is expected to lead to
more efficient disaggregation.>

Fig. SI_31 shows the comparison of the size distributions
after the two sonication processes performed on three samples.
After the first sonication treatment, the average size went from
initial values of 100-400 nm to 90 = 50 nm with a narrow
distribution for FeO,NPs-Air (panel A) and two broad peaks at
about 90 and 390 nm appeared for FeO,NPs-Ar (panel B).
Therefore, we proceeded by applying a second more energeti-
cally sonication: the ultrasonication.

The second sonication step compared to first did not exert
a consistent disaggregation effect in the case of FeO,NPs-Air,
the size distribution indeed resulted almost identical and
centered at 100 + 50 nm. However, after the second treatment of
FeO,NPs-Ar, the population centered at 390 nm diminished
while the other increased and became narrower and centered at
120 nm. Consequently, we can deduct that to disaggregate
FeO,NPs-Air it is sufficient to use a lower ultrasonic energy,
while FeO,NPs-Ar necessitates of a higher energetic process
such as probe ultrasonication.

Moreover, highly positive surface charges were measured for
both the samples (+22 + 5 mV for FeO,NPs-Air and +25 =+ 5 for
FeO,NPs-Ar) indicating that the NPs were effectively better
dispersed than before. The reason of the positive charge, is due
to the presence of hydroxyl surface groups on the surface of the
FeO,NPs, which can react with H" and OH™ ions. Depending on
the pH of the water environment, the oxidized surface can
either undergo protonation (with acidic behavior) or deproto-
nation (with basic behavior).>® In particular, magnetite (Fe;0,)
nanoparticles typically have an isoelectric point (IEP) with pH
from 6.5 to 7.0,°*®* while hematite (Fe,O3) nanoparticles have an
IEP closer to a pH of 6.° Considering that the pH of the
synthesized colloidal dispersions of FeO,NPs was around 6.2,
our results are coherent with the literature, where a Z-potential
of about +30 mV was measured for iron oxide nanoparticles
synthesized by PLAL in water with a slightly acidic pH.*?

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

3.4 Infiltration/decoration of porous silicon pores

Ultrasonically treated iron oxide nanoparticles (NPs) were
characterized by a positive surface charge (+22 + 5 mV and
+25 + 5 mV for FeO,NPs-Air and FeO,NPs-Ar, respectively),
while pSi microparticles exhibited a negative surface charge
(—26.5 £ 5 mV). The decoration was performed using the simple
immersion method previously described. The presence of
opposite surface charges at the silicon inorganic matrix and the
iron oxide NPs, coupled with their broad size distribution,
allows for the loading of the first through capillary action by
means of electrostatic interaction, as successfully achieved by
Lundquist et al. and Kinsella et al.*>**

The first proof of the success of this simple procedure was
demonstrated by placing a magnet on the side of the suspen-
sion. The incorporation of FeO,NPs within the silicon porous
matrix resulted in the ability to easily manipulate the pSi + FeO,
NCs with an external magnetic field. The presence of a magnet
in proximity, indeed, applied an external magnetic field which
induces the alignment of the domains with the field, even when
entrapped within the silicon pores or attached to the surface,
leading to the exhibition of the magnetic features as clearly seen
in Fig. 3, the pSi microparticles are attracted by the magnet only
after decoration with FeO,NPs-Ar (panel B). Moreover, if the
FeO,NPs were not linked with the pSi, the latter would remain
in the bottom of the cuvette.

In panel C of the same figure, we report an image of the
infiltrated particles taken in the presence of both the magnet
and the UV lamp, which clearly shows that the material
attracted by the magnet is both magnetic and luminescent. It
should also be emphasized that porous silicon itself does not
possess intrinsic magnetic properties; therefore, the observed
magnetic response is solely due to the presence of the iron oxide
nanoparticles incorporated within the porous silicon. Hence
the contemporary presence of the luminescent pSi and the
magnetic iron oxide nanoparticles in the same spot that is a first
demonstration of the success of the infiltration/decoration
procedure.

