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Abstract: Bismuth titanate (BTO) nanoparticles were obtained by pulsed laser ablation in liquid media
(PLAL). Distilled water, ethanol, isopropanol, and acetone were used as media for laser ablation
experiments, in which the colloidal solutions were obtained. Laser ablation was carried out using
the second harmonic and fundamental wavelength of a pulsed Nd:YAG laser (532 nm and 1064 nm,
respectively) with laser fluences of 25 and 12 mJ/cm2, respectively. Transmission electron microscopy
was utilized for morphological characterization. BTO nanoparticles obtained have spherical shapes
with orthorhombic structure and the average size distribution depended on the liquid media nature.
In alcohols, BTO NPs were spherical with a carbon layer around them. X-ray diffraction, UV-Vis
absorption spectra, and X-ray photoelectron spectroscopy were used to confirm the structural, optical,
and elemental properties of the ablated products. The presented results show that PLAL is a viable
technique for the synthesis of high-quality BTO nanoparticles with enhanced optical properties for
possible applications in photocatalysis.

Keywords: bismuth titanate; nanoparticles; pulsed laser ablation; Nd:YAG laser

1. Introduction

Bismuth titanate compounds (BTOs), such as Bi4Ti3O12 and Bi2Ti2O7, are the sim-
plest members of the Aurivillius family, which consist of (Bi2O2)2+ sheets alternating
with (Bi2Ti3O10)2− pseudo-perovskite layers [1,2]. Due to this particular structure, BTO
compounds exhibit interesting physical properties such as ferroelectricity, high Curie tem-
perature (675 ◦C) [2–7], and a band gap of 3.08 eV, depending on the morphology and
synthesis route [8,9], among others. These properties enable a wide spectrum of technologi-
cal applications, e.g., in catalysis [8–15]. BTOs have been synthesized as thin films [16–18]
and nanostructured powders with solid-state and wet-chemistry synthesis routes, which
include calcination [19], coprecipitation [20], hydrothermal [21], sonochemical [22], and
mechanochemical methods [23,24], among others.
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On the other hand, pulsed laser ablation in liquid (PLAL) is a novel method for the
generation of particles with sizes ranging from the micro- to nanometer scale directly from
bulk materials. This technique consists of a pulsed laser focused on a bulk material, which
is immersed in a liquid medium. The mechanism of nanoparticle generation by PLAL starts
with the interaction of the bulk material with a laser pulse that has a fluence greater than its
ablation threshold [25,26], which forms a high-temperature plasma around the surface of
the material [25–30]; rapid cooling produces a cavitation bubble, where the ablated products
are contained and grow until the cavitation bubble collapses and the nanoparticles are
released into the solution [31–33]. Also, pulsed laser ablation in liquids is an advantageous
synthesis method, since nanoparticles are produced in a single step, and the method
does not require ligands or surfactants, which is attractive for catalysis and analytical
chemistry applications [25]. Some examples of nanoparticles produced by this method
include ceramic oxides [34,35], and silicon-based [36] and metallic nanoparticles [37].

On the other hand, laser parameters, as well as the physicochemical properties of the
target material and liquid medium, play an important role in the stages of nanoparticle
generation [33,38]; for example, the fluence and pulse width of the laser, along with thermal
conductivity of the target material, are the constituent properties of the plasma and the
cavitation bubble [38]. Furthermore, the selection of the liquid medium has a direct impact
on the properties of the nanoparticles, since laser irradiation can induce decomposition of
the media, thus altering the size, surface chemistry, composition, and morphology of the
ablated products; for instance, laser ablation in distilled water can produce oxidation and
hydroxylation, whereas PLAL in organic solvents, such as acetone, ethanol and isopropanol,
can induce carbonization of metallic nanoparticles, encapsulate nanoparticles with carbon,
and limit the sizes of the ablated products [39].

In this work, BTO nanoparticles were synthesized using pulsed laser ablation in
different liquid media (distilled water (DW), ethanol, isopropanol, and acetone) and their
morphological, structural, elemental, and optical properties were studied.

