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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini Silver vanadate (Ag3VOy) is considered one of the most important semiconductors. It finds practical applications

in electrochemical cells, as bactericidal and virucidal agents, in photocatalysis, and environmental remediation.

Keywords: Despite the impressive experimental progress, the dependence of the properties of a material is strongly linked to
Semiconductor its chemical composition and structure. In this sense, the peculiar physical-chemical properties of the vanadate’s
Ag.3vo4 . . class have become important. However, the fundamentals of structure in this material remain poorly understood,
Microwave-assisted hydrothermal synthesis . L. . . . N -

Vanadate and the theoretical insight into the morphology linked to its properties is completely missing. In the present

study, different synthesis times were tested in the obtention of AgzVOy4 crystals by the microwave-assisted hy-
drothermal method, and their properties were discussed based on experimental results and quantum mechanics
simulations. Structural characterizations (XRD, Raman and UV-vis spectroscopy, FE-SEM, and TEM analyses)
confirmed the material order at short, medium, and long-range. Theoretical calculations contributed to identi-
fying the atom distribution in the structure, nature of the type of electronic transition, and density of states
present in the valence and conduction bands. The topological analysis of the electron density indicated transit
chemical interactions and unexpected argentophilic interactions, and Mulliken, Hirshfeld and Bader population
analysis provided the charges present on the chemical elements of the crystal. Predicted theoretical surface
shapes and their stabilities were evaluated along with FE-SEM images.

DFT simulations

its chemical composition and structure. In this sense, the peculiar
physical-chemical properties of the silver orthovanadate (AgsVO4) and

1. Introduction

Alternative routes for the synthesis of materials whose energy and
time demands are relatively smaller have been the object of constant
study by researchers. The microwave-assisted hydrothermal method has
gained evidence in recent years due to its compliance with these char-
acteristics, which leads to greater savings and contribution to the
environment compared to traditional methods [1,2]. Microwaves may
be used to improve photocatalytic activity, soil sterilization, cutting
blood vessels, heterogeneous catalysis, synthesis of nanomaterials, and
induce morphology changes in particles, among other applications
[2-13].

The dependence of the properties of a material is strongly linked to

* Corresponding author.
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its composites are drawn important attention to practical applications,
such as optoelectronic and solar energy conversion, photo-
electrochemical biosensor, photocatalytic degradation and electro-
chemical detection of organic compounds, removal of different
wastewater pollutants, dye degradation, antibiotics degradation, phenol
degradation and heavy metal ions reduction [14-18]. Numerous semi-
conductors and other catalysts, including TiO; and its composites, ZnO,
Pd/C3Ny4, Pt/C3Ny, acidic MIL-125, BP-UiO [19-26], have undergone
extensive study. However, regarding semiconductors, they encounter
challenges like wide bandgaps and low photodegradation rates when
exposed to visible light [14]. Silver orthovanadate (AgzVO4) emerges as
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a promising solar-driven semiconductor with a suitable bandgap (~2.20
eV) and is recognized for being a green semiconductor [14,27,28].

Among metal vanadates, silver orthovanadate emerges as a p-type
semiconductor which has 3 polymorphs: the a, p and y-phase [29-33].
The a-phase can be obtained at room temperature with a monoclinic
crystalline structure and C2/c space group, which is not observed in
AB3X4 systems [31]; at temperatures from 110 °C to 414 °C, the p-phase
with tetragonal crystalline structure and I 4 2 m space group is obtained;
and between 414 °C and 530 °C, the y-phase with a cubic crystalline
structure and F 4 3 m space group is obtained [29,31]. There is no
breaking of chemical bonds in the phase transition processes among the
a and B phases, and the p and y phases. Instead, only a rearrangement of
atoms within the structure occurs. Therefore, these phase transitions are
reversible. [29,31], and are known as displacive [34].

According to Vali et al. [29], few research were carried out to un-
derstand the structural and theoretical characteristics of silver ortho-
vanadate, which could improve the understanding of the processes
involved in its photocatalytic and other applications. Pan et al. [35] and
Liao et al. [36] synthesized AgsVO4 by microwaves-assisted hydrother-
mal method using different reagents and synthesis parameters, but
temporal effect of microwaves irradiation on AgzVO, structure was not
evaluated. Both studies were focused in producing silver orthovanadate
to verify its photocatalytic activity, which the former made correlations
in morphology, surface hydroxyl groups, and the surface acidity of
samples. Additionally, structural and morphological changes could be
observed in materials, as ZnWO,4 and Cey(MoOy4)s, synthesized by
microwaves-assisted hydrothermal method in different synthesis time
(less than 120 min) [37,38]. These studies showed synthesis time in
microwaves-assisted hydrothermal method is able to result in different
crystallite size, crystallinity, cell unit parameters and medium-range
structural modifications. Oliveira et al. [39] observed o-AgVOs; —
another silver vanadate’s phase - is susceptible to morphological mod-
ifications due to small temperature changes.

