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Resumo
PROPRIEDADES ESTRUTURAIS, MORFOLOGICAS E OPTICAS DO

Ca10Vs025. Modelar a estrutura e a morfologia dos cristais € de grande interesse
no campo da ciéncia e da industria, pois esses fatores estdo fortemente ligados na
determinacdo das propriedades dos materiais. Diante disso, foram sintetizados
compostos de Ca;oVsO2s pelo metodo de coprecipitacdo e hidrotérmico assistido
por micro-ondas em diferentes condi¢des de tempo e temperatura no intuito de
otimizar sua propriedade fotoluminescente. Estes metodos foram eficientes para
a obtencdo de diferentes morfologias, alem disso, o efeito das condicdes de sintese
teve forte influéncia na microestrutura e nas propriedades oOticas dos compostos
de vanéadio. Diante disso, prop6s-se um mecanismo de crescimento para as
diferentes particulas formadas, como também observou-se que o método de
sintese tem forte influéncia no grau de ordem/desordem estrutural. Por meio do
controle da morfologia e dos tipos de defeitos na rede do cristal pode-se observar
diferentes cores de emisséo para 0s compostos Ca;VeO,s. Sendo que, a amostra
que apresentou um equilibrio no grau de ordem/desordem estrutural a curto-,
médio- e longo-alcance, exibiu uma emissdo na regido do branco pelas
coordenadas do diagrama de cromaticidade CIE. Entéo, prop0s-se 0 mecanismo
de fotoluminescéncia para 0s compostos sintetizados, assim como foi desvendado
a sua estrutura e propriedades eletronicos por meio da relacdo entre calculo teérico
e os dados experimentais. A propriedade fotoluminescente foi investigada em
detalhes o qual foi observado que além das transi¢oes eletronicas tipicas do cluster
de [VO,] tem-se a contribuicdo de niveis de energia que estdo localizados no
interior do band gap. Estes niveis de energia foram formados por diferentes tipos

de desordem a curto, medio e longo alcance na estrutura.
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Abstract
STRUCTURAL, MORPHOLOGICAL AND OPTICAL PROPERTIES OF

Ca10Vs025. Modeling the structure and morphology of crystals is of great interest
in the field of science and industry, as these factors are strongly linked in
determining the properties of materials. That said, Ca;oVsO25 compounds were
synthesized by the coprecipitation and the microwave-assisted hydrothermal
methods in a different time and temperature conditions in order to optimize their
photoluminescent property. These methods were efficient to obtain different
morphologies, in addition, the effect of the synthesis conditions had a strong
influence on the microstructure and optical properties of vanadium compounds.
Then a growth mechanism was proposed for the different particles formed, and it
was observed that the synthesis method has a strong influence on the degree of
structural order/disorder. By controlling the morphology and types of defects in
the crystal lattice, different emission colors can be observed for the Cai;oVsOzs
compounds. Since, the sample that presented a balance in the degree of
order/disorder structural in the short-, medium-, long-range, exhibited an emission
in the white region by the coordinates of the CIE chromaticity diagram. Then, the
luminescence mechanism for the synthesized compounds was proposed, as well
as its structure and electronic properties were revealed through the relationship
between theoretical calculation and experimental data. The photoluminescent
property was investigated in detail which was observed that in addition to the
electronic transition typical of the [VO,] clusters, there is the contribution of
energy levels that are located within the band gap. These energy levels were
formed by different types of disorder at short-, medium-, and long-range in the

structure.
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1. Introduction




1. INTRODUCTION

Semiconductors have attracted a great deal of attention in both basic
research and applications. In particular, semiconductors that act as
photoluminescent materials have been regarded as a promising field of research
in lighting technology 2. Since the emergence of the semiconductor laser in 1962
(also called diode lasers), rapid progress has been made, leading to developments
such as optical fiber communications, laser disc recorders, optical storage, and
laser printers 3. Currently, there is an increasing demand to develop lasers with
enhanced performance, the possibility of broadband tuning, and lower power
consumption 2. In this context, multicolor or multi-wavelength lasers covering
broadband spectra are particularly useful for white-light-emitting diodes (w-
LEDs) to be applied to color laser displays, optical sensing, biomedical imaging,
photon computers, and on-chip optical communication 3%,

The optical properties of a given material are a consequence of its
interaction with light . From a quantum perspective, the energy is produced when
the incident wave is capable of inducing a pathway from the ground or
fundamental electronic state to the excited states with higher energies. They will
then relax to the fundamental state or states with lower energies accompanied by
electromagnetic radiation in the ultraviolet (UV), visible, or infrared (IR) regions
of the spectrum ©, with concomitant generation of photoluminescence (PL)
emissions. The PL behavior of a given material can be controlled by varying the
emission region, from the visible to the near-infrared region ’.

Research on the crystal surface engineering of semiconductors has
demonstrated that the surface structures play an important role in their activities,
because photoelectron conversion takes place when photoinduced electrons and
holes are available on the surface 8. Both the development of optical technology
and the photoelectric properties of semiconductors can be further enhanced or

optimized by tailoring the morphology and the exposed surfaces of the crystals °.



Vanadate compounds formed by combining the VO,* group and
divalent cations, M?*, belonging to the family of the alkaline earth metals, M?* =
Mg?*, Ca?*, Sr?*, and Ba?*, in the crystalline structure show an intrinsic broadband
emission with good thermal, optical, and chemical stability, better chromaticity,
and high luminous efficiency 1% . Novel oxide-based materials including calcium
vanadates are promising candidates with enhanced PL emissions. In particular,
the Ca?* cation can form complex structures such as CaV,0g, Ca;V,07, CazV,0g
CasV4011, Can(VO4)s(OH)2, and CaypVeOzs 24 Their characteristic PL
emissions are associated to the VO4* group ° ™% However, despite the
unquestionable relevance of Caj;0VsO2s as a material, a comprehensive and
reliable picture of its structure, surface, and electronic properties as well the
mechanism underlying PL emissions is far from being achieved ** 1. For this
system, current research activities focused on enhancing its optical performance
via morphological control, crystal facet engineering, and reducing the band gap
are the main objective of this PhD dissertation.

On the basis of the above considerations, in this study we present a
unified experimental and theoretical study aimed at enabling us to garner a
comprehensive understanding of solid-state chemistry in terms of the synthesis
and properties of Ca;0VsO2s. To do so, the energetic, structural, electronic, and
morphological properties of Cai;0VeOxs were analyzed by experimental
techniques, with the major aspects being substantiated and further elucidated by
state-of-the-art density functional theory (DFT) calculations. Our main insights
are associated with the critical role of the single chemical environments found in
the bulk as well as on the surfaces of the CaioVsO2s material. These results are of
great importance for our understanding of the relationship between morphology
and activities, and can enable us to synthesize high-efficiency Caj,VsO2s-based
materials with desirable properties. The proposed synthesis routes and spatial
reconstruction performed had the potential to simulate processing conditions to

produce various microcrystals and explore material surface structures,



morphology, crystal defects, and reconstruction of microstructures. As a general
lesson on the synthesis of Ca;oVeO2s, we have learned that the choice of the
synthesis method and temperature are crucial to allow a more rational approach

to morphology control.

1.1. Structure and Morphology

The idea that structure and morphology determine functionality is
one of the leitmotifs driving research and applications in fields such as catalysis,
plasmonics or optical devices. From the structural point of view, the characteristic
that is commonly recognized for the vanadate compounds is the presence of [VO4]
clusters in the crystalline structure 8, which act as building blocks in the lattice
and provide a structural diversity that is responsible for the appearance of different
properties with promising technological applications 4. The structure of
Ca10Vs02s5 has aroused interest among researchers as morphological changes can
be carried out by controlling the synthesis conditions ¢, which in turn has a strong
influence on the properties of the as-synthesized materials % 1% 2,

Under equilibrium conditions, the morphology of a crystal is
determined by intrinsic factors 1. The crystal morphology with different exposed
surfaces is important for improving the properties and applications of materials
20,22 These surfaces correspond to the most energy-stable atomic planes in the
lattice with the minimum stacking energy . However, in practice, most crystals
grow in non-equilibrium conditions and the morphology is strongly influenced by
factors such as changes in supersaturation and ionic strength 2. In general,
different facets of crystals have specific physical and chemical properties *°. Thus,
a small variation in the synthesis conditions can drastically affect the electrical,
electrochemical, optical, magnetic, adsorption, and catalytic properties of

semiconductors 2326, The modulation of functional materials in order to provide



high efficiency in their application has therefore been a subject of considerable
interest for different chemical industries % 27 28,

Control over the morphology of a given material, from the
nanoscopic to the macroscopic scales, contributes to their improvement and
induces the emergence of new properties 2% 2°, An understanding of crystal
morphology evolution is significant for the design, synthesis, and applications of
crystals with surface-enhanced properties such as catalysis, optical devices, and
other applications 334, The morphology does not only control the material’s
physicochemical properties, but also determines its relevance and merit with
regard to technological applications -3, However, there are still many questions
to be answered about how the surface of a particle behaves under reactive
environments, and it is a challenging task in the development of functional
materials, since controlling the conditions throughout the synthesis process allows
the bonding characteristics to be modified in order to render a given structure with
a specific morphology and exposed crystallographic surfaces (FIGURE 1.1) % 2%
39, Thus, each surface corresponds to an exposed plane of the crystals and a wide
range of morphologies can be obtained, including spheres, wires, rods, and plates.
Hence, a correlation among the structure, morphology, and electronic and optical

properties of a given semiconductor becomes apparent 2’

% % // DD

nanospheres nanowires nanorods nanoplates

FIGURE 1.1 - Different morphologies obtained by changes in the experimental

conditions.



1.1.2 Synthesis methods

Many synthesis strategies have been developed in the past two
decades to selectively form materials with distinct surface structures in order to
control the morphology of the as-synthesized materials. It is well known that the
physicochemical performance of micro/nanoscale materials is strongly affected
by the crystal size, shape, and defect structure %2, Solution-based synthesis has
been one of the most common routes. Studies have been carried out to achieve
control over particle size, shape, and phase by changing various synthesis
parameters (i.e., chemical precursors, concentration, temperature, pH, additives,
and stirring rate). Among them, the microwave-assisted hydrothermal method is
capable of inducing morphological changes by controlling the growth kinetics of
different particle sizes and morphology “*-*. Furthermore, it favors good
homogeneity in the size and shape of the particles, as well as in the purity of the
phases of the crystals 2. The microwave-assisted hydrothermal route has been
considered a clean, versatile, fast, and highly efficient method to obtain both organic
and inorganic compounds 4649,

The coprecipitation method is also an adequate synthetic procedure
as it shows a good dispersion of particles with uniform size and high purity *°, in
addition to being considered a simple, fast, and inexpensive method due to the
low temperatures involved °L. The experimental conditions change the bulk and
the surface of the crystal, and can also influence the surface defects, the free
concentration of the charge carriers (electron/hole), the morphology, and the grain
size 52, Thus, the structural order/disorder of the bulk and surface are factors that
can also strongly influence the properties of the crystals °2. The order/disorder
effect in the microstructure determines the surface charge, and the concentration
of oxygen vacancies, which will influence the value of the band gap in the surface

or the bulk and this changes the property of the material 2.



The way to extend the functionality of semiconductors in electronic
devices is through structural and morphological modifications 1°, as different
crystal morphologies have different energies and provide different excited states
corresponding to each exposed face, which has a great influence on the
applications 2!, Each type of facet contains a specific arrangement of surface
atoms, which means that the surface atoms in different facets have different
activities °* >, Morphology-controlled materials serve as a model to bridge the
gap between optical performance and material science because variation in the
morphology always results in different crystal surfaces whose definite atomic

arrangement is crucial to study the relationship between structure and properties

55-57

1.2. Photoluminescence Emissions

The development of new compounds with highly efficient and tunable
optical properties has become increasingly challenging for industry. In particular,
scientists and engineers have focused especially on investigating and optimizing
inorganic solids that consist of luminescent centers. Various optical devices, such
as fluorescent lamps, light-emitting diodes, luminescent pigments, and sensors,
which are based on these systems, have been obtained % °,

Vanadate compounds have complex and chemically stable structures that
are promising candidates for phosphor application 2 18, They contain the VO,
cluster as structural moiety in the crystal lattice and display self-activated PL
emissions. In the VO, cluster, the central \VV>* metal is coordinated by four oxygen
anions in a tetrahedral arrangement in which the symmetrical configuration
corresponds to the T4 point group. This moiety is known to be an efficient
luminescent center © due to the real coordination polyhedron could be thought of

as having certain deformations from a perfect model. In this sense, microstructural



modifications in the VO, tetrahedra of the crystalline lattice change the
morphology of the as-synthesized materials and modify the PL emissions ©Z.