2. Materials and Methods

BTO nanoparticles (NPs) were obtained using the pulsed laser ablation in liquid media
(PLAL) technique. For the synthesis process, a Nd:YAG LQ 929 pulsed laser, (Solar laser
system, Minks, Bielorrusia), was used at its fundamental wavelength (1064 nm) and its
first harmonic (532 nm), with a frequency of 10 Hz and 10 ns pulse width (Solar System,
located in Facultad de Ingeniería Mecánica y Eléctrica, Apodaca, México). A target of
bismuth titanium oxide (BTO) was used to produce BTO NPs in distilled water, ethanol,
isopropanol, and acetone to evaluate the properties of the ablated products. The BTO target
was immersed in 50 mL of each liquid in a glass beaker of 200 mL. The laser beam was
focused perpendicularly to the target surface using a mirror (99% reflective) and a concave
lens of 50 cm focal length. Laser fluence was calculated to be 25 and 12 mJ/cm2 for the laser
operating at the fundamental wavelength and its second harmonic, respectively. A system
of linear translation was employed to avoid local ablation and increase NP production
and efficiency; the translation speed was set to 500 µm/s. The time of ablation was 1 min
for every experiment. Figure 1 shows the photograph of BTO nanoparticles produced in
different solvents at different ablation wavelengths of 532 nm (Figure 1a) and 1064 nm
(Figure 1b). The color is indicative of the approximate size of the nanoparticles obtained;
this is well reported, especially in metals [40–42]. Likewise, it is known that there is a
notable relationship between size, shape, and optical properties, which prove to be very
useful in a variety of high-performance applications.
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ing Cu K𝛼 radiation (1.5405 Å), operating at 45 kV and 40 mA, in grazing incidence mode 
(Centro de Investigación en Materiales Avanzados, Apodaca, México). X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific K-Alpha) was performed in a XPS Escalab 
250Xi (Thermofisher, Waltham, MA, USA, Centro de Investigación en Materiales Avanza-
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Figure 1. Photograph of BTO nanoparticles in different solvents at (a) λ = 532 nm and (b) λ = 1064 nm,
where 1 = Distilled water, 2 = Isopropanol, 3 = Ethanol, and 4 = Acetone.

In our work, the dark or tenuous nature of the solution is indicative of the concentra-
tion of the nanoparticles but not the size. Likewise, a brown color was observed in liquid
media such as alcohols and in organic media; this could correspond to compounds that
were formed (between organic media and NPs).

Morphology and crystal structure were analyzed using a TEM microscope, model FEI
Titan G2 80-300 (Hillsboro, OR, USA, Centro de Investigación en Materiales Avanzados,
Apodaca, México). To obtain TEM micrographs, a drop of each colloidal solution was
placed in a TEM grid after ablation. To study crystal structure and elemental composi-
tion, precipitates of the obtained solutions were taken and placed in a silicon wafer and
dried at room temperature until sufficient material for both analyses was gathered. X-ray
diffractograms were obtained in a PANAlytical Empyrean diffractometer (Malvern, UK)
using Cu Kα radiation (1.5405 Å), operating at 45 kV and 40 mA, in grazing incidence
mode (Centro de Investigación en Materiales Avanzados, Apodaca, México). X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) was performed in a XPS Escalab
250Xi (Thermofisher, Waltham, MA, USA, Centro de Investigación en Materiales Avan-
zados, Apodaca, México) with monochromatized Al Kα radiation (E = 1486.68 eV). The
recorded binding energy data were referenced to the binding energy of adventitious carbon
(C 1s at 284.6 eV)). To analyze optical properties, the colloidal solutions were placed in
a 1 cm path-length cuvette, and its reference in an UV-Vis absorption spectrophotome-
ter (Shimadzu UV-1800, Tokyo, Japan, Centro de Investigación en Materiales Avanzados,
Apodaca, México).

3. Results
3.1. Morphology

Figure 2 shows TEM micrographs of the BTO nanoparticles obtained by PLAL in dif-
ferent liquid media with laser irradiation using (a) λ = 532 and (b) λ = 1064 nm, respectively.
Figure 2 includes TEM images, high-resolution TEM (HRTEM), and selected area electron
diffraction (SAED) for each liquid (distilled water (DW), ethanol, isopropanol, and acetone).
Pulsed laser ablation of the BTO target produced spherical particles at both wavelengths,
532 and 1064 nm. At a laser wavelength of 532 nm (Figure 2a), nanoparticles produced by
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PLAL in distilled water, ethanol, isopropanol, and acetone showed spherical morphology
with mean sizes (MZs) of 23.9, 12.5, 28.8, and 21.3 nm, respectively. At the fundamental
wavelength of the Nd:YAG laser, 1064 nm (Figure 2b), PLAL synthesized spherical particles
with a broader size distribution, with mean sizes of 31.2, 10.1, 25.1, and 11.9 nm, for NPs
synthesized in distilled water, ethanol, isopropanol, and acetone. BTO nanoparticles at
both wavelengths are clustered.
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Figure 2. TEM micrographs corresponding to BTO nanoparticles synthesized by PLAL using
(a) λ = 532 nm and (b) λ = 1064 nm.