It is worth noting that only a portion of the pSi microparticles
functionalized by iron oxide NPs was attracted by the magnet and
that portion is clearly luminescent. This can be attributed either
to the non-uniform decoration or infiltration of the sample, or to
an insufficient amount of FeO,NPs to functionalize all the pSi
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Fig. 3 Effect of a magnet on the pSi microparticles before (A) and after (B) decoration/infiltration with FeO,NPs—Ar. Effect of a magnet and UV
lamp (365 nm, 6 W) irradiation on the pSi microparticles after decoration with FeO,NPs—Ar (C). The arrow in yellow indicate the presence of the

pSi.

microparticles. Moreover, we cannot claim for a complete
“incorporation” of the magnetic nanoparticles. Part of them is
also attached to the external surface of the micro aggregates of
pSi. This does not change the fact that they result in a “magnetic
feature” of the whole pSi + FeO, NCs system.

However, to assess how much magnetite nanoparticles are
within the pores or at the surface of the pSi microparticles, we
performed further structural investigations also to get
a comprehensive view on the morphology (see Fig. 4), where the
comparison between pSi and pSi + FeO,NPs-Ar is shown). It is
clear that iron oxide nanoparticles (yellow circles and arrows)
superpose pSi morphology and are filling the pores and/or
decorating the structure of pSi.

DLS results for the total surface charge of the decorated
samples together with TEM images of both FeO,NPs-Ar and
FeO,NPs-Air samples are reported in Fig. 5.

By observing the TEM images, it is possible to deduce that
the FeO,NPs are partially infiltrated into the pSi network, as
pointed out in the highlighted areas of Fig. 5B. This is consis-
tent with Fig. 3B that shows that part of the pSi it is not attracted
by the magnet because it is not filled or decorated by the iron
oxide NPs.

From the DLS measurements (Fig. 5C), it is clear that the pSi
size was not significantly affected by the decoration with
FeO,NPs-Air, however, when decorated by FeO,NPs-Ar, the
mean size increased by about 100 nm, without significant
modifications of the size distribution. Furthermore, by

comparing the surface charges before and after the decoration
(Fig. 5D), we can observe that pSi Z-potential after decoration is
still negative for both iron oxide NPs made in air or argon,
although partially reduced in its values (from about —25 mV to
about —20 and —15 mV, respectively). In fact, the presence of
iron oxide NPs with their positive charge are able to make the
pSi surface less negative. This is, at the same time, evidence that
the decoration is not complete and/or that the quantity of iron
oxide NPs was not sufficient for a full passivation of the negative
surface charge of the pSi microparticles.

The average size of pSi microparticles remains largely
unchanged upon combination with FeO,NPs-Air. As shown in
Fig. 5A, the infiltrated FeO,NPs conform to the porous struc-
ture. However, when considering FeO,NPs-Ar (Fig. 5B), the
FeO,NPs do not always follow the morphology of pSi but extend
beyond the pSi structure. This is likely due to the agglomeration
of FeO,NPs, which attach to the pSi surface, slightly increasing
the overall diameter. These findings suggest that FeO,NPs
produced in air predominantly infiltrate the pores, whereas
those produced in argon tend to decorate the surface rather
than fully penetrating the porous network.

Fig. 6 shows EDS maps for Fe, O, and Si, and a STEM-HAADF
image from which spectra were collected. In the STEM-HAADF
image FeO,NPs (brighter spots) of different size can be
observed superposed onto a Si matrix (less bright).

Considering that the photoluminescence is an important
and useful feature of pSi, emission spectra and decay curves (Aex

Fig.4 TEMimages. Left panel: pSi portion (500 nm scale). Middle (500 m scale) and right (200 m scale) panel: pSi after infiltration with FeO,NPs—
Ar nanoparticles. Circles and arrows point out the presence of iron oxide nanoparticles.
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Fig. 5 Morphological characterization of pSi microparticles decorated with iron oxide NPs. TEM image of (A) pSi + FeO,NPs—Air (100 nm scale)
and (B) pSi + FeO,NPs—Ar (200 nm scale). (C) Size distributions and (D) surface charge modifications of pSi microparticles before and after

decoration with FeO,NPs (DLS measurements).

325 nm) were acquired after decoration and compared with the
ones of the bare pSi particles (Fig. 7, panel A and B, respectively)
to highlight possible modifications.

The PL bands of the “magnetic” pSi particles are similar to
the bare ones, although less intense and slightly shifted towards
676 nm and 663 nm (from 688 nm), for iron oxide NPs produced
in water at equilibrium with ambient air or argon atmosphere,
respectively. The blue-shift might be attributed to the partial
oxidation, due to the presence of water, that the porous silicon
goes through during the decoration process, as proposed by Gu
et al.”® Moreover, the radiative lifetime is slightly reduced from
avalue of about 30 pus to 20 ps. The data found are in agreement
with previous findings.* In general, filling of porous silicon has
been reported to modify the optical properties.®® Indeed, the
lifetime reduction can be attributed to the presence of the iron
oxide NPs inside porous silicon pores, as found by Gardelis et al.