In this sense, this study evaluates Ag3VO,4 samples synthesized using
the microwave-assisted hydrothermal (MAH) route in different synthesis
times. Ab initio quantum-mechanical calculations were performed to
provide an in-depth atomic-level comprehension of structural, elec-
tronic, and vibrational properties along with experimental character-
ization. Moreover, charges and their distributions as well as chemical
interactions and its character existing in AgsVO4 were calculated and
analyzed. Finally, theoretical investigations were carried out to under-
stand the contribution of AgsVO, surfaces on crystal morphology, and
these findings were subsequently compared to the observed experi-
mental morphologies.

2. Experimental procedure
2.1. Synthesis

Ag3VO4 crystals (Solubility product: Kip: 10724 [40]) were synthe-
sized as follow: 3 mmol of sodium orthovanadate (NasVO4) (99.98 %,
Sigma-Aldrich; Solubility: soluble [41]) and 9 mmol of silver nitrate
AgNO3 (99.00 %, Cennabras; Solubility: 257 g/(100 mL H30) at 25 °C
[42]) were separately dissolved in 60 mL of distilled water under
magnetic stirring at room temperature for 5 min. The solution con-
taining the Ag™ ions was added to the [VO4]3' ions solution, and the
resulting system was maintained under magnetic stirring for 15 min. The
combination of the two solutions allows the immediate formation of a
yellow-orange precipitate through the binding between Ag* and [VO4]*
ions driven by a low solubility product of silver orthovanadate. After-
wards, the suspension was submitted to MAH system with a heating rate
of 30 °C/min, and a time plateau for different synthesis times: 2* (x: 1, 2,
3, 4, 5 and 6) min, at 120 °C. The samples were collected at room
temperature, washed 5 times with distilled water and dried in a con-
ventional furnace at 60 °C for 24 h. All the chemical reactions and

Ceramics International 50 (2024) 29568-29579

physical transformations are described below.

NasVO, — 3Na* + [VO,])*
AgNO; - Ag" + [NOs]~
3Ag" + [VO > =a — Ags VO,

a — Ag3 VO4 ‘ﬁﬂ — Ag3VO4

2.2. Characterization

All samples were structurally characterized by a Rigaku X-Ray
Diffractometer, model DMax2500PC, Japan (Cu-Ka radiation; 4 =
1.5406 A). Scanning in the 20 range from 10° to 110° was employed. The
diffraction patterns of the powders were compared with the diffraction
patterns according to the crystallographic form ICSD (Inorganic Crystal
Structure Data) with No.: 417469 referring to the AgzVO4 material
(monoclinic structure) [43]. To obtain details of the long-range struc-
ture, the Rietveld refinement was performed using the GSAS-II (General
Structure Analysis System) software [44]. For the refinement of the
samples in this work, the structure No.: 417469 from the ICSD database
was used as a starting model. The material was morphologically char-
acterized by means of scanning electron microscopy with a field emis-
sion gun (FEG-SEM), using the Carl Zeiss equipment (Germany), model
Supra 35-VP and by transmission electron microscopy (TEM), using a
FEI (model Tecnai G? F20, USA) microscope. Raman spectroscopy
(micro-Raman) measurements were performed at room temperature,
range from 50 to 1200 em™, using a Micro-Raman iHR550 spectrometer
(Horiba Jobin-Yvon, Japan), coupled with a CCD detector and equipped
with a He-Ne laser (Melles Griot, USA) operated at excitation source of
A = 633 nm and a maximum power of 200 mW. Measurements by
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis) of silver
orthovanadate powders were carried out using a Varian spectropho-
tometer (USA), model Cary 5G, at room temperature.

2.3. Computational details

The structural, electronic, vibrational and topological properties of
a-Ag3VO,4 were investigated using quantum mechanical calculations
within the density functional theory with hybrid functional B3LYP [45,
46] improved by interactions of Grimme-D3 dispersion [47] as imple-
mented in the CRYSTAL17 code [48]. The basis set of all electrons
8-411d1 was used for oxygen, 86-411d4G for V, and the Hay-Wadt small
nucleus pseudopotentials (HAYWSC) 311d31G for Ag [49-51]. Elec-
tronic integration over the Brillouin Zone (ZB) was performed using a 6
x 6 x 6 Monkhorst-Pack k-point mesh [52]. Set of five bounds (ITOL)
defined for 8, 8, 8, 8 and 14 controlled the accuracy of Coulomb cal-
culations and shift integrals according to overlap criteria, i.e. when the
overlap between two atomic orbitals is less than 10 -IT0L (108 1078,
1078, 10’8, 10719). The self-consistent field (SCF) convergence limit at
full energy was set to 1078 Hartree, while mean square (RMS) gradient,
RMS shift, maximum gradient, and maximum shift were set to 3.1074
1.2.107% 4.5.10™* and 1.8.10° a.u., respectively. The cif file used for
the geometry optimization was produced by the Rietveld method from
the silver orthovanadate sample synthesized for 64 min.