The intrinsic optical emission of vanadium compounds, predominantly in
the visible region, results from the charge transfer from the 3d orbital of the
vanadium to the 2p orbital of the oxygen in the tetrahedron [VO4,] cluster 1. These
transitions are favored due to structural distortions, as the transition in the
symmetrically ordered [VO,] cluster is spin-forbidden. However, distortions in
both the V-0 bond and O-V-0O bond angles in the [VO4] clusters cause the
transition to be partially allowed 2. In this way, PL emissions can be modulated
by means of structural distortions in the [VO4] clusters, by the method of synthesis
18.

FIGURE 1.2 shows a schematic representation of the PL mechanism
in the [VO4] clusters, in which first the electrons are excited from the ground state
1A; to the excited levels of highest energy 1T, and 1T,. The electrons then undergo
decay to the metastable states 3T, and 3T, and subsequently return to the ground
state through a radiative process with the emission of photons . The excitation
transition is spin-allowed, while emission is spin-forbidden. However, it becomes
partially allowed due to the loss of symmetry of the VO, tetrahedra, and with this
there is a relatively long decay time in the order of milliseconds for the vanadate

phosphors 18 54,
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FIGURE 1.2 - Photoluminescence mechanism in the [VO,] cluster.

It is well known that the electronic transition in the tetrahedral [VO4]
cluster is strongly dependent on the structural characteristics and the network
modifying cation & 51 % Therefore, different colors in the visible region are
observed for vanadium compounds, which can be found in the blue region for
YVO, %, green for Ba,V,0- 9, yellow for Mgs(VO4). 8, red for K\VOF, ¢, and
in the white region for CsVO3 “. However, even today, the origin of the different
emission colors of vanadate compounds remains uncertain. Therefore, many
studies have been carried out in order to unravel the PL mechanism and color
variation, since the vanadate compounds with the VO, luminescent centers have

shown themselves to be promising candidates for phosphor applications 8.
1.3. Broadband PL mechanism
The broadband model (FIGURE 1.3) shows that PL emission stems

from the contribution of different levels of energy present within the band gap of

the material °2. These energy levels are formed due to structural order/disorder in
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the short, medium, and long range %-°. This is because the real lattice is not
perfect and contains a distribution of defects such as lattice vacancies that create
a heterogeneous distribution of excited states ™. These defects can have an
enormous effect on the PL behavior, since they participate in the emission
mechanism.

The structural order/disorder generates localized states that are
acceptors/donors of electrons and holes > 3. Thus, at room temperature electrons
can be found in both the fundamental and the excited states, occupying these
energy levels formed by structural defects > 4. Moreover, the localized levels are
distributed energetically within the band gap, and thus allow the excitation of
electrons with various energies, so that the radioactive decay leads to a broadband
emission ', Localized states are characterized as shallow defects when they are
near the valence band (VB) and the conduction band (CB), or as deep defects

when they are located in a more internal region of the band gap (FIGURE 1.3(1))

69, 74
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FIGURE 1.3 - Broadband photoluminescence mechanism.

Throughout the PL emission process, first the absorption of the
incident photon occurs, which causes the transition of an electron from the lowest
to a higher energy level, see FIGURE 1.3(1). In that moment, a hole is formed at
the point where the electron was located, and this electron is situated in the CB ™.

The subsequent process occurs in such a way that the excited electron undergoes
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a relaxation to lower energy levels ™ (see dashed arrow in FIGURE 1.3(2))
through a non-radioactive transition in which the energy is released by the
phonons that generate vibrations and heat in the crystal lattice ™. Then there is the
radioactive transition, in which the electron returns to the lowest energy level
through the emission of photons, where each emitted photon corresponds to a
wavelength and specific energy in the visible region ™ (see green and red arrows
in FIGURE 1.3(2) and (3)). The contribution of these different photons favors

broadband emission, which is also called the multi-photon process °°.
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2. GOALS

To obtain Ca;oVeOs compound and evaluate photoluminescent

behavior.

2.1. Specific goals

v" To obtain Ca;0VsO25 compounds by the coprecipitation (CP) and microwave-
assisted hydrothermal (MAH) methods;

v To evaluate the structural order/disorder effect of short-, medium-, and long-
range on optical properties;

v" To investigate the morphology influence on the PL property;

v To study the photoluminescence mechanism of Ca;oVeOzs.
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3.1. Abstract

To achieve a stable material capable of white-light emission, we
fabricated Ca;oVsO2s by both co-precipitation (CP) and microwave-assisted
hydrothermal (MAH) methods at different temperatures. The effects of structural
disorder at a short-range (Raman spectra), medium-range (UV-vis spectra), and
long-range (X-ray diffraction) on the material structure and its effect on optical
properties were investigated. Both CP and the MAH methods were efficient for
obtaining pure Cai0VeO2s material with different morphologies. Significant
changes in morphology and degree of structural order and disorder were found to
affect the photoluminescence (PL) properties. All samples exhibited a broadband
PL spectrum, characteristic associated to charge transfer processes of the [VO4]*
group, as well as transitions that occurred in the energy levels located within the
band gap. The samples obtained by the MAH method at temperatures of 100 °C
and 120 °C exhibited a lower structural disorder (at long- and short-ranges), the
CIE chromaticity coordinates were located in the white region, MAH100 (x =
0.311 and y = 0.348) and MAH120 (x = 0.350 and y = 0.368). Furthermore, we
conducted a detailed study of temperature dependence of PL spectra. All samples
displayed decreased luminescence intensity as temperatures increased and low
values of activation energy (approximately 2 meV). Finally, the as-synthetized
Ca10Vs0O25s material has interesting properties for possible applications as a white-

emitting phosphor under ultraviolet excitation.

3.2. Introduction

The intrinsic characteristics of vanadium-based oxides increase their
potential utility for applications such as lighting, gas sensing, electrochemical,
and photocatalysis *> 7® 77 as well as for phosphorus applications, because they

exhibit at long-wavelength excitation and chemical stability ®- 78, Thus, many
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vanadates have been studied for their broadband emission properties, making
them a promising material for white-light-emitting diodes (WLEDs) - 7 &,
furthermore, they display superior properties, such as high bright-light emission
and long service lifetimes. In particular, vanadate groups ([VO.]*) present in the
lattices of vanadium-based oxides display a wide emission range in the visible
spectral region, because of owing to their self-activated emitting properties 8 that
correspond to two typical charge transitions. The luminescence is usually
generated by the charge transfer transition from the 2p orbital of oxygen to the 3d
orbital of vanadium. Additionally, the emission wavelength depends on the
presence of metallic cations between [VO4]* groups % ®. The high
photoluminescence (PL) emission efficiency has been examined and justified in
terms of structural distortions in the V—-O bond and the O—V-0 bending motions
of the [VO,] tetrahedron, as building blocks forming the structure of the material;
these distortions yield a symmetry-breaking process within the [VO,] tetrahedron
clusters. Consequently, the distortions increase the likelihood of spin-forbidden
transitions compared that in isolated and ordered [VO,] clusters ® %, These
structural distortions of the [VO,] tetrahedra may cause energy level shifts in both
ground and excited states, leading to the material emitting different luminescent
colors ®. Huang et al. observed that larger distortions of the [VO,4]2 groups
increases the probability of charge transfer processes occurring °. This structural
change causes the parity-forbidden d-d transition of vanadium to become partially
parity-allowed; additionally, the spin-forbidden 3T, (3T1) — *A; state transition
become partially allowed due to the mixing of T, (°T,) states with high-energy
excited singlet states.

Different synthetic methods were used to obtain the CaioVeOzs
superstructure examined herein. Previous research detailed a hydrothermal
method for synthesizing calcium vanadate under temperature conditions of
120-180 °C for 24 hours at pH = 12.5 13168 By ysing this method, researchers
noted modifications in the crystalline structure due to the increase of the
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temperature and hydrothermal reaction time. These modifications led to more
intense diffraction peaks and consequently to greater crystallinity. Li et al. used a
precipitation method to obtain CaigVsO.s; they determined a series of ideal
conditions for the reaction, including a reaction temperature of 90 °C for a 2 h
period, which resulted in an interesting column-like crystal morphology .
Although there are several procedures for obtaining CaioVsO2s, the microwave-
assisted hydrothermal (MAH) method is considered to be promising owing to the
more manageable synthetic conditions and excellent particle size control %,
Absorption of microwave energy causes heating of particles, which accelerates
both diffusion and collision 8. For example, in reference 8 Ca;oVeO2s was
synthesized at a temperature of 120 °C at different times (4, 8, 16, and 32 min),
observing different morphologies for the resulting material. Thus, this
methodology is desirable for the preparation of CaigV¢O,s under low-temperature
conditions that provides morphology control.

Recently, we obtained CajoVsOzs structures through a combination
of the co-precipitation (CP) and microwave-assisted hydrothermal (MAH)
methods . As a continuation of previous works, we investigated the
luminescence properties of vanadium materials by manipulating the synthesis
temperature, thus influencing the morphological, structural order/disorder at long-
, medium-, and short-range on the optical properties of CaiVsO,s. Specifically,
we investigated the PL and thermal quenching properties. The materials were
characterized through X-ray diffraction (XRD), Raman spectroscopy, diffuse
reflectance spectroscopy in the ultraviolet/visible region (UV-vis), field emission
scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy
(EDX), and X-ray absorption near edge structure (XANES).

In this paper, we have discussed the long-range structural
order/disorder effects associated with XRD and Rietveld refinement with first
principle calculations. These effects are related to the spatial periodicity of the

atomic arrangement for large distances in the crystal lattice. The degree of local
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order/disorder in the medium-range are studied by UV-vis diffuse reflectance and
PL spectroscopy; these effects extend between the calcium and vanadium clusters
present in the material structure. Finally, we study the structural short-range
order/disorder effects by Raman and XANES spectroscopies; these short-range
effects extend only to the nearest neighbors, being characterized as punctual

defects in the crystal lattice.

3.3. Experimental methods

3.3.1 Synthesis

The Ca;0Vs025 compounds were synthesized via the CP and MAH
methods according to a procedure we previously reported 8. First, 2 mmol of
NH4VOs3 (> 99.9%, Sigma-Aldrich) was dissolved in 30 mL of distilled water and
heated to 50 °C under constant magnetic stirring until complete dissolution.
Separately, 1.6 mmol of CaCl,.2H,0 (99.0%, Synth) was dissolved in 30 mL of
distilled water. For the CP method, the calcium and vanadium solutions were
mixed, and the pH was adjusted to 12.5 via the addition of the aqueous 6 mol/L
KOH solution, and the final volume was adjusted to 70 mL then heated to 100 °C.
The solution remained in equilibrium at 96 °C for 1 h (sample named CP96). For
the MAH method, after adjusting the pH and obtaining a final volume of 70 mL,
the precipitate formed was processed for 1 h at various temperatures of 100, 120,
and 160 °C, the samples were denoted as MAH100, MAH120, and MAH160,
respectively. All powders were collected at room temperature, centrifuged, and
washed with distilled water resulting in a pH of around 7, then subsequently dried
at 60 °C for 12 hours.
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3.3.2. Characterizations

Ca10Ve0O2s samples were characterized by XRD using a Rigaku-
DMax/2500PC (Japan) diffractometer, with Cu Ko radiation (A = 1.5406 A) in the
20 range of 5° to 75° with a scanning rate of 0.02°/min with 40 kV and 150 mA.
The Rietveld refinements were performed in the General Structure Analysis
System (GSAS) program, the scan speed of 6°/min for a 26 range of 10° to 110°
with 40 kV and 60 mA. The Raman spectra measurements were carried out using
a Horiba Jobin-Yvon T64000 spectrometer (Japan) coupled to a CCD Synapse
detector and an argon-ion laser emitting at 514 nm with a laser power of 7 mW.
The spectra were measured in the 40 - 1200 cm™ range. The XANES spectra were
collected at the V K-edge using the DO8B-XAFS2 beamline at the Brazilian
Synchrotron Light Laboratory (LNLS). XANES spectra were collected in
transmission mode at room temperature using a flat Si (111) double crystal
monochromator, measured from 45 eV below and 75 eV above the edge, with an
energy step of 0.3 eV near the edge region. To provide a good reproducibility
during the collection of XANES data, the energy calibration of the
monochromator was checked while the data were being collected, using a V metal
foil. In addition, the data were normalized to the edge and aligned in energy, using
the MAX software 8. The FE-SEM measurements were taken using a Supra 35-
VP Carl Zeiss (Germany) operated at 15 kV. The EDX mapping was recorded in
the field emission scanning electron microscopy (FE-SEM) of the FEI Company,
model Inspect F50. UV-vis spectra were obtained using a Varian
spectrophotometer model Cary 5G (USA) in diffuse reflection mode. PL
measurements at room temperature were carried out using a Monospec 27
monochromator Thermal Jarrel Ash (USA) coupled with a R955 photomultiplier
Hamamatsu Photonics (Japan). A krypton ion laser Coherent Innova 200 K (line
350 nm) with laser power about 14 mW on the samples. PL measurements as a
function of the temperature (30 K to 300 K) were performed using a 500M Spex
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spectrometer coupled with a GaAs PMT. A Kimmon He-Cd laser (line 325 nm)
with laser power up to 40 mW was used as the excitation source for PL

measurements.

