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RESUMO
Sintese e Caracterizacdo de Vanadatos de Prata e Formacdo de Nanoparticulas de
Prata por Eletro-Irradiac&o. Devido as suas propriedades fisico-quimicas, bactericidas
e fotocataliticas, os Vanadatos de Prata tém atraido interesses cientificos e tecnolégicos.
Este trabalho teve como objetivo sintetizar, via método de Co-Precipitacdo (CP),
vanadato de prata, em especial o pirovanadato Ag4V207. Os métodos de sinteses desse
material propostos na literatura, exigem altas temperaturas, longos tempos de
processamento e sofisticados equipamentos. Além disso, o produto final é obtido com
tamanhos e morfologias ndo homogéneas e contendo fases deletérias. Neste sentido, o
objetivo desse trabalho foi realizar uma otimizacdo do método de CP, afim de obter o
Ag4V207 monofasico e com morfologia definida. Os materiais foram caracterizados por
Difracdo de Raios-X (DRX), refinamento Rietveld, espectroscopia Raman (Raman),
Ultravioleta-visivel (UV-Vis) e Fotoluminescéncia (PL). As morfologias dos materiais
foram estudadas por MEV (Microscopia Eletronica de Varredura). Recentemente, o
nosso grupo relatou, pela primeira vez, a nucleagdo e crescimento in situ de
nanoparticulas (NPs) de Ag sobre a superficie dos semicondutores de 6xidos binarios
de prata, conduzido por um feixe de elétrons, acelerado sob alto vacuo (a partir de um
microscoépio eletrénico de transmissdo/ varredura) e observaram que este fenébmeno
realca as propriedades desse material. Com esta motivagao, neste trabalho foi realizado
um estudo do crescimento de NPs de Ag sobre a superficie do AgsV207, o efeito do
crescimento de NPs de Ag sobre as propriedades eletrbnicas do material foram
avaliados. Finalmente, céalculos tedricos de primeiros principios, baseados na Teoria do
Funcional da Densidade (DFT), foram utilizados na compreensdo das observacoes

experimentais.



ABSTRACT
Synthesis and Characterization of Silver Vanadates and Formation of Silver
Nanoparticles by Electro-Irradiation. Due to its physico-chemical, bactericidal and
photocatalytic properties, Silver vanadium oxides (SVOs) have attracted increasing
attention due to their excellent physicochemical properties and diverse applications. The
aim of this work was to synthesize, by Co-Precipitation (CP) method, SVOs in especial
the AgsV207 pyrovanadate. The synthesis methods of this material proposed in the
literature, require high temperatures, long processing times and sophisticated equipment.
In addition, the final product is obtained with nonhomogeneous sizes and morphologies
and containing deleterious phases. In this sense, the objective of this work was to perform
an optimization of the CP method, in order to obtain the monophasic Ag4V207 with defined
morphology. The materials were characterized by X-ray Diffraction (XRD), Rietveld
refinement, Raman, Ultraviolet-visible (UV-Vis) and Photoluminescence (PL)
spectroscopy. The morphologies of the materials were studied by SEM (Scanning
Electron Microscopy). Theoretical calculations of first principles, based on the Functional
Density Theory (DFT), were used in the understanding of the experimental observations.
Recently, our group reported, for the first time, nucleation and in situ growth of Ag
nanoparticles (NPs) on the surface of semiconductors of silver binary oxides, conducted
by an electron beam, accelerated under high vacuum (from an electron
transmission/scanning microscope) and observed that this phenomenon highlights the
properties of this material. Finally, a study of the growth of Ag NPs on the surface of
Ag4V207 was carried out, the effect of growth of Ag NPs on the electronic properties of

the material were evaluated.
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1. GENERAL INTRODUCTION

Recently SVOs (Silver Vanadates Oxides), such as AgVOs, Ag4V207, AgsVOs have
attracted a lot of interest due to their properties (antibacterial, optical, magnetic, high ionic
conductivity, luminescence, catalytic activity and storage of energy) (Sellami, Melliti et al.
2009, Dai, Luo et al. 2010, Rajagopal, Nataraj et al. 2010, Lin, Jiexin et al. 2012,
Muthamizh, Suresh et al. 2015, Xu, Cheng et al. 2015)

The redox behavior, the lamellar structure, and the structural characteristics, allow
the SVOs to be transformed into different SVOs. The reaction conditions and material,
stoichiometry, and the methodology applied in their synthesis determines the type of
SVOs that will be obtained. This phenomenon can be attributed to the flexibility of their
geometric structure, in which the Ag and V atoms can adopt different sites of coordination.
The electronic properties of SVOs are associated with the valence bands hybridization of
the 3d orbitals of V, 2p of O and 4d of Ag. This hybridization causes reduction on the
band gap value and a high dispersion in the valence band (Ju, Fan et al. 2013, Oliveira,
Assis et al. 2016, Oliveira, Gracia et al. 2016)

In particular, the silver vanadate Ag4V207 has shown to be very promising due to
its photocatalytic and photoelectrochemical properties. This material has an orthorhombic
structure. The crystal, shown in Figure 3, is constructed of two types of clusters of Ag and
V atoms: [VO4] and [VOs], in which the V atoms are coordinated by four and five O atoms,
forming distorted clusters of tetrahedron and trigonal bipyramid, respectively. While the
Ag atoms are coordinated at five and six O atoms forming clusters [AgOs] and [AgOs],
respectively. The [AgOs] clusters form trigonal bipyramidal and square pyramidal
distorted polyhedra, while the clusters of [AgOs] form octahedra and triangular prism. The
crystalline solid consists of a network formed by (...[VO4]-[AgOs]-[VOs]-[AgOs]-[VO4]...)
interconnected and agglomerated (Oliveira, Gracia et al. 2016).

Several techniques, such as mechanical-chemical reactions, oxide mixing, solid-
state reaction, precipitations with calcination over long periods of time, and molten metal
fluxes have been reported in the synthesis of these materials. However, these methods
require high temperatures, long processing times, and sophisticated equipment that
involves high maintenance costs (Konta, Kato et al. 2003, Hu, Hu et al. 2008, Huang, Pan
et al. 2009, Chen, Pan et al. 2010, Dai, Luo et al. 2010, Huang, Cheng et al. 2010, Chang,
Li et al. 2011, Belver, Adan et al. 2013, Ran, McEvoy et al. 2016). Moreover, in these

cases, the final product is obtained with nonhomogeneous sizes and morphologies and



some deleterious phases, such as V20s and Ag20, which make many types of
applications unfeasible.

To avoid these disadvantages, several synthetic routes have been recently
developed. In particular, our laboratory has been synthesize various binary metal oxides,
including Ag2WOas, Ag2MoOas and AgsPOas, using the CP technique, which has the
following characteristics: good reproducibility, low processing temperatures and
environmentally friendly solvents (water/ethanol/acetone). This method corresponds to
the preparation of homogeneous solutions containing the desired ions and the
stoichiometric precipitation of this multicomponent system in the form of hydroxides,
oxides, oxalates, among others. In this technique, it is possible to obtain semiconductor
solids with defined morphology, homogeneous and stoichiometric (Kakihana 1996).

The basic principle of the CP method is dissolve the precursor reactants separately
in a solution. Then the ionic species formed are mixed and precipitated, to give rise the
material of interest. Thereafter, the powder obtained must be washed to remove the
viewer ions, and dried in an oven (Segal 1997). Since this technique is based on the
solubility constant between the precipitant phases, it is critical that all the metal ions
precipitate simultaneously to obtain a homogeneous product. In addition, precise control
over the temperature, the pH of the solution and the concentration of the reactants is
required (Segal 1997).

Unlike the Ag4V207 synthesis methods already published in the literature, in the
CP method, by modifying the synthesis parameters, it is possible to control the
morphology of the materials. According to the literature, the morphology of semiconductor
materials plays an important role in the final properties of the semiconductor, as well as
the chemical composition, crystalline structure or even the crystal size (Moreira, Mambrini
et al. 2008). This occurs essentially due to the excess of energy accumulated at the
interfaces of the particles isolated, which are regions with great density of unsaturations
(oxygen vacancies). This feature highlights the importance of research related to the
surfaces and morphologies of materials with potential technological applications, as it
allows the preparation of a range of materials with unique properties (Geoffrey A Ozin
2008). Thus, it is necessary to control the morphology of the semiconductor crystal.

Recently, our group reported, for the first time, the in situ nucleation and growth of
Ag NPs on the surface of some silver compounds, such as Ag2WOa4, Ag2MoO4 and
AgsPOa4, driven by an accelerated electron beam under high vacuum (from an electronic

microscope) (Longo, Cavalcante et al. 2013, Longo, De Foggi et al. 2014), (Longo, Avansi



et al. 2016), (Fabbro, Saliby et al. 2016) (Botelho, Sczancoski et al. 2015). This
phenomenon generates new possibilities of applications, as well as, photocatalyst,
sensor and bactericide (Longo, Cavalcante et al. 2013, Longo, De Foggi et al. 2014, S.,
Andres et al. 2015, Fabbro, Gracia et al. 2016, Fabbro, Saliby et al. 2016, Longo, Avansi
et al. 2016, Oliveira, Assis et al. 2016, Silva, Goncalves et al. 2016).

The discovery occurred when scientists were studying the properties of a-Ag2WO0Oa4
crystals in a MET, and observed the formation of protuberances on the surface of the
semiconductor after the crystals were subjected to electro-irradiation. By repeating the
experiment and characterizing the samples using an EDS (X-ray Dispersive Energy
Spectroscopy), it was concluded that these protuberances were Ag NPs, generated from
the silver tungstate matrix. Due to this result, our group is dedicated a research project
related to the study of the nucleation processes and growth, in real time and in situ, of Ag
NPs by accelerated electron beam irradiation from an electron microscope (MET / SEM)
under high vacuum, in different silver semiconductors.

