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ARTICLE INFO ABSTRACT

Keywords: The advent of femtosecond pulsed lasers has revolutionized materials science by enabling intense, ultrashort
Semiconductor light pulses, facilitating nonlinear optical phenomena and structural modifications in materials. AgsVOy,, with its
AgsVO4 narrow band-gap, faces challenges such as charge recombination, leading to the exploration of doped and
Femtosecond pulsed laser . . . . . s o . . . .
ALVO composite materials to improve efficiency in its applications. This work introduces a femtosecond laser irradi-
Plga szn effect ation method to produce intrinsic p-type (AgsVO4)/n-type (AgVOs3) semiconductor heterostructures, along with
Heterostructure metallic silver (Ag®) with plasmon effect in one-step for the first time. The heterostructures were experimentally

DFT characterized (X-ray diffraction, Raman and Ultraviolet-visible spectroscopies, Field Emission Scanning Electron
Microscope and Transmission Electron Microscopy) and discussed through quantum-mechanical, which provide
insights into their structural, electronic, and vibrational properties and morphological analysis. X-ray diffraction
and Raman spectroscopy indicated the presence of metallic Ag and p-AgVOs, with plasmon effects, along with
Ag3V04. A detailed theoretical analysis revealed structural distortions and atomic environment influencing
atomic charges, with -AgVO3; exhibiting more ionic Ag and V cations and significant O atom charge variations
compared to Ag3VO4. Unexpected argentophilic and anion-anion interactions in p-AgVO3 were identified, which
may help in the understanding of silver nanoparticle growth under electron irradiation. The described produc-
tion procedure provides the obtention of a new heterostructure, which may have the potential to its applications
be explored.

1. Introduction

Since the 1960s, the advent of continuous-wave and pulsed lasers has
provided access to high power coherent radiation, driving forward sci-
entific and technological progress in materials science [1,2]. Among
pulsed lasers, mode-locked femtosecond pulsed lasers produce intense
ultrashort light pulses lasting around 107'° s, around the duration of
vibrational modes of molecules (from 107 to 10712 s) [1,3-6]. Such
pulses contain peak electric fields with amplitudes comparable to or
much higher than the interatomic fields of materials. Hence, intense
sources of radiation extrapolate the regime of linear optics, under which
the light-matter interaction is independent of the light intensity, and a
plethora of non-linear optical phenomena need to be considered [7,8].

* Corresponding author.
** Corresponding author.

In the realm of non-linear optics, high-power lasers can induce phe-
nomena like second and third-harmonic generation, two-photon ab-
sorption, multiphoton, tunneling or avalanche/impact ionization, and
stimulated Raman effects [7-10]. The low-order harmonic generation
begins at intensities ranging from 10° to 10'2 W/cm? [8]. Upon inter-
acting resonantly with a target material, UV to IR femtosecond pulses
drive electronic excitations, leading to carrier excitation, thermaliza-
tion, removal, and various thermal and non-thermal effects [11,12].
Thermal conduction during femtosecond pulsed laser irradiation can be
negligible, limiting thermally affected zones and microcracks after
irradiation [4,8,13]. The incident pulses can excite electrons from
transition to the conduction band, potentially weakening chemical
bonds and enhancing atomic mobility without increasing lattice thermal

E-mail addresses: ivo.pinatti@ufma.br (I.M. Pinatti), elson.liec@gmail.com (E. Longo).

https://doi.org/10.1016/j.mtchem.2025.102738

Received 4 November 2024; Received in revised form 10 April 2025; Accepted 3 May 2025

Available online 12 May 2025

2468-5194/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-5948-2150
https://orcid.org/0000-0002-5948-2150
https://orcid.org/0000-0001-7777-7692
https://orcid.org/0000-0001-7777-7692
https://orcid.org/0000-0002-0964-3075
https://orcid.org/0000-0002-0964-3075
https://orcid.org/0000-0002-4464-0937
https://orcid.org/0000-0002-4464-0937
mailto:ivo.pinatti@ufma.br
mailto:elson.liec@gmail.com
www.sciencedirect.com/science/journal/24685194
https://www.journals.elsevier.com/materials-today-chemistry/
https://doi.org/10.1016/j.mtchem.2025.102738
https://doi.org/10.1016/j.mtchem.2025.102738
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtchem.2025.102738&domain=pdf

G.H. Cruvinel et al.

energy (non-thermal effect) [12,14-18]. This mechanism allows for
structural alterations without necessitating thermal equilibrium [12,
16-18], as seen in theoretical calculations indicating a rise in local
structural disorder within AgX (X: Cl, Br, and I) lattices under laser
irradiation, where electronic temperature significantly influences elec-
tronic and structural changes [19].

The correlation between the composition, structure, and properties
of materials has been widely published, including various synthesis and
processing techniques that can result in distinct structural alterations,
leading to corresponding changes in properties. Thus, manipulating
synthesis and processing methods enables the attainment of desired
property modifications [20]. Macedo et al. [21], Oliveira et al. [22], and
Foggi et al. [23] works demonstrate the composition and processing of
silver materials on bactericidal activity. According to their works,
AgVOs3 exhibits greater potential for bactericidal activity compared to
AgoMoO4 and AgoWO,4 materials. Specifically, in the discussion of
cube-shaped AgyWO,, there is a notable change in the minimum
bactericidal concentration upon electron and laser irradiation. The
production of silver-based composites results in enhanced bactericidal
activity, with laser irradiation leading to more substantial increases due
to induced structural modifications favoring this activity. In contrast to
traditional approaches, composite production by laser and electron ir-
radiations involves the assembly of a new phase using atoms from the
original structure, eliminating the necessity for organic or inorganic
compounds in the process.