The vibrational frequencies at the I'-point with harmonic approxi-
mation were calculated for the optimized geometry by diagonalizing the
mass-weighted Hessian matrix, while the relative Raman intensities for
polycrystalline powders were calculated by exploiting the orbital
energy-weighted density matrix based on the self-consistent solution of
Equations for First and Second Order Perturbed Coupled Hartree-Fock/
Kohn-Sham (CPHF/KS) for the electronic response to external electric
fields in equilibrium geometry [53-55]. In addition, the electronic
properties were evaluated through the band gap value and the density of
states (DOS) obtained in the CRYSTAL17 code [48]. To identify and
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evaluate the nature of the chemical interactions between the atoms
belonging to the structure, the topological analysis of the electronic
density p(r) was obtained using the TOPOND code [56]. To achieve this
objective, critical points (3, —1) were analyzed, which correspond to
connections in a crystal in Bader’s theory [57]. To obtain an analysis of
the charge distribution on the atoms present in the structure, different
methods (Mulliken, Hirshfeld and Bader) were combined with
two-dimensional electron density difference map.

Aiming to evaluate the role of AgsVO, surfaces on the crystal
morphology, the (100), (010), (001), (101), (110), (011), and (111)
surfaces were modeled considering different surface terminations of
each orientation, as depicted in Fig. S8. The surface stability was
investigated using a thermodynamic approach [58,59], where the sur-
face energy (y) of the specific surface termination is defined as:

1
T=94 (Esz.,b - Z-:Ni”i> M

where Egqp, is the total energy per unit cell of the slab in the (hkl) di-
rection slab; Nj is the numbers of (i) species that compose the slab (Ag, V,
and O atoms); ; are the chemical potentials of (i) constituents, and A is
the surface area of slab unit cell. Due to the thermodynamic equilibrium
between the slab termination and the bulk, the chemical potentials of
Ag, V, and O atoms are conditioned to a range in which Ag3VO4 bulk is
stable:

Bppg + iy + Ao = Engyvo, (2)
Aptag =Hag — Eng 3
Apy =py — Ey “4)
Apo=po — %Eoz %)

Here, Epq, Ev, and Eo, are the total energy of metallic Ag and V bulk, and
O in gaseous molecular O; in the triplet state, respectively, and Ay,
Apy, and Ay, refer to the difference of chemical potential in the slab and
metallic bulk (Ag and V) or gas phase (O2), at 0 K and 1 bar.

The total energy of metallic Ag and V bulk were obtained using the

definition of the Gibbs energies of formation for the binary oxides Ag,0O
and V50s:
Ew :}c [Eu.o, — 8G; 40, 5 (Eo, +AGES (T".p")| ®)
where AG} Mo, is the Gibbs energy of formation for oxide (Ag20 and
V20s5) under the standard conditions available from thermodynamic
tables; Euy, o, is the total energy of MOy oxide (per unit cell) and A
Gf,":(T", p°) is the change of the Gibbs energy of oxygen gas from OK to
the standard conditions [59].

The range of values of the chemical potentials which consistent with

existence and stability of the crystal, is determined by the set of the
following conditions:

Ay <0 @)
BAug + 40 > AGPY oo, ®
20, + Mt < AGHS 9
601, + B0ty > 2AG) S o, — AGP o (10)

This procedure is important because the oxygen chemical potential
dependence can be associated with the external Temperature and
pressure using the ideal-gas-like behavior and the thermodynamic data
reported in the NIST Chemistry WebBook [60].
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Furthermore, the crystal morphology was predicted considering the
Waulff Construction for different chemical potentials through the surface
energy values for the (100), (010), (001), (101), (110), (011), and (111)
surfaces, as conducted in previous works [61-63]. In particular, the
theoretical morphologies were build using VESTA [64].

3. Results and discussion
3.1. Structural analysis

X-ray diffraction and Rietveld refinement were performed to obtain
information on the structure long-range order of the materials synthe-
sized for different times. Fig. 1 shows the diffractograms for the syn-
thesized samples. In Fig. S1 are the refinement patterns, and Table S1
shows the values of the Ry, (weighted-profile R - factor), R? (un-
weighted single-crystal R-factor), S (goodness-of-fit) and reduced X2 (Sz)
parameters, which indicate the quality of the refinements. The differ-
ence between the observed and calculated patterns, as well as the
quantitative parameters, show that the refinements performed are
adequate.

All diffraction patterns of silver orthovanadate samples displayed in
Fig. 1 are in accordance with crystallographic card No. 417469 (Inor-
ganic Crystal Structure Database - ICSD), which refers to monoclinic
structure and C2/c spatial group [31,32]. This result indicates that there
was no formation of secondary phases, and the narrow and well-defined
peaks indicate that there is high structure long-range order. According to
Table S2, the cell parameters do not change significantly among sam-
ples. The samples show higher volume values than the crystallographic
card, and it suggests unit cell expansion for the samples synthesized
using this methodology.

The synthesis conditions used can generate heterogeneity in the
samples. According to Horikoshi and Serpone [5], increasing the tem-
perature and the presence of ions play an important role in the pene-
tration of microwave radiation in the reaction system, whose
temperature increase acts allowing a greater penetration in liquid water,
while the presence of free ions has the opposite effect. At 90 °C, this
work provides that the penetration of microwave radiation reaches 5.4
cm in liquid water, while when adding 0.25 M of NaCl, the penetration
range decreases to 0.4 cm [5]. Considering the reaction cell (diameter:
4.3 cm) and the presence of ions in the solution, it is reasonable to
consider the presence of thermal gradients. In addition, there is no
addition of a compound that allows electrostatic or steric stabilization in
the synthesis, which does not allow a controllable growth mechanism
[65-68]. Additionally, there is phase transformation from «a to p-phase
during heating (110 °C) [29,31]. Such conditions and other factors can
contribute to generating heterogeneities in the sample structures, such
as the presence of microstrain, which can be generated by thermal
contractions, vacancies, expansions, etc [69]. Data presented in Table S2
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Fig. 1. XRD patterns of Ag3VO,4 obtained by MAH method.
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suggest the microstrain presence and indicate the degree of tension relief
in samples synthesized for 32 and 64 min. The synthesis time apparently
did not cause significant changes in the average crystallite size, whose
values comprise values between 53 and 65 nm.