In 2013, for the first time, Longo et al (Longo, Cavalcante et al. 2013), reported the
real-time in situ nucleation and growth of Ag filaments on a-Ag2WO4 crystals driven by an
accelerated electron beam from an electronic microscope under high vacuum. By using
experimental techniques combined with first-principles modelling based on density
functional theory, a mechanism for the Ag filament formation followed by a subsequent
growth process from the nano- to micro-scale was proposed: irradiated electrons are
absorbed by the external and higher charged tetrahedral [AgO4] clusters, followed by a
subsequent disproportionation reaction with the angular [AgO2] clusters. This procedure
produces [AgOes] clusters and metallic Ag that migrate to the surface, resulting in the local
amorphisation of a-Ag2WOa4 (Longo, Cavalcante et al. 2013).

Roca et al, reported for first time the in situ formation, growth, and subsequent
reabsorption of Ag nanopatrticles on the surface of this metastable f-Ag2WOa4, which was
induced by electron beam irradiation under high vacuum. Energy dispersive spectroscopy
(EDS) confirmed that Ag NPs grew on the 3-Ag2WOa surface. The researchers noted that
nucleation, growth and complete reabsorption of Ag NPs was faster than the similar
processes observed for a-Ag2WOa4. A higher organization in the B-Ag2WO0O4 hexagonal
structure is assumed, in comparison with the a-Ag2WO0Oa4 orthorhombic structure, then it is
possible to explain the faster nucleation and absorption of Ag NPs in 3-Ag2WOa4 (Alvarez

Roca, Lemos et al. 2016).



In 2015, theoretical and experimental studies were realized on the structure,
optical properties, and growth of silver nanostructures in silver phosphate (AgsPOa4) by
Botelho et al (Botelho, Sczancoski et al. 2015). First-principles calculations, within a
guantum theory of atoms in molecules framework, have been carried out to understanding
of the observed nucleation and early evolution of Ag nanoparticles on AgsPOa crystals,
driven by an accelerated electron beam from an electronic microscope under high
vacuum. The authors concluded that when up to five electrons were taken into account
in the theoretical calculations, a pronounced modification in the Ag—O bond lengths of
[AgO4] clusters was detected, suggesting that the incorporation of electrons induces the
growth of Ag in the microparticles (Botelho, Sczancoski et al. 2015).

A combined experimental and theoretical study is realized by Andrés et al (Andres
et al. 2015) to understand the nucleation and early evolution of Ag filaments on [3-
Ag2MoOa4 crystals, driven by an accelerated electron beam from an electronic microscope
under high vacuum. The researchers concluded that the Ag nucleation and formation on
B-Ag2MoO4 are a result of structural and electronic changes of the AgOas tetrahedral
cluster as a constituent building block of f-Ag2Mo0Oa4, consistent with Ag metallic formation
(Andres et al. 2015).

Using FE-SEM and TEM micrographs, Fabrro et al (Fabrro, Gracia et al. 2016
revealed the morphology and the growth of Ag nanoparticles on Ag2CrO4 microcrystals
during electron beam irradiation. These events were directly monitored in real-time.
Theoretical analyses based on the density functional theory level indicate that the
incorporation of electrons is responsible for structural modifications and formation of
defects on the [AgOs] and [AgOa4] clusters, generating ideal conditions for the growth of
Ag nanoparticles (Fabbro, Gracia et al. 2016).

Therefore, it is believed that when the semiconductor receives the electron
irradiation, the various clusters that constitute the crystals are disorganized and
reorganized, occurring electron transfers by means of oxidation/reduction reactions, from
these reactions occurs the formation of Ag NPs. However a more detailed study of this
phenomenon is necessary. (Longo, Cavalcante et al. 2013, Longo, De Foggi et al. 2014,
Botelho, Sczancoski et al. 2015, S., Andres et al. 2015, Fabbro, Gracia et al. 2016,
Fabbro, Saliby et al. 2016, Longo, Avansi et al. 2016, Silva, Goncalves et al. 2016)

Modifications of the semiconductors properties by Ag NPs are of particular interest

because of their excellent performance and wide range of applications in solar cells,



bactericide, chemical sensing, and photocatalysis (Linic, Christopher et al. 2011, Yu, Wei
et al. 2013, Luo, Liu et al. 2014).

Experimental studies have reported that the Ag NPs deposition (with excellent
electronic conductivity and strong ability to trap electrons) on the surfaces of SVOs has
improved their electronic properties, since the formation of heterojunction increase the
separation rate of the pair electron-hole (Linic, Christopher et al. 2011, Yu, Wei et al.
2013, Luo, Liu et al. 2014). In addition, the growth of Ag NPs on the surface of the
semiconductor creates defects in the crystalline lattice this can significantly alter the
electronic properties of the material, creating a more or less resistant material.

In this context, the aim of this study was investigate the optical and electronic
properties of AgsV207 semiconductor prepared by the CP method. To the best of our
knowledge, the preparation of Ag4V207 by this method has not been reported so far.
Further, these experimental results were supported by theoretical calculations. The study
of the Ag NPs growth on the Ag4V207 surface by accelerated electron beam irradiation
from an electron microscope (MET/MEV) under high vacuum will be carried out. And a
study of the electrical resistance changes with the growth of metallic Ag NPs in the

surface will be realized.

2. PUBLISHED ARTICLES

2.1. Disclosing the electronic structure and optical properties of Ag4V207

crystals: experimental and theoretical insights

Abstract

This work combines experimental and computational techniques to exploit the best of
both methodologies and thus provide a tool for understanding the geometry, cluster
coordination, electronic structure, and optical properties of AgaV207 crystals. This tool has
been developed to create structural models and enable a much more complete and rapid
refinement of 3D (three dimensional) structures from limited data, aiding the
determination of structure—property relationships and providing critical input for materials
simulations. Ag4V207 crystals were synthesized by a simple precipitation method from an
agueous solution at 30 °C for 10 min. The obtained crystals were characterized by X-ray

diffraction (XRD) and Rietveld refinement, and micro-Raman spectroscopy. The crystal



morphology was determined by field emission scanning electron microscopy (FESEM),
and the optical properties were investigated by ultraviolet-visible (UV-Vis) diffuse
reflectance spectroscopy and photoluminescence (PL) measurements. The geometric
and electronic structures of Ag4V207 crystals were investigated by first-principles
guantum-mechanical calculations based on the density functional theory. The theoretical
results agree with the experimental data to confirm that AgsV207 crystals have an
orthorhombic structure, and that the building blocks of the lattice comprise two types of V
clusters, [VO4] and [VOs], and two types of Ag clusters, [AgOs] and [AgOs]. This type of
fundamental studies, which combine multiple experimental methods and first-principles
calculations, have been proved valuable in obtaining a basic understanding of the local

structure, bonding, band gap, and electronic and optical properties of AgsaV207 crystals.

1. Introduction

In recent years, silver vanadates (AgVOs, Ag2V4Oi11, Ags3VOs, AgsV207, etc.) have
attracted increasing attention due to their widespread potential applications resulting from
their special optical, electronic, and chemical properties.’'® The excellent properties of
silver vanadates can be attributed to the flexibility of their geometric structure, in which
Ag and V ions can adopt different local coordinations, as well as the electronic properties
associated with the hybridization of the valence bands of the V 3d, O 2p, and Ag 4d
orbitals, yielding a narrow band gap and highly dispersed valence bands.1%-2!

Among the reported silver vanadates, silver pyrovanadate (AgsV207) has drawn
extensive interest in the field of photocatalysis.®”1° Various techniques, such as
mechanochemical reactions,?? oxide mixture or solid-state reaction,? precipitation with
calcination at long periods of time,?2 and molten metal fluxes?® have been reported.
However, these methods require high temperatures, long processing times, and
sophisticated equipment with high maintenance costs. In addition, the final product is
obtained with some deleterious phases, such as V20s, amorphous AgVOs, AgsVO4, and
Ag20, with inhomogeneous sizes and shapes. To avoid these draw-backs, several
synthetic routes have recently been developed and employed in the preparation of
AgsV207 micro and nanocrystals,'%?4 and pure AgsV207 crystals have been obtained
through several wet chemistry-based techniques, such as conventional and surfactant-
assisted hydrothermal syntheses®”%2% or microemulsions.?® These methods circumvent
the problems encountered in earlier synthetic methods and facilitate the synthesis of

single phase crystals with homogeneous sizes and shapes. In particular, our lab has



successfully achieved the preparation of various complex ternary metal oxides, including
a-Ag2WOs 27 and B-Ag2WOs4 28 using facile and readily scalable techniques in
environmentally friendly solvents (water) at low processing temperatures.

To the best of our knowledge, the geometric and electronic structures of Ag4V207
crystals have not been investigated either theoretically or experimentally. This
encouraged us to investigate the geometry, cluster coordination, and electronic structure
of Ag4V207 microcrystals. Five years ago, our research groups initiated a major
experimental and theoretical collaboration to elucidate the structure, chemical bonding,
and electronic and optical properties of numerous ternary metal oxide photocatalysts,
bactericides, sensors, photoluminescent complexes, etc., such as a-Ag2W04,27:29-32 -
Ag2WO 28, B-Agz MoOs 32 and AgsPOas. 3#3° These studies have made significant
advances in the formal understanding of the properties and application of these
compounds at a qualitative or semiquantitative level, by combining experimental data and
first-principles calculations.

Here, we report for the first time the synthesis of AgsV207 microcrystals by a simple
precipitation method (PM) at low temperature. The synthesized Ags4V207 crystals were
characterized by X-ray diffraction (XRD) and Rietveld refinement, Raman spectroscopy,
field emission scanning electron microscopy (FE-SEM), ultraviolet-visible (UV-Vis) diffuse
reflectance spectroscopy, and photoluminescence (PL) measurements. First-principles
guantum-mechanical calculations using the density functional theory (DFT) were carried
out in order to correlate the results of XRD, Raman spectroscopy, FE-SEM, and the PL
measurements for AgsV207. There is a need to link the length and complexity scales
between the levels of theory used in calculations and the variable space in which
experiments take place; the present work can thus be considered as an attempt to bridge

this gap.