Silver orthovanadate p-type semiconductor (AgsVO,4) exhibits three
polymorphs: o-phase, p-phase, and y-phase [24-28]. These phases
manifest the following distinct crystalline structures: monoclinic
(a-phase), tetragonal (B-phase), and cubic (y-phase) [24,26]. The in-
terest in its photocatalytic activity stems from its narrow band-gap
(1.95-2.58 eV) and efficient generation of charge carriers (free elec-
trons and holes) that produce reactive oxygen species useful in pollutant
decomposition [24,29-34]. However, issues such as photo-corrosion
and rapid recombination of charge carriers hinder its performance,
prompting research efforts to enhance its photocatalytic activity [32,35,
36]. Significant endeavors have been dedicated to enhancing the pho-
tocatalytic performance of materials, including incorporating doping
techniques or utilizing composites/hybrids with low band-gap semi-
conductors to mitigate the recombination of photoinduced charge car-
riers [29,33,36,37]. Such endeavors, coupled with various other factors,
have spurred the scientific community to explore numerous composite
and hybrid materials, exemplified by NiO/AgsVO,4, AgsV0O4/Zn0, and
AgsV04/C3Ny/Reduced TiOg [37-39]. Furthermore, the literature re-
ports that the phenomenon of surface plasmon resonance of silver par-
ticles on the surface can amplify visible light absorption, which may
improve the photocatalytic activity response [40].

This work presents a different approach to producing AgsVO./
AgVO3/Ag heterostructure samples from AgsVO, using a one-step route:
femtosecond pulsed laser irradiation. The heterostructure samples were
experimentally characterized by field emission scanning electron mi-
croscopy (FE-SEM), transmission electron microscopy (TEM), UV-Vis
diffuse reflectance and Raman spectroscopies, and X-ray diffraction
(XRD). Also, ab initio quantum-mechanical calculations (DFT) were
performed to provide an in-depth atomic-level comprehension to eval-
uate their structural, vibrational, electronic properties, chemical in-
teractions, charges, and their distributions.

2. Experimental procedure
2.1. Synthesis

The procedure to synthesize silver orthovanadate (AgzVOy4) crystals
for different synthesis times: 2* (x: 1, 2, 3, 4, 5 and 6) min is based on
Cruvinel et al. [41] work, which used microwaves-assisted hydrothermal
method (MAHM).

To synthesize composite crystals a Ti:Sapphire laser was used, which
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emitted pulses with a temporal width of 150 fs (FWHM - full width at
half maximum), with a central wavelength of 775 nm at a repetition rate
of 1 kHz and energy per pulse of up to 400 pJ, with external neutral
density filters to control the laser power. The laser beam was steered by
mirrors and focused in the sample by a 200 mm focal length lens. The
distance between the lens and the sample was finely controlled by a
stepper motor, and the beam profile was chosen as large as possible for a
certain desired irradiation intensity/fluence, reducing the irradiation
time. The femtosecond pulsed laser irradiation system is represented
schematicly in Fig. S1.

The sample was deposited on top of a quartz plate, which, in turn,
was placed on a support that could carry out translational movements
(two-dimensional stage) perpendicular to the incidence of the laser
beam at a speed of 5 mm/s. The samples were irradiated along paths of
parallel lines with a distance between two adjacent lines equivalent to
the diameter of the laser beam on the sample, with values of fluences
and laser peak intensities presented in Table S1. The irradiation routine
was digitally controlled by a computer program developed in LabView.

The interaction between laser radiation and the samples caused
instantaneous visual changes. The samples changed their colors from
yellow-orange to grayish-black, which visually indicated the formation
of the composite. The layer of AgsVO,4 deposited on the quartz plate was
less than 2 mm; the incident laser did not completely penetrate the
sample, part of the original sample was conserved. Then, a second round
of irradiation for the same sample was performed, mixing it after the
first irradiation. Finally, the irradiated powder was collected and stored
in a microtube for further characterization. Fig. S2 shows the sample on
the quartz slide during the irradiation process.

2.2. Characterizations

All samples were structurally characterized at long, medium, and
short range (X-ray diffraction, Raman, and UV-Vis diffuse reflectance
spectroscopies) and morphologically characterized by SEM and TEM. All
samples were structurally characterized using Rigaku X-Ray Diffrac-
tometers, model DMax2500PC, Japan (Cu-Ka radiation; 1 = 1.5406 A;
20 range: 10°~110°); model Ultima IV, Japan (Cu-Ka radiation, 26 range:
10°-120°, scan speed: 0.0200°/second, tube voltage: 40 kV and tube
current: 20 mA); and model SmartLab SE, Japan (Cu-Ke radiation, 20
range: 15°-80°, scan speed: 0.5000°/minute, ® (incidence angle): 1°,
mode: small incident angle, tube voltage: 40 kV and tube current: 50
mA). The diffraction patterns obtained for the composite samples were
compared with ICSD (Inorganic Crystal Structure Data) crystallographic
sheets No. 417469 [42], No. 82079 [43] e No. 181730 [44] referring to
the Ag3VO4 (monoclinic structure), AgVO3 (monoclinic structure) e AgO
(cubic structure) respectively. Morphological characterization was per-
formed via scanning electron microscopy with a field emission gun
(FEG-SEM), using a Carl Zeiss Supra 35-VP (Germany) operating at 5 kV,
and transmission electron microscopy (TEM) using a FEI Tecnai F20,
USA, (Accelerating Voltage: 200 keV, Beam Current: 1 nA) and FEI
Tecnai G2 F20 HRTEM (Accelerating Voltage: 200 keV, Beam Current: 1
nA), equipped with EDS (Energy Dispersive X-ray Spectroscopy) detec-
tor (Energy Resolution: 134 eV, Reference Energy: 5.9 keV, Minimum
Energy: 100 eV, Detector Thickness: 3 mm, Detector Distance: 11.8 mm,
Detector Angle: 14.6 deg, Detector Azimuth: 0 deg, Layer Definition:
Edax from S/N 9577), microscopes. Raman spectroscopy (micro-Raman)
measurements were conducted at room temperature, ranging from 50 to
1200 cm}, using a Micro-Raman iHR550 spectrometer (Horiba
Jobin-Yvon, Japan) with a CCD detector and a He-Ne laser (Melles
Griot, USA) operating at A = 633 nm and a maximum power of 200 mW.
Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis) measure-
ments of irradiated silver orthovanadate powders were carried out at
room temperature using a Varian Cary 5G spectrophotometer, USA
(wavelength range: 400-800 nm).