For the nanoparticles produced using λ = 532 nm, the SAED micrographs showed the
presence of concentric rings, which corresponded to the following diffraction planes of
orthorhombic bismuth titanium oxide (JCPDF No. 73-2181): NPs produced in DW showed
the planes (0 0 14), (2 2 8), (1 3 9), and (4 2 6); NPs produced in isopropanol showed (1 1 1),
(2 1 4), and (2 2 0); and NPs produced in acetone showed (1 1 5), (0 0 14), (2 1 6), and (2 2 4),
all of them corresponding to the orthorhombic Bi4Ti3O12 (JCPDF No. 73-2181), while the
nanoparticles produced in ethanol showed no planes, due to the amorphous nature of
nanoparticles obtained by this medium. Moreover, BTO nanoparticles synthesized by
PLAL using λ = 1064 nm in different media presented the following diffraction planes of
orthorhombic BTO: in DW, (1 1 7), (1 2 7), and (2 0 12); in ethanol, (0 1 8), (2 0 8), and (2 0 12);
in isopropanol, (0 1 4), (1 1 5), (0 1 10), and (2 0 8); and in acetone, (1 1 5), (1 1 11), (0 0 20),
and (2 0 12).
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Figure 2 shows the different sizes of nanoparticles in the different media used; however,
with ethanol it is observed that the diameter of the nanoparticles produced is more uniform.

There is an excellent review on the variables that determine particle size, morphology,
and properties of the resulting colloids via laser ablation in liquid media [43]. In short, at
higher laser wavelengths, particle size is broader due to the low absorption of the material
at the given wavelength (1064 nm). At shorter wavelengths, such as 532 nm, particle
size distributions are narrower and the average particle size is smaller due to the higher
absorption of the materials [44]. BTO absorbs light in the UV range (λ < 400 nm) [45], which
explains this behavior. Also, the dipole moment from the solvent plays an important role
in particle size distribution. Ethanol has a dipole moment of 1.69, which interacts with the
electrostatic force from the electrical double layer from the nuclei and species of the plasma
plume formed during the ablation process. Acetone has the highest dipole moment of 2.89.
Therefore, this explains the different particle sizes and morphology changes of the obtained
colloids in ethanol [46].

3.2. Crystal Structure

Figure 3 shows the diffractogram of the BTO target and nanoparticles synthesized by
PLAL using a wavelength of (a) λ = 532 nm and (b) λ = 1064 nm. The precursor target
showed a polycrystalline nature, corresponding to the orthorhombic bismuth titanium
oxide (JCPDF No. 73-2181). BTO nanoparticles synthesized by PLAL at λ = 532 nm
(Figure 3a) for DW, isopropanol, and acetone preserved the polycrystalline nature. No
signal was detected for the NPs produced in ethanol with 532 nm (see Figures 2a and 3a
with ethanol). There are reports on amorphous nanoparticles obtained via laser ablation in
liquid media. Typically, oxygen affine transition metals produce amorphous nanoparticles,
mostly in water. However, at higher wavelengths, there is a chance of photofragmentation
due to the higher absorption of light of the already present products of ablation. Other
processes such as interband excitation, multiphoton absorption, and photoionization can
lead to break the thermodynamic equilibrium state, especially at shorter wavelengths. Also,
the solvent properties play a role in the crystallinity of the nanoparticles; organic solvents
yield amorphous nanoparticles when oxygen with a single bond is present due to the lower
binding energy of the C-C bond compared to the C=O double bond [47].
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Those produced in acetone and isopropanol have a preferred orientation in the (1 1 7)
direction; see Figure 3a. Figure 3b depicts the diffractograms for the BTO NPs produced
by PLAL at λ = 1064 nm produced in different media. The NPs synthesized in distilled
water, ethanol, isopropanol, and acetone show a polycrystalline nature, with higher counts
compared with those produced by PLAL at λ = 532 nm. Furthermore, BTO nanoparti-
cles synthesized at λ = 1064 nm in every medium showed preferential orientation in the
(1 1 7) direction.