Theoretical calculations were performed to characterize the Ag3VO4
structure. Three types of clusters are presented in the monoclinic
structure of silver orthovanadate composed by V, Ag and O atoms: one
[VO4] cluster, and two [AgO4] clusters, whose metallic elements are
coordinated by four oxygen atoms. According to literature [31,32], the
[VO4] cluster have a tetrahedral structure and the [AgO4] clusters have a
pseudo seesaw coordination [AgsO4] polyhedron and distorted square
planar [AgpO4] polyhedron. According to theoretical results the [AgsO4]
distorted seesaw structure has four different chemical bonding and
[AgpOy4] distorted square planar and [VO4] distorted tetrahedral struc-
tures have two different chemical bonding (see Fig. 2 and S2). The
chemical bond distances between silver and oxygen atoms are longer
than the distances between vanadium and oxygen atoms. The distortions
presented in clusters or coordination polyhedra can lead to different
deformations in chemical bonds, which can influence the properties of
the material [70]. The cell parameters optimized by DFT are presented
in Table S2 and Fig. S2, which are in agreement with the experimental
results obtained by Rietveld refinement.

In Fig. 3, the normalized Raman spectra for the synthesized Ag3VO4
samples are shown, and the theoretical and experimental wavenumber
of Raman-active vibrational modes are given in Table S4. The a-phase
silver orthovanadate [31,32] present 21 active Raman modes, which can
be determined by the following irreducible representations at I" point of
the Brillouin zone:

=104, +11B, an

It is noticed in Fig. 3 that all the spectra present 10 active Raman
modes. In addition, it is possible to note that the vibrational modes are
broad, which may suggest structure short-range disorder. It indicates
that may occur difference in the average size of crystals or in the
strength of interaction between the constituent species [70], as well as
the insertion of defects and stresses in the lattice [71-73], which may be
a result of synthesis method. Also, line broadening may also be caused
by local heating due to the laser equipment, especially in
temperature-sensitive materials like silver-based oxides. So, this simi-
larity among spectra reveals that the time parameter does not imprint
significant changes in the structure short-range. These spectra slightly
may differ from other spectra produced by other synthesis methods (e.g.
peak shift, band broadening, relative intensity, etc), such as those found
by Vali et al. [29] and Zaki et al. [74].

Figure S3 a) shows the normalized Raman spectra for the AgzVO4

Fig. 2. Schematic representation of optimized monoclinic crystalline structure
of Ag3VO, and its coordination polyhedra. Vanadium, oxygen and silver atoms
are represented by pink, red and gray colors, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. Experimental Raman spectra of Ag3VO,4 obtained by MAH method.

samples synthesized at 2 min and 64 min and theoretical Raman spec-
trum, while Figure S3 b) shows the experimental and calculated Raman-
active modes. The theoretical peaks assigned to the experimental ones
are at 63.88, 87.61, 193.76, 240.76, 325.01, 791.86 and 827.60 em L.
The peaks related to smaller wavenumber up to 325.01 cm ™! correspond
to different types of vibrations (twisting, rocking, bending and stretch-
ing) involving V-O bonds of [VO4] cluster, and Ag-O bonds of [AgsO4]
cluster, whose vibration frequencies involve complex and coordinates
atomic vibrations in this material. Above 325.01 cm™}, it is noted there
is a decrease in the active contribution of Ag atoms to atomic vibration.
A good agreement between theoretical and experimental data is seen in
Figure S3 b).

According to Aouadi et al. [75], the literature lacks Raman data for
phases of silver vanadate, whose Raman modes assignments are made
based on other materials (e. g. other vanadates [29,70,76-81] — see
Table S5). Based on these theoretical results, the experimental Raman
modes can be mainly attributed to: i) twisting and rocking vibrations in
[VO4] polyhedra and in [AgsO4] cluster with the contribution of Ag
cations translation modes at 65.27 cm ™" ; ii) bending vibrations in [VO4]
and [AgsO4] clusters with the contribution of Ag cations translation
modes at 87.76 cm™; iii) bending and symmetric stretching at 143.31
em ! in [AgsO4] cluster with the contribution of Ag cations translation
modes; iv) rocking vibrations in [VO4] polyhedra and bending and
asymmetric stretching vibrations in [AgsOs4] polyhedral with the
contribution of Ag cations translation modes at 240.96 cm™';v) bending
and twisting vibrations in the V-O bonds of [VO4] clusters at 337.29;
asymmetrical stretching and wagging vibrations and symmetric
stretching vibrations in [VO4] clusters at 791.61 and 822.03 cm !
respectively.