G.H. Cruvinel et al.
2.3. Computational details

In this study, the structural, electronic, vibrational, topological
properties, and charge distribution of the $-AgVO3 semiconductor were
examined by first-principles calculations at the density functional theory
(DFT) level. The hybrid functional B3LYP [45,46] enhanced by
Grimme-D3 dispersion interactions [47] as implemented in the CRYS-
TAL17 code [48] was used. Oxygen (O) and vanadium (V) centers were
described by the all-electron 8-411d1 and 86-411d4G basis set, respec-
tively, and the Hay-Wadt small core pseudopotentials (HAYWSC)
311d31G basis set was employed for silver (Ag) [49-51]. Electronic
integration over the Brillouin Zone was carried out using a 6 x 6 x 6
Monkhorst-Pack k-point mesh [52]. The accuracy of the Coulomb and
exchange integrals was controlled by a set of five tolerances (ITOL) set at
8, 8, 8, 8, and 14, determining the overlap criteria for when the overlap
between two atomic orbitals is less than 10TV (10’8, 10’8, 10’8,
10_8, 107, The self-consistent field (SCF) convergence criterion was
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set to 10~8 Hartree for the total energy difference between two subse-
quent cycles, while the four conditions for the geometry optimization,
namely the root-mean-square (RMS) and the absolute value of the
largest component of both the gradient and the estimated displacements,
were set to 3.10_4, 1.2.10_3, 4.5.10_4, and 1.8.103 atomic units,
respectively. The.cif file used for f-AgVO3; geometry optimization was
ICSD crystallographic card No.: 82079 [43].

Harmonic approximation was used to calculate the vibrational fre-
quencies at the I'-point by diagonalizing the mass-weighted Hessian
matrix [53-55]. The charge distribution, the value of the band gap, and
the density of states (DOS) were used to complement the information on
the electronic properties [48]. In particular, the charge distribution of
the atoms in the structure was analyzed by combining a
two-dimensional electron density difference map with different charge
analysis methods (Mulliken, Hirshfeld, and Bader). To identify and
evaluate the chemical interactions among the atoms within the struc-
ture, it was conducted a topological analysis of the electronic density
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Fig. 1. XRD patterns of irradiated AgsVO, powders with the amplified region (in b) to g)) of the detected diffraction peak referring to metallic silver.
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p(r) by using the TOPOND code [56]. This analysis focused on the study
of the bond critical points, identified as (3, —1), which provide in-
formations on the nature of the chemical bonds according to Bader’s
theory [57].

3. Results and discussion
3.1. Structural analysis

X-ray diffraction patterns of irradiated materials are shown in Fig. 1
and Fig. S3 to obtain information on the long-range structure.

All X-ray diffraction patterns of irradiated AgsVO,4 samples are
following crystallographic cards No. 417469, No. 82079 and No.
181730 (Inorganic Crystal Structure Database - ICSD), which refers to
monoclinic structure and C2/c spatial group (AgsVO4) [26,27,42],
monoclinic structure and Cm spatial group (AgVOs) [43] and
face-centered cubic structure and Fm-3 m spatial group (Ag®), respec-
tively [44]. Low-intensity diffraction peaks for AgVO3; and metallic Ag
are observed, whose both of them may be associated to secondary phases
[58] (minority). High structure long-range order is noticed, which it is
indicated by the narrow and well-defined peaks for AgsVO4 [58].

The AgVOs3 and metallic Ag materials are identified by a diffraction
peak in 20 between 29° and 30° (see Figures S3 a)-i) and b) and S4 a)),
which are attributed to the Miller indices (401), (11 1), (111), (310), (60
1), (31 1), (602), according to crystallographic card No. 82079, and by a
diffraction peak in 26 between 37.6° and 38.4° (see Fig. 1 a) — g) and S3
a)-g)), which is attributed to the (111) Miller index, according to crys-
tallographic card No. 181730, respectively. These X-ray diffractograms
are important evidence to heterostructure formation.

AgsVOy4 synthesis showed slight long-range structural changes by
employing the microwaves-assisted hydrothermal method and time
synthesis as a manipulative synthesis parameter [41]. Moreover, X-ray
diffractograms of irradiated samples do not show substantial changes in
their long-range structure among the irradiated samples (see Fig. 1, S3,
and S4 and Table S2). It was observed a slight left-shift of some peaks of
the AgsVO4 material in the irradiated samples compared to the irradi-
ated 2-min sample. Compared to the original samples, main peak loca-
tions and their FWHM associated with Ag3VO4 materials in the
irradiated samples do not represent significant alterations. Then, part of
this change can be associated with the femtosecond pulsed laser irra-
diation that may provoke an increase in the interplanar distances of
these planes, which means a small expansion in the volume of the unit
cell for this observed left-shift [59,60] and, therefore, an increase in the
long-range disorder.