3.3. Chemical State

Figure 4a,b show the XPS core level spectra for λ = 532 nm and λ = 1064 nm of BTO
nanoparticles in distilled water, ethanol, isopropanol, and acetone, respectively. To compare,
the core levels of the target are shown as well. From Figure 4a,b, the binding energies
corresponding to the elements in the lattice of the Bi4Ti3O12 target are: 158.78 eV for Bi
4f7/2, 458.2 for Ti 2p3/2, and 529.87 eV for O 1s, which are values in agreement with similar
materials. It is important to note that a component for the Bi 4d5/2 core level appears on
the Ti 2p spectra, which is expected for BTO, with a binding energy of 466.2 eV [19]. The
peaks that are doublets possess spin-orbit components of 5.3 eV for Bi 4f, and 5.82 eV for
Ti 2p [48]. After ablation, the binding energies for the peaks for Bi 4f decrease, which is
also true for O 1s peaks. We present the discussion for the sample obtained with laser
ablation for a 1064 nm laser in ethanol as the liquid media. In particular, the peak shape for
O 1s is modified and new peaks appear at 530.58 eV and 531.6 eV, which are attributed to
surface defects of oxygen [49]. It is important to note that the nanoparticles prepared on
DW with the λ = 532 nm laser possess a component due to bismuth hydroxide at 158.88 eV
and 531.54 eV for Bi 4f7/2 and O 1s, respectively. This is due to the solvent effects and
laser energy. Some of the peaks of Bi 4f also possess a metallic component of 157.95 eV.
These effects can be explained by a strong solvent effect and the high photon energy of
the laser. Usually, properties such as refraction index, thermal properties, and flash point
influence the final desired result of the nanoparticles [50]. It is important to note that the
formation of bismuth oxides and hydroxides is very likely in a liquid medium such as
distilled water. For example, Dasashi and co-workers determined the formation of different
oxides and hydroxides of bismuth from a pure metallic target employing a λ = 1064 nm
Nd:YAG laser. They found out that the nanoparticles interact strongly with the wavelength
of the laser and the liquid media [51]. As such, it is expected that using a short-wavelength
laser should induce the formation of bismuth hydroxides. The oxygen vacancies present
after ablation are in agreement with other methods to induce oxygen vacancies, such as
mechanical milling [52], chemical engineering [53], and sol-gel methods [54]. For the case
of laser ablation in liquid media, the formation of oxygen vacancies can be obtained by
varying the solvent used and the laser without employing long reaction times or producing
harmful by-products. As such, the engineering of the vacancies can be facilitated by this
method. It is important to note that the role of the vacancies play a fundamental part
in applications such as magnetic materials [55]. Some Bi peaks also present a metallic
component due to a reduction effect from the photon energy of the laser [56].

Tables 1 and 2 show the XPS binding energies corresponding to the core levels for the
nanoparticles obtained with λ = 532 nm and λ = 1064 nm lasers, respectively. The binding
energies of the core levels corresponding to the target are also included.
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Table 1. XPS binding energies corresponding to the core levels for the nanoparticles obtained with a
λ = 532 nm laser. The binding energies of the core levels corresponding to the target are also included.

Sample Bi 4f Ti 2p O 1s

DW
4f7/2: 158.88 eV, 4f5/2: 164.17 eV
4f7/2: 158.37 eV, 4f5/2: 163.53 eV
4f7/2: 157.63 eV, 4f5/2: 162.95 eV

2p3/2: 458.29 eV,
2p1/2: 463.51 eV
Bi 4d: 465.81 eV

531.54 eV
530.87 eV
530.12 eV
529.13 eV

Ethanol 4f7/2: 158.69 eV, 4f5/2: 164 eV
2p3/2: 458.01 eV,
2p1/2: 462.2 eV
Bi 4d: 465.68 eV

532.3 eV
530.58 eV
529.21 eV

Isopropanol 4f7/2: 158.86 eV, 4f5/2: 164.16 eV
2p3/2: 458.06 eV,
2p1/2: 462.91 eV
Bi 4d: 465.41 eV

532.43 eV
530.92 eV
529.48 eV

Acetone 4f7/2: 158.45 eV, 4f5/2: 163.76 eV
2p3/2: 458.48 eV,
2p1/2: 463.53 eV
Bi 4d: 466.26 eV

532.16 eV
530.76 eV
529.39 eV

Target 4f7/2: 158.78 eV, 4f5/2: 164.08 eV
2p3/2: 458.2 eV,
2p1/2: 464.02 eV
Bi 4d: 466.2 eV

529.87 eV

Table 2. XPS binding energies corresponding to the core levels for the nanoparticles obtained
with a λ = 1064 nm laser. The binding energies of the core levels corresponding to the target are
also included.