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

when filling the pores of silicon nanocrystals embedded in
a matrix of silicon dioxide with silver nanoparticles.**

By comparing the behavior of iron oxide NPs produced in
presence or absence of argon we noticed that when a magnetic
stimulus is exerted (e.g., approximate presence of a magnet) to
the decorated pSi particles, pSi + FeO,NPs-Ar showed a faster
response compared to pSi + FeO,NPs-Air. The first, indeed, are
suddenly attracted by the magnetic field while the second took
at least 30 seconds more to move towards the magnet. This
different behavior was observed also in the FeO,NPs alone
before the decoration and may be explained by the larger
average dimension of the FeO,NPs-Ar.*

Another interesting fact is the duration of this magnetic
effect over time. We tested the stability of the magnetism after
being kept in ethanol at room temperature for 6 months
(Fig. SI_4%). pSi + FeO,NPs-Ar is still attracted to the magnet

RSC Adv, 2025, 15, 19000-19012 | 19007
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STEM-HAADF

Fig.6 Elemental analyses of FeO,NPs—Ar sample. Gray: STEM-HAADF
image; green: iron map; red: oxygen map; blue: silicon map.

while pSi + FeO,NPs-Air has completely lost its magnetic ability.
This indicates that pSi + FeO,NPs-Ar have a higher stability to
redox reactions. In fact, iron oxides may be used as catalysts for
the oxidation of ethanol and production of molecular hydrogen,
with a higher efficiency of hematite compared to other phases.®
Although the process is thermo-catalytic, we suppose that
effects at ambient temperature can be visible after storage over
months, and that the different behavior with respect to FeO,-
NPs-Ar may be attributed to the different percentage of NPs in
the phases of magnetite, hematite and wurtzite. Anyway, the
origin of these different behaviors is not the objective of the
present research and will be addressed in future investigations.

Since the pSi microparticles were not completely decorated
with the iron oxide NPs (as indicated by the DLS analysis), we
investigated whether a higher concentration of magnetic NPs
would improve the decoration. Considering the higher stability
of pSi + FeO,NPs-Ar, the experiment was repeated only with
FeO,NPs-Ar by doubling the amount of iron oxide NPs incu-
bated with pSi and applying the same procedure. After the
second decoration, the size of pSi microparticles is maintained
more or less the same (530 = 80 nm), whereas Z-potential is
much less negative (from —27 to —12 mV) compared to the bare
pSi microparticles and slightly lower compared to the first
decoration (from —15 to —12 mV), see Fig. SI_5} that shows the
comparison between bare pSi and pSi after the first (pSi + FeO,
NCs-Ar_1) and the second (pSi + FeO, NCs-Ar_2) experiment,
panel (A) and (B) respectively.

The reduction of Z-potential can be attributed to the increase
of the amount of infiltrated iron oxide NPs within the pores of
pSi as expected with an increased quantity of incubated NPs,
while it does not substantially affect the mean diameter.

During this second experiment we also aimed at observing,
by means of electron microscopy, if the distribution of the iron
oxide NPs over the pSi structure was more homogeneous if the
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Fig.7 Photoluminescence properties of pSi microparticles before and
after decoration with iron oxide NPs: PL spectra (A) and decay curves
(B) at Aex 325 nm of bare pSi, pSi + FeO,NPs—Air and pSi + FeO,NPs—Ar.
In panel C the 3 cuvettes with the samples under UV lamp excitation.

successfully decorated pSi microparticles were separated from
the non-decorated through a magnetic separation. The
remaining magnetic particles (Fig. 8, panel A), visible to the
naked eye, were around 20% of the whole treated sample. Their
attraction to the magnet confirmed, once again, the success of
the decoration method. Moreover, as for the other samples, pSi
+ FeO,NPs-Ar_2 was analyzed by TEM (Fig. 8, panel B and C).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 pSi + FeO,NPs—Ar_2 characterization. (A) Magnetic pSi in absence and presence of a magnet. (B) and (C) TEM images of pSi + FeO,NPs—

Ar_2 (500 nm scale and 100 nm scale, respectively).