According to Miyasaka et al. [61] study, it was evaluated ablation
rate dependence on laser fluence (0.05-2.5 J/cmz), incidence angle and
polarization in irradiated copper, which resulted in ablation rate values
superior to 1 nm/pulse on laser fluence values superior to 0.1 J/cm?.
Furthermore, thermal conduction during femtosecond pulsed laser
irradiation may be neglected on samples, which means heat affected
zone and microcracks are significantly reduced, and, consequently, the
non-irradiated structure is just slightly affected [4,8,62-64]. As a result,
slight changes in diffraction peaks observed in Ag3VO4 material and a
small amount of metallic silver and AgVOs presented on X-ray dif-
fractograms may be justified on samples, whose irradiation laser effects
may have occurred substantially in the regions where there were phase
decomposition.

Ab initio calculations were performed for AgVOs to confirm its
presence in the sample and also to characterize the changes caused by it.
Quantum mechanics calculations already reported by the literature were
performed for AgsVO4 [41].

The local coordination analysis provides four types of clusters for the
monoclinic structure of 3-AgVO3 composed of Ag, V, and O atoms: four
[VOg] clusters and four [AgO,] (x = 5, 6 and 7) clusters, whose vana-
dium atoms are coordinated by six oxygen atoms and silver atoms are
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coordinated by five (2x), six and seven oxygen atoms. According to
Oliveira et al. [65] and Beltran et al. [66], [AgOy] clusters have two
distorted square pyramids (x = 5/Ag5— 0 and Ags—0), distorted octa-
hedra (x = 6) and distorted deltahedra (x = 7) coordination. Rozier et al.
[43] work considers that V-O chemical bonds build zigzag chains of
edge-shared [VOg] octahedra. Theoretical results of this work confirmed
these structures (see Fig. 2 and S5).

Table S3 shows lattice parameters and the X-O chemical bond dis-
tance (X: Ag or V) in the AgVOs structure obtained by this work and
literature [43,65], which shows a good agreement. Similar to Ag3VO4
structure reported in the literature [41], AgVO3 has longer V-O chem-
ical bond distances than Ag-O chemical bond distances, as expected, and
its chemical bond distances vary intra and interclusters for the same
central chemical element. Moreover, AgVOs3 results show a larger vol-
ume (~8.8 %) and diversity of clusters in its structure compared to
AgsVOy structure (V: 463.474 AB) [41]. Properties may change by dis-
tortions observed in chemical bonds proportionated by different syn-
thesis methods and materials, which can enable different applications
for materials [65].

Fig. 3 presents the normalized Raman spectra for the irradiated
Ag3VO,4 samples and Tables S4 and S5 display both the theoretical and/
or experimental wavenumbers for each active Raman vibrational mode
for Ag3VO4, composite, a-AgVOs3, and p-AgVOs.

The o-phase silver orthovanadate exhibits 21 theoretical active
Raman modes [41]. AgsVO4 Raman spectra synthesized by MAHM
presented 10 broad active Raman modes, and time synthesis chosen was
not enough to produce significant changes in the short-range structure.
Raman peaks were assigned according to theoretical results obtained by
Cruvinel et al. [41].

Fig. 3 shows that all the spectra exhibit 14 Raman-active modes.
Alterations observed in the AgsVO4 spectra profiles compared to the
irradiated ones are consistent across all samples [41].

The ultrashort pulsed laser irradiation offers two effects on the target
material: thermal and non-thermal [12]. The temperature reached by
the lattice may be enough to induce phase transitions and ablation of
materials through thermal effects [12]. Photoexcitation may transfer
electrons sufficiently from bonding (valence band) to antibonding
(conduction band) states, causing the lattice to weaken (approximately
10 % of electrons from valence band to conduction band), and become
non-thermally disordered, due to modifications of interatomic forces
[12,14,15,67]. To illustrate these effects, the literature reports three
regimes of excitation for GaAs semiconductors [12,14,68-71]: in low
fluence (below 0.5 kJ m~2 or 50 % of the threshold for irreversible
structural change of 1.0 kJ m™2), rapid Auger recombination and
phonon emission occur, inducing lattice heating; in intermediate fluence
(0.5 kJ m~2/50 % - 0.8 kJ m~2/80 % of threshold fluence), electronic

AgO; AgOq AgO, VO,

Fig. 2. — Schematic representation of optimized monoclinic crystalline struc-
ture of AgVO3; and its coordination polyhedra. Vanadium, oxygen and silver
atoms are represented by pink, red and gray colors, respectively.
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Fig. 3. — Experimental Raman spectra for irradiated AgsVO,4 obtained by FPL.

effects are stronger, and the dielectric function indicates a non-thermal
long-range  order-disorder transition; a non-thermal semi-
conductor-to-metal transition is observed above 80 % of threshold
fluence.

Concerning temperature effects on AgsVOy, Vali et al. [24] found
that electrodeposited silver orthovanadate films were completely
decomposed at 300 °C, leading to the formation of Ag4V,07, oxygen,
and metallic silver, whose experimental data was supported by ther-
modynamics calculation, which showed it is the lowest Gibbs free en-
ergy pathway (AG = + 0.609 eV). Cloet et al. [26] reported AgzVOy, thin
films prepared by combinatorial sputtering and continuously heated up
to 450 °C. From 225 °C to 390 °C, it was observed metallic Ag and
B-AgVOs3 formation in high-temperature X-ray diffraction. This result
shows this endothermic reaction found another reaction pathway,
whose Gibbs free energy is slightly greater (AG = + 0.643 eV [24]) than
that reported by Vali et al. [24] for the lowest Gibbs free energy pathway
among the considered reactions. X-ray diffraction peaks indicate AgVO3
and metal Ag formation by FPL, which correspond to the same reaction
pathway followed by the result presented by Cloet et al. [26]. Further-
more, it is noted important modifications (relative intensities, peak
shifts, number of experimental Raman-active modes, spectra profile) in
the composite Raman spectra compared to original samples (Ag3VO4).
The behavior of composite Raman spectra is very similar to those re-
ported by Oliveira et al. [65] for p-AgVOs. For this reason, theoretical
simulations were performed for AgVOs, and experimental data provided
by literature may help to verify it.