Sample Bi 4f Ti 2p O 1s

DW 4f7/2: 158.55 eV,
4f5/2: 164.43 eV

2p3/2: 457.7 eV,
2p1/2: 462.7 eV
Bi 4d: 465.5 eV

531.83 eV
530.51 eV
529.46 eV

Ethanol

4f7/2: 158.56 eV,
4f5/2: 163.87 eV
4f7/2: 157.95 eV,
4f5/2: 163.39 eV

2p3/2: 457.62 eV,
2p1/2: 462.26 eV
Bi 4d: 465.24 eV

531.6 eV
530.58 eV
528.8 eV

Isopropanol 4f7/2: 158.68 eV,
4f5/2: 163.99 eV

2p3/2: 457.62 eV,
2p1/2: 462.62 eV
Bi 4d: 465.24 eV

531.4 eV
530.46 eV
529.47 eV

Acetone 4f7/2: 158.33 eV,
4f5/2: 163.65 eV

2p3/2: 457.65 eV,
2p1/2: 462.33 eV
Bi 4d: 465.36 eV

532.2 eV
530.84 eV
529.5 eV

Target 4f7/2: 158.78 eV,
4f5/2: 164.08 eV

2p3/2: 458.2 eV,
2p1/2: 464.02 eV
Bi 4d: 466.2 eV

529.87 eV

3.4. Optical Properties

UV-Vis spectroscopy was employed to study the optical absorption of the ablated
BTO nanoparticles at both λ = 532 nm (Figure 5a) and λ = 1064 nm (Figure 5b). Figure 5a
shows the absorption of BTO nanoparticles produced by laser irradiation at λ = 532 nm.
The ablated nanoparticles show high absorption in the UV region of the electromagnetic
spectrum. The liquid medium in which NPs are formed has an impact on the location
of the absorption maximum. BTO nanoparticles obtained in distilled water have their
maximum at 270 nm, while the nanoparticles in acetone present two maxima located at
211 and 328 nm. In a similar way, NPs produced in ethanol present absorption maxima
at 221 and 271 nm, and nanoparticles produced in isopropanol have maxima at 218 and
267 nm. Figure 5b depicts the absorption of BTO nanoparticles formed by laser irradiation
at λ = 1064 nm. BTO nanoparticles obtained in distilled water have their maximum at
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270 nm, while the nanoparticles in acetone present two maxima, located at 211 and 328 nm.
In a similar way, NPs produced in ethanol present absorption maxima at 221 and 271 nm,
and nanoparticles produced in isopropanol have maxima at 218 and 267 nm. Figure 5b
depicts the absorption of BTO nanoparticles formed by laser irradiation at λ = 1064 nm.
These maxima are associated with the mean sizes of the clusters of NPs formed in the
different media. Furthermore, the band gap (Eg) of the BTO NPs was studied (inset inside of
Figure 5a,b). Using a laser wavelength of 532 nm, the indirect band gaps were 2.55, 2.38, 2.18,
and 1.32 eV for the BTO NPs produced by PLAL in DW, ethanol, isopropanol, and acetone,
respectively. On the other hand, BTO NPs produced using a laser wavelength of 1064 nm
showed indirect band gap energy of 2.24, 2.13, 1.87, and 1.65 eV for the NPs produced in
DW, ethanol, isopropanol, and acetone, respectively. For the BTO NPs produced in DW,
ethanol, and isopropanol at both laser wavelengths, the indirect optical bandgap transition
can be demonstrated by photons in the visible range of the electromagnetic spectrum,
while the nanoparticles produced in acetone present their indirect optical bandgap in the
near-infrared region. The noise seen for both samples with acetone in Figure 5a,b from
220 nm to 330 nm is mainly due to two reasons:

1. This signal is characteristic of acetone (CH3CH3), since the energy radiation interacts
with the bonds of acetone, absorbing energy at these wavelengths as reported in [57–59].

2. This noise also increases because acetone interacts with the material in the plasmonic
region; having an electronic pair to share (that is, a carbon double bond of oxygen)
confers high reactivity to the medium in this wavelength range donating electrons
that react more with metals.
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These results show that the BTO NPs produced by PLAL could have potential appli-
cations in photocatalysis, since their optical transition energy could be provided by the
solar spectrum.

4. Conclusions

Bismuth titanate nanoparticles have been successfully synthesized via pulsed laser ab-
lation in distilled water, ethanol, isopropanol, and acetone. The morphological, crystalline,
and optical properties have been studied to evaluate the impact of the laser wavelength



Materials 2023, 16, 7451 10 of 12

(532 nm and 1064 nm) and liquid medium on the properties of the BTO nanoparticles. TEM
micrographs show that PLAL produced spherical particles, yet the sizes of the nanoparti-
cles depended on the medium. SAED and XRD confirmed the polycrystalline nature of
the BTO nanoparticles, with peaks associated with the orthorhombic phase of bismuth
titanate. XPS spectra verified the chemical state of Bi, Ti, and O of each sample. Optical
absorption spectra showed differences between the BTO NPs produced in different media
and at different laser wavelengths. The optical bandgap values lie between 2.27 and 3.27 eV,
depending on the medium and laser wavelength used.
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23. Lazarević, Z.; Stojanović, B.D.; Paiva-Santos, C.O.; Romčević, N. Study of Structure and Properties of Bi4Ti3O12 Prepared by
Mechanochemical Syntheses. Ferroelectrics 2008, 368, 154–162. [CrossRef]

24. Kong, L.; Ma, J.; Zhu, W.; Tan, O. Preparation of Bi4Ti3O12 ceramics via a high-energy ball milling process. Mater. Lett. 2001, 51,
108–114. [CrossRef]