From TEM image of panel (B) the presence of iron NPs
(darker areas) seems to be spread all over the structure of pSi
microparticles. On the magnified image of panel (C) there is
a clear presence of a high quantity of iron NPs that covers all the
pSi surface. This suggests that the relatively wide size distri-
bution of iron oxide NPs paired with the widespread size

distribution of the pSi particles’ pores is an ideal approach to
obtain a large coverage of the pSi inner surface, leading to
a more magnetized resulting material.

Fig. 9 presents the magnetic response curves of pSi deco-
rated with FeO,NPs-Air (black curve) and FeO,NPs-Ar (red
curve), showing the magnetic moment (emu) as a function of

—e— FeOxNPs-Air
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Fig. 9 Magnetic response curves comparing similar masses of pSi decorated with FeO,NPs—Air (black curve) and pSi decorated with FeO,NPs—
Ar (red curve). These curves display the magnetic moment as a function of the applied magnetic field. The inset provides a zoomed-in view of the
low-field region, emphasizing the differences in coercivity and remanence between the two samples.
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the applied magnetic field (H). An inset is included in the figure,
providing a zoomed-in view of the low-field region, which
highlights the coercivity and remanence of both samples.
Although the samples could not be weighed due to insufficient
material (masses below 0.1 mg), the magnetic measurements
were still performed. As a result, the magnetic moment is pre-
sented instead of the magnetization. However, since the sample
volumes were likely very similar, a reasonable comparison
between the two was still possible.

Both samples possibly exhibit ferrimagnetic behavior, as
indicated by the presence of coercivity and remanence in the
magnetic response curves (see inset). Given the particle sizes of
the FeO,NPs measured in this study through TEM and DLC,
they likely have a single-domain structure. As expected for such
particles, smaller sizes lead to lower coercivity, remanence, and
signal intensity,”” which is consistent with the results. The
magnetic response of the composite pSi + FeO,-Air NCs is
weaker and noisier, likely due to either the smaller FeO, NPs
size or a different quantity of NPs entering and/or decorating
the porous silicon. It exhibits a coercive field of around 80 Oe
and lower remanence, while the FeO,NPs-Ar sample, with
larger particles, shows a stronger magnetic response, with
a coercivity of approximately 170 Oe and higher remanence.
Ultimately, the atmosphere used during synthesis plays a key
role in determining the magnetic properties: the argon atmo-
sphere (FeO,NPs-Ar) promotes the formation of larger particles
and enhances magnetic behavior, while the air atmosphere
(FeO,NPs-Air) leads to weaker magnetic response, likely due to
the formation of smaller particles. This highlights the impor-
tance of synthesis conditions in controlling particle size and,
consequently, magnetic performance.

Conclusions

This study explores an innovative approach to combine lumi-
nescent porous silicon (pSi) microparticles with magnetic
properties by decorating them with iron oxide nanoparticles
(NPs). These were created using pulsed laser ablation in water
with different gaseous atmospheres (i.e., air and argon), fol-
lowed by sonication treatments aimed at separating the
agglomerated particles. The two sets of nanoparticles present
similar positive charge and polydispersity but different average
size and long-term magnetic behaviors.

Structural analysis demonstrated effective pore filling,
showing that FeO,NPs synthesized in air predominantly infil-
trate the porous network, while those produced in an argon
atmosphere tend to decorate the surface without fully pene-
trating the pores. We confirmed the successful magnetization of
the silicon-derived material, with both samples exhibiting
ferrimagnetic behavior, as evidenced by the presence of coer-
civity and remanence in the magnetic hysteresis curves.
Notably, the magnetic properties of the argon-treated sample
remained stable even after several months, indicating long-term
retention of its magnetic functionality. Fluorescence spectros-
copy assessed the stability of the optical properties of the new
“magnetic” silicon-derived composite.
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Compared to the previously developed methods, this tech-
nique offers distinct advantages. Specifically, the nanoparticles
exhibit a broad size distribution, which aligns well with the
varying pore sizes of the pSi. Furthermore, the positive surface
charge of the NPs facilitates direct electrostatic interactions
with carboxyl-functionalized pSi, eliminating the need for
additional surface modifications. This approach simplifies the
functionalization process, reducing the complexity of prepara-
tion steps and enhancing the overall efficiency of the system.

These updated outcomes demonstrate the potential of the
combination of luminescent pSi microparticles with pulsed
laser ablation-derived iron oxide nanoparticles in the thera-
nostics field.
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