2. Experimental and theoretical methods

2.1. Experimental details

The precursors utilized in this synthesis were silver nitrate (AgNO3) (99.0% purity, Synth)
and ammonium monovanadate (NHsVO3) (99% purity, Aldrich). Initially, 1x1073 mol
NH4VOs were dissolved in 60 mL of distilled water at 30 °C, under magnetic stirring for 15
minutes. Then, 1x1073 mol AgNOz were dissolved in 15 mL of distilled water, under
magnetic stirring for 15 minutes; to this solution, a few drops of ammonium hydroxide

(NH4OH) (30% in NHs, Synth) were added until the solution became clear. Both solutions



were quickly mixed, promoting the instantaneous formation of solid Ag4V207 precipitates
(orange coloration). To accompany the change of morphologies, the PM was performed
at 30 °C for 10 min. The precipitate was centrifuged, washed with distilled water several

times, and dried in a conventional furnace at 60 °C for some hours.

2.2. Characterization

X-ray diffraction was carried out using a Rigaku-DMax/ 2500PC (Japan) with Cu Ka
radiation (A = 1.5406 A) in the 26 range from 10° to 110° with a scanning rate of 0.02°
min~1. Micro-Raman spectroscopy was carried out using a T64000 spectrometer (Horiba
Jobin-Yvon, Japan) coupled to a CCD Synapse detector and an argonion laser, operating
at 514 nm with a maximum power of 7 mW. The spectra were measured in the range
from 100 cm™ to 1000 cm™. UV-vis spectra were obtained using a Varian
spectrophotometer (model: Cary 5G, USA) in diffuse reflection mode. The morphologies
were investigated using a field emission scanning electron microscope (FE-SEM) (Supra
35-VP, Carl Zeiss, Germany) operated at 15 KV. The PL measurements were
performed using a Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled to
an R446 photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser (Coherent
Innova 90K, USA) (A = 350 nm) was used as an excitation source, keeping its maximum
output power at 500 mW. After passing through the optical chopper, the maximum laser
power was reduced and kept at 40 mW on the samples. An optical parametric oscillator
was employed for lifetime measurements. All experimental measurements were

performed at room temperature.

2.3. Theoretical calculations

Calculations on the periodic AgsV207 structure were performed using the CRYSTAL14
software package.¢ Tungsten was described by a large-core ECP, derived by Hay and
Wadt, and modified by Cora et al.3” Silver and oxygen centers were described using
HAYWSC-311d31G and O (6-31d1G) basis sets, respectively, which were obtained from
the Crystal website.3® For the range separated hybrid functional, screened Coulomb
HSEO06 was used in order to obtain the accurate band gaps for the computed structures.
The diagonalization of the Fock matrix was performed at adequate k-point grids in the
reciprocal space. The thresholds controlling the accuracy of the calculation of the
Coulomb and exchange integrals were set to 10® and 1074, respectively, and the

percentage of Fock/Kohn—Sham matrix mixing was set to 40 (IPMIX keyword).3¢ The



empirical correction scheme to energy that considers the long-range dispersion
contributions proposed by Grimme39 and implemented by Bucko et al.*° for periodic
systems was used. In the relaxed configuration, the forces on the atoms are less than
0.0001 hartree per bohr = 0.005 eV A1, and deviations of the stress tensor from a
diagonal hydrostatic form are less than 0.1 GPa. The band structure and the density of
states (DOS) projected on atoms and orbitals of bulk AgsV207 were constructed along
the appropriate high-symmetry directions of the corresponding irreducible Brillouin zone.
The vibrational frequency calculation in CRYSTAL14 is performed at the IM-point within
the harmonic approximation, and the dynamic matrix is computed by the numerical
evaluation of the first derivative of analytical atomic gradients.

First-principles total energy calculations on the periodic Ags4V207 structure were
performed within the density functional theory (DFT) along with projector augmented
wave (PAW) potentials implemented in the VASP program.#! The Kohn—Sham equations
were solved using the screened hybrid functional proposed by Heyd, Scuseria, and
Ernzerhof (HSE),*? in which a percentage of the exact nonlocal Fock exchange was
added to the Perdew, Purke, and Ernzerhof functional (25%), with a screening of 0.2
Bohr™! applied to the partition of the Coulomb potential into long-range and short-range
terms. The plane-wave expansion was truncated at a cut-off energy of 400 eV and the
Brillouin zones were sampled using Monkhorst—Pack special k-point grids to ensure
geometrical and energetic convergence. Conjugate gradient algorithms were used for
unit-cell relaxations and atomic positions, until the residual forces and stress in the
equilibrium geometry were of the order of 0.005 eV A~! and 0.01 GPa, respectively. The
band structure and the density of states (DOS) projected on the atoms and orbitals of
bulk AgsV207 were constructed along the appropriate high-symmetry directions of the
corresponding irreducible Brillouin zone. Vibrational-frequency calculations were
performed at the "-point within the harmonic approximation, and the dynamic matrix was
computed by numerical evaluation of the first derivative of the analytical atomic gradients.
Therefore, the DFT method has proven to be one of the most accurate methods for the

computation of the electronic structure of solids.*3-48

3. Results and discussion

3.1. XRD pattern and Rietveld refinement analysis

Fig. 1(a) and (b) show the XRD pattern and Rietveld refinement plot of the Ags4V207
microcrystals, respectively. AgsV207 was first characterized by Masse et al.>®> and Fig.
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1(a) shows the XRD pattern corresponding to the orthorhombic structure, in agreement
with the corresponding Inorganic Crystal Structure Database (ICSD) Card No. 38065 for
the pure AgsV207 phase.?® According to the literature,?® pure AgsV207 microcrystals
present a space group (Pbca), a point-group symmetry (D15), and sixteen molecular
formula units per unit cell (Z = 16). In order to confirm this result, a structural refinement
by means of the Rietveld method,*® based on the construction of diffraction patterns
calculated according to a structural model,*® was performed using the general structure

analysis (GSAS) program.>!
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Fig. 1 (a) XRD pattern of 3D hexagon-like Ag4V207 microcrystals obtained at 30 °C

. A i

for 10 min and (b) Rietveld refinement plot of 3D hexagon-like Ag4V207 microcrystals,
respectively. The vertical lines in black colour indicate the position and relative
intensity of the Inorganic Crystal Structure Database (ICSD) Card No. 38065 for the
AgsV207 phase, respectively.
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The calculated patterns were adjusted to fit the observed patterns and thus provide
the structural parameters of the material and the diffraction profile. In this work, the
Rietveld method was applied to adjust the atomic positions, lattice parameters, and unit
cell volume. Fig. 1(b) shows that the structural refinement results are mostly consistent
with the ICSD No. 38065 reported by Masse et al.?® However, the low-angle region, where
the most intense peaks are located, reveals a major difference related to narrow peaks
and high intensities in the pattern.

The quality of a structural refinement is generally examined using R-values (Rwp,
Reragg, Rp, X%, and S). These values were determined for our crystals and found to be
consistent with an orthorhombic structure. However, the experimentally observed XRD
patterns and theoretically calculated data display small differences near zero on the
intensity scale, as illustrated by the line Yobs—Ycac. More details regarding the Rietveld
refinement results are displayed in Table S1.+ The Rietveld refinement plot for the

Ag4V207 microcrystals is shown in Fig. 1(b).

3.2. Unit cell representation, symmetry, geometry, and coordination of the clusters in
Ag4V207 crystals
Fig. 2(a) and (b) show a schematic representation of the orthorhombic Ag4V207 unit cell
in which different clusters, i.e. the local coordination of V and Ag atoms, are depicted.
The symmetry, geometry, and coordination data for each cluster, as well as the lattice
parameters and atomic positions calculated by geometry optimization, are listed, while
those obtained from the Rietveld refinement data are presented in Table S1.t

The unit cell shown in Fig. 2(a) and (b) was modeled through the Visualization
System for Electronic and Structural Analysis (VESTA) program (version 3.3.8 for
Windows 7 64-bit).5253 Analysis of the results indicated that two types of clusters are the
main building blocks of the structure for both V and Ag atoms: [VO4] and [VOs], in which
V atoms are coordinated to four and five O atoms, respectively, and [AgOs] and [AgOs],
in which Ag atoms are linked to five and six O atoms, respectively. The different types of
local coordination for the Ag and V atoms, together with the Ag—O and V-0 bond lengths
corresponding to the minima, Dmin, and maxima, Dmax, are listed in Fig. 2(a). Analysis of
the results revealed that [VO4] and [VOs] clusters are distorted tetrahedral and distorted
trigonal bipyramidal polyhedral clusters, respectively. Vi1 and Va4 (Fig. 2(a)) form distorted
trigonal bypiramidal [VOs] clusters, while V2 and Vs form tetrahedral [VO4] clusters. Atoms

Ag: and Agr, as well as Ags, are coordinated to five O atoms, forming distorted square-
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based pyramidal and distorted trigonal [AgOs] clusters, respectively; while Agz, Ags, Ags,
and Ags are bonded to six O atoms, which form distorted octahedral [AgOs] clusters; and
Aga is at the center of a distorted triangular prism [AgOs].

The lattice parameters, unit-cell volume, and internal atomic coordinates for
Ag4V207 from the Rietveld refinement and DFT calculations are reported in Tables S1(a)
and (b) (ESIt), respectively. Analysis and comparison of both theoretical and
experimental results show variations in the atomic positions of O atoms, which are
associated with the fact that these atoms do not occupy fixed positions in the
orthorhombic structure. Large variations in the position of O atoms in the lattice are also
found in the structure. These findings explain why assignment of the atomic positions of

O atoms is difficult, since subtle atomic rearrangements occur.
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Fig. 2 Schematic representation of the (a) orthorhombic unit cells corresponding to

pure AgaV207 crystals and (b) their clusters, respectively.