25. Zhang, D.; Liu, J.; Li, P.; Tian, Z.; Liang, C. Recent Advances in Surfactant-Free, Surface-Charged, and Defect-Rich Catalysts
Developed by Laser Ablation and Processing in Liquids. Chemnanomat 2017, 3, 512–533. [CrossRef]

26. Kanitz, A.; Kalus, M.-R.; Gurevich, E.L.; Ostendorf, A.; Barcikowski, S.; Amans, D. Review on experimental and theoretical
investigations of the early stage, femtoseconds to microseconds processes during laser ablation in liquid-phase for the synthesis
of colloidal nanoparticles. Plasma Sources Sci. Technol. 2019, 28, 103001. [CrossRef]

27. Dell’aglio, M.; De Giacomo, A. Optical Diagnostics during Pulsed Laser Ablation in Liquid (PLAL) for the Production of Metallic
Nanoparticles. Appl. Sci. 2021, 11, 10344. [CrossRef]

28. Yan, Z.; Chrisey, D.B. Pulsed laser ablation in liquid for micro-/nanostructure generation. J. Photochem. Photobiol. C Photochem.
Rev. 2012, 13, 204–223. [CrossRef]

29. Wang, C.X.; Liu, P.; Cui, H.; Yang, G.W. Nucleation and growth kinetics of nanocrystals formed upon pulsed-laser ablation in
liquid. Appl. Phys. Lett. 2005, 87, 201913. [CrossRef]

30. Dell’aglio, M.; Motto-Ros, V.; Pelascini, F.; Gornushkin, I.B.; De Giacomo, A. Investigation on the material in the plasma phase by
high temporally and spectrally resolved emission imaging during pulsed laser ablation in liquid (PLAL) for NPs production and
consequent considerations on NPs formation. Plasma Sources Sci. Technol. 2019, 28, 085017. [CrossRef]

31. Long, J.; Eliceiri, M.H.; Ouyang, Y.; Zhang, Y.; Xie, X.; Grigoropoulos, C.P. Effects of immersion depth on the dynamics of
cavitation bubbles generated during ns laser ablation of submerged targets. Opt. Lasers Eng. 2021, 137, 106334. [CrossRef]

32. Ibrahimkutty, S.; Wagener, P.; Menzel, A.; Plech, A.; Barcikowski, S. Nanoparticle formation in a cavitation bubble after pulsed
laser ablation in liquid studied with high time resolution small angle x-ray scattering. Appl. Phys. Lett. 2012, 101, 103104.
[CrossRef]

33. Zhang, D.; Liu, J.; Liang, C. Perspective on how laser-ablated particles grow in liquids. Sci. China Phys. Mech. Astron. 2017, 60,
074201. [CrossRef]

34. Ledoux, G.; Amans, D.; Dujardin, C.; Masenelli-Varlot, K. Facile and rapid synthesis of highly luminescent nanoparticles via
pulsed laser ablation in liquid. Nanotechnology 2009, 20, 445605. [CrossRef] [PubMed]

35. Mostafa, A.M.; Yousef, S.A.; Eisa, W.H.; Ewaida, M.A.; Al-Ashkar, E.A. Synthesis of cadmium oxide nanoparticles by pulsed laser
ablation in liquid environment. Optik 2017, 144, 679–684. [CrossRef]

36. Popovic, D.M.; Chai, J.S.; A Zekic, A.; Trtica, M.; Momcilovic, M.; Maletic, S. Synthesis of silicon-based nanoparticles by 10.6 µm
nanosecond CO2laser ablation in liquid. Laser Phys. Lett. 2012, 10, 026001. [CrossRef]

37. Monsa, Y.; Gal, G.; Lerner, N.; Bar, I. A simple strategy for enhanced production of nanoparticles by laser ablation in liquids.
Nanotechnology 2020, 31, 235601. [CrossRef]