Fig. S6 presents the Raman spectra of the composite. More details as
theoretical and/or experimental Raman-active modes obtained in this
work and literature for composite, a-AgVOs [22,72], p-AgVOs [65,
72-76], and AgsVO4 [41] and their vibration types (this work and
literature [72-75,77]) are provided in Tables S4, S5 and S6.

Fig. 3 and S6 show the normalized Raman spectra for the irradiated
AgsVO,4 samples. Theoretical peaks (p-AgVOs), corresponding to
experimental peaks, are observed at 59.08, 87.57, 168.37, 245.03,
280.67, 333.45, 374.94, 511.44, 718.82, 746.71, 815.37, 844.18,
885.12 and 938.09 cm 1. The peaks are due to various types of vibra-
tions - twisting, wagging, rocking, bending, and stretching - involving
V-0 and Ag-O bonds of [VOg] and [AgOx] clusters. The vibration fre-
quencies entail complex and coordinated atomic vibrations within this
material. Beyond the frequency of 374.94 cm™}, a decrease in the active
contribution of Ag atoms to atomic vibration is observed. Fig. S6 and
Table S4 demonstrate a close alignment between theoretical and
experimental data.

Analysing Tables S4 and S5 and Fig. S6, peaks at 300 cm™!, 400
em Y, 700 cm™}, 750 ecm ™! and 950 cm™! are not observed in the
literature [41] for Ag3VO4 semiconductor. Furthermore, considering
Oliveira et al. [65] work, whose Raman-active modes number for
a-AgVOs3 material is larger and presents a better correspondent position
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compared to composite Raman peaks, it is noted a peak in about 250
em™}, 400 em ™!, and 700 cm ™!, which are not observed in composite
Raman spectrum. Although Raman peaks lower than 100 cm™! for
B-AgVOs are not observed in this literature, these peaks are predicted by
theoretical calculations. Based on these comparisons, X-ray diffraction
results in this work, and Raman spectra profile observed in Oliveira et al.
[65] work, composite Raman spectra may correspond to B-AgVOs
Raman spectra.

Electromagnetic enhancement by the plasmon effect occurs when
colloidal metal particles (substrate), smaller than the laser wavelength,
interact with an oscillating electromagnetic field, causing oscillation of
electrons on the surface particle, which may generate an electromag-
netic field in addition to the incident electromagnetic radiation, result-
ing in an increased signal of the nearby adsorbed analyte [78,79]. It
allows the detection of trace contaminants and nearly imperceptible
Raman peaks [79,80], with silver being the most effective metal as
substrate [80]. It provides remarkable sensitivity and selectivity,
allowing for the detection of analytes in complex mixtures without
separation [79]. Theoretical models show that the closer an analyte
molecule is to the metal particle, the greater the enhancement [78]. The
electromagnetic field strength decreases with the third power of the
distance from the metal particle (spherical model), meaning maximal
enhancement occurs when the analyte is in direct contact with the metal
surface [78]. This theory is most effective when metal particles are small
relative to the laser wavelength (typically radius of the particle is less
than one-tenth of the wavelength) [78].

The femtosecond pulsed laser contains a very high peak flux of
photons [81]. When these photons interact with matter, they signifi-
cantly increase the electron density in the conduction band by exciting
electrons from the valence band and structural defects [81,82]. This
process can cause permanent distortions in atomic positions, leading to
changes in the angles and length of chemical bonds, amorphization of
the irradiated region, and a significant increase in the formation of silver
vacancies [19,81-84], which may contribute to broadening the Raman
spectra - under identical experimental characterization conditions - [83,
85-90]. Unlike previous studies involving n-type semiconductors [81,
82], the laser treatment may have increased the p-type character of the
Ag3VO4 p-type semiconductor. However, literature indicates this ma-
terial is sensitive to low to moderate temperatures, showing signs of
chemical decomposition around 225 °C [26]. From the
above-mentioned observations and according to our interpretation, laser
irradiation can induce structural disorders such as amorphization and
Ag vacancy formation, enhancing the p-character of this semiconductor,
which may be observed partially for diffractogram peaks associated with
AgsVO4 material in the irradiated samples. Additionally, the resulting
temperature increase and/or non-thermal effects are likely to induce
structural instability, leading mainly to the decomposition of the sample
in the irradiated region and producing AgVOs3 (n-type semiconductor)
along with some metallic silver. Part of metallic silver may also arise
from AgVOs3 semiconductors, as observed in works using electron beam
irradiation and other silver-based semiconductors [65,81,82]. The
nearby formed metallic silver to p-AgVOs semiconductor on those
samples may present similar conditions to that one related to the plas-
mon effect, which would explain Raman spectra of the irradiated sam-
ples similar to the f-AgVO3 Raman spectra. The plasmon effect from the
silver particles probably enhances the Raman signal from the AgVOs3
structure, significantly altering the Raman spectrum profile compared to
the non-irradiated Ag3VO,4 samples. Based on our interpretation, a lower
defect density in AgVOs plays a crucial role in shaping the Raman
spectrum, which accounts for the observed peak narrowing in the irra-
diated samples.