In order to interpret these data, we presume that these disagreements in the atomic
positions of O atoms are attributed to the nature of the starting sample (polycrystalline
powder or single crystal). Although single-crystal data are essential for the refinement of
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crystal-structure models, we believe that the formation of different distortions in the cluster
coordination, [AgOy] (y = 5 and 6) and [VO¢] (z = 4 and 5), can lead to the formation of
different types of distortions in the Ag—O and/or V-O bonds, as well as the O-Ag-O
and/or O-V-0 bond angles. This is due to the fact that cluster rotation influences the Ag—
O and V-0 bond lengths, as well as the Ag—O-Ag and V-0O-V bond angles, due to the
shift of the oxygen ions from the edge of the ideal structures. Therefore, the differences
in both Ag—-O and V-0 bond lengths and O—-Ag—O and O-V-0O bond angles result in
intrinsic structural order—disorder in this type of lattice, and Ag4V207 crystals thus present
different levels of distortion in their crystalline lattice due to the variety of coordination
polyhedra. Subsequently, the positions of O, V, and Ag atoms are variable. A similar
phenomenon has been previously reported for the a-Ag2W0O4 > and B-Ag2WO4 phases.?®
XRD experiments provide only average structures.

A better understanding of the properties of this material requires more detailed
information on local structures and cell parameters. In other words, if there is partial
order in the distribution of Ag and V atoms, crystal cells observed at the local level
should be different from those determined by XRD measurements. Raman spectroscopy
probes the full vibrational spectrum of interest since it is sensitive to short-range structural
order, i.e., the local coordination at both Ag and V centers.

3.3. Micro-Raman spectroscopy analysis

Raman spectroscopy can be employed as a probe to investigate the degree of structural
order—disorder in materials at short-range: in our case, the local coordination of both Ag
and V atoms associated with different clusters, [AgOy] (y = 5 and 6) and [VO:] (z = 4 and
5), as the building blocks of AgsV207 crystals. To the best of our knowledge, the Raman
characteristics of AgsV207 have not been previously reported, either theoretically or
experimentally. Consequently, we extended our systematic structural investigation
toward Raman spectroscopy and the theoretical analysis of the vibrational modes of

Ag4V207. The micro-Raman spectrum of AgsV207 microcrystals is shown in Fig. 3.
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Raman-active modes, respectively.

The micro-Raman spectrum revealed the presence of only fifteen Raman-active
vibrational modes (Ag, B1g, B2g, and Bsg). It is notable that the Raman spectrum of the
synthesized crystals exhibits broad vibrational modes, indicating short-range structural
disorder. This characteristic can be related to very rapid kinetics under the synthetic
conditions and to intrinsic structural disorder in the lattice, as demonstrated by the
Rietveld refinement and first-principles calculations.

Therefore, Ag and Bg are Raman-active modes, and Au, Biu, B2u and Bau are active
vibrational modes in the infrared spectrum. The A and B modes are nondegenerate;
subscripts “g” and “J” indicate the parity under inversion in centrosymmetric AgsV207
crystals.

Analysis of the micro-Raman spectrum presented in Fig. 3 revealed that the
strongest Raman-active modes appear above 770 cm™ with symmetry Bzg, dominated
by a Raman-active mode at 790 cm™ related to the asymmetric stretching of the distorted
trigonal bipyramidal [VOs] clusters with a Big or Bsg character. Two other B2g Raman-
active modes at 810 and 830 cm™ are prominent, derived from the symmetric-stretching
vibration of the distorted tetrahedral [VO4] clusters.

According to group theory, crystals with an orthorhombic structure, a space group

(Pbca), a point-group symmetry (D ;5 ,2r)), and eight molecules per unit cell (Z = 8) exhibit
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312 vibrational modes in the center of the Brillouin zone ( s=op ), as given by the
equation: 55 ['raman+infrared(CrystalPrimitive) = {(39 Ag) + (39 B1g) + (39 B2g) + (39 B3g) + [39
Au] + [39 Blu] + [39 B2u] + [39 B3u]}. However, our 3D hexagon-like AgsV207
microcrystals have sixteen molecules per unit cell (Z = 16) and display 624 vibrational
modes according to the following equation: I'raman+infrared(Crystalprimitive) = {(78 AQ) + (78 B1Q)
+ (78 B2g) + (78 B3g) + [78 Au] + [78 B1u] + [78 B2u] + [78 B3u]}.

The 312 theoretical Raman-active modes are shown in Table S2 (ESIt) and can
be organized into two different groups. The first group is composed of modes in the
frequency range of 13 to 508 cm™ and is related to lattice phonons and the motion of
distorted trigonal bipyramidal [AgOs] clusters and distorted octahedral/triangular prism
[AgOe] clusters. These modes are basically associated with symmetric and/or asymmetric
bending modes of the distorted tetrahedral [VOa4] clusters and distorted trigonal
bipyramidal [VOs] clusters. In the second group, at high frequencies and separated by a
phonon gap of nearly 173 cm™, are the modes corresponding to symmetric and/or
asymmetric stretching of the distorted trigonal bipyramidal [VOs] and distorted tetrahedral
[VO4] clusters.

A comparison of the experimental Raman active modes with the closest
theoretically calculated ones is presented in Table S3.1 A good agreement between the
experimental and calculated Raman-active modes is observed, and these results allow
us to confirm the 3D hexagon-like structure of the Ag4V207 microcrystals obtained in this
work. The FE-SEM images of the microcrystals are depicted in Fig. 4(a)—(c). Fig. 4(a)
shows a large quantity of small Ag4aV207 microcrystals with a well-defined 3D hexagon-
like morphology. Moreover, some of these hexagons have surface defects and are formed
by small nanocrystals through a self-assembly process due to the environment during the
synthetic process. The microcrystals have an average size of approximately 2.7 ym width
with a thickness of about 1 ym, and are formed through the aggregation of several
nanocrystals and plates with an average size of approximately 375 nm, as can be seen
in Fig. S2(a)—(d) (ESIt). These microcrystals have only 8 faces in the first few minutes of
the reaction; however, after 10 min of the reaction at 30 °C, fast growth occurs to afford
3D hexagon-like AgsV207 microcrystals with 14 faces, as shown in Fig. S2(e) (ESIT). In
Fig. 4(b), a series of Ag4V207 microcrystals with a more defined shape can be observed
due to thermodynamic processes and the chemical synthesis method employed. We also
note that these crystals display a regular shape and size, as is evident from Fig. 4(c) and

the computationally simulated crystal shape shown in the inset.
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Using a specific methodology, which has been applied to study the morphologies
of various metal oxides such as Sn02,°® PbMo00Q4,°” and Caw04,%8 we developed a
combination of experimental studies and first-principles calculations to more deeply
investigate the electronic, structural, and energetic properties controlling the morphology
and related transformation mechanisms of various metals and metal oxides such as Ag,
anatase TiO2, BaZrOs, and a-Ag2WOs ° as well as C030s, Fe203, and In203.%° These
cited papers contain a description of the method for the calculation of the surface
energies, which were used to characterize the corresponding surface morphologies using
Wulff constructions.

The (100), (010), (001), (110), (101), (011), and (111) surfaces of the orthorhombic
AgsV207 system were modeled by means of unreconstructed (truncated bulk) slab
models using the calculated equilibrium geometry (a = 18.752 A, b=11.090 A, ¢ = 13.504
A) and introducing a vacuum spacing of 15 A in the z-direction so that the surfaces do
not interact with each other. After the corresponding convergence test on the system,
slab models containing 8 molecular units were selected, with areas of 149.8 A2, 153.2 A2,
208.0 A2, 294.2 A2 256.4 A2, 327.7 A2,and 360.3 A2, for the (100), (010), (001), (110),
(101), (011), and (111) surfaces, respectively. Analysis of the theoretical results indicates
that the most stable surfaces are the (110), (111), and (101) facets, which can form an
ideal morphology (shown in Fig. 4(d)).

When the relative stability of the facets changes (increases or decreases), more
than one facet type appears in the resulting morphology, causing morphology variations.
A 3D hexagon-like Ag4V207 morphology with 14 faces is obtained if the surface energies
of (110) and (010) increase to 0.60 and 0.68 J m~2, respectively, and the surface
energy of (100) decreases to 0.30 J m-? (see Fig. 4(e)). However, a morphology having
only 8 faces is produced when the surface energy of (100) decreases to 0.05 J m™2 and

those of (011) and (001) equal 0.5 J m~2. Thus, variations in the ratios of the values of
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the surface energy affect the related morphologies, which can be used to obtain

correlations with the experimental results.

(d) Ideal Surface Egq()/m?)
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[ (111) 0.49
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Fig. 4 FE-SEM images of 3D hexagon-like Ag4V207 microcrystals: (a) low
magnification, (b) intermediate magnification and (c) high magnification; (d)
computationally simulated crystal shape and the optimized surface energies (J m—2);

and (e) theoretical crystal shape for Ag4V207 microcrystals using the BPE level,

respectively.

Fig. 5(a) and (b) show the UV-vis diffuse reflectance spectrum and calculated

electronic band structure/density of states (DOS) of 3D hexagon-like AgsV207 crystals,



20

respectively. As seen in Fig. 5(a), an Egap value of 2.45 eV was obtained for our 3D
hexagon-like Ag4V207 microcrystals, as calculated by extrapolating the linear portion of
the UV-vis curve. In principle, we believe that this behavior is related to the presence of
intermediary energy levels between the valence band (VB) and the conduction band (CB),
since the exponential optical absorption edge and Egap are controlled by the degree of
structural order—disorder in the lattice. Calculations yield a direct band gap value of 2.86
eV, as is revealed in Fig. 5(b); the band structures of the 3D hexagon-like Ag4V207 micro-
crystals are characterized by well-defined direct electronic transitions, which is a typical
nature of crystalline semiconductor materials. Fundamentally, the top of the valence band
(VB) as well as the bottom of the conduction band (CB) are in the same I points in the
Brillouin zone and, for a simplified description, this difference can be mainly attributed to
the distortions of both tetrahedral/trigonal bipyramidal [VO;] (z =4 and 5) clusters and
trigonal bipyramidal/octahedral [AgOy] (y = 6 and 5) clusters at short- and medium-range,

and is presented in Fig. 5(b).
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Fig. 5 (a) UV-vis spectrum and (b) band structure/DOS of 3D hexagon-like AgaV207

microcrystals, respectively.