https://doi.org/10.1016/j.jcis.2018.05.112
https://www.ncbi.nlm.nih.gov/pubmed/29879679
https://doi.org/10.1016/j.molcata.2013.08.001
https://doi.org/10.1016/j.cjche.2018.02.017
https://doi.org/10.1016/j.ijhydene.2016.07.162
https://doi.org/10.1007/s10971-012-2723-9
https://doi.org/10.1111/j.1551-2916.2007.02014.x
https://doi.org/10.1143/JJAP.34.5141
https://doi.org/10.1016/j.proenv.2013.04.074
https://doi.org/10.1143/JJAP.45.7385
https://doi.org/10.1016/S0955-2219(02)00087-0
https://doi.org/10.1016/j.materresbull.2015.11.005
https://doi.org/10.1080/00150190802368339
https://doi.org/10.1016/S0167-577X(01)00274-9
https://doi.org/10.1002/cnma.201700079
https://doi.org/10.1088/1361-6595/ab3dbe
https://doi.org/10.3390/app112110344
https://doi.org/10.1016/j.jphotochemrev.2012.04.004
https://doi.org/10.1063/1.2132069
https://doi.org/10.1088/1361-6595/ab369b
https://doi.org/10.1016/j.optlaseng.2020.106334
https://doi.org/10.1063/1.4750250
https://doi.org/10.1007/s11433-017-9035-8
https://doi.org/10.1088/0957-4484/20/44/445605
https://www.ncbi.nlm.nih.gov/pubmed/19809121
https://doi.org/10.1016/j.ijleo.2017.06.065
https://doi.org/10.1088/1612-2011/10/2/026001
https://doi.org/10.1088/1361-6528/ab78ac


Materials 2023, 16, 7451 12 of 12

38. Kalus, M.; Barcikowski, S.; Gökce, B. How the Physicochemical Properties of the Bulk Material Affect the Ablation Crater Profile,
Mass Balance, and Bubble Dynamics During Single-Pulse, Nanosecond Laser Ablation in Water. Chem. A Eur. J. 2021, 27,
5978–5991. [CrossRef]

39. Zhang, D.; Li, Z.; Sugioka, K. Laser ablation in liquids for nanomaterial synthesis: Diversities of targets and liquids. J. Phys.
Photonics 2021, 3, 042002. [CrossRef]

40. Wang, H.; Rao, H.; Luo, M.; Xue, X.; Xue, Z.; Lu, X. Noble metal nanoparticles growth-based colorimetric strategies: From
monocolorimetric to multicolorimetric sensors. Coord. Chem. Rev. 2019, 398, 113003. [CrossRef]

41. Lin, Z.-H.; Wang, C.C. Evidence on the size-dependent absorption spectral evolution of selenium nanoparticles. Mater. Chem.
Phys. 2005, 92, 591–594. [CrossRef]

42. González, A.L.; Noguez, C.; Beránek, J.; Barnard, A. Size, Shape, Stability, and Color of Plasmonic Silver Nanoparticles. J. Phys.
Chem. C 2014, 118, 9128–9136. [CrossRef]

43. Naser, H.; Alghoul, M.A.; Hossain, M.K.; Asim, N.; Abdullah, M.F.; Ali, M.S.; Alzubi, F.G.; Amin, N. The role of laser ablation
technique parameters in synthesis of nanoparticles from different target types. J. Nanoparticle Res. 2019, 21, 249. [CrossRef]

44. Patra, N.; Akash, K.; Shiva, S.; Gagrani, R.; Rao, H.S.P.; Anirudh, V.; Palani, I.; Singh, V. Parametric investigations on the influence
of nano-second Nd3+:YAG laser wavelength and fluence in synthesizing NiTi nano-particles using liquid assisted laser ablation
technique. Appl. Surf. Sci. 2016, 366, 104–111. [CrossRef]

45. Ding, Z.; Tang, X.; Ren, J.; Liu, X.; Chen, Y.; Xia, Z.; Cao, L.; Chen, X.; Yang, F. Tuning the band gaps of ferroelectric Aurivillius
compounds by transition metal substitution. Ceram. Int. 2019, 46, 8314–8319. [CrossRef]

46. Bajaj, G.; Soni, R.K. Effect of liquid medium on size and shape of nanoparticles prepared by pulsed laser ablation of tin. Appl.
Phys. A 2009, 97, 481–487. [CrossRef]

47. Liang, S.-X.; Zhang, L.-C.; Reichenberger, S.; Barcikowski, S. Design and perspective of amorphous metal nanoparticles from laser
synthesis and processing. Phys. Chem. Chem. Phys. 2021, 23, 11121–11154. [CrossRef]

48. Moulder, J.F.; Chastain, J. Handbook of X-ray Photoelectron Spectroscopy: A Reference Book of Standard Spectra for Identification and
Interpretation of XPS Data; Physical Electronics Division, Perkin-Elmer Corporation: Waltham, MA, USA, 1992.

49. Chang, M.-J.; Zhang, C.-M.; Liu, J.; Wang, H.; He, Z.-W.; Chen, J.-L.; Tang, Z.-Y.; Zhu, W.-Y.; Du, H.-L.; Yang, J.; et al. Efficiently
enhanced photoelectrochemical performance of TiO2 photoanode by facile drop-coating and calcination decoration of Bi4Ti3O12.
J. Sol-Gel Sci. Technol. 2022, 103, 496–504. [CrossRef]

50. Johny, J.; Guzman, S.S.; Krishnan, B.; Martinez, J.A.A.; Avellaneda, D.A.; Shaji, S. SnS2 nanoparticles by liquid phase laser ablation:
Effects of laser fluence, temperature and post irradiation on morphology and hydrogen evolution reaction. Appl. Surf. Sci. 2019,
470, 276–288. [CrossRef]

51. Dadashi, S.; Poursalehi, R.; Delavari, H. Formation, gradual oxidation mechanism and tunable optical properties of Bi/Bi2O3
nanoparticles prepared by Nd:YAG laser ablation in liquid: Dissolved oxygen as genesis of tractable oxidation. Mater. Res. Bull.
2018, 97, 421–427. [CrossRef]

52. Liu, Z.; An, Y.; Zhang, W.; Zhu, L.; Zhu, G. Au nanoparticles modified oxygen-vacancies-rich Bi4Ti3O12 heterojunction for efficient
photocatalytic NO removal with high selectivity. J. Alloys Compd. 2023, 942, 169018. [CrossRef]

53. Tang, Q.; Wu, J.; Chen, X.-Z.; Sanchis-Gual, R.; Veciana, A.; Franco, C.; Kim, D.; Surin, I.; Pérez-Ramírez, J.; Mattera, M.; et al.
Tuning oxygen vacancies in Bi4Ti3O12 nanosheets to boost piezo-photocatalytic activity. Nano Energy 2023, 108, 108202. [CrossRef]

54. Zhang, Y.; Chen, Z.; Lu, Z. A Facile Method for the Preparation of Colored Bi4Ti3O12−x Nanosheets with Enhanced Visible-Light
Photocatalytic Hydrogen Evolution Activity. Nanomaterials 2018, 8, 261. [CrossRef] [PubMed]

55. Ti, R.; Wang, C.; Wu, H.; Xu, Y.; Zhang, C. Study on the structural and magnetic properties of Fe/Co co-doped Bi4Ti3O12 ceramics.
Ceram. Int. 2019, 45, 7480–7487. [CrossRef]

56. Zhang, K.; Ivanov, D.S.; Ganeev, R.A.; Boltaev, G.S.; Krishnendu, P.S.; Singh, S.C.; Garcia, M.E.; Zavestovskaya, I.N.; Guo, C. Pulse
Duration and Wavelength Effects of Laser Ablation on the Oxidation, Hydrolysis, and Aging of Aluminum Nanoparticles in
Water. Nanomaterials 2019, 9, 767. [CrossRef] [PubMed]

57. Duque, J.; Blandón, J.; Riascos, H. Localized Plasmon resonance in metal nanoparticles using Mie theory. J. Phys. Conf. Ser. 2017,
850, 012017. [CrossRef]

58. Hu, L.; Nie, L.; Xu, G.; Shi, H.; Xu, X.; Zhang, X.; Yan, Z. Spectral properties of 4-(4-hydroxy-1-naphthylazo)benzenesulfonic acid
and its application for colorimetric determination of trace Fe3+. RSC Adv. 2014, 4, 19370–19374. [CrossRef]

59. Al-Aaraji, N.A.-H.; Mousa, A.O.; Naser, B.A. Effect of Polarity of Solvents on Linear Optical Properties for Organic Dye. J. Phys.
Conf. Ser. 2019, 1234, 012036. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/chem.202005087
https://doi.org/10.1088/2515-7647/ac0bfd
https://doi.org/10.1016/j.ccr.2019.06.020
https://doi.org/10.1016/j.matchemphys.2005.02.023
https://doi.org/10.1021/jp5018168
https://doi.org/10.1007/s11051-019-4690-3
https://doi.org/10.1016/j.apsusc.2016.01.072
https://doi.org/10.1016/j.ceramint.2019.12.062
https://doi.org/10.1007/s00339-009-5248-5
https://doi.org/10.1039/D1CP00701G
https://doi.org/10.1007/s10971-022-05796-y
https://doi.org/10.1016/j.apsusc.2018.11.157
https://doi.org/10.1016/j.materresbull.2017.09.029
https://doi.org/10.1016/j.jallcom.2023.169018
https://doi.org/10.1016/j.nanoen.2023.108202
https://doi.org/10.3390/nano8040261
https://www.ncbi.nlm.nih.gov/pubmed/29690518
https://doi.org/10.1016/j.ceramint.2019.01.040
https://doi.org/10.3390/nano9050767
https://www.ncbi.nlm.nih.gov/pubmed/31109104
https://doi.org/10.1088/1742-6596/850/1/012017
https://doi.org/10.1039/C4RA00512K
https://doi.org/10.1088/1742-6596/1234/1/012036

	Introduction 
	Materials and Methods 
	Results 
	Morphology 
	Crystal Structure 
	Chemical State 
	Optical Properties 

	Conclusions 
	References