3.2. Surface and morphological analyses

Figs. 4 and 5 exhibit FE-SEM and TEM images of irradiated AgzVO4
particles respectively. All samples display predominantly irregular



G.H. Cruvinel et al. Materials Today Chemistry 46 (2025) 102738

202 nm

>

8min ) p.

200 nm

16:min k)
g

200 nm

32 min n)

%

\{

<

200 nm

64 min q)

Fig. 4. — FE-SEM images in different magnifications of irradiated AgzVO, synthesized by MAHM: a), b) and c) at 2 min; d), e) and f) at 4 min; g), h) and i) at 8 min; j),
k) and 1) at 16 min; m), n) and o) at 32 min; p), q) and r) at 64 min.

morphologies, with some regions demonstrating regular shapes, and a morphologies can be associated with the heterostructure formed by
significant degree of agglomeration/aggregation. Furthermore, a broad different silver phases (AgzVO4, AgVO3 and metallic Ag), as discussed in
size distribution is observed, ranging from tens of nanometers to 1 pm in the XRD section.

detectable particle size. These morphological characteristics are Moreover, the interaction between the electron beam produced by a
observed in Ag3VO4 samples synthesized by MAHM [41]. Also, distinct scanning electron microscope and a silver-based semiconductor can
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Fig. 5. — Transmission electron microscopy images of irradiated AgzVO, synthesized by FPL: a), b) and c) synthesized in 2 min by MAHM and d), e) and f) syn-

thesized in 64 min by MAHM in different magnifications.

provide in situ metallic silver nucleation and growth on the surface,
which may be observed in Fig. 4 — h), i), k) and 1). This effect was
observed and discussed for Ag3VO,4 and AgVOj3 in Cruvinel et al. [41] and
Oliveira et al. [65] studies respectively.

Figure S7 displays the EDS spectra for irradiated samples synthesized
by MAHM at 64 min. Oxygen (O), silver (Ag), and vanadium (V) ele-
ments were detected, aligning with the expected composition of the
sample (AgzVO4, AgVO3 and Ago). Notably, there is no evidence of
impurities. The composition was tabulated in Fig. S7, however our
analysis is limited to a qualitative approach (i.e., element identification)
[91,92].

3.3. Optical and electronic analysis

UV-Vis diffuse reflectance spectra of the irradiated samples are
presented in Fig. S8. Spectra provided absorption in the visible range of
about 570 nm and the presence of the Urbach tail [93], which is iden-
tified by a non-linear decrease in reflectance. According to the literature,
silver orthovanadate is a p-type semiconductor [24,28] and silver met-
avanadate is an n-type semiconductor [65]. As semiconductors, these
materials have intrinsic defects and other structural changes produced
by experimental methodologies that may provide changes in their local
density of states, which may also contribute to Urbach tail formation.

Interaction between femtosecond pulsed laser and silver-based ma-
terials may cause segregation, nucleation, and growth processes of
metallic silver in the samples [21], as observed in this work. At the
nanometric scale, metallic materials may present a surface plasmon
resonance phenomenon. It is well-known in the literature that silver
nanoparticles cause absorption of visible-range electromagnetic radia-
tion due to this phenomenon, and absorption band intensity is suscep-
tible to silver nanoparticle concentration [89,94,95]. According to AZIZ
et al. [94], it was detected silver nanoparticles absorbed at a wavelength
of about 420 nm. TAN et al. [95] reported that increasing the silver
nanoobjects size caused absorption peak shift to longer wavelengths,
from 546 nm to 1130 nm for particle sizes of about 30 nm and 210 nm,
respectively. So, it is reasonable to assert absorption region of silver
nanoobjects may coincide with the absorption region of AgzVO4 (see
Fig. S8), which should change the stimated band-gap values and spectra
obtained.

X-ray diffraction showed $-AgVOs is one of the constituents of the
irradiated samples. Literature reports its band gap may range from 1.88
eV to 2.04 eV [65], corresponding to photon absorptions with wave-
lengths of approximately 659 nm-607 nm respectively. Its absorption
band is similar to the silver orthovanadate absorption region, which is
influenced by the degree of order-disorder at the electronic structure.
Intermediary energy levels may be created within the crystal band gap
due to the defects in the structure (incorporating donor and/or acceptor
dopants or vacancies) [96-104]. Ag nanoparticles formation may
generate defects in the AgsVO,4 and AgVOs structures due to stoichio-
metric changes, and as a consequence, may contribute to its electronic
level variations [41,65,81]. So, it is reasonable to assert the absorption
region of silver nanoobjects and AgVO3; may coincide with the Ag3VO4
absorption region [41], which should change the band-gap values and
spectra obtained. Therefore, both materials may contribute to obtained
spectra and make it inadequate to obtain the stimated values related to
the optical band-gap for a single material.

According to DFT simulations for AgVOs (see Fig. 6 a), electron levels
from Ag and O atoms are the main ones responsible for contributing to
the formation of the upper part of valence band (VB), while electron
levels from V atoms constitute the lower region of conduction band (CB).
Furthermore, theoretical calculations suggest a Z’ (300) k-point direct
electronic transition and a band-gap energy of 2.48 eV. MENEZES et al.
[105] carried out the synthesis for f-AgVO3 by different chemical routes
and obtained band-gap energy values corresponding to 1.72 eV, 1.90 eV,
2.45 eV, and 2.50 eV. Therefore, these findings align with the results
documented in the literature.