3.2. Optical and electronic analyses

Fig. S4 shows the UV-vis diffuse reflectance spectra of the samples.
The samples showed absorption in the visible range at approximately
580 nm. All of them reveal the presence of the Urbach tail [82], which
contributes to electronic structure analysis of the materials. Silver
orthovanadate is a p-type semiconductor [29,33], i.e., presents electron
deficits which electronic levels below the Fermi level and above the
valence band, called acceptor levels, favoring the conduction mainly
through holes [83]. In other words, AgsVO4 has an intrinsically defec-
tive electronic structure, which naturally contributes to produce the
Urbach tail. Additionally, Trimarchi et al. [33] showed that, due to the
tendency to form weaker chemical bonds between Ag and O atoms, Ag
vacancy formation is energetically more favorable in AgsVOs. So, it is
reasonable to state that the formation of the "tail" in all samples can
suffer a contribution and be related to the presence of electronic levels
produced by Ag vacancies and other changes provided by synthesis
method.
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Energy gap (Egqp) of the samples were calculated and are presented in
Fig. S5, considering both direct (n = 1/2) and indirect (n = 2) electronic
transitions [84-87]. It is verified that there is a variation in the Tauc
plots when considering the direct band-gap, whose values range from
2.33 eV (64 min) to 2.41 ev (2 min); and from 2.09 eV (8 min and 32
min) to 2.13 eV (4 min) considering indirect energy band-gap
(Table S6). These results suggest that there is no significant changes in
the optical band-gap considering variation synthesis parameter (time).
However, MAH method may produce a different electronic structure
when compared to other synthesis methods reported in the literature.
Moreover, the experimental results fit within the experimental values
reported in the literature assuming intermediate positions in the range
from 2.05 eV to 2.58 eV considering a direct energy band-gap [29,
84-87] and from 2.18 eV to 2.37 eV for an indirect energy band-gap [29,
84]. These experimental estimated band-gap values are influenced by
quantized size of the sample, doping, presence of functional groups on
the surface, vacancies, thermal treatment, among other factors which
can cause deviations of the values [88].

Ab initio simulations were performed to obtain information about the
theoretical electronic structure. Band structure and atom-projected
density of states were obtained (see Fig. 4 a)). As shown in Fig. 4 a),
silver orthovanadate valence band (VB) is composed mainly by the
contribution of electron levels of Ag and O atoms, while the vanadium
atoms are mainly responsible for the formation of the conduction band
(CB). This theoretical simulation indicates an indirect electronic tran-
sition from Al (220) to A2 (330) and a band-gap energy equivalent to
2.41 eV, in agreement with the results obtained in the literature (see
Table S6). The theoretical simulation of Ag3VO4 in Peng et al.’s work
[89] showed that due to the partial overlap between the orbitals of
oxygen and silver atoms, the chemical bonding energy between these
atoms is weaker than for V-O, which may explain process of photo-
corrosion through the existence of silver vacancies.

Fig. 4 b) and c) show the band structure and the projected density of
projected states in silver atoms, considering all silver atoms in a unit cell
(6 atoms) and only non-equivalent silver atoms (Ags and Agp), respec-
tively. It was observed that silver atoms belonging to the see-saw co-
ordination polyhedron have a greater contribution in the uppermost VB,
due to its higher amount (4 atoms) presence in this structure. In Fig. 4 c),
it is expected to verify the individual contribution of different silver
atoms in the electronic band structure. Although there are non-
equivalent silver atoms in the structure, it is noted that there is no sig-
nificant difference in the contribution to the intensity in the density of
states closer to the VB maximum.

To evaluate the nature of the chemical bond between atoms and their
electronic density in the lattice, analysis of the electronic charge dis-
tribution using different methods (Mulliken, Hirshfeld and Bader), 2D
charge density difference map and charge density topological analysis
were performed. The results are listed in Table 1, which show that silver
atoms have a similar electrical charge with values between +0.600 and
+ 0.700 (in absolute values), even considering that these atoms belong
to different coordination polyhedra and have different chemical bond
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Table 1

Hirshfeld (eH), Mulliken and Bader (eB) charges (in absolute values) calculated
for the non-equivalent atoms Ag, V and O (1 and 2) in a see-saw coordination
polyhedron (AgsO4), square planar (AgpO4) and tetrahedra (VOy,).

Ag3VO, en Mulliken ep

Agg +0.615 +0.653 +0.682
Agp +0.605 +0.671 +0.672
A +2.136 +2.031 +2.208
0o(1) —1.007 —1.001 —1.060
0(2) —-0.979 —1.003 —-1.062

distances. Also, despite the considered methods, it revealed that
changing the atomic arrangement in space did not cause significant in-
fluence on the charges. The same behavior is observed for oxygen atoms,
whose charge values are between —0.970 and —1.100 (in absolute
values), and vanadium atoms that exhibits charges between +2.000 and
+ 2.210 (in absolute values). These results indicate a partially ionic
nature of the chemical bonds present in this structure, and the values
presented by the different methods are in good agreement with each
other. Also, it is important to highlight that the obtained atomic charges
do not follow the expected formal charges (Ag'™, V°* and 0%7) con-
firming the quantum nature of Ag-O and V-O chemical bonds that
contributes to spread the electron density over all atoms, which can be
associated with the transit character of chemical bonds in the viewpoint
of Bader theory [57].