3.3.3. Computational Method

First principle calculations including the temperature are performed
using a standard statistical-thermodynamics approach, within the limit of the
quasi-harmonic approximation implemented in the CRYSTAL17 package %,
where zero point and thermal pressures are evaluated and added to the static
pressure at each cell volume, to obtain the total pressure as a function of both
temperature and volume. The calculated equilibrium lattice parameters optimized

at the B3LYP level 8 % were previously published ®°.

3.4. Results and discussion

3.4.1. Long-range structural order: XRD and Rietveld Refinement

The XRD patterns showed the degree of long-range structural
order/disorder for the Ca;oVsO,s5 obtained by the CP method at 96 °C and by the
MAH method at 100, 120, and 160 °C, see FIGURE 3.1. The Ca;oVsO2s phase
corresponds to a hexagonal structure conforming to the P6s/m space group,
indexed according to the JCPDS file No. 52-649 (FIGURE 3.1a). To observe the
degree of order/disorder at the long-range scale, a full width at half maximum
(FWHM) measurement was performed for the (211) and (300) planes (FIGURE
3.1b), since the diffraction peaks result from the lattice parameters—namely, atom
arrangement and periodicity over long distances. For a perfectly ordered crystal
structure at long-range, the observed peaks are sharp and intense °* %2, The sample
obtained using the CP method (CP96) exhibited less-defined peaks in the 29-34°
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range, with a FWHM value of 0.41° (211) and 0.69° (300). Thus, this material
presented with structural distortions along the Ca—O and V-O bonds lengths, as
well as the O—Ca—0O and O-V-0O bond angles, generating distorted [CaOs]q and
[VO,]q clusters. For the MAH100 and MAH120 samples, FWHM values of 0.24°
(211), 0.22° (300) and 0.24° (211), 0.24° (300) were observed, respectively; the
MAH160 sample obtained at 160 °C exhibited an increase in the FWHM values
at 0.36° (211) and 0.52° (300). The materials that were subjected to microwave
radiation favored the crystallization and displayed long-range structural ordering.
Thus, the samples obtained by the MAH method exhibited more defined peaks
than those obtained by the CP method. In this way, the higher FWHM value
observed for the CP96 sample is indicative of higher structural disorder at long-
range; thus, it was likely to result in higher energy (eV) of the PL emission
properties. However, in the MAH system, a temperature increase to 160 °C
resulted in dissolution and recrystallization of the sample, creating long-range
disorder in the structure that resulted in an increased FWHM value for the
MAH160 sample. Such long-range disorder causes disturbances in the crystal
lattice that alter the value of the band gap energy and, consequently, alter the PL

spectra.
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FIGURE 3.1 - (a) XRD patterns of the Ca;0VsO25 samples and (b) Magnification
of the (211) and (300) planes for samples obtained by the CP method at 96 °C and
the MAH method at temperatures of 100, 120, and 160 °C.
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It was observed that temperature variations provoked changes of the
planes, manifested in the XRD patterns, that can be associated with differences in
the crystallographic orientation. FIGURE 3.1a shows an inversion in intensity in
some planes for the CP96 sample, as observed for the 25.5° peak corresponding
to the (002) plane. Thus, temperature has a strong influence on surface
modification that will be preferentially exposed in the material.

The Rietveld refinement calculation method was performed using the
GSAS program °* %, FIGURE Al and TABLE A1l (see in Appendix A,
Supplementary Information) show the modifications to the experimental lattice
parameters and unit cell volumes of the Ca;0VsO25 samples, with respect to
influences of the respective synthetic method and reaction temperatures. The
Ca10VsOos structure does not have a Crystallographic Information File (CIF), so a
card presenting the same structure (hexagonal) and space group (P63/m) was used.
The Inorganic Crystal Structure Database (ICSD) card No. 24100 % of the mineral
chromate—apatite with chemical formula structural Cas(CrQO,4)sOH was used, as it
has a similar crystallographic structure. The difference between the observed
(Yous) and calculated (Ycaic) XRD patterns revealed a small difference near zero,
as observed in the line Yops — Ycac (See FIGURE Al). The fitting parameters,
Reragg € %%, indicate that the refinement results were reliable to describe Ca10VeOzs
structures. The structural refinement confirmed that the Ca;oVsO2s material has a
hexagonal structure. TABLE Al shows the lattice parameters and unit cell
volumes for the Ca; V0,5 samples, which agree with previously reported values
8 The values for the unit cell volume and lattice parameters of the sample
prepared by the MAH method at 160 °C were increased compared to those of
samples obtained at lower temperatures (96, 100, and 120 °C). Thus, as
temperatures increased to 160 °C, changes in the structural organization of the
[CaOs] and [VO4] clusters rendered reduced network symmetry and long-range

ordering. Additionally, the resulting structural distortions led to defects, such as
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oxygen vacancies, stresses, and strains on the crystalline lattice, that affected the
PL property.

Theoretical calculations were performed to identify the influence of
synthesis temperature on the resultant material structure. TABLE 3.1 shows the
theoretical values for the lattice parameters and the cell volume for the Ca;0V¢O2s
hexagonal structure at different temperatures: 80, 100, 120, 140, 160, and 180 °C
8, The gradual increase in the synthesis temperature was shown to provoke an
expansion in unit cell volume. This increased volume is in agreement with the
experimental values presented in TABLE Al. The phonons are responsible for
the appearance of structural distortions in [CaOg] and [VO,] clusters of the lattice,

accounting for the unit cell expansion.

TABLE 3.1 - Results obtained from theoretical calculations.

T (°C) a=b (A c (A) V (A%)
static calc. 9.672 6.979 565.42
80 9.705 6.974 568.86
100 9.706 6.974 568.95
120 9.707 6.973 569.06
140 9.708 6.973 569.19
160 9.710 6.973 569.33
180 9.711 6.973 569.48

FIGURE A2 displays a schematic representation of the [VOq]
clusters of the Ca10VsO2s material, the values of the corresponding bond angles
are highlighted. The atomic positions and lattice parameters of the Rietveld
refinement were used in the Visualization for Electronic and Structural Analysis
program % 97 to obtain the symmetry and geometry of the [CaOg] and [VO4]
clusters. Different distortions can be seen for the O—V-0 bond angles in the [VO4]

cluster for the samples prepared at various temperatures. An ordered and
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symmetrical material presents [VO,] clusters of tetrahedral symmetry entirely
comprised of 109.5° angles. Thus, all samples exhibited distorted bond angles of
the [VOy4] clusters, which reduced symmetry and affected the PL spectrum. Ca?"
cations are coordinated by six oxygen anions, forming three different types of
polyhedral: [CaOg] clusters presenting a trigonal prism, pentagonal pyramid, and
octahedral symmetry 8. The bond angles and other geometric details of the

octahedral clusters are reported in FIGURE A3.

3.4.2. Short-range structural order: Raman and XANES spectroscopies

The Raman spectra revealed short-range structural order/disorder for
the Caj;0VsO2 material prepared at different temperatures by both the CP and
MAH methods (FIGURE 3.2). In the 351-1062 cm! range, vibrations associated
with the [VO,] tetrahedron appeared 8. The bands at 861 and 822 cm™ were
assigned to the symmetric stretching vibration of the V—O bond. The band at 796
cm?is attributable to the antisymmetric stretching vibration mode of the VO, .
Bands at 406, 389, and 351 cm™ correspond to the bending vibration of the
O-V-0 bond % %, Lower-frequency bands between 48 and 273 cm™ are assigned

to the Ca?* cation displacements and lattice mode vibrations % 1%,
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FIGURE 3.2 - (a) Raman spectra of Ca;0VsO,s samples obtained via different
methods and temperature conditions. (b) Magnification of the region between

750-920 cm™L.

Raman spectroscopy is a useful technique to understand the degree

of short-range structural order/disorder owing to its relationship to the local
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structural order in the bonding of Ca and V clusters. In this situation, the
order/disorder do not extend far beyond the nearest neighbor distances, because
of this are characterized by punctual defects. In a perfect crystal, the first-order
Raman phonon spectrum exhibits narrow lines that correspond to the Raman
allowed zone center (r-point) modes, which obey definite polarization selection
rules . Considering this, FWHM measurements of the intense band at 861 cm™
were conducted to observe the structural modifications at a short-range for the
V-0 bond within the [VO4] cluster (FIGURE 3.2b). For the MAH100, MAH120,
and MAH160 samples, the FWHM values were 18.07, 17.59, and 15.14,
respectively; whereas for the CP96 sample, the FWHM value was 20.03. Thus,
the sample obtained by the CP method displayed a higher FWHM value,
indicative of greater distortion in the [VO,] clusters of the crystal lattice. The high
FWHM value is related to a large distortion of the V-O bond, decreasing the
symmetry within the [VO,] cluster. Therefore, samples obtained using the MAH
method featured lower FWHM values, indicating that short-range organization
increased in the microwaved system as the reaction temperature increased. Short-
range motions include the vibrational and rotational movements of the material,
which also induces order/disorder in the V-O bond, changing the band gap values
of the material; this factor as the long-range is usually responsible for the
broadband nature of the PL emissions.

In the past decade, XANES spectroscopy has been used to probe the
local order of several compounds and investigate their structural and electronic
properties 191 FIGURE 3.3 shows the normalized V-K XANES spectra of three
representative vanadium-based reference compounds (V20,, V205, and NasVO,)
and the as-prepared Cai10VsO25 Samples examined herein. Chaurand et al. revealed
that the pre-edge peak could be considered the most useful feature of the XANES
spectra, permitting one to determine both the oxidation state and the symmetry of
a vanadium species 1. Indeed, several studies have reported different methods of

analysis for discerning the oxidation state and symmetry of vanadium compounds
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108, 110-113 "In several reports, the pre-edge peak is attributed to correspond to the
transition from the V 1s to the V 3d states forbidden by dipole selection rules of
centrosymmetric systems, yet allowed in non-centrosymmetric systems via
hybridization between V 3d and O 2p states 108 111113,

FIGURE 3.3a shows the difference between XANES spectra for the
synthesized samples and reference compounds. Thus, the comparison of pre-edge
XANES spectrum for the MAH160 sample with the reference compounds
revealed similarities to the NazVVO, spectrum. This demonstrates that V>* atoms
are present within the [VO,] tetrahedral configuration of the MAH160 sample. To
verify the influence of temperature on the local structure around V°* cations, the
XANES spectra of Ca;oVsO2 samples are shown in FIGURE 3.3b. The spectra
of the as-prepared samples did not exhibit any significant difference, suggesting
a similar local order of the V°* cations for samples obtained at different

temperatures.
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FIGURE 3.3 - Normalized V-K edge XANES spectra of Ca;oVsO2 samples. (a)
XANES spectra of reference compounds and Ca;oVsOys treated at 160 °C. (b)

Samples treated at various temperatures.
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3.4.3. Morphology of CaioVsOys

FIGURE 3.4 illustrates the morphology of Ca;oVeO2s samples
obtained via various methods and synthesis temperatures. The morphological
changes of the Ca;0VsO2s5 crystals were a result of various synthetic temperatures.
Samples prepared by the CP method at 96 °C for 1 h exhibit micrographs similar
to a straw bundle that is connected to the center of the particle. The particles are
microstems with a mean width of 0.08 £ 0.019 um. When the material was
subjected to MAH processing at 100 °C for 1 h, the microwave radiation favored
a definition of the stems with a mean width of 0.083 = 0.023 um. With an increase
in temperature to 120 °C, the stems disaggregated from the straw bundles and
become larger, displaying a mean width of 0.802 =+ 0.202 um. At a reaction
temperature of 160 °C using the MAH method, the microwave radiation favored
a greater disaggregation of stems as the dissolution and recrystallization of the
particle. The stems had a mean width of 0.231 £ 0.091 um.