Fig. 6 b) and c) show the band structure and the projected density of
states on silver atoms, considering all silver atoms in a unit cell (4 atoms)
and only single non-equivalent silver atoms (AgOs, AgOg, and AgO7: 4
atoms), respectively. They reveal that the constribution to the bands of
each Ag is different since it depends significantly on the type of coor-
dination and on the chemical environment. Indeed, the AgOs and AgOg
are dominant closer the Fermi level, while the AgO; contributes to an
inner VB region. Additionally, in the AgOs clusters (same coordination
number) are observed different electron level shifts and intensities in the
uppermost VB, being AgOs.; the dominant closer the Fermi level. The
literature reports the contribution to the intensity in the density of states
near the VB maximum shows no substantial difference for AgsVO4 [41].
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Therefore, distortions in chemical bondings may or not make significant
changes in electronic structure.

Cruvinel et al. [41] work reports electron charge distribution, 2D
charge density difference map, and charge density topological analysis
for Ag3VO4. Based on that, a similar study was performed for the AgVO3
structure in this work to evaluate chemical interactions and charge
distribution changes in this structure, which is produced after laser
irradiation.

Atomic charges for the different species in the AgVOs3 are shown in
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Table S7. A slight difference between Mulliken charges and Hirshfeld
and Bader charges is observed. Bader charges results agree with those
values previously reported by Oliveira et al. [65] for V and Ag atoms.
According to Table S7 (in absolute values), for silver atoms: Mulliken
charges vary from +0.701 to + 0.745, Hirshfeld charges vary from
+0.734 to + 0.780, Bader charges vary from +0.765 to + 0.788; for
vanadium atoms: Mulliken charges vary from +2.057 to + 2.076,
Hirshfeld charges vary from +2.245 to + 2.269, Bader charges vary from
+2.270 to + 2.290; for oxygen atoms: Mulliken charges vary from -
1.161 to - 0.783, Hirshfeld charges vary from - 1.256 to - 0.885, Bader
charges vary from - 1.173 to - 0.926. Oxygen atoms show the largest
range for atomic charges in AgVOs structure.

The original structure (Ag3VO4) may be severely altered when
removing atoms by laser irradiation to produce other phases (metallic
Ag and AgVOs3) in the system. These results indicate a partially ionic
nature of the chemical bonds present in this structure as for AgsVO4
[41]. In this new atomic rearrangement (AgVO3), O atoms have the most
affected atomic charges — see Table S6 and Fig. 7. Furthermore,
compared to the AgsVOy4 structure, Fig. 7 a) and b) show a larger atomic
charge for Ag and V atoms in the AgVOg structure, independently of the
approach chosen, which reveals these atoms become slightly more ionic.
For O atoms, Fig. 7 c), the atomic charges indicate some oxygen atoms
become more anionic and other ones less anionic for AgVOs.

Although silver atoms have different coordination numbers (AgOs,
AgOg, and Ag07) and different distortions (e.g. AgOs.; and AgOs.2) of
chemical bonding, the atomic charges present in these silver atoms and
in vanadium atoms are not significantly affected in AgVO3. Our inter-
pretation of a larger range of atomic charges for the oxygen atoms is
explained by the different neighboring atoms and different numbers of
each chemical element (V, Ag, O) that the structure can provide to make
a chemical interaction with the oxygen atom, which change the way the
charge is distributed on these atoms.

As for AgsVOy structure [41], the 2D difference electron density map
(Fig. 8) for AgVOj3 indicates charge transfers from vanadium and silver
atoms (in blue) — oxidative process - to oxygen atoms (in red) — reduction
process, which indicates the formation of cations and anions respec-
tively in AgVOj3 structure, as expected. Such results are according to
atomic charge results shown in Table S7.

As shown in X-ray diffraction anallysis, silver atoms are coordinated
by oxygen atoms producing three coordination polyhedra in AgVOs
structure: the first one is the distorted square pyramid (AgOs), whose
local structures have different distortions producing Ags— O and Ags—0O
structures. Table S8 presents 6 chemical bonds associated with these two
local structures, which have repeated and different chemical bond
lengths; the second one is the distorted octahedral structure (AgOg),
whose local structure has six chemical bonds, four of them with different
chemical bond lengths and two are equivalent chemical bondings
lengths; the last one is the distorted deltahedra (AgO;), which have
seven chemical bonds in this local structure, but considering there are
equivalent chemical bonds, Table S8 present four different ones.
Table S8 provides chemical interactions between different silver atoms
of distinct square pyramid coordination polyhedra (Ags—; 0 and Ags—0)
and three chemical interactions among oxygen atoms in this structure.
Argentophilic interaction is theoretically identified also in AgsVO4 [41].

The octahedral coordination polyhedra consists of vanadium atoms
coordinated with six oxygen atoms, resulting in six chemical bonds, five
of which exhibit distinct chemical bong lengths. Distortion in the local
structure yields four octahedral formations, consequently generating
twenty non-repeating critical points for these chemical bonds. Addi-
tional unexpected anion-anion chemical interactions (O-O) are
observed in this structure.