At this point, it is important to note that determination of the structural order—
disorder in a crystalline solid plays a crucial role in the understanding of the relation
between its physical properties and its electronic structure, and advanced methodologies
allow nowadays for the precise control of the composition and properties of
nanomaterials.%1:62 For a given material, structural disorder can present useful properties,
such as ferroelectricity, piezoelectricity, and nonlinear optical behavior.63-%¢ Therefore, it

is important to create disorder in order to obtain new materials with unique physical
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properties that would be otherwise inaccessible in well-ordered crystal structures.® In this
context, PL properties are environment-sensitive and significantly affected by the degree
of structural order—disorder that accompanies the changes in crystal size and morphology
during the synthetic process.

The PL spectrum at room temperature of AgsV207 micro-crystals is shown in Fig.
6. The PL spectrum exhibits a typical broad band profile, which can be associated with
multiphonon or multilevel processes, i.e., a solid system where relaxation occurs by
several pathways that involve the participation of numerous energy states within the band
gap. The PL spectrum covers a broad range of wavelengths, from 350 to 600 nm,
centered at 450 nm in the blue region of the visible spectra for the 3D hexagon-like

Ag4V207 microcrystals (see Fig. 6).
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Fig. 6 PL emission spectrum of 3D hexagon-like Ag4V207 microcrystals.

The photoluminescence emission of vanadate-based compounds has been
associated with charge transfer transitions from the oxygen ligands O? to the central
vanadium ions V°* in [VO4] tetrahedra, as well as complex cluster vacancies and/or
modified lattices.685° However, all these explanations are directly associated with VO3~
ions (while, AgV O s a crystalline solid composed of a structural framework formed by
interconnected ([VO4]-[AgOs]-[VOa4]-[AgOs]---) clusters (see Fig. 2(b)). Therefore, we

can assume that the distorted tetrahedral [VO4] clusters and distorted trigonal
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bipyramidal [VOs] clusters are mainly responsible through electronic transitions between
the VB and CB.

As there is an interconnection between the distorted trigonal bipyramidal [AgOs]
clusters and the distorted octahedral [AgOs] clusters in the orthorhombic lattice, it is
possible to conclude that any distortion caused on the [VO4] and [VOs] clusters also
promotes a slight deformation of the O—Ag-O bonds that form part of the chain. The
association of different vanadium and silver clusters yields a wide range of polarization
charges with the formation of electron—hole pairs between clusters. In instances involving
electronic conduction properties, these clusters are able to present cluster-to-cluster
charge transfer (CCCT) from vanadium to silver (or vice-versa) by means of excitations
involving electronic transitions. This CCCT mechanism induces the formation of different
energy levels within the forbidden band gap (structural order—disorder effect). Particularly,
this phenomenon has its origin during the crystal formation and organization stages,
which are directly dependent on interactions between tetrahedral/trigonal bipyramidal
[VOZ] (z = 4 and 5) clusters and trigonal bipyramidal/octahedral [AgOy] (y = 5 and 6)
clusters. Therefore, these structural defects promote a symmetry break, causing
polarization of the structure by electronic charge transfer from ordered (0) to disordered
(d) clusters (formation of electron—hole pairs). The corresponding equations are
presented in the ESI, T S4.

The PL bands arise from photogenerated electron—hole pair processes and the
electronic transition between the VB (2p levels of O atoms and 4d levels of Ag atoms)
and the CB (3d levels of V atoms). Breaking symmetry processes in these clusters with
distortions and tilts create a huge number of different structures and subsequently
different material properties related to local (short), intermediate, and long-range
structural order—disorder. Finally, our data indicated that the 3D hexagon-like AgsV207
microcrystals have a very short luminescence lifetime in the order of hundreds of
nanoseconds (Fig. S3t).

4. Conclusions

In summary, new research studies on the synthesis of Ag4V207 crystals with novel
properties have attracted great attention because of the variety of their potential
applications. This study not only provides new information on the geometry, cluster
coordination, and electronic structure of AgsV207 microcrystals, but also illustrates the

potential of combining experimental techniques and first-principles DFT calculations. This
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combination led us to develop a systematic procedure to study the structure and
electronic DOS of Ag4V207. We found that it exhibits an orthorhombic structure, formed
by two types of clusters of V atoms, [VO4] and [VOs], and two types of clusters of Ag
atoms, [AgOs] and [AgOs]. These clusters act as building blocks for the Ag4V207 structure.
Features in the Raman spectra were identified through comparison with calculated
vibrational frequencies, and this confirmed the predicted structure of this material. The
UV-vis spectrum indicated that Ag4V207 microcrystals have a direct band gap with a value
of Egap = 2.45 eV. The luminescence lifetime is very short in the order of hundreds of
nanoseconds. The present work provides a new direction toward the design of this
crystalline material and the search for practical applications in, for example, biology,
catalysis, and photoluminescent materials. This knowledge may help in developing
effective processing routines to enhance the performance of bulk heterojunction solar
cells. With the combined insight provided by multiscale simulations and experiments, it
may be possible to develop effective tempering routes to fine-tune the electronic structure
of organic semiconductor materials. This would allow the development of nanostructure
arrays with great potential in technological applications such as optical sensors and

photoelectronic materials.
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Experimental details

The precursors utilized in this synthesis were silver nitrate, AQNO3s (99,0% purity, Synth)
and ammonium monovanadate, NHsVO3 (99% purity, Aldrich). Initially, 1x10- mol de
NH4VO3 were dissolved in 60 mL distilled water at 30°C, under magnetic stirring for 15
minutes. Then, 1x103 mol of AgNOs were dissolved in 15 mL distilled water, under
magnetic stirring for 15 minutes, to this solution was added a few drops of ammonium
hydroxide (NH4OH) (30% in NHs, Synth) until the solution becomes clear. Both solutions
were quickly mixed, promoting the instantaneous formation of solid Ag4aV207 precipitates
(orange coloration). To accompany the change of morphologies, the PM was performed
at 30 °C for 10 min. The precipitate was centrifuged, washed with distilled water several

times, and dried in a conventional furnace at 60 °C for some hours.

Characterization

X-ray diffraction using a Rigaku-DMax/2500PC (Japan) with Cu Ka radiation (A = 1.5406
A) in the 26 range from 10° to 80° with a scanning rate of 0.02°/min. Micro-Raman
spectroscopy was carried out using an T64000 spectrometer (Horiba obin-Yvon, Japan)
coupled to a CCD Synapse detector and an argon-ion laser, operating at 514 nm with
maximum power of 7 mW. The spectra were measured in the range from 100 cm to
1100 cmt. UV-vis spectra were obtained in a Varian spectrophotometer model Cary 5G
(USA) in diffuse reflection mode. The morphologies were investigated with a field
emission scanning electron microscopy (FE-SEM) Supra 35-VP Carl Zeiss (Germany)
operated in 15 KV. The PL measurements were performed with a Monospec 27
monochromator Thermal Jarrel Ash (USA) coupled to a R446 photomultiplier Hamamatsu
Photonics (Japan). A krypton ion laser Coherent Innova 90 K (USA) (A = 350 nm) was
used as excitation source, keeping its maximum output power at 500 mW. All experiments

measurements were performed at room temperature.
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Theoretical Calculations

Calculations on the periodic AgsV207 structure were performed with the CRYSTAL14
sofware package /Dovesi R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Zicovich-Wilson,
C. M.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N. M.; Bush, I. J.; D’Arco, P.; Llunell,
M.; Causa M.; Noél Y., Crystall4 User's Manual. University of Torino: Torino, 2014./
Tungsten was described by a large-core ECP, derived by Hay and Wadt, and modified
by Cora et al. /Cora, F.; Patel, A.; Harrison, N. M.; Dovesi, R.; Catlow, C. R. A. An Ab
Initio Hartree-Fock Study of the Cubic and Tetragonal Phases of Bulk Tungsten Trioxide.
J. Am. Chem. Soc. 1996, 118, 12174-12182./ Silver and oxygen centers were described
using HAYWSC-311d31G and O (6-31d1G) basis sets, respectively, which were taken
from the Crystal web site./ http://www.crystal.unito.it/Basis_Sets/Ptable.html/ A Range-
separated hybrid functional, the screened-Coulomb HSEOQ6 was used in order to give the
accurate band gaps for the computed structures. The diagonalization of the Fock matrix
was performed at adequate k-points grids in the reciprocal space. The thresholds
controlling the accuracy of the calculation of the Coulomb and exchange integrals were
set t0108 and 104, and the percent of Fock/Kohn-Sham matrices mixing was set to 40
(IPMIX keyword)./Dovesi R.; Saunders, V. R.; Roetti, C.; Orlando, R.; Zicovich-Wilson, C.
M.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N. M.; Bush, I. J.; D’Arco, P.; Llunell, M.;
Causa M.; Noél Y., Crystall4 User's Manual. University of Torino: Torino, 2014./ The
empirical correction scheme to energy that considers the long-range dispersion
contributions proposed by Grimme/ S. Grimme, Journal of Computational Chemistry
2006, 27, 1787-1799/ and implemented by Bucko et al./ T. Bucko, J. Hafner, S. Lebegue,
J. G. Angyan, Journal of Physical Chemistry A 2010, 114, 11814-11824/ for periodic
systems was used. In the relaxed configuration, the forces on the atoms are less than
0.0001 hartree/bohr = 0.005 eV/A, and deviations of the stress tensor from a diagonal
hydrostatic form are less than 0.1 GPa. The band structure and the density of states
(DOS) projected on atoms and orbitals of bulk AgsV207 was constructed along the
appropriate high-symmetry directions of the corresponding irreducible Brillouin zone. The
vibrational-frequencies calculation in CRYSTAL is performed at the I'-point within the
harmonic approximation, and the dynamic matrix is computed by the numerical evaluation

of the first derivative of analytical atomic gradients.
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Fig. S1: (a) show a schematic representation of orthorhombic Ag4V207 unit cell in which

the different clusters, i.e. the local coordination of V and Ag atoms are depicted. (b)

molecular geometry, and coordination of each cluster in Ag4V207 crystals.
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distribution, (c) Average crystal size distribution of small presents into the Ag4V207

microcrystals (d) FE-SEM images of an individual Ag4V207 microcrystals and (e) Crystal
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shape simulated computationally for 3D hexagons-like Ag4V207 microcrystals with 8
faces and 14 faces, respectively.

Table 1: (a) Lattice parameters, unit cell volume, atomic coordinates, and site occupation
obtained by rietveld refinement data for the 3D hexagons-like Ag4V207 microcrystals
obtained at 30 °C for 10 min and (b) Data obtained from DFT calculations for Ag4V207

microcrystals

AgsV>07 (Rietveld refinement)

Atoms  Wyckoff X y z
Agl 8c 0.91648 0.00724 0.88767
Ag2 8c 0.91424 0.00080 0.12302
Ag3 8c 0.17269 0.22475 0.90064
Agl 8c 0.17000 0.75148 0.12172
Ag5 8c 0.83569 0.24967 0.62928
Agb 8c 0.33870 0.74855 0.65735
Ag7 8c 0.08971 0.49878 0.14015
Ag8 8c 0.08720 0.50628 0.87029
V1 8c 0.25970 0.98828 0.75072
V2 8c 0.25995 -0.01414 0.01694
V3 8c -0.00048 0.75612 0.72982
Vva 8c 0.49883 0.25563 0.49753
01 8c 0.21073 0.47325 0.62457
02 8c 0.32996 0.41715 0.74135
03 8c 0.17766 0.09133 0.30430

04 8c 0.25982 0.35742 0.26332



05

06

07

08

09

010

011

012

013

014

8c

8c

8c

8c

8c

8c

8c

8c

8c

8c

0.16672

0.29759

0.43561

0.02548

0.06760

-0.01673

0.42149

0.41501

0.00632

0.28365

0.56642

0.84466

0.33066

0.18388

0.81591

0.85708

0.66246

0.83280

0.36942

0.99945

0.00812

0.02677

-0.00217

0.39472

0.22975

0.81366

0.76791

0.51010

0.08602

0.41432

a=18.7993(9) A, b = 10.85376(3) A, c = 13.9028(4) A, a =B =y =90°,

V = 2836.77(18) A3, Reragg = 3.56%, Rwp = 7.74%, Rp (%) = 5.62%, X2 = 1

1.1945

427 and S =

AgaV,07 (DFT calculations)

Atoms Wyckoff X y z
Agl 8c -0.0857 -0.0006 -0.1104
Ag2 8c -0.0787 0.0127 0.1284
Ag3 8c 0.1757 0.2079 -0.1103
Agl 8c 0.1796 -0.2323 0.1006
Ag5 8c -0.1634 0.2395 -0.3506
Agb 8c 0.3427 -0.2514 -0.3499
Ag7 8c 0.0933 -0.4904 0.1186
Ag8 8c 0.0773 0.4713 -0.1333

V1 8c 0.2508 -0.0272 -0.2612
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0.2183
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0.2539
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0.2895
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-0.0054

0.0716

0.0025

0.4218

0.4293

0.0063

0.2897

-0.0125

-0.2719

0.2472

0.4619

0.392

0.1043

0.3731

-0.4214

-0.1587

0.321

0.1934

-0.1316

-0.1718

-0.3497

-0.157

0.3818

0.0075

-0.0077

-0.2651

0.4873

-0.4

-0.2813

0.2871

0.2397

-0.0264

0.0126

-0.01

0.3806

0.2374

-0.168

-0.2349

0.499

0.071

0.3875

a=18.752 A, b=11.090 A, c = 13.504 A, a = B =y = 90°, V = 2808.29 A3
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Table S2: Calculated Raman-active modes from optimized orthorhombic structure of

Ag4V207 crystals.

mode ® (cm'l) mode ® (cm'l) mode ® (cm'l) mode ® (cm'l) mode ® (cm'l) mode ® (cm'i) mode ® (cm'l) mode ® (cm'l)
Ag 1391  Ag 6513 Blg 9351 B3g 16230 Blg 243.09 B2g 35135 Ag 440.05 B3g 800.86
Blg 27.48 B3g 66.58 Ag 94.33 B2g  163.15 Ag  244.58 Ag  351.85 B3g  444.25 Blg 803.52
B2g 31.25 B2g 67.04 B3g 94.36 B2g  165.83 B2g 24556 Blg 357.74 B2g 448.70 Ag  807.52
Blg 3555 Ag 6730 Ag 9619 Ag 16599 Blg 25169 Ag 35896 B3g 449.04 B2g 809.54
B2 3673 Blg 6750 B2g 97.44 Blg 16827 B2g 26191 Blg 360.05 Blg 45214 B2g 810.08
Ag 37.75 B2g 67.74 B3g 98.73 B2g  172.09 B3g  263.12 B3g | 361.69 Ag  454.01 B3g 819.43
B3g 38.46 B2g 69.31 B2g  100.03 Blg 173.29 Ag  263.35 B2g | 365.35 B2g  455.92 Blg 819.78
Ag  39.25 Blg 69.40 Blg  100.59 Ag 174.56 B3g 272.86 Blg 367.51 B3g  459.63 Ag  819.90
Blg 40.92 B3g 69.68 B3g 10406 B3g 17517 Blg 27415 Ag 36816 B3g 46811 Blg 827.30
B3g 4243 Blg 70.81 Blg 106.94 B3g 175.64 B2g | 274.22 B3g  368.43 Blg 471.55 B2g  827.99
Ag 4278 Ag 72.34 Ag 107.86 Blg 176.92 Ag  275.88 B2g | 370.82 B2g  473.45 Ag  829.05
B3g 44.09 B2g  72.45 B2g 107.88 Blg 181.91 B3g  279.99 B3g 372.51 Ag  473.56 B3g 833.82
Ag 4480 B3g 7250 B3g 107.90 B2g 18457 Blg 28251 Ag 377.91 B2g 490.26 Ag  838.04
B3g 46.44 Blg 73.38 B3g 110.86 B3g 188.11 B2g  284.62 Blg  380.49 Blg 490.44 B2g 839.60
Ag 47.03 Ag 74.16 Ag 11141 Blg 188.19 Blg 290.14 B3g 381.60 B3g 505.31 B3g  840.88
B2g 47.39 Ag 74.54 Ag 115.31 B2g  189.27 B2g  291.91 B2g | 382.61 Ag 508.40 Blg 840.99
B2g 4820 B2g 7455 B2g 11754 Ag 19236 Ag 29203 Blg 38609 B3g 68L44 Ag 84118
Blg 48.90 B3g  75.32 Blg 118.04 B3g  195.48 Blg 294.60 B2g 388.30 Ag 682.16 Blg  843.56
Ag  49.07 Blg 75.34 Blg  120.32 Blg 197.94 B3g  302.11 Ag 390.40 Blg 687.12 Ag  845.05
Bg 49.68 B3g 7604 Ag 12461 B2g 199.70 Blg 303.61 B3g 39618 B3g 69167 Blg 849.14
Bg 5121 Ag 7795 Blg 12673 Ag 200.08 Ag 30635 Ag 397.55 B2g 69548 B2g 849.70
B2g 5173 Blg 78.07 Ag 13241 B2g  202.59 B2g 306.70 B2g 405.60 B2g 702.04 B3g 853.07
B3g 52.44 B3g 80.53 B2g 132.91 B3g  205.33 Blg 311.38 B3g | 406.33 Ag 702.40 Blg 85831
Blg 52.93 Blg 80.72 Blg 133.60 Ag  207.82 B3g  312.28 Blg  407.78 Blg 70450 B2g 862.14
Ag 53.07 B2g 8126 B3g 13642 Blg 20814 Ag 31229 B2g 41249 Blg 74173 Blg 864.98
B3g 53.10 B3g 81.79 Ag 137.81 B3g  208.47 Ag  315.57 Blg 414.20 Ag 744.08 B3g  870.87
B2g 55.05 B3g 83.31 B2g  139.26 B3g  208.85 B3g 316.75 Ag 41474 B3g 746.91 Ag  875.06
Blg 55.14 B2g 83.86 Ag  140.28 Ag 21032 B2g 31800 B3g 41771 B2g 75096 B2g 875.23
Ag 5542 B3g 8464 Blg 14191 B2g 21051 Blg 32054 B2g 41826 Ag 75410 B3g 883.18
Blg 56.98 Ag 84.85 B3g 141.96 B3g 211.31 B3g  328.08 Ag  421.86 Blg 757.60 B3g 890.24
B2g 59.30 B2g  85.22 Blg 144.77 Ag  217.28 B2g 330.10 Blg 423.49 B2g | 759.51 B2g  901.55
Blg 59.32 B2g  86.02 Ag 145.09 B3g 21864 Blg 330.68 B2g 42524 B2g 773.07 Blg 902.54
Ag  59.45 Blg 86.14 B2g  148.33 Blg 219.36 Ag  333.69 Ag  426.74 Ag 776.84
B3g 59.97 Ag 87.05 Blg  148.42 B2g 219.54 B3g 337.56 Blg 42854 B3g 780.76
Blg 61.18 Blg 87.16 Ag  150.36 B2g  224.10 Ag  340.02 B3g  431.29 B3g  781.62
Ag 6L90 B3g 8893 B3g 15264 Ag 22778 B2g 34239 B2g 43172 Ag 78694
B3g 6278 Blg 89.15 Ag 15276 B3g 232.02 B3g 34370 Blg 43335 Blg 79115
B2g 63.17 B2g  89.36 B2g  154.40 B3g  233.28 Ag  346.31 Ag  434.89 B3g | 792.56
B3g 64.14 Ag 89.89 Blg 155.54 Blg 234.76 Blg 347.65 B2g 436.40 B2g 796.09
Blg 64.69 B2g 91.74 B3g 15796 B2g 23490 B3g 350.58 Blg 43852 Ag 796.39
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Table S3: Positions of active Raman-modes (experimental and theoretical).

Types of

Raman-active modes

Specific positions of the
experimental Raman-active modes
from Raman spectrum (cm'?)

Calculated theoretically positions
of the Raman-active modes from
optimized structure (cm™)

Bag 66.57
B2g 67.04
Ag 67.30
Big 67 67.50
B2g 67.74
Bag 83.30
B2g 83.86
Bsg 84.64
Ag 84 84.85
B2g 85.22
Bag 98.73
B2g 100 100.03
Big 100.59
B2g 165.83
Ag 166 165.99
Big 168.27
Big 243.09
Ag 243 244.58
B2g 245.56
B2g 261.91
Bag 263 263.12
Ag 263.35
Ag 335 333.69
Bag 337.56
Bag 363 361.69
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Bag 365.35
Ag 529 508.40
Bae 681.44
Ag 654 682.16
Big 672 687.12
Bag 770 773.07
Big 790 791.15
Bae 792.56
B 810 809.54, 810.08
Big 827.30
B 830 827.99
Ag 829.05
Bae 833.82
Big 902.54

The structural defects associated to the electronic charge transfer processes from

ordered (0) to disordered (d) clusters can be explained by the following equations

(1-12):

[VO4]5 + [VO,]g -

[VOs]5 + [VOs]g -

[Ag0s]5 + [AgOs]g —
[Ag06]5 + [Ag0s]d —
[VO,]5 + [VO3.V5]a = [VO4]o
[VO,4]5 + [VO3.Vpla = [VOu]o
[VO5]5 + [VO4. V514 = [VOs],
[VO5]5 + [VO4.Vpla = [VOs]o
[Ag0s]3 + [Ag04.V3]a — [AgOs], +
[Ag0s]5 + [Ag04. Vola — [AgOs]o
[AgO6]5 + [Ag0s. V51a — [Ag0s6], +
[AgO6]5 + [Ag0s. Vola — [Ag0slo +

F [VOL] G eeeeereereninieienenn. (1)

F [VOg]qeeeeeeereerernieieenen. (2)

ol 12 V={ 1% D PO (3)
12 V={0 P DO 4)

e all O T/ P P — (5)
AT TR A (6)
 [VO4. Vi geeeeeremeeremeerenenieens (7
F [VO4. VG ] qeeeeeeeeremeneneienennns (8)
[Ag04. VO] geeeeeemeereneanen 9)

- V=4 O VL VAl PO (10)
[AgO05. V3 gerreeereererereeen (11)

[AE05. V3 Tdereeeerrererrrnnennn (12)
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where, [VO,]5, [VOs]g, [Ag06l3. [AgO0slg, [VO4.V5la, [VOs.Vgla, [Ag0s.V3]4, and
[Ag0¢. V314 are electron donors;[V0,.Vglg, [VOs.Vila, [Ag0s. Vola,.and [AgOe. Vila
are electron donors/acceptors; and [VO,]3, [VOs]s,[Ag0s]s, and [AgOgls are

electron acceptors.

mmmm 3D hexagon-like Ag,V,0. microcrystals
Fit exponential decay (Fist order)

Intensity (arb. units)

0.00 0.02 0.04 006 0.08 0.10 0.12 0.14 0.16
Time (ns)
Figs. S3: Luminescence decay of 3D hexagon-like Ags4V207 microcrystals [excitation
wavelength (Aexc = 350 nm)] monitoring the maximum PL emissions at (450 nm).
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2.2. Effect of metallic Ag growth on the electrical resistance of 3D flower-like

Ag4V207 crystals

Abstract

In this communication, we report for the first time the nucleation and growth of metallic
Ag nanoparticles on the surface of 3D flower-like Ag4V207 crystals, induced by
accelerated electron beam irradiation. The growth of metallic Ag on the surfaces of
Ag4V207 crystals were studied by transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDXS). According to TEM images and EDXS analyses,
exposure to the electron beam induces a reduction process and the growth of metallic Ag
nanoparticles on the surface of Ag4V207 crystals. Moreover, the inductively coupled
plasma optical emission spectrometry measurements indicated an excess of Ag and V
vacancies at Ag4V20y lattice. Finally, it was observed that the electrical resistance varies

considerably with the exposure time to electron beam irradiation.

1. Introduction

Due to their physical and chemical properties, silver vanadium oxide (SVO)
semiconductors have a wide range of applications, including in electrochromic devices,
lithium batteries, catalysts, gas sensors, and electrical and optical devices.'® The
literature shows that their electronic properties can be improved by incorporating metallic
Ag nanoparticles (NPs) on the surface. This is because the formation of a heterojunction
creates a synergistic effect between Ag NPs and SVOs, improving their electronic
properties.*

Recently, our group discovered a unwanted real-time in situ nucleation and
growth processes of metallic Ag NPs on different silver-based semiconductors, such as
a-Ag2W04,° B-Ag2M004,58 AgsP04,° and B-AgV0s.° The nucleation and growth
processes were driven, in all cases, by accelerated electron beam irradiation from an
electron microscope under high vacuum. The reasons for this physicochemical
phenomenon have been discussed in recent publications.®811

Therefore, in this communication, we present new findings on the electrical
resistance changes with the growth of metallic Ag NPs in the surface of the 3D flower-like

Ag4aV207 crystals.
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2. Experimental procedure
The details related to synthesis, characterization, and setup for electrical measurements

of 3D flower-like Ag4V207 microcrystals are presented in Supplementary Information.

3. Results and discussion
Figure 1 shows the XRD pattern of AgsV207 crystals no irradiated by electron beams.

=)
S Ag,V,0,
ICSD # 38065
S
=

Intensity/ a. u.

25 30 35 40 45 50 55 . 60
26/ °
FIGURE 1 XRD patterns of 3D flowers-like AgaV207 microcrystals obtained at 0°C for 10

min.

All the diffraction peaks can be assigned to the orthorhombic structure (ICDS No.
38065, space group: Pbca).'? The lack of other peaks demonstrates the high purity of the
materials. Detailed Rietveld refinement results are displayed in Figure S1 Supplementary
Information (SI). The morphology and microstructure of nonirradiated AgsV207 crystals
were investigated by field-emission scanning electron microscopy (FE-SEM). In Figure
2A, can be seen that the Ag4V207 crystals exhibit a uniform 3D flower and nearly spherical
shape with an average diameter of 4.3 um. The flower-like precursor is composed of

very thin petals with an average thickness of approximately 170 nm.
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FIGURE 2 (A) Morphology and microstructure of the 3D flowers-like AgaV207

microcrystals and (B) Slicing of the 3D flowers-like AgaV207 microcrystals.

Crystal size distributions were statistically analyzed by measuring 100
microcrystals from FE-SEM images (Figure S2 in Supporting Information). Only small
variations in average particle sizes were observed, confirming the monodisperse nature
of these particle systems.

A possible formation mechanism of the flower-like Ag4V207 crystals could be
described as follows: initially vanadium and silver complex clusters form in separate
aqueous solutions. When the two solutions are mixed, Ag4V207 nuclei clusters form and
subsequently grow. The Ostwald ripening process governs the growth mechanism. The
nanocrystals pass through a self-organization process and a few tiny nanoplates (NPLS),
with some poorly defined hexagonal faces develop. Ten minutes after the reaction starts,

undeveloped flower-like Ag4V207 crystals start forming by self-assembly and preferential
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orientation process. Moreover, internal pores and channels were observed when the
flower-like crystals are sliced (Figure 2B). It is believed that these defects arise from the
fast nucleation process, growth, and agglomeration onset of primary NPLs at a low
temperature (0°C), which lead to the formation of relatively unordered flower-like crystals.

The growth process of metallic Ag NPs on the surface of AgsV207 crystals as a
function of exposure time was investigated via FE-SEM under an accelerating voltage of
10 kV. The onset of Ag nanoparticle nucleation on the surface of the AgsV207 crystals
was observed (Figure 3A,B) as soon as the sample analysis by FE-SEM image was
started. Figure 3A shows an SEM image of the flower-like crystals immediately after a
rapid approach and focus adjustment (time zero). After 5 minute of exposure to the
electron beam, the Ag4V207 crystals were already showing regions with Ag NPs on the

surface, as can be seen in Figure 3B.

(A)

100 nm

FIGURE 3 FE-SEM images of Ag4V207 microcrystals: (A) before; and (B) after a 5 min
exposure to the electron beam at 10 kV.

The EDXS and TEM analyses were used to prove that Ag NPs had grown on the
surface of the Ag4V207 crystals. The samples were subjected to electron beam irradiation
in a TEM microscope for 2 minute, and two regions in the focused flower-like AgsV207
crystals were selected for examination. Figure 4A,B correspond to the sample before and
after irradiation, respectively. In Figure 4B, two distinct regions (indicated in the figure
by blue squares) were selected. In Region 1, Ag NPs were found and their presence
was confirmed by EDXS analysis. The EDXS results (Figure 4B, Region 1) confirmed
that the electron beam promoted the random growth of metallic Ag NPs. The inductively
coupled plasma optical emission spectrometry (ICP-OES) measurements are presented
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in Table S1 and shown in (Supporting Information) indicated an excess of Ag and V
vacancies at Ag4V20v lattice.

60004 Ag
5000 4
« 4000 4
= Cu
3 3000 -
O \%
2000 4
V Ag
1000 40 Cu
A 1Ag A
0 ' ' v 4 g . .
0 5 10 15 20 25 30 35 40
Energy/ KeV
2500 - Cu
Ag EDXS Region 1
2000 4
@ 1500 -
c
3
O 1000 - Ag
500 - Ag |cu
Ag 1 Ag
0 | LAY
0 10 20 30 40
Energy/ KeV
i 20 NM

FIGURE 4 TEM images of Ag4V207 microcrystals: (A) before; and (B) after a 5 min
exposure to the electron beam at 10 kV.

To the best of our knowledge, this phenomenon had not been previously observed
for AgaV207 and was found to occur in all regions irradiated by the electron beam. A
complex clusters model based on Kréger-Vink 3 notation was employed to further
explain the electrical properties of Ag4V207 crystals and propose a possible electrical
resistance observed at system. In this model, intrinsic (bulk/surface) defects in the lattice
of the material facilitate polarization of the lattice and lead to the electronics transitions
between ordered and disordered clusters. Therefore, electron (e’)-hole (h*) pairs are
present even before excitation of lattice. The before and after exposure to electron beam
enhances the formation of e-h* pairs leading to electron transfer within the band gap.
The cluster-to-cluster charge-transfer (CCCT) in a crystal, containing more than one kind
of cluster, 14 is characterized by excitations involving electronic transitions from one

cluster to another, which is possible according to Equations (1-6):
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er
> [A24V207] (defects) = 4AZ; + 2VE' + T0%ooovrvirereinrrernee (1)

er
— [Ag4V207](gefects) = [A806]5 — [Ag06]d + [AgOs]5 — [Ag0s]§ + [VOs]5 — [VOs]g +

[VOL]E = [VO4T% eeeeeeeeeeereeneneeeee @)

[AZ06]% — [Ag06]E S [Ag06]) — [AZ06] e wrrrrerrreremerererenee 3)
[Ag0s]% — [AgO06]E 5 [Ag06], + [AZ06]5ewrrsrerrreeerreeenenee (4)
[VOS]X — [VOs]% 5 [VOs], = [VOs]heereeerrerreereseerean (5)
[VOLIX — [VOs]% 5 [VOLTh = [VOa]heereererreereseeeerens (6)

When the surface of 3D flower-like AgsV207 crystals is irradiated with an electron
beam, the lattice composed by ordered(o)/disordered(d) [AgOs]/[AgOs] and o/d [VOs]/
[VOq4] clusters interact with the incoming electrons, resulting in the reduction process of
Ag NPs, formation of excess Ag and interstitial Ag (Ag;), as well as the formation of V
vacancies (V¢Z'). Moreover, Ag migrates from the bulk to the surface; hence, regions in
the crystal lattice with negatively charged vacancies form. This process induces a short-
and medium-range disorder within the material. The regions where the metallic Ag has
migrated exhibit a p-type semiconducting behavior. Since Ags4V207 crystal is an n-type
semiconductor and oxygen vacancies (V;) are already present, an n/p interface is
created between the Ag NPs and Ags4V207 crystals, thereby forming a semiconductor
diode. A semiconductor diode has the valuable property that electrons only flow in one
direction across it, and as a result, it acts as a rectifier.*°

Since the Ag growth on flower-like Ag4V207 crystals can affect the electrical
properties of the material, electrical resistance measurements were performed, and the
results were evaluated as a function of the exposure time, ie, as a function of the growth

of these metallic Ag nanoparticles. Figure 5 shows the variation in the electrical resistance



46

of flower-like Ag4V207 crystals subjected to electron beam irradiation at different exposure

times.

T

Relative Resistence/ u.a.

(]
—e— Ag,V,0- 0°C @

0 10 20 30 40 50 60

Irradiation time/ min
FIGURE 5 Variation in the electric resistance of Ag4V207 microcrystals subjected to

electron beam irradiation for different times.

Before the formation of Ag NPs, the electrical resistance is governed by the bulk
properties, the shape of the crystals, and the presence of pores and channels in the bulk.
After 5 minute irradiation, a slight increase in resistance is observed, which can be
attributed to the pores and channels in the bulk. From this time until 10 minute, the bulk
and surface properties equally contribute to the semiconductor resistance. After 10

minute, the growth of Ag NPs silver on the AgsV20r7 surface creates Ag vacancies (Vyay),
Ag;and V' in the semiconductor bulk (Equation 1). The formation of negative Vag, along

with the already present oxygen vacancies (Vg), causes an increase in the electrical
resistance of the semiconductor, until the irradiation time reaches 27 minute. However,
after 27 minute, the resistance decreases, probably due to the formation of a thick layer
of metallic Ag on the Ag4V207 semiconductor surface, which continues to grow with the
irradiation time. Since the Ag is the best-known electric conductor (room temperature),
this growth of the Ag metallic layer acts decreasing the electrical resistance of the

material.

4. Conclusion
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In summary, we have observed, for the first time, that electron beam irradiation, such as
that produced by FE-SEM/TEM, induces the formation and growth of metallic Ag NPs on
the surface of 3D flower-like AgsV207 crystals. ICP-OES measurements showed the
presence of V vacancies and excess of Ag at Ag4V20r lattice. Moreover, it was observed
that the electrical resistance of the flower-like Ag4V207 crystals is largely influenced by
the growth of Ag NPs on the surface of the semiconductor. Therefore, the irradiation
generated Ag NPs have two advantageous effects: the formation of Ag NPs on the crystal

surface and control of the semiconductor properties by electron beam irradiation.
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2.1. Synthesis of 3D flower-like Ag4V207 microcrystals

The 3D flower-like Ag4V207 microcrystals were obtained by controlled precipitation
method at 0 °C for 10 min. The precursors utilized in this synthesis were silver nitrate,
AgNOs3 (99% purity, Synth) and ammonium monovanadate, NH4VO3 (99% purity,
Aldrich). Initially, 1mmol de NH4VO3swas dissolved in 60 mL distilled water at 30°C, under
magnetic stirring for 15 min. Then, Immol of AgNOs was dissolved in 15 mL distilled
water, under magnetic stirring for 15 min, to this solution a few drops of ammonium
hydroxide (NH4OH) (30% in NHs, Synth) was added until the solution becomes clear.
Both solutions were placed in an ice bath at 0 °C and quickly mixed promoting the
instantaneous formation Ag4V207 precipitate (orange coloration). The precipitated was
settled at 0 °C during 10 min, followed by centrifugation, washing with distilled water

several times, and drying in a conventional furnace at 60°C for 10 hours.

2.2. Characterization

The Ag4V207 crystals were characterized by XRD using Cukq radiation (A = 1.5406
A) (Rigaku diffractometer, Model D/Max-2500PC, Japan) in the 26 range of 10 to 80° at
a scan speed of rate of 2°/min and from 10 to 110° with at a scan speed of 1°/min in the
Rietveld routine, both with a step of 0.02°. The morphology was investigated with a field
emission scanning electron microscope (FE-SEM) Supra 35-VP Carl Zeiss (Germany)
operating at 15 kV. The crystals were sliced in a focused ion beam (FIB) microscope
(FEI, Helios NanoLab 600i) to observe the intracrystal microstructure. In addition, TEM,
at 200 kV and EDS measurements were performed using a FEI microscope (model
Tecnai G2 F20, USA). The inductively coupled plasma optical emission spectrometry
(ICP-OES) measurements were carried out using an iCAP 6500 duo ICP OES (Thermo
Scientific, USA) and the operating conditions are described in Table 1. The standard
solutions of Ag and V were prepared by adequate dilution of single-element (1000 mg L-
1) stock solutions (Fluka Analytical, St. Gallen, Switzerland) in 1% (v/v) HNOsz. The
Ag4V207 sample was solubilized in a solution composed by 495 mL of H202 (Synth, P.A,
29%) and 5 mL of HNOs (Synth, P.A. 65%).
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Table S1: Operational conditions for the iCAP 6500 duo ICP-OES.

Parameter Operating condition
RF Power (W) 1150
Auxiliary gas fow rate (L min 1) 0.5
Plasma gas fow rate (L min ) 12.0
Nebulizer gas fow rate (L min 1) 0.7
Pump speed (rpm) 50
Stabilization time (s) 5
Integration time (s) 15
Replicates 3
Viewing mode Axial
Wavelengths (nm) 338,2 (Ag) and 292,4 (V)

Initially, 0.01384 g of Ag4V207 was solubilized in 500 mL of hydrogen peroxide
solution with 10% nitric acid. Therefore, theoretically, the V concentration was
4.3698x102 g.L* (4.2890x10° mols) and Ag (8.5781x10° mols) 18.5064x103 g.L1. This
solution was added in a tube containing 15 mL H20, so the final concentration of V is
1.09246x102 g.L't and Ag is 4.6266x103 gL. According to the experimental result of
ICP-OES measurements, the concentration of V in solution is 0.9291x103 g.L* and Ag
is 4.42x10°2 g.Lt. Which corresponds to 3.64728x10° mols of V and 8.1950x10° mols
Ag in solution. The conclusion we have is that, there is an excess of Ag (or vacancies of
V), since for 3.64728x10"° mols of V it was expected to obtain 7.299456x10° mols of Ag

(excess of 0.9x10° mols of Ag).

2.3. Set-up for electrical measurements

A thick film of Ag4V207 nanoparticles covering the gap between the two ITO pieces was
obtained. A nonconducting gap was obtained in an indium tin oxide (ITO) glass by
scratching the conductive surface separating into two pieces, thus each piece was
adopted as an electrode. The as-synthesized Ag4V207 nanoparticles were turned into a
paste by mixing with isopropanol which was poured on the surface of the gap between
the two electrodes. The set-up was dried overnight at 70 °C and kept in a low humidity
environment obtained by silica-gel until be exposed to electron beam for irradiation for

different times in a scanning electron microscope (SEM, Topcon, SM300).
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The | x V (Keithley 2400 Source Meter) measurements were carried out at room
temperature on the thick film before and after exposure to electron beam at 30 kV for 5,
10, 20, 40 and 60 min. To avoid the influence of the external environment, all
measurements were done in a closed cell filled with silica gel to keep a low humidity level.

The electrical resistance was calculated through the slope of the | x V curve.

3. Results and Discussions

Ag,V,0 -0°C

—Y_,. (Experimental)
Y_., (Rietveld Refinament)
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Figure S1: Rietveld refinement plot of 3D flower-like AgaV207 microcrystals obtained by

controlled precipitation method at 0 °C for 10 min.
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Figure S2: Analyses of the size distribution by measuring 100 microcrystals from FE-

SEM images.

3. GENERAL CONCLUSION

In summary, in this study, AgsV207 powders pure, with controlled morphologies were
obtained by the CP method. By the combination of experimental techniques and first-
principles DFT calculations, new information about the geometry, cluster coordination,
and electronic structure of Ag4V207 microcrystals was presented. Besides that, for the
first time, we report the nucleation and growth of metallic Ag NPS on the surface of 3D
flower-like Ags4V207, induced by accelerated electron beam irradiation. The growth of
metallic Ag on the surfaces of AgsV207 crystals were studied by TEM and EDXS.
According to TEM images and EDXS analyses, exposure to the electron beam induces a
reduction process and the growth of metallic Ag nanoparticles on the surface of AgsV207
crystals. Finally, it was observed that the electrical resistance varies considerably with

the exposure time to electron beam irradiation.
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