In the CP method, there is a high degree of disorder of the particles
because the effective shocks between hydrated ionic clusters are random in nature.
The crystal grows randomly and with a high defect density. When these crystals
are treated in the MAH method, there is a continual dissolution and
recrystallization. Microwaves associated with the phonon effect (temperature)
directly influence the order and disorder of the crystal surfaces, generating a new
agglomeration order in the polycrystalline system. Our observations indicate that
the crystals decrease in interaction and growth. Therefore, the increase in reaction
temperature and the microwave radiation for the MAH-derived samples caused a
decrease in the interaction of the stems, and the straw bundle morphology was

undone.
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FIGURE 3.4 - FE-SEM images for Ca;0Vs025 material obtained by the CP method

at 96 °C and MAH method at temperatures of 100, 120, and 160 °C.

All samples exhibited the formation of stems, involving the presence
of growth processes to render different 1D morphologies. Specifically, the
microwave radiation used during the MAH method greatly influences the
morphology of the resulting particles. Effective shocks and particle growth are
altered in an open system (i.e., CP method) and a closed system (i.e., MAH
method), thus altering the order/disorder at both the short- and long-range of
[CaOg] and [VO,] clusters, effectively breaking the symmetry of clusters and
changing the exposed face in morphology; as a consequence, the morphology of
the Cai0VeO2s can be modified by changing the temperature and the synthesis
method.

FIGURE A4 shows the chemical composition map obtained by EDX
mapping for the Ca10VsO25 samples. The images were constructed by analyzing
the energy released from the emission of elemental Si, O, Ca, and V; this method
indicates their distribution within the samples. In the images, green, red, yellow,
and blue were used to highlight the silicon, oxygen, vanadium, and calcium,
respectively. Thus, it can be observed that all the samples had a homogeneous

composition of calcium, vanadium, and oxygen.
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3.4.4. Medium-range structural order: UV-vis diffuse reflectance and
PL

The optical band gap energies (Egsp) 0f the CaioVeO25 samples are
shown in FIGURE 3.5. The Egq values of the samples were obtained by Equation
(3), which relates the Kubelka—Munk (1) and Wood-Tauc (2) functions 14113,

_ (-R? _
FR) == =2 (1)
ahv = Cy(hv-Egap)" (2)
[F(RIM]? = Cy(hv-Egap) 3)

where F(R) is the Kubelka—Munk function of the sample, R is the
reflectance of a thick enough layer, k is the molar absorption coefficient, and s is
the scattering coefficient. In the Wood-Tauc function, a is the linear absorption
coefficient of the sample, Av is the photon energy, C; is a proportionality, Eg,p 1S
the optical band gap constant, and n is a constant associated with different types
of electronic transitions. For the Cai0V¢Oas superstructure, a direct transition was
considered; therefore, n = %. The plot of [F(R)Av/? versus av provided the Egsp

values by linear extrapolation of the UV-vis curve.
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FIGURE 3.5 - UV—vis spectra for Ca;oVs025 material obtained by the CP method

at 96 °C and the MAH method at temperatures of 100, 120, and 160 °C.

All Cai0VeO,s samples exhibited near absorbance approximately
300 nm with Eg,, values between 3.99 and 4.18 eV. All samples absorbed a high
fraction of photons in the ultraviolet region. According to the Wood-Tauc theory,
an ordered and crystalline material presents a sharp vertical curve (dashed curve);
for the Ca1oVeOzs structure, a Egqp of approximately 4.5 eV would be expected. All
samples had a sloped UV-vis curve, with a decrease in Eg,, Values associated with
the presence of structural defects in the medium-range. An ideal semiconductor
absorption should present a vertical line for an electronic transition; in contrast to
that predictions, all samples had a high defect density owing to the remarkable
inclination of the Urbach tail . This tail appeared in disordered materials as a
result of the formation of localized states (defects) extended in the band gap. It is
hypothesized that these defects, resulting from short- and medium-range
distortions on the [CaOg] and [V O4] clusters, perturb the energy level distribution
in both the conduction band (CB) and valence band (VB); thus, the band gap
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values were changed. The short-range distortions propagate at medium-range by
the interaction between neighboring clusters, favoring the formation of
intermediary energy levels inside the band gap of materials; this commonly favors
the development of broadband emission.

FIGURE 3.6 shows the PL spectra at room temperature with a laser
excitation of 350 nm, and the CIE chromaticity diagram for CaioVsO25 samples
prepared at temperatures of 96, 100, 120, and 160 °C. The PL spectra from the
[VO,] tetrahedral clusters are well established in the literature, with a broadband
emission centered near 520 nm 5% 85 7980 The PL property is justified by the
charge transitions in the [VO4] cluster of tetrahedral symmetry, which has the
ground state *A; and excited states 1Ty, 1T,, 3Ty, and 3T,. The luminescence of the
vanadium-based oxides is caused by charge transitions in the states (°Ty, 3T,) —
A1, where broadband in the visible region is defined as the 400—720 nm range.
The luminescence mechanism of these materials is assigned by a charge transfer
within the [VO4]* group, between the 2p orbital of O anion of the valence band
for the 3d orbital of the V cation of the conduction band ®* 7. For all Ca;0VeOs
samples synthesized at different temperatures, a broadband PL with different
emission centers was observed (see FIGURE 3.6a). This is indicative that the
distribution of the [VO4]* groups is not uniform in the crystal lattice, and there is

a possibility of defect centers °.
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FIGURE 3.6 - (a) PL spectra at room temperature (Aex = 350 nm) and (b) CIE
chromaticity coordinates of the PL spectra for Ca1oVsO,5 samples obtained by the
CP method at 96 °C and the MAH method at temperatures of 100, 120, and 160
°C.

Theoretical calculations have shown that PL emissions also has an
important influence on the structural distortions at the [CaOs¢] clusters and,
especially, in the distorted tetrahedral [VO,] clusters . The short-, medium-, and
long-range structural order/disorder form distorted clusters [VO4]q4, [CaOg]q and
ordered clusters [VO4]o, [CaOs]o; these clusters give a high probability of electron
transition (3Ty, 3T,) — 'A;. The short-range disorder forms a density of local
defects in the bonds between vanadium and calcium atoms that decreases the
symmetry of [CaOg] and [VO,] clusters. This intra-cluster interaction occurs by
means of the polarization processes induced by the permanent dipole moment of
neighboring clusters. This interaction provokes a medium-range disorder related
to the rotational motion of the permanent moments in different frameworks
formed by the [VO4]-[CaO¢], [VO4]-[VO4], or [CaOg]-[CaOs] clusters. From
these relationships, the structural disorder extends throughout the crystal lattice
(long-range disorder) by dispersion interactions due to correlations between

electrons located in the neighborhood of [CaOg] or [VO4] clusters °2 117, Thus, the
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interactions between clusters with distorted symmetry, [VO,]q and [CaOg]q, form
new intermediate energy levels within the band gap of the material, favoring
broadband emission. Therefore, the structural order/disorder provokes an
electronic redistribution of energy levels in both the VB and CB; these
redistributions induce a change in the band gap and influence the intrinsic PL. A
higher disorder structure at the long-, medium-, and short-range favored a more
energetic emission for PL bands in the blue region, as was seen for the CP96
sample. The processing of samples by the MAH method at temperatures of
100 °C and 120 °C increased the crystallinity at both the long- and short-range
and benefited the PL intensity for these samples. The increase in the temperature
to 160 °C (MAH method) induced dissolution and recrystallization processes that
separated stems from the straw bundles. Thereby, an increase in temperature
during the MAH method, resulting in different PL properties. The effect of the
interaction between stems was practically eliminated, although the separation of
the stems caused defects on the surface of the semiconductor. The results of PL
indicate a decrease in structural defects (decreased PL in the blue and green
regions) with the maintenance of oxygen vacancies. Thus, disorder in both the
long- and short-range induced the formation of localized defects (quantum dots
disorder) in the material. A quantum dot disorder in the [CaOg] and [VO4] clusters
favors the formation of different surfaces (oxygen vacancies). Therefore, particles
with different morphologies and sizes exhibit different PL properties.

Variations in the reaction temperature and morphological changes in
the particles have an influence on the PL properties of the resultant material. To
evaluate the performance of the Caj;VeO,s materials to emit colors via
luminescence, the CIE chromaticity diagram was investigated (FIGURE 3.6b).
The PL spectrum of the CP96 sample, that with higher structural disorder at both
the long and short ranges, exhibited a shift to smaller wavelengths—i.e., higher
energy. The CIE color coordinates conveyed that the emission was essentially

green (x = 0.364 and y = 0.387). Samples prepared by the MAH method favored
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displacement to higher wavelengths and lower energy and favored long-, medium-
, and short-range order—disorder equilibria within the crystal structure of the
MAH100 and MAH120 samples. Thus, MAH samples showed emissions in the
white region, as indicated by the CIE color coordinates, MAH100 (x = 0.311 and
y = 0.348) and MAH120 (x = 0.350 and y = 0.368). According to the literature,
CIE coordinates of the more balanced white-light region of the diagram are in the
ranges X = 0.28 — 0.35, y = 0.30 — 0.37 118119 Thys, the samples produced by
reaction temperatures of 100 °C and 120 °C have chromatographic coordinates
corresponding to a pure white-light-emitting material. Increased temperatures
(160 °C) used during MAH-based synthesis, resulting in the MAH160 sample,
increases the long-range disorder of the crystal lattice. Thus, a shift in the
chromatographic coordinates was observed to x = 0.374 and y = 0.375; this shift
Is indicative of the white emission being nearer the yellow region. In this way, the
different distortions in long-, medium-, and short-range for both the [VO,] and
[CaOg] clusters modulate the luminescence properties of Cai;0VsOos samples
prepared by various methods and temperatures.

FIGURE 3.7 shows the normalized PL spectra for the Ca;oVsOzs
samples as a function of the temperature in the range of 30—-300 K. Ca;oVsO2s
samples prepared by different synthesis temperatures have similar emission
bands. Thus, these transitions (PL bands) are characteristic of the material
structure. To understand in more detail its properties, the temperature dependence
of these PL bands was investigated for all samples. A reduction of linewidth was
observed at lower temperatures (<150 K), see FIGURE 3.7b, as expected.
Enhancement of PL intensity and dominance of the red emission band were also
noted at lower temperatures; this red emission is usually attributed to defects of
oxygen vacancies in the material or an increase in the V-O bond length to
decrease the values of the transition energies AE 61120121 FIGURE A5 indicates
that all Ca;0Vs025 samples display an increase in V-0 bond length to values

between 1.76 and 1.82 A, favoring the formation of oxygen vacancies and,
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consequentially, structural distortions at the [VO,4] clusters. Furthermore, distinct
organizations of intermediary energy levels within the band gap contribute to the
luminescence in the red and orange coordinate regions, see FIGURE 3.7a. Higher-
energy emission bands dominate at higher temperatures, see FIGURE 3.7b. The
increase in temperature has likely favored bluish-green and yellow luminescence,
characteristic of an electronic transition within the [VO,] cluster, notably the
transition of states 3Ty, 3T2) — A1, FIGURE 3.7a % 7. 7122 Thermally active
phonons may have facilitated the excitation electrons previously trapped in
oxygen’s 2p orbital to the 3d orbital of vanadium. At temperatures above 150 K,

the transition in PL bands of more energetic levels is favored.

(a) T Conduction Band

N-:lu ==
AWWIYW

V

S
3 S .
T, ;:hs: Intermediary
—— energy levels

AAMA
\AJ

gap

1A1 JV

Valence Band




(b)

; CP96 g MAH100
% 30K N\

N oK ‘ 30K

— 60K

—— 90K ok

—

120 K
— 150K
200K
— 250K

300K

Normalized PL Intensity (a.u.)
Normalized PL intensity (a. u.)

T T =
2.0 2.4 2.6 3.0

2.8

T T T : T T
18 20 22 24 18 2.2

g
o

Energy (eV) Energy (eV)
; MAH160
y\ MAH120 :
5 —30K
—30K ﬁ — 60K
—60K / 90 K
— 90K 120K

/

120 K
— 150K
200K
— 250K

\%OO K

2.8 3.0

— 150K

200 K
—250K
300 K

Normalized PL intensity (a. u.)
Normalized PL Intensity (a. u.)

T - T r T T T T T
2.2 24 1.6 18 2.0 2.2 2.4 2.6 2.8 3.0

Energy (eV)

; T
18 2.0

g
o

Energy (eV)

FIGURE 3.7 - (a) PL mechanism and (b) temperature dependence of the
normalized PL spectra for the Ca;0VsO,5 samples obtained by the CP method at
96 °C and the MAH method at 100 °C, 120 °C, and 160 °C under excitation at
325 nm.

All Ca;0VsO2s samples exhibited transitions corresponding to the
[VO,] cluster, but with small displacements in the emission centers that are
indicative of possible differences in the microstructural organization of the [VO,]
tetrahedron via various distortions, as was noted by the Rietveld refinement.
These distortions in the [VO,] cluster are strongly influenced by order/disorder
effects in [CaOg] clusters (FIGURE A3).

All samples presented a decrease in the emission intensity when the
temperature was increased from 30 to 300 K (FIGURE AB) 51527 The observed
thermal quenching of the phosphors may be explained by the schematic diagram
shown in FIGURE 3.8a 2. As previously shown in FIGURE 3.7, the excited state
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of the [VO4] 3 group is exists as two near-degenerate energy levels (*T and °T) ®%
78,80 The excited electron from the ground state (point 1) to the T level of the
excited state (point 2) and is generally transferred to the T energy level (point 4);
after reaching the 3T state, the electron then returns to the ground state (point 5)
by a radiative transition, as illustrated in FIGURE 3.8a. However, when the
temperature is increased, the electron may return to the ground state (*A) by means
of a non-radiative transition. Thus, the electron is thermally activated from Point
4 in the schematic to the crossover of the excited state and the ground state at
Point 6. Therefore, the excited electron can easily transfer to the ground state by
non-radiative means via energy transfer of phonon; thus, increasing temperatures
quench emission transition from Point 4 to Point 5. As a consequence, the
luminescence intensity of the phosphor decreases via a processes referred to as
“thermal quenching” 12>12°_ The energy required to thermally activate the excited
electron from Point 4 to Point 6 via activation energy, AE,, can be obtained by:

I(T) = fo

Eat

1+ ye ksT
where kg is the Boltzmann constant (8.617 x 10° eV K1), Iy is the
photoluminescence intensity of the Ca1g0VsO25 samples at 0 K, I(T) is intensity at
a given temperature, y is the ratio between radioactive and nonradioactive
lifetimes, and Eg is the activation energy of the thermal-quenching process.
Generally, a lower value of AE, leads to a higher probability of non-radiative
transitions.

FIGURE 3.8b,c show the Arrhenius plots for all observed emission
bands within the PL spectra for the MAH120 sample. The obtained activation
energy is approximately 2 meV for all bands of the Ca;0VsO.s sample produced
by the MAH method at 120 °C. Similar values were also obtained for all other
samples (see Appendix A, Supplementary Information), indicating important non-

radiative transitions occurring within Ca;oVsOas.
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MAH method at 120 °C.
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3.5. Conclusion

To explore the use of promising new phosphorescent compounds, we
report on the successful synthesis of Cai;oVsOz structures with various
morphologies via the CP and MAH methods at different temperatures. XRD
patterns, Rietveld refinement, and Raman spectroscopy were all used to confirm
the formation of a Ca;VsO25 compound with a hexagonal structure that displays
different degree of order/disorder at both short and long ranges. XANES
spectroscopy revealed the presence of V°* coordinated by four oxygen atoms in a
tetrahedral configuration. FE-SEM images showed that variation in the
temperature was favorable to obtain Ca;0VsOs with different morphologies, an
increase in temperature to 160 °C caused a decrease in interactions between
particles, thereby modifying the morphology. EDX mappings showed that all
samples had a homogeneous distribution of elemental Ca, V, and O. UV-vis DRS
measurements revealed that all samples displayed a medium-range lattice disorder
responsible for broadband emissions. Thus, the samples presented different
morphologies and structural order/disorder that favorably produced optical
properties beneficial for white-light application. Therefore, distortions in the
lattice and changes in the morphology of CaiV¢O2s can tune the electronic
transitions within the material through the formation of energy states within the
band gap; this state benefits the broadband PL emission, which involves the
participation of numerous photons generating a white-light emission that is
potentially applicable in UV chip excited WLEDs. However, for this application

more research to realize practical UV chip excited WLEDs is necessary.
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4.1. Abstract

In this paper, we present a combined experimental and theoretical
study to disclose, for the first time, the structural, electronic, and optical properties
of CayoVsOys crystals. The microwave-assisted hydrothermal (MAH) method has
been employed to synthetize these crystals with different morphologies, within a
short reaction time at 120 °C. First-principle quantum mechanical calculations
have been performed at the density functional theory level to obtain the geometry
and electronic properties of Cai0VsO2s crystal in the fundamental and excited
electronic states (singlet and triplet). These results, combined with the
measurements of X-ray diffraction (XRD) and Rietveld refinements, confirm that
the building blocks lattice of the CaigVsO25 crystals consist of three types of
distorted 6-fold coordination [CaOg] clusters: octahedral, prism and pentagonal
pyramidal, and distorted tetrahedral [\VO,] clusters. Theoretical and experimental
results on the structure and vibrational frequencies are in agreement. Thus, it was
possible to assign the Raman modes for the Cai10VeOas superstructure, which will
allow us to show the structure of the unit cell of the material, as well as the
coordination of the Ca and V atoms. This also allowed us to understand the charge
transfer process that happens in the singlet state (s) and the excited states, singlet
(s) and triplet (t"), generating the photoluminescence emissions of the Ca;oVeO2s

crystals.

4.2. Introduction

The members of the calcium vanadate family, such as CagsV30sg 1%,
CaV,40,, CaV;07and CaV,0s 1%, CaV,0s 14, CaVO;, CaVeOy5 84, CayV,07 2%,
CagV20s 12, CasV4014 , CarV4017 1, and CaygVeOas 6 8 84 have attracted
increasing interest, because of their structure, compositional diversity, and

physical and chemical properties, which facilitate a wide range of technological
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applications in the fields of magnetism, electrochemistry, catalysis, and optical
deViceS 13, 16, 82, 83, 126, 127, 131-133.

In particular, Ca;0VsO2s has drawn attention, because of its geometric
structure, in which both Ca and V cations adopt different local coordinations 1©
8 with a promising potential in electronic, biomedical, and semiconductor
applications 6 13 Moreover, Pei et al. 8 observed that the Ca;oVsO25 nanorod
modified glassy carbon electrode, which presents good performance in the
electrochemical detection of tartaric acid, is promising for the development of
electrochemical sensors for tartaric acid: However, information about its structure
and related materials is scarce and incomplete 13 16 83. 84,134,135 Eqor related
compounds, Adams and Gardner ** analyze the single-crystal vibrational spectra
of apatite (Cas(PO4)sF), vanadinite (Pbs(VO,)sCl), and mimetite (Pbs(AsQO4)sCl).
Petit et al. *® synthesized Caio(PO4)sx(VO4)x(OH)2 (Where 0 < x < 6) and studied
the vibrational modes in related materials. Frost et al. **7 assigned the vibrational
modes to vanadinite [Pbs(VO,)sCl]; meanwhile, Bartholomai and Klee 38
resolved the vibrational modes for the apatites pyromorphite [Phs(PO,)sCl],
vanadinite [Pbs(\VO,)sCl], and mimetite [Pbs(AsO,)sCl].

For the synthesis of Ca10VsOos crystals, different authors reported the
use of precipitation and hydrothermal methods to obtain crystals with diverse
morphologies ¢ 88 In particular, Hojamberdiev et al. 1 synthesized CaioVsO2s
via hydrothermal processing in a basic medium under the pH range of 12.0-13.5,
the temperature range of 120-180 °C, and reaction times of 12, 24, and 48 h.
These authors concluded that the above reaction parameters have a strong
influence on the morphology of the as-synthetized Ca;oV¢Oos crystals, and they
obtained various morphologies, such as rods and spherical, ricelike, and bundled
particles. However, these methods require high temperatures, long processing
times (from a few hours to a few days), and expensive equipment. However, the
use of microwaves has improved the synthesis procedure since materials were

obtained at shorter times and lower temperatures. Moreover, there is increased
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interest in developing the microwave-assisted hydrothermal (MAH) method,
because it has advantages of being a faster, simpler, and more efficient route to
obtain single-phase crystals with good reproducibility 39142, In this context, by
using the MAH method, our group could synthetize various metal oxides, such as
BaZrOs 143, CuO with catalytic activity 1#4, SrTiOs with photocatalytic activity 1*°,
and a-Ag,WQ, as acetone gas sensors 14°,

The present paper reports the synthesis of monophasic Ca;oVeO2s
crystals by using the MAH method at a temperature of 120 °C within a short
synthesis time. The geometry, electronic structure, optical properties, and
morphology of the crystals were examined using X-ray diffraction (XRD) patterns
with Rietveld refinement, Raman spectroscopy, ultraviolet—visible (UV-vis)
diffuse reflectance spectroscopy (DRS), photoluminescence (PL) measurements,
transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDS), field-emission scanning electron microscopy (FE-SEM), and current-
voltage measurements. First-principles calculations at the density functional
theory (DFT) level were performed to complement the experimental results, in
order to elucidate the geometry, electronic structure, and optical properties of
Ca10Vs03s crystals. The localization and characterization of the excited singlet
and triplet electronic states allows us to rationalize the PL emissions of this

material, which are reported for first time in the present work.

4.3. Experimental methods

4.3.1 Synthesis

The synthesis of the Caj;0VeO,s crystals follows the procedure
proposed by Hojamberdiev et al. **: 2 mmol of NH;VVO3 (>99.9%, Sigma-Aldrich)
was dissolved in 25 mL of distilled water, and heated thereafter at 50 °C under

magnetic stirring until the reagent was dissolved completely. Separately, 1.6
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mmol of CaCl,.2H,0 (99.0%-105.0%, synth) was dissolved in 25 mL of distilled
water at room temperature. After complete dissolution of the reactants, the
solutions were mixed at room temperature and the pH of the solution was adjusted
to 12.5 via the dropwise addition of a 6 mol/L KOH aqueous solution. The final
volume was adjusted to 70 mL. Subsequently, the solution was stirred for 10 min
and thereafter, it was transferred to the MAH system at the temperature of 120 °C
and maintained for different time durations of 4, 8, 16, and 32 min. The
precipitates formed were collected at room temperature, washed with distilled
water until the pH was neutralized, and dried in a conventional furnace at 60 °C
for 12 h. The samples obtained after the different time durations were denoted as
CaVv0-4, CaV0-8, CaV0-16, and CaVO-32, corresponding to the synthesis times
of 4, 8, 16, and 32 min, respectively.

4.3.2. Characterizations

Ca10VsO25 samples were characterized by X-ray diffraction (XRD)
using a diffractometer (Model DMax/2500PC, Rigaku, Japan), with Cu Ka
radiation (A = 1.5406 A) in the 20 range of 5°-75° with a scanning rate of
0.02°/min. The Rietveld refinements using the general structure analysis (GSAS)
program, the scan rate of 0.01°%/min for 26 range of 5°~110°. Raman spectroscopy
measurements were performed using a spectrometer (Model T64000, Horiba
Jobin-Yvon, Japan) coupled to a CCD Synapse detector and an argon-ion laser,
operating at 514 nm with a maximum power of 7 mW. The spectra were measured
in the wavenumber range of 25-1200 cm™. Ultraviolet visible (UV-vis) spectra
were obtained using a spectrophotometer (Model Cary 5G, Varian, USA) in
diffuse reflection mode. The morphologies of the samples were examined using
field-emission scanning electron microscopy (FE-SEM) (Supra 35-VP Carl Zeiss,
Germany) operated at 15 kV. PL measurements were performed with a Monospec
27 monochromator (Thermal Jarrel Ash, USA) coupled with a R955
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photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser (Coherent
Innova 200 K, USA; 2 = 350 nm) was used as the excitation source with an
incident power of ~14 mW on the samples. All measurements were performed at
room temperature. For the Raman, PL, and UV-vis characterizations: the
Ca;0VsO2s samples, in the powder form, were placed in the respective port
samples of each piece of equipment.

For the current-voltage (/~V) characterizations, 6-mm-diameter
pressed pellets were made and the measurements were performed at room
temperature, using silver electrical contacts 75 nm thickness, which were obtained
on an evaporator (Model AUTO 306, Edwards) under a pressure of 10" mbar.
The current was determined by a Keithley 6517B electrometer coupled to a

probing positioning system.

4.3.3. Computational Methods

Calculations were performed using the periodic ab initio
CRYSTAL14 package *’, based on density functional theory (DFT) using hybrid
functional of a nonlocal exchange functional developed from Becke, combined
with a correlation functional based on the gradient of electronic density developed
from Lee, Yang, and Parr (B3LYP) 8%, This computational technique has been
successful for the study of the electronic and structural properties of various
materials, including vanadates and several other oxides °” 148151, The Ca, V, and
O atoms were described by standard atom-centered all-electron basis sets: 86-
511d3G, 86-411d4G, and 6-31d1G, respectively 15215,

Full optimization of the CaiVeOys structure was performed. The
initial geometry was obtained from XRD experimental results, considering the
removal of one O atom in this system through the ATOMREMO option provided
by the CRYSTAL program. The convergence criteria for both monoelectronic and

bielectronic integrals was set as 10® Hartree. Regarding the density matrix
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diagonalization, the reciprocal space net was described by a shrinking factor set
to 4, corresponding to 12 k-points within the irreducible part of the Brillouin zone
in accordance with the Monkhorst-Pack method *°. In order to understand the PL
mechanism associated with CaigVsO2s material, both excited singlet states (s*)
and excited triplet states (t*) have been localized and characterized, following the
previous strategies developed by our group 10 15015619 "Eor the s* model, we
consider an off-centering V displacement of 0.1 A in the z-direction. In this case,
the t* model state was reproduced fixing the difference between spin-up («) and
spin-down () (ne - ng = 2) along the self-consistent field (SCF) calculations. The
electronic structure was investigated from band structure and density of states
(DOS).

4.4. Results and discussion

4.4.1. XRD and Rietveld Refinements

FIGURE 4.1 and FIGURE B1 (see Appendix B, Supplementary
Information) present the XRD patterns and Rietveld refinement plot of the 3D
Cay0Vs02s crystals, respectively. The XRD patterns in FIGURE 4.1 show that all
of the samples exhibit well-defined peaks suggesting an ordered long-range
arrangement in the crystal lattice, for the samples obtained at 120 °C via MAH.
The Miller indices of the peaks are in accordance with Joint Committee on Powder
Diffraction Standards (JCPDS) No. 52-649 for the Ca;0VsO2s phase with a
hexagonal structure and the space group of P6s/m, indicating the absence of
additional phases. Thus, the efficient internal heating by direct coupling of
microwave energy with the molecules was efficient in obtaining the pure
Ca10Vs025 phase at a temperature of 120 °C within short reaction times in the

MAH method. The Rietveld refinement method was applied to confirm the three-
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dimensional (3D) structure of Ca;0VeO2s. The refinement was performed using
the GSAS program % 94,

No Inorganic Crystal Structure Database (ICSD) card related to this
structure has been reported in the literature. The ICSD No. 24100, for calcium
tris(tetraoxochromate(V)) hydroxide, reported by Wilhelmi, K.A. et al., has been
used, because it has a similar crystallographic structure %. The obtained results
are displayed in TABLE Bl in the Supplementary Information. The
experimentally observed XRD patterns and the theoretically calculated data
exhibit small differences near zero on the intensity scale, as illustrated by the line
Y obs—Y calc; moreover, the fitting parameters (Reragg and %?) indicate consistency
between the calculated data and observed XRD patterns for the Ca;oVsOos
microcrystals obtained at 120 °C. The smaller values of fitting parameters
obtained for the CaVO-4 and CaVO-16 samples indicate greater network
symmetry and long-range ordering than those of the powders of CaVO-8 and
CaV0-32. TABLE B1 shows that the CaVO-4 and CaVO-16 samples present a
smaller cell volume, associated with the volume contraction at the unit cell. The
lattice parameters (a, b, and c¢) and bond angle (f) estimated from the refinement

confirm the hexagonal structure.
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FIGURE 4.1 - XRD patterns and the Miller indices in accordance with JCPDS
File No. 52-649 for the CaoV¢O2s processed at 120 °C, as function of synthesis

time.

FIGURE 4.2 displays a schematic representation of a hexagonal unit
cell of the Ca;0VeO2s crystal, modeled from the Rietveld refinement data and
optimized with DFT/B3LYP level of theory, in which the symmetry and geometry
of the local coordination of Ca and V cations forming the building blocks of this

crystal are depicted.
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Distorted pentagonal pyramid Distorted tetrahedral
Exp. DFT Exp. DFT

2239 (2x)  2.251 (2x) 1727 (%) 1.697 (2x)
2398 (1x)  2.248 (1x) 1737 (1x)  1.706 (1x)
2598 (2x)  2.473 (2x) 1.754 (1x) 1737 (1X)
2778 (1x)  2.674 (1x)

Exp. DFT
2.239 (2x)  2.248 (2x)
2.398 (1x)  2.251 (1x)
2.598 (2x)  2.525 (2x)
2411 (1X) 2,524 (1x)

Exp. DFT
2.343 (3x) 2.354 (3x)
2.484 (3x)  2.459 (3x)

FIGURE 4.2 - Schematic representation of the hexagonal unit cells of Ca10VsOas
showing the local structures for [CaOg] and [VO,] clusters (in grey) and the bond
lengths (in A) obtained from Rietveld refinement and DFT calculations. Green,
cyan, and purple polyhedrons represent the prismatic, pentagonal-pyramid, and
octahedral symmetries associated with [CaOg] clusters, respectively. The values

1x, 2x and 3x correspond to the bond multiplicity.

The unit cell shown in FIGURE 4.2 was modeled using the
visualization system for electronic and structural analysis (VESTA) program
(version 3.4.0) for Windows 7-64-bit0 % 7. An analysis of the results indicates
that the V cations are coordinated with four oxygen anions to form distorted
tetragonal [VOg4]q clusters, whereas the Ca cations exhibit three types of
octahedral [CaOgs]q clusters with highly distorted geometries. The Cal, Ca2, Ca3,
and Ca4 cations form distorted trigonal prisms, the Cab, Ca7, and Ca8 cations
form distorted octahedra, and the Ca6, Ca9, and Cal0O cations form distorted
pentagonal pyramids. Furthermore, it was observed that the theoretical values are
consistent with the experimental results. This large variety of V-O and Ca—O
bonds and O-V-0 and O—Ca-0 bond angles is responsible for the order/disorder
effects, which are associated with the different degrees of distortion and the wide

range of bonding patterns of these clusters. The structural distortions within the
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[CaOg]q and [VO4]q clusters then generate a polarization in the crystal structure,

because of the displacement of Ca and V cations.

4.4.2. Raman spectra

The Ca;0VsO2s crystal exhibits a hexagonal structure with the space
group P6s/m (CZ,,) and the following vibrational modes:

['=1A, + 2Ey, + 2By + 1Ep, + 2Ag + Eqg + 2Bg + 3Ez,.

For a perfect and orderly crystalline structure with this space and
point group symmetry, six active Raman modes are expected as follows:

I'=2Aq + Eyg + 3z,

In this study, first-principles calculations predict 123 active Raman
and infrared modes for the Ca;0VsO2s structure, of which 63 Raman modes match
the following decomposition at the I' point: (I'= 24A4’+ 24E,’+ 15Eg”). The
experimental vibrational Raman frequencies were obtained in the wavenumber
range of 25-1200 cm?, and all the samples exhibited 13 experimental modes, as
shown in FIGURE 4.3. However, some of them are not observed experimentally,

because of either overlapping bands or low intensity.
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FIGURE 4.3 - Raman spectra in the wavenumber range of 25-1200 cm™* of the

Cay0VsOys crystals processed at 120 °C, as function of synthesis time.

At lower frequencies, the peaks obtained through B3LYP
calculations at 89.38 cm™ (exp. 90 cm™), 124.14 cm™? (exp. 126 cm™),
204.69 cm™? (exp. 202 cm™), 237 cm™ (exp. 235 cm™?), and 262.58 cm*
(exp. 276 cm™) are associated with the lattice modes of [CaOg] clusters . The
intense band at 348.26 cm™ (exp. 352 cm™) is associated with the Ay mode of
bending vibration of the O—VV—O bond of vs. The peaks at 379.40 cm™ (exp. 391
cmt) and 400.22 cm* (exp. 407 cm*) are assigned to the Ay bending vibration of
the O-V-O bond of v,. The other band at 796 cm™ is related to the Ejq
antisymmetric stretching of the VO, of vs;. Moreover, the peaks located at
859.60 cm? (exp. 822 cm™) and the most intense band at 867.34 cm
(exp. 862 cm™) may be attributed to the Ay symmetrical stretching vibration of
the V-0 bond of v; % 137138 The band located at 1020.96 cm ™ (exp. 1062 cm™)
corresponds to the internal modes assigned to the symmetric stretching vibrations
of [VQ4] cluster.
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As reported in the literature %> 1%° a solid with the local structural
order has a sharp, intense, and well-defined vibrational bands. We have compared
the full width at half-maximum (fwhm) of the peak of 352 cm™in the Raman
spectra of all the samples (FIGURE B2 in the Supplementary Information).
Analysis of these phonon line widths reveals similar structural disorder at the
[VO,] cluster.

TABLE B2 shows the calculated B3LYP frequencies (w) of the
Raman active modes at the I" point for the P6s/m structure. The results of the
B3LYP calculation present an acoustic mode of zero frequency with E” symmetry,
and an imaginary frequency (-55.02 cm™), which reveals that the CaioVsO2s
structure optimized in the P63/m space group has a structural instability at I" and
corresponds to a saddle point on a very flat potential energy surface after
removing an oxygen atom in the initial structure. VVarious numerical checks (e.g.,
setting a better energy convergence, strengthening of the optimization criteria,
decreasing the symmetry constraints) have been performed to ensure that the

negative frequency was not an artifact of the calculations.

4.4.3. Morphology and growth mechanism

Variation in the synthesis time (4, 8, 16, and 32 min) influences the
morphology of the Ca;oVsOys crystals (see FIGURE 4.4).
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FIGURE 4.4 - Low (30 um) and high (3 «m) magnification FE-SEM images of
the CajpVsO45 crystals processed at 120 °C as function of synthesis time: (a) 4
min, (b) 8 min, (c) 16 min, and (d) 32 min. Inset illustrates the morphology of the

crystals in pink, blue, green, and red.

The growth process can be monitored at different times, maintaining

the temperature constant at 120 °C. At 4 min, after the formation of the first
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nanoparticles, the oriented growth process of the stems occurred from the
agglomerated particles. The small stems grew oriented around a single common
center, forming a microparticle in the CaVO-4 sample (FIGURE 4.4(a)). The
increase in the synthesis time to 8 min (CaVO-8 sample) favored an elongation of
the stems, joined with a length of 6 xm and width of 644 nm, and their stem ends
appeared faceted. Thus, the morphology is similar to a straw bundle with two
fantails of stems, which are connected to each other in the middle (FIGURE
4.4(b)). During the synthesis, the effect of the microwaves on the particles caused
a contraction of the stems (time of 16 min), which were aggregated, generating an
increase of 1.1 um in the width and a decrease of 2.6 um in the length of the
CaV0-16 sample (FIGURE 4.4(c)). It can be observed that, for a synthesis time
of 16 min, there was a significant reduction of isolated rods in the sample. Further
increasing the synthesis time to 32 min provoked the dissolution and
recrystallization processes, with a concomitant elongation of the rods (FIGURE
4.4(d)). These rods were split into nanofilaments during the growth process,
forming a particle with more ramifications. The CaVO-32 crystal presented tubes
with the length of 6.67 xm and smaller width (230 nm) than the crystals obtained
within a shorter synthesis time.

The growth process of the Ca;oVsOy5 particles can be considered to
be a crystal splitting mechanism. The nanocrystals are developed in large crystals,
and these are divided to form stems, which are subdivided into nanofilaments as
a bundle of straw shape. The division of the crystal is related to the rapid kinetics
of crystal growth, supersaturation of the solution, and surface energy 61164,
FIGURE 4.5 shows a series of morphologies formed according to the growth time
of the Ca;oVsO2s particles. Thus, we observe that a single crystal is subdivided by
means of a single nucleus. Along with the growth of the particle, there is a change
in the [CaO¢] clusters, and thus, different morphologies that are dependent on the

synthesis time and the presence of microwaves are observed.
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It can be observed that the MAH method allowed us to obtain
materials with good structural ordering at short time and low temperature (120 °C
at 4 min) with well-defined morphology. The interaction of the microwave energy
with the particles or ions accelerates the diffusion mechanism, allowing the
collision with other ions, atoms, or neighboring molecules, generating heat and
thus reducing sintering time and temperature **°. These shocks are fast and
effective, which cause small distortions in bond length and angles in the [CaOg]
and [V O] clusters of the crystal lattice. Thus, with the increase of the synthesis
time, the microwaves cause a restructurization of the clusters forming order and
disorder locally, which can be seen the medium-range by the modification in the
orientations of the clusters. These distortions in clusters generate defects as

quantum dots, which favor the different PL properties of the material.

Oriented growth

Further splitting
Splitting mechanism

FIGURE 4.5 - Growth mechanism of the Ca;oVsOzs crystal as function of
synthesis time: 4 min (pink), 8 min (blue), 16 min (green), and 32 min (red).
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4.5. Optical properties

4.5.1. UV-vis diffused reflectance

The optical properties of the Ca;0VsO2 semiconductors prepared at
different times (4, 8, 16, and 32 min) at 120 °C via the MAH method were
investigated using UV—-vis and PL emissions at room temperature. Ca;oVsO2s has
a direct-type optical transition 6. According to the Wood-Tauc function %5,
ahv = C1(hv — Egap)", Where n =%, a is the absorption coefficient, /v is the photon
energy, C; is a proportionality constant, and n is the type of electronic transition.
Thus, we have (ahv)?, which can be related to the Kubelka—Munk function
(K-M) 4 and we obtain the band gap energy (Egap) Values of the samples using
the graph /F(R)hv]? vs hv (FIGURE B3 in the Supplementary Information), where
F(R) is the K—M function.

UV-vis spectra show that all the samples of Cai;oVsO2 absorbed
energy in the ultraviolet. An analysis of the results renders that the samples
present an Egp values at 4.04, 4.04, 3.94, and 3.84 eV at CaVO-4, CaVO-8,
CaV0-16, and CaVO0-32, respectively (see FIGURE B3). According to the
Wood-Tauc function, a crystalline and ordered material has a well-defined
absorption (vertical black dashed curve), and, therefore, for the Ca;0VsOo5 crystal,
a band gap (Egap) Of 4.3 eV is expected. Moreover, it can be observed that the
variation in the synthesis time did not change the Eg values of the Cai0VeOzs
samples. However, a slope of the optical absorption curves can be observed,
indicating the presence of medium-range defects, which decreased the Egq, Of the
samples. The medium-range distortion on the [CaOg]q and [VO4]q clusters leads
to a nonzero difference in the formal load between the clusters, thus causing a
polarization in the system. The medium-range polarization generates an
orientation interaction, since it causes the rotation motion of the permanent
moments in different [CaOg]-[CaOs], [VO4]-[VO,], or [CaOs]-[VO,] clusters.
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These interactions produce localized electronic levels within the forbidden band
gap, which cause the entrapment of electrons and holes. Thus, the intrinsic PL
emissions can be associated with these mechanisms, which are derived from the
interactions between distorted clusters. In this way, the coupling of the vibrational
and rotational movements modifying the intrinsic properties generating new
materials. These properties are related to the defect densities, that is,
order—disorder of the crystals.

To clarify the electronic structure of Ca;0VsOs, total and atom-
resolved density of states (DOS) and band structures profiles were obtained, and
the corresponding results are presented in FIGURE 4.6. In the left panel
(FIGURE 4.6a), the band structure profile for Ca;oVsOys is presented, in the
middle panel (FIGURE 4.6Db), total and atom-resolved DOS curves are presented,
whereas in the right panel (FIGURE 4.6c), a cluster-resolved DOS curve is
depicted focusing on the contribution of different [CaOg] clusters with singular
symmetries. An analysis of the both valence and conduction bands (VB and CB,
respectively) show a pattern, which is directly associated with the local clusters
centered on Ca and V cations. The VB was predominantly composed of the
orbitals of oxygen anions with a small content of Ca orbitals. In contrast, the CB
was mostly based on empty valence orbitals from V cations hybridized with

oxygen atomic orbitals, revealing the role of [VO,] clusters.
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FIGURE 4.6 - (a) Band structure, (b) total and atom-resolved DOS, and (c) Ca-
centered cluster resolved DOS for CajoVsOos material. In both cases, the Fermi

level was set to zero.

Let us now briefly discuss the relationship between the local
coordination of both V and Ca cations and the electronic structure of the
Ca10Vs0ys crystal. The optimized crystalline structure obtained for CaioVeOas
indicates that Ca cations have a 6-fold coordination [CaOs] with distinct local
environments, as presented in FIGURE 4.2. Despite the same coordination
number, the local arrangement indicates the formation of distorted octahedral,
prism, and pentagonal-pyramidal symmetries. These distorted polyhedral
symmetries provoke a local disorder along the crystalline structure, which
perturbs the energy level distribution in the VB. From the energy levels
distribution depicted in FIGURE 4.6¢, it can be observed that the VB region
exhibits two intermediate levels of energy, which can be directly related to the
local geometries associated with Ca-centered clusters. Indeed, the first
contribution located between —3.15 eV and —2.28 eV is related to the presence of
all Ca-centered clusters with a major contribution of approximately prismatic
[CaOg] clusters. In addition, it was noted that, at the vicinity of the Fermi level
(between —0.46 eV and 0.0 eV), the electronic states are related to the distorted
Ca-centered octahedral clusters. Therefore, the distortion associated with the
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crystalline structure of the Ca;oVeOys results in a singular energy-level
distribution that controls its electronic properties.

In addition, the obtained band structure profiles indicate that both VB
maxima and CB minimum regions present flat energy bands against the symmetry
points, resulting in a small difference between the direct and indirect band gap
values, which helps achieve superior electrical and optical properties. The
calculated band gap is 3.35 eV; in contrast, the experimental value reported here
IS 4.04 eV. This difference can be associated with almost two factors, as follows:
(i) the as-synthesized CajoVsO2s materials exhibits a high degree of structural
disorders with the presence of intermediary energy levels at the forbidden region,
and (ii) the theoretical values are computed by using the hybrid B3LYP functional
and their drawbacks to obtain accurate values of the band gap are well-known 6>
166.

Hojamberdiev and co-workers ¢ successfully used hydrothermal
methods to grow Ca;oVsO,s crystals, which showed a semiconducting behavior
with band gap values of ~3.7 eV, which is consistent with our theoretical and
experimental data. In this case, it can be assumed that the electron transfer
associated with the band gap value involves the excitation of VBM electrons,
which are located at the orbitals linked to the Ca—O bonds of the highly distorted
octahedral [CaO¢] clusters, to orbitals or empty states located at the V—O bond of
the [VO4] clusters.

4.5.2. PL emissions

FIGURE 4.7 shows the PL spectra at room temperature, with the
wavelength of excitation of 350 nm. All the samples had a broadband profile
covering the entire visible region of light. The PL spectra were deconvoluted to

understand the behavior of the PL property of the Ca1gVsO25 samples. The Voigt
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Area G/L function was used, and three components were centered in the yellow
(2.12 eV, 585 nm), green (2.43 eV, 510 nm) and blue (2.79 eV, 444 nm) regions.
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FIGURE 4.7 — (a) Photoluminescence spectra at room temperature (black line),
deconvolution (red dashed), and percentage of color area, blue (444 nm, 2.79 eV),
green (510 nm, 2.43 eV), and yellow (585 nm, 2.12 eV), of the Cai;0V¢Oos
processed at 120 °C as function of synthesis time. (b) Schematic representation of
the PL emissions associated with the presence of the intermediated levels between
the conduction band (CB) and the valence band (\VVB).

It can be observed that the CaVO-4 and CaVO-16 samples have a
higher percentage of emission in the blue and green regions, whereas, for the
CaV0-8 and CaVO-32 samples, a higher percentage of emission in the yellow
region is observed, which are related to the presence of the intrinsic structural
defects of the samples. These defects generate intermediated levels between VB
and CB. Therefore, the fast growth process and formation of smaller stems causes
a high concentration of defects associated to structural distortions in the [VO4]
clusters. An analysis of the deconvolution of PL emissions displayed in FIGURE
4.7a renders that emission energy in the yellow region corresponds to 2.12 eV,
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being lower than the energies in the blue region (2.79 eV, and green, 2.43 eV,
regions (see FIGURE 4.7b)).

Both dissolution and recrystallization processes during the synthesis
favor the formation of elongated stems in these samples, generating oxygen
vacancies and surface defects. Three different charge states of oxygen vacancies
may occur: the [VOs.V§] state, which presents two paired electrons and is neutral
in relation to the lattice; the singly ionized [V O3.V;] state, which has one unpaired
electron; the [VO3.Vj] state, which is doubly positively charged, with respect to
the lattice. It is believed that these different types of structural defects that are
generated by medium-range distortion that give rise to PL at room temperature.
Since, the distortion causes the polarization in the structure and enable the
formation of localized states in the band gap, as well as the inhomogeneous charge
distribution in the cell, allowing the entrapment of electrons. The distribution of
the localized levels allows various energies to be able to excite the trapped
electrons. Broadband PL emission for all Caig0VsO2s samples (FIGURE 4.7)
shows the participation of numerous energy levels within the band gap, where the
shift observed in the maximum emission point is due to variations on the density
of structural defects.

A PL mechanism for disordered solids has been very reported in the
literature and first-principles calculations are very important to elucidate such a
mechanism 18 167. 188 |n sych mechanism structural defects, the creation of
oxygen vacancies from the disorder of clusters, as the building block of the
material is responsible for the formation of excited singlet (s*) and triplet (t*)
electronic states related to PL phenomena. In particular, for our CaioVsOazs
samples synthesized at various times, the experimental results show a similar
response; thus, structural defects are important to investigate this material.
Oxygen vacancies are the strongest evidence of the structural and electronic

disorder in [CaOg] clusters; high concentration of disorder in clusters results in
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excited electronic states. Therefore, we proceed to the localization and

characterization of the excited electronic states of the Ca;oVsO2s System.

4.5.2.1 Excited states

FIGURE B4, see Appendix B in the Supplementary Information,
shows the 3D optimized structure of the excited states, singlet (s*) and triplet (t*),
and the local structures of the constituent clusters, which are compared with the
fundamental structure of the fundamental singlet electronic state (see FIGURE
4.2). First, we note that the obtained geometries for s* and t* exhibit imaginary
frequencies (see TABLE B3 in the Supplementary Information). The singlet
excited electronic state, s*, as the ground state (TABLE B2) corresponds to a
saddle point (-79.33 cm™) on a very flat potential energy surface, whereas the
excited triplet electronic state, t*, exhibits a very high and negative imaginary
frequency (-1966.99 cmt), showing large structural instability. All attempts to
adjust the geometries and eliminate these negative values was unsuccessful.

An analysis of FIGURE B4 shows that three different local
arrangements with singular symmetries (Dsp, Csy, and Oy) were observed for both
s* and t*. The DOS and band structure profiles obtained for the fundamental and
excited states are depicted in FIGURE B5 in the Supplementary Information.
Regarding the calculated band gap value for s*, a similar value (3.29 eV) to the
electronic ground-state was observed, as the VB is mainly composed of O (2p)
states and the CB is predominantly formed by the V (3d) atomic state (FIGURE
B5a in the Supplementary Information). The main differences were attributed to
the band degeneration in the s* state (FIGURE B5a), which can be attributed to
the displacement of V atoms in the [VO,4] cluster. In addition, the calculated band
structure for the t* state (FIGURE B5b) indicates a band gap value of 1.35 eV,
which is a reduced value, in comparison with the singlet ground state. This

electron transfer mechanism was described as a charge transfer from the 2p
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orbitals of disordered octahedral [CaOs] clusters to the 3d orbitals of [VO4]
clusters (FIGURE. B5b), indicating that the unpaired electron density generated
in the t* state is located in the 3d empty orbitals of VV atoms. The electron transfer
from VB to CB perturbs the electron density distribution along the [CaOg]
clusters, reordering the charge in the crystalline structure once the uppermost
contributions of VB related to the presence of distorted octahedral clusters
become high in energy, relative to the molecular orbitals of prismatic and
pyramidal clusters.

Therefore, this wideband model enables the observation of the
electronic features associated with the transformation from a fundamental s state
to excited s* and t* states. In the CB, the t* state induces the creation of
intermediary energy levels near the band gap region responsible for the trapping
of excited electrons. The calculated results confirm the electron transfer
mechanism predicted from the DOS and band structure profiles (FIGURE 4.6).
Notably, the unpaired density is mainly located on the [VO,] clusters closer to the
highly distorted [CaOg] octahedra. The high distortion of [CaOg] clusters causes
an increase in VBM, featuring the electronic excitation process as a charge
transfer from [CaOg] clusters to [VO4] clusters. Therefore, the PL process is
understood in the first moment as an excitation from the fundamental state (s) to
an excited energy state (t*), which possesses a relative energy of 3.41 eV, in
comparison with the ground state. The subsequent step can be described as an
intersystem crossing process from the excited t* state to an s* electronic state,
which exhibits a lower relative energy (1.03 eV), compared with the fundamental
state. Once this excited s* electronic state is sufficiently populated, the PL
emission occurs with a concomitant return to a ground electronic state.

The transformations from fundamental s (FIGURE 4.2) to both
excited s* and t* electronic states (FIGURE B4), at prismatic (D3n) and pyramidal
(Csy) clusters, are accompanied by a local disorder for both short and long Ca—O

bonds, showing a general shortening of the chemical bonds. In contrast, the
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octahedral (On: centered in Ca5-7) cluster shows a bond expansion from the
fundamental s state to the excited s* state, whereas the transformation from s* to
t* is accompanied by a bond contraction. Regarding the structural disorders
associated with the tetrahedral [VO,4] cluster, it was observed that the
transformation from s to s* involves the off-center displacement of V atoms in the
z-direction, resulting in an in-plane bond elongation and out-of-plane bond
contraction. This local disorder also affects the other V atoms in the crystalline
structure exhibiting distorted V-O bonds. Furthermore, the transformation from
s* to t* suggests a higher local disorder for [VO4] clusters, where the V-O bond
length increases.

A careful inspection of the obtained values indicates that the
transformation from the fundamental s state to the excited s* and t* states is
predominantly attributed to the symmetrical stretching vibration of the V—-O bond
associated with the mode described by four degenerated frequencies:
859.60 cm™ in the fundamental state and 854.88 cm in the s* state, which
becomes nondegenerated for the t* state, which exhibits frequencies of 531.25
and 830.70 cm, consistent with the structural disorders summarized in FIGURE
B4. This suggests a transition to a lower symmetry without bond breaking, which
involves the structural order—disorder effect originating from the off-centering V
displacement, modifying not only the V-O bond lengths, but also the interaction

among the electronic distributions of the atoms of the cell.

4.6. Measurements of current versus voltage

FIGURE 4.8 shows the current—voltage (I-V) characterization of the
Cai10VsO25 samples. The curves showed that the electric current in the samples
presented a linear dependence with the voltage, showing an ohmic character at
room temperature. It can be observed that the CaVO-4 and CaV0O-32 samples

showed lower electrical conductivity, compared with the CaVO-8 sample. This is
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possibly due to the trapping of electrons, which would be free to conduct; one
reason for this behavior is the presence of oxygen molecules adsorbed on the
surface or to the electron—hole recombination process. The CaVO-8 sample
exhibited a greater conductivity than the other samples, and thus, it has a greater
availability of free electrons. The CaVO-8 sample has numerous vanadium-—
oxygen vacancy centers, because of a higher percentage of emission in yellow and
red regions (see FIGURE 4.7). Oxygen vacancies form positive charges in the
Ca;0Vs0ys crystal lattice, favoring the diffusion of electrons when an external
voltage is applied. Thus, a large current was observed in the CaVO-8 sample.
However, for the CaVO-16 sample, a very high resistance was observed and the
conductivity was not measured (FIGURE B6 in the Supporting Information).
From the PL spectrum, it was observed that this sample has a higher emission in
the blue and green regions, which are directly related to the intrinsic structural
defects. These defects trap electrons, increasing the resistivity of the material.
Moreover, in this sample, the interconversion of octahedral clusters to prismatic
and pyramidal clusters of calcium may have occurred. These prismatic and
pyramidal clusters show a tendency to form materials with a resistivity character.
In addition, the morphology of the CaVO-16 sample may have favored these
more-resistive calcium clusters.

From the theoretical point of view, the electrical properties of the Ca;10VsO2s
crystal can be understood using the symmetry-adapted molecular orbitals depicted
in FIGURE 4.6, where the VB is described by two different oxygen contributions,
because of to the existence of several [CaOg] clusters. Therefore, the existence of
conductive behavior of the samples can be attributed to the presence of highly
distorted octahedral clusters contributing to the upper part of VB, whereas the
resistive response is related to the pyramidal and prismatic clusters that contribute
to the inner VB region.

However, all the samples exhibited low conduction, which is a

characteristic of semiconductor materials. It can be observed that the synthesis
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time influenced the ordering of the material and the transport properties of

electrons.
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FIGURE 4.8 - Current—voltage for the Ca;0VsO2s samples (with time 4, 8, and 32
min in 120 °C by MAH) at room temperature.
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4.7. Conclusion

A facile, fast, and environmentally friendly method was reported for
the synthesis of Ca;VsOas crystals. This new structure was prepared via the MAH
method, which favors the growth of crystals with different morphologies through
time variation. The XRD and Raman patterns showed a complex structure with
P63s/m space group symmetry, formed by distorted [\VO,4] with various distorted
[CaOg¢] clusters. Well-faceted and highly crystalline microcrystals were observed,
consistent with the XRD and theoretical and experimental Raman spectroscopic
analysis. The degree of short organization of the Ca clusters is a determinant of
PL emissions. The charge transfer process between [VO,] and [CaOg] clusters is
responsible for the presence of the singlet and triplet excited electronic states. In
addition, the strong influence of defects (intrinsic structural defects and oxygen
vacancy) on the electron diffusion in the samples can be observed. The sample
that exhibited a greater percentage of oxygen vacancies favored the electron
transport. Furthermore, depending on the synthesis conditions used for obtaining
these crystals, different morphologies and distortions in their lattice, mainly
associated with the distortions of the [VO,] and [CaOgs] clusters, can be observed,
and thus, they can exhibit different electronic properties. These results summarize
the relevant contributions to the understanding of the structural, electronic, and
optical properties of Ca;oVeOos crystals and the growth mechanism involved

during the MAH processing.
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5. GENERAL CONCLUSIONS

The calcium vanadate structures with formula Caig0VeOzs were
efficiently synthesized using the CP and MAH methods. Different degrees of
structural order/disorder in the long- and short-range were observed unsing XRD
and Raman spectroscopy measurements. Besides that, the Ca;oVsO2s phase was
confirmed with the spatial group P6s/m being formed by distorted [VO,4] and
[CaOg¢] clusters. XANES spectroscopy confirmed that the Ca;0VsO2s structure is
composed of vanadium atoms with 5+ oxidation state with tetragonal
configuration. The micrographs showed that the variation in the synthesis
conditions (temperature and time) were efficient to change the morphology and
the microstructural order. The data from UV-vis DRS demonstrate that the
Ca10VsO25 compounds present a structural order/disorder in intermediate range,
which were formed by local distortions in the [CaOg] and [VQ4] clusters. Also,
combined with theoretical calculations, it was observed that VB is composed
predominantly of oxygen atoms with a small contribution from calcium atoms,
and CB is composed of vanadium atoms hybridized with oxygen atoms. The
photoluminescent behavior of the Cai;0VsOzs compounds was attributed to
structural factor due to the order/disorder present in the [VO4] and [CaOgs] clusters,
as well as the variation of the morphology and the superficial defects present in
the samples. In particular, the theoretical results indicate that the effect of
structural order/disorder generates electronic levels located above the VB and
below the CB. In this sense, photoluminescence has a strong contribution of defect

levels formed within the band gap, as well as on the surface of the samples.
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FIGURE Al - Rietveld refinement plots of the Ca;0VsO25 samples synthetized via

different methods and temperatures conditions, based on data from the ICSD card

No. 24100.
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TABLE A1l - Structural parameters obtained from Rietveld refinements for
Cai10VsO25 samples obtained via different methods and temperature conditions.

CP96 MAH100 MAH120 MAH160
W Rp (%) 6.54 6.76 6.94 7.88
Rp (%) 4.96 5.07 5.22 5.78
¥ 2.116 2.040 2.215 2.830
Riae 0.0682 0.0616 0.0559 0.0711
a=b 975508 9.75531 97551 975937
c 6.98975 6.99186 6.99662 7.00818
Cell volume 576.042 576.243 576.612 578.069
(Ay
MAH100

no3z {

N4.65 |

\/ 107.09°

FIGURE A2 - O-V-0 bond angles of tetrahedral [VO,] clusters of the Ca;o0VsO2s
samples obtained by the CP method at 96 °C and the MAH method at

temperatures of 100, 120, and 160 °C.
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Octahedron Bond angles (2)

Samples 02-Ca-03 02-Ca-03 02-Ca-04 04-Ca-03 04-Ca-03
CP96 88.41 78.68 154.61 100.45 80.41
MAH100 88.43 78.21 155.92 100.48 81.83
MAH120 89.47 73.66 150.64 101.09 82.1
MAH160 89.07 75.30 152.31 101.01 82.03

FIGURE A3 - O-Ca-O bond angles of octahedral [CaOg] clusters of the
Ca10VsO25 samples obtained by different methods and temperature conditions.
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FIGURE A4 - Chemical composition map obtained by EDX of the CaiVeOzs
samples obtained by the CP method at 96 °C and the MAH method at
temperatures of 100, 120, and 160 °C.

Bond length (A)

Sample Vi-01 Vl—02 Vi-03
CP96 1.82 1.70 1.77
MAH100 1.76 1.69 1.74
MAH120 1.82 1.81 1:77
MAH160 1.77 1.82 1.77

FIGURE A5 - V-0 bond length of [VO,] clusters of the Ca;0VeO2s samples
obtained by different methods and temperature conditions.
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FIGURE A6 - Temperature dependence luminescence of the Ca;oVsO25 samples
obtained by the CP method at 96 °C and the MAH method at temperatures of 100,
120, and 160 °C.
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FIGURE A7 - (a) Deconvolution of the PL band spectrum using the Voigt Area
G/L function. (b) Arrhenius plots of log ((lo/l) - 1) versus 1/kgT. The Ca;oVsOos
sample obtained by CP method at 96 °C.
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FIGURE A8 - (a) Deconvolution of the PL band spectrum using the Voigt Area
G/L function. (b) Arrhenius plots of log ((lo/l) - 1) versus 1/kgT. The Ca;oVsOos
sample obtained by MAH method at 100 °C.
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FIGURE A9 - (a) Deconvolution of the PL band spectrum using the Voigt Area
G/L function. (b) Arrhenius plots of log ((lo/l) - 1) versus 1/kgT. The Caj;0VeOazs
sample obtained by MAH method at 160 °C.
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Appendix B

Supplementary Information of Chapter 1V

TABLE B1 - Results obtained from Rietveld refinements and DFT calculations

for Ca1gVeOo5 material.

Ca,; V40,5 Lattice Parameter (A) Cell volume | Rgpage (%) %2 (%)
Time (min) =T e |
04

9.7328 7.0014 3.263 574.375 0.0572 1.882

9.7432 7.0072 90 120 3.235 576.084 0.0848 2.189
9.7171 7.0057 90 120 3.254 572.868 0.0688 2.033
9.7407 6.9961 90 120 3.260 574.869 0.0847 2.497

9.6719 6.9793 ) 120 3.246
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TABLE B2 - Theoretical and experimental values of the Raman frequencies
calculated and experimental of Ca;0VsOyzs crystal. The symbols B, S and R

correspond to Bending, Stretching and Rotational type of motions.
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A’
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-55.02
89.38

97.98

107.20
114.20
124.14
126.43
127.57
138.76
145.00
167.96
179.04
180.48
188.33
191.33
204.69
207.62
210.81
214.09
224.46
228.99
237.07
246.12
246.22
246.70
261.60
262.58
288.37
293.77
308.60
309.65
334.79
348.26
379.40
393.58
394.95
400.22
41141
416.38
427.11
447.10
456.41
459.33
463.86
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235
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352
391

407
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E’
A’
A’
E,
A’
E’
E’
A’
E’
A’
E,
E”
E,
A,
E”
A,
E’
A’
E,
A’

DU OLOULOLOOLOunmOnomuonmwonomomoo o

469.10
475.56
508.22
511.03
526.88
548.08
859.60
867.34
891.02
906.14
913.37
926.92
937.36
950.97
952.18
956.78
958.08
984.13
985.67
1020.96

822
862

1062
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TABLE B3 - Values of the Raman frequencies calculated for Ca;oVeOas crystal in

the singlet (s*) and triplet (t*) excited state.
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290.15
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A
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-95.90
75.48
78.43
94.05
115.69
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128.51
129.20
137.23
139.05
166.50
176.36
182.72
187.36
189.33
197.14
199.24
209.70
219.73
221.44
223.38
235.66
244.35
245.40
251.90
253.01
264.56
278.19
286.38
299.76
300.82
307.71
330.18
346.14
355.85
374.49
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398.48
399.41
413.90

417.82
444.99
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459.14
460.62
469.30
498.33
498.33
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542.20
854.88
863.49
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517.33
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898.02
900.52
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934.50
937.68
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962.26
968.78

1001.26
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FIGURE B1 - Rietveld refinements based on data from the ICSD No. 24100 for

the CayoVeO2s processed at 120 °C as function of synthesis time.
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FIGURE B2 - Full width at half maximum at 352 cm™ peak of CaoVsOas crystals

as function of synthesis time.
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FIGURE B3 - UV-vis diffuse reflectance spectra with direct-type optical

transition of the Ca;0VsO25 samples processed at 120 °C as function of synthesis

time.
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FIGURE B4 - Schematic representation of the constituent clusters for Cai0V¢Oos

material and its calculated bond distances (in A) for excited s* and t* states. The

values 1x, 2x and 3x correspond to the bond multiplicity.
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FIGURE B5 - Total and atom-resolved DOS and bands structure profiles for

Ca10Vs0,5 material at s* (a) and t* (b) electronic states. In both cases the Fermi

level was set to zero.
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FIGURE B6 - Current-Voltage for the CaioVsO2s crystal at 16 min in 120 °C by

MAH at room temperature.