The majority of discerned chemical interactions are categorized as
transit in AgVOs according to the procedure described by literature
[106-108], indicating a partially covalent interaction. In particular,
topological analysis shows four of V-O chemical interactions involved in
(VOg) polyhedral are classified as transit, which is analyzed in terms of
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Vv2p > 0 and H < 0 [106,107]. Additionally, H/p ratio <0 indicates
covalence degree (CD) [106] and the highest values found for |H|/p
ratio (bond degree) (0.156-0.504 a.u.), and for |V|/G ratio
(1.120-1.328) means the strongest and most covalent in nature for these
chemical interactions [106,109] in AgVOs structure. Their electron
densities (0.116-0.221 e//o\3) are similar to partial covalence for strong
H-O hydrogen bonds (0.05 < p < 0.12 a.u) in molecular crystals and
covalent interactions p > 0.14 a.u. [108]. The longest V-O chemical
interactions in each (VOg) polyhedral have electron density, |V|/G ratio,
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and |H|/p ratio ranging from 0.021 to 0.062 e/A%, from 0.955 to 1.000
and from 0.000 to 0.051 a.u. in their critical points respectively, which
may be classified as closed shell (Vzp > 0 and H > 0). Such chemical
interactions are related to ionic or weak intermolecular interactions. As
mentioned before, Rozier et al. [110] reported [VOg] octahedra as part
of the AgVOj; structure, which is identified in this work by these six
critical points among V-O chemical bonds. However, the topological
analysis shows that structural distortions are sufficient to cause signifi-
cant changes in the classification of the chemical nature of two of the
chemical bonds present in this coordination sphere.

Ag-O chemical interactions may be classified as transit (V2p > 0 and
H < 0), and H/p ratio indicates covalence degree (CD), there are
different chemical characteristics for these interactions. The lower
values found to |V|/G ratio (0.992-1.123) and |H|/p ratio (0.009-0.150
a.u.) indicate weaker and more ionic chemical interaction compared to
V-0 interactions, and their lower electron density (0.014-0.058 e/;\?’)
correspond to electron densities in ionic crystals (lower than 0.04 a.u.)
[111]. Similar to V-O interactions, some Ag-O interactions present
more ionic character than others in this structure. Table S8 also provides
two Ag-O interactions (AgOs.o and AgO7), which may be classified as
closed shells (Vzp > 0, H > 0, and low electron density). Such as
chemical interactions may be related to ionic interactions, and |H|/p
ratio >0 indicates softening degree (SD) [106,107], whose this AgO;
interaction represents a weaker and greater closed shell interaction in
nature (greater SD magnitude [106,109]).

Regarding unexpected chemical interactions: Ag-Ag chemical
interaction (argentophilic interaction) has electron density equivalent to
0.009 e/A%, |V|/G ratio equal to 0.905, and |H|/p ratio equivalent to
0.069 a.u. in its critical point, which may be classified as closed shell
(Vzp > 0 and H > 0) [106-108]. Such chemical interactions are related
to ionic or weak intermolecular interactions [108,112]; O-O chemical
interactions have electron density, |V|/G ratio, and |H|/p ratio ranging
from 0.023 to 0.038 e/A3, from 0.967 to 1.024, and from 0.020 to 0.030
a.u. in their critical points respectively. However, two of these chemical
interactions are classified as transit (Vzp > 0 and H < 0), which makes
them similar to Ag-O interactions, and another one as closed shell
(intermolecular interactions) (Vzp > 0 and H > 0). O-O transit and
closed-shell interactions have already been identified in polymorphs of
SiO5 earlier [113,114]. More details about anion-anion interactions in
crystals may be found in Nelyubina et al. [115], and about cation-cation
and anion-anion interactions in Korabel 'nikov and Zhuravlev [109] study.

It is interesting to note there are anion-anion and cation-cation
chemical interactions in the AgVOs structure. The literature reports
several examples of this kind of interactions in metal-organic nitrate,
KClO4, NaClOg4, LiClO4, LiNOs, and other crystals [109]. These in-
teractions play a fundamental role in the stabilization of material
structures, which was discussed in detail by Nelyubina et al. study [115].

Based on these findings, it is possible to argue that laser irradiation
stimulation induces a higher number of defects on Ag3VO4 generating
B-AgVOs3 and metallic Ag particles. Indeed, AgsVO4 crystalline structure
exhibits a more regular distribution, containing distorted seesaw and
distorted square planar AgOy4 clusters, that becomes more disordered in
B-AgVOs3 associated with step-by-step defect mechanisms that connects
both chemical compositions. As a consequence, the existence of struc-
tural defects contributed to the electronic structure transition from p-
type (AgsVO4) to n-type (AgVOs) semiconductor behavior, and, finally
the existence of metallic features associated with the clusterization of
silver atoms on the surface of the obtained morphologies.

4. Conclusions

This study reports for the first-time the production of hetero-
structures consisting of AgsVO,4 (p-type semiconductor), -AgVOs3 (n-
type semiconductor), and metallic Ag with plasmon effect using
femtosecond pulsed laser irradiation on single-phase Ag3VO,4 samples.
X-ray diffraction confirmed the presence of silver phases in the
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heterostructure, and Raman spectroscopy suggested a plasmon effect
associated with metallic Ag and $-AgVO3 materials. Additionally, the
work involves a detailed and systematic investigation of the theoretical
B-AgVOs structure. It is observed that structural distortions and different
atomic neighborhoods around a given atom may influence atomic
charges presented in AgsVO,4 and B-AgVOs3 structures. Charge analysis
indicated that the atomic charges in $-AgVOj3 differed from those in
Ag3VOy, with Ag and V cations being more ionic in the AgVOj5 structure,
while the largest atomic charge variation on O atoms indicated more and
less ionic nature depending on of their atomic neighborhood for the
B-AgVOs structure. It is also revealed unexpected chemical interactions
in p-AgVOs, including argentophilic and O-O interactions, which might
contribute to understanding the growth of silver nanoparticles under
electron irradiation. Understanding these chemical interactions and
applying this method to produce the AgsVO4/p-AgVOs/Ag hetero-
structure may guide the manipulation of these materials to improve
properties compared to traditional methods leading to greater perfor-
mance in applications (catalysis, bactericidal activity, etc.). This study
emphasizes the importance of both theoretical and experimental un-
derstanding of heterostructures for future technological advancements.
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