The 2D charge density difference map (Fig. S6) shows the charge
density difference between an isolated atom and its corresponding ion. It
can be seen that, as expected, the vanadium cations are represented on
the map by areas in blue (py (ion) - py (atom) < 0), as well as the silver
cations (pag (ion) - pag (atom) < 0. In this case, the charge transfer is
carried out to the oxygen atoms, which are represented by the red areas.
Oxygen atoms undergo a reduction process to form the Ag3VO, struc-
ture. Such results converge with the results shown in Table 1, referring
to the atomic charge of this structure.

Electron density, laplacian, virial density and degree of chemical
bonding at the critical point were analyzed for silver orthovanadate
according to the procedure described by Gatti [90]. These data are listed
in Table S7 which shows that all chemical interactions present in silver
orthovanadate are classified as transit (intermediate), which means they
can not be classified as purely ionic or covalent. Table 1 showed that
chemical bonds have a partially ionic nature. Although, the chemical
bonds between the V and O atoms are classified as transit, these bonds
have the highest electron densities and the highest |V|/G and bond de-
gree at the critical point, which shows that chemical bonds have a higher
degree of covalence than interactions between oxygen and silver atoms.

In addition, these results allow show that there is a chemical inter-
action between silver atoms of different coordination polyhedra
(Ags-Agp: 3.074 A) and the same (Ags-Ags: 3.016 A) in AgsVOa.
Considering the chemical interactions between silver and oxygen atoms,
it is noted that the electron density increases when the distance from the
chemical bond is reduced, which increases the degree of covalence of the
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Fig. 4. Band structure and density of states projected in: a) all atoms (16 atoms per cell); b) all silver atoms (6 atoms per cell); c) all non-equivalent silver atoms (Ags:

4 and Agp: 2 atoms per cell) for AgsVO,.
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chemical bond, but does not show significant changes between these
interactions, even considering different silver atoms. The same behavior
is observed in chemical interactions between silver atoms (Ags-Ags and
Ags—Agp) and between oxygen and vanadium atoms (V-O). As already
mentioned, the nature of the chemical bond between oxygen and silver
atoms is more ionic and does not show significant differences between
them, even considering different silver coordination polyhedra. How-
ever, the structure of silver orthovanadate allows interactions between
silver atoms from different and equal coordination polyhedra.

In Fig. 5 is the optimized crystal structure containing silver and ox-
ygen atoms. Considering this structure, it is noted that although there
are several silver atoms, the most far-reaching chemical interactions
between the silver atoms must occur at the smallest distances between
the Agg atoms (Ags—Ags: 3.016 A) and between the Ags and Agp atoms
(Ags—Agp: 3.074 A). Itis important to mention that such interactions are
limited to certain distances, which limits the number of chemical in-
teractions between a specific silver atom and other nearby silver atoms.

It is showed that interactions between chemical species of the same
charge play a fundamental role in stabilizing the formation of crystals,
and the interactions are not rare or errors in theoretical chemistry
simulations [91]. The study of Korabel’'nikov and Zhuravlev [92]
detected the presence of weak interactions between anions in many
oxyionic crystals. Chemical interactions between cations and anions can
lead to the formation of ionic crystals, whose interactions between
cations and between anions are repulsive or non-existent according to
classical theoretical chemistry [91]. In some crystals, anions can become
closer, which could be explained by the presence of small cations that
force large anions to approach [93]. However, this approach is based on
the consideration of the stability study of the approximation of anions in
the gaseous phase, which results in instability [94]. These results
represent important aspects in the properties and stability of these ma-
terials, as the process of formation of silver nanoparticles through the
silver vacancy mechanism associated with the irradiation with an elec-
tron beam and laser and, consequently, their applications.

3.3. Surface and morphological analyses

FE-SEM images of Ag3sVOy4 particles are presented in Fig. 6 and $9-14.
It is noted that all samples present majority irregular particles and some
regular morphologies particles in a high level of agglomeration/aggre-
gation. In addition, there is wide range of the particle sizes, from tens of
nanometers up to 1 pm.

The agglomeration and/or aggregation process, size heterogeneity,
and the irregular particle morphologies are result of MAH methodology,
which may have resulted random and uncontrolled growth between

i RS I . 3
N4

Fig. 5. Optimized structure of Ags;VO,4 showing the location of interaction
between the silver atoms in the structure. Vanadium, oxygen and silver atoms
are represented by pink, red and gray colors, respectively. The interactive sil-
vers are highlighted in yellow (Agp) and orange (Ags) colors. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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particles and a competitive process between nucleation and growth may
have occurred [65-68]. The literature reports several synthesis methods
to produce silver orthovanadate and its hybrid materials [95-97]. In
view of these works, it is noted that the information obtained regarding
the state of agglomeration and/or aggregation, size of particles, and
their morphologies is in accordance with the literature and that changes
in the synthesis parameters can provide significant variations in the size
and morphologies of the particles obtained.

Each crystalline structure presents several families of crystallo-
graphic planes, which represent different atomic packings or densities
and, consequently, different energies [98,99]. Exposing different crys-
tallographic planes may result in different surface energies [99]. Particle
nucleation and growth are influenced by several variables, such as
temperature, pressure, solvent, chemical species present in the system,
pH, etc. [100]. The particle growth is finite, and during this process,
according to the conditions of the system, certain surfaces are stimulated
to their development, which may produce the relative decrease or
extinction of other surfaces, and, in equilibrium, leads to the formation
of more stable particle’s morphologies [99]. This methodology includes
microwaves irradiation, and it means that, according to the literature
[101], there is a dissolution-recrystallization mechanism working on
Ag3VOy4 surface, whose synthesis time available and other experimental
conditions were enough to provide changes on sample’s morphology.

Moreover, in the literature, the possibility was reported for interac-
tion between the electron beam produced by a scanning electron mi-
croscope and a silver-based semiconductor so that such interaction can
provide different effects in the particles [102-107]. A common effect
observed is the mass transfer of Ag atoms from the original particles to
some preferential locations on the surface, where the nucleation and
growth of nanometric metallic silver occurs [102,105,107]. Such
interaction is possible to observe in Fig. 6 — 32b), 32¢), 64b) and 64c).
These images show in situ metallic silver growth on the surface. Ac-
cording to the literature, theoretical simulations show that the increase
in electronic density in the conduction band promotes changes in the
electronic structure [103-105,108]. In silver-based semiconductors, it is
noted a tendency towards an increase in chemical bond length and,
consequently, breaking Ag-O chemical bonds of clusters of the material
by increasing the electronic density in the conduction band [103,104,
108]. By breaking chemical bonds, the Ag * cation is reduced to Ag® and
diffuses to energetically favorable surface regions to initiate the nucle-
ation and growth processes of metallic silver [103,107]. The increase in
electronic density also favors the process of atom diffusion through the
reduction or even extinction of the energy barrier, which explains both
the silver growth through silver atoms originating from the original
material, and through the extinction or decrease of other metallic silver
nuclei on the surface [103,107].

In order to get more details about morphology, Fig. 7 shows TEM
images of the samples synthesized at 2 and 64 min. The images show
particle size smaller than 50 nm and reveal partially nanometric char-
acter for samples, and agglomerated/aggregated particles. In FE-SEM
images, irregular morphologies are noted for particles with a certain
degree of spherical similarity and growth mechanism via orientated
attachment, whose growth occurs by chemical bonding between two
particles so that there are aligned crystallographic planes [100], as
observed in Fig. 7 b).

In Fig. S7 are the EDS spectra of the samples synthesized for 2 and 64
min. O, Ag and V elements were detected, which correspond to those
expected by the Ag3VO,4 composition, and there is no indication of
foreign impurities. Other peaks elements such as Cu, C and Si are
attributed to the equipment and support grid.

The phase diagram depicted in Fig. 8 provides the information to
investigate the (100), (010), (001), (101), (110), (011), and (111) sur-
faces stability, enabling the Wulff construction [109] for morphologies
of AgsVO4 nanoparticles, as a function of the Ag and O chemical po-
tential. According to the Wulff construction, the crystal morphology
depends on the surface energy of crystal planes, which can be

29573



G.H. Cruvinel et al. Ceramics International 50 (2024) 29568-29579

Fig. 6. FE-SEM images in different magnifications of the AgzVO,4 obtained by MAH method: 2a), 2b) and 2c) at 2 min; 4a), 4b) and 4c) at 4 min; 8a), 8b) and 8c) at 8
min; 16a), 16b) and 16¢) at 16 min; 32a), 32b) and 32¢) at 32 min; 64a), 64b) and 64c) at 64 min.

Fig. 7. Transmission electron microscopy images of AgsVO, obtained by MAH method in different magnifications: a) and b) in 2 min; ¢) and d) in 64 min.

interpreted as function of the chemical potentials of constituent atoms in followed by (110), (101), and (111) surfaces. In particular, the A and B
a thermodynamic approach. terminations of (100) surface exhibit a competition dependency upon

Firstly, due to the stability order of investigated surfaces, it was the chemical potential. Moreover, considering the temperature values at
noted that (100) surface exhibits an extensive stabilization range, different oxygen partial pressures (1 atm for normal experimental
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Fig. 8. Phase diagram of Ag3VO, surfaces as a function of the oxygen and silver
chemical potentials. Right panels is to convert values of oxygen chemical po-
tential to easily observable values of temperature T at different oxygen par-
tial pressure.

conditions and 10~ '2 atm for ultra-high vacuum (UHV)) it was observed
that (100), termination can be found at lower temperatures and more
rich/poor O/Ag environment. On the other hand, (100)p termination
can be found for higher temperatures at richer silver environments and
extensive oxygen region. The (110)p surface is stable at higher tem-
peratures (poor oxygen chemical potential region) and extensive silver
region, while (101)¢ exhibits a small area in the phase diagram being
associated with singular dependences with silver and oxygen environ-
ments. Focusing on the stability region of the building oxides (Ag20 and
V20s), the phase diagram clearly indicates the higher stability of (100)a
surface termination.

Furthermore, the Wulff construction was applied to obtain ideal
shapes at different O/Ag chemical potentials, as presented in Fig. 9. It
was observed that for silver rich (Apag = 0.0 eV) environment the

(100) (010) (001) (110) (101) (011) (111)
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Fig. 9. Wulff morphologies obtained with the surface energy values as a
function of oxygen and silver chemical potential. Right panels is to convert
values of oxygen chemical potential to easily observable values of temperature
T at different oxygen partial pressure.
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obtained morphologies behave as octahedral shapes with corner and
side-truncated habits depending upon the oxygen chemical potential (a,
d, g). For the intermediate environment (Apag = —1.0 eV) the obtained
morphologies can be described as corner-truncated cubic shapes (b, e)
for richer oxygen environment and side/corner-truncated octahedral (h)
polygon for oxygen-poor region. For silver-poor environment (Apag =
—2.0 eV) more regular shapes were observed: (c) rectangular rod; (f)
hexagonal rod; and (i) diamond-like rod. In this case, the morphological
modulation is attributed to the decreasing of (110) and (101) surface
energies values, moving the rectangular shape to diamond-like rod
through a hexagonal morphology. The surface contribution to the
overall polyhedron area was summarized in Table S8.

Comparing the obtained theoretical morphologies with the FE-SEM
images, see Fig. 10, it was possible to ascertain that AgsVO4 samples
obtained at 4 and 64 min resemble the rectangular rod enclosing (100),
(010) and (001) surfaces, while the sample obtained at 16, 32 and 64
min exhibit a hexagonal rod morphology enclosing (100), (001) and
(110) surfaces, respectively. Moreover, the samples obtained at 4 and 6
min exhibit octahedral shapes with corner and side-truncated, that can
be related to the theoretical morphology (a), (d) or (g) that encloses
(100), (010), (001), (101), (011) and (111) surfaces. Moreover, the
samples obtained at 64 min exhibit the same hexagonal cross-section
morphology, but the MAH method induces some corner-truncations as
well that can be related to the theoretical morphology (h) that encloses
(100), (001), (110), (101) and (011) surfaces.

Finally, the thermodynamic pathways that describes the morpho-
logical modulations were investigated considering the polyhedron en-
ergy (Epo) calculated as the combination between the surface energy
values and the corresponding contribution to the polyhedron area, as
presented in Table S8. Fig. 11 shows three different reaction paths for
AgsVO4. The morphological modulations in function of the oxygen
chemical potential at Apag = —2.0 €V and Apag = —1.0 €V indicates an
overall decreasing Ep, modulation, while the morphological pathway at
rich silver (Apag = 0.0 eV) environment indicate an increasing E,o
modulation. These pathways can be understood comparing the surface
energy values reported in Table S8. Moreover, based on the previous
assumption that experimental morphological modulation associated
with the synthesis time can be compared with the polyhedron modifi-
cation at Apag = —2.0 eV, the obtained Ep, values indicate that the
polyhedron energy may be reducted by generating elongated rod-like
shapes. The major difference between the model is the surface orienta-
tion of the growing direction once the rectangular rod-like exhibits the
(100) surface-orientation preference, (i) exhibits a larger (110) contri-
bution, while the hexagonal shape exhibits a competition between
(100)/(001)/(110) surfaces values indicates that the increasing syn-
thesis time does not induce to modify polyhedron shapes, but it is
possible to find different particle morphology at the same synthesis time.

Several studies were implemented in the literature making a bridge
between experiments and theory involving morphological aspects of
materials and their properties [110-113]. Surface has an important role
in many applications, such as photocatalysis, bactericide activity, pho-
toluminescent emissions and any other [110,112-114]. This simulation
has shown as an important tool for understanding particles shape
characteristics, such as surface energy provided by each surface and its
contribution, which may help to better modulate surface shape pro-
duced for different synthesis method, and brings a greater property for a
specific application.

4. Conclusions

Silver orthovanadate was synthesized by microwave-assisted hy-
drothermal method without the presence of secondary phases in short
reactional times. The experimental results indicate synthesis time as a
parameter was enough to slightly cause long-range order influence in
the structure. MAH provided changes in long, medium and short-range
order of the structure compared to different synthesis method reported
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Fig. 10. Wulff morphologies associated to their correspondent experimental morphologies identified by FE-SEM for different time synthesis.
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Fig. 11. Schematic illustration of the energy profile for different AgsVO, morphologies. The polyhedron energy, Ep,, is plotted versus the oxygen chemical potential.

Intermediate morphologies were obtained by decreasing/increasing of Eg, values involved in the process.

in literature. Also, silver nanoparticle growth was observed on the silver
orthovanadate’s surface. The DFT calculations showed that part of this
phenomenon may be explained by considering chemical interactions in
the crystal structure. Also, there are silver cations interactions in this
structure, and it may favor conditions to create silver nanoparticle seeds.
All chemical interactions in silver orthovanadate structure are classified
as transit. However, it was observed that the V-O chemical bonds pre-
sent a degree of covalence superior to Ag-O chemical bonds. FE-SEM
images showed that the MAH method was responsible for production
of heterogeneous particle morphology, whose regular shapes were pre-
dicted by computational simulations. Finally, this study highlights the

importance of theoretical and experimental understanding of silver
orthovanadate structure for future applications.
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