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Abstract

Technological advances have always accompanied the human progress and are largely
driven by the design and discovery of new materials. Its impact on modern society plays
a fundamental role in the strategies for the establishment of sustainable chemical
technologies that are efficient from the energy point of view and respect the environment.

Due to the rapid advancements in computing processors, computing hardware, and
software, and in particular, the trade-off between accuracy and computational cost
provided by the Density Functional Theory (DFT), the methods and techniques of the
Theoretical and Computational Chemistry (TCC) not only play a central role in
explaining, rationalizing, and predicting experimental results, but it has also increasingly
become a valuable tool aimed at discovering and simulating new materials and catalysts.
Modeling, at the atomic level, and the use of TCC calculations are a central aspect of
modern chemistry and physics, providing a deeper insight into how advanced materials
work. The design and synthesis processes for obtaining new materials can be accelerated
using first principles calculations and it has rapidly evolved from an explanatory tool to
support experimental characterization, allowing theory-driven design and optimization of
materials to address some of the most pressing technological challenges of our time.

Bridging the gap between experimental and computational researchers by fostering close
collaborations is mandatory for making a breakthrough in the investigation of materials.
The combined forces of these two pillars, experiment and in-depth computational
analyses are more powerful than ever and capable of quantitative predictions, though care
must still be taken in comparing results from theory and experiment. It is the main
strength of the present Ph. D, which cover a multidisciplinary field combining physics,
chemistry, theoretical and computational chemistry, and materials science pushing the
boundaries for find and understand the structure and properties, at atomic level, of two
types of materials: glasses (Ba»SiOas, high-BaSiOs, BasSisO16s, BasSigO21, BasSi1oO2s,
high-BaSi>Os and low-BaSi>0s) and semiconductors (PbMo0Q4, In.03, ZrO,, CaWO, and
SnMo00O4/SnWOs). We discuss and present recent advances for understanding, by the use
of first-principles quantum-mechanical calculations, at DFT level, their structural,
electronic, and optical properties. We also studied the doping processes, the formation of
solid solution, and phase transitions induced by pressure, that play key roles in the further
development of these materials for optoelectronic and photocatalytic applications. We
hope that present results guide the synthesis for the most promising candidates of a
particular application.
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1. Introduction



Joseph MacDouall writes: ‘‘Chemistry is a game that electrons play’” (J. J. W.
MacDouall, Computational Quantum Chemistry: Molecular Structure and Properties in
Silico. RSC Theoretical and Computational Chemistry Series, Royal Society of
Chemistry, 2013), cited by Ali and Allam [1]. If we are capable to known and understand
the nature of their interactions, then we could control the “game” and unveiling the
behavior and applications of materials, which are the backbone of our modern
civilization. This comment can be employed in the investigation of materials, i.e., the
understanding, at atomic level, control and prediction of functional materials behavior is
not only of immense fundamental significance, but also represents a crucial step toward
important wide-ranging applications [2].

Understanding the structure—property relationship of inorganic solids has
emerged as a prevailing strategy to provide guidelines for predicting and designing
desired functional materials. Experimental discoveries followed by theoretical
interpretations that pave the way of further advances by experimentalists is a developing
pattern in modern chemistry and materials science. The revolution of these sciences
started with the development of experimental techniques such as X-ray diffraction,
infrared and Raman spectroscopy, electron microscopy, in which the close collaboration
between experimentalists and theorists led to the quantitative determination of structure
and composition. For example, the experimental discovery of the chemical activity of
surface defects and the trends in the reactivity of transitional metals followed by the
explanations from the theoretical studies led to the molecular level understanding of
active sites in catalysis [3]. The molecular level knowledge, in turn, provided a guide for
experiments to search for new generation of catalysts. These and many other examples of
successes in experiment-and-theory-combined studies demonstrate the importance of the
collaboration between experimentalists and theorists in the development of modern
science, Figure 1.

Computational Algorithms
Libraries and Databases

* ab-initio Simulations +

Chemical Experiments

Figure 1: A schematic presentation of experiment-and-theory combination.
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1.1. Quantum mechanics: calculations and simulations

Materials are real-world developments of quantum mechanics, embodying what
is described as interactions in a Hamiltonian. Novel states of matter emerge, depending
on relative coupling strengths of these interactions as well as external excitations. An
intricate interplay involving different degrees of freedom and excitations of charge, spin,
and lattice determines underlying time scales and, hence, real-time dynamics. These
interactions are at the heart of how the materials display their properties and then the
corresponding functions. Intriguing and rich information about electrons, atoms and ions
of a material is encoded in these interactions that are dominated by quantum-mechanical
effects.

The emergence of new phenomena challenges the limits of our fundamental
understanding of nature at microscopic length and ultrafast time scales. In other words,
the atomic and molecular world, unlike the macroscopic world, can only be accurately
described by quantum mechanics, and is dominated by quantum mechanical effects. The
natural properties and behavior of molecules and materials are difficult to understand and
rationalize, as well as they are impossible to predict without resorting to approximations.
In this context, quantum mechanical calculations and simulations play a central role in
understanding the properties of materials and, increasingly, predicting the properties of
new materials.

Computational materials science is a robust research field with has significant
advances over the last decades. In the early stages of the field, pre-total-energy methods
that used parametrizations for many-body integrals were the most popular tools used for
evaluating the properties of molecules and solids. The emphasis was mainly on
understanding the energy, atom positions, and band structure and results were mostly
qualitative. The advent of density functional theory (DFT) [4-7] led to better simulation
capabilities, which delivered a deeper understanding of the properties of multi-atomic
systems.

Actual sophisticated methods and the ever-increasing speed of computers over the
last decades, have allowed quantum mechanical calculations to achieve a status at the
same level as the experiments. It is a key component of science research and established
a place for itself in the chemistry, physics, and materials science toolbox next to such
common laboratory techniques as X-ray diffraction, infrared and Raman spectroscopy,

electron microscopy, and so on. Computational modeling and molecular simulations have
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substantially contributed to the progress in the fundamental understanding of many fields
of research, such as chemical reactivity [8,9].

Over the past decade computational materials science has undergone a
tremendous growth thanks to the availability, power, and relatively limited cost of high-
performance computational equipment. Computations have become indispensable in
providing an atomistic framework for the interpretation of spectroscopic data and
elucidation of reaction mechanisms. State-of-the-art quantum chemical methodologies
and, particularly, the methods are well-suited for studying chemical reactivity, analyzing
complex reaction paths, and modeling kinetics of complex chemical reactions. The
widespread application of computational chemistry is facilitated by the availability of
convenient quantum chemistry and molecular modeling software that enables the practice
of quantum chemistry in the absence of advanced programming skills and dedicated
theoretical training. Computational chemistry is currently routinely employed not only by
theoreticians, but by a wide range of experimental catalysis groups who often use results
of atomistic DFT modeling to support mechanistic proposals derived from the
experiments. The direct correlation between the results of molecular modeling and
experimental data has become a common practice supported by the great success of near-
chemical accuracy that can potentially be achieved with the modern computational
approaches.

Conventionally, the accuracy in theoretical computational chemistry refers to the
performance of a particular methodology in computing specific fundamental chemical
properties with respect to experimental or highly accurate theoretical results. In practical
calculations, the overall accuracy also strongly depends on the quality of the model, that
is, how well it accounts for the important chemical details of the specific material or
property in question. There is a natural trade-off between the method (level of theoretical
approximation) and model accuracies (level of chemical details included in the model).
The maturity of the field arose with the development, within the last 30 years, of different
DFT computational packages [10-16].

In this context, the methods and techniques of theoretical and computational
chemistry have permanently reshaped the landscape of chemical and materials science by
providing tools to support and guide experimental efforts and for the prediction,
understanding, and rationalization of structure and electronic properties at the atomic
level. In this regard, electronic structure packages have played a special role by using first
principle-driven methodologies to model complex chemical and materials processes.
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Over the past few decades, the rapid development of computing technologies and the
tremendous increase in computational power have offered a unique chance to study
complex systems and transformations in and condensed phase systems at different levels
of theory.

In this Doctoral Thesis we will investigate two types of materials: semiconductors
composed of binary and ternary metal oxides and boron silicates as representative family
of glasses. We are in front of complex systems, in which their variety and the different
constituents of these systemsare prone for the appearance of new properties. For
understanding their functions, it is mandatory to consider local properties and/or events,
and this concept is contrary to the philosophy of reductionism, the traditional physics
hallmark. Then, we can move to local analysis, in which structural and electronic disorder
prevails.

First, a brief introduction on semiconductors (metal oxides) and glasses (barium
silicates) are shown in Section 1.2. and 1.3., respectively. In particular, the doping
process, formation of solid solutions, pressure effects, Raman vibrational spectra and
photoluminescence emissions and morphology have been highlighted. Section 2
introduces the aims of present Doctoral Thesis. Section 3 shows the main computational
methods used. Section 4 describes the results and discussion derived from the different
articles. Section 5 a brief conclusion and an outlook based on the results special
wettability are shown. In the final section 6, the list of published and submitted papers

are shown.

1.2. Semiconductors: metal oxides

Over the last decades, tremendous efforts have been made in science pushed by
the need for high-efficiency and technologically useful systems for the development of
functional materials. Nowadays, environmental sustainability, renewable energy, and
health issues are the focus of global concern. To solve these problems, semiconductor-
based materials has attracted considerable attention for its promising potential by finding
solutions in these subjects. Semiconductors are currently considered as an important class
of materials both for fundamental studies and technological applications because of their
unique combination of remarkable properties and nature of ease of fabrication and

processing. These materials display excellent properties when applied in solar energy
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conversion, optoelectronic devices, molecular and cellular imaging, photocatalysis and
catalysis, and ultrasensitive detection. The rapid progress in semiconductor technology,
thus, relies on the control of materials themselves and on the success in understanding
and controlling their structure and properties. Some semiconductors are low in cost, rich
in material choices, and broadly tunable these advantages are attractive for a plethora de
technological applications.

The network structure of semiconductors can be modified by doping processes,
and such a modification has been used to control the physical and chemical properties.
They also show high versatility, since it is possible to tune the band gap by modifying the
structure by doping processes. Doping or alloying process, i.e., the intentional
incorporation of atoms or ions of specific elements into host lattices, provides a
fundamental approach to modify the properties of semiconductor crystals by means of
tailoring the crystal’s compositions. It is a widely applied technological process to control
and manipulate the properties of semiconductors to generate materials with desirable
functions. Doping is essential for modern semiconductor industry. Doping is also
expected to play a key role in the future nanoscience and nanotechnology by means of
creating doped nanocrystals and nanostructures with unprecedented properties. As
recently remarked by Stevanovic: “To be practical, semiconductors need to be doped.
Sometimes, they need to be doped to nearly degenerate levels, e.g., in applications such
as thermoelectric, transparent electronics, or power electronics” [17].

At the same time, various strategies, including doping processes has been largely
pursued to extend the spectral breadth and efficiency of photo response. The charged
carrier recombination and the interfacial electron transfer rates can be significantly altered
by semiconductor doping. For instance, the photo reactivity of doped TiO: is influenced
by several parameters such as the dopant concentration, the energy levels of dopants
differently located within the TiO- lattice, their electronic configuration, as well as by the
irradiation intensity [18]. Therefore, the specific preparation method is expected to have
significant impact on the overall photoactivity of doped TiO.. In addition, crystal phase
tailoring and textural modification [19-25], surface sensitization and modification of
semiconductor photocatalysts [25,26] have been developed in the attempt to modify and
possibly tune the photocatalytic processes involving light harvesting and semiconductor
excitation, in relation to bulk diffusion, surface trapping and interfacial transfer of the
electrons and holes photoproduced on the semiconductor surface upon irradiation [26-
32].
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Over the past few years great effort has been dedicated to the study of inorganic
metal oxides as semiconductors. The preparation of these novel semiconductors has
always been the goal of chemistry and material scientists because almost all contemporary
electronic technologies involve the use of semiconductors [33-36]. The study of these
materials constitutes an active research topic due to their excellent performance, and they
are often encountered in science and engineering disciplines. Therefore, metal oxides
semiconductors figure prominently in many current technologies, and they will play an
important role in enabling a host of future applications.

The semiconductor photocatalyst are used for several decades in the past, which
is called as green technology having received great attention and shows an excellent
ability for degrading contaminant by utilizing sunlight without causing any pollution.
They also show high versatility, since it is possible to tune the band gap by modifying the
structure and/or the nature of metals. The achievable rapid fabrication of these materials
with tunable physical and chemical properties facilitates tailoring the macroscopic
properties of particle assemblies through contacts at the nanoscale. An ideal
semiconductor needs to fulfill the following: should be chemically and biologically inert,
stable, photochemically active and cheap. Nowadays, semiconductors play a central role
in acing new global environment- and energy-related issues [37]. In fact, this research
field is widely, not only for promoting the solar into chemical energy conversion through
thermodynamically up-hill reactions producing fuels, such as Hz evolution from H,O [38-
41], but also the obtention of CHs and CH3OH from CO> [42-44].

The typical mechanism of a semiconductor involves three key processes, namely
harvesting light to generate charge, charge separation and transfer to surface active sites,
as well as specific interfacial catalytic reactions [45-47]. In other words, the activity of a
semiconductor begins with the generation of charge carriers. Following rapid hot carrier
thermalization, the energy of the charge carriers is determined by the band alignment and
occupancy in the semiconductor. In the excited state (conduction band), there is a
competition between recombination and spatial charge separation, and this kinetics are
strongly influenced by the presence of surface defects and mid gap states in the material.
If the carriers avoid recombination long enough, the possibility for interfacial charge
injection provides a pathway for chemical rearrangement (redox) taking place at the
surface. The competition between charge generation, separation, recombination, and

injection determines the efficiency of the material. Many of these processes occur on the
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ultrafast time scale. Additionally, they are strongly influenced by complex surface
chemistry, a result of various structural defects and associated electronic/magnetic states.

Characterization techniques of surfaces and/or bulk are used to find a correlation
among the semiconductor surface properties and the resultant activity performance of
semiconductor materials [48-49]. This research field is very active and different
procedures have been reported for the modification, tailoring and engineering of structure
and electronic/magnetic properties at the morphology to modulate the bulk diffusion,
surface trapping and interfacial transfer of the electrons and holes photoproduced on the
semiconductor surface [19-24][26-28][50-52].

1.3. Glasses: barium silicates

Crystals and crystalline materials have a three-dimensional periodic structure with
translational and point symmetries, therefore, their physical and chemical properties are
anisotropic. On the other hand, glasses, as amorphous materials, have a random structure
with no translational symmetry and no point symmetry, therefore their macroscopic
properties are isotropic. A glass is formed through a liquid-glass transition by rapid
cooling from a supercooled liquid state into a nonequilibrium glassy state. Various kinds
of organic and inorganic glasses are known among polymers, drugs, minerals, metals,
semiconductors, etc. [53-55].

Barium silicates are a subclass of inorganic glasses with significance in chemical,
physical and materials sciences for their excellent material properties and device
performance in a range of important technological applications. They present a rich
structural diversities and potential applications in diverse technological fields. For
example, barium silicate-based ceramics are used as solid-oxide sealant materials [56],
erasable-writable optical storage devices [55], and, when doped with rare-earth elements,
as light emitting diode materials [57-58]. Despite the potential importance, the structural
origin of the properties of these non-crystalline oxides has remained a challenging
problem in physical chemistry and materials research.

Barium silicates are built of SiO4™ tetrahedra, the fundamental building blocks of
almost all silicate minerals and liquids [59-60]. Its remarkable stability through the
transition from the solid into the liquid state is central to understanding and predicting the
properties of silicate crystals, glasses, and melts. The modified random network model of

silicate liquids describes them as having two entangled subnetworks: one constructed
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from interconnected silica tetrahedra and one comprised of ill-defined modifier-oxygen
polyhedra (MOy, where M = K, Ba, etc.) [61]. The silica subnetwork contains tetrahedra
that may be connected by up to four additional tetrahedra units. Connectivity is defined
by the number of Si-O-Si bonds found around a central tetrahedron and described using
the Q" species notation, where n is the number of bridging oxygen (BO) atoms shared
between tetrahedra and 4™ is the number of non-bridging oxygen (NBO) atoms bound to
M cations [62]. Most crystalline silicates are built from a single Q" species, whereas in
silicate liquids and glasses have two or more Q" species that are assumed to be randomly
linked. They are stabilized in a wide range of structures from neso- (Q%), ino- (Q?), and
phyllo-(Q3) silicates, which are built from a single Q" species [63-65]. When bonding
is between Q" of equal n, e.g. Q3-Q? refer to this as homo-connectivity. In this
mineralogically rare situation, where Q" are bound to Q™, e.g. Q>-Q? linkages, refer to
this as hetero-connectivity, figure 2. By far the most common hetero-connective mineral
phases are found within the amphibole group (e.g. tremolite, Ca2MgsSigO22(OH)2), which
have complex chemistry including hydroxyl groups. Beyond their structures and thermal

expansion behavior [66], little is known about these hetero-connected phases.

Homo-connected structures

Isolated tetrahedra

2l

Q’

Q:2Q° Q%:3Q° Q=4Q’

Figure 2: A schematic representation of Barium silicates. Ba are large yellow
spheres. Blue Si-centered tetrahedra show dark red BO and lighter pink NBO.
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1.4. Doping

Environmental-friendly synthesis and development of new photoluminescent
materials with high efficiency for optical devices is a global demand. Light-emitting
diodes (LEDs) present the new generation lighting resources owing to their outstanding
merits such as energy saving, high efficiency and long device lifetime over conventional
lighting resources[67-69]. According to the chromatics, red, green, and blue (RGB) lights
are the three primary colors, and any color can be decomposed into these three primary
colors. The principle of RGB is widely used in many fields such as lighting, displaying,
painting, and photography. As one of the RGB phosphors and the core materials for
preparing ultraviolet (UV) white light LEDs (WLEDs), blue light-emitting materials have
always been the active research topics in the LED fields. Blue light emitting materials are
commonly obtained by doping rare-earth (RE) metal cations in inorganic compounds as
host materials, playing a crucial role in LED illumination sources, activator and sensitizer
[70-71]. The advantage of this approach relies on the high absorption of the matrix and
energy transfer to the RE elements, their long luminescence lifetime, deep tissue
penetration depth, and high photostability. These materials have attracted considerable
attention for applications in different fields such as optical amplifiers, biomedical
diagnostics, and optical bio probes [72-75]. Then, the doping processes in semiconductors
and optical materials with RE elements offer the opportunity of introducing the dopant
species in a controlled manner (concentration, depth distribution, lateral distribution),
thus allowing the tailoring of electrical and optical devices. For a successful
manufacturing of such devices the depth distribution of the rare earth dopant must be
known.

Their photoluminescence spectra are associated to the abundant 4f orbitals
electron configurations, displaying mainly three kinds of transitions: 4f—4f transitions, 4f—
5d transitions and charge transfer transitions, which results in narrow emission lines, high
photostability, and an intense luminescence from ultraviolet (UV) to near-infrared. On
one hand, the local environments around luminescence centers invariably depend on
crystal structures and chemical compositions of hosts. On the other hand, most of the
luminescence centers in a phosphor are sensitive to the chemical environment of the host
lattice, especially the centers with /~d or d—d transitions (e.g., Eu®*, Pr¥*, Yb?*, Ce®*,
Mn?*, Mn**, Cr3*, Tb3") and lattice defects. These activators are generally coordinated

by ligands in a solid host lattice. The positively charged activator ion and the negatively
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charged nonbonding electrons of the ligands can generate crystal field interaction which
affects the splitting of d-orbitals and then affects luminescence [76-77]. Admittedly,
learning the relationship between structure and property in the existing mineral hosts
provides the necessary basis to identify experimental trends for researchers to predict
desired phosphors material.

Among RE elements, terbium (Th®*) is the most promising for this purpose and it
exhibits intense green emission due to °Ds — ’Fstransition around 550 nm. Examples of
Tb3* doping different kinds of materials like glasses, organic compounds, polymers,

inorganic matrix, among others are extensively published [78-80].

1.5. Solid solutions

A solid solution is a multi-component system formed by a mixture of two or more
crystalline solids where the crystal structure remains unchanged within a single
homogeneous phase. This strategy provides interesting ways to modify materials
properties. For that reason, obtaining solid solutions is found to be a very effective
strategy to tailor the crystal structure, continuous tenability of band gap values, and
optical properties [81,82]. The synthesis and formation mechanisms of the solid solutions
of metal molybdate and tungstate, their stability and corresponding properties, as well as
the potential technological applications, are important topics of research [83,85].
Formation of solid solutions, is a widely used strategy to fine-tune the colligative
properties, crystal structure, band gap values, and optical properties, and this has many
positive impacts on material functionalities [86], as well as representing an opportunity
to understand structure-property relationships.

When a semiconductor is grown under conditions of thermodynamic equilibrium,
impurity atoms can be incorporated up to their solubility limit. This thermodynamic limit
is determined by the Gibbs free energy controlled by the value of the impurity formation
energy and the growth temperature. A wide variety of experimental results and theoretical
investigations in recent years have convincingly demonstrated that semiconductors based
on transition metal oxides have dominant states that are not spatially homogeneous. They
are composed by quantum particles on a lattice with competing long-range interactions
[87]. This occurs in cases in which several physical interactions, involving the electron,
spin, charge, and lattice are simultaneously active. This phenomenon causes the different
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interesting effects, and it also appears crucial to understand their properties and
applications. The emergence of electronic nanometer-scale structures in these materials,
and the existence of many competing structures and electronic states, are properties often
associated with complex matter where nonlinearities dominate, such as soft materials and
biological systems. The understanding of these materials has dramatically challenged our
view of solids. Important experimental results gathered in recent years have revealed an
unexpected property of semiconductors: Many of them are inhomogeneous at the
nanoscale (and sometimes at even longer length scales); in particular at the exposed
surfaces of the morphology. This explains why the theories based on homogeneous and
ordered systems were not successful and raises hopes that a novel avenue for progress
has opened.

In particular, the uniqueness of the metallic molybdates and wolframates lies in
their extreme chemical complexity enveloped in a single crystallographic structure, which
in many cases results in novel functionalities. They have aroused interest in several
sectors of the industry due to their potential applications in different areas, such as

photoluminescence, photocatalysis, and gas sensors [88-90].

1.6. High-Pressure

The response of materials to high-pressure (HP) is a growing scientific domain,
especially in condensed matter physics, crystal chemistry, geophysics, biology, and
materials science, for the analysis of new phenomena, and it is an attractive area for
fundamental theory and simulations. By applying pressure, the physical and chemical
properties of condensed matter can be significantly altered since the atoms approach each
other by modifying the interatomic distances with concomitant changes in the local
environment and bonding patterns, which may lead to the formation of new structures
(polymorphs) through phase transitions [91-96]. Therefore, high pressure effects have
substantial significance in continuously tuning the crystalline and electronic structures,
revealing the underlying transformation mechanism and giving rise to new materials with
unexpected physical and chemical properties that are not accessible under ambient
conditions. Knowledge of how these basic interactions within the system evolve under

extreme conditions is fundamental to help understand their technological applications.
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In the last decade, the behavior under HP of several oxides have been studied. For
example, the MTO4 compounds was highly studied by Errandonea [97]. The occurrence
of pressure-induced phase transitions, as well as the influence of compression in the
vibrational, optical, and transport properties was analyzed. To understand all the evidence
on the HP behavior of MTO4 monazites, was used the diagram proposed by Bastide [98],
which has been successfully used to understand and predict HP phase transitions in many
compounds. In the diagram, Figure 3, the compounds are organized according to the ionic
radii of the M and T cations (rm and rr, respectively). It is also possible to find in the
literature several studies presenting scheelite-type structures at high-pressures. After the
pioneer work of Hazen et al., [99] in the last two decades several (HP) studies in scheelite
form can be highlighted [100-104]. They showed that compression is an efficient tool to
improve the understanding of their main physical properties and predict new structures.

High-pressure experiments on materials, such as static pressure using a diamond
anvil cell [105] and dynamic pressure using shock waves [106], are of considerable
interest from both a basic and an applied point of view. However, high pressure is not
easy to achieve/access and control in X-ray diffraction experiments using these
techniques. In this context, using and applying reliable theoretical methods which
simulate such properties would help significantly. Atomic-level information is the key to
the exploration of the properties of materials. The utilization and application of reliable
theoretical methods and computational models which simulate such properties would be
a valuable aid, by performing first-principles calculations, mainly within the framework
of density functional theory (DFT) [107-108]. In this context, our group is engaged in a
large research project devoted to finding crystal structures under pressure on different
complex metal oxides [109-111].
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Figure 3: High-pressure phase transitions of MTO4 compounds [97].

1.7. Surfaces and Morphology

In general, the function and application of a crystal are determined by its structure,
size and morphology. In order to broaden the application prospects, it is very significant
to synthesize crystals with diverse morphologies and high purity. Understanding the
surface structure, properties and processes, such as adsorption, bonding, thermal
stability, and reaction pathways, on metal oxides at the atomic level is of importance in
refining or controlling heterogeneous reactions, surface functionalization, sensor
application, etc.

By using the calculated values for surface energy of the exposed surfaces at the
morphology and the Wulff construction, our research group has developed a method to
obtain the available morphologies of a given materials by tuning the ratio of the surface
energy values of the different surfaces. As reported in several works in the literature

[112-117], we can match the experimental (observed by electronic microscopy)and
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theoretical morphologies and find the reaction path associated to the different
morphology transformations.

Our study is useful in understanding the origin of the exposed surfaces that are
formed as a result of surface energy anisotropy. It can also serve as a guide for choosing
parameters for obtaining specific morphologies consistent with symmetry of the material.
In fact, specific surface and/or bulk characterization techniques, typical of materials’
surface science, can be employed in order to get better insight into the potential specific
correlation existing between the semiconductor surface properties and the resultant
photoactivity performance of photoactive semiconductor materials, to be considered in
the design of efficient and easily applicable photocatalysts [49,48][118]. A surface of a
crystalline structure consists in sectioning the bulk perpendicularly to the vector of the
desired direction, forming a periodic structure in two dimensions (X,y), but with finite
thickness in the direction (z). In this way the surfaces are defined by two vectors
orthogonal to the chosen direction [hkl].

The control of crystal morphology is one of the current challenges in the field of
nanotechnology and materials science. Small changes in the growth environment can
directly affect the morphology of the materials and their exposed surfaces, which are
important factors influencing their application [119-122], as can be seen in Figure 4. That
is, different crystal planes exhibit different anisotropic responses to various mechanical,
physical and chemical activities[123,124]. Therefore, the combination of theoretical
studies and experimental techniques has become a fundamental tool for the compression

of the morphology of crystals and their production mechanisms at the atomic level.
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In a solid, the surface energy depends on the orientation of the crystallographic
planes due to the intrinsic anisotropy associated with the different atomic arrangements
of the planes. Thus, G. Wulff [126] proposed that the morphology of a (nano)crystal can
be represented by a group of planes with different Miller indices [hKI], their respective
energies (¥YThkl]) being proportional to the distance of that plane (d[hkl]) relative to the
origin to the center of the surface (c), according to the equation:

Y[hkl]
d[hkl] (1)

CcC =

Thus, the Wulff construction combines different values of the surface energy as a
function of the orientation, where the size of the vector (d[hkI]) connecting the origin to
the center of the surface is proportional to Y. The combination of all the vectors
represented in the two-dimensional plane allows to obtain a polyhedron containing the

different crystallographic planes, as can be seen in Figure 5.
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To obtain the morphology using the Wulff construction it is necessary to calculate
the surface energies (Y) of a given material. Y can be represented as Esurf, and also referred
to as surface energy. It can be calculated from the shear in a crystallographic plane of the
crystal, and corresponds to the cleavage energy [127]. These crystallographic planes
depend on the point symmetry group of the material and the surfaces are obtained by
cutting the crystal through a perpendicular section of the bulk in relation to the vectors of
the desired direction, thus obtaining a periodic structure in two dimensions (“'slab™), but
with finite thickness (z-axis) [128]. Thus, the surface or cleavage energy (Esurf) is defined
as the energy per unit area required to form the 2-D surface relative to the bulk and is

calculated by the following expression at T=0°K:

1
Esurf = 75 (Estab — N-Epune) )

where Esan is the total energy of the 2D slab, Epui is the total energy of the bulk,
respectively, while N and A represent the number of minimum formula units and the area
of the, respectively. The factor 2 in the denominator comes from the existence of the top
and bottom surfaces of the slab, which has a symmetric composition. After the
corresponding optimization process and after checking that the value of ¥ has converged,
i.e., that it has reached a constant value and does not depend on the thickness of the slab,
the value of Esyrf is obtained.

In our research group the combination of experimental and theoretical work is a
specific feature in the field of materials research, as can be seen in Figure 6. These two

research procedures, when applied together, cause a favorable synergy, being a powerful
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tool to study and explain the structural and electronic properties of materials, responsible
for subsequent technological applications. Therefore, there are two research fronts: (1)
the experimental front in which the objective is the development of new synthesis
methodology to find a material with desirable properties and (2) the theoretical front in
which first principles calculations complement the experimental results, being a

fundamental guide for a rational design of innovative materials.
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Figure 6: a) Map of morphologies from theoretical calculations for B-SNM0QO4. (Esurt
are given in J m?). b) The experimental FE-SEM images [129].

After the optimization process and convergence tests on thickness, slab models
are obtained and the relaxation process, with the relaxed energy (Ereiax) being calculated
as the difference between the total energies for relaxed and unrelaxed slabs:

unrlx relax
E — (Eslab —Eslab ) 3
relax — 2A ( )

being EX™X and ET¢X* correspond to the total energies for the unrelaxed and relaxed
slab models, respectively. In addition, the broken bonding density (Ds), defined as the
number of broken bonds per unit cell area when a surface is created, are calculate by using

Equation 4,
Dp =— (4)
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Present Doctoral Thesis covers a multidisciplinary field combining physics,
chemistry, theoretical and computational chemistry, and materials science pushing the
boundaries for finding and understanding the structure and properties, at atomic level, of
two types of materials: glasses (Ba2SiO4, high-BaSiOs, BasSisO16, BasSigO21, BagSi1002s,
high-BaSi>Os and sanbornite (low-BaSi»Os)) and semiconductors (PbMoOs, In203, ZrO-,
CaWO4 and SnM004/SnWO4). We discuss recent advances for understanding, at atomic
level, their structural, electronic, and optical properties. We also studied the doping
processes, the formation of solid solution, and phase transitions induced by pressure, that
play key roles in the further development of these materials for optoelectronic and
photocatalytic applications.

Herein, a roadmap with specific objectives is presented to disclose the structure
and properties of these different materials mentioned above, using a combination of

experimental and theoretical results:

e To investigate the vibrational modes of barium silicates related with the phases
presented in the BaO-SiO- system and to correlate the experimental (**Si MAS
NMR (Magic-Angle Spinning) and Raman spectroscopic) results and first-
principle calculations, at the density functional theory (DFT) level, to allow not
only the classification of the vibrational modes up to 1150 °C, but also to obtain
information and structural changes undergone by these materials.

e To investigate the effects of SiO4 connectivity on the spectroscopic signature of
the Q" units in BazSiOa, high-BaSiO3, BasSisO16, BasSigO21, BaeSi10026, high-
BaSi>0s and sanbornite (low-BaSi2Os), using the 2°Si magic spinning angle
nuclear magnetic resonance (MAS NMR) and Raman spectra by identifying
features associated with of contributions of the Q" species within these structures.

e To analyze the effects of the La®* dopant in the phase formation (rh-In2Os vs bcc-
In,O3) and support these findings by X-ray diffraction and Rietveld refinements,
energy dispersive X-ray (EDX), Raman, and UV-vis spectroscopies, as well as
PL emissions and investigate by first-principle calculation the structures of the
two phases, based on DFT, to obtain their relative stabilities and structure
differences at the atomistic level.

e To explain how the theoretical and experimental morphologies from FE-SEM

images of the cubic (In.03 and La**-doped In,03) phase are rationalized based on
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the Wulff construction by first-principle calculations. In addition, to demonstrate
that the prepared In;Os; and La**-doped In,Os3 films present electrocatalytic
activity for water oxidation and contribute to broaden their possible applications.
To characterize the PMO and Pb1-2xCaxSrxMoO4 (x= 0.1, 0.2, 0.3, 0.4 and 0.5
(CSMO)) solid solutions (synthetized by the co-precipitation method) by x-ray
diffraction (XRD), field emission electron microscopy (FE-SEM), Micro Raman
(MR) and ultraviolet-visible (UV-Vis) spectroscopies and to determine the effect
of their chemical composition on the morphology and photoluminescence (PL)
emissions.

To complement and rationalize experimental results by means of first principles
calculation, to obtain the geometry, electronic structure, and properties of PMO
and the solid solutions, and to apply a joint experimental and theoretical strategy
that we developed to obtain a complete map of the morphologies

To explore systematically the role of Tb®*" as a luminescence enhancer in
ZrO2Th*(x = 1, 2, 4 and 8 mol%) material, and to analyze in detail the
relationship among the amount of Tb3* in the ZrO; host lattice, PL emissions, and
phase composition (cubic vs tetragonal) and to discuss the changes in the Raman
vibrational frequencies associated to lattice structure and phase the transition.

To discuss the geometries, electronic structures, and properties of both ZrO> and
Zr0,:6% Th®" systems by using density functional theory (DFT) calculations.

To report a combined experimental and theoretical work to investigate the events
that occur in the PL activity and their relationship with the excited electronic states
of Eu-doped CaWOs crystals by use of first-principles quantum-mechanical
calculations, at the density functional theory (DFT) level.
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A schematic representation of the materials studied by experimental and

theoretical methods in this Doctoral Thesis is presented in Figure 7.

Glasses METHODS AND CALCULATIONS
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Figure 7: A schematic representation of the materials studied by experimental and
theoretical methods in this Doctoral Thesis.
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3. Computational methods
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3.1. Theoretical methods

The interpretation at the atomic and molecular level requires the use of techniques
that allow a greater clarification of the properties of materials, and that allow
revolutionizing the field of Chemistry, Physics and Materials Science. One of the main
tools for this description currently resides in computational simulations based on
Quantum Mechanics, more precisely on the resolution of the Schrddinger equation
(Equation 5), which allows the calculation of the electronic properties of any system by

obtaining the respective function wave [130].

HY = E¥ (5)

where W represents the total wave function of the system, H the Hamiltonian operator
an E the total energy of the system.

The Schrodinger wave equation can be defined for multielectronic systems, but it
cannot be exactly solved for these cases, as the subsequent electrons introduce a
complicated feature which is electron-electron repulsion, requiring the development of

approximation methods [4].

3.1.1. DFT methodology

The (DFT — Density Functional Theory) appears as the basic idea, in which the
electronic density p(r) at each point r determines the properties in the ground state of an
atom, molecule or cluster, and refers to the works of Thomas, Fermi, Dirac in the
beginning of the 20th century [131], on free electron gas in solids. Aiming to explain the
electrical thermal conduction, these works constituted one of the most used methods in
guantum calculations of the electronic structure of matter, and later improved by Slater
years later [132]. Applied to electronic systems it is an alternative procedure to the
solution of the Schrédinger equation, where the electronic energy functional is minimized
with respect to electronic density.

The DFT has as its central focus the electronic density p(r), which makes possible
to write Schrodinger's equation through an equation dependent on p. This electron density

is not only the basis for the development of DFT, but a whole set of methods that study
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atoms and molecules, which can be measured through experimental analyzes such as
electron or X-ray diffraction, unlike the wave function. In addition to being an
experimental observable, electron density is dependent only on 3 variables that define the
spatial position and volume where the electron density is concentrated, simplifying the
complex problem of solving eq.1 for multiple bodies (N) based, up to then, in dependent
wave functions of 4N variables (3N spatial and N spin) [133].

The legitimization of the use of electronic density was then carried out with the
publication of the two theorems proposed by Hohenberg and Kohn in 1964, which
implemented important concepts for chemical description, where they demonstrate that
the electronic density of a system determines the external potential and the number of
electrons N and its approximation with p(r) allows us to say that the total energy will

always be greater than or equal to the exact energy of the system [134].

* Hohenberg-Kohn (HK) Theorems

“The external potential v(r) is a unique functional of the electron density p(r) in addition
to an additive constant”.

In other words, the electron density of a system determines the external potential
and the number of electrons N, that is, the Hamiltonian of the system, and by solving the
Schrddinger equation, the ground state, and the excited state wave functions. Thus, the
wave function is determined by the density p(r) of the ground state, with the properties of
the system obtained as expectation values for the Hermitian operators. Therefore, energy
is a functional of the ground state density: E=E[p] [134]. and can be written as follows:

E[p]=T[p] + Vee[p] + Vne@o)[p] (6)

where T[p] represent kinetic energy, Vne[p] the electron-core attraction energy (as a result
of the Born-Oppenheimer approximation) and Veg[p] the electron-electron repulsion

energy.

In the second theorem, the electronic density obeys the variational principle,
which says that, given a specific electronic density, the energy will be greater than or

equal to the exact energy,
T[p] + Vee[p] + [ vng(r)p(r)dr = E[pd] = E[po] ©)
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demonstrating that the ground-state energy can be obtained by the variational method,
since the ground-state energy E[pO], minimized, corresponds to the ground-state

electronic density (p0).

e Kohn-Sham (KS) Method
The Kohn-Sham (KS) method [5] proposes the execution of calculations based on
the HK theorems, using a system of self-consistent monoelectronic equations, which can
be solved by iterative methods similar to the Hartree-Fock (HF) equations, proposing that
the energy by DFT has the functional as the form [135]:

p(r l)p( ])

E[pi]= S0 i | =3 72|90 + [ p(rv(rdr + [ 22 L dr, dry + Exclo]  (8)

defining the first term as the kinetic energy functional of a system of non-interacting
electrons whose density is the same as the density of real interacting electrons. And the
second term, Exc[p(r)], called the exchange-correlation functional, is an overarching term
to explain all other aspects of the real system, including the non-classical electron-
electron interaction term (exchange and correlation) and also the residual part of the
Kinetic energy.

With the inclusion of the exchange and correlation term in the energy calculated
by the DFT method, the Kohn-Sham equations were converted into exact ones, since they
include all the components necessary for the description of the ground state. However,
although the first HK theorem guarantees the existence of an exact functional of the
electronic density, and the KS equations are solved in an iterative and self-consistent way
(SCF) by varying the orbitals to minimize the energy expression, it is necessary the use
of approximations to obtain the exchange and correlation functional.
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3.1.1.1. Electron density functionals

Although the Kohn, Hohenberg and Sham theorems have shown that the energy
of exchange and correlation can be defined as an electron density functional, which can
be achieved by finding a self-consistent solution to a set of single-particle equations, this
is completely unknown, requiring different approaches to its treatment. It is necessary to

obtain an adequate approximation for the exchange-correlation functional:

e Local-Density Approximation - LDA
Proposed by Kohn and Sham in the same article [5], the LDA is a simple

approximation and is based on the most used paradigm in Solid State Physics, the
homogeneous electron gas. Also known in its localized spin form, LSDA, it presented
serious problems when applied to real systems of interest that do not behave as
homogeneous gas. However, for atoms or molecules, the LSDA/LDA approaches were

very successful in describing structures in transition metal and solid-state complexes.

e Generalized-Gradient Approximation - GGA
Many of the quantitative deficiencies of LSDA/LDA can be corrected by

employing GGA for the exchange-correlation energy. The inhomogeneity of the electron
density in a finite system can be measured through its gradient, with this principle based
on the GGA approximations. Despite depending on the density, it also depends on the
density gradient, considering the inhomogeneity of the true distribution of electron
density in a real system, making this approximation important, mainly for the energetic
prediction of chemical reactions. The most used GGA correlation functionals are PBE,
PBESOL, LYP (Lee-Yang-Parr) and PWGGA (Perdew-Wang) [136][137][138][139].

e Hybrid Functionals
Self-interaction, the possibility of interaction of electrons with themselves, is the
main deficiency of local and semi-local functionals (LDA, LSDA, GGA). As a solution
to this problem, it was proposed a correction to these functionals regarding the non-
locality of Exc for the system with non-interacting electrons, the replacement of part of

the term of exchange of the semi-local functionals by the exact term from the Hartree-
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method. Fock, a technique known as hybridization and which originates the called
functional hybrids [130][140,141].

The physical principles by which hybrid functionals are based can be better
understood in the fundamental structure of DFT, known as the adiabatic connection
theorem, a method that allows the connection of a system of non-interacting electrons to
the system of N-interacting electrons, so that the electronic density remains equal to the
exact electronic density, using the adiabatic connection formalism as a practical tool for
the construction of the functional. Proposing, from the linear interpolation between
interacting and non-interacting regions, the so-called Half-Half Hybrid Functional [142],
which indicates the potential benefits of using functionals that combine a fixed fraction
of the exact exchange term with a fixed fraction of the semi-local exchange and

correlation place:

Eye= 0.5ES*C + 0.5ELSRA[n] )

The methods most used today are hybrids, containing a mixture of GGA with
Hartree-Fock, presenting a higher accuracy, compared to many traditional methods of
Quantum Chemistry, keeping, however, a great computational simplicity. Its applications
to crystalline systems described under periodic boundary conditions were employed when
coded in the CRYSTAL program, enabling several observables such as the equilibrium
structure, elastic constants and bulk modulus, thermochemical data, electric field
gradients, phonon spectra and vibrational frequencies, be examined.

Among the most used functionals in computational chemistry is B3LYP, a GGA
hybrid given by [139] is:

ExetP= (1 — a)EySPA 4 aEg*t + bAE®® 4 cAEC™? +(1 — )E¢{YN) (10)

in which the correlation functional of Lee, Yang and Parr, present the empirical
parameters a = 0.20, b =0.72 and ¢ = 0,81 [130][143].

However, this is not the only known hybrid functional, there are also other hybrid
functionals that can be mentioned: B3PW (3 BECKE parameters for exchange and
PWGGA for correlation), PBEO (hybrid version of the PBEXC functional, with 25% of
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Hartree-Fock exchange), PBESOLO (same as PBE, but with PBESOL XC), BIWC,
WCILYP, B97H and PBE0-13 [130][141][144].

e Basis set for Periodic Systems

With the development of the SCF in computational routines, it is necessary basis
set, which will be used to build the molecular orbitals that describe the system. As a
simpler example, the bases Slater-Type Orbitals (STO) basis set [145] consist of Slater
functions that mimic hydrogenoid functions and are restricted to molecular systems with
a reduced number of atoms.

To overcome the limitations to a few atoms, more flexible functions such as
Gaussian-type orbitals (GTO) can be used [146]. However, the GTO functions do not
reproduce atomic conditions with the accuracy of STO, in the vicinity of the nucleus.
Currently, there are several other naming and representation schemes for Gaussian base
functions in the literature, named as Single-{ (SZ — single zeta), Double- { (DZ — double
zeta), Triple- { (TZ — triple zeta) e N- ¢ (multiple zeta), where ({) represents the Slater

coefficient.

3.2. Computational simulations

In practice, DFT methods are the first choice for the treatment in computational
codes for solids with periodic models, presenting excellent results for ground state
properties.

In this thesis, first-principles calculations were used to elucidate the structural,
electronic and morphological properties implementing the CRYSTAL17 [15] and VASP
[10] programs. CRYSTAL, and its latest commercial version (CRYSTAL-17), deals with
0D (molecules and clusters) and periodic systems in 1D (polymers, helices and
nanotubes), 2D (slabs) and 3D (crystals) with HF and DFT Hamiltonians. It allows the
study of the electronic structure of solids at Hartree-Fock and DFT level, allowing the use
of different functionals and basis sets that best represent the studied material. I1ts main
characteristics are in the simulations referring to structural, electronic, dielectric,
vibrational, magnetic and elastic properties, making it a very useful program in the
representation of periodic systems.

Vienna Ab initio Simulation Package (VASP) is a program for electronic structure

calculations and quantum-mechanical molecular dynamics, from first principles. The
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central quantities, like the one-electron orbitals, the electronic charge density, and the
local potential are expressed in plane wave basis sets. The interactions between the
electrons and ions are described using norm-conserving or ultrasoft pseudopotentials, or
the projector-augmented-wave method. DFT is applied solving the Kohn-Sham
equations, or within the Hartree-Fock (HF) approximation, solving the Roothaan
equations. Hybrid functionals that mix the Hartree-Fock approach with density functional

theory are implemented as well.

3.2.1. Calculations of the structural properties

For the calculations and optimization of the geometries and structures (bulk (3D))
of the materials in this study, we start from the geometry obtained by X-ray diffraction
and Rietveld refinement, whose position of the different constituent atoms in the crystal
lattice are known. In all the calculations of the most stable structure, it is necessary to
minimize the total energy, by optimizing the lattice parameters and coordinates of the

atoms. The convergence criteria used, and the methods were as follows:

e In the characterizations for barium silicates structures, DFT calculations of the
lattice parameters and vibrational modes were done using Becke's three-parameter
hybrid non-local exchange functional, combined with a Lee-Yang-Parr gradient-
corrected correlation functional (B3LYP), implemented in the CRYSTALL7
package [15]. The atoms were centered and described using pseudopotential
databases; [147], 88-31G* [148] and 8-411d11G [149](all-electron) for Ba, Si and
O, respectively. Regarding the diagonalization of the density matrix, the
reciprocal space net was described by a shrinking factor of 4, generated according
to the Monkhorst—Pack scheme. The accuracy of the evaluation of the Coulomb
and exchange series was controlled by five thresholds, whose adopted values were
1077, 107, 1077, 1077, and 107**. The vibrational frequencies calculation was
performed at the I' point within the harmonic approximation, and the dynamic
matrix was computed by the numerical evaluation of the first derivative of
analytical atomic gradients.

e The structural and electronic properties of the PMO structure and

Pbi-2xCaxSrxMoOs solid solutions were calculated using functional B3LYP,
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implemented in the CRYSTALL17 package. The atoms were centered and
described using pseudopotential databases Ca_pob_TZVP_2012,
Sr_ECP28MDF_s411p411d11_Heifets 2013, Pb_ECP60MDF_doll_2011, 976-
311 (d631) G and O-6-31G* (all-electron) for Ca, Sr, Pb, Mo and O, respectively.
Regarding the diagonalization of the density matrix, the reciprocal space net was
described by a shrinking factor of 4, generated according to the Monkhorst—Pack
scheme. The accuracy of the evaluation of the Coulomb and exchange series was
controlled by five thresholds, whose adopted values were 1078, 1078, 1078, 1078,
and 1078, To simulate the substitution process and to obtain the ideal percentages
presented in the experimental data, a 5x1x1 supercell, with a volume 5 times
larger than the primitive cell and 60 atoms was used.

To characterize the In;0s and La3*-doped In,Os systems, all-electron basis sets
were used to describe O atomic centers, a pseudopotential basis set for the in atom,
(54) and an effective core potential (ECP) pseudopotential with 11 valence
electrons described was used for the La®* [150]. Regarding the density matrix
diagonalization, the reciprocal space net was described by a shrinking factor of 4,
corresponding to 36 k-points generated according to the Monkhorst—Pack scheme.
The accuracy of the evaluation of the Coulomb and exchange series was
controlled by five thresholds, whose adopted values were 1078, 1078, 1078, 1078,
and 1071, A supercell of 80 atoms, corresponding to 2x2x1 conventional cells,
was used to simulate the La®*-doped In2O3 systems. A 12.50% substitution of In®*
ions by La*" cations was performed to match the experimental value in which the
rh-phase of In203 was formed.

To characterize the Th** in the ZrO- host lattice, the VASP package was used and
the Kohn-Sham equations were solved by using the Perdew, Burke, and Ernzerhof
(PBE) exchange-correlation functional [137], alongside including the effect of
long-range interactions using Grimme's D3 semi-classical dispersion methods
[151]. The electron-ion interaction was described via the projector-augmented-
wave pseudo potentials and the plane-wave expansion was truncated at a cut-off
energy of 520 eV. The Brillouin zone was sampled by using 4x4x4 Monkhorst-
Pack special k-point grid to ensure geometrical and energetic convergence of the
ZrQO2 structures. Both cubic and tetragonal phases of ZrO, undoped and doped at
6% Tb substitution were tested. The valence electron density is defined by 12

(4s24p®5524d?) electrons for Zr atoms, 6 (2s22p*) electrons for O atoms and 19
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(55°5p®6s24f%) electrons for Th atoms. A supercell with 96 atoms was used to
simulate an amount of Th doping up to 6% for both systems, 2x2x2 and 2x2x4
for cubic and tetragonal phases, respectively. In addition, a large supercell with
192 atoms was used to simulate an amount of Tb doping up to 3% for both
systems, 4x2x2 and 4x4x2 for cubic and tetragonal phases, respectively. Two
Zr** were substituted by two Tb® and an oxygen vacancy was included to
maintain the cell as electroneutral. The substitution process of Zr** by Th®" cations
was done for both phases using structural models. The most energetically
favorable arrangement can be selected to analyze theoretically the substitution
process. The cell parameters and positions of all atoms were allowed to relax, and
the conjugated gradient energy minimization method was used to obtain relaxed
systems. This was achieved by setting a threshold value (i.e., 0.01 eV-A™) for the
forces experienced by each atom.
To study the effect of Eu-doped in the CaWOs structure, two models were
constructed, the pure CW and CWE. All calculations were performed with the
CRYSTALL7 package [15]. The computational method is based on the DFT
associated with B3LYP hybrid functional 23,24. Ca, W, O, and Eu atomic centers
were described by the Ag HAYWSC-311d31G_apra 1991, W_cora 1996, and
O_6-31d1_corno_2006 basis sets, respectively, which were obtained from the
Crystal website [https://www.crystal.unito.it/basis-sets.php]. The diagonalization
of the Fock matrix was performed using a 6x6x6 grid with 44 k-point grids in the
reciprocal space. The thresholds controlling the accuracy of the calculation of the
Coulomb and exchange integrals were set to 108, 108, 1078, 1078, and 10716, and
the percentage of Fock/Kohn-Sham matrix mixing was set to 30. A full
optimization process of the lattice parameters (a and c¢) and the internal atomic
coordinates (X, y, and z) for the bulk was carried out until all force components
were less than 107 eV/nm?. From this optimized bulk structure, two periodic
models, were built by selecting a 2x2x2 supercell: (1) the pure CW model of 192
atoms in the structure, composed by 32 Ca atoms, 32 W atoms and 128 O atoms
and (2) the CWE model, in which two Ca?" cations were replaced by two Eu®*
cations. To keep the electroneutrality of the system, a Ca?" cation ghost was
considered. This model contains 6.90% molar Eu in the structure.

e The structural, electronic properties and EOS of SnM0QO4 and SnWO4 bulk
were simulated by means of periodic DFT using the CRYSTALL17 package. To
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study the influence of different approximations for exchange and correlation on
the DFT method, a complete structure optimization by using the HSE06 [152] and
B3LYP [143] functionals. The atoms were described using pseudopotential bases
set, Sn_ECP28MDF-411(51d) G_baranek 2013 SnTiOs, W_cora 1996, 976-
311 (d631) G and O-6-31G* (all-electron) for Sn, W, Mo, and O, respectively.
The accuracy of the evaluation of the Coulomb and exchange series was
controlled by five thresholds, whose adopted values were 1077, 107, 107, 107,
and 10* which assure a convergence in total energy better than 10" Hartree in
all cases, whereas the percent of Fock/Kohn—-Sham matrices mixing has been set
to 40 (IPMIX= 40). For the calculations of the solid solutions, the substitution of
W by Mo atoms was performed in a percentage of (0%, 25%, 50%, 75% and
100%), being the 0 and 100% the pure structures. The CRYSTAL program can
perform an automated scan over the volume to compute energy E versus volume
V curves that are then fitted to the third-order Birch—Murnaghan (BM) EOS [153].
For each volume, a full VV-constrained geometry optimization was performed. As
a result, the pressure dependence of the atomic and electronic structure was
determined, such as zero pressure bulk modulus, BO, as well as the

volume/pressure dependence of the total energy and enthalpy.
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3.2.2. Calculations of the electronic properties

The study of the electronic properties of bulk and surfaces was carried out through
the analysis of band structures, density of states (DOS) and projected DOS in atoms and
atomic orbitals, by using the XCrysDen program. In the analysis of the energy band
structures, the last 20 bands in the conduction band (CB) and the first 20 bands in the
valence band (VB) were considered, according to the corresponding k points for each
system in the Brillouin first zone [154]. Figure 8 presents an example of reciprocal lattices
(dots) (a), the corresponding first Brillouin zone and the band structure obtained (c). The
differences in energy generated between the BV and BC bands, the called band gap
energy, was calculated for bulk and surfaces.

(@) ks (b) ©

Figure 8: The reciprocal lattices (dots) (a), corresponding first Brillouin zone (b) and
band (c).
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3.2.3. Visualizations programs

The creation of the morphological maps was constructed according to Wulff's
theorem using the program VESTA (Visualization for Electronic and Structural Analysis)
[155], which made possible to create the nano-morphology (crystals) by means of the
distances from the crystal center planes. This distance is directly proportional to the
surface energy modulation.

The program XCrysDen (X-Window Crystalline Structures and Densities) [156]
was used to help compiling structural and electronic data ( Band structure and DOS), as
well as the representation of contour maps for the electronic density distribution in the
crystal structure. In addition, other remaining graphics were generated by the ORIGINPro

program.
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Figure 9: VESTA, ORIGINPro and XCrySDen programs layout.
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This Doctoral Thesis is a summary of published articles, and articles in the publication
stage or in the writing stage, in which the results are achieved through the joint use of

experimental and theoretical works.

I- Title: Identifying and explaining vibrational modes of sanbornite (low-BaSi>Os) and
BasSigO21: A joint experimental and theoretical study

Authors: Eduardo de Oliveira Gomes, Benjamin J.A. Moulton, Thiago R. Cunha, Lourdes
Gracia, Paulo S. Pizani, Juan Andrés.

Journal: Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2021,
248, 119130. (Spectroscopy Q1)

I1- Title: A theoretical and experimental investigation of hetero-versus homo connectivity
in barium silicates

Authors: Benjamin J. A. Moulton, Eduardo de Oliveira Gomes, Thiago R. Cunha, Carsten
Doerenkamp, Lourdes Gracia, Hellmut Eckert, Juan Andrés, Paulo S. Pizani.

Journal: American Mineralogist 2022 (in press). (Geophysics, Geochemistry and
Petrology Q1)

I11- Title: Joint theoretical and experimental study on the La doping process in In2Oz:
Phase transition and electrocatalytic activity

Authors: Samantha C. S. Lemos, Edson Nossol, John. L. Ferrari, Eduardo de Oliveira
Gomes, Juan Andrés, Lourdes Gracia, Ivan Sorribes, Renata C. Lima.

Journal: Inorganic Chemistry 2019, 58, 17, 11738-11750. (Chemistry, Inorganic Q1)

IV- Title: Structure, electronic properties, morphology evolution, and photocatalytic
activity in PbMoOs and Pbi-2xCaxSrxMoOs (x= 0.1, 0.2, 0.3, 0.4 and 0.5) solid solutions
Authors: Eduardo de Oliveira Gomes, Lourdes Gracia, Anderson A. G. Santiago, Ricardo
L. Tranquilin, Fabiana V. Motta, Rafael A. C. Amoresi, Elson Longo, Mauricio R. D.
Bomio, Juan Andrés.

Journal:  Physical Chemistry Chemical Physics 2020, 22, 25876-25891. (Physics,
Atomic, Molecular & Chemical Q1)

V- Title: Integrated experimental and theoretical study on the phase transition and
photoluminescent properties of ZrO,: xTh*" (x= 1, 2, 4 and 8 mol%)

Authors: Laura X. Lovisa, Eduardo de Oliveira Gomes, Lourdes Gracia, Anderson A. G.
Santiago, M. Siu Li, Juan Andrés, Elson Longo, Mauricio R. D. Bomio, Fabiana V. Motta
Journal: Materials Research Bulletin 2022, 145, 111532. (Mechanics of Materials and
Mechanical Engineering Q1)

VI- Title: Photoluminescence emissions of Ca;—xWO.: XEu®": Bridging between
experiment and DFT calculations

Authors: Amanda Fernandes Gouveia, Marcelo Assis, Lara Kelly Ribeiro, Aline Estefany
Branddo Lima, Eduardo de Oliveira Gomes, Daniele Souza, Yara Gobato Galvéo, leda
Lucia Viana Rosa, Geraldo Eduardo da Luz Jr., Eva Guillamon, Elson Longo, Juan
Andres, Miguel Angel San-Miguel

Journal: Journal of Rare Earths 2021 (in press). (Chemistry Q2)
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VII- Book chapter Title: Morphology-dependent properties in inorganic semiconductors:
An experimental and theoretical approach

Authors: Amanda Fernandes Gouveia, Luis Henrique da Silveira Lacerda, Eduardo de
Oliveira Gomes, Lourdes Gracia, Marcelo Assis, Camila Cristina de Foggi, Elson Longo,
Juan Andrés, Miguel Angel San-Miguel

Book title: Advances in Material Research and Technology Series, (pre-proof)

Editorial: Springer (Series Ed.: Ikhmayies, Shadia Jamil)
https://www.springer.com/series/16426 ISSN: 2662-4761.

VIII- Title: Unveiling the relationship between the phase transition induced by pressure
and the substitution processes along a- and B-SnMo1xWxO4 (x=0, 0.25. 05, 0.75 and 1)
solid solutions (drafting).

Authors: Eduardo de Oliveira Gomes, Amanda F. Gouveia, Lourdes Gracia, Juan Andrés
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4.1. Paper | and Il (Barium silicates)

The barium silicates in general are found in nature or synthetic and usually have
big and complex structures, presenting a challenge in the characterizations for
researchers.

In the paper I, we report the analysis of vibrational properties of the sanbornite
(low-BaSi»0s) and BasSigO21 structures using theoretical and experimental approaches,
as well as results of high temperature experiments up to 1100-1150 °C. The crystal
parameters derived from Rietveld refinement and calculations show excellent agreement,
within 4%, while the absolute mean difference between the theoretical and experimental
results for the IR and Raman vibrational frequencies was <6 cm™.

The sanbornite is composed of two layers: one of Q* species and one of BaOyg
polyhedra. Each of the Q3 species are connected to adjacent tetrahedra via bridging
oxygens (BO) at the O1 and O3 sites whereas the O2 oxygen is a non-bridging oxygen
(NBO) which is only bonded to one Si and three Ba atoms and topologically, can be
described as a 6° net or an infinite layer of six-membered tetrahedral rings. BasSigO21
presented 18 crystallographic sites. This phase is a rare silicate composed of quadruple
Zwier chains that form ribbons that can be described topologically as >T23T6 ribbons. In
the BasSigO2:1 structure, the edge of each ribbon has Q2 species at the Sil site. The
remaining Si sites (Si2-Si4) are Q3 species, all of which have three BO and one NBO.

The theoretical calculations reproduced the experimental vibrational modes with
a good agreement for both structures, the sanbornite (with 96 normal modes) and the
BasSigO21 (with 204 normal modes C2/c). These results gave the detailed mode
assignments, associated to specific Ba or Si sites or bonding configurations. Per example,
stretching modes which are localized to specific Si-O bonds, show strong correlations
with the bond length changes with temperature.

With this important introduction (paper 1), in the paper Il was analyzed the effects
of connectivity on resonances in seven barium silicates: Ba»SiOs, high-BaSiOs,
BasSisO16, BasSisO21, BasSi10026, high-BaSi>Os and sanbornite (low-BaSi20s) using 2°Si
MAS NMR and Raman spectroscopy. The connectivity is defined by the number of Si-
O-Si bonds found around a central tetrahedron and described using the Q" species
notation, where n is the number of bridging oxygen (BO) atoms shared between tetrahedra
and 4-n is the number of non-bridging oxygen (NBO) atoms bound to M cations. Using

Rietveld refinement, the crystal lattice parameters were determined and with the 2°Si
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magic spinning angle nuclear magnetic resonance (MAS NMR) and Raman spectra
were identified features associated with each of the contributions of the Q" species within
these structures.

The Raman spectra of the barium silicates was found to be dominated by
intense peaks in the 400-800 cm™ and 800-1200 cm™ ranges that correspond to the
bending and stretching mode regions, respectively. The intense bands originated from
the bending modes of the B4S6-BS2 phases display a doublet or triplet feature centered
around ~530 cm™ B4S6, B5S8, B6510 and high-BS2 have similar unit cell symmetries,
either P2i/c or C2/c, and similar intense bending mode frequencies. Despite the
observed similarities in the spectra, the origins of these modes are quite distinct. For
example, in low-BS2 the 535.5 cm™ mode involves bending of the 03-Si-O2, where
one oxygen is a BO and the other an NBO. In contrast, the 533.8 cm™ mode of
high-BS2 involves the bending of the Si3-02-Ba2 bond angle.

These papers are a collaboration between the Laboratorio de Quimica Tedrica y
Computacional (QTC) and Center for Research, Technology and Education in
Vitreous Materials, Department of Materials Engineering, Federal University of Sao

Carlos (UFSCar). The syntheses and experimental characterizations described in this
work were performed by Dr. Benjamin J. A. Moulton.

4.2. Paper Ill, 1V, V and VI (PbMoOs4, In20s, ZrO,, CaWO,)

Both In203 and ZrO; structures presented phase transitions as a result of doping
with rare-earth metals, La®" and Th®*, respectively.

In,03 and La®*-doped In,03 nanostructures were synthesized through a facile and
fast chemical route based on the microwave-assisted hydrothermal method combined
with rapid thermal treatment in a microwave oven. The presence of the La* doping
process modifies the size and morphology of the In.O3 nanostructures and stabilizes the
rhombohedral (rh) In.O3 phase with respect to the most stable cubic (bcc) polymorph. A
comparison of the results obtained from the Rietveld refinement shows that a percentage
of 19.7% was achieved for the rh-In,O3 phase with La** doping.

A supercell of 80 atoms, corresponding to 2x2x1 conventional cells, was used to
simulate the La®**-doped In.03 systems. An analysis of the results shows that the undoped
bce-In203 phase is more stable than the rh-In2O3 one; however, as the percent of La®*
doping content increases, the rh-phase is stabilized with respect to the bcc-structure.

Substituting In®* by La®* cations in both positions 8b and 24d achieves an energy in which

Page | 63



the rh-In.O3 phase is more stable than the bcc-1n203 phase when the doping percentage
reaches the value of 12.5% at both 8b and 24d positions.

The (110), (100), (111), and (211) surfaces of the bcc-1n203 phase were modeled
using slab models with the calculated equilibrium geometries. According to the DFT
calculations, the stability of the surfaces follows the order (100) < (211) < (110) < (111),
with surface energies of 3.62, 2.29, 1.40, and 1.02 J m2, respectively. The analysis of the
theoretical results revealed that the most stable morphology is an octahedron, in which
only the (111) surface appears. From the energies obtained using the slab models, was
possible to modulate the surface energies to find the morphology obtained
experimentally. The Raman spectra of La®**-doped In,Os presented a strong band at 162
cm?, attributed to the Aig symmetry of rh-1n2Os, indicating the coexistence of cubic and
rhombohedral phases of In2O3, which agrees with the X-ray diffraction characterization.

The calculated band structures and total and projected DOS on atoms for the pure
bce-In20s, pure rh-1n20s, 12.5% La®** bee-1n203, and 12.5% La®* rh-In,03, showed that
doping of La®* cations in the In,O3 matrix provides an increase in the indirect gap energy,
which was the same behavior as that verified experimentally. This enhancement can be
sensed more in rh-InO3 (up to 4.11 eV) than in bcc-In203 (up to 3.82 eV) doped
structures, due to the increase in electron density caused by the dopant.

In addition, the PL intensity decreased was observed from undoped In,O3 to La®*-
doped In203 nanostructures. This indicates that doping can alter the surface, generating
trap states that should reduce the electron/hole recombination rates, improving the charge
transfer processes, and consequently leading to a more efficient electrochemical

performance.

This paper is a collaboration between the Laboratorio de Quimica Tebrica y
Computacional (QTC) and Institute of Chemistry of the Federal University of
Uberlandia (UFU). The syntheses and experimental characterizations described in this
work were performed on the supervision of Prof. Renata C. Lima and Dr. Samantha C.
de Lemos.
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ZrO, x mol% Th** particles (x = 0,1,2,4 and 8%) were prepared by the complex
polymerization (CP) method and characterized by XRD. The analysis of the peak intensities
for the planes (202) and (004) for ZrO> compared to the ZrO2:8% Th samples showed
that at 8% Tb the phase transition from zirconia to the cubic phase was already occurring,
coexisting with the tetragonal phase, the latter in smaller amounts. The values of the
lattice parameters “a” and “c” changed due to the increase in the concentration of Tb%* in
the ZrO>. This discontinuity was associated with structural defects and distortions within
the ZrO lattice.

DFT calculations were carried out to investigate the doping process in cubic and
tetragonal ZrO> phases. The results indicate that for pure ZrO> and 3% doped-ZrO> the
tetragonal structure was more stable than cubic structure. The incorporation of 6% Th**
into the ZrO; structure increased the stability of the cubic phase relative to the tetragonal
phase, and a more favorable substitution occurs in the cubic polymorph of ZrO; as the
amount of Tb*® increased. The transformation from the tetragonal phase to the cubic
phase as a result of the introduction of Th®" ions into the ZrO lattice was also observed
by analyzing the Raman spectra. The bands located in the spectra in 147, 266, 317, 462
and 640 cm™ are characteristic bands of the tetragonal phase and are represented by six
active modes (Aig + 2B1g + 3Eg). The bands observed at 147, 266 and 462 cm ™ are
assigned to Eq mode. The bands located at 317 and 640 cm ™! refer to the Big mode. In
contrast, the cubic phase was clearly characterized by a relatively wide band between 533
and 664 nm centered on 625 cm™. Theoretical calculations of the Raman-active modes
of pure tetragonal ZrO; yielded values of 149.4, 294.2, 301.5, 453.6, 611.5, and 650.9
cm ! for the Eg, A1g, B1g, Eg, B1g, and Eq modes, respectively. The case of pure cubic ZrO;
(a unique mode which has T,q symmetry) occurs at a wavenumber of 600.7 cm 2.

The Eg@) mode in 462 cm* signalized the presence of a metastable tetragonal
phase of ZrO» (t’- ZrO>). This band is subtly verified in the Raman spectrum of the ZrOx:
8% Tb sample, indicating the coexistence of the two phases: cubic (c- ZrO2) and
metastable tetragonal (t’- ZrO2). The t’- ZrO; phase is characterized by having a distorted
shape of the cubic phase. Although, the relation of the lattice parameters is similar in both
phases; in the t’- ZrO; phase, the oxygen ions are shifted alternately (zigzag aspect) along

the z axis, assuming tetragonal symmetry.

This paper is a collaboration between the Laboratorio de Quimica Teorica y
Computacional (QTC) and Laboratdrio de Sintese Quimica de Materiais (LSQM) of
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the Department of Materiais of the Federal University of Rio Grande do Norte (UFRN).
The syntheses and experimental characterizations described in this work were
performed by Dr. Laura X. Lovisa under the supervision of Prof. Mauricio R. D. Bomio
and Prof. Fabiana V. Motta.

PbMo0Os4 (PMO) and Pb;—2CaxSrxMoO4 (x = 0.1, 0.2, 0.3, 0.4 and 0.5) solid
solutions were successfully prepared, for the first time, by a simple co-precipitation
method and a structural characterization of these samples was performed using X-ray
diffraction with Rietveld refinement analysis. DFT calculations were performed to
analyze the bulk and surfaces of PMO, CaosSros MoO4 (CSMO) and the solid solutions.
The use of the Kroger—Vink notation allowed us to analyze the number of Pb—O breaking
bonds in the exposed clusters in order to analyze the stability of studied surfaces.
Therefore, different crystal morphologies were achieved by tuning the Esurt values of the
different surfaces and were correlated with the experimental FE-SEM images (a faceted
octahedron defined mainly by the (001), (011) and (112) surfaces, for the PMO sample).

The charge density maps showed that there is a higher electronic density around
the Pb cations in relation to the Ca and Sr cations, allowing PMO to have a larger charge
mobility, lower recombination rate (electron—hole), and greater dispersion in its bands,
resulting in lower Egap values of PMO compared to CSMO. In addition, the photocatalytic
performance was tested via degradation of the RhB solution under UV light. Their
analysis showed that with increasing concentration of the Ca/Sr cations (and consequently
the decrease in the concentration of Pb cations), a reduction in the photodegradation
process of the RhB can be observed. The kinetic constant was reduced from
1x102 min~* to 1x1073 min~t in passing from PMO to CSMO, respectively. It was also
found that the stability of the surfaces and their electronic properties are correlated with
the presence of incomplete [CaOy]/[SrOx]/[PbOy] and distorted [MoOs] clusters as the
reservoirs of holes and electrons, respectively, which act as the active sites in the

photocatalytic activity.

This paper is a collaboration between the Laboratorio de Quimica Tebrica y
Computacional (QTC) and Laboratério de Sintese Quimica de Materiais (LSQM) of
the Department of Materiais of the Federal University of Rio Grande do Norte (UFRN).
The syntheses and experimental characterizations described in this work were
performed by under the supervision of Prof. Mauricio R. D. Bomio and Prof. Fabiana
V. Motta.
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The CawOs (CW) and Ca; x\WO4XEu** (CWE) samples were successfully
synthesized by a simple co-precipitation method followed by microwave irradiation.
XRD patterns of the samples showed the scheelite phase with tetragonal structure (space
group 1415). DFT calculations were performed to analyze and decipher the geometry and
electronic properties, thereby enabling a more accurate and direct comparison between
theory and experiment for the CWE structure.

An analysis of electronic structures showed a direct electronic transition at the I'-
point in the Brillouin zone (figure 4.16). The CWE model had a lower band gap value
(3.90 eV) when compared with the CW model (5.71 eV). This decrease of the band gap
was due to the structural defect caused by the substitution of Ca?* by Eu* cations, which
involves the creation of new energy levels between the VB and CB. The FE-SEM was
performed and the images of the CW and CWE samples showed the formation of
microspheres and micro-dumbbells, with an average size of 4.05 = 0.49 pum.

The PL emissions of the samples displayed that the pure CW has a broadband
emission profile, characteristic of a multiphonic process, involving several intermediate
energy states. The maximum emission of the CW sample was found in approximately 500
nm, in the cyan-green region, which were the result of internal charge transfers from the
[WO4] clusters and oxygen vacancy (Vo) in the [WO4] and [CaOs] clusters. With the
replacement of Ca?* by Eu®* cations, the appearance of specific transitions of Eu* was
observed (°Do—'Fj, j = 1, 2, 3, and 4), with maximum emission located at 596, 616, 659,
and 704 nm, and these become more intense with the increased concentration of

Eu®* cations.

This paper is a collaboration between the Laboratorio de Quimica Tebrica y
Computacional (QTC) and the Centro de Desenvolvimento de Materiais Funcionais
(CDMF), at the Universidade Federal de Sdo Carlos (UFSCar). The syntheses and
experimental characterizations described in this work were performed by Dr. Amanda
Fernandes Gouveia under the supervision of Prof. Elson Longo.
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4.3. Paper VII (SnWO4/SnMoO,)

This work is drafting nowadays, but we have some results. We performed an
extensive structural optimization to identify the crystal structures and electronic
properties of a- and B-SnW1xM0xOs (x=0, 0.25. 05, 0.75 and 1) solid solutions. The
experimental data from the literature were used and compared with first-principles
calculations on DFT, employing the hybrid functionals B3LYP and HSEO06. The crystal
lattice of a-SnWO4 and a-SnMoO4 present the orthorhombic structure (space group
Pnna), and #-SnMo0Os and -SnWO4 phases present a cubic structure (space group P21/3).

The computed cell parameters for cubic cell were found 7.131 A and 7.073 A, for
S-SnMo0Q4 and S-SnWOy4, respectively, and for a-SnWOy are a= 5.605 A, b= 10.574 A
and c=5.498 A, while for a-SnMoOs are a= 5.597 A, b= 10.717 A and ¢=5.423 A. The
parameters of solid solutions (« and ), in a 25%, 50% and 75% percentage of substitution
of W by Mo atoms, were also calculated.

The results for the molybdates show that the beta phase is the most stable.
However, for tungstates the most stable is the alpha phase in all range of studied volumes.
The enthalpy variation values (AH) per formula unit with pressure can be observed for a-
SnMo0O4 and -SnMo0O4 phases for a-SnWO4 and -SnWO4 phases. An analysis of these
results suggests that a phase transition from A-SnMoOs to a-SnM0QO4 phase can be
induced by applying pressure at approximately 2GPa, which corresponds to the
intersection point of two curves. The bulk modulus (Bo) values were determined using the
third-order Birch—Murnaghan EOS, obtaining Bo values for 5-SnMoO4 and a-SnMo0O4
structures of 57.60 GPa and 41.93 GPa, respectively. For tungstates there is no indication
of a phase transition but was determined the Bo values of 69.47 GPa for a-SnWO, and
40.80 GPa for -SnWQg4 phase.

The replacement of the W by Mo in solid solutions for 25%, 50% and 75%
percentage implies an increase of the cell parameters, except for b parameter which tend
to decrease for a solid solution. The exchange of W atoms by Mo, shows a phase transition
at a percentage of substitution of the 57%. This result can be compared with the solid
solution £-SnWo.50M00.5004, Which presents an orthorhombic distortion as is noticeable
by the cell parameters (a= 7.089 A, b= 7.102 A, c= 7.110 A), providing evidence of a

possible transition.
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4.4. Book chapter

The design of new materials with tailored properties is the heart of materials research
and nanotechnology and making them accessible for different applications. In this
context, metal oxide semiconductors are an important area of research because almost all
contemporary electronic technologies involve the use of these materials. Much research
effort has focused on the synthesis of these inorganic semiconductors with controlled
chemistry, size, shape, and composition driven by their intriguing, quantized behavior.
They present themselves with marvelous morphology-dependent physical and chemical
properties. They have attracted huge attention due to their unique material properties and
their consequent theoretical and practical applications in chemistry, physics, materials
science, biology, and medicine. This enormous progress has boosted new research due to
their unanticipated novel properties, and consequently, a plethora of applications have
stimulated further research efforts in this large field. To make possible the development
of these technological applications, a complete understanding and rationalization, at the
atomic level, of the physical and chemical, and thus the functions are of equal importance.

This chapter addresses these questions by presenting recent investigations performed
by our research on different semiconductors. In particular, the metal oxides composed of
Ag have been investigated by combining experimental studies and simulations based on
first-principles calculations. The morphological modulations could be achieved by
carefully analyzing the coordination environment surrounding the metals on the exposed
surfaces at the morphology (defined here as the active sites where the electron transfer
process involving Oz and the bond making/-breaking processes associated to H2O take
place). From this analysis, an understanding of the mechanisms is obtained to explain the
photocatalytic and biocide activity of semiconductors in advancing industrial and
biomedical applications. Therefore, this strategy provided a gain of deep insight to

modulate their geometric, electronic, and magnetic properties.

For this chapter of the book there was the collaboration of the QTC and the CDMF.

Prof. Dr. J. Andrés and Dr. Lourdes Gracia proposed the planning and helped in
carrying out the calculations and in the final writing of these works. My participation
has focused on carrying out the calculations in the QTC, analysis and discussion of the
theoretical results, preparation of the figures and tables, the bibliographic review, and
the writing.
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5. Conclusions

Page | 70



In this Doctoral Thesis a set of published articles are collected in which the results
are achieved through the joint use of experimental and theoretical works. By association
of experimental and theoretical results, it was possible to deepen or understand the
electronic and structures properties for seven (BazSiOs, high-BaSiOs, BasSisOss,
BasSigO21, BaeSi10026, high-BaSi2Os and sanbornite (low-BaSi»Os)) barium silicates
structures and, crystalline, electronic, and morphological properties for semiconductors
(PbM0Os, IN203, ZrO2, CaWO4 and SnMo0O4/SnWO4). The main conclusions can be
summarized as follows:

(i) Both Raman results and DFT-based calculations highlight that the stretching modes
increase in frequency with increasing the number of BO atoms. Moreover, we may
now refine ‘the Q" bands’ as they are not related to the entire tetrahedral site but
dominantly related to specific Si-O vibrations. While in the hetero-connected phases
there are always extra vibrational modes related to the many Si-O bonds in these
structures, which cause peaks to overlap, the most intense features correspond to the
main structural units. Our results display clear structural trends, permitting future
studies linking Raman frequencies to the specific distortions present for a given group of
the Q" species. Moreover, we hope this aids in further distinction among the major
mineral groups. (ii) InO3 and La3*-doped In20s nanostructures were synthesized by a
microwave-assisted hydrothermal method followed by microwave calcination. The
Rietveld refinement provided information about the effect of the doping process of La®*
cations in the lattice parameters of the In.Oz matrix and determined the proportion of bcc-
and rh-In03 polymorphs obtained in La**-doped In;Os indicating the formation of the
bcc-1n203 structure for the undoped sample and a mixture of bcc- and rh-In203 structures
for the La**-doped sample. The TEM images showed that the doping of La®" induced the
formation of cubelike particles with a larger size when compared to the undoped In2Os.
Theoretical results indicated that for a La®* substitution of 12.5%, the rh-In,O3 phase is
more stable than the bcc-In2.O3 phase, and the structural transformation was attributed to
the changes in the In-O bond lengths, O-In-O bond angles, and the electronic
redistribution induced by the La®**-doping process. The analysis of PL intensity showed
that a decreased from undoped In,Os to La®**-doped In2O3 nanostructures, although an
increase could be observed in the blue emission for the doped sample, indicating that

doping process can alter the surface, generating trap states that should reduce the
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electron/hole recombination rates, improving the charge transfer processes, and
consequently leading to a more efficient electrochemical performance.

(iii) The surface electronic properties of PMO and Pbi-2«CaxSr«MoQOs (x = 0.1, 0.2, 0.3,
0.4 and 0.5) solid solutions (prepared for the first time by a co-precipitation method)
showed that the (011) and (110) surfaces, that appear in the experimental FE-SEM
images, enhanced photocatalytic activity. In particular, the specific local coordination of
the Pb/Ca/Sr and Mo cations in the exposed surfaces can be correlated with the reservoirs
of holes and electrons, respectively, which act as the active sites in the photocatalytic
activity. The analyzed results found that the PL emission spectra of the samples showed
predominant emission in the green-orange region, with predominantly shallow type
defects for the most photoactive samples. (iv) The effect of the Th*" doping process on
the luminescence performance and phase transition (cubic vs tetragonal) were
investigated for ZrO.:xTh®" (x = 1, 2, 4 and 8 mol%) samples and an enhanced green
emission was observed as Th®" was introduced to the ZrO; structure. Color purity was
tunable from the addition of Th®", reaching 80.5% for the ZrO:8 mol% Tb*" sample, and
the optimum concentration for maximum PL intensity was 2 mol% Tb*', indicating that
the that this material can be a promising new green phosphor applicable to solid state
lighting devices. (v) A deeper understanding of the effects caused by the Eu®* cations in
the CaWO; electronic structure, experimentally observed, were achieved by means of
first-principles calculations. These findings allowed to discover a luminescent material in
which by varying the Eu®* cations concentration, the color emissions could be modulated,
paving the way for the further design of Ca;\WO4:xEu**-based materials for various
applications as red-blue phosphors in different kinds of display devices.
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We report here the analysis of vibrational properties of the sanbornite (low-BaSi,0s) and BasSigO»; using
theoretical and experimental approaches, as well as results of high temperature experiments up to 1100-
1150 °C. The crystal parameters derived from Rietveld refinement and calculations show excellent agree-
ment, within 4%, while the absolute mean difference between the theoretical and experimental results for
the IR and Raman vibrational frequencies was <6 cm~". The temperature-dependent Raman study ren-
ders that both sanbornite and BasSigO,; display specific Ba and Si sites and their Ba—0 and Si—0 bonds.
In the case of the stretching modes assigned to specific Si sites, the frequency dependence on the Si—0
bond length exhibited very strong correlations. Both phases showed that for a change of 0.01 A, the vibra-
tional mode shifted 10 + 2 cm™". These results are promising for using Raman spectroscopy to track in situ
reactions under a wide variety of conditions, especially during crystallization.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Barium silicates are extensively studied for their excellent
material properties and device performance in a range of impor-

* Corresponding author.
E-mail address: andres@qfa.uji.es (J. Andrés).
! Permanent address: Department of Physical Chemistry, University of Valencia
(UV), 46100 Burjassot, Spain.
2 www.certev.ufscar.br.
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1386-1425/© 2020 Elsevier B.V. All rights reserved.

tant technological applications [1-7] Sanbornite (low-BaSi,0s) is
a uncommon mineral found in Big Creek, California (USA), and its
hydrous analogue bigcreekite (BaSi,0s-4H,0) are rare examples
where Ba is concentrated in a silicate phase [8-10]. On the other
hand, BasSigO,; is a synthetic phase, displaying the rare
characteristic of being an anhydrous phase containing ribbons
(quadruple zweier chains) of silica tetrahedra surrounded by Ba
cations which stabilize the stretched chains. Each ribbon is com-
posed of two types of SiO4 units that can be distinguished by the
number of inter-tetrahedral linkages they contain. These can be
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Fig. 1. Rietveld refinement of diffraction patterns for A) sanbornite and B)
BasSig051.

described as Q" species where n is the number oxygens bonded to
adjacent Si cations. In BasSigO»,, the tetrahedra along the edges of
the ribbons are only bonded to two adjacent tetrahedra, Q? species,
whereas the tetrahedra which form the interior of the ribbon are
connected to three adjacent tetrahedra, Q* species. Ultimately, Bas-
Sig0>; is distinct from sanbornite in the presence of the Q? species
but comparable in that ribbon and sheets are dominantly com-
posed of Q® species. Both structures have been discussed in consid-
erable detail by Liebau and colleagues [11-14].

Sanbornite and BasSigO,; have received considerable attention
in recent years due to their desirable formation as acicular aggre-
gates, leading to a considerable strengthening of the glass-
ceramics produced and due to their high thermal expansion, which
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Fig. 2. A schematic representation of the sanbornite crystal structure. Ba are large
yellow spheres (colour online). Blue Si-centered tetrahedra show dark red BO and
lighter pink NBO. Site labels refer to those in Table 2. The directions defined by the a
and c lattice parameters are drawn.

has led to their wide investigation for solid-oxide fuel cell sealant
materials [5,15]. In particular, sanbornite-based glasses display
volume nucleation and thus have long been of interest to research-
ers looking into the fundamental process of crystallization [16-22].
When doped with rare-earth elements, these materials can be used
as light emitting diode materials [23,24|. Although interesting
behaviors have been shown, there is a lack of clarity regarding
the origin and significance of the vibrational modes and their tran-
sitions during crystallization processes [21,25-28].

Vibrational spectroscopy is one of the most versatile techniques
used in the investigation of the structure of oxides and oxide
glasses. For the low symmetry materials, there may be several

Table 1
Crystal structural parameters of barium silicate phases in this study.
Phase Formula Space Group  Density' (g/cm?) Cell Volume a b {4 B Reference
theoretical ~ experimental  (A%) (A) (A) (A) (degrees)
Sanbornite low-BaSi;0s  BaSi,0s Pmcn 3.77 3.70 481.25 7.688 4629 13.523  90.00 [12]
481.78 7.689 4632 13528 90.00 [15]
483.02 7.695 4.636 13.538 90.00 This study - Rietveld
3.632 500.84 7.778 4684 13744 90.00 This study - DFT
B5S8 BasSig0,;  C2/c 3.925 393 2110.20 32675 4695 13.894 98.10 [11]
21206 32739 4702 13917 98.17 [15]
21216 32756 4705 13909 98.18 This study - Rietveld
3.771 2200.3 33284 4738 14.097 98.29 This study - DFT

! Reported in [13].
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bands calculated to lie near the position of a single observed fea-
ture. In such cases it is impossible to make an unambiguous assign-
ment if the calculated intensities are so model-dependent that they
cannot be used as an aid. Quantum-chemical computations pre-
dicting frequencies and spectral intensities are essential to comple-
ment the interpretation of experimental spectra, particularly for
complex materials where the high density of states results in spec-
tral complexity [26].

Despite the long history of using Raman and infrared spec-
troscopy, as well as the employ ab initio quantum mechanical
methods [29,30], as appropriate tools to investigate the vibrational
behavior and related properties (e.g. heat capacity), few crystalline
phases of silicates have had detailed determination of their vibra-
tional modes. Early studies have been subject to the limitations
and ad hoc assumption used to determine the dominant spectral
features [29].

The temperature effect on the phonon properties of both san-
bornite (low-BaSi,05) and BasSig0»; is unknown yet, and it is of
great interest to study their vibrational properties at high-
temperature. In this context, this work investigates the vibrational
modes of these systems related with the phases presented in the
BaO—SiO, system. The experimental results are correlated with
first-principle calculations, at the density functional theory (DFT)
level, which allows not only the classification of the vibrational
modes up to 1150 °C, but also to obtain information and structural
changes undergone by these materials. The application of the
described strategy allowed us to reliably describe the low-
BaSi,05 and BasSigO,; materials.

2. Experimental and theoretical procedures
2.1. Sample preparation

High-purity reagents, BaCO5; and SiO, (Sigma-Aldrich, >99.9%),
where used to synthesize both low-BaSi,0s and BasSigO,;. Due to

‘ J\

BO S|3
Si2

9&411&49
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the impurities resulting from the stable phases differing by only
~3% BaO, the solid-state reaction procedure was followed. This
entails grinding the powders in a highly vibrating mill (to ensure
fine and evenly distributed grain sizes) and compression into
tablets and then heat-treated for 30 h at 1340 and 1410 °C for
low-BaSi,05 and BasSigO,;, respectively. Prior to heat treatment
the polycrystalline tablets were calcined for 1 h at 1000 °C. Both
phases have been confirmed by X-ray diffraction (XRD) measure-
ments using Cu K, radiation operating at 40 kV and a current of
20 mA in continuous scanning mode (0.5° min ') with a 26 step
of 0.02° between 10° < 26 < 80° on a Rigaku Ultima IV diffrac-
tometer. Rietveld refinement of the resulting patterns were done
using the GSAS program [32,33]. A LabRAM HR800 was used to
measure the Raman spectra operating a 532 nm diode laser of
~20 mW power on the sample. Spectra where taken using a
100x visible objective, a 100 um pinhole, an 1800 gr/mm grating
resulting in a frequency and lateral spatial resolution of
~0.5 cm™! and <2 pm, respectively. Spectra are the average of
12 scans of a dwell time of five seconds. Spectra have been
intensity normalized to the high frequency stretching region,
although raw spectra have roughly equal intensity. Measured
Raman active modes were curve fit using Lorentzian lineshapes
to determine individual peak parameters. High temperature
measurements were carried out on 40-60 mg polycrystalline
monolithic chips heated using a Linkam stage and a 50x SLWD
objective. Slightly longer spectra (10 s dwell time and 16 spectra
were averaged) were taken as the furnace window cuts the
measured intensity to roughly a third of ambient condition
spectra.

2.2. Computational methods

DFT calculations of the lattice parameters and vibrational
modes were done using Becke's three-parameter hybrid non-
local exchange functional, combined with a Lee-Yang-Parr

Fig. 3. A schematic representation of the unit cell showing structural features of BasSig0O,,. Site labels refer to those in Table 3 and colors follow those in Fig. 2. The directions

defined by the a and c lattice parameters are drawn.
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gradient-corrected correlation functional (B3LYP), implemented in
the CRYSTAL17 package [34]. The atoms were centered and
described using pseudopotential databases; [35], 88-31G* [36]
and 8-411d11G [37] (all-electron) for Ba, Si and O, respectively.
Regarding the diagonalization of the density matrix, the reciprocal
space net was described by a shrinking factor of 4, generated
according to the Monkhorst-Pack scheme. The accuracy of the
evaluation of the Coulomb and exchange series was controlled by
five thresholds, whose adopted values were 1077, 1077, 1077,
107, and 10 "4 The vibrational frequencies calculation was per-
formed at the T" point within the harmonic approximation, and
the dynamic matrix was computed by the numerical evaluation
of the first derivative of analytical atomic gradients.

Table 2
Experimental and calculated vibrational modes in sanbornite.
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3. Results and discussion
3.1. XRD analysis

The XRD patterns of the synthesized samples are shown in
Fig. 1. The crystal structure parameters are in agreement with
the literature results, Table 1. The Rietveld refinement results are
comparable to published results having a goodness-of-fit (y?) close
to unity and R values below 10% [38]. The cell volumes for the mea-
sured and calculated structures of low-BaSi,Os and BasSigO,; are
less than 1% and 4% of the published values [11,12,15], respec-
tively. Therefore, the simulations show a very good agreement
with the experimental results of the measured structures.

Mode Infrared modes Raman modes

Frequency cm ' Symmetry Origin Frequency FWHM Relative Intensity (%) Frequency Symmetry Av Origin®
vy 60.0 A, lattice 55.0 12 11 59.8 Ay —4.8 02-Ba
Uy 66.1 Bay 02-Ba 70.1 35 14 715 Bag -1.4 Ba-02-Si
U3 759 Ay Ba-02-Si 71.9 22 34 78.0 Bsg -6.1 Ba-02
U4 93.0 22 14 78.3 Big 14.7 Sio4
Us 98.6 18 1 99.5 Ag -0.9 Ba-02
Vs 104.4 Biu Ba-02 103.3 24 4 102.3 By 1.0 lattice
V7 110.1 A, Ba-02-Si
Ug 1203 By, lattice 1164 By Ba-02
Vg 126.3 Biu Si-02 118.2 3.0 23 118.5 Big -03 lattice
V1o 1348 Bay 01-Si-02 122.0 6.7 6 125.1 Bsg -3.1 Si-02
U1y 135.7 By, lattice 126,8 Ay 01-Si-03
V12 1375 Biu 01-Si-03 1485 6.0 3 159.6 Bag -11.1 Ba-02
V13 182.5 Bau lattice 168.8 74 2 182.7 Bsg -139  Si-02
V14 198.7 Ay Ba-02 1915 7.9 16 203.0 Big -11.5  Ba-02
Uss 209.3 A, Ba-02 224.0 104 19 216.9 Ag 7.1 Si-03
Vs 2128 Biu lattice 247.4 6.0 6 236.3 Big 1.1 lattice
U7 253.8 Bou Ba-02 267.4 12 5 259.9 Big 7.5 lattice
Uig 259.3 |:EM lattice 278.0 By Ba-02,3-Si
Uyg 294.6 Biu Si-02 292.3 12.6 5 299.3 Ag -7.0 lattice
V2o 3128 Bau Si-01-Si 315.7 5.0 11 322.2 Bag —6.5 Ba-02
V21 3255 B3y lattice 3326 338 17 330.6 Big 2.0 03-Si-01
Va2 327.6 Au 03-5i-01 341.8 46 11 3422 By -04 lattice
Va3 372.0 Biu Ba-02 3553 Ag Ba-02
Uog 389.1 A 02-Si-03 391.9 By, lattice
Uas 401.7 Bau lattice 386.1 52 3 392.9 Big —6.8 02-Si-03
V26 4389 Bau 01-Si-02 431.5 6.3 0 438.6 Bsg -71 01-Si-02
U7 453.9 By, 03-5i-01 453.0 3.2 1 457.0 Byg -4.1 Si04
Uzg 468.4 Biu 01-Si-03 459.0 6.1 2 464.6 Ag -5.6 01-Si-03
Uzg 4731 Ay 02,3-Si-03 476.2 23 8 479.3 Big -3.1 02,3-Si-03
V30 486.3 Biu 01-Si-03 492.8 28 1 488.2 Ag 4.6 01-Si-03
U3 507.5 Bay 03-Si-02 508.4 Bag 03-Si-02
V32 535.6 By 03-Si-02 535.5 8.2 66 534.5 Ag 1.0 03-Si-02
V33 538.7 Bau Si04 550.0 Big Si04
Usq 594.1 Ay 03-Si-02 597.2 5.9 7 594.4 Big 2.8 03-Si-02
Uss 693.6 Bay Si-01 703.8 B, Si04
Use 758.8 Bay Si-03 759.7 Bag 03-Si
V37 7731 B Si0y 756.5 94 1 760.6 Ag 4.1 Si04
Usg 803.5 Bau Si-03-Si 805.9 Bsg Si-03-Si
Vsg 971.1 Bsu Si04 973.2 Big 02,3-Si
V40 972.4 Ay 03-Si-02 973.6 Bag Si04
U4y 980.5 By 03-Si-02 986.6 9.6 2 980.4 Ay 6.2 03-Si-02
Va2 1001.4 Bsu 01-Si 1000.3 5.2 2 1004.1 Byg —377 01-Si
Vg3 1035.6 Ay Si0y 1037.4 3.8 1 1046.1 Big -8.7 02,3-Si
U4a 1047.7 Bau 02-Si 1053.4 Big 02-Si
Ugs 1084.3 Ay 01-Si 1077.9 4.5 100 1084.5 Big 6.6 01-Si
Vg 1095.1 Bsy Si0, 1100.1 49 1 1096.3 Ag 3.8 02-Si
Va7 1095.3 Bau 03-Si 1113.2 Bag 01,2-Si
Ugg 1100.6 Biu 02-Si 1172.9 10.3 1 1193.0 B, 20.1  03-Si

Mean A, FWHM' 7.8 AV 5.8
Mean B, FWHM' 53 max. Av 20.1

' only modes contributing > 1% to the area were considered.

2 |Av| is the absolute mean difference between theoretical and experimental frequency.

3 Note 01 & 03 are BOs whereas 02 is a NBO (Fig. 2).
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Table 3

Experimental and theoretical vibrational modes in BasSig0,;*
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Mode Infrared modes Raman Modes
Frequency Symmetry  Origin® Frequency FWHM Relative Area  Frequency Symmetry Av Origin'
cm™! cm™! cm™! Intensity (%) % cm™!
v 69.5 B, 010-Si4 53.7 By 010-Si4
Uy 45.9 Ay 02-Ba2-010 51.8 32 5.4 <1 54.5 Ag 27 lattice
V2 55.5 By Ba2-01-Si1 57.1 1.8 5.8 <1 55.7 Bg -14  010-Ba2-02,06
U3 62.5 Ay 05-Ba2-07 59.9 2.1 4.1 <1 60.1 Ay 0.2 06-Ba2-010
U4 64.7 B, 02-Ba2-05,6 65.4 29 19.2 1.2 73.0 Bg 7.6 Ba2-06-Si3
Us 68.3 Ay 04-Ba1-02
Vg 70.2 By 010-Ba3-07 71.6 0.8 1.8 <1 74.2 Ay 26 lattice
vy 7312 By 01-Ba1-04,5
Vg 75.3 Ay Ba2 76.8 42 148 13 80.2 Bg 34 05-Ba1-Si1/01
Ug 814 Ay Ba3-010-Si4 81.8 4.0 23.0 2.0 85.9 Ay 4.1 lattice
V1o 87.8 B, Ba3-07-Si3 85.3 4.1 9.0 <1 87.7 By 24 lattice
U1 88.6 Ay 02-Ba1-04-Ba2- 88.9 51 15.0 7 934 Ag 45 complex
010-Ba3
V12 99.4 B, Ba3-07 92.6 48 22.6 24 98.0 By 5.4 01-Ba1-02,5
U3 101.1 A, 02,5-Ba1-01 98.3 5.6 8.5 1.0 101.7 By 34 Ba2-various O
Vig 104.4 Ay Ba lattice 102.5 39 18.6 1.6 101.8 Ag -0.6  Si1-02-Ba1,2-010
Uis 108.0 B, Bal,3-various O-Sil 105.3 6.5 29.6 4.2 105.8 By 0.5 01,4-Ba1-02/Si1
Ve 1124 By Ba2-010-Ba3 106.0 Ay Bal-Si1 lattice
V17 114.0 B, Ba3-07 1144 8.2 7.6 14 1155 By 1.1 Ba2-010-Ba3
Ui 115.1 Ay Ba3-07,10 & Si4- 117.2 Ay 04-Bal-01
o011
V1o 118.6 Ay 04-Ba1-01 122.8 1.0 09 <1 1229 Ag 0.1 Si4-011
V20 122.3 By 010-Ba2-02 & 010- 133.8 By Ba2-010-Si4 & 07-
Ba3-07 Ba3-010
[ 125.1 Ay 05-Ba2-010 & Si4-  132.8 6.0 9.2 1.2 134.0 Ag 1.2 010-Ba2-06
011
U2 130.1 Ay 07-Ba3 & 010-Ba3  140.6 104 2.2 <1 141.6 B, 1.0 06-Ba2-010-Ba3
Vg3 1383 By 07,10-Ba3 &010- 143.6 Ag lattice
Ba3
Uzg 139.6 Ay lattice 149.2 41 26 <1 154.4 By 52 lattice
Va5 155.9 By lattice 164.6 73 45 <1 160.9 Ag -3.7  01-Bal-02 & 05-
Ba2
V26 166.4 Ay lattice 168.6 9.2 8.7 1.8 167.7 B -0.9  04-Bal-02
U7 166.6 By 04-Ba1-02 186.0 105 6.7 1.6 176,8 Ag -9.2 01,5-Bal,2
Uzg 188.5 Au Ba1,2 lattice 196.0 119 2.0 <1 196.2 Bg 0.2 lattice
() 196.0 By 05,6-Ba1,2-01,2,6 209.1 8.6 5.6 1.0 208.1 Ay -0.9 014-Bal1,2-01,25
V3o 204.4 Ay 04-B1-02 & 04-Si2- 209.2 By 01-Bal1-04
06
U3y 212.8 By 02-Bal-01 217.7 B, 02-Bal,2-01,5
V32 217.7 B. 02-Ba1,2-01,5 226.7 Ag 01-Bal & 03-Si1-04
V33 2211 Ay 02-Bal & 02-Ba2- 227.7 By lattice
05
Usg 2294 Ay lattice 2415 12.8 29.9 84 233.1 Ay -84  02-Bal & 02,6-Ba2-
02,5
V35 233.7 B, lattice 250,8 Ay 05-Bal,2-01,2
Use 243.2 By lattice 257.7 10.0 146 32 255.1 By -26  05-Bal,2-01,10
V37 259.6 Ay lattice 264.7 Ay lattice
Usg 266.6 B. lattice 273.6 9.8 16.3 35 274.5 Bg 09 lattice
Usg 269.5 Ay lattice 283.7 9.0 36.7 7.2 280.7 Ay —-3.0 lattice
V4o 279.3 B, 07,10-Ba2,3-02,7 297.8 83 55 1.0 299.6 By 19 010-Ba2,3-02,7
Va1 290.8 Ay lattice 306.6 9.7 8.3 1.8 300.4 Ag —6.2 lattice
Vg2 296.4 Ay 010-Ba2-02 & Ba3- 316.3 8.9 8.6 1.7 310.6 By -5.6  02,5-Bal,2-01,5,10
07,10
Va3 303.2 By 01-Ba1,2-01,5 3248 5.8 29 <1 3221 Ag -27  Bal3-0157
Vaq 3145 Ay 07-Ba3-010 3222 By Ba3-Si3-07,9,10
Uss 321.7 B, 09-5i3,4-06,11 3325 By 01-Ba1-05-Sil
Vge 3243 Ay Ba2,3-02,7,10 333.9 Ag lattice
V47 3304 B, all Ba rattle 350.0 Ag lattice
Uag 338.1 Ay Ba2,3-010-Si4 363.1 8.2 3.0 <1 361.7 Ag —14  lattice
Vg9 359.5 Ay lattice 3752 8.4 39 <1 369.2 By 6.0 lattice
Usg 3723 B, lattice 384.7 By 011-5i4-010
Usy 381.1 Ay 08-5i3-07 & Si4- 393.7 9.8 21 <1 386.2 Ay -75  Si4-011
011
Vs2 383.1 By 011-Si4-010 400.1 By 05-Si2-06
Us3 393.8 B, 05-5i2-06 409.2 6.3 32 <1 406.8 Ay -24  lattice
Usaq 413.5 A, 05-Si2-04 430.4 54 45 <1 421.5 By -89  010-Si4-011
Uss 420.6 By 010-5i4-011
Usg 433.5 Ay lattice 439.0 4.6 49 <1 4449 A, 5.9 01-5i1-02
Us7 457.2 By Si1-01-Bal 445.0 5.6 4.5 <1 451.1 By 6.1 01-Si1-02 & 010-
Si4-08
Usg 463.9 A, Si4-010-Ba2 449.4 6.3 39 <1 465.4 By 16.0 04-Si1-01
Usg 464.0 By 04-Si1-01 468.6 4.6 10.7 14 467.4 Ay -1.2  Si4-010-Ba2
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Table 3 (continued)
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Mode Infrared modes Raman Modes
Frequency Symmetry  Origin? Frequency FWHM Relative Area  Frequency Symmetry Au Origin'
cm! cm ! cm! Intensity (%) % cm !
Vgo 481.4 By 011-Si4-08 471.0 6.2 59 <1 484.2 Ag 13.2 01-Si1-04 & 03-
Si2-05
Vg1 485.8 Ay 03-5i2-05 480.9 5.6 136 1.7 484.7 By 3.8 Si3-08-Si4 & 011~
Si4-08
Vg2 490.8 Ay 01-Si1-04 501.8 8.1 217 3.9 488.7 Ag 13.1 Si3-06-Ba2
Vg3 498.4 Bu 02-5i1-04 & Si3- 506.7 4.4 10.1 1.0 494.9 By -11.8 02-Si1-02
06-Ba2
Vga 511.6 Ay Si4-08-Si3 516.7 3.8 29 <1 512.9 Ag -3.8 Si4-08-Si3
Ves 522.7 Bu Si1-03-Si2 & 09- 523.6 4.7 145 1.5 523.9 Bg 0.2 Si1-03-Si2 & 08-
Si3-06 Si3-09
Vg6 532.5 Ay 08-5i4-010 535.1 53 87.7 126 536.1 Ag 1.0 07,9-5i3,4
V67 539.9 By Si3,4-08,9 545.0 By Si3-09-Si4
Vgs 540.7 Ay Si3-09-Si4 545.7 53 50.0 5.8 545.5 Ag -0.2 07-Si2-05 & 09-
Si3-08
Vg 555.4 By 03-Si2-04 555.6 By 03,4-5i2-05,6
V70 562.0 Ay 04-Si1-Bal & 03- 564.5 Ag 04-Si1-Bal
Si2-04
U7y 589.3 By 04-Si1-03 601.9 6.7 238 35 587.7 Bg ~14.3  04-Si1-03
V72 633.3 By Si rattle 613.9 73 220 35 626.4 Ay 12.5 Si1-04-Si2
V73 634.5 Ay Si1-04-Si2 632.1 6.5 3.1 <1 639.2 By 71 Si1-04-Si2
V74 7171 Ay 08,10-Si4-011 717.6 Ag 08,10-5i4-011
V75 735.6 By, Si1-03,6-Si2 7345 By Si1-03,6-Si2
V76 738.1 Ay 03-Si1-Bal 736.1 6.7 1.2 <1 739.6 Ag 3.5 03-Si1-Bal
V77 753.2 By 04-Si2-05 749.2 10.2 19.7 44 7574 Ag 8.2 Si2-04-Bal & 06-
Si2-03
Uzg 759.0 Ay 04-5i2-05 759.4 By Si2-04-Si1
V7o 770.6 B, Si3-08,9-Si4 774.2 A Si3-08,9-Si4
Vgo 781.6 Ay Si3-08,9-Si4 7794 Bg Si3-08,9-5i4
Vg1 9243 B, 03,4-Si2 925.3 By 034-Si2
Vg2 9244 Ay 03,4-Si2 920.7 4.8 15.5 1.6 926.0 Ag 53 03,4-Si2
Vg3 937.0 By 02-Si1 924.0 7.2 322 5.1 9341 Ag 10.1 01,2-Si1
e 941.9 Ay 01-Sil 952.8 By 01,2-5il
Ugs 965.5 Bu Si3-09-Si4 & 09-Si4 966.2 By Si3-09-Si4 & 09-Si4
Usg 966.5 Ay Si3-09-Si4 & 09-Si4  969.7 124 21 <1 967.2 Ag 25 Si3-09-Si4 & 09-Si4
Vg7 978.4 By 08-5i3-06, 08-Si4-  987.5 29 0.4 <1 986.0 By -14 08-Si3-06
010
Ugg 997.1 Ay 04-Si1 & 07-Si3 1004,0 73 33 <1 1011.5 By 75 06-Si2 & 010-Si4
Ugg 1008.4 By 06-Si2 & 010-Si4 1011.3 4.7 128 13 1012.6 Ag 122 01-Si1-02
Vgg 1016.3 Ay 02-Si1 1024.4 38 10.8 <1 1018.2 Ag 6.1 03,4-Si1-Bal & 07-
Si3
Vo1 1023.7 Ay 06-5i2 & 010-Si4 1027.6 8.6 136 26 1021.8 Bg -5.8 01,02-Si1
Vga 1028.4 B, 02-Si1 10428 Ag 01-Si1
Vg3 1046.5 By 01-Si1 & 07-Si3 1053.5 7.4 7.4 1.2 1045.5 By —-8.0 Si2-06-Ba2 & 06,7-
Si3
Vga 1056.9 By 06,7-Si3 1066.8 5.5 100 121 1064.7 By -2.1 07-Si3
Vgs 1064.5 Ay 06-Si3 1069.6 5.7 44.1 5.5 1065.1 Ag -4.5 05-Si2
Vog 1075.8 By 03,5,-Si2 & 08-Si4 1075.3 4.5 63.7 6.3 1078.6 Ag 33 08,10-Si4
Vg7 1078.0 Ay 03,5-5i2 & 08-Si4 1085.6 Ag 07-Si2
Vgg 1086.0 Ay 07-Si3 1094.1 33 0.8 «1 1107.6 By 135 Si1-04-Si2
Vgg 1089.0 By 05-Si2-06 1099.4 5.2 1.2 <1 1108.8 Ag 9.4 Si2-06-Si3
Vioo 1129.5 Ay Si4-05,8 11304 8.4 0.1 <1 11324 By 2.0 Si4-011
V101 1178.8 Bu Si4-011 11711 11.0 0.7 <1 1197.9 By 26.8 Si4-011
Mean A, 6.9 |Av| 5.1
FWHM
Mean B, 7.0 max. Av 26.8
FWHM

* The symbols used are the same as in Table 2.

T - Note 01, 02, 05, 07 & 010 are NBO whereas 03, 04, 06, 08, 09 and 011 are BO. Si1 is the Q* whereas Si2-Si4 are Q* species (see Fig. 3).

Sanbornite is a phyllosilicate composed of two layers: one of Q*
species and one of BaOy polyhedra (Fig. 2). Each of the Q* species
are connected to adjacent tetrahedra via bridging oxygens (BO)
at the O1 and O3 sites whereas the 02 oxygen is a non-bridging
oxygen (NBO) which is only bonded to one Si and three Ba atoms.
Topologically, sanbornite can be described as a 6 net or an infinite
layer of six-membered tetrahedral rings [39]. The large size of the
Ba cations distorts each sheet such that the NBO are sticking out

towards the Ba cations. This results in a relationship between the
layers were one BaOg polyhedron sits atop of two silica tetrahedra,
and vice versa.

BasSig0,; has 18 crystallographic sites (Fig. 3) and as a conse-
quence has a large number of Raman modes (Table 3). This phase
is a rare silicate composed of quadruple zweier chains that form
ribbons that can be described topologically as *T3Tg ribbons [40].
In the BasSig0,, structure, the edge of each ribbon has Q? species
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at the Si1 site. The remaining Si sites (Si2-Si4) are Q> species, all of
which have three BO and one NBO. The Q" species display distinct
vibrational frequencies.

3.2. Vibrational modes

3.2.1. Low-BaSi,0s

The primitive cell of sanbornite (Pmcn) contains 32 atoms and
therefore, 96 normal modes including the three acoustic transla-
tions (Byy, B2y & Bsy) (Fig. 2). The correlation method [41] allows
for the determination of the vibrational modes at the center of
the Brillouin zone, [I'piens =13Af + 1B, + 11B5, + 13B,+

vibrational —
11A7" 4+ 12B + 12BR + 10BY. There is no known published eval-
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uation of the vibrational spectra despite the multiple Raman stud-
ies involving sanbornite [27,28,42]. However, theoretical results
reproduce the experimental vibrational modes with an absolute
mean deviation of <6 cm™', and the high degree of overlap in the
measured peaks and the displacement from unity in the calculated
frequencies yields a small potential for ambiguity. For example, the
measured modes numbering 12 (148.5 c¢cm ') through 17
(267 cm™') could correspond to the calculated modes at 182.7
through 278.0 cm ™. The overall agreement found between mea-
sured and simulated frequencies suggests that the spectrum can
be divided into four regions according to the predominant symme-
try character of the modes: the essentially rigid rotational motions
occur below 100 cm™!; bending modes involving Ba—O polyhedral
from 100 to 400 cm™'; intra- or inter-tetrahedral bending modes

———T—T—T—T—7TT T T 7T T T T T T T T T T T T T T
(A Ba,Si,0,,
P
8
=
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r-] | | 1 | | | [N |
E 52 82 242 284 316 502 535 546 614
=
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5572 224 268 333 476 535
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Fig. 4. Spectra of sanbornite and BasSigO,, at 25°C and 800 °C. A) the low frequency region and B) the high frequency stretching modes. Arrows highlight the vibrational

modes.
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(0—Si—0, Si—0—Si), with varying degree of Ba participation, at the
range 400-760 cm'; the stretching mode region found
>800 cm~'. However, there are several stretching modes around
118 and 160 cm ™! and bending modes in the stretching region.
Modes described as lattice involve significant movement of both
the BaOg and SiO4 sublattices. The complete list of mode symme-
tries and cations involved are reported in Table 2.

An analysis of the theoretical results of Table 2 shows that there
is no distinction in either the relative intensities, the linewidths, or
symmetry of modes involving a particular site (whether Si or Ba).
Apart from the frequency distinctions there is no physically mea-
surable parameter that distinguishes modes involving Si from Ba,
nor distinguishing BO from NBO behavior.

3.2.2. BasSig0z;

The primitive cell of BasSigO,; (C2/c) contains 68 atoms and
consequently 204 normal modes including the acoustic modes
(A, + 2B,). The vibrational modes at Brillouin zone center can be
composed as: T5p5002" = 49A% + 50Bf + 51A] + 51B]}". The theoret-
ical results reproduce the experimental observed modes slightly
better than for sanbornite with a lower absolute mean deviation
of <5.1 cm™ . It is important to remark that numerous vibrational
modes leave some ambiguity, especially at lower frequencies
where many modes overlap. Note that the Ba3 and O11 sites
(Fig. 3) are found at the Wycoff sites 4a and 4e, respectively, and
consequently, the correlation method would infer that the Ba3 is
not Raman active and that O11 site would only contribute to three
modes. Fortunately, our simulation shows that this inference is
somewhat misleading. An analysis of the results of Table 3 renders
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that the Ba3 site contributes to at least six modes whereas the 011
site contributes to multiple modes included several pure Si4-0O11
stretching modes with values larger than 1100 cm ™. This result
highlights the necessity of ab initio simulations in determining
the origin of the Raman modes. As with sanbornite, the spectra
can be divided into four regions with small shifts in the limits
(Fig. 4). The essentially rigid rotational motions occur below
100 cm™'; bending modes involving Ba—O polyhedral from 100
to 370 cm™'; intra- or inter-tetrahedral bending modes (0—Si—0,
Si—0—Si), with varying degree of Ba participation, found from
370 to 780 cm '; the stretching mode region found >900 cm .

The same caveats noted above apply to our analysis of BasSig-
0,1, however, given the complexity of the spectra we emphasize
that the agreement is excellent. The above modes are discussed
in more detail below along with some correlations to their crystal
chemical properties.

3.3. Temperature dependence of Raman modes

In general, as temperature increases, a thermal expansion takes
place with concomitant increase of the crystal volume by length-
ening bonds and increasing the inter-tetrahedral angles. These
changes should be recorded in the frequencies of the vibrational
modes. Twenty of the 33 measured modes found for sanbornite
(Table 2) have been consistently identified up to 1150 °C, and
therefore, can be related to its thermal expansion. Table 4 includes
the ambient position center (vo) and linewidth (W) and their tem-
perature dependences (3v/8T and §W/3T, respectively) as well as a
confidence indicator whether regression well (R? > 0.9) to weakly

216.8 cm! 236.2 cm!

536.1 cm?! 926.0 cm!

low-BaSi,O;

534.5 cm!

BagSig0,,

‘P
. » »
. > Q}

1065.0 cm™!

f f

1084.5 cm!

Atoms

1079.0 cm™!

Fig. 5. Vibrational modes of the tetrahedral group (SiO4) for low-BaSi,0s: 216.8, 236.2, 534.5 and 1084.5 cm ™' and BasSigO,: 536.1, 926.0, 1065.0 and 1079.0 cm .
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Table 4
Values of thermal effects on the mode parameters for sanbornite.
Mode Center (C) Shift Linewidth' % of Variance” 16’
Vo T 10% /8T Wo 10° 8W/sT v W

Uy 55.0 1150 -6.5 0.9 17 h m 322
U3 71.9 1150 -8.6 3.0 45 h h 3.26
Vg 103.3 1150 -9.9 39 4.8 h 1 261
Vg 118.2 1150 —135 4 n.d. h 311
Oz 148.5 925 -20.6 5 nd. h 3.78
Uss 224.0 1150 -114 12.5 14.7 m m 1.39
V16 2474 1150 34 4.1 246 1 h -0.37
V17 267.4 1150 =23 8.2 15.7 1 h 0.23
Vg 2923 1150 -11.3 13 n.d. h 1.05
Vg 315.7 1150 -133 4.6 198 h h 1.15
V21 332.6 1150 -10.0 2.8 17.9 h vh 0.82
V22 341.8 1150 29 43 144 m h -0.23
Ugo* 476.2 1150 -7.2 3.0 77 h h 0.41
V32 5355 1150 -19.0 8.7 26.6 h vh 0,97
Usg 597.2 1150 -30.0 9.7 10.8 m 1 137
V37 756.5 1150 -20.8 12.2 9.9 h 1 0.75
Va2 1000.3 1150 -25.8 n.d. 0.70
Vgs 1077.9 1150 -19.7 2.8 184 h h 0.50
Uag 11729 1150 =317 20-40 n.d. h 0.74

* FWHM deviates from linearity around 800 °C
' W = full-width at half-maximum; n.d. = not determined
2 % of variance explained by regression model: v = very; h = high, R? > 0.9; m = moderate, R? > 0.75; | = low, R? > 0.5
3 vp = (-1/atvo)(5V/8T)p, Where o is the room temperature volume expansion coefficient (3.67 x 107 /K) determined from the structural data of [15].
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describes the mode trend. Modes not included in this table were
not well constrained or too weak to follow as the temperature
increases.

Raman modes are related to specific bonds, and/or groups of
bonds, that can be characterized by their crystal chemical proper-
ties. For instance, the Ba—02 bonds are solely responsible for
vibrational modes at 55.0, 71.9, 148.5, and 315.7 cm ', however,
not all are well defined. Using the thermal expansion data of Gor-
elova et al., [15], combined with our in situ high temperature data
reported here allows us to determine the mode dependence on
various crystal structure parameters.

In Fig. 4, representative spectra at room temperature and 800 °C
were chosen to show the temperature dependence of the modes.
At higher temperatures, >800 °C, the distinctions between overlap-
ping modes are lost due to homogeneous broadening. The vibra-
tional modes with very low values of frequency at 55.0 (v;) and
71.9 cm™! (v3) are well defined, and become increasingly so, at
higher temperatures (Fig. 4a). The low frequency bands are related
to rigid motions of the Ba—02 bonds and, therefore relate directly
to the bond length and indirectly to the volume of the BaOg poly-
hedron (Fig. 5). Although they both have slightly different depen-
dencies, they are similar at roughly ~1.5 cm™' for bond length
change of 0.01 A (Fig. 6a). A difference quite easily measured given
the resolution of our Raman spectrometer. Likewise, the
1077.9 cm ™ (v45) stretching mode of the O1 away from the central
Si atom shows an even stronger correlation with the bond length
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(Fig. 6¢). This stretching mode is much more sensitive to a chang-
ing bond length in that for every 0.01 A the frequency shifts by
—9.8 cm . This bond length shift is very similar but even more
strongly correlated than that found for the Si—O stretching modes
and bond lengths in forsterite (Mg,SiO4) [30]. Another intense
mode is found at 535.5 cm ' (v3,) at ambient temperatures. This
mode is related predominantly to the bending motion of the Si per-
pendicular the face joined by adjacent bridging (two 03) and non-
bridging (02) oxygens. Ultimately, this vibrational mode can be
correlated to the overall volume of the SiO,4 tetrahedron (Fig. 3b).
In this case, a 1% volume change corresponds to a 1.9 shift in
wavenumbers. Further generalization of these relationships may
permit Raman spectroscopy to be used in situ to probe crystal
chemical properties, especially, during chemical reactions (e.g.
crystallization), where the origin of the vibrational mode is known.

The BasSig0,; spectra has a high number of vibrational modes
which has the advantage of permitting quite well-constrained tem-
perature dependence of the peak positions. However, the corollary
is that this co-dependence becomes a disadvantage when one
mode in a series of overlapping mode becomes poorly constrained
such that it degrades the fit of all overlapping modes. Ultimately, of
the 70 modes observed at ambient conditions, 28 were reliable
characterized to temperatures above 800 °C (see Table 5). The
temperature-dependent Raman study of the BasSig0,; was per-
formed to obtain information on structural changes induced by
temperature, and the wavenumber versus temperature plots are

Table 5
Values of thermal effects on the mode parameters for BasSis0,,*
Mode Center (C) Shift Linewidth % of Variance Yo'
Vo Tmax 10% 3v/3T Wo 10° SW/3T v w

Uy 52.0 1100 -53 1.5 5.7 h h 3.80
Uy 56.6 800 -4.3 24 43 h vl 283
Ve 76.6 1100 -3.8 2.7 53 m m 1.85
V1o 83.9 1000 -6 58 35 h m 2.66
Vg2 92.0 1100 -6.9 4 8.2 m m 279
U3 98.0 800 -1.8 4.2 75 1 | 0.68
Uss 104.5 600 0.8 6.2 n.d. m 1 -0.29
Vg 1313 600 -8.1 5 nd. h 1 2.30
Uag 166.3 1100 -17.8 12 n.d. h 1 3.99
Va7 185.4 1000 -239 138 13.8 h 1 4.80
Uzg 2111 1000 -313 9.7 274 h h 5.53
Vg 241.0 1100 -0.4 10.7 29.2 vl h 0.06
Usg 256.2 800 -6.8 10.5 238 1 m 0.99
Usg 282.8 1100 -3.8 8.2 248 m vh 0.50
Ugy 3053 1100 -4.5 9.9 18.1 vl m 0.55
Va2 3154 400 -11.3 71 20.6 h h 1.34
Vag 362.0 600 10.1 49 8.3 h 1 -1.04
Vag 376.0 1100 -3.6 59 193 1 m 0.36
V51 3939 600 -104 79 17.7 m h 0.98
Usg 430.2 1100 -33 3.8 11.9 vl m 0.29
Us7 445.1 800 -115 9 8.4 h 1 0.96
Usg 468.5 1000 -11.8 3.1 17 h h 0.94
Vg1 481.6 1100 -11 49 193 m h 0.85
Vg2 501.8 1100 -114 73 19.6 h h 0.85
Vgs 535.6 1100 -17.2 6.6 16.2 vh vh 1.20
Ves 546.0 1100 -113 39 248 vh vh 0.77
V71 600.8 1000 -11.8 5 19 m h 0.73
V72 613.8 1100 ~14.3 8.2 138 h m 0.87
Vg2 923.6 500 -18.7 6.2 12.6 h h 0.75
Ug3 928.1 1100 -21 6.5 19.7 vh h 0.84
Ugg 9722 1100 -22 9.9 232 h h 0.84
Vgg 1010.8 1100 —14.5 2.1 279 vh h 0.53
Vg1 1027.5 500 12 6.8 285 h m 0.44
Vg3 1053.8 1100 -25.4 4.6 34.2 h 1 0.90
Vos 1066.6 1100 -16 5.6 18 vh vh 0.56
Vog 1075.1 500 216 47 45 vh 1 0.75

* Parameters described as in Table 4.

! Isobaric mode-Griineisen parameter calculated using o, the room temperature volume expansion coefficient, determined as 2.68 x 10 /K from the structural data of

[15].
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presented in Fig. 7. We can observe that the Raman spectra remain
nearly unchanged during the heating of the sample.

Notable among these modes are those that are similar to those
in sanbornite, specifically those centered at 57, ~500, 900-
1070 cm ', which are related to Si—O—Ba bending, and Ba—0
and Si—O stretching motions, respectively. Unlike sanbornite, Bas-
Sig0,; does not have modes predominantly associated with speci-
fic Ba-Oxygen bonding. The mode at 56.6 cm ™' (v,) involves rigid
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motion of the Ba2 site combined with the two opposing oxygens,
02 and 010, on adjacent tetrahedral ribbons. The linear correlation
to the Ba2—O0* distance is weaker (Fig. 8a) than observed for san-
bornite (Fig. 6a). This is explained by the overlap of v, mode with
adjacent v; and v; modes. Likewise, the remaining modes involve
more than one oxygen and often both Si and Ba. For instance, the
bending modes at 468.5 (Vso) and 501.8 cm ' (Vvg,) involve Si4-
010-Ba2 and Si3-06-Ba2, respectively (Table 3). Both should there-
fore be sensitive to the twisting of the adjacent tetrahedra with
thermal expansion which is concentrated along the ribbon length
rather than perpendicular to it [15]. Fig. 8b shows the frequency
dependence of these modes correlated to their respective Si—0
and Ba—O bond lengths. They show excellent correlation in either
case. This change is significant, because often shifts in bending
modes are associated with changes in bond angles, however, in this
case, the Si4-010-Ba2 and Si3-06-Ba2 angles change less than 1
degree between room temperature and 1000 °C, whereas these
modes show large frequency displacements, both approximately
—1 cm™! for every 100 °C. These bending mode correlations are
stronger than recent correlations found for orthoenstatite [29].
Ultimately, however, knowing the pressure dependence as well
as the temperature dependence reported here would provide a
more rigorous understanding of the volume dependence and con-
sequently the thermodynamics of these phases.

Finally, the stretching modes at 928.1 (vg3) and 1066.6 (vgs)
cm ' are uniquely associated with the Si1 (Q?) and adjacent Si2
(Q%) sites, respectively, and clearly persist to the highest tempera-
tures investigated here (Figs. 4, 7). The Si1 mode involves both
stretching of both adjacent oxygens, O1 and 02, away from the
central silicon, whereas, the Si2 mode localized to the 05—S2 bond.
Both of these peaks overlap with adjacent modes although the vgs
mode suffers more from this issue. The high frequency B; modes
are quite sensitive to orientation, however, as this experiment
was conducted on the same site, we can be certain that the same
Vos mode was followed throughout our high-temperature experi-
ment. In the Si1 case, the average of the short, Si1-O1, and the long,
Si1-02, bond lengths are plotted against the frequency shift
(Fig. 8c). The strong correlations in both the peak center and line-
width affirm this interpretation (Table 5). In both cases, there is a
strong correlation between the bond length and the frequency of
these modes. Although not identical, nor should they be expected
to be identical, they are similar. They indicate that a 0.01 A change
in bond length corresponds to a shift of 10 + 2 cm ™.

4. Conclusions

The prominent phases of silicate: sanbornite and BasSigO,; have
become ever more important for industrial applications and hold
promise in understanding crystal nucleation and growth processes.
Though widely used, Raman spectroscopy remains limited by an
inability to make detailed mode assignments and consequently,
clear and confident interpretations remain few and far between.
This issue is largely overcome with ab initio calculations of vibra-
tional frequencies, as done here. The vibrational mode assignments
and their relation to the structural features has been reported in
detail for both sanbornite and BasSigO2;.

In addition, we report the temperature dependence of the
Raman modes. Given the detailed mode assignments, associated
to specific Ba or Si sites or bonding configurations have been
revealed. Several examples, particularly of the stretching modes
which are localized to specific Si—O bonds show strong correla-
tions with the bond length changes up to 1100 °C. These relation-
ships should be pursued to high pressures so that a complete
thermodynamic model can be made. Finally, if the frequency
dependence on some of these crystal chemical parameters can be
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Fig. 8. BasSigO>; frequency dependence of the crystal chemical parameters. A) Frequency v, versus Ba2—0* length, where O* is the mean bond lengths to the two oxygens
(06 and 010) involved in this motion. The dependence is described as —95.7 (Ba—0) + 321.5 (R? = 0.96). B) Comparison of the mode shift to the Si—O and Ba—0 bond lengths
involved in the 468.5 cm ™' (vso) and 501.8 cm ™' (V). (R? = 0.96-0.98). C) The Si—O stretching frequencies versus bond lengths for the Si1 at 928.1 cm ™! (vg3) and the main

Si2 band at 1066.6 cm ™' (vos).

generalized more broadly, in situ Raman experiments may lead to
critical insights into in situ reactions, including crystallization
and catalysis. Finally, we hope that this type of research can be
considered a clear example of how the joint use of first principle
calculations and experimental measurements of vibrational modes
is an appropriate strategy to disclose the structure of complex
oxide-based materials
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Abstract

Barium silicates may be found in contact aureoles and are used in several important
technologies (e.g. LEDs). The BaO-SiO, system stabilizes 13 crystalline phases with different
silicate tetrahedral and connectivity profiles. Aside from phases composed of a single structural
unit (isolated or homo-connected tetrahedra) one encounters the relatively rare case of hetero-
connected tetrahedra in which varying proportions of several Q" species are linked together.
Here, we analyze the *’Si MAS NMR and Raman spectroscopic manifestations of the
connectivities in seven barium silicates: Ba;SiOs, high-BaSiOs;, BasSigOj16, BasSigOa;,
BasSi;0026, high-BaSi,Os and sanbornite (low-BaSi;Os). The structures and purity of these
phases were confirmed by Rietveld refinement. From the Raman spectroscopic database on 144
predominantly homo-connected crystalline silicates, the mean Q" mode frequencies (Vg, = 10)
are found at 827.7 (+13.8) cm™ for Q, 905.3 (£22.1) cm™ for Q', 993.5 (£25.9) cm™ for Q?, and
1068.4 (+17.6) cm™ for Q® units. Experimentally, homo-connected barium silicates show good
agreement with these values whereas the hetero-connected phases show a wider range of vqg»
than of vqs frequencies. While the *’Si NMR chemical shifts of the barium silicates are in
agreement with known structural trends, those measured for the Q” resonances remain essentially
constant, which may be caused by the lattice distortion around the large Ba®" cations. To

complement and rationalize experimental measurements, first-principles calculations, at the
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density functional theory level, have reproduced measured frequencies within a mean absolute
deviation of less than 7 cm™. Our work highlights how the results provided by *’Si NMR and
Raman spectroscopies, and ab initio calculations can be combined to rationalize the structure of
complex systems. Present findings also shed light on the vibrational modes that may be used to
track bond lengths in sifu at extreme conditions and the behavior of homo- versus hetero-
connectivity, revealing clear implications for evaluating silicate glasses and melts where hetero-

connectivity is the rule rather than the exception.

Keywords: Barium silicates, Ba;Si0,, high-BaSiOs, BasSicO16, high-BasSisO21, BasSii002s,
high-BaSi,Os and low-BaSi,Os, *’Si MAS NMR and Raman spectroscopies, X-ray diffraction,

density functional theory calculations.

1 Introduction

During the last decade, the study of barium silicates represents an exceptional part in a wide
field of crystallographic and material science because of their applications in different fields. For
example, barium silicate-based ceramics are used as solid-oxide sealant materials (e.g. Namwong
et al. 2010), erasable-writable optical storage devices (Lin et al. 2019), and, when doped with
rare-earth elements, as light emitting diode materials (Xiao et al. 2009; Chen et al. 2015). Barium
silicates are built of SiO4" tetrahedra, the fundamental building blocks of almost all silicate
minerals and liquids (Liebau 1985). Its remarkable stability through the transition from the solid
into the liquid state is central to understanding and predicting the properties of silicate crystals,
glasses, and melts. The modified random network model of silicate liquids describes them as
having two entangled subnetworks: one constructed from interconnected silica tetrahedra and
one comprised of ill-defined modifier-oxygen polyhedra (MOy, where M = K, Ba, etc.) (c.f.
Greaves 1985). The silica subnetwork contains tetrahedra that may be connected by up to four
additional tetrahedra units. Connectivity is defined by the number of Si-O-Si bonds found around
a central tetrahedron and described using the Q" species notation, where n is the number of
bridging oxygen (BO) atoms shared between tetrahedra and 4-n is the number of non-bridging

oxygen (NBO) atoms bound to M cations (c.f. Calas et al. 2006). Most crystalline silicates are
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built from a single Q" species, whereas in silicate liquids and glasses have two or more Q"
species that are assumed to be randomly linked. Sanbornite, low-BaSi,Os, is an uncommon
mineral composed of Q* units and can be found in the metamorphic aureole associated with a
migmatite and granodiorite pluton at Big Creek, California, USA (Douglass 1958; Walstrom and
Leising 2005).

Barium silicates stabilize a wide range of structures from neso- (Q°), ino- (Q?), and phyllo-
(Q3) silicates including Ba,SiO4, BaSiOs, and BaSi,Os which are built from a single Q" species
(Eskola 1922; Roth and Levin 1959; Oehlschlegel 1975; Shukla et al. 2018). When bonding is
between Q" of equal n, e.g. Q-Q’, we refer to this as homo-connectivity. Also present are
BasSi016, BasSigOs1, and BagSii0026 which are uncommon non-hydrous crystal structures built
from both Q® and Q’ species, which are also interconnected (Liebau 1985). In this
mineralogically rare situation, where Q" are bound to Q™ . e.g. Q-Q? linkages, we refer to this
as hetero-connectivity (Fig. 1). By far the most common hetero-connective mineral phases are
found within the amphibole group (e.g. tremolite, Ca,MgsSisO2,(OH),), which have complex
chemistry including hydroxyl groups. The three hetero-connective phases, BasSi10026, BasSigOa1,
and Ba;SisO16, have QQ:Q3 ratios that increase with increasing Ba content from 1:4 to 1:3 to 1:2,
respectively (Table 1). Beyond their structures (Hesse and Liebau 1980a) and thermal expansion
behavior (Gorelova et al. 2016), little is known about these hetero-connected phases. In contrast,
the structure and properties of the homo-connected phases Ba,SiO; (Q"), high-BaSiO; (Q?), and
the two Q’ polymorphs, sanbornite (orthorhombic low-BaSi,Os) and monoclinic high-BaSi,Os,
have been the focus of many studies using X-ray diffraction (Grosse and Tillmanns 1974a,
1974b; Hesse and Liebau 1980a, 1980b; Cormier et al. 1999; Schlenz et al. 2002; Denault et al.
2015; Gorelova et al. 2016), nuclear magnetic resonance (NMR) (*’Si: Smith et al., (1983), 7O:
Thompson et al., (2012)), Raman (Takahashi et al. 2010; Moulton et al. 2019), Si K-edge and Ba
Ls;-edge XANES, X-ray photoemission (XPS) (Bender et al., 2002;), and atomic force
microscopy (Schlenz et al. 2002).

Advances of experimental characterization techniques, especially solid-state NMR and
Raman spectroscopy, and first-principles calculations have significantly improved the
understanding of the structures of these systems. This study expands upon our recent analysis of

the vibrational modes of sanbornite and BasSigO»; (Gomes et al. 2021) and here we investigate
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the effects of SiO4 connectivity on the spectroscopic signature of the Q" units in Ba,SiOy, high-
BaSiOs, BasSicOi, BasSisO,1, BagSij00z6, high-BaSi,Os and sanbornite (low-BaSi,Os). As a
first step, the crystal lattice parameters were determined using Rietveld refinement of powder
diffraction and first-principles calculations. Second, the *’Si magic spinning angle nuclear
magnetic resonance (MAS NMR) and Raman spectra were used to identify features associated
with each of the contributions of the Q" species within these structures. Finally, an evaluation of
the vibrational modes and their origin is reported based on simulation results using ab initio
calculations at the density functional level of theory (e.g. Gomes et al. 2019). The theoretical and
experimental results are in excellent agreement and clearly reveal the differences between homo-
and hetero-connectivity in barium silicates. We conclude by emphasizing some of the
implications for the interpretation of Raman spectra of silicate liquids and glasses (e.g. Moulton

et al. 2018), where hetero-connectivity is the rule rather than the exception.

Ba,SiO, is composed of isolated tetrahedra (Q° species) surrounded by Ba*" cations which
form an arcanite-type (B-K2SOjs) structure (McGinnety 1972). The composition range BaSiOs-
BaSi,Os, including the hetero-connective phases, form a series with the general formula
Bau1SiomOsm+1. Here m =1, 3, 4, 5, or oo, and is the number of silica tetrahedra which form the
zweier single chains, m = 1, ribbons or zweier triple—quintuple chains, for m = 3-5, and
ultimately, sheets, for m = o (Fig. 1); e.g. sanbornite (Hesse and Liebau 1980a, 1980b). Ba*" is
able to stabilize these structures due to its low electronegativity, 0.89, and large ionic radius, 1.35
A (Brown and Altermatt 1985; Gagné and Hawthorne 2015). As a result, barium silicates can be
formed with a wide range of topologies. In fact, Liebau (1985) noted that the Ba- and Si-
substructures stretch and twist so that the diameter of one BaOy polyhedron is approximately
equal to Si-Si distance. This produces an internal strain on these tetrahedra making these chains
quite stretched compared to other, smaller alkaline-earth-bearing inosilicates. This is the
explanation of why no Q' phase, e.g. Ba;Si4Oy;, is known, because the extreme strain is more
than can be accommodated by stretching or twisting adjacent tetrahedra (Liebau 1985). The
topologies of the barium silicates and how they compare to other silicate groups are further

discussed in recent articles (Hawthorne et al. 2019; Day and Hawthorne 2020).
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2 Experimental and theoretical procedures

2.1 Synthesis of barium silicate powders

Batches of 3-5 g of high-purity SiO, and BaCOs; (Sigma-Aldrich, >99.9%) reagents where
used to synthesize the crystalline xBaO-(/-x)SiO, (x = 0.33, 0.375, 0.385, 0.40, 0.50, and 0.66)
phases. The solid-state reaction procedure of Gorelova et al., (2016) was followed where
between successive heat treatments the samples were repeatedly ground and pressed into tablets.
Heat treatment protocols comprised two steps prior to the final temperature: a low-temperature
heating step (1 h at 500°C) for removing polyvinyl butyral (used as a binder material to increase
the density) of the pellets, followed by calcination for 1 h at 1000°C. The crystalline samples
where ground using a mixture of sample plus ZrO, balls in a high-energy vibrating mill for 2 h.
The milled powders produce very-fine and evenly distributed grain sizes resulting in an
improved compositional homogeneity. This is critical to reduce the number of phases present in

this system where the compositions of stable phases differ by only a few mole percent.

2.2 Characterization of the samples

All the crystal structures have been confirmed using X-ray diffraction (XRD). XRD
measurements were made on a Rigaku Ultima IV machine using Cu K, radiation operating at 40
kV and a current of 20 mA using continuous scanning mode (0.5° min™") with a 26 step of 0.02°
between 10° <26 < 80°. The diffraction patterns were refined using the GSAS program (Rietveld
1967; Larson and Von Dreele 2004) and show that the crystalline phases are of high purity and

contain <1% of any impurity.

The Raman spectra were taken on a LabRAM HR800 spectrometer using a 532 nm
wavelength laser which supplied ~20 mW on the sample. Spectra were taken using a 100X
visible objective (lateral spatial resolution ~1 pm), 100 um pinhole, and an 1800 gr/mm grating
between 10 — 1600 cm™ or greater range (resolution <0.5 cm™). Raman spectra of the crystalline
phases were measured using 12 accumulations and a dwell time of 5 s. Reported spectra below
are normalized to the intensity of the most intense band, representing the symmetric stretching
mode. In order to characterize the vibrational modes, the spectra first had a flat baseline
removed, except near the laser line, and were then curve fit using Lorentzian lineshapes to

determine the mode character. This procedure yielded excellent fits to the spectra overall.
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The solid-state *’Si MAS NMR spectra were recorded with an Agilent DD2 spectrometer
operating at 5.64 T. The measurements were conducted in a 7.5 mm MAS-NMR probe, using 7/2
pulses of 5.5 us length, a rotation frequency of 5.0 kHz and a relaxation delay of up to 30 000 s,
depending on relaxation characteristics, ensuring quantitatively reliable detection. The chemical
shifts are reported relative to tetramethylsilane using CaSiO; as a secondary reference (6 = —
71.33 ppm). All line shape deconvolutions were done using the DMFIT software (Massiot et al.
2002).

2.3 Computational methods and model systems

Density functional theory (DFT) level calculations of the lattice parameters and vibrational
modes were carried out using Becke's three-parameter hybrid non-local exchange functional,
combined with a Lee-Yang-Parr gradient-corrected correlation functional (B3LYP),
implemented in the CRYSTALI17 package (Dovesi et al. 2018). The centered atoms were
described using pseudopotential databases: (Towler 1996), 88-31G* (Nada et al. 1996) and 8-
411d11G (Valenzano et al. 2006) (all-electron) for Ba, Si and O, respectively. In relation to the
diagonalization of the density matrix, the reciprocal space net was described using a shrinking
factor of 4 and generated according to the Monkhorst—Pack scheme. The accuracy of the
evaluation of the Coulomb and exchange series was controlled by five thresholds at values of
107,107,107, 10", and 10™**. The vibrational frequencies calculation was performed at the I’
point within the harmonic approximation, and the dynamic matrix was computed by the
numerical evaluation of the first derivative of analytical atomic gradients. The optimized
structural parameters of the crystal structures are reported in Table 1. We have used the same
procedure here as in our initial works, first on BaMoOs (Gomes et al. 2019) and more recently

on sanbornite and BasSigO»; (Gomes et al. 2021).

3 Results

The results of the bulk structural analysis from experimental measurements and first
principle calculations are reported before discussing the Raman and *’Si MAS NMR spectra. For
simplicity the phases are referred to by their BaO:SiO, molar ratios, as indicated in the ID of

Table 1. For example, monoclinic BasSicO is denoted B4S6.
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3.1 Crystal structures determined by XRD

The crystal cell dimensions, B angles and volumes are reported in Table 1. An example of
the Rietveld refinement of B6S10 is provided in Figure 2. Individual refinements are shown in
the supplementary material, Section S2 (Fig. S1). The cell volumes of the barium silicates
derived from Rietveld refinements are within <1% of reported values (Grosse and Tillmanns
1974b, 1974a; Hesse and Liebau 1980a, 1980b). The relaxed cell volumes of the DFT
simulations reproduce the reported values within <4%. Therefore, the experimental and

calculated crystal structures are in good agreement.

3.2 *Si NMR results

Single sharp peaks are observed at -93.1 ppm for low-BS2, -80.0 ppm for high-BS, and -
70.1 ppm for B2S (Fig. 3), in agreement with published values (Smith et al. 1983; Migi et al.
1984; Murdoch et al. 1985). The hetero-connected barium silicates show a range of chemical
shift values consistent with those expected for other Q*- and Q’-bearing phases (Table 2). In
samples containing multiple Si sites, the relative peak areas are in excellent agreement with the
expected proportions. The NMR spectra of the hetero-connected B4S6, B5SS8, and B6S10 phases

are reported here for the first time.

3.3 Raman spectra and their vibrational mode assignments

The Raman spectra of the barium silicates are dominated by intense peaks in the 400-800
cm™ (Fig. 4a) and 800-1200 cm™ (Fig. 4b) ranges that correspond to the bending and stretching
mode regions, respectively (c.f. Gomes et al. 2021). Table 3 summarizes the observed high-
intensity Raman peaks. A detailed discussion of all modes is beyond the focus of this work;
however, a full analysis of all vibrational modes is provided in supplementary material Sections
S3 and S4. In Table 4 a complete mode analysis of Ba,SiO; is provided as an example. Given the
numerous vibrational modes (e.g. Table S3) and the small frequency differences among them,
further refinement of our interpretation through polarized or oriented single crystal investigations
should be possible. Given the complexity of the Raman spectra (Fig. S2), we emphasize that the

overall agreement between theoretical and experimental values is excellent.

An analysis of the results for high-BS renders that the intense band at 599.8 cm™ is
associated with Si-O1-Si bending motion (Table S2). The symmetry of high-BS, P2,2,2;, is

unique among the phases studied and the 599.8 cm™ band is displaced from those belonging to
7
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the bending modes of the other phases. The intense bands originating from the bending modes of
the B4S6-BS2 phases display a doublet or triplet feature centered around ~530 cm™ (Fig. 4a).
B4S6, B5S8, B6S10 and high-BS2 have similar unit cell symmetries, either P2,/c or C2/c, and
similar intense bending mode frequencies. Despite the observed similarities in the spectra, the
origins of these modes are quite distinct. For example, in low-BS2 the 535.5 cm™ mode involves
bending of the O3-Si-O2, where one oxygen is a BO and the other a NBO (Table S7). In
contrast, the 533.8 cm™ mode of high-BS2 involves the bending of the Si3-O2-Ba2 bond angle
(Table S6). As the origin of the intense bending modes is structure dependent, any
generalizations regarding relationships between mode frequency and crystal chemical properties,
such as the mean inter-tetrahedral angle, should be treated with caution, except in cases where

the mode originates in the actual bending of Si-O-Si bond angles.

The higher frequency region (>800 cm™) consists of Si-O stretching modes that are often
attributed to Q" species (Fig 4b). In early studies which applied the central force model to Q"
species generated symmetric (vi-type) and antisymmetric (vs-type) stretching modes, any
deviation from tetrahedral symmetry was thought to produce vibrational coupling between these
modes (c.f. McMillan 1984). Vibrational coupling of v;- and vs;-type modes was expected to
produce frequency shifts and changes in the relative intensities of the peaks particularly in
nesosilicates (Piriou and McMillan 1983). Lam et al., (1990) challenged these inferences using
lattice dynamic calculations to reproduce the trends in the stretching modes of forsterite.
However, as Dowty (1987) emphasizes, the term mode coupling has been inconsistently applied.
Furthermore, the success of central force calculations in reproducing the mode frequencies has
been lessened by the model dependence of these calculations. More recent DFT-based
approaches (e.g. Zicovich-Wilson et al. 2004; Aliatis et al. 2015; Stangarone et al. 2017; Gomes
et al. 2019, 2021) have found excellent agreement between experimental and simulated spectra
without such model dependence. The results herein overwhelmingly confirm that most of the
high-frequency peaks originate from specific and singular Si-O stretching vibrations regardless

of the structural type or unit.

In the high-frequency region, the most intense peaks correspond to Si-O stretching modes
are characteristic of the Q" species (e.g. McMillan 1984; Nesbitt et al. 2017a, 2018, 2020). The

barium silicate structures contain Q°, as well as homo-connected Q* and Q* species, show
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stretching modes that shift from 823.8 cm™ in B2S to 963.9 cm™ for high-BS to 1077.7 cm™ for
low-BS2 (Fig. 4b). The 964 cm™ peak of high-BS originates from symmetric stretching motions
of the O3 and O2 sites away from the central Si. In contrast, the 823.7 cm™ peak of B2S and the
1077.9 cm™ peak of low-BS2 both involve the elongation of the Si-O1 bonds in their respective
structures. The hetero-connected phases show intense peaks around ~1065 cm™ that shift to
higher frequencies with increasing proportion of Q* species. The intense high-frequency peaks of
B6S10, B5S8 and B4S6 are found at 1069.2, 1066.8 and 1061.0 cm™, respectively. Simulations
of the stretching modes lead us to conclude that the B4S6 mode at 1061.0 cm™ originates from
Si3-08 bond stretching (Table S3) whereas the B5S8 mode at 1066.8 cm™ comes from Si3-O7
bond stretching (Table S4). Both of these belong to Q’ sites which are bonded to Q* only.
Consequently, the Q® units do not need to be directly bonded to the Q” site to induce a frequency

shift. This indicates that the electron density is spread across the tetrahedral ribbon.

These hetero-connected phases display two other features that are characteristic of their
spectra. First, the main peaks overlap strongly with adjacent peaks, and, second, they display
other peak(s) centered near 925 cm™ (Fig. 4b). The former feature may be expected as the
hetero-connected phases have three or more Si sites and many O sites. Peaks at comparable
wavenumbers (928.1, 924.0 and 921.3 cm'l) are observed for B6S10, B5S8 and B4S6,
respectively, i.e., at slightly lower wavenumbers than the 963.9 cm™ peak of high-BS. Again,
simulations lead us to conclude that the B4S6 mode, at 928.1cm", originates from Sil-O2
stretching (Table S3) whereas the B5S8 mode, at 924.0 cm™', involves simultaneous stretching of
the Sil away from both the O1 and O2 sites (Table S4). The trend here is that as the proportion
of Q? increases, the vibrational frequency of the Q” unit increases. This is the same as for the Q°
units whose frequencies also increase with increasing proportion of Q*. In both cases, the shift is

toward the frequency observed in the homo-connected structures.

The above findings correspond to the high intensity Raman modes that are obvious in the
spectra, however, other vibrational modes may provide insights in future studies. Full analysis of
the vibrational modes in the complete spectra for B2S is reported in Table 4 whereas the
remaining mode analysis of high-BS, B4S6, B5S8, B6S10, high-BS2, and low-BS2 are presented
in Table S2, Table S3, Table S4, Table S5, Table S6 and Table S7, respectively. Calculated

values reproduce the mode frequencies of the measured spectra with a mean absolute deviation
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of <7 cm™. However, the experimental Raman spectra usually reveal only two thirds the number
of expected normal modes, and consequently, there is always some ambiguity even in polarized
single crystal studies (e.g. Chopelas 1991). We hope that reporting the complete mode analysis

will provide insights in future studies (e.g. in studying the effects of dopants or in sifu reactions).

4 Discussion

4.1 NMR chemical shifts and structural attributes

The most successful empirical model of the ’Si NMR chemical shifts comes from Sherriff
and Grundy (1988). The predictive capacity of this model is very good with dmeasurcd-Opredictca <2
ppm for a wide range of silicates and aluminosilicates. The isotropic chemical shift (d) is

predicted from:
6 = 650.08y" — 56.06 @))

where

cosa

x" = Zs((1 - 3cos?0)/3R%) () 2

cosa—-1

Here s is the bond valence of the M-O bond, R is half the distance between the O and the second
neighbour (M), and € and o are the Si-O-M and O-M-Si angles, respectively (Sherriff and
Grundy 1988). The summation includes all the second-nearest neighbors. In the present case the
measured shifts are not well reproduced when all the second neighbours are included, possibly
due to the high coordination number of Ba®' cations. Therefore, we have tested two different
constraints in calculating y": (i) using a cut-off distance of 3.7 A for second neighbours (or 3.8 A
when an additional neighbour was found at the limit) or (ii) considering only the two closest
second next nearest neighbours (2 NNN). Both constraints result in fewer second neighbour Ba
cations being included in the calculation of y", and both reproduce many of the chemical shifts
reasonably well, while they fail for others (see Table 5). We also find that the second constraint
produces worse predictive accuracy for low-silica compositions. Overall, our results indicate that
even under these constraints, y" does not correctly account for the influence of Ba-O bonding on

the %’Si chemical shifts.

The reason for the success of the Sherriff and Grundy model is that it incorporates many of

the crystal chemical parameters which had already been empirically shown to have a strong
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influence on the chemical shift, for example, the connectivity (Lippmaa et al., 1980; Smith et al.,
1983), the Si-O bond length (Grimmer and Radeglia, 1984), the bond strength (Magi et al.,
1984), the mean inter-tetrahedral angle (Dupree and Pettifer, 1984), the electronegativity (Janes
and Oldfield, 1985), and the o orbital hybridization (Engelhardt and Radeglia, 1984). Despite
this success, there were hints that covalency effects of non-silica second neighbours were not
well incorporated. For instance, Si-poor phases, e.g., nesosilicates, are somewhat less well
described by this model than more siliceous ones. In the original report the calculation for
forsterite yields a chemical shift of -67.8 ppm whereas it is measured at -62.0 ppm, which is a
two-to-three times worse agreement than observed for the majority of the silicates studied. More
recently, ab initio methods have been more successful at predicting the chemical shifts of
Mg,SiO4 polymorphs (e.g. Ashbrook et al. 2007), although no additional insight regarding the
chemical shielding of the silicate tetrahedra was offered beyond the original empirical trends.
Given the constraints discussed above, the experimental chemical shifts are in good agreement
with those predicted by the Sherriff and Grundy model (SG88), with Omeasured-Opredicted Values
usually <5 ppm but as large as 12 ppm in B2S (Table 5) without any indication of systematic

discrepancies.

Although several factors affect the chemical shift, strong linear correlations with the inter-
tetrahedral angle have been found for three Q’-bearing alkali phyllosilicates (De Jong et al.
1998), however, for barium silicates the correlation between chemical shift and inter-tetrahedral
angle is clearly nonlinear (Fig. 5). For hetero-connective structures, the Q° chemical shift appears
to be more sensitive to smaller inter-tetrahedral angles (<140°) than to large ones (Table 6). In
contrast, the Q chemical shifts considered here are almost independent of inter-tetrahedral angle.
Ultimately, there is an influence of mean inter-tetrahedral angle on the chemical shift, but other
factors need to be taken into consideration, e.g., steric limits, as the linear regressions of figure 4

are weak (R* =~0.7).

The extreme shifts displayed by the barium silicate Q> species are more evident when the
overall trends between the Q" units and chemical shift are shown (Fig. 6). This data is compiled
from the literature (see supplemental materials; Smith et al. 1983; Magi et al. 1984; Kinsey et al.
1985; Murdoch et al. 1985; Sherriff and Grundy 1988; De Jong et al. 1998; Ashbrook et al.

2007). For the barium silicates which have highly strained Q” sites, their chemical shift is
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essentially at the extreme positive end, near -80 ppm, of the distribution of literature values. The
remaining Q° and Q’ peaks of the barium silicates are situated near the grand mean chemical
shift defined by the range of literature values for these Q" species. Although the above discussion
takes the perspective of the Q" species above, we would point out that broadly the Q" species
correspond to crystal groups within the structural hierarchy hypothesis (Hawthorne et al. 2019):
cluster silicates (Q®"), chain-ribbon silicates (Q**), sheet silicates (Q*) and framework silicates
Q.
4.2 Si-O stretching frequency versus connectivity

The stretching vibrations of the barium silicates have been plotted alongside our analysis of
values taken from the RRUFF database (Lafuente et al. 2015) and published studies on the
nesosilicates (Q0 — Handke and Urban 1982; Piriou and McMillan 1983; Chopelas 1991;
Mohanan et al. 1993; Voronko et al. 2006; Bispo et al. 2017), the sorosilicates (Q' - Tarte et al.
1973; Gabelica-Robert and Tarte 1979, 1981; Nesbitt et al. 2018), the inosilicates (Brawer and
White 1975; Konijnendijk and Stevels 1976; Richet et al. 1998; Huang et al. 2000; Tribaudino et
al. 2012, 2019; Mantovani et al. 2015; Nesbitt et al. 2018) and the phyllosilicates (Q3 —Brawer
and White 1975; Konijnendijk and Stevels 1976; McKeown and Bell 1998; Moulton et al. 2019)
in Figure 7. The stretching modes of the phases in figure 7 were established either, because prior
mode analysis has been reported, or, the modes were identified due to their intensity — usually
~10 times stronger than adjacent bands in spectra. Although clear trends are found, this was not a
trivial task as the stretching modes often give rise to less intense Raman bands than the bending
modes for both the phyllosilicates (e.g. Wang et al. 2015) and double chain amphiboles (e.g.
tremolite-actinolite group — Apopei and Buzgar 2010; Ott and Williams 2020). These values
should be taken with caution because they are only a subset within the diversity of modes in

these spectra.

As with *’Si chemical shifts, the extreme values for the Si-O stretching frequencies of the Q”
species somewhat overlap. For example, the ranges of stretching frequencies assigned to Q* and
Q® units overlap in the 1010-1035 cm™ region (Fig. 7). This region usually corresponds to
differences in composition and crystal symmetry. For example, Handke and Urban, (1982) report
the alkaline earth orthosilicate series, Be,Si04-Ba,SiO4, where all intense stretching modes range

from 810 to 840 cm™ except for beryllium-nesosilicate which has a value of 880 cm™, closer to
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the typical Q' frequency. The reason for this is that Be® cation is much smaller and more
strongly electronegative than the other alkaline earth elements and consequently it crystallizes in
the hexagonal phenakite-type structure, rather than other olivine group minerals with larger and
more electropositive cations Mg>™ to Ba*" which crystallize to orthorhombic or monoclinic

structures at ambient conditions.

144 Raman spectra give a grand mean Vo, (+o) frequency of 827.7 (+13.8) cm™ for Q°,
905.3 (£22.1) cm™ for Q', 993.5 (+25.9) cm™ for Q*, and 1068.4 (+17.6) cm™ for Q* (Fig. 7). For
the homo-connected barium silicates, the main stretching frequencies are well within their
respective Q" ranges, although the Q* mode of BS is near the lower end of the range of Q°
frequencies. This is consistent with above NMR results, where the Q units also resonate towards
the extreme end of the Q* chemical shifts. Above it was shown that the intense high-frequency
peaks are usually related to individual Si-O stretching motions. Therefore, it is somewhat
surprising that the trends in the high-intensity stretching modes are so distinct. Nonetheless, the
trend is evidently robust (Fig. 7). The effects of crystal symmetry within each of the Q" species
structural groups deserves further consideration. Although the high-frequency modes originate
from different bonds, the relative bond strength of the tetrahedron, related to the number of next-
nearest-neighbour Si, or other tetrahedral elements, controls the values of the vibrational

frequency.

4.2.1 The effect of hetero-connectivity on the stretching mode frequencies

Raman spectra of the anhydrous hetero-connected siliceous phases are rare. The series from
B4S6 to B6S10 which form triple-, quadruple- and quintuple-chains containing Q*:Q’ ratios
from 1:2 to 1:4 (Fig. 1). This series represents a rare opportunity to compare the vibrational
spectra of these phases of relatively simple (e.g., anhydrous, low symmetry) and comparable
chemistry (e.g. only containing Ba, Si, and O). As a result, the main structural differences
associated with the localized Si-O stretching modes are related to their local bonding
environments. The DFT-based simulations allow us to unveil the origin of the vibrational modes
(e.g., Table 4). An analysis of these results renders that the hetero-connected phase s have
a second moderately intense band near 925 cm™, which is related to the Q site and another peak
near 1070 cm™ related to the Q site (Fig. 4B). The observed shift of the former feature from
921.3 in B6S10 to 928.1 cm™ in B4S6, is likewise observed in the Q® modes which shift from
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1061 to 1069 cm™, respectively. In both the Q? and Q° cases, the shift reflects a trend towards the
frequencies of the homo-connected Q" species. It is also important to note that the relative
intensity of the Q* peak compared to that of the Q* peak does not increase with increasing Q
content. Nonetheless, we may conclude that for barium silicates the Q* and Q° modes shift
systematically to higher frequencies with increasing proportion of their respective Q" contents.
However, this also depends on how distorted these Q" species are to begin with as Q” is already
at the extreme end of the range of Q’—related Si-O-Si bond angles. Next, we test these trends as

compared to other hetero-connected phases, tremolite and xonotlite.

4.3 Comparison to other hetero-connected phases: Tremolite & Xonotlite

To reinforce the finding above, we compare the results on two phases that have similar
chemistry, ‘simple’ alkaline-earth-bearing silicates, by analyzing available structural and
spectroscopic data. The first mineral considered is the amphibole endmember tremolite,
Ca,MgsSigO22(OH),, which has two tetrahedral sites, one Q’ and one Q* in equal proportion. The
second mineral is xonotlite (CasSicO17(OH)2), which has a Q%Q’ ratio of 2:1. Tremolite contains
a double chain where every other tetrahedron is a Q® unit which links the two chains forming six-
membered rings (Hawthorne and Grundy 1976; Gibbs et al. 2005; Antao et al. 2008). Xonotlite
also has double chains but with every third tetrahedron is crosslinked by a Q’ site (Brown 1978;
Kudoh and Takéuchi 1979; Hejny and Armbruster 2001). Their Raman and *Si MAS NMR
spectra have been reported (Mégi et al., 1984; Apopei and Buzgar, 2010; Frost et al., 2012) and

their stretching mode positions have been included in figures 6 and 7.

In terms of ?Si MAS NMR, both xonotlite and tremolite show Q> chemical shifts near the
average value observed for crystalline compounds containing Q* species, at -87 ppm (Fig. 6).
The chemical shift of the Q® species in xonotlite adopts a near-extreme value at -97.6 ppm
whereas in tremolite this peak is found at -92.2 ppm. Xonotlite shows a Q*-Q’ peak separation of
11 ppm, comparable to the separation observed in the hetero-connected barium silicates whereas
the separation is only ~5 ppm for tremolite (Table 5). Tremolite, containing the smaller Mg
cation, does not appear to show a large distortion of the tetrahedral ribbons whereas the Ca-rich
xonotlite is considerably distorted and shows a large separation between Q° and Q’ peaks.
Apparently, the influence of the hydroxyl groups on the chemical shielding is smaller than the

distortion produced simply from having large counterions like Ca®" or Ba** cations. This
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comparison suggests that the Q* site of xonotlite is considerably strained whereas it is the Q*
sites in the hetero-connected barium silicates, which appears to be strained (e.g. note the

tetrahedra volumes in Table 6).

In terms of Raman spectra, xonotlite and tremolite show similar behavior as B4S6, B5S8
and B6S10 (Fig. 7). The wavenumbers observed for the Q* unit of xonotlite (962.5 cm™) and BS
are essentially equal whereas that of the Q band is found to be slightly lower (1044 cm™) than
those in the barium-containing phases (~1070 cm™). In view of the previously discussed trends
this shift is expected given that there are more Q than Q’ units in the xonotlite structure. In
contrast, the intense Raman bands of Q?, at 929 cm™, and the Q* mode, at 1059 cm™, of tremolite
appear at very similar frequencies as those observed in the hetero-connected barium phases. This
is expected as tremolite has equal proportions of Q* and Q* units and thus can be considered

structurally similar to the B4S6 phase.

In summary, the general trends found among anhydrous barium silicates are consistent with
other hetero-connective phases with some subtle differences related to the distortion among sites
within each structure. This comparison shows a more systematic behavior of Raman modes in
hetero-connected phases whereas the relationship between *’Si chemical shifts and local
geometry appears to be more complex. Understanding the subtleties highlighted here will
hopefully lead us to a better understanding of why the clear trends in NMR peaks of the alkali
silicate glasses are better reproduced than those of alkaline earth silicates glasses (e.g. Pedone et

al. 2010; Charpentier et al. 2013).

4.4 Onthe complementary nature of NMR and Raman measurements

The above results of barium silicates point out important differences between the Q" group
signatures in NMR and Raman spectroscopy. The inferences of one are not directly applicable to
the other, nor vice versa. In fact, while the correlations between vibrational wavenumber or
chemical shifts with the type of structural group have a well-established positive correlation (Fig.
6,7), structural trends within a "' group are essentially orthogonal (dashed lines in Fig. 8) to the
general trend. For example, in the present barium silicates the *’Si chemical shifts of the Q
units show a broad distribution across ~10 ppm whereas the Q° peaks shift over a much narrower
range, only ~2 ppm. In contrast, the Raman mode wavenumbers display the opposite behavior.

For the Q? stretching modes, variations on the order of ~40 cm’ are observed whereas the Q°
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modes only spread across half this range, ~20 cm™. These differences arise because the Q"
chemical shifts are strongly influenced by the second nearest neighbours, whereas the vibrational
modes associated with the Q" units are highly localized, often to specific Si-O bonds. As a result
of this behavior, the main bands in the Raman spectra do shift systematically in frequency, even
in the hetero-connected cases, whereas the *’Si isotropic chemical shifts show a non-linear
behavior when a distribution of Q" species are present. Overall, the origins of the Raman bands
of mineral phases remain poorly known and key mineral groups should be targeted in future
studies that combine quantum mechanical and experimental approaches (e.g. this study;
Stangarone et al. 2016; Gomes et al. 2021). This work emphasizes the complementary

information available using both spectroscopic techniques.

5 Implications

5.1 Raman modes of Q" species in silicate glasses and melts

Both Raman results and DFT-based calculations highlight that the stretching modes increase
in frequency with increasing the number of BO atoms (McMillan 1984; Rossano and Mysen
2012; Nesbitt et al. 2017b; Gomes et al. 2021). Moreover, we may now refine ‘the Q" bands’ as
they are not related to the entire tetrahedral site but dominantly related to specific Si-O
vibrations. While in the hetero-connected phases there are always extra vibrational modes related
to the many Si-O bonds in these structures, which cause peaks to overlap, the most intense
features correspond to the main structural units. Our results display clear structural trends,
permitting future studies linking Raman frequencies to the specific distortions present for a given
group of the Q" species. Moreover, we hope this aids in further distinction among the major

mineral groups.

When investigating unpolarized Raman spectra it is typically assumed that the most intense
features have A, symmetry. However, the barium silicates show that the intense Raman peaks
display usually, but not exclusively, of A, symmetry. For example, the vibrational modes of the
Q" species discussed above for BS, B5S8, and H-BS2 are indeed A, modes (e.g., Fig. 4B),
however, the intense high-frequency modes in B2S and low-BS2 have B3, and B, symmetries,
respectively (see tables in supplementary material). This may lead to the misconception that
similar intensities are produced from similar structural origins. The phases studied above provide

no clear correspondence between any peak characteristic and its structural origin. Therefore, we
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recommend that future experimental studies focus on polarized spectra in combination with ab

initio simulations to disclose this dichotomy.

Assuming that the vibrational modes in the crystalline phase have similar origins to those in
the glass (c.f. Brawer and White 1975), as has been demonstrated in the case of BaSi,Os
(Moulton et al. 2018), we offer several critical comments. First, the spectra of barium silicates
show that the intense stretching modes may originate from the bonds between Si and either BO
or NBO atoms, or both. This inference was also reported in simulations of Na-silicate glasses
(Kilymis et al. 2019). This information should be used to offer more circumspect mode
assignments for glass spectra as the stretching modes can be assigned to the Q" species but
attributions to bonds between Si and specific oxygen atoms, or the whole tetrahedron, should be
treated with skepticism unless they are traced directly from bands having a known origin in an
isochemical crystal phase. Likewise, assignments relating antisymmetric versus symmetric
stretching modes appear to no longer be justified for the high-frequency modes, which tend to be
localized to specific bonds and not on the entire tetrahedron. Second, B, and other lower-
symmetry modes can have high Raman scattering intensities. This insight may be important in
polarized studies of silicate glasses and melts which show that the depolarization ratio changes as
the frequencies deviate from the main Q" peak center (e.g. Kalampounias et al. 2006, 2009).
Therefore, non-A, modes, comparable to those described here, may provide an explanation for

the ‘extra peaks’ needed to fit the glass spectrum.

Finally, the present findings may serve as a guide for more refined and insightful
interpretation of Raman spectra in silicates. For instance, the degree of site distortion, as
indicated by the Si-O bond lengths and inter-tetrahedral angles, appears to be related to the
frequency within the range observed for individual Q" units. For example, the Q* peak positions
in both the NMR and Raman spectra above are very close to the limit of the expected Q” range
and we know that the Qz—bearing phase, BS, is at the limit of structural stability for the binary
barium silicates. When vibrational modes approach these limits, the structure suffers a symmetry

breaking process to accommodate a new lower energy configuration.
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Figure captions:

Figure 1: Structural features of the barium silicate phases showing homo-connected (top) and
hetero-connected (bottom) phases. Below each structure is their composition and Q" species. For
the hetero-connected phases black triangles representing the tetrahedra across the ribbon
structure, are labelled with both their Q" species (left-side triangles) and Si site number (right-
side). The structures contain Si (small blue), Ba (yellow), bridging oxygen (brown) and non-
bridging oxygens (red). Ba cations have been omitted for clarity in the hetero-connected
structures.

Figure 2: Diffractogram and Rietveld refinement of B6S10. The ‘x’ symbols are the
experimental measured values, the red solid line represents the calculated intensities from
Rietveld refinement and the blue solid line at the bottom is the residual curve between them.

Figure 3: ”’Si MAS NMR spectra of crystalline phases. Dashed lines are placed at -93.1 (homo-
connected Q) and -80.0 ppm (homo-connected Q7). The weak additional resonances observed in
sample B5S8 arise from minor impurities of B6S10.

Figure 4: Representative Raman spectra of the bending (a) and stretching (b) regions of
crystalline barium silicates. Black marks below spectra indicate the theoretically calculated
frequency of the mode. Spectra are in the same order in both panels. Numbers inside triangles
correspond to vibrations depicted to the righthand side.

Figure 5: Chemical shift versus inter-tetrahedral angle for phases with Q* and Q® species. Error
bars are smaller than the symbols.

Figure 6: ’Si MAS NMR chemical shift versus composition. Homo-connected barium silicate
are shown as hollow red circles. Hetero-connected barium silicates are shown as filled circles in
green for Q and blue for Q. The data sources are reported in supplemental materials section
S5.1. Structural units are plotted by O:Si ratio showing Q%as ‘X’, Q" as squares, Q%as ‘+, Q% as
triangles and Q* as ‘—¢. Lighter shades of these symbols indicate Al-bearing phases. Hetero-
connected tremolite and xonotlite are shown as purple diamonds.

Figure 7: Raman scattering wavenumber of the Si-O stretching modes versus composition. Peak
positions from this study are plotted as circles (open for homo-connected Q" species; solid green
(Q?) or blue (Q?) for hetero-connected Q" phases). Database values are for nesosilicates, Q°,
(blue x), sorosilicates, Q, (orange squares), inosilicates, Q°, (grey +), and phyllosilicates, Q°
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(yellow triangles). Purple diamonds refer to tremolite and xonotlite. The central lines and bars on
the righthand side correspond to the mean Q" position and 16 of their distribution.

Figure 8: Raman wavenumber versus *’Si chemical shift for the barium silicate phases. Note the
trends within Q” and Q® resonances which are orthogonal to the general positive correlation
observed for the Q" species with chemical and Raman shifts.
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Table 1: Values of crystal structural parameters .

Phase BaO - 4 Densil cm’] Cell Volume a b c # of Sites Ba =
1D Formula _mol. % 0:S ICSp” /Spaca Grow (heareticalty e‘xgp/erimlnlal A A A A B (Wyckoff)  CNpg,” Rafersnice
6246 5.49 444.02 5.805 10200 7.499  90.00 0]
) 291355 5.466 445.56 5810 10217 7506  90.00 .., @9 [ii]
B2S Basi0, 66.6 4 Pmcn 62 444.76 5.807 10209  7.503 90.00 Sit1(40) 9.5 iii)
5.464 445.81(2) 5811 10.220 7.507  90.00 This study - Rietveld
5.303 460.62 5861 10358  7.58  90.00 This study - DFT
6245 4.44 319.46 458 5611 12431  90.00 [iv]
high-8s Basio, 50 3 2,22, 19 320.30 4584 5616 12443 9000 Ba:1(4a) 8 [iii]
4.419 320.79(1) 4585 5619 12450 90.00  Si:1(4a) This study - Rietveld
4.277 322.13 4616 5692 12260  90.00 This study - DFT
100310 3.98 3.97 81354 12477 4685 13.944 9354 0]
Bas6 Ba.SiO, 40 267 P2/c 14 814.0 12.483 4686 13.943  93.53 B_a: 2(4e) 85 . [iif] .
3.976 813.46(6) 12477 4.685 13.943  93.58 Si:3(4e) This study - Rietveld
3.838 84411 12,652 4725 14147 93.73 This study - DFT
100311 3.925 3.93 211020 32675  4.695 13.894  98.10 Basiiis ™
B5S8 BaSis0, 385 2.63 QK 15 21206 32739 4702 13.917  98.17 81,42) *8 i
3.905 21216(2) 32756 4705 13909 9818 . ,0q (*7.6) Rietveld - [vii]
3.771 2200.25 33.284 4738  14.097  98.2! DFT - [vii]
BES1D BaSiO, 375 26 100312 pygc 4, 3882 3.88 130103 20196 4707 13842 9861 Ba:3(de) oo ™
3.876 1303.28(7) 20.210 4.707 13.856 9863  Si:5(de) This study - Rietveld
100314 3.74 3.74 1457.96 23195  4.658 13613  97.57 [vi]
high-BS2 BaSi,0, 333 25 QK 15 14590 23193 4659 13622 9756 Ba:2(da8f) .. [iii]
3.720 1465.17(7) 23.232 4.665 13.637 97.55 Si:3(8f) This study - Rietveld
3.604 1513.92 23466 4702 13.842  97.61 This study - DFT
100313 3.77 3.70 481.25 7688 4629 13.523  90.00 [vi]
Sanbornite Basi,0, 333 25 — 481.78 7690 4632 1358 9000 Bail(4c) [iii)
(low-BS2) 3.762 482.94(2) 7.696  4.636  13.538  90.00 Si:1(8d) Rietveld - [vii]
3.632 500.84 7.778  4.684  13.744  90.00 DFT - [vii]

“Note that Rietveld model standard deviation, when not shown (e.g. lattice parameters), are less than +1 of the last decimal place reported.

* International Crystal Structure Database (ICSD) available: https://www.fiz-karlsruhe.de/; densities also come from the data reported in ICSD.
? PFU - per formula unit. For example, high-BS2 has two sites with different multiplicity: CN s, = (4”8 + 8°9)/12 = 8.67). Ba-O cutoff radiusis 3.3 A. Ba CN = 7.6 for BSS8 if the two O at 3.27 A exiudes

 references: [1] Grosse & Tillmanns, 1974b; [ii] Denault et al., 2015; [ili] Gorelova et al., 2016; [iv] Grosse & Tillmanns, 1974a; [v] Hess & Liebau, 1980b; [vi] Hess & Liebau, 19803; [vil] Gomes et al., 2021.
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Table 2: Values of peak parameters obtained by ““Si MAS NMR spectroscopy .

DOI: https://doi.org/10.2138/am-2021-7910. http://www.minsocam.org/

Si Site 1 2 3 4 5
Phase Q" Shift Area Shift Area Shift Area Shift Area Shift Area Reference'
ppm % ppm % ppm % ppm % ppm %
o a6 o -93.11 100
-93.5 (i
high-BS2 Q" 9303 665 -92.11 335
B6S10 Q-4Q° 9302 197 -92.18 203 -88.84 189 -87.97 202 -81.37 21.0
B5S8 Q°-3Q° 9414 239 -89.60 52.2 -81.42 23.9
BA4S6 Q°-2Q° 9218 358 -91.22 32.1 8120 32.1
-80.00 100
high-BS Z
B q -80 [ii]
-70.12 100
B2S Q°
-70.3 fiii]

* Notes: i) frequency resolution is 0.03 ppm; ii) peak FWHM fixed to the value of L-BS2 = 1.11 ppm.
! References: [i1 Murdoch et al., 1985; [ii] Smith et al., 1985; [iii] Magi et al., 1984.
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Table 3: Values of peak parameters obtained by Raman spectroscopy .

Bending region

Stretching region

Phase Q" Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM  Note®
cm™? cm? cm™? cm™? cm™ cm™ cm™ cm™ cm? cm™
| BS2 Q3 535.5 8.2 1077.9 4.5 this study
ow-
(‘,[3 535.2 8.5 1076.8 4.6 1
Sanbornite Q 535.1 8.8 1076.9 4.6 1
: Q3 533.8 8.5 1079.5 5.2 this study
high-BS2 3
Q 533.5 8.8 1079.2 5.4 1
B6S10 Q2:4Q3 534.7 7.0 544.3 5.4 921.3 79 1069.2 6.3 1075.3 4.5  this study
o 0.1 0.6 0.5 0.9 0.1 0.5 0.2 0.3 0.1 0.3
B6S10 Q“4Q° 5356 6.5 546.1 4.9 924.6 6.2 1067.0 5.5 1075.3 6.8 1
B558 QZ 3Q3 535.1 6.6 545.7 5.3 924.0 . 1066.8 5.5 1075.3 4.5  this study
’ 535.6 6.0 545.8 4.4 923.6 6.4 1065.6 5.5 1
B4S6 Q“:2Q’ 532.0 5.5 549.1 54 928.1 6.6 1061.0 5.0 1049.9 7.3 thisstudy
high-BS Q‘ 599.8 9.7 964.0 8.3 this study
B2S* Q 8237 32 8584 6.2 this study

' 1 come from Moulton et al., 2019 based on a 'local' fit and samplesof H-BS2, B5S8 and B6510 were those of Gorelova et al., (2016).

? 5 values were calculated from the mean of three spectra. Exemplar o are reported for B6510 as these values are typical for all fits and larger than

phases with fewer Si sites.

*Ba,Si0, values were also measured as 822 cm* by Bispo Jr. et al. (2017) & as 819 cm ' by Handke & Urban, (1982).

* All results were reproduced using 532 and 633 nm lasers & are reproducible within <1.5 cm’.
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Table 4: Experimental and theoretical vibrational modes in

barium orthosilicate, Ba,SiO,".

Raman Modes

'§ Theoretical
= Frequelncy FWH:VI Rela.tive Area Frequency Av Symmetry Originz
cm” cm” Intensity (%) % cm™ cm’
A 56.9 By 01-Ba2,1
v, 59.2 1.6 29.1 4.5 63.2 3.9 A Bal-Ba2
vy 68.6 4.2 6.8 2.8 69.1 0.5 By Bal-Ba2-02
v, 73.0 2.8 9.8 2.6 75.4 2.4 Bsg Ba2-Bal
Vs 76.7 By 02-Ba2,1
Vg 86.4 3.8 9.6 3.6 89.1 2.8 Ag Ba2-Bal
v, 89.7 3.6 20.1 7.1 92.8 3:1 By Bal,2
Vg 96.2 A, Bal-Si
Vg 105.0 By Bal-Ba2
Vio 108.9 1.2 9.5 T 105.5 -3.4 Bjg Bal,2
1201 121.9 Ay Ba2-01
Vi, 132.2 3.7 0.8 0.3 137.3 3.1 By lattice
Vi3 141.9 Bjg 02,3-Ba2
Via 158.8 7.9 1.5 12 158.2 -0.6 A, 02-Ba2-02
Vs 158.4 By Ba2
Vi 159.1 By 02-Ba2
vy 169.0 6.2 4.8 29 169.7 0.7 By 02-Ba2-02
vy 1819 5.8 16.4 9.4 186.0 4.1 By, lattice
Vo 195.6 13.8 2.8 3.8 200.4 4.8 By 03-Bal-Ba2
Vo 207.9 5:1 125 6.2 210.4 2.5 A lattice
vy 213.8 Bs, 02-Ba2-Bal
1% 218.6 By 03-Bal-Ba2
Va3 223.4 A, lattice
Va 258.3 By 01-Ba2,1
Vs 347.5 6.8 0.5 0.3 363.6 16.1 A, 01-Ba2
Vs 370.3 10.4 4.6 4.7 377.4 71 Byg lattice
vy 390.6 By lattice
Vg 393.6 By, lattice
Vg 490.3 3.3 1.8 0.6 517.3 27.0 Ag 03-Si-Bal
V3o 497.4 3.5 15 5 519.7 223 B3 lattice
V3 520.7 3.5 1.5 0.5 525.9 5:2! By Sio4
Vi, 526.9 Bag sioa
V3 552.8 A, lattice
Vi 569.6 Bsg 02-Si-03
V35 815.3 6.9 1.1 0.8 827.9 126 A O1-Si
Vi 823.7 3.2 100 32 833.4 9.7 Bsg 0O1-Si
Vi 854.0 3.2 2.0 1 863.3 9.3 Ay 02-Si-01
Vig 858.4 6.2 8.4 4.5 876.4 18.0 Bs, Sio4
Vi 867.0 3.4 2.0 0.7 895.5 28.5 By 02-Si
Vo 887.8 5.0 3.9 1.9 895.6 7.8 By 02-Si
Va 910.2 531 6.0 3.0 942.2 320 A, 02-Si
Vg 966.4 By, 03-Si
Mean A, FWHM' 5.0 |av|? 75
Mean B, FWHM 5.5 maximumAv  32.0

* Only modes contributing >1% area were considered.

! Note that all O are NBO and the Si site is a Q” species.

2 Mode origin are labelled as 'lattice’ where they involve both BaQ, & SiO,

* |av] is the absolute mean difference between theoretical and experimental frequency.
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Table 5: Theoretical versus experimental (Exp) “°Si MAS NMR chemical shift frequencies.

e low-BaSi,05 high-Basi,0s BagSi1 056 BasSig0,, BaySisOs6 Tremolite’Xonotlite®  high-Basio, Ba,Si0,

:2 Exp sGss® Exp 5G88 Exp 5G88 Exp 5G88 Exp SG8s Exp Exp Exp SG88 Exp SG8s
3.7A 2NNN 3.7A 2NNN 3.7A 2NNN 3.7A 2NNN 3.7A 2NNN 3.7A 2NNN 3.7A 2NNN

i 814 -73.5 -824 -81.4 -804 -83.5 -81.2 -73.8 -783  -87.8 -86.8  -80.0 -72.4 -72.4 -701 -61.6 -576

2 -88.0 -88.2 -97.3

3 -92,1 -876 -924 -888 -8388 -888 -89.6 -91.7 -91.7

4 930 906 -954 .922 -90.9 -983 -89.6 -92.0 -90.2 -91.2 -85.8 -102.5

5 931 863 -878 930 -91.5 961 .93.0 -96.8 -100.0 -94.1 -93.0 -96.9 -92.2 -923 -99.9  -92.2 97.8

* - chemical shift of tremolite and xonotlite are from Magi et al., 1984
*. 5688 derived values come from the empirical model of Sherriff & Grundy {1988) where the NNN have been limited to either, neighbours up to 3.7 A (3.7 A), or two next-nearestneighbours (2 NNN)
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Table 6: Values of Si site parameters.

Site Parameter

Rhese Q Si-0 (A)  Avg. Si-0-i (") Volume (A%
B2S 0 1.633 n/a 2.230
Ba,Si0, 0 1.638 n/a 2.250
B-BS 2 1.623 128.2 2.165
B2S3 2 1.636 129.7 2.219
Ba,SigO16 3 1.620 135.8 2.157
3 1.617 139.1 2.146
mean 1.624 134.9 2.174
B5S8 2 1.623 132.2 2.118
BasSig0y; 3 1.604 134.8 2.045
3 1.612 135.6 2.123
3 1.608 146.5 2.212
mean 1.612 1373 2.125
B3S5 2 1.647 131.0 2.251
BagSiy o0z 3 1.624 133.8 2.181
3 1.614 134.1 2.128
3 1.608 138.6 2.104
3 1.606 142.3 2.098
mean 1.620 136.0 2.152
H-BS2 3 1.619 137.6 2.151
BaSi,0s 3 1.616 138.5 2.152
3 1.616 138.1 2.146
mean 1.617 138.1 2.150
Sanbornite 3 1.614 138.6 2.140
Low-Quartz’ 4 1.608 143.8 2.134

! low-quartz values determined from Antao & Hassan, (2008).
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ABSTRACT: In,O; and La*"-doped In,O; nanostructures were synthesized through a
facile and fast chemical route based on the microwave-assisted hydrothermal method
combined with rapid thermal treatment in a microwave oven. The presence of the La**
doping process modifies the size and morphology of the In,O; nanostructures and also
stabilizes the rhombohedral (rh) In,O; phase with respect to the most stable cubic (bcc)
polymorph. X-ray diffraction (XRD) patterns and Rietveld refinements, Raman, UV—vis,
and energy dispersive X-ray (EDX) spectroscopies, transmission electron (TEM) and field-
emission scanning electron (FE-SEM) microscopies, as well as PL emissions have been
performed. To complement and rationalize the experimental results, first-principle
calculations, based on density functional theory, are carried out to obtain the formation
energies of the In,O; and bee- and rh-In,O;-doped phases, their geometry and electronic
properties. Theoretical results are able to explain the relative stabilization of the rh-phase

with respect to the bec-phase based on the analysis geometry changes and the electronic redistribution induced by the La’*
doping process. In addition, Wulff construction is employed to match the theoretical and experimental morphologies of the
cubic phase. The synthesized samples were applied for the O, evolution reaction (OER). The La**-doped In,O; film presents
superior electrocatalytic activity, with an onset potential lower than the undoped In,O; film that can be associated with the

increase in electron density caused by the La* doping process. This study provides a versatile strategy for obtaining In,Oy and

La**-doped In,O; nanostructures for practical applications.

1. INTRODUCTION

Electrochemical and photochemical water splitting have been
addressed as a promising and sustainable technology for energy
conversion. These processes involve two half-reactions: water
oxidation (or the oxygen evolution reaction (OER)) and water
reduction (or the hydrogen evolution reaction (HER). The
OER, requiring four proton and electron transfers per oxygen
molecule, is the more complex of the two half- reactlons,
consequently, it limits the overall water-splitting process. ™ To
overcome this issue, semiconductor-based catalysts meeting the
band gap requirement and having a valence band below the O,/

H,O level have been developed with the aim of improving the
OER.>® In this type of material, the oxidation of water is
promoted by holes generated in the interface of the n-type
semiconductor and the electrolyte.”’

Indium oxide (In,O;) is a wide-band n-type semiconductor,
even in the absence of intentionally added donors,® which
satisfies the band edge position requirement for water
electrolysis. In addition, the presence of defects such as oxygen
vacancies or the presence of dopants allows for the possibility of
decreasing the electron/hole recombmatlon and increasing the
interfacial electron transfer process.” Conceming the other
defects generated due to reducing different aspects of the
conditions that have a real and relevant impact on the catalytic
activity of reduced In,Os, Guetal.' *varied the oxygen vacancies

lications  © 2019 American Chemical Society
<7 ACS Pub

content in order to find the optimal proportion for sensing
proPerties by varying the hydrogen annealing time. Davies et

explored the features of formation of In" in the In,O;
surface under reducing conditions by combining X-ray photo-
emission measurements with first-principles density functional
theory (DFT) calculations.

In,0; offers a wide range of applications such as transparent
electromt:s,I sensors L photovoltalc dewces, > light-emitting
diodes,"® solar cells,' 7 and gas sensors.'™"? In this context, the
study of the surface structure and defects, electron accumu-
lation, and control of vacancies and carrier densn}l that directly
affect the material efficiency is mandatory.””*' In,O4 can
crystallize in a cubic and/or rhombohedral polymorphic form.”
The body centered cubic structure (bcc-In,O,) is the most
stable with lattice constants a = b = ¢ = 10.118 A, in which each
In’* cation is situated in the center of a distorted cube with only
six vertices occupled by oxygen anions, while the remaining two
vertices are empty.”* The metastable thombohedral polymorph
(rh-In,0,) is obtained at high temperatures and pressures, with
lattice parameters of a = b= 5478 Aand ¢ = 14.510 A, and in this
arrangement, the In*" cations are coordinated octahedrally with
two layers of oxygen anions. ** The process of phase trans-
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formation in In,O; has been a focus of attention, since the
different polymorphs show specific properties that directly affect
the performance of the desired applications.” Koch et al?
observed from adsorption measurements that rh-In,O; exhibits
predominantly Lewis acidic surface sites compared to bcc-
In,Oy; thus, the cubic structure presented a superior CO,
selectivity in methanol steam reforming. Wu et al.”” investigated
the photocatalytic activities of rh-In,O; and bcc-In, 0,
nanostructures and obtained the highest efficiency for
degradation of tetracycline using rh-In,O;. Furthermore,
In,0; with coexisting cubic and rhombohedral phases showed
improved performance for NO, sensing, with excellent
selectivity and stability.”®

The dopant processes in the oxide matrix are a useful
approach to design the material properties, such as band gap
engineering, morphology control, and changing the electrical
carrier density.”” ™ Studies addressing the doping effect in an
In,O; host have been carried out, such as the work of Xu et al,*
who proposed a selection of suitable transition metals as dopants
to achieve higher carrier density and optical transparency. In this
context, Farvid et al.** evaluated the effect of Cr** doping on
In,O; host lattice, attributing the stabilization of the metastable
rh-In,O; phase to the inhibition of the nanoparticles growth due
to the presence of dopant ions in the reaction mixture, while Li et
al.** showed the dependence of the phase transition process and
morphology transformation provoked by the dopant concen-
tration in Zn-doped In,O;. Very recently, our group has
successfully synthesized In,O; and Er**-doped In,O; nano-
structures, and their PL emissions and photocatalytic activities
have been investigated.”* ™ Doping processes involving rare
earth elements have been proposed as a route to control the size,
morphology, and even the stabilization of a specific crystallo-
graphic phase.”’™*' In particular, La** is known to perform a
crucial role in advanced photocatalytic technologies. For
instance, Zhang et al. reported the presence of a higher density
of oxygen vacancies due to the La** doping process in TiO,, and
consequently, an improvement in photoelectric conversion
efficiency was achieved. Oppong et al.** reported a decrease in
the electron hole recombination in ZnO due to empty 4fand 5d
orbitals of La**, and Wei et al.** achieved a higher performance
for H,S sensing due to an improved ability to adsorb the ionized
oxygen species on the In,O, surface throughout the La** doping
process.

In the present work the microwave hydrothermal-assisted
method was combined with a calcination process performed ina
microwave oven."*™ This annealing treatment has the
advantage of reducing the temperature and the calcination
time,”* ™ which in this work yielded the formation of well
crystallized In,O; within 2 min of calcination. Adequate
synthesis methods coupled with a detailed electronic and
structural description of In,O; promote an understanding of the
fundamental knowledge to be applied for the development of the
functionalities of this material. Inspired by the above-mentioned
studies, herein we seek to accomplish four aims. First, we report
a simple and efficient method to efficiently fabricate both In, 0,
and La*-doped In,0 by employing a microwave-assisted route.
Second, the effects of the La’* dopant in the phase formation
(rh-In,0; vs bee-In, O3) have been analyzed. To support these
findings, X-ray diffraction and Rietveld refinements, energy
dispersive X-ray (EDX), Raman, and UV—vis spectroscopies, as
well as PL emissions have been studied. The structures of the
two phases have been investigated by first-principle calculation,
based on DFT, to obtain their relative stabilities and structure

differences at the atomistic level. In addition, from the analysis of
the theoretical results, we disclose the mechanism through
which the La doping process stabilizes more of the rh-In,O with
respect to bee-In, O, The third objective is to explain how the
theoretical and experimental morphologies from FE-SEM
images of the cubic phase are rationalized based on the Wulff
construction by first-principle calculations. Finally, the fourth
objective is to demonstrate that the prepared In,O; and La*-
doped In,0; films present electrocatalytic activity for water
oxidation and contribute to broaden their possible applications.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Synthesis. The precursors were obtained from the addition of
14.40 mL of an In(NOj3)  solution (0.10 mol L™") and 2.00 mL of PEG
200 in 40 mL of distilled water under constant stirring. The pH was
adjusted to 9.70 using a KOH aqueous solution (3.0 mol L™"). To
prepare the doped precursor, a stoichiometric amount of a La(NO;);
solution (0.20 mol L™!) was added to the mixture in order to reach a
concentration of 4.0 mol % La*" in relation to In*" ions. The final
solution was transferred into an autoclave, sealed, and placed in the
microwave-hydrothermal equipment. The solutions were heated at 140
°C for 2 min, employing a heating rate of 5 °C min™". The precipitate
powder was washed several times with deionized water and ethanol and
dried at 60 °C for 3 h. The as-prepared In(OH); and La**-doped
In(OH); precursors were annealed at 350 °C for 2 min in a microwave
oven to obtain In,O3 nanostructures.

2.2. Characterization Techniques. The In,O; powders were
characterized by X-ray diffraction (Shimadzu XRD 6000) using Cu Ka
as the radiation source. The structure was refined using the Rietveld
method and the General Structure Analysis System (GSAS) package,
with the EXPGUI graphical user interface."” The cubic and
rhombohedral structures of In,O; were generated using the Crystal
Maker program (Version 2.2.4.445) for Windows. The morphological
characterization was carried out using a field-emission scanning
electron microscope (FE-SEM, Zeiss Supra3$) operating at S kV.
Transmission electron microscopy (TEM) was carried out on a FEI
Tecnai G2F20, operating at 200 kV. The microanalysis by energy
dispersive X-ray (EDX) spectroscopy was carried out using an Oxford
Instruments system, operating at 20 kV. UV-visible spectra were
obtained on a Cary 5G spectrophotometer in the region 200—900 nm.
Raman spectra at room temperature were recorded on an RFS/100/S
Bruker FT-Raman spectrometer, with an Nd:YAG laser providing an
excitation light at 1064 nm and a spectral resolution of 4 em™
Photoluminescence (PL) spectra were recorded at room temperature
by a thermal Jarrel-Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier (4., = 350.7 nm).

2.3. Electrochemical Studies. To carry out the electrochemical
studies, undoped and doped In,O; with 4.0 mol % La** films were
prepared based on the interfacial method.””*" For this purpose, 3.0 mg
of the In,O; powder were added to 20 mL of water, vigorously stirred
for 30 min, and maintained in an ultrasonic bath for further 30 min.
Then, the resulting dispersion was transferred to a 50 mL round-
bottomed flask containing 20 mL of toluene. The two-phase system was
maintained under strong magnetic stirring for 24 h. Then, the magnetic
stirring was stopped, and the transparent film obtained on the interface
was deposited onto the ITO surface (sheet resistance of 9—15 ohm/sq
and thickness of 180 nm), and dried at 70 °C for 2h.

Cyclic voltammetry (CV) was carried out using a PGSTAT12
Autolab potentiostat equipped with a conventional one-compartment,
three-electrode cell containing the nanostructured film as the working
electrode, a platinum wire as the counter electrode, and Ag/AgCl (3.0
mol L™" KCl) as the reference electrode. Electrocatalytic activity for
water oxidation was measured in a 0.1 mol L™" phosphate buffer with
the addition of a 3 mol L™ KOH solution for pH adjustment. CV of the
electrode was obtained at a scan rate of 50 mV s,

2.4. Computational Methods and Model Systems. First-
principles calculations within the periodic DFT framework, using the
hybrid B3LYP exchange—correlation functional, were performed with
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the CRYSTAL17 progmmSl to characterize the InyO; and La3 *-doped
In, O systems. All-electron basis sets were used to describe O atomic
centers, a pseudopotential basis set for the In atom,”* and an effective
core potential (ECP) pseudopotential with 11 valence electrons
described was used for the La*.”’ Regarding the density matrix
diagonalization, the reciprocal space net was described by a shrinking
factor of 4, corresponding to 36 k-points generated according to the
Monkhorst—Pack scheme. The accuracy of the evaluation of the
Coulomb and exchange series was controlled by five thresholds, whose
adopted values were 1075, 107%,107%, 107%, and 107'°. A supercell of 80
atoms, corresponding to 2 X 2 X 1 conventional cells, was used to
simulate the La**-doped In,O5 systems. A 12.50% substitution of In*"
ions by La*" cations was performed in order to match the experimental
value in which the rh-phase of In,O; was formed.

Inaddition, the surface energies, E, . of the (100), (110), (111), and
(211) surfaces were calculated for the cubic phase by using the Wulff
construction, which minimizes the total surface free energy at a fixed
volume, providing a simple correlation between the surface energy of
the (hkl) plane and the distance (r;y) in the normal direction from the
center of the crystallite.” The procedure to obtain the complete set of
morphologies, based on the Wulff construction and the surface energy,
has been previously presented by Andrés et al*® and it has been
successfully used in materials science to obtain the morphology of
materials, including PbMoO,, CaWO,, Ag;PO,, a-Ag;MoO,, BaMoO,,
BaWO,, AgCrO,, and LaVO,> ™' The surface energy (Eyq) is
defined as the total energy per repeating slab cell (E,,,) minus the total
energy of the perfect crystal per molecular unit (Ey,, /atom) multiplied
by the number of molecular units of the surface (N) and divided by the
surface area per repeating cell of the two sides of the slab: E,, ;= 1/2A
(Eaas = N-Epu)-

A schematic representation of the unit cell of bee-In,O; (a) and rh-
In,O; (b) structures are presented in Figure Ia,b, respectively. The In**

(a) In(OH),

La"-doped In(OH),

I JCPDS 85-1338
* InOOH

(b)

InO,
La”-doped In,0

Intensity (a.u.)
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Figure 2. XRD patterns of the as-synthesized In,O5 and La**-doped
In(OH); (a) and of the In,O; and La*"-doped In,O; obtained after

calcination (b). PDF nos. 85—1338 and 06—0416 (JCPDS, [1967 and
1955, respectively]).

(a)

A

Figure 1. Schematic representation of the unit cells of (a) bec-In,O5
and (b) rh-In,O; structures.

cations in the bee-In, Oy structure occupy two nonequivalent positions,
8b and 24d according to the Wyckoff notation, surrounded by oxygen
anions in the octahedral and trigonal prismatic coordination, [InOq]
cluster, respectively.

3. RESULTS AND DISCUSSION

The In(OH), and La**-doped In(OH), precursors were
obtained by a microwave synthesis at 140 °C for 2.0 min
under hydrothermal conditions. The X-ray diffractograms of the
precursors are shown in Figure 2a. For all samples, diffraction
peaks regarding the cubic structure of indium hydroxide were
indexed according to Powder Diffraction File (PDF) no. 85—
1338 (Joint Committee on Powder Diffraction Standards

(JCPDS), [1967]). The presence of a second phase is perceived
due to the peaks at 25.9 and 33.7° for the La**-doped sample,
corresponding to the orthorhombic structure of the indium
oxyhydroxide (InOOH) according to PDF no. 17—
0549 (JCPDS, [1964]). The short reaction time in the
preparation of these materials indicates the efficiency of the
microwave hydrothermal method for obtaining In(OH),
nanoparticles and the incorporation of the La* ions into the
hydroxide lattice.

In order to obtain In,O4 and La**-doped In,O, materials, the
In(OH); precursors were subjected to microwave oven
calcination at 350 °C for 2 min. The corresponding XRD
patterns are shown in Figure 2a. It was observed that a single
cubic phase bcc-In,O; was formed for the undoped In,O,
sample, in accordance with crystallographic data card PDF no.
06—0416 (JCPDS, [1955]). The diffractogram of the La**-
doped In,O; sample shows, in addition to the peaks of the bce-
In,O; structure, a peak at 20 = 32.63° corresponding to the
plane (110) of the rhombohedral phase rh-In,O;, according to
PDF no. 72—0683 (JCPDS, [1969]). An analysis of the results
displayed in Figure 2b shows that a mixture of bee and rh-In, O
is presented; the addition of La® cations in the structure of
In,0; triggers the appearance of the (110) peak of the
rhombohedral phase, rh-In,O;.

A Rietveld refinement method was performed for the In,O,
and La**-doped In,O, samples, as shown in Figure 3. In Table 1
the values of the profile and lattice parameters obtained after the
final refinement cycle are presented. The low values of y* and the
profile parameters (R, R,,) indicate a high quality of
refinement. The presence of the dopant influences phase
formation, wherein the undoped bcc-In,O; was transformed
into a mixture of bee-In, O and rh-In, O, Rietveld refinement of
the XRD patterns of the La**-doped In,O, sample renders the
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Figure 3. Rietveld refinement of XRD patterns for the In,0; and La**-doped In,O; samples. The respective crystal structures obtained from Rietveld
refinements, comprising the cubic and rhombohedral phases, are shown in the upper right corner.

Table 1. Quality and Parameters Obtained by the Rietveld Method for the In,0; Samples

bee-In, Oy cell parameters th-In,0; cell parameters

a=b=c(A) a=b(A) c(A)
In,0, 10.1110(3)
La*-In,0, 10.1202(5) 5.4842(11) 14.5053(10)

rh phase fraction (%) R, (%) R, (%) Rpeuge (%) 7
623 4.65 109 1.191
197 631 4.98 1.63 1459

presence of 80.3% bcc-In,O; phase and 19.7% rh-In,O;. The
cubic and rhombohedral structures of In,O; samples were
generated from the Rietveld refinement data and are represented
in the inset of Figure 3.

In the present work, we observed that the La*" doping process
promotes the formation of the rh-In,O; phase to a larger extent
with respect to the Er** doping process, reported in our previous
work.*® A comparison of the results obtained from the Rietveld
refinement shows that a percentage of 19.7% was achieved for
the rh-In,O; phase with La** doping and 12.7% with the Er**
one. This result was also observed by Wang et al,** in which the
influence of La** doping on the crystal phase can be related to
size and dipole polarizability of the substitutional dopant. The
La*" cation has a larger ionic radius than the Er’" cation,
exhibiting a greater tendency toward the distortion of the
electronic cloud, thus favoring even more the formation of the
rh-In, O; phase.

The La** doping at both 8b and 24d sites modifies the
distortion of the octahedral coordination due to mismatch in
ionic radii of La**and In*"cations. To gain further insight into
the source of the relative stabilization of the rh-In,O; phase with
respect the bee-In, O, induced by the La** doping process, first-
principles calculations were carried out to study the La**-doped
In,O; crystal structure at different amount of La**-doping (3.1,
9.3,and 12.5 mol %) for both phases (rh- and bee-In,O5) and for
the two Wyckoff positions. First, it was found that the
substitution of In** by La* in the bce-In,Oj structure is more
energetic at the d site, 1.97 X 107 Hartree.

An analysis of the results presented in Table 2 shows that the
undoped bce-In, O, phase is more stable than the rh-In, O, one;
however, as the percent of La* doping content increases, the rh-
phase is stabilized with respect to the bec-structure. Substituting
In** by La* cations in both positions 8b and 24d achieves an

11741

Table 2. Calculated Cell Parameters, a and ¢ (A) and the
Energy Difference E,, . — E,;, (Hartree) between bec and rh
Structures of the In,0; and La**-In, 0 Structures at Different
% of La*>* Doping”

bec rh

In,0, a a c Eyec— Egy
undoped 10.123 5474 14.585 —0.0071
3.1% La* (8b) 11.104 5489 14.624 —0.0062
3.1% La* (24d) 11.078 —0.0064
9.3% La** (8b) 11.220 5514 14.691 —0.0021
9.3% La** (24d) 11.180 —0.0022
12.5% La** (8b) 11.298 5.528 14.720 0.0010
12.5% La** (24d) 11.298 0.0393

“Cell parameters referred to a single unit cell. E, = —229.73034
hartree. 8b and 24d refer to the Wyckoff positions of bee-InyO5.

energy in which the rh-In,O; phase is more stable than the bcc-
In,0; phase when the doping percentage reaches the value of
12.5% at both 8b and 24d positions.

An analysis of the values of the In—O and La—O bond
distances at the [InOg] and [LaOg] clusters, ie. the local
coordination of both In** and La* at both undoped and doped
bee- and rh-In, O, structures (see Tables S1 and S2) renders that
the substitution of In** by La** provokes an expansion of the
clusters due to the large ionic radius of La®* with respect to In**,
i.e, the La—O bonds are larger than In—O for both bec- and rh-
In,O; phases. However, it is interesting to note that [LaOy]
clusters display a more remarkable structural distortion in the rh-
In,O; phase at 12.5% La content of the rh-In,O; phase, with four
different La—O distances.

Furthermore, the value O—In(8b)—O bond angle decreases
from 87.5 to 80.6° in 12.5% La**-doping for the bec-phase, while
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the other O—In(8b)—O bond angle increases from 93.3 to
98.8°; for the O—In(24d)—O bond angle, their values decrease
from 78.5 to 76.3°% and increases from 98.3 to 104.0° on going
from the bec-phase to 12.5% amount of La** doping. The values
of the O—La—O bond angles at bce- and rh-phase for the same
doping percentage are 77.0 and 103.0°, as well as 73.5 and
110.0° respectively (see Table S3). These values indicate that
the geometry of the rh phase has more flexibility than the bcc
phase to carry out the La*-doping process, demonstrating that
the [LaOg4] octahedra in the rh-doped structure has more liberty
to expand and rotate. This fact indicates that the rh-In,O;
structure is more prone to accept the substitution of La®* that
entails larger structural distortion with a lower energy cost.
These theoretical results are able to explain the experimental
findings, i.e., the formation of the rh-In,O; phase is promoted
when In*" is replaced by La* cations. Overall, the structural
deformations at the lattice of the rh- and bec-In, O, arise due to
two types of distortions: One is due to tilting of InO4 octahedra,
and the other results from the length asymmetry in six In—O
bonds surrounding the In** cation in the [InO,] octahedra.
Considering the above observation, it is easy to realize that such
structural order—disorder modifications provoked by the La**
doping process is more favorable at rh than bcc phase of In,O;.
This behavior was also found on a study based of NaYF, doped
with light lanthanides, where hexagonal phase is favored
compared to cubic one.”

The FE-SEM images of the In,O; and La*-doped In,O,
samples are displayed in Figure 4a,b and consist of agglomerated

Figure 4. FE-SEM images of: In,O; (a), La*"-doped In,0; (b), and
EDX of the La**-doped In,O5 sample (c). The inset in (c) represents
the elemental mapping of the La**-doped In,0; sample.

formation and larger size cubic shaped nanoparticles,
respectively. The growth process and morphology of the final
nanoparticles depend on the degree of saturation of the reaction
medium, the diffusion rate of the species present on the surface
of the crystals and, consequently, on the interfacial energies
involved in the process.”” From the results obtained, it is clear

that the presence of La*" affects the morphology and size of the
synthesized particles.

The presence of La** in the doped sample is confirmed by the
EDX spectrum (Figure 4c). The elemental mapping of the La*-
doped In,O; sample is presented in the inset of Figure 4c,
showing uniform distributions of the In, O, and La elements at
the surface of the nanostructures.

From the thermodynamic point of view, the shape of crystals
grown under a real or near equilibrium condition is dominated
by the energies of the different surfaces. The (110), (100),
(111),and (211) surfaces of the bee-In,O4 phase were modeled
using slab models with the calculated equilibrium geometries.
According to the DFT calculations, the stability of the surfaces
follows the order (100) < (211) < (110) < (111), with surface
energies of 3.62, 2.29, 1.40, and 1.02 ] m™?, respectively. Since
the coordination environment affects the stabilization of the
surfaces, the higher stability of the (111) surface is attributed to
the presence of [InOg4] clusters in the exposed surface, while for
the other surfaces, the presence of oxygen vacancies in the
superficial and undercoordinated In clusters increases the value
of the surface energy (Figure S1). An analysis of the theoretical
results reveals that the most stable morphology is an octahedron,
in which only the (111) surface appears. From the energy
obtained using the slab models, it is possible to modulate the
surface energies to find the morphology obtained experimen-
tally. This strategy is based on the fact that the morphology is
derived from calculated surface energies using the assumption
that crystal faces with the lowest surface energies control the
final crystal morphology. Therefore, different possible morphol-
ogies can be obtained by increasing or decreasing the stability of
the different facets. A truncated octahedron can be obtained if
the surface energy of (110) is decreased to 0.80 ] m™ while a
truncated sphere can be produced when the surface energy of
(211) is decreased to 0.50 ] m™ (see Figure 5).

The experimentally obtained morphology of the La**-doped
In,O; sample makes possible to find the path that is capable of
matching the theoretical morphology. This agreement is
obtained when the values of the surface energy for (100)
decrease to 0.30 ] m™2, where the presence of La** cations in the
In, O, matrix lower the (100) surface energy, and thus the cubic
shape is able to appear (see Figure $). This behavior was
emphasized by Cho et al.,” where the presence of foreign ions in
the reaction environment can drive the surface energy toward
the formation of a specific morphology; in particular, a well-
defined cubic morphology was achieved with fluorine doping.
These authors evaluated the energies of F-substitution at the
surface of In,O5, showing that the surface binding of F atoms
directs the stabilization of the (100) facets.

The analysis of the TEM images reveals a difference in the
morphology of In,O; and La**-doped samples. The undoped
In, O, sample presents smaller particles, with a size of around 8
nm and irregular shapes (Figure 6a), while the La**-doped In, O,
sample shows an increased size and a verified cubic morphology
(Figure 6b). As can be seen in Figure 6¢,d, HRTEM images of
the In, O, sample show the (222) lattice spacing (2.91 and 2.98
A). For La*-doped In,0;, the (400) lattice spacing (2.59 A),
(211) lattice spacing (4.16 A), and, from the rhombohedral
phase, the (110) lattice spacing (2.77 A) can also be observed
(Figure 6e,f). These results indicate that the La** doping allows
to access other surface facets beyond the (111), observed for the
undoped In,0;.

The Raman spectra obtained is presented in Figure 7a. The
body-centered cubic structure In,0; (bce-In,O53) belongs to
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Figure 5. Map of the morphologies of bee-In, 5 taking into account (100), (110), (111),and (211) surfaces (with surface energy expressed in J m™).
An image of the In,O; cube-form particle obtained from SEM is shown on the right.

Figure 6. TEM images of In,Oj (a) and La**-doped In,O; nanostructures (b). HR-TEM images of In,O5 (¢, d) and La**-doped In,O; nanocrystals (e,

space group Ia3, T}. For this structure, among the following
predicted modes (4A, + 4E, + 14F, + SA, + SE, + 16T ), only
Ay E,, and Fy are Raman active.”” The Raman spectra of the
In,0; and La*-doped In,O, samples display characteristic
bands of the vibration modes of body-centered cubic oxide,

which agree with values reported in the literature.””” The main
signals for the synthesized samples were observed at 131 cm™
(A'), which is related to In—O (vibration of InOj structure
units) at 308 cm™, attributed to the bending vibration of the
InOg octahedron (superposition of the F,,* and A;> modes), and
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Figure 7. Raman spectra of In,O; and La**-doped In,O; samples (a)

and comparison between the positions of theoretical and experimental
Raman-active modes bee-In,O; (b) and rh-In, 05 (c).

a signal at 370 cm ™, which is due to stretching vibrations of In—
O—In (F,,"). The bands at 497 and 633 cm™ are also assigned
to the stretching vibrations of the InO4 octahedrons.

The rh-In, O, structure belongs to the space group R3¢, Ds,f.
The irreducible representation of the optical modes for the
crystal are 2A; + 2A,, + 3Ay, + 2A,, + SE, + 4E,, of which only

the vibrations with symmetry A,, and E, are active in Raman
spectroscopy.’’ The Raman spectra of La**-doped In,O4
presents a strong band at 162 cm™', attributed to the Ay
symmetry of rh-In,Oj;, indicating the coexistence of cubic and
rhombohedral phases of In,O;, which is in agreement with the
X-ray diffraction characterization.

Furthermore, the vibration of the In—O—In bond is known to
be affected by the presence of oxygen vacancies.” The relative
intensity and shift of the Raman band position can reflect the
density of defect states of oxygen.”'~”* The observed redshift of
the In—O—In mode to 363 cm™" for the La**-doped sample can
be attributed to the weaker bond strength forces due to the La*
insertion.

A comparison of theoretical and observed experimental
positions of the Raman active modes is presented in Figure 7b,c,
respectively. An analysis of the results revealed a good
agreement between the Raman shifts (cm™) of the experimental
modes compared to the theoretical modes for the bee-In, Oy
structure. The insertion of La® cations gives rise to a change in
the crystal lattice with concomitant variations in the position of
the Raman modes, as can be observed in Figure 7c. The bands
presented in the host matrix spectrum are affected by the dopant,
since the Raman bands arising from the vibrational modes that
involve a significant contribution of atomic motion from the
dopant atom may exhibit a shifting of the peak position (Tables
S4 and SS). In addition, since the structural disorder within the
undoped In,0; and the La*-doped In,O; compounds loses its
translational symmetry, Raman spectroscopy can be used to
investigate the nearest-neighbor changes in these structures.
Disordering allows more phonons to contribute to the optical
spectra, thus causing a general broadening of all the Raman
active modes.

The values of the band gap of each sample were calculated by
linear extrapolation of the curve using the method proposed by
Kubelka—Munk”™ from absorption spectra in the visible region
(Figure S2). The estimated band gap values are 2.9 eV for the
undoped In,0O, sample, which presents only the bce phase, and
3.2 eV for the sample doped with 4.0 mol % of La, presenting a
mixture of bee and rh phases.

The calculated band structures along high symmetry lines are
shown in Figure 8a—d, while the total density of states (DOS)
projected onatoms for the pure bee-In, O, pure rh-In, 05, 12.5%
La** bee-In, O, and 12.5% La** rh-In, O, are presented in Figure
8e—h, respectively. The analysis of the band structures indicates
that pure bee- and rh-In, O phases present similar and indirect
band gap energy (3.74 and 3.76 eV, respectively). The doping of
La’* cations in the In,O; matrix provides an increase in the
indirect gap energy, which was the same behavior as that verified
experimentally. This enhancement can be sensed more in rh-
In, O (up to 4.11 V) than in bee-In,O; (up to 3.82 eV) doped
structures, due to the increase in electron density caused by the
dopant.””

The DOS of pure bee- and rh-In,O; phases (Figure 8ef,
respectively) indicates that the upper part of the valence band
(VB) consists mainly of 2p O orbitals, while the conduction
band (CB) is mostly composed of Sp In orbitals. Doping the
In, O, matrix with La* resulted in a VB similar to those of both
pure bee- and rh-In,O; phases. However, the CB in Figure 8h
has a prevailing La 5d character, more noticeable than that in
Figure 8g, showing an effective hybridization with 2p O orbitals
to generate the distorted [LaOg] clusters.

The La**-doping process for the rh-doped structure shows a
strong Coulomb force between La** cations and oxygen anions
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that can resultin the structural rotation of the [LaO,] octahedra.
This fact can increase the La—O bond length with a concomitant
increment of the rotation for the octahedra in the rh phase with
respect to the bee phase, giving rise to the appearance of long-
range structural disorder. This result explains the experimental
observations, in which a suitable amount of La**content (12.5%)
covers states in the CB of rh-In, Oj; structure leading to a shift in
the absorption to higher energies, a result known as the
Burstein—Moss effect.”® Other authors also attributed the

widening of the bandgap to this effect, reporting a blueshift in
the absorption edge for the In,O; doped with Fe ions,”” and He
et al.” noticed an increase in the band gap of ZnO with the
increment of the La jons content. Oxygen vacancies also
contribute to carrier density, affecting the gap energy, since they
generate defects between the valence band and the conduction
band.”” The existence of these vacancies is confirmed by
photoluminescence spectra.

Study of the PL emissions in materials provides valuable
information about aspects involving intermediate energy levels
and energy transfer mechanisms. The PL emissions obtained at
room temperature with A = 350 nm are shown in Figure 9. The

— ln203
—— La"-doped In,0,

Intensity (a.u.)

400 500 e:)o 150 800
Wavelength (nm)

Figure 9. Photoluminescence spectra of In,O; and La**-doped In,O;
samples.

photoluminescence of In,O; nanostructures is mainly related to
oxygen defects, such as oxygen vacancies and interstitial oxygen,
as well as to indium vacancies. The undoped In,O; sample
exhibits a broad emission band centered at approximately 617
nm, while in the La**-doped In,O sample the emission band
undergoes a decrease in intensity and presents an additional
emission at approximately 450 nm (blue emission). Green
emissions were attributed to the presence of oxygen vacancies in
the bulk material, which can act as recombination centers.*’ Wu
etal.”’ claimed that the blue emissions of the nanostructures of
In,0; can be accounted for by the radiative combination
between electrons located in oxygen vacancies (V,*) of the
donor band and holes in vacancies of indium and oxygen (Vy,,
V,)*. Yang et al.*! demonstrated that the emission in the blue is
the result of the recombination of electrons that occupy oxygen
vacancies with photoexcited holes.

The PL behavior is strongly dependent on the structural
modifications generated from intrinsic defects or dopant ions.
Zhang et al.*’ observed an enhancement of PL emission for
Gd**-doped rth-In,0, nanoparticles, which was attributed to the
deep level or trap state emissions. As it has been extensively
reported in the literature, the insertion of La** ions in the In,O;
matrix produce a suppression of the PL intensity, thus endowing
La*" ions with the ability to prevent electron—hole recombina-
tion.” The different PL aspects observed for the undoped In, 0,
and La**-doped In,O; samples evidence the alternative
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recombination mechanism of each sample when defects, such as
dopants, are introduced.

The electrochemical activity of undoped and doped In,0,
with 4.0 mol % La** films for water oxidation was investigated by
cyclic voltammetry in 0.1 mol L™ phosphate buffer, with the
addition of KOH until pH 13. CV studies obtained for the ITO
background are also included for comparison purposes. Figure
10 exhibits the electrocatalytic oxygen evolution reaction of

In,0;
14] ——La"-doped In,0,
——ITO substrate

0.8 4
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Figure 10. CVs of the ITO background, In,O;, and La**-doped In,O;
films in phosphate buffer, pH 13.

In, 0 films, with an onset potential of 0.80 V (vs Ag/AgCl) for
In,0,, while for the La**-doped In,0; film, this process takes
place at lower potential, around 0.74 V, thus indicating a higher
charge transfer kinetics.** In addition, the doped In,O; film
exhibited a higher current density when compared to the In,0,
film

During the electrochemical process, the applied potential in
In,O; nanostructure films promotes the formation of electron—
hole pairs, which are responsible for water oxidation. In this
arrangement, oxygen is produced from water decomposition by
holes generated in the In,O; film surface, and intermediate
species produced during the four-electron reaction may capture
electrons from the conduction band.**

The La** doping leads to a symmetry breaking process
that can induce the formation of intermediary energy levels
within the forbidden band gap and that can act as trap states
reducing the electron/hole recombination rates, as observed by
Liu et al.** and Zhou and Zhao® in samples containing mixed
TiO, phases. Moreover, accordingly to Yalavarthi et al,” the
electron/hole recombination influences the charge transfer
efficiency, and a lower recombination rate can leads to a more
efficient electrochemical performance. Furthermore, an in-
creases of the charge separation can be associated with the
presence of the La empty 4f orbitals, that is able to suppress the
recombination as well.*’

The above cited factors allowed a higher electrocatalytic
efficiency of O, evolution for La**-doped In,O; films compared
to the In, O, sample. The Scheme 1 shows O, evolution bubbles
on the La**-doped In, O, film surface during application of 1.2 V
and the respective schematic representation of electron—hole
formation during this process. Oxygen vacancies are dominant
defects in In,O; and they are considered active sites for
electrochemical processes."” Zhang et al.”” provided evidence
that oxygen vacancies reduce the activation energy of O—O

36,84

Scheme 1. O, Gas Bubbles Formed on the La*>*-Doped In,0;
Film during Application of 1.2 V and Schematic
Representation of the Electron—Hole Formation
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bond formation, that is, the rate-determining step for catalytic
water oxidation.

The electrochemical performance in the La*-doped In,O,
sample is related to the bulk and surface properties resulting
from the presence and the concentration of this dopant.
Increasing the La amount in the In,O; would not necessarily
result in linear improvement of the catalytic efficiency, since
aspects considered to be key factors to enhance the electro-
chemical activity, such as the presence of oxygen vacancies, can
present a two-sided effect, being crucial to favor the electro-
tocatalytic activation, but the excess of this oxygen defect can
result in recombinative centers reducing the efficiency of the
process as reported by Gan et al.” Therefore, the prediction of
the electrochemical activity in the function of the La content
constitutes a complex issue, in view of the several factors that
affect the charge transfer processes in the oxide surface, being
specific for each dopant amount.

These results are in accordance with the PL measurements,
which exhibited a lower intensity band for the doped sample and
an additional band near 450 nm, evidencing a high
concentration of electron traps in La**-doped In,0,, assigned
to oxygen vacancies. The analysis of the Raman spectra also
indicated a higher number of oxygen vacancies for La**-doped
In,O; compared to the In,O; sample. These traps are
responsible for decreasing electron/hole recombination rates
and, consequently, for improving the charge transfer processes
in the oxide surface. Therefore, the electrochemical performance
recorded from the samples indicates that the insertion of
lanthanum promoted defect states that affect the charge carrier
transfer process.

The influence of the pH value on the activity of In, O, films for
water oxidation was evaluated in order to suggest the prevailing
mechanism reaction. Both undoped and doped In,O; at 4.0 mol
9% La’* samples exhibited a similar behavior in the range of pH
7.0—13.0, and the onset potential for water oxidation decreased
with increasing pH values (Figure S3a,b). This pH dependence
indicates a proton-coupled electron transfer (PCET) reac-
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tion.”””" One prevailing reaction mechanism proposed for
oxides in an alkaline pH medium is the direct adsorption of OH™
molecules by the surface, forming a charged intermediate.
Removing one electron and one proton from the [(SUR-
FACE)—OH]~ intermediate, the formed [(SURFACE)—0O]~
can interact with other H,O molecule generating [(SUR-
FACE)—OOH]". Another stage of deprotonation and electron
transfer forms [(SURFACE)—OO]"; thereafter, the loss of one
electron forms In,Ojsurpace)—OO and releases the O,
molecules with consequent recovery of the oxide surface.*””*

4. CONCLUSIONS

In,0; and La**-doped In,O nanostructures were successfully
synthesized by a microwave-assisted hydrothermal method
followed by microwave calcination. The structures were
elucidated by X-ray diffraction, which indicated the formation
of the bee-In,Oj structure for the undoped sample and a mixture
of bee- and rh-In, O structures for the La**-doped sample. The
Rietveld refinement provided information about the effect of the
doping process of La®* cations in the lattice parameters of the
In,O; matrix and determined the proportion of bcc- and rh-
In,0; polymorphs obtained in La**-doped In,O;. The TEM
images showed that the doping process of La** induces the
formation of cubelike particles with a larger size when compared
to the undoped In,O;. The Raman spectra revealed the existence
of bee- and rh-In,O; for the La**-doped sample, thus
corroborating the XRD results, and indicated the presence of
oxygen-related defects in the materials. First-principle calcu-
lations, at the DFT level, were performed to obtain the
formation energies of the undoped In,O; and La**-doped In,0,
polymorphs, their geometry, and their electronic properties. In
addition, Wulff construction was employed to match the
theoretical and experimental morpholo§ies of the cubic phase.
Theoretical results indicate that for a La’* substitution of 12.5%,
the rh-In,O; phase is more stable than the bee-In, O; phase. The
structural transformation was attributed to the changes in the
In—O bond lengths, O—In—0 bond angles, and the electronic
redistribution induced by the La**-doping process. The PL
intensity decreased from undoped In,O; to La**-doped In,0;
nanostructures, although an increase could be observed in the
blue emission for the doped sample. This indicates that doping
can alter the surface, generating trap states that should reduce
the electron/hole recombination rates, improving the charge
transfer processes, and consequently leading to a more efficient
electrochemical performance.
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Structure, electronic properties, morphology
evolution, and photocatalytic activity in PboMoO4
and Pb;_,,Ca,Sr,MoO4 (x = 0.1, 0.2, 0.3, 0.4 and
0.5) solid solutionsf

E. O. Gomes,” L. Gracia, @0 #? A. A. G. Santiago, @@ ° R. L. Tranquilin,° F. V. Motta,”
R. A. C. Amoresi, % E. Longo, @2 M. R. D. Bomio @2® and J. Andres (9*?

In this work PbMoO, and Pb; ,,Ca,Sr,Mo0, (x = 0.1, 0.2, 0.3, 0.4 and 0.5) solid solutions have been
successfully prepared, for the first time, by a simple co-precipitation method and the as-synthesized
samples were subjected to a water-based reflux treatment. Structural characterization of these samples
was performed using X-ray diffraction with Rietveld refinement analysis and Raman spectroscopy. Their
optical properties were investigated by UV-Vis absorption spectroscopy and PL emissions, and the
photocatalytic activity of the as-synthesized samples for the degradation process of Rhodamine B has
been demonstrated. The surface structure and morphologies were characterized by field emission
scanning electron microscopy. To complement and rationalize the experimental results, the geometry,
electronic structures, and morphologies of as-synthesized samples were characterized by first-principles
quantum-mechanical calculations at the density functional theory level. By using Wulff construction,
based on the values of the surface energies for the (001), (100), (110), (111), (011) and (112) surfaces, a
complete map of the available morphologies for PboMoO,, was obtained and a good agreement between
the experimental and theoretical predicted morphologies was found. The structural and electronic
changes induced by the substitution of Pb by Ca and Sr allow us to find a relationship among
morphology, the electron-transfer process at the exposed surfaces, optical properties, and
photocatalytic activity. We believe that our results offer new insights regarding the local coordination of
superficial Pb/Ca/Sr and Mo cations (i.e., clusters) on each exposed surface of the corresponding
morphology, which dictate the photocatalytic activities of the as-synthesized samples, a field that has
so far remained unexplored. The present study, which combines multiple experimental methods and
first-principles calculations, provides a deep understanding of the local structures, bonding,
morphologies, band gaps, and electronic and optical properties, and opens the door to exploit the
electrical, optical and photocatalytic activity of this very promising family of materials.

1. Introduction

Metal molybdates have aroused great interest due to their
broad applications in a wide range of technological fields such
as catalysis and photocatalysis, optics, magnetism, gas sensors
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and electrochemistry.'™* Among the metal molybdates, the
AMoO; (A = Ca, Sr, Ba and Pb) family with a scheelite structure
and spatial group /41 presents excellent photoluminescence
and photocatalytic properties,"*® lead molybdate, PbMoO,
(PMO), being one of the most promising compounds in this
family.” It is organized structurally by two fundamental units
with point of symmetry S4.° The larger, Pb*', and smaller, Mo®',
cations are coordinated by eight and four oxygen atoms, form-
ing a cluster with a dodecahedral arrangement, [PbOg], and a
cluster of tetrahedral arrays [MoO,], respectively.” The valence
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band (VB) consists of the hybridization of O 2p and Pb 6s
orbitals, while the conduction band (CB) is composed mainly of
Mo 4d orbitals, the band gap between CB and VB being
approximately 3.2 eV.® PMO is employed as photocatalysts,”
semiconductor material’® and an antibacterial agent.'!
Different synthetic procedures have been employed to
obtain PMO, such as the solid state reaction;'? the electro-
chemical method;"? combustion synthesis;'* polymerization of
complexes;'® reverse micro emulsion;'® citrate complex
method,'” solvothermic synthesis,'® conventional hydrothermal*
and the hydrothermal microwave assisted methods." Some of
these methods, however, offer disadvantages, such as the gene-
ration and formation of organic residues, prolonged synthesis
times, and high energy release. Other synthesis methods are
therefore needed to overcome these drawbacks. The water-based
reflux method is a simple, inexpensive, and easily applicable
process.”” It has already been used for the synthesis of nano-
particles,”" nanotubes,”” nano-shell structures and nanowires.>*
It is well known that the properties of the as-synthesized samples
are highly dependent on the synthesis method and thermal
treatments. The size, morphology and crystallinity of the desired
nanostructures can be controlled by varying the reaction time,
concentration of the precursors, and the type of solvent used.
The synthesis of solid solutions offers the advantage of the
continuous change of properties with components, which is
a very effective strategy to tune the properties of advanced
materials with extended functionalities. Continuous series of
substitutional solid solutions can provide a variation in crystal
structure and changes in the band gap values and optical
properties, and an opportunity to understand the structure
property relationship can thus be achieved.**** The design of
a solid solution based on molybdate compounds is a promising
strategy for developing novel materials,®® with the aim of
improving their properties, and consequently expansion wider
range of applications.”” > In particular, Hallaoui et al.** have
studied the structural and optical properties as a function of
composition x for Sr; . Pb,MoO;, solid solutions, showing that
the photocatalytic activity of PMO and SrMoO, is different
despite the similarity of the structures. In this context, our
research group has been engaged in a research project devoted
to the study of the structural, morphological, and optical
properties of different solid solutions of wolframite- and
tungstate-based materials by using a combination of first
principles calculations and experimental techniques.***'*?
This work reports a series of new solid solutions with
improved stability, which are appealing materials for several
applications. Inspired by the above considerations, in this
study, we seek to fulfill a four-fold objective. The first is to
report, for the first time, on the synthesis of PMO and
Pb, ,,Ca,Sr,Mo0, (x = 0.1, 0.2, 0.3, 0.4 and 0.5 (CSMO)) solid
solutions by employing the co-precipitation method, followed
by a water-based reflux treatment. This synthesis method is a
simple, low-cost, and easy synthesis procedure that has
received special attention due to the fact that it allows the
formation of oxides with a high degree of crystallinity and easy
dispersion in aqueous medium, reduced reaction times, low
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synthesis temperatures, excellent control of reaction para-
meters, control of product size and morphology, and enhanced
product purity or material properties. Secondly, X-ray diffrac-
tion (XRD), field emission electron microscopy (FE-SEM), Micro
Raman (MR) and ultraviolet-visible (UV-Vis) spectroscopies
were employed to characterize the samples and determine the
effect of their chemical composition on the morphology and
photoluminescence (PL) emissions. The third aim is to com-
plement and rationalize experimental results by means of first
principles calculation, at the density functional theory (DFT)
level, to obtain the geometry, electronic structure, and proper-
ties of PMO and the solid solutions. The fourth aim is to apply a
joint experimental and theoretical strategy that we developed in
order to obtain a complete map of the morphologies. From
these results, we hope to understand how the different surfaces
change their energies throughout the synthesis process and
propose a mechanism by which the experimental and theore-
tical morphologies of the solid solutions match. Finally, the
insights gained through these calculations help to rationalize
the mechanism and origin of the photocatalytic activity on the
degradation process of Rhodamine B (RhB) dye. We discuss
how knowledge of surface-specific properties can be utilized to
design a number of crystal morphologies that may offer
improved performance in various applications. The different
activities can be associated to the presence of the number of
unsaturated superficial Pb/Sr/Ca and Mo cations capable of
forming the main active adsorption sites. We believe that these
novel results are of significant relevance, since they may inspire
the efficient synthesis of these and related molybdate solid
solutions and provide critical information to expand our
fundamental understanding, while also perhaps contributing
to the rational design of new materials for multifunctional
applications.

This paper contains three more sections. The next section
describes the experimental and theoretical procedures, with the
synthesis and characterization, as well as the computational
methods and model systems. In section three, the results are
presented and discussed. The main conclusions are summar-
ized in the fourth and final section.

2. Experimental and

theoretical procedures

2.1. Materials

Calcium nitrate hexahydrate [Ca(NOj3),-4H,0] (98.0% purity;
Vetec), strontium nitrate [Sr(NO;),] (99.0% purity, Vetec),
molybdic acid [H,Mo00,] (85% purity; Alfa Aesar), ammonium

hydroxide (NH,OH), and distilled water were used as reagents
to prepare the Pb, ,, Ca,Sr,MoO,.

2.2. Synthesis of PMO and Pb, ,, Ca,Sr,MoO, powders

Powder samples of PMO and Pb; ,, Ca,Sr,MoO,. (x = 0.1, 0.2,
0.3, 0.4 and 0.5) were prepared by using the reflux method.
The synthesis procedure is described as follows: molybdic acid
(5.0 x 10* mol) was dissolved in 50 ml deionized water
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(solution 1). At the same time, the respective concentrations
(% mol) of lead, calcium, and strontium nitrates were dissolved
in 50 ml deionized water (solution 2). Solution 2 was added
dropwise to solution 1 and the pH of the solution was adjusted
to 11 by adding ammonium hydroxide to it, and the formation
of a white precipitate was observed. Afterward, this solution
was stirred for 30 min in an ultrasound bath to accelerate the
co-precipitation rate. Subsequently, this preformed mixture was
transferred to a 150 ml round-bottomed flask and refluxed
at 100 °C/1 h.

The resulting precipitate was washed several times with
deionized water to neutralize the suspension (pH =~ 7). Finally,
the white precipitates were collected and dried at 80 °C/
24 hours. The samples were named according to the concen-
tration of Pb*' cations, i.e., the names of the samples are
defined for each value x of the substituents (Ca*'/Sr*") and
the corresponding amount of Pb*": x = 0, 0.1, 0.2, 0.3, 0.4 and
0.5. Hence, they were given the denominations PMO, Pb0.8,
Pb0.6, Pb0.4, Pb0.2 and CSMO, respectively.

2.3. Characterization of Pb, ,, Ca,Sr,M00, samples

XRD patterns of the PMO and Pb, _,, Ca,Sr,MoO, samples were
collected within the 10° to 120” angular range with a step speed
of 0.02° min ' using an XRD 7000 Shimadzu diffractometer
and monochromatic Cu K, (/ = 1.5406 A) radiation. The powder
morphology was examined using an FE-SEM (Carl Zeiss, model
Supra 35-VP) operating at 6 kV. Micro Raman (MR) spectro-
scopy was conducted on a Horiba Jobin-Yvon (Japan) spectro-
meter coupled to a charge-coupled device detector and Ar-ion
laser (MellesGriot, United States) operating at 514.5 nm with a
maximum power of 200 mWMR, and measurements were
recorded using a T-64000 spectrometer (Jobin-Yvon, France)
triple monochromator coupled to a CCD detector. The UV-Vis
reflectance spectrum was obtained using a UV-Vis spectrometer
(Shimadzu, model UV-2600). PL spectra were measured using a
Thermal Jarrell-Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier. The excitation source used
was a krypton laser with a wavelength of 325 nm (Coherent
Innova) and an output of approximately 13.3 mW. The photon
energies with the emitted wavelengths were calculated based on
Planck-Einstein eqn (1), where E is the photon energy, in eV,
and 4 the photon wavelength, in nm.
1240

e

E 1)
The photocatalytic properties for the degradation of Rhod-
amine B (RhB) dye in an aqueous solution were tested under
UV-light illumination (six UVC lamps, 15 W TUV Philips, with
maximum intensity of 254 nm). About 50 mg of catalyst crystals
were placed in a 150 ml beaker, and 50 ml of RhB solution
(1 x 107° mol L") was added. These suspensions were ultra-
sonicated for 10 min in an ultrasonic cleaner before illumination.
During the catalytic process, one aliquot was removed 10 minutes
before turning on the light and the other at zero time. Subse-
quently, aliquots were removed 10, 20, 30, 40, 50, and 60 min after
the beginning of the photocatalysis process. The aliquots were
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centrifuged and analyzed using a spectrophotometer (Shimadzu,
model UV-2600).

2.4. Computational methods and model systems

The structural and electronic properties of the PMO structure
and Pb, ,,Ca,Sr,MoO, solid solutions were calculated using
Becke’s three-parameter hybrid non-local exchange functional,
combined with a Lee-Yang-Parr gradient-corrected correlation
functional (B3LYP), implemented in the CRYSTAL17 package.>
The atoms were centered and described using pseudopotential
databases Ca_pob_TZVP_2012, Sr_ECP28MDF_s411p411d11_
Heifets_2013, Pb_ECP60MDF_doll 2011, 976-311 (d631) G
and 0-6-31G* (all-electron) for Ca, Sr, Pb, Mo and O, respec-
tively. Regarding the diagonalization of the density matrix, the
reciprocal space net was described by a shrinking factor of 4,
generated according to the Monkhorst-Pack scheme. The accu-
racy of the evaluation of the Coulomb and exchange series was
controlled by five thresholds, whose adopted values were 10 %,
105 10°%, 10 and 10 '°.

The representation of the PMO and CSMO bulk structure is
shown in Fig. 1. Mo atoms are coordinated to four O atoms, and
the local coordination can be described by a tetrahedral [MoO,]
cluster. Correspondingly, the Pb, Ca and Sr are coordinated to
eight O atoms, resulting in a formation of [PbOy], [CaOg] and
[SrOg] clusters, respectively. To simulate the substitution
process and to obtain the ideal percentages presented in the
experimental data, a 5 x 1 x 1 supercell, with a volume 5 times
larger than the primitive cell and 60 atoms was used. The most
stable distribution of Pb, Ca, and Sr atoms in the Pb, ,,Ca,Sr,.
MoO, solid solutions Pb0.8 (x = 0.1), Pb0.6 (x = 0.2), Pb0.4
(x = 0.3) and Pb0.2 (x = 0.4) can be seen in Fig. S1 (ESIf).
We have computed the formation energy (E;) of each system,
PMO and Pb, ,.Ca,Sr,MoO, solid solutions, using the
following formula:

E; — (vEpy + wEmo +XEo + yEC, + zEs;)
(v+wH+x+y+2)

AE; = (2

where E¢ is the total energy of a system, Epy, Eyio, Eo, Eca and Es;
denote the total energy per atom of pure elements in their

@0
® Mo
@®rb

Sr
®cCa

Fig. 1 Unit cell of the PboMoO, and CaSrMoQO,. The [MoO.], [PbOgl, [SrOg]
and [CaOgl clusters, i.e., local coordination of Mo, Pb, Sr and Ca cations,
respectively, as building blocks of the samples, are depicted for clarity
purposes.
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stable crystal structures indicated as subscripts, and v, w, x, y, z
are the numbers of the corresponding atoms, respectively.

The values of the surface energy, Eq., of the (001), (100),
(110), (111) and (112) surfaces were obtained. E is defined as
the total energy of the repeating slab (Eg,,) minus the total
energy of the perfect crystal per molecular unit (Epyy) multi-
plied by the number of molecular units of the surface (N) and
divided by the surface area per repeating cell of the two sides of
the slab:

L(Es:ub — NEpi) (3)

Egut = 4

In this work, after the optimization process and convergence
tests on thickness, slab models consisting of 10 molecular units
containing 60 atoms were obtained. In addition, the relaxation
process was performed, with the relaxed energy (E;ci.x) being
calculated as the difference between the total energies for
relaxed and unrelaxed slabs, as follows:

(B — EGp)
Erelax = oW (4)

The ESRIX and ESEX correspond to the total energies for the
unrelaxed and relaxed slab models, respectively.

In addition, the broken bonding density (Dy), defined as the
number of broken bonds per unit cell area when a surface is

created, can be calculated by using eqn (5).***
N
Dy=— (5)

where Ny, is the number of broken bonds per unit cell area on a
specific surface and A is the unit of the surface area. From the
Dy, values that were calculated, it is possible to predict the order
of surface stability, since it has been established that higher
values are obtained when a larger number of defects are present
on the surface.*

By using the Wulff construction, the E, at a fixed volume is
minimized, thereby providing a simple correlation between the
surface energy of the (hkl) plane and the distance (rAkl) in the
normal direction from the center of the crystallite.”” The
procedure to obtain the complete set of morphologies has been
presented previously by Andrés et al.,*® and it has been success-
fully used in materials science to obtain the morphology of
materials, including PMO,*° CaW0,," Ag;PO,,"" 0-Ag,M00,,"
BaMo0,,"” BaWO,,*" Ag,CrO," and LavO,."®

3. Results and discussion
3.1. X-ray diffraction

The XRD patterns of the as-synthesized samples are shown in
Fig. 2. Well defined peaks are observed, indicating good crystal-
linity and long-range structural order without the presence of
secondary phases. Being in accordance with the profile and the
standards for PMO, indexed to JCPDS 44-1486, the tetragonal
structure of the scheelite type and space group I41/a is
obtained. However, the Ca®' and Sr*' cation replacement
processes in the PMO matrix induce an increase in peaks and
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Fig. 2 XRD patterns of solid solutions Pb;_,,Ca,Sr,MoO,. PMO (x = 0),
Pb0.8 (x = 0.1), Pb0.6 (x = 0.2), Pb0.4 (x = 0.3), Pb0.2 (x = 0.4), CSMO (x =
0.5).

a main peak unfolding of the samples, starting with sample
Pb0.6 and changing to a larger angle (see Fig. 2), which may be
associated with the difference in the size of these cations. A
similar result was obtained by Song et al. along the Cr’' cation
substitutions in the PMO matrix.*

For comparison purposes, the values of the bond lengths,
the volume, and the cell parameters have been reported in
Tables 1 and 2. A good agreement between experimental and
theoretical values can be observed for PMO and CSMO sample,
revealing a reduction in the cell volume proportional to the

Table 1 Experimental and theoretical values of lattice constants (a, b and
cin A), volume (V in A%, bond distances (Pb-O, Mo-0, Sr-0 and Ca-O in
A), coordinates of the oxygen atom in A and Rietveld refinement para-
meters of PMO and CSMO

PMO CSMO

Samples Experimental Theoretical Experimental Theoretical

Cell parameters (A)

a=b 5.432 5.529 5.328 5.390

c 12.117 12.234 11.785 11.882

Volume (A%) 357.574 374.061 334.681 345.234

Bond distances (A)

Pb-O 2.602 (x4)  2.638 (x4)

2.781 (x4)  2.666 (x4)

Mo-O 1.710 (x4)  1.811(x4)  1.750 (x4)  1.807 (x4)

Sr-0 2540 (x4)  2.572 (x4)
2570 (x4)  2.597 (x4)

Ca-0 2.540 (x4)  2.508 (x4)
2570 (x4)  2.536 (x4)

Coordinates of the oxygen atom (A)

X 0.2117 0.2376 0.2367 0.2426

Y 0.1247 0.1127 0.1115 0.1016

V4 0.0370 0.4408 0.0434 0.0444

Rietveld parameters

X 3.365 2.075

R (%) 20.820 16.520

R, (%) 15.720 12.900
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Table 2 Experimental and theoretical values of lattice constants (a, b and c in A}, volume (Vin A%), bond distances (Pb—0O, Mo-0, Sr-O and Ca-0, in A),
coordinates of the oxygen atom in A and Rietveld refinement parameters of Pb;_,,Ca,Sr,MoQ, solid solutions

PMO and Solid solutions (Pb, ,,Ca,Sr,MoO,; x = 0.1, 0.2, 0.3, 0.4)

PMO (x = 0) Pb0.8 (x = 0.1) Pb0.6 (x = 0.2)

Pb0.4 (x = 0.3) Pb0.2 (x = 0.4)

Samples Theoretical Experimental Theoretical Experimental Theoretical Experimental Theoretical —Experimental Theoretical
a=b 5.529 5.425 5.499 5.429 5.467 5.428 5.439 5.429 5.409
c 12.234 12.092 12.173 12.091 12.110 12.085 12.043 12.099 11.970
Volume (A’) 374.061 356.001 368.427 356.385 362.740 356.086 357.010 356.720 351.152
Bond distances (A)
Pb-O 2.638 (x4) 2.603 (x4)  2.599-2.661* 2.680 (x4)  2.583-2.660* 2.760 (x4)  2.571-2.656* 2.622 (x4)  2.556-2.652*
2.666 (x4)  2.708 (x4) 2.696 (x4) 2.770 (x4) 2.713 (x4)

Mo-O 1.811 (x4) 1.723 (x4) 1.805-1.811% 1.649 (x4) 1.809-1.814* 1.530 (x4) 1.809-1.816% 1.711 (x4) 1.806-1.811*
Ca-O 2.493-2.554* 2.488-2.559* 2.491-2.541* 2.500-2.539*
Sr-O 2.598-2.637* 2.587-2.638* 2.574-2.633* 2.562-2.631*
Coordinates of the oxygen atom (A)
X 0.2376 0.2254 0.2380 0.2229 0.2388 0.2080 0.2397 0.2219 0.2406
Y 0.1127 0.1237 0.1120 0.1250 0.1102 0.1380 0.1075 0.1223 0.1048
Z 0.0441 0.0422 0.0441 0.0513 0.0442 0.0552 0.0442 0.0426 0.0443
Parameters Rietveld

2.613 1.621 1.465 1.432
R, 15.20 11.32 10.67 9.8
Rip 19.60 15.70 14.10 13.15

Note: * range of values for each bond distance.

molar concentration of the dopants added. This behavior, more
pronounced in theoretical than in experimental data, (see
Table 2) can be associated to the different values of bond
distances, M-O (M = Mo, Ca, Sr), at the [M0O,], [CaOg], and
[SrOg] clusters due to changes in the atomic positions of the
oxygen atoms.* Similar trend is reported by Hallaoui et al. for
the Sr(; ,)Pb,MoO, solid solution, in which there is an increase
in the Mo-O and M-O bond lengths at clusters (MoO,) and
(MOg) (M = Sr/Pb) with increasing Pb*" concentration.*”

The negative calculated values of formation energy per unit
volume for PMO and solid solution structures according to
eqn (1) show that all of them are stable structures with values of
—0.128, —0.217, —0.306, —0.396, —0.485 and —0.575 hartree for
PMO, Pb0.8, Pb0.6, Pb0.4, Pb0.2 and CSMO, respectively. The E¢
values calculated for the Pb, ,,Ca,Sr,MoO, solid solutions are
found to increase monotonously with the Ca/Sr content, which

is consistent with the process of continuous cation substitution
from PMO to CSMO.

3.2. MR spectroscopy

1

Fig. 3 shows the MR spectra in the range of 50 to 1050 cm .
The PMO is a structure that presents 13 active Raman vibra-
tional modes, which can be described by eqn (6). A and B are
non-degenerate modes and E are doubly degenerate modes."’”

I' = 3A, + 5B, + 5E, (6)

In Fig. 3a seven Raman vibration modes are found in the
PMO matrix spectrum. The peak identified at ~860 cm " as v1
(Ag) is associated with a characteristic symmetric stretching
pattern of the molybdates. The peaks at approximately 760 and
740 cm ' can be considered as corresponding to vibrational
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Fig.3 Micro Raman spectra in the range from 100 to 1000 cm™ of (a) Pbs_2,Ca,SriMoO. and (b) (zoom) range from 700 to 950 cm ™.
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modes of the antisymmetric stretches v3 (By) and v3 (Ey),
respectively. The peaks corresponding to 345 and 310 cm ™' were
marked as v4 (Eg) and v2 (B, Ag), which correspond to antisym-
metric and symmetric stretching of the [MO,]*~ group. The modes
at 160 and 100 cm ™' were identified as A, and E,, corresponding to
the rotational and translational modes, respectively.

All the samples showed the same MR spectrum profiles,
which are also in agreement with the molybdate structure, and
in particular PMO."®"? However, a shift in the spectra to larger
wavenumbers is also observed, and the appearance of two other
peaks, at 785 and 840 cm ! can be observed, mainly in
Pb, ,,Ca,Sr,MoO, samples with x = 0.5 (CSMO) and x = 0.4
(Pb0.2), as shown in Fig. 3b. Both peaks are also characteristic
of CaMoO, and SrMoO, compounds.® The above results are
thus a sign of the complete substitution of the Pb cations by the
Ca and Sr cations in the samples.

Fig. S2a and b in the ESIf display a comparison of the
theoretical and experimental Raman modes. A good agreement
can be seen, although there are a large number of theoretical
Raman modes in relation to the experimental data. This is
explained by the fact that these modes are not easily detected by
experimental techniques due to their low intensities.

3.3. FE-SEM images

Fig. 4 presents the FE-SEM images of the as-synthesized samples.
Different particles sizes appear and a progressive evolution of
agglomerated is observed as x = (Ca/Sr) increases. It is observed
that the PMO sample presents well dispersed anisotropic micro-
crystals with an octahedron-type morphology. Particles with
octahedron-type morphology have been found in previous
work,” using a capping agent. In this work, without the presence
of capping agents, only the synthesis method and the Ca/Sr
substitution processes are responsible for the change in morpho-
logy and size. In addition, the presence of octahedra is dependent
on the substitution of the Pb in the matrix, ie., with a lower
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concentration of Pb, the number of well-defined octahedra
decreases (Fig. 4d-f). A nanometric size of particles is observed
for samples Pb0.8 and the particle shape changes according to the
higher proportion of substitution of Pb cations, the octahedron-
type morphology becomes more isotropic (Fig. 4c and d) and there
is a predominance of elongated nanoparticle morphologies
(Fig. 4e and f).

A deep insight to explain the changes in morphology can be
provided by applying the Wulff construction based on the
values of Eg,y. Fig. 5 shows the calculated E,s values of PMO
and solid solutions. The stability order of the surfaces is (001)
< (011) < (112) < (110) < (100) < (111) for the PMO. For the
CSMO system, there is an inversion in the order of stability
between the (011) and (112) surfaces and between the (100) and
(111) surfaces (Fig. S3, ESIf). In the solid solutions the change
in the order stability involves the (100) and (111) surfaces,
except for the system Pb, ,,Ca,Sr,MoO, with x = 0.2.

The relative stability of the exposed surfaces with the Sr
cation instead of the Ca cation yields similar results in the Eg,¢
values that are associated with their structural and electronic
properties, ie., the arrangement of the atoms at the exposed
surfaces. An analysis of the geometry of the studied surfaces
suggests that all of them are O- and Pb-ended (see Fig. 6) and
the atomic arrangement of the atoms on the top of each surface
result in the (001) and (112) surfaces presenting exposed
undercoordinated [PbOg] clusters and complete [MoO,]
clusters. The use of the Kroger-Vink notation® allows us to
analyze the number of Pb-O breaking bonds in the exposed
clusters and then the superficial clusters can be written as
[PbOg: - -2V5], Vi being the oxygen vacancies. However, in the
(100), (110), (011) and (111) surfaces there are undercoordi-
nated [PbO;] clusters associated with the presence of
three oxygen vacancies [PbOs:--3V5). In addition, there is a
correlation between the surface stability and the N, values, the
number of Pb-O breaking bonds in the incomplete clusters at

Fig. 4 FE-SEM images of the samples and magnifications of the characteristic morphology of the samples (inset). (a) PMO (b) Pb0.8, (c) Pb0.6, (d) Pb0.4,

(e) Pb0.2, (f) CSMO.
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Fig. 5 Calculated values of E,, for the different surfaces of PMO and
Pbs_2,Ca,SrkMoO4 solid solutions.
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the exposed surfaces. The Dy, values are also directly linked to
the order of the surface energy stability, i.e., higher values of D,
represent a large number of defects on the surface and a higher
surface energy value. Table S1 (ESIf) lists the surface area
values and the calculated N, and Dy, values. In addition, the
values of the surface bonds for PMO and Pb, _,,Ca,Sr,MoO, (Pb =
0.2, Pb0.4, Pb0.6, Pb0.8 and CSMO) solid solutions are reflected in
Table S1 (ESIF). The (001), (011) and (112) surfaces have similar
values of Eyuy Le., 0.388, 0.395 and 0.413 ] m 2, respectively,
while low values of N, =2, 3 and 4, and D, = 6.56, 8.09 and
7.05 nm 7, respectively, can be sensed. The (110), (100) and (111)
surfaces display the following order of stability: 0.52 < 0.56 <
0.60 ] m™ 2, respectively, with values of N, =4, 6, and 7, and higher
values of Dy, = 8.37, 8.88 and 6.97 nm ", respectively. For the (111)
surface, a correlation between the surface stability and D, values
is not found due to the large surface area. For the (011) surface,
different slab cuts can be performed, the most stable being the
symmetric one shown in Fig. 6. In addition, some studies reported

PMO
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(011) Surface

(100) Surface
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Fig. 6 Schematic representations of surfaces: (001), (011), (110), (100), (111), and (112) for PMO and CSMO systems. The clusters and oxygen vacancies

are written using the Kréger—Vink notation.
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another non-symmetric slab cut with exposed [MOg] clusters,
which present less stability (A, = 0.25 ] m™~2).**" For the solid
solutions Pb,; ,,Ca,Sr,M00,, the number of Pb-O breaking
bonds in the superficial clusters is maintained (as well as the
Dy, values), as can be seen in Fig. S4 (ESI{).

Different crystal morphologies can be achieved by tuning the
Equs values of the different surfaces. Based on that, it was possible
to obtain the map of the available morphologies (Fig. 7), and to
correlate with the experimental FE-SEM images. This map shows
the available morphologies of the PMO crystals and solid solu-
tions starting with the ideal morphology (a) (bottom of Fig. 7). As
(001) E, ¢ increases to 0.65 ] m ™2, the morphology (b) is obtained
with a faceted octahedron defined mainly by the (001), (011) and
(112) surfaces, similar to that found experimentally for the PMO

Eouq (011)=0.43 A}
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A:
E.ur(001)=0.35 © }
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E..(110) = 0.23
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sample. In addition, morphology (b) is in agreement with other
previous works where the co-precipitation method was employed
for the synthesis of PMO.>* On the other hand, the simultaneous
increase of the (001) and (112) Eq,,s values to 0.80 ] m ™2 results in
the morphology (c) with the main presence of (011) surface (left
side bottom in Fig. 7), similar to that found for the Pb0.8 sample.
By decreasing the Eg of (110) surface to 0.23 J] m™?, the
octahedron-type morphology becomes more elongated allowing
(110) surface to be exposed in the resulting morphology (d), which
can match to the Pb0.6 sample, showed in Fig. 4(c).

3.4. Electronic properties

3.4.1. UV-visible spectroscopy. Diffuse reflectance spectro-
scopy was used to obtain the band gap energy (Eg.p) of the
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Fig.7 The available morphology map for the PMO crystals (E,, are given in J m~2). The experimental FE-SEM images (inset) are included for

comparison purposes.
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samples and the reflectance spectra were converted to absor-
bance using the Kubelka-Munk function, given by eqn (7).*

;5
R o)
where F(R..) is the Kubelka-Munk function or absolute reflec-
tance of the sample; R.. is the diffuse reflectance; K is the
molar absorption coefficient, and S is the scattering coefficient.

Egqap values were estimated using the Wood and Tauc™
method and plotted in Fig. S5 (ESIf). Although the Tauc model
is appropriate for amorphous materials, we have decided its
use in this work since the samples obtained by the reflux
method are structurally disordered at short range. This method
proposes that E,, is related to the absorbance and energy of
the photon, given by eqn (8):

ahv = Cy(hv — Egap)" 8)

where « is the linear absorption coefficient; Av is the photon
energy; C, is a proportionality constant and n is indicated for
different transitions (n = 1/2, 2, 3/2 or 3 for direct permission,
indirect permission, prohibited direct, and indirect prohibi-
tion, respectively). The molybdates in general, which have a
tetragonal structure of the scheelite type, allow direct electronic
transitions (n = 1/2).°”

The values of E,,, are dependent on the synthesis method,
presence of defects, shape and size of the crystallite, structural
and electronic modification in the lattice, and so on. In the
metallic molybdates the corresponding emissions occur from
charge transfer processes within [MO,J> "~ units. In addition, the
intermediate levels of energies generated from defects caused
by the displacement of oxygen in the structure (vacancies)
are associated with the order-disorder degree of these
nanostructures.”®® In particular, the microwave synthesis of
PbMoO, in presence of acetylacetone (acac) as chelate modifier
or polyvinylpyrrolidone (PVP) as the coupling agent*” shows
morphologies of 100-200 nm and compares the values of the
bandgap energy for different synthesis methods such as: reflux
(3.31 eV), hydrothermal (3.21 eV), coprecipitation/thermal treat-
ment (3.16 eV), solid-state reaction (3.1 eV), solvothermal
(3.3 eV), hydrothermal/acac (3.05 eV), hydrothermal/PVP
(317 ev).

The values of the Eg,, of the samples are presented in Table
S2 of the ESLf{ Experimental and theoretical Eg,, values
obtained as a function of Pb content in Pb, ,,Ca,Sr,MoO,
solid solution are displayed in Fig. 8. An analysis of the results
yields a similar behavior between experimental and theoretical
results. However, it can be seen that experimental values are
9-15% smaller than those determined from calculations. Such
differences are due to a well-known over-estimation in the Eyq,p
values obtained with the B3LYP method which can explain the
discrepancy with experiments. It is observed that the sample
CSMO presents a high value of Eg,, = 4.03 eV, while the PMO
has a lower value (3.35 V), in agreement with previous reports.”
In general, molybdates present a high Eg,,, since few inter-
mediate levels between VB and CB are present.*™®!
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Fig. 8 Experimental and theoretical variation of the E,,, values as a
function of Pb content.

However, in the solid solutions for values of x = 0.1, 0.2, 0.3 and
0.4, changes in the system and formation of transient structures
occur, implying higher E,,, values as x is increased. In addition,
Table S3 of the ESIf shows the Eg,, values obtained for surfaces,
where a similar behavior is obtained with bulk results. However,
the Eg,, value of the (100) surface remains almost constant.

3.4.2. Band structures, density of states and charge density
maps. The valence band (VB) and conduction band (CB) of
molybdates are mainly formed by the 2p O and 4d Mo states,
respectively. As can be seen in Fig. 9, for PMO the upper part of
VB is also composed of the 6s states of Pb hybridized with the 2p
state of O, while the lower part of CB is formed mainly by the 4d
states of Mo and 6p states of Pb. The band structure of the CSMO
sample is similar to SrMoO, and CaMoOj, structures reported in
the literature,”*™*" in which the upper part of VB is composed by
2p states of the O while the 4d states for the Mo and 2p of the O
are predominant in the CB, with little contribution of the 3d states
of the Sr and 4d states of the Ca in the upper part of CB.

An analysis of the band structures and density of states
(DOS) of the PMO and CSMO systems presented in Fig. 9 shows
that their electronic structures differ. The band structure of the
PMO shows an indirect band gap value of 3.61 eV, while CSMO
presents a direct larger band gap value of 4.74 eV. In addition,
both VB and CB of PMO are more dispersed than those of
CSMO. Therefore, the 6s orbitals of Pb contribute to raising the
VB resulting in a narrower band gap of PMO compared with
that of CSMO.% This difference may be associated with a higher
charge density of the Pb cation compared to Sr/Ca cations. The
presence of Pb cation states in the vicinity of the band gap
influences the optical and luminescence properties of PbMoO,.
In particular, it has been found that the hole self-trapping at
[MoO,]*" anion, which is typically observed in molybdates, is
not possible in PbMoO, because holes can migrate along the 6s
Pb states located at the top of the VB.®**7

The charge density maps are presented in Fig. 10 with the
aim of explaining electron density differences. Fig. 10a and b
show electron density maps for the PMO and CSMO, respectively,
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Fig. 9 Calculated band structure and DOS projected on atoms of the Pb, Ca, Mo and O atoms in (a) PMO and (b) CSMO.

with a chosen plane (100) containing the Pb/Ca/Sr, Mo and O
atoms. The high and low electron density zones on each map are
represented by a different color in atomic units (electron per
bohr’), the area of accumulation of electron density being
depicted in red, while the depletion zones of electron density
are marked in blue. Thus, as expected, there is a higher electronic
density around the Pb cations in relation to the Ca and Sr cations.
Therefore, the higher dispersion of electronic density around the

Pb cation contributes to the higher total density of the PMO
promoted by the hybridization of the 6p Pb and 2p O orbitals,
which is called “split-off hybridization”.® This fact allows PMO to
have a larger charge mobility, lower recombination rate (electron-
hole), and greater dispersion in its bands, resulting in lower Eg,,
values of PMO compared to CSMO.®**® The electron density
isosurfaces (electron per bohr®) for PMO and CSMO are shown
in Fig. 10c and d, respectively.

(@)

CSMO

Fig. 10 Electron density difference contour maps on the (100) plane (electron per bohr®) for (a) PMO and (b) CSMO. High and low charge density values
are shown in red and blue, respectively. The blue, white and red colors are 0.00, 0.11, and 0.55 electron per bohr®, respectively. Electron density

isosurfaces (electron per bohr®) for PMO (c) and (d) CSMO.
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To verify the differences and contribution of each band, the
DOS projected on atoms and orbitals for Pb; ,.Ca,Sr,MoO,
structures with x = 0.4 (Pb0.2), x = 0.3 (Pb0.4), x = 0.2 (Pb0.6)
and x = 0.1 (Pb0.8) are presented in Fig. 11. It can be seen that
the VB in all the structures are composed of O 2p orbitals, Mo
4d, and a low contribution of the Pb/(Ca, Sr) cations.

3.5. PL measurements

Fig. 12a shows the PL spectra obtained with excitation at
325 nm at room temperature. The samples spectra displayed
broadband emission behavior, with an increase in the intensity
of PL emission from the PMO sample to the Pb0.4 sample
followed by a decrease in the intensity for the Pb0.2 and CSMO
samples, as can be seen in Fig. 12. The literature offers diverse
explanations on the nature of the PL emissions in molybdates:
(i) The PL emission processes are associated to the transitions
that occurs within [MoO,]>” moiety, among the fundamental
and excited electronic states."**”° The corresponding ground
state has the 'A, symmetry, and the lowest excited states
present 'T,, Ty, *T,, and *T,; symmetries.®*”" The transition
'A; < 'T, is a dipole-allowed transition, and lowest excited
states °T; and °T, to the ground 'A, state are responsible for the
material intrinsic luminescence, Fig. 12b. The luminescence in
this case would reveal emission bands referring to sub-levels
between the triplet states *T; and *T; (region of 400 to 600 nm)
due to the Jahn-Teller effect on the symmetry of the [MoO4]*

moiety,”" (ii) From a structural and electronic point of view, the
high concentration of defects favors the structural disorder at
short range of [Mo0,]>” moiety, associated to the presence of
oxygen vacancies, and the formation of intermediary energy
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level into the band gap, enhancing the probability of non-
radioactive transitions and, consequently, increasing the sup-
pression of the PL emission.>**’>”* In our work, the samples
obtained by the reflux method are structurally ordered in long
and disordered at short range, according to the XRD, MR
spectroscopy and diffuse reflectance analyses (3.1, 3.2 and
3.4.2 sections). About the PL emission intensity was observed
that the Pb0.4 and Pb0.6 samples display the highest intensity
whereas samples Pb0.8, Pb0.2 and PMO have the lowest inten-
sities. Since the intensity of PL is related to the emission of
radiation with low non-radioactive states, it can be inferred that
samples with higher intensities of PL have less concentration of
these states. In this sense, this is strongly related to the shorter
values of the Mo-O bond distances (1.649 A and 1.530 A for Pb0.4
and Pb0.6 samples, respectively), Table 2, due to the main clusters
of surfaces exposed in these materials [MOg: - -2V5] (M: Pb or Ca),
Fig. 6. Then, PL emission and the bonding distance are related to
the amount and type of defects present in the structure.”

Luminescent emission in oxides with high defects density
occurs by several paths related to the high density of electronic
states within the band gap, and this result in broad band
characteristic.”® It is commonly referred to as shallow and deep
defect type in the band gap that result in different energy PL
emission. The former is emissions type in few millielectron-
volts close to the upper part of VB or to the lower part of CB,
and monoionized defects type are predominant, which results
to a more energetic PL emission (cyan-blue-violet colors). Deep
type emissions are further away this maximum and minimum
bands with duple-ionized defect type (lower energetic emission,
green-yellow-orange-red colors).®*”7
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Fig. 11 Calculated total DOS projected on atoms of the samples (a) Pb0.8, (b) Pb0.6, (c) Pb0.4, and (d) Pb0.2.
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Fig.12 (a) PL emissions, (b) schematic diagram of energetic levels of the fundamental, A;, and excited, T2, Ty, *T2, and T2, electronic states for
[MoO.J?~ anion. The intersystem crossing processes between singlet and triplet states are displayed.

The spectra deconvoluted, Fig. S6 (ESIT), show that the PMO
sample and solid solution samples have mainly emissions with
deep defects type (500-700 nm) the PMO sample has 76%
emission in the green region, Fig. Sé6a (ESIf), and that by
decreasing the concentration of Pb, the emission in the green
region decreases, increasing the emission in the red region, Fig.
S6b-e (ESIT). The CSMO sample as shown in the spectrum
presents shallow and deep defects type with 40% emission in
green and 40% emission in blue, Fig. S6f (ESIf). Fig. 13a-c
shows the emission transition states and its relation with the
band gap for the PMO, Pb0.8 and Pb0.6 samples, respectively.
This relationship allows us to better consider the shallow and
deep levels of each spectrum of the samples.”””® It would be
expected that only the CSMO sample has characteristics of
shallow defects, Vo type. However, considering the diagram
(Fig. 13), it is possible to observe that PMO, Pb0.8 and Pb0.6
samples have defect levels below 0.8 eV characteristic of
shallow defects.”>”®

Therefore, considering the types of defects on exposed
surfaces for each sample (Fig. 7 and Fig. S4, ESIf) and their
corresponding gap energy (Table S3, ESIf), the emission types
for each material were defined, as shown in the Fig. 13. As seen
in Section 3.3, the PMO morphology presents concomitant
(001), (112), and (011) surfaces, being the first and second
surfaces composed by defects with two oxygen vacancies
[PbOs: --2V5], while the last one with three vacancies, [PbOs: - -3V5].
Considering that the (011) and (112) surfaces have similar E,,,
(3.62 and 3.60 eV), and the (001) surface has Eg,, = 3.56 eV, is
expected that shallow defects to be related to the chemical
environment of the higher gap energy surfaces, while that deep
defects to be related to the chemical environment of the lower gap
energy surfaces. Thus, for PMO sample as shallow defects the
chemical environment will be composed by (011) surface with Pb

and Mo clusters interaction ([Pb05 -3Vg) —2[MoO4]‘—[Pb03]'),
and for the (112) surface with the chemical environment of:
2[PbOs - 2V)] —2[MoOy]'. While the deep defects would be
related to the (001) surface with the following chemical environ-

ment: [PbO; - 2Vyy ] —[MoO,]" —[PbOs]", Fig. 13a. For the Pb0.8
sample, only the (011) surface is obtained in its morphology and
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Fig. 13 A pictorial representation of the relationship between the PL
emission energy and location of electronic states within the band gap
for the (a) PMO, (b) Pb0.8 and (c) Pb0.6.

thus the exposed clusters of Ca and its neighborhood with Mo and
Sr clusters are the chemical environment for this surface. For
this sample the defects of the shallow type are due to

[CaOs - 3V —2[MoO4] —[SrOs] and similar for deep defects,
([Cao5 -3vy)] —2[M004]”—[Sr08]”), Fig. 13b. An interesting
factor is observed for the Pb0.6 sample which has the (011) and
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(110) surfaces in its morphology and both have a chemical
environment composed of the Ca cluster around two Mo clusters.
The surface with the highest gap energy, (011), is the responsible

for the emission of shallow defects ([CaOS -3Ve) —2[M004]'),
while the one with the lowest gap energy, (110) surface, for the
emission of deep defects ([C‘<105 -3V —2[MOO4]”), Fig. 13c.

3.6. Degradation process of RhB dye

The photocatalytic performance was tested via degradation of
the RhB solution under UV light. A graph of (C/C,) vs. reaction
time is presented in Fig. 14a, where C is the concentration of
RhB solution at time ¢ and C, is the initial concentration for
samples. The behavior observed in the —In(C/C,) vs. reaction
time diagram shown in Fig. 14b suggests a first-order kinetic
reaction. Their analysis showed that with increasing concen-
tration of the Ca/Sr cations (and consequently the decrease in
the concentration of Pb cations), a reduction in the photo-
degradation process of the RhB can be observed. The kinetic
constant is reduced from 1 x 10 > min ' to1 x 10 min ' in
passing from PMO to CSMO, respectively. To complete the
photodegradation analysis, a table was added comparing the
commercial TiO, photocatalyst (Degussa P-25), a pure sample
of literature, and the solid solution particle (Pb0.6) synthesized
in this work Table S5 (ESIF). It can be observed that the solid
solution obtained in this work is compared in efficiency to
those reported in the literature. The improvement in the dye
molecules degradation process, using a photocatalyst, is asso-
ciated with the numbers of the electron-hole pair available on
the surface of the photocatalyst and its low recombination
rate.*” Thus, the PMO and the samples with higher concentra-
tions of Pb cations (Pb0.8 and Pb0.6) presented better results in
the RhB degradation. The photocatalysts electronic band struc-
ture, which is one of the responsible for the photocatalytic
efficiency, can be tuned changing the specific exposed
surfaces,”” as observed for calculated values of band gap energy
for the PMO and Pb, ,,Ca,Sr,MoO, surfaces, Table S3 (ESI}).
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In addition, a comparison of DOS for PMO and CSMO surfaces
is presented in Fig. S7 and S8 (ESIT), showing a similar split-off
feature at the VB and the CB compared to the bulk of pure and
doped systems, where the transfer of electrons is produced to
generate the electron/hole pairs.

Table S4 (ESIT) shows the calculated values of the Mulliken
population per atom and constitutive cluster for PMO and
CSMO bulk, as well as the Mulliken population per under-
coordinated cluster of surfaces. This analysis is a helpful tool
that allows clarification of the nature of the electron-hole
localization in the undercoordinated clusters at the exposed
surfaces. An analysis of the results shows that for both PMO
and CSMO bulk structures there is an accumulation of
electrons at the [Pb/Ca/SrOg] clusters and there is an electron
depletion (positive charge accumulation) at the [MoO,4] cluster,
thereby creating a difference in potential which is able to form
a local electric field. In PMO the potential between [PbOg] and
[MoO,] clusters are compensated, and the same occurs between
the [Ca/SrOg] and [MoO,] clusters in CSMO. However, a local
electric field is generated and also tends to vary on surfaces
according to the number of O atom vacancies in the exposed
surface clusters.*® These differences in charge in the different
clusters of the surface have an influence on the transfer of the
photogenerated electron-hole.

For example, the (011), (110), (100) and (111) surfaces have
higher values of D, compared to (001) and (112), and the
presence of three oxygen vacancies [PbOj: - -3V5], which gene-
rate higher charge differences between [Pb/Ca/SrO;] and
[MoO,] clusters. Accordingly, it is observed that not only the
undercoordinated cations of the exposed clusters play a deci-
sive role in the surfaces that constitute the morphology, but
they are also involved in the structural and electronic distortion
of the clusters (see Table S1, ESIT). The information from the
FE-SEM image reveals that the presence of nanoparticles with
an octahedral morphology is controlled mainly by (001), (011)
and (112) exposed surfaces. As the concentration of Pb in the
samples decreases, the surface (001) becomes less predominant
and the surface (110) appears in the sample Pb0.6, the most

() (b)
1.0 14
0 \—‘—“_,\’_‘ o] ® CSMO k= L60n10 mint b
“7 @ Pho2 k=S30x10° mint v
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Fig. 14 Photocatalysis degradation profiles of RhB for PMO and solid solution samples: (a) Pb0.8, Pb0.6, Pb0.4, Pb0.2 and (b) CSMO photocatalytic

reaction kinetics.
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photoactive. It was observed that between the PMO and Pb0.6
samples the Eg,, of the surfaces increases, Table S3 (ESI{), and
the potential difference becomes greater for the [CaOg_, V5]
and [MoO,] clusters on the surface (110) as the content of Pb
decreases (from —0.18 in [PbOs] for PMO to —0.41 in [CaO;] for
CSMO), Table S4 (ESIf). This fact can enhance the migration of
photoinduced electrons for the surface, suppressing the recom-
bination of charge carriers, and improving the photocatalytic
activity.

Moreover, the migrated electrons can be trapped by the
oxygen molecules, O,, adsorbed on the surface to generate
0,* radicals, while the holes on the surface react with water
molecules to yield OH* and H* radicals. Furthermore, these
photogenerated reactive oxygen species induce the degradation
of RhB. Consequently, the undercoordinated and complete
clusters at the surfaces, [CaO,)/[SrO,]/[PbO,] and distorted
[Mo00,]q4 are the active sites capable of reacting with H,O and
0,, respectively, and can be considered the reservoirs of holes
and electrons, respectively, that constitute the active sites in the
photocatalytic activity.

4. Conclusions

This study reports the successful preparation of PMO and
Pb, ,,Ca,Sr,MoO, (x = 0.1, 0.2, 0.3, 0.4 and 0.5) solid solutions
in the whole compositional range. Their structural, electronic,
and vibrational properties, as well as the morphologies and the
photocatalytic activity in the photodegradation process of RhB
dye have been investigated. The samples synthesized with
higher concentrations of Pb cations presented better results
in RhB degradation. The photocatalysts’ electronic band struc-
ture, which has an influence on photocatalysts, can be tuned
using the specific exposed surfaces, and this has a significant
impact on the redox abilities of photoinduced carriers. First-
principles calculations were performed to obtain the energy
surface values for the PMO and solid solution surfaces, based
on the Wulff construction, in order to rationalize the crystal
morphologies observed in the experimental FE-SEM images.
The simulations revealed that there are two important
factors that must be considered when investigating the surface
electronic properties of the as-synthesized samples. The first
factor is that the (011) and (110) surfaces appear in the
experimental FE-SEM images which show enhanced photo-
catalytic activity. The second involves the specific local coordi-
nation of the Pb/Ca/Sr and Mo cations in the exposed surface,
ie., the Pb/Ca/Sr and Mo clusters. In particular, we found that
the stability of the surfaces and their electronic properties are
correlated with the presence of incomplete [CaO,]/[SrO,}/[PbO,]
and distorted [MoO,] clusters as the reservoirs of holes and
electrons, respectively, which act as the active sites in the
photocatalytic activity. These subtle differences between the
(011), (110) and (112) surfaces illustrate the influence of surface
type on reactivity. The PL emission spectra of the samples
showed predominant emission in the green-orange region, with
predominantly shallow type defects for the most photoactive
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samples. Overall, the current study opens the door to further
uses of solid solutions based on PMO with tunable properties
for various applications. The reported synthetic approach is
believed to have potential utility for obtaining other solid
solutions, while the results described here provide new insights
on the geometry, electronic structure, morphology evolution,
and structure-property relationship of AMoO,-type compounds.
These findings show that by directing the crystal morphology
it is possible to control and understand its properties, such as
optical and photocatalytic properties. Exploration of semiconduc-
tor surface effects may lead to the fabrication of more efficient
photocatalysts.
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Zirconia (ZrO,) has been intensively studied as an important ceramic material, and numerous technological
applications have been found. The present work deals with synthesizing and characterizing the phase transition
(cubic vs tetragonal) and photoluminescence emissions of ZrOy:xTb%" (x = 1,2,4 and 8 mol%). The samples
formed by the complex polymerization were thoroughly characterized for physicochemical properties such
powder by X-ray diffraction (XRD), and Raman and diffuse reflectance spectroscopies. First-principle calculations
at the density functional theory level were performed to complement and rationalize the experimental results. An
energy transfer mechanism which promoted the f-f transitions and emitted strong characteristic emissions of
Th*! is discussed in detail. A ZrO, lattice acts as an effective sensitizer and the green light emission and the color
purity were controlled by the concentration of the Th® cations. Moreover, this study enables us to construct a
more consistent picture of the doping process of Th®" in ZrO, and provides a new approach for fabricating a
multifunctional material and prospective application in lighting devices.

1. Introduction

Materials composed of rare earth (RE“) cations have recently
garnered renewed attention for use in different technological applica-
tions [1-4]. Characteristics of RE®* cations are their emission of narrow
and well-defined transitions which extend from the visible-infrared
range (f — f type transitions), and enable an expressive number of
luminescent properties. In particular, the presence of RE®* cations
provide superior performance for high-tech applications in optical and
communications devices [5-7].

The Eu®* and Tb®" cations are the most studied activators in the
RE*" family with intensive emissions located in the visible region due to
the fact they are more resistant to the changes provoked by external
structural modifications and vibrations, displaying higher luminescence
purity and quantum yields [8]. The Tb** cation has been widely used for

* Corresponding authors.

practical applications such as scintillators, phosphors, optical windows
and lasers [9-11]. Their luminescent applications are mainly associated
to the °D3 and °Dy levels of the 4f° configuration of the Tb>* cation
[12-15]. These bands usually cover the range from 370 to 680 nm, while
the green emissions of Tb>" are mainly located around 550 nm by the
D4 — 7Fs transitions, which is close to the ideal standards required for
the green tricolor component [11,16,17].

Zirconia (ZrO,) is a classic environmentally friendly oxide, presents
excellent thermal stability and tunable physicochemical properties
[18-21], and its optical properties are strongly affected by the presence
of defects [22,23]. ZrO, is used as a host matrix of RE®* cations [24]
guaranteeing satisfactory energy transfer processes. Crystalline ZrO5 has
a large bandgap (4-6 eV), a high refractive index (2.13-2.20), and a
small absorption capacity in the visible and near-infrared spectral re-
gions in combination with low phonon energy (470 em™!) [25], which
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reduces the probability of the non-radiative multiphonon relaxation of
excited RE®* cations [26 28]. ZrO, also exhibits two types of electronic
transitions: (i) direct at 5.22 eV; and (ii) indirect at 5.87 eV [29]; and
high performance in energy conversion [30, 31]. . The band structure is
highly dependent on the crystalline structure, the size of crystallites and
the nature of the defects [32,33].

ZrO, can exist in three distinct phases at ambient pressure: mono-
clinic, tetragonal, and cubic. The monoclinic phase is thermodynami-
cally stable at ambient temperatures, whereas tetragonal and cubic
polymorphs can be obtained by heat treatment at high temperatures [34,
35], the inclusion of dopant metals with a lower valence into the crystal
lattice, and also by increasing the surface energy of nanoparticles
[36-39]. The use of dopants [23,40,41] favors stabilizing the cubic and
tetragonal phases at room temperature. In addition, changes in the
crystal structure and then the morphology of ZrO; can also lead to
modifications in the excitation and emission spectra. Thus, this subtle
difference makes studying phase transition very important. In this
context, there is still a lot of space for studies dedicated to understanding
the relationship between the luminescence properties of the ZrO, sys-
tems doped with RE®" cations. Our research groups recently presented a
combined experimental and theoretical study on the photoluminescence
(PL) properties of ZrOxTm>", Tb*", Eu** powders [24]. Tiwari et al
[42] evaluated the change effect in Eu®" concentration on structural,
photo, and thermoluminescent properties. Colbea et al. [43] disclosed
the relationship between the doping concentration of Eu®” and phase
transformation of ZrOjy. Very recently, Liu et al. [44] analyzed the PL
properties of Eu®* doped ZrO, with different morphologies and crystal
structures. Vidya et al [45] investigated the color-adjustable photo-
catalytic activity and PL emissions, and phase transformation of ZrOs:
T+ particles. Hui et al. [46], Marin et al. [47], Ahemen and Dejene
[48] and Colbea et al. [43] have disclosed the relationship between the
doping concentration of Eu®' and phase transformation of ZrO,.
Furthermore, the influence of calcinating ZrOzsz3+ powders on the PL
properties was examined by Mari et al. [49]. Das et al. [50] recently
studied the synthesis, and structural and PL characterization of ZrOy:
Dy>*-Eu’* as promising material with tunable white light [51].

It is well known that the controllable phase of crystals plays a crucial
role in order to meet the optical requirements of the above applications,
including the intensity, color and luminescence decay time. In this work,
we systematically explore the role of Tb"as a luminescence enhancer in
ZrOx:Tb**(x = 1,2,4 and 8 mol%) material. The samples were prepared
by the complex polymerization (CP) method and characterized by XRD,
and Raman and diffuse reflectance spectroscopies. The relationship
among the amount of Tb®* in the Zr0O, host lattice, PL emissions, and
phase composition (cubic vs tetragonal) were analyzed in detail for the
first time. Changes in the Raman vibrational frequencies associated to
lattice structure and phase transition were discussed from the experi-
mental and theoretical results. The geometries, electronic structures and
properties of both ZrO; and ZrO:6% Tb3* systems have been charac-
terized and discussed in relation to their crystal structural by using
density functional theory (DFT) calculations.

2. Experimental section
2.1. Materials

Zirconium nitrate (Vetec, 99%), citric acid (Vetec), terbium nitrate
(Aldrich, 99.9%), ethylene glycol (Synth, 99.5%) and distilled water
were used as received to prepare the ZrOy:Tb** particles.
2.2. Experimental process

The samples were prepared by complex polymerization (CP)
method. In the synthesis process, zirconium citrate was obtained by

dissolution of zirconium nitrate (Vetec, 99%) in an aqueous citric acid
solution under agitation at an approximate temperature of 80 °C. The

Materials Research Bulletin 115 (2022) 111532

Tb?* cations were added for doping after complete dissolution of the
zirconium nitrate, and the terbium nitrate was subsequently added
(Aldrich, 99.9%). Ethylene glycol was employed to promote citrate
polymerization through the polyesterification reaction, and the solution
was constantly stirred. The molar ratio between citric acid and ethylene
glycol was set to 60/40 (mass ratio). The ratio of citric acid and
metallic cation used in all syntheses was 6 mol% (CA): 1 mol%
(Zr*h). Translucent resin was then formed 4 h after the water removal
process. The dopant concentration was varied at 1,2,4 and 8 mol% Tb3".
The polymeric resin was heat treated at 350 °C (10 °C/min) for 4 h,
leading to partial decomposition of the polymeric gel and formed an
expanded resin composed of partially pyrolyzed material. The particles
were annealed at 500 °C for 2 h at a heating rate of 10 °C/ min.

2.3. Sample characterizations

The phases present in the ceramic powder were investigated by X-ray
diffraction (XRD) using a Shimadzu XRD-7000 diffractometer with CuKax
radiation. The diffraction patterns were analyzed by the general struc-
ture analysis system with an EXPGUI graphic interface [52] to perform
the Rietveld refinement [53] and analyze the possible structural modi-
fications. The following parameters were refined: scaling factor and
phase fraction; background (displaced Chebyshev polynomial function);
peak shape (Thomson-Cox-Hasting pseudo-Voigt); change in the
network constants; fractional atomic coordinates; and isotropic thermal
parameters. Micro Raman spectroscopy measurements were recorded
using a LabRAM HR Evolution spectrometer (Horiba, France) with a triple
monochromator coupled to a charge device detector. The spectra were
performed using a 633 nm wavelength of a He-Ne Laser com-
plemented by argon ion laser, keeping its maximum output power at
8 mW. Raman spectroscopy measurements were performed in the
range of 100 to 800 em . The UV-vis reflectance spectra of the ZrOy:
Tb®" particles were measured using Cary 5G equipment in the 200-800
nm range. PL spectra were obtained using a Thermal Jarrell-Ash Mon-
ospec 27 monochromator and a Hamamatsu R446 photomultiplier. The
excitation source used on the samples was a laser at a wavelength of
350.7 nm with krypton ions (Coherent Innova) with an output of
approximately 13.3 mW; all measurements were performed at room
temperature.

2.4. Computational details

First-principle calculations at the DFT level were performed by using
the Vienna ab initio simulation package (VASP). The Kohn-Sham equa-
tions were solved by using the Perdew, Burke, and Ernzerhof (PBE)
exchange-correlation functional [54], alongside including the effect of
long-range interactions using Grimme’s D3 semi-classical dispersion
methods [55]. The electron-ion interaction was described via the
projector-augmented-wave pseudo potentials and the plane-wave
expansion was truncated at a cut-off energy of 520 eV. The Brillouin
zone was sampled by using 4 x 4 x 4 Monkhorst-Pack special k-point
grid to ensure geometrical and energetic convergence of the ZrOy
structures. Both cubic and tetragonal phases of ZrO, undoped and doped
at 6% Tb substitution were tested. The valence electron density is
defined by 12 (4524p°5524d2) electrons for Zr atoms, 6 (2s22p4) electrons
for O atoms and 19 (Sszspf’ﬁszﬂ9 ) electrons for Tb atoms.

A supercell with 96 atoms was used to simulate an amount of Tb
doping up to 6% for both systems, 2 X 2 X 2and 2 X 2 X 4 for cubic
and tetragonal phases, respectively. In addition, a large supercell
with 192 atoms was used to simulate an amount of Tb doping up to
3% for both systems, 4 X 2 X 2 and 4 X 4 X 2 for cubic and
tetragonal phases, respectively. Two Zr*" were substituted by two
Tb%" and an oxygen vacancy was included to maintain the cell as elec-
troneutral. The substitution process of Zr" " by Tb** cations was done for
both phases using structural models. The most energetically favorable
arrangement can be selected to analyze theoretically the substitution
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process.

The cell parameters and positions of all atoms were allowed to relax,
and the conjugated gradient energy minimization method was used to
obtain relaxed systems. This was achieved by setting a threshold value
(i.e., 0.01 eV'/f\’l) for the forces experienced by each atom.

3. Results and discussion

Fig. 1 shows the XRD patterns of the ZrO, x mol% Tb>* particles (x =
0,1,2,4 and 8%) prepared by the CP method. For the analysis of the
XRD, the standard powder diffraction cards with reference code
JCPDS 81-1544 for tetragonal phase and JCPDS 89-9069 for cubic
phase were used. The Zr*" cations in the tetragonal symmetry are
coordinated by eight oxygen atoms, four oxygen atoms at a distance of
0.245 nm, and four other oxygen atoms at a distance of 0.206 nm. The
Zr0, cubic shows fluorite symmetry, in which the Zr*" cations are co-
ordinated with eight oxygen atoms and the Zr—O bond length is 0.220
nm [35].

The difference between the tetragonal (metastable) and cubic
phase based only on the XRD analysis becomes inaccurate because
the ratio between the lattice parameters (c / \/Za) for both phases
is similar (= 1) [56]. According to Shukla et al [57], this
oxygen-induced transition cannot be detected by XRD owing to the
small scattering factor of the oxygen atom.

Fig. 2 represents the XRD of samples ZrOz and ZrOy: 8% Tb
performed in a scan of 0.02°/min. It is possible to identify changes
in the characteristics of the diffraction peaks in the regions be-
tween 56 and 64° and between 71 and 76°. It is verified for sample
ZrO; the presence of the division of the peaks represented by the
planes (211) and (202) in 59.76° and 62.65° respectively in Fig. 2
(b) and (004) and (220) in 72.90° and 74.41° respectively in Fig. 2
(d) characteristic of the tetragonal phase. For the ZrO,: 8%Tb
sample, is observed the presence of peaks (311) and (400) located
at 59.20° (Fig. 2(c)) and 73.40° (Fig. 2(e)) respectively, character-
istic of the cubic phase. There are also peaks not well defined in
(202) and (004) located at 62.5° and 72° respectively, attributed to
the tetragonal phase. Comparing the peak intensities for the planes
(202) and (004) for ZrO; and Zr03:8% Tb samples, there is a sig-
nificant decrease in intensity for the ZrO,:8% Tb samples. The in-
tensity of the plane (202) for ZrO; is 0.060, while the intensity of
the plane (202) for ZrO,: 8%Tb decreases to 0.044. The plane in-
tensity (004) for ZrO, is 0.016, in contrast the plane intensity (004)
for ZrO,: 8%TDb decreases to 0.009. It is reasonable to assume that
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Fig. 1. XRD patterns of ZrO,: xmol% Th- (a) x =0, (D) x=1, () x =2, (d) x =
4 and (e) x = 8.

Materials Research Bulletin 115 (2022) 111532

at 8% Tb the phase transition from zirconia to the cubic phase is
already occurring, coexisting with the tetragonal phase, the latter
in smaller amounts. Vasanthavel and Kannan [58] detect the
tetragonal - cubic phase transition of itrium doped ZrO, observing
a gradual change in the peak profile.

Rietveld refinements were performed to confirm the obtained crys-
talline phase and the lattice parameter values and atomic positions of
ZrOy: x mol% b3t (x = 0,1,2,4, and 8%) samples are presented in
Table S1 in the supplementary information. Fig. S1 in the Support
Information shows a schematic representation of the crystalline struc-
tures. The size of the sample crystallites was estimated from the Scherrer
equation and the full-width half-maximum (FWHM) of an observed
peak. The average crystallite size (D) of ZrOy:Tb** powders was deter-
mined from the strongest peaks corresponding to the (101) tetragonal
phase and (111) cubic phase.

Small changes in the lattice parameters were observed between
the samples due to the substitution of Zr*t = Tb®" in the ZrO,:TH*+
and as a result a variation in the crystallite size and distortion in
the Zr-O bond length. The cell volume increases as the amount of
dopant increases due to the ionic radius of Tb3t (1.04 A) [59] being
greater than the ionic radius of Zr*t (0.72 ;\) [60].

It is observed that the values of the lattice parameters “a” and “c”
change due to the increase in the concentration of Tb*" in the ZrOy
lattice and there is no evidence of linearity between these two structural
parameters as predicted by Vegard’s law [61,62]. This discontinuity can
be associated with structural defects and distortions within the ZrOs
lattice. An analysis of the results renders that a decrease of the c/a ratio
in the tetragonal ZrO, lattice can be sensed as the amount of Tb%" in-
creases. A similar behavior can also be seen in studies [63,64].
Kumar et al. [63] states that the addition of Ce* to ZrO, promoted
a reduction in asymmetry in the tetragonal phase. Certifying a
decrease in the c/4/2a ratio by the influence of Ce™t due to the
introduction of oxygen vacancies in the host lattice. The emergence
of vacancies is a mechanism to maintain the neutrality of material
charges.

DFT calculations were carried out to investigate the doping process
at 3% and 6% of Tb®" in cubic and tetragonal ZrO, phases. The most
stable geometries are shown in Figs. 3 and 4.

An optimized structure with Tb>* cations near each other is the most
stable atomic arrangement for the cubic phase. Fig. 82 in the supple-
mentary information shows the remaining cubic arrangements studied,
displaying less stability. Different Tb* arrangements show similar en-
ergy for the tetragonal phase. The difference between the formation
energies of the cubic and tetragonal phases (AEct) of ZrO,,
Zr0.97Tby.0301.97 and Zrp.94Tbg 0601.04 are 0.84 eV, 0.65 eV and -0.33
eV, respectively. These results indicate that for pure ZrO, and 3%
doped-ZrO, the tetragonal structure is more stable than cubic
structure. The incorporating 6% Tb>" into the ZrO, structure increases
the stability of the cubic phase relative to the tetragonal phase, and a
more favorable substitution occurs in the cubic polymorph of ZrO, as the
amount of Tb'® increases. This substitution maintains a structural
symmetry in the cubic polymorph (one Tb*! away from each other), as
can be seen in Fig. S2, in which a less stable arrangement can be
observed, and the phase transition from tetragonal to cubic is not
observed.

The difference in the electron density of Zr** in relation to Tb>* at
6% substitution induces distortion in the crystalline lattice of ZrO,. In
addition, the results presented in Table 1 show that the substitution
process provokes a local distortion in both the cubic and tetragonal
structures which are both centered on the dopant and located near the
oxygen vacancy (V,), as previously reported [24]. The introduction of
Tb** to the Zr"" site promotes an accumulation of negative charge, with
concomitant appearance of oxygen vacancies (V,) as a load balancing
mechanism [45].

The calculated values of the cell parameters at 6% Tb* are in good
agreement with the experimentally determined results collected in
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Fig. 3. Cubic structure of ZrO,: (a) 3% and (b) 6% Tb%*. The cluster coordination of the [TbOgl, [TbO;], [ZrOg] and [ZrO;] are highlighted.

Table S1 (a = 5.254 A for the cubic phase, and a = 3.651 A and ¢ =
5.285 A for the tetragonal phase).

The transformation from the tetragonal phase to the cubic phase as a
result of the introduction of Tb®" ions into the ZrO, lattice can be
observed by analyzing the Raman spectra of Fig. 5. The bands located in
the spectra (a-d) of Fig. 5 in: 147, 266, 317, 462 and 640 em ! are
characteristic bands of the tetragonal phase [43,46,50,65]. The Raman
bands associated with the ZrO, tetragonal phase are represented by
six active modes (A1g + 2B1g + 3Eg) [66]. The bands observed at
147, 266 and 462 cm ' are assigned to Eg mode. The bands located
at 317 and 640 cm ! refer to the B1g mode. It was not possible to
identify the active mode A, in the Raman spectra. The Raman E,
(150 cm_l) and By (312 cm_l) active modes are associated with the
movement of the Zr sublattice. The Raman mode located at 642 cm !
corresponds to the asymmetric bending vibrations of the Zr-O-Zr moiety

[67]. In contrast, the cubic phase can be clearly characterized by a
relatively wide band between 533 and 664 nm centered on 625 cm !
[65,68]. It is observed that there is a gradual reduction in the tetragonal
phase percentage with the increase in the Tb®" concentration. Mean-
while, the cubic phase percentage gradually increases. A shift of the
625 cm ™! band to a smaller region in the ZrO,: 8%Tb sample is
observed when compared to the ZrOy: x% Tb (x = 0,1,2 and 4)
samples which occurs at 640 em™!. This change in behavior is
characteristic of the cubic phase, as evidenced by Vasanthavel
et al. [69].

Shukla et al [57] relate the Eg3) mode in 462 em™! to the
presence of a metastable tetragonal phase of ZrO, (t- ZrO,). This
band is subtly verified in the Raman spectrum of the ZrO,: 8% Tb
sample. Indicating the coexistence of the two phases: cubic (c-
ZrO,) and metastable tetragonal (t- ZrO,). The t- ZrO, phase is
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Fig. 4. Tetragonal structure of Zr0,: (a) 3% and (b) 6% Th?". The cluster coordination of the [TbOg], [TbO,], [ZrOg] and [ZrO,] are highlighted.

Table 1
7r-0 and Tb-O distance values at 6% Tb>" substitution in the cubic and
tetragonal ZrO, structures.

Cubic_6% Tetragonal_6%

Atom Coord. Bonds (A'\) Atom Coord. Bonds (f\)

Zrl 7 2.180 Zrl v 2.331
2.190 2,063
2.142 2.063
2.164 2.042
2.176 2.400
2.106 2.074
2.159 2.400

Zr2 8 2.173 Zr2 8 2.155
2.209 2,512
2.224 2.155
2.214 2.484
2.179 2.345
2.217 2.077
2.335 2.345
2214 2.073

Tb1 8 2.312 Tb1 7 2.281
2.326 2.348
2.290 2.281
2.289 2.245
2.294 2.348
2.309 2.209
2.326 2.348
2.312 -

Tb2 8 2.326 Tb2 8 2.351
2.462 2.291
2.352 2.352
2.324 2.294
2.298 2.326
2.326 2.347
2.324 2470
2.315 2.347

characterized by having a distorted shape of the cubic phase.
Although, the relation of the lattice parameters (¢ /\/ﬁa —1) are
similar in both phases; in the t- ZrO, phase, the oxygen ions are
shifted alternately (zigzag aspect) along the z axis, assuming
tetragonal symmetry [57]. Fujimori et al. [70,71] describe the
structural evolutions of ZrO, by measuring the displacements of
oxygen ions on the z axis considering the relationship of the in-
tensity of the bands Eg(3) (462 em ') and By (640 em™) named,
respectively, by I, and I5 in Fig. 6.

Fig. 6 shows the changes registered in the bands Eg3) (462

o

d----147
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Fig. 5. Raman spectra of: (a) pure ZrO, (tetragonal phase); (b) ZrO,:1 mol%
Th*! (tetragonal phase), (¢) Zr0,:2 mol% Th**, (d) ZrO,:4 mol% Th**
(tetragonal phase), (e) Zr0,:8 mol% Tb** (cubic phase + t- 7r0,).

em™ ') and B, (640 em ™) in the Raman spectra in the range of 350
to 800 cm ™! for the samples: ZrOy, ZrOy: 4% Tb and ZrO,: 8% Tb.
Spectrum adjustments were made from the Lorentzian profile (R?
= 0.99). The ratio of the intensity of the I;/Is bands to ZrO3, ZrO:
4% Tb and ZrOy: 8% Tb are 0.558, 0.403 and 0.130 respectively.
The effect of increasing the concentration of Tb*>* in ZrO, promotes
a decrease in the I,/Is ratio. Considering a decrease in the
displacement of the oxygen ion along the z axis within the unit cell,
and as a consequence, a reduction in tetragonality. According to
the results pr d, itisr ble to ¢ ider that the majority
phase for ZrOy: 8% Tb is cubic. The active Raman modes for the crystal
structures of ZrO, are shown in Table 2. At this point, it is important to
note that the cubic and tetragonal phases of ZrO, present similar XRD
diffraction peaks, and therefore the relative fraction of each phase along
the samples cannot obtained.

According to Jomard et al. [72], the cubic structure is a special case
of the tetragonal structure and can be obtained from it, making the ratio
of the lattice constants ¢/4/2 a — 1. This statement is in accordance with
the values (¢ / \/ 2 a) presented in Table S1. In the transformation of the
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Table 2
Raman active mode, space group of the different ZrO, phases.

Crystalline system Space group Raman modes c/a ratio
Monoclinic () Con 9A, + 9B, =
Tetragonal (t) Dan Ay + 2By + 3E, 1
Cubic () O Tag =4

tetragonal — cubic phases, the pairs of oxygen atoms are displaced from
the z direction to their central positions in the unit cell [72]. The
fundamental difference in the zirconia phase structure is due to the
displacements of oxygen atoms in the lattices. The doping effect is
important to determine the stabilization of the ZrO, phases. According
to Tiseanu et al. [67], the main structural difference between the zir-
conia phases refers to the displacements of oxygen atoms in the lattices,
thus signaling that the importance for local atomic structure is funda-
mental for understanding the effect of doping process on ZrO,.

However, Wang et al. [73] show that the location and concentration
of oxygen vacancies in yttria-stabilized zirconia can be determined by
measuring atomic displacements of the cationic sub-lattice. According to
the DFT calculations performed by the group, the alternating presence of
oxygen vacancies in the locations (1/4, 1/4, 1/4) and (1/4, 3/4, 1/4)
along the direction [001] that promotes the atomic displacements of the
cationic sub-lattice. The cation displacements from the ideal
face-centered cubic (FCC) sites are related to the relaxation of the
neighboring cations away from the vacancies. When an oxygen vacancy
is created, the neighboring cations will repel each other because of
Coulombic interactions, thereby resulting in larger distance between
cations [73].

Theoretical calculations of the Raman-active modes of pure tetrag-
onal ZrO, yielded values of 149.4, 294.2, 301.5, 453.6, 611.5, and
650.9 cm ! for the Eq, A1g, B1g, Eg B1g, and Eg modes, respectively. The
case of pure cubic ZrO; (a unique mode which has T, symmetry) occurs
at a wavenumber of 600.7 cm!. These values agree with previous
values reported by our research group [24].

The band gap energy (Eg,,) of the ZrOy:x mol% Tb%* sample was
estimated from the Uv-visible measurements by plotting the square of
the Kubelka-Munk function [F(R)Z] versus (eV), extrapolating the linear
part of the curve to the condition ofF(R)2 =0 [74], according to Eq. (1):

2

k (1-R)
—_— il
X 2R L
where R is the percentage of reflected light. The incident photon energy
(hv) and the gap energy (Eg,,) are related to the transformed Kubelka-
Munk function (2):

[F(R)hv]" = A(hv — Egap) 2
where A is a constant which depends on the probability of the transition
and n is the index that is related to the optical absorption process. We
can then assume the following values: % or 2 for direct and indirect
allowed transitions, respectively. The transition in the case of ZrO, is
considered to be the direct type. It is necessary to observe the energy
conservation in the crystal for a material to have direct electronic
transitions. This condition is reached when the valence band (VB)
maximum and the conduction band (CB) minimum are positioned in the
same symmetry region of the solid. It is observed that the gap energy
decreases as the Tb®" concentration increases as the Egqp values
remained between 5.11 and 4.92 eV, as shown in Fig. 7.

The effect of the band gap narrowing due to the doping process is
well known in semiconductors [75]. This phenomenon happens due to
the presence of defects inside the band gap which promotes the
appearance of intermediate levels. Oxygen vacancies appear to
compensate for the Zr*t ions replaced by Tb?T ions. Due to the
difference in charge of cations, oxygen waves are formed as a
mechanism for charge neutrality in the material. The defect reac-
tion equation can be described in the following Eq. 3:
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ABSTRACT

In this work, the impact of the doping process on the photoluminescence emission of CaWOy4
as a finction of the concentration of Eu** cation (0.01 mol%, 0.02 mol%, 0.04 mol%, 0.06
mol%, 0.08 mol%, and 0.10 mol%) is discussed in detail. Ca;WO4:xEu*" samples were
successfully synthesized by a simple co-precipitation method followed by microwave
irradiation. The blue shift in the absorption edge confirmed the quantum confinement effect
and the band gap energy cover the range from 3.91 to 4.18 eV, as the amount of Eu** cations
increases. The experimental results are sustained by first-principles calculations, at the
density functional theory level, to decipher the geometry and electronic properties, thereby
enabling a more accurate and direct comparison between theory and experiment for the

CaiWO4xEu’" structure.
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1. Introduction

The high chemical stability of CaWO,; (CW)-based phosphors and the excellent
photoluminescence (PL) emissions have attracted a lot of attention due to the ability to serve
as a luminescence host with low phonon threshold energy and wide visible emission spectra
16

Lanthanide luminescence has become essential in the lighting industry 7, and the Eu**
cations are the most studied activators in the rare-earth cations (RE*") family with intense
emissions located in the visible region, displaying higher luminescence purity and quantum
yields %13 The substitution of Ca** by Eu** cations leads to the formation of [EuQOs] clusters.
Ca;WO4xEu*" (CWE) doped materials have been obtained through different synthesis
methods. Zhang et al. analyzed the effect of synthesis conditions, such as pH, temperature,
and doping concentrations, in the morphology and sizes of CWE . Xiong et al. prepared
CWE nanoparticles with excellent load-carrying capacity, and friction-reducing properties in
a water-soluble . Very recently, the precipitation route to obtain CW nanoparticles
containing Eu** and Dy** cations were used by Kaur et al. ¢,

The changes induced by the addition of Eu** cations in different concentrations in the
CW host matrix increase their performance, due that this material has numerous scientific
and technological applications, such as light-emitting diodes converted into phosphors,
sensors, capacitors, catalysts and others '>!7'° In particular, the CWE samples were
previously obtained with different concentration of Eu®* cation and the PL properties as well
as the chromaticity coordinates and lifetimes of the samples were investigated 2°.

This paper reports a combined experimental and theoretical work to investigate the events
that occur in the PL activity and their relationship with the excited electronic states of Eu-
doped CW crystals. The main novelty of this study is the use of first-principles quantum-
mechanical calculations, at the density functional theory (DFT) level, to study and predict
the structure and PL emissions, which would promote the development of CWE based
phosphors. The samples were prepared by a simple co-precipitation (CP) method followed
by microwave irradiation (MI) without any surfactant. This enabled to be promising materials
in inorganic single-emitting component regions for optical applications.

2. Experimental and theoretical procedure

2.1. Synthesis and Characterizations

The synthesis of CW sample was performed using the CP method followed by ML
1x107 mol of Ca(CH3CO,):'H,O (Aldrich, 99%) and 1x107 mol of NayWOu4 2H,O
(Aldrich, 99%) were added in two separate beakers containing 50.0 mL of distilled water
each. The Ca(CH3CO»)>'H>O solution was then added to the Na,WO4-2H>O solution, and
the suspension were transferred to a Teflon autoclave, sealed, and placed in the microwave
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assisted hydrothermal system (2.45 GHz, maximum power of 800 W). The reaction mixture
was heated to 160 °C for 32 min. The products were washed with deionized water several
times and dried at 60 °C for 12 h.

For the CWE samples, the same procedure describe above was done with the addition of
0.01 mol%, 0.02 mol%, 0.04 mol%, 0.06 mol%, 0.08 mol%, and 0.10 mol% of Eu*" and the
removed of the corresponding Ca®" mass. The reagent used was EwO; (Aldrich, 99.9%)
dissolved in water from the addition of HNOs. The doped samples were called by: CWEL,
CWE2, CWE4, CWE6, CWES, and CWE10 for 0.01 mol%, 0.02 mol%, 0.04 mol%, 0.06
mol%, 0.08 mol%, and 0.10 mol% Eu*", respectively.

The CW and CWE samples were structurally characterized by different techniques such
as: X-ray diffraction (XRD) with Rietveld refinement analysis, field emission scanning
microscopy (FE-SEM), and spectroscopies of micro-Raman (MR) and Fourier Transform
Infrared (FT-IR), ultraviolet-visible (UV-Vis) absorption, energy dispersive (EDS), X-ray
photoelectron (XPS), and X-ray fluorescence (XRF).

The XRD using a D/Max-2500PC diffractometer (Rigaku, Japan) with CuK o radiation
(4= 0.15406 nm) in the 26 range of 10°-110° with a scanning speed of 1 (°)/min. FE-SEM
and EDS were performed using an equipment Inspect F50 (FEI Company, Hillsboro, OR),
operated at 15 kV. UV-vis diffuse reflectance measurements were obtained using a Cary 5G
spectrophotometer (Varian, USA) in diffuse reflection mode. The MR spectra were obtained
by the Micro Raman spectrometer (HORIABA Jobin Yvon T64000) with a radiation of 514
nm in the 50-3500 cm ™ range. The FT-IR was performed using a Jasco FT/IR-6200 (Japan)
spectrophotometer operated in turn mode at room temperature and the spectra were carried
out in the range of 470-4000 cm ™. A Kimmon He-Cd laser (325 nm laser; 40 mW maximum
power) was used as the excitation source for PL measurements. XPS analyses were
performed on a Scientia Omicron ESCA spectrometer (Germany) using a monochromatic X-
ray source of Al Ka (1486.7 eV). Peak deconvolution was performed using a 70%:30%
Gaussian-Lorentzian line shape and a Shirley nonlinear sigmoid-type baseline. The binding
energies of all elements were calibrated with reference to the C 1s peak at 284.8 eV. Element
analysis of the samples was performed an XRF 720 (Shimadzu Corp, Kyoto, Japan) operating
at 4 kV and 80 mA. The luminescence lifetime measurements were carried out as well using
a 1940D model spectrophotometer coupled to the spectrofluorometer.

2.2. Computational Methods

First-principles calculations were performed to study the effect of Eu-doped in the
CaWO4; structure. In this way, two models were constructed, the pure CW and CWE. All
calculations were performed with the CRYSTAL17 software package ?''22. The CRYSTAL
package performs ab initio calculations of the ground state energy, energy gradient,
electronic wave function and properties of periodic systems. Hartree-Fock or KohnSham
Hamiltonians (that adopt an Exchange-Correlation potential following the postulates of
Density-Functional Theory) can be used. Systems periodic in 0 (molecules, 0D), 1 (polymers,
1D), 2 (slabs, 2D), and 3 dimensions (crystals, 3D) are treated on an equal footing. In each
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case the fundamental approximation made is the expansion of the single particle wave
functions (’Crystalline Orbital’, CO) as a linear combination of Bloch functions (BF) defined
in terms of local functions (hereafter indicated as ’ Atomic Orbitals’, AOs).

The computational method is based on the DFT associated with B3LYP hybrid functional
2324 Ca, W, O, and Eu atomic centers were described by the Ag HAYWSC-
311d31G_apra_ 1991, W_cora_ 1996, and O_6-31d1_como 2006 basis sets, respectively,
which were obtained from the Crystal website 2>*¢. The diagonalization of the Fock matrix
was performed using a 6x6x6 grid with 44k-point grids in the reciprocal space. The
thresholds controlling the accuracy of the calculation of the Coulomb and exchange integrals
were set to 1078, 1078, 1078, 1078, and 1076, and the percentage of Fock/Kohn—Sham matrix
mixing was set to 30.

A full optimization process of the lattice parameters (@ and ¢) and the internal atomic
coordinates (x, y, and =) for the bulk was carried out until all force components were less than
107° eV/nm? From this optimized bulk structure, two periodic models, were built by
selecting a 2x2x2 supercell: (1) the pure CW model of 192 atoms in the structure, composed
by 32 Ca atoms, 32 W atoms and 128 O atoms and (2) the CWE model, in which two Ca**
cations were replaced by two Eu’" cations. To keep the electroneutrality of the system, a Ca>*
cation ghost was considered. This model contains 6.90% molar Eu in the structure. The band

structure and density of states (DOS) of de CW and CWE models were obtained for 200 k
points along the appropriate high-symmetry directions of the corresponding irreducible
Brillouin zone.

3. Results and discussion

An analysis of the XRD patterns of the CW and CWE samples in Fig. 1 renders that all
materials exhibit well defined diffraction peaks, corresponding to the scheelite phase with
tetragonal structure and space group I4, a; this was in accordance with card No. 5510 27 in
the Inorganic Crystal Structure Database (ICSD). There was no secondary phase formation,
indicating that the Eu*" cation substitution process takes places successfully.

Figure 1. XRD patterns of the CW and CWE samples.

From the structural point of view, the lattice of the CW is composed by distorted
octahedra [CaOs] and tetrahedra [WO4] clusters, in which the Ca atoms are coordinated with
eight O atoms in an octahedral symmetry, while the W atoms are surrounded by four O atoms
(see Fig. 2); each [CaOs] cluster shares corners with eight [WO4] tetrahedron to form chains
parallel to [110] direction.

Figure 2. CW structure and the distorted octahedra [CaOs] and tetrahedra [WO4] clusters. The substitution of
the Ca’>* by Eu®" cation leads to the formation of [EuOs] clusters.
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Assuming that the samples present a spherical morphology, the average crystallite size
(D) and the lattice strain (LS) of the as-synthetized samples were calculated and the values
are presented in Table 1. The D value was obtained through the Scherrer’s equation (Eqs.
(1)-(2)), using the full width half maximum (FWHM) of the most intense peak [112].

D= 0'89/1/(3 cos) @

B=+Bé—B? @
where D is the average crystallite size, 4 the X-ray wavelength (0.15406 nm), & the Bragg
angle, f. the experimental full width at half maximum (FWHM) of the sample and fs the
FWHM of LaBs standard ?%. The LS parameter? can be obtained by Eq. (3):

LS = B/ (4 tan@) 3)

Table 1. FWHM (°) values, crystallite size (D, nm) and lattice strain (LS, £x1073) calculated from XRD data.

An elemental analysis of the CWE samples were performed by XRF spectrometry to
obtain effective amount of Eu®" cations along the doping process at the CW lattice and the
results are in Table 2. The X-ray energy (spectral line La) for the Eu element it was observed
in 5.849 keV. The amount of Eu’* cations obtained by XRF compared to the nominal
concentration of each sample is very close, confirming the substitution of Ca>" by Eu**
cations in the CW lattice.

Table 2. Amount of Eu’* cations obtained by XRF spectrometry and the nominal value.

The distribution of Ca, W, O and Eu atoms in the CWE10 sample was analyzed by EDS
mapping and it was observed a homogeneous distribution for all elements in the observed
micro-dumbbells morphology, as can be seen in Fig. SI-1 (see the Supporting Information,
SD).

The XPS technique was used as a powerful tool to qualitatively determine the surface
composition of the materials. According to the results (see Fig. SI-2), the characteristic peaks
of Ca, W and O display that the samples are of high purity and the doping process of Eu**
cations take place at the sites occupied by the Ca®* cations. This analysis also demonstrated
that the Eu content in the region close to the surface is much lower than that of the bulk. More
details can be found in the XPS section in the SIL.

Fig. 3(a) shows the MR spectrum in the range of 50-3500 cm™. Two different regions
can be sensed, one related to CaWO4 (Fig. 3(b)) and the other related to Eu substitution (Fig.
3(c)) since such modes are observed only with substitution. Both parts of the spectrum
presented well defined modes, showing a high degree of order of the samples at short-range.
Fig. 3(b) shows the spectrum of 50-1000 cm™ in which is related to CW and a full discussion
of these modes can be found in the SI. In the spectrum of Fig. 3(c), the bands at 2536.3,
2957.1, 3112.0, and 3195.7 cm™! can be sensed. These bands become even more intense as
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the amount of Eu®* cations increases and, according Tiseanu et al., these bands correspond
to a fingerprint of substitution by Eu** cations in a tetragonal structure *. The analyses of the
FT-IR spectra it was also performed, and the discussion can be found in the SI.

Figure 3. (a) Micro Raman spectra of CW and CWE samples; (b) zoom of the region between 50 and 1000
em™; (c) Zoom of the region between 2500 and 3500 cm™.

For the study of the optical behavior of CWE samples, it was performed by calculating
the band gap energy (Eg,p) using the method proposed by Kubelka and Munk (more details
in SI). Fig. SI-4 shows that the band gap structures of the CW and CWE samples are
characteristic of well-defined direct transitions, which is of the nature of crystalline
semiconductors. The CW sample presented an Eg,, of 4.12 €V, the CWE samples presented
an Egap, 0£3.91,4.01,4.11,4.09, 4.10, and 4.18 eV, respectively in ascending order of doping
Eu®? cations. The decreasing in the Egap can be attributed to the existence of structural
defects localized in the forbidden band gap region.

By using the results of the DFT calculations an analysis of the energy levels in the valence
band (VB) and the conduction band (CB) has been performed (see Fig. 4(a, b)). As can be
seen, a direct electronic transition at the I'-point in the Brillouin zone can be sensed. The
CWE model has a lower band gap value (3.90 eV) when compared with the CW model (5.71
eV). This decrease of the band gap is due to the structural defect caused by the substitution
of Ca** by Eu®" cations, which involves the creation of new energy levels between the VB
and CB.

Figure 4. Band structure for (a) CW and (b) CWE models and DOS for (¢) CW and (d) CWE models.

In Fig. 4(c, d), the DOS for the CW and CWE models are displayed, respectively. An
analysis of the results renders that despite of the small contribution to CB from the Eu
orbitals, the presence of Eu’* cations in the CW structure caused a perturbation in the
electronic states into the two bands (VB and CB). The position of Fermi level changed, from
—4.40 eV in the CW model to —3.36 eV in the CWE model, while the first empty level in CB,
goes from 1.31 to 0.44 eV. In both theoretical models, VB is formed mainly by the 2p orbitals
of the O atoms, while CB is composed mainly by the hybridization of the 5d and 2p orbitals,
between W and O atoms, respectively.

In order to analyze the morphology of the samples in function of the Eu’* cations
concentration, the FE-SEM was performed and images of CW and CWE samples is shown
in Fig. 5. For the CW sample, the formation of microspheres and micro-dumbbells is
observed, with an average size of 4.05 = 0.49 um (Fig. 5(a)). The microspheres have already
been obtained by conventional hydrothermal 3% 32, sonochemical ** and reverse micelle
methods 3**; while the micro-dumbbells morphology was obtained by the microwave
hydrothermal method *>. For the CWE samples (Fig. 5(b-g)), the formation of microspheres
was not observed, obtaining only micro-dumbbells with sizes of 4.22 + 0.45, 4.27 + 0.57,
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424 +042,4.29 +0.43,491 + 0.88, 4.95 + 0.57 um for samples CWE1, CWE2, CWE4,
CWES6, CWES, and CWEI10, respectively.

Figure 5. FE-SEM images for the samples. (a) CW; (b) CWEL; (c) CWE2; (d) CWE4; (e) CWES6; (f) CWES;
(g) CWEIO.

The PL emissions of the samples with different amount of Eu®" cations are
displayed in Fig. 6(a). The pure CW has a broadband emission profile, characteristic of a
multiphonic process, involving several intermediate energy states. The maximum emission
of the CW sample is found in approximately 500 nm, in the cyan-green region, which are the
result of internal charge transfers from the [WOs] clusters and oxygen vacancy (V) in the
[WO4] and [CaOs] clusters **¢. With the replacement of Ca’* by Eu®" cations, the appearance
of specific transitions of Eu** is observed ("Do=>"F;, j = 1, 2, 3, and 4), with maximum
emission located at 596, 616, 659, and 704 nm, and these become more intense with the
increased concentration of Eu®" cations (Fig. 6(a)) *’. The intensities of the observed
transitions are dependent on the coordination of the Eu** cations 3.

Figure 6. (a) PL spectra for CW and CWE samples (4 = 350 nm); (b) Ratio of relative area for transitions
SDo>7F2/°Do=>7F1; (c) Schematic luminescence model of CWE samples; (d) Coordinates of the Commission
Intemationale de 1’Eclairage (CIE) by Spectralux software.

The peak located at 596 nm comes from a magnetic dipole transition *Do=>’F1, that were
almost independent of the local environment. The peak of greatest intensity, located at 616
nm, is called a hypersensitive red emission, and it comes from the transition of electric dipole
Do~ F>, that was strongly dependent of the environment. The appearance of this transition
suggests that the Eu®* cation is located in a symmetrical site where there is no inversion of
symmetry *°, while the absence of the transition *Do=>"Fo implies that the Eu** cations are
not occupying sites with Cs, Cy or Coy symmetry *°. The ratio of relative area of the *Do=>"F>
to >Do=>"F; transitions provides information about the local distortions in the clusters which
the Eu’* cations were inserted into the structure #!. As presented in Fig. 6(b), when increasing
the concentration of Eu*" in the CWE samples, there is an increase in local distortions related
to the [EuOs] clusters of the crystalline lattice.

Fig. 6(c) shows the schematic luminescence model of CWE samples. When the sample
is excited, electrons are promoted from the VB, made up of the O 2p levels, to the CW CB,
made up of the W 5d levels. The emission of these samples occurs when the excited electrons
decay radiative from the CB to the VB, or when the transfer of electrons from the CB to the
excited levels of the Eu** cations. When populated, 4f states decay non-radiative to the level
of emission characteristic of the Eu** cations (*Do) and then radiative to the fundamental
states ("F, j = 1, 2, 3, and 4), emitting in the observed characteristic lengths.

The change in the color emission perceptible by the human eye of the CW and CWE
samples were evaluated by the coordinates of the Commission Internationale de 1’Eclairage
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(CIE) by Spectralux software +* from the emission spectra obtained at under laser excitation
at 350 nm (Fig. 6(d)). As expected, the CW has an emission in the cyan-green region, with
a shift to orange with an increase in the substitution of Ca>* by Eu®" cations. This change
occurs due to the sum of the characteristic emissions of Eu** cations in the red region
(CDo=>"F;, j = 1, 2, 3, and 4) with the emissions of the CW matrix. Therefore, the ions
substitution in a semiconductor matrix by Eu*" cations can lead to modulation of the final
characteristic emission, resulting in potential materials for application in optical devices.

The lifetimes of the CWE samples were calculated for the luminescence decay of
Do=> 'F transition, with emission and excitation fixed at 616 and 394 nm, respectively. Fig.
SI-5 shows the mono exponential decay of the samples fitted with an exponential function
as the Eq. (4):

Y=Yt Alexp(t/-[) Q)
Where, y is the intensity, y, the intensity at the 0 ms, A, the amplitude, and 7 the lifetime of
the transition Do=>"F.

The 7 values obtained for the CWE samples were close, being 0.70 £+ 0.04, 0.70 + 0.04,
0.72+0.03,0.72+£0.02,0.70 £0.01, and 0.67 + 0.01 ms for samples CWE1, CWE2, CWEA4,
CWE6, CWES, and CWEI0, respectively. The CWE samples were fitted to a linear fit of Igy
versus t, indicating the samples have only one time of decay (see Fig. SI-S). These results
indicate that Eu** cations occupy only one place of symmetry in the CW matrix and that there
is only one process for the luminescence of the CWE samples.

4. Conclusions

In summary, the present work combines the experimental and theoretical results for better
understanding of the PL emissions of the CW and CWE samples with different Eu** cations
concentration. First-principles calculations, within the framework of DFT, were performed
to achieve a deeper understanding of the effects caused by the Eu®" cations in the CW
electronic structure in order to correlate with the PL emissions experimentally observed.
These findings allow to find a luminescent material in which by varying the Eu*" cations
concentration, the color emissions can be modulated. This work also paves the way for the
further design of CWE-based materials for various applications as red-blue phosphors in
different kinds of display devices.
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Supporting Information

EDS mapping
To analyze the distribution of Ca, W, O, and Eu atoms in the CWE samples, an EDS
mapping was performed. Figure SI-1 illustrated the mapping for the CWE10 sample and in
this analysis, it was possible to observe a homogeneous distribution for all elements in the
observed micro-dumbbells morphology. This distribution indicates a delocalized substitution
of Eu’* cations throughout the sample, corroborating with the XRD analyzes, where it is not

observed the formation of secondary phases from the replacement of Ca?* by Eu** cations.
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Figure SI-1. EDS mapping for the CWE10 sample.

X-ray photoelectron

In Figure SI-2A, the XPS spectrum of the survey of CW and CWE samples show the
presence of a large amount of C (derived from the sample holder) and the characteristic peaks
of Ca, W and O atoms, indicating that the samples are of high purity. The binding energy
(calibrated using C (1s, 284.7 eV) as a reference) is shown for the Ca (2p, ~346.7 eV), W (4f,

~34.8 eV)and O (1s, ~530.25 eV) atoms.
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The scan of the binding energy survey of the Ca, W and O core of the CW and CWE
samples, in the range 0—1200 eV, are shown in Figure SI-2B-H. The XPS spectra of Ca (2p)
were obtained in the range of 339 to 358 eV. In Figure SI-2B(a), for the CW samples, the
peak corresponding to Ca (2p) has a core binding energy of 346.2 eV (2p312) and 349.6 eV
(2p12) with full width the half maximum (FWHM) of 1.7 and 2.09 eV, respectively. These
results confirm the +2 oxidation state of Ca present in the structure 2. For CWE samples, in
Figure SI-2C(a)-H(a), the peaks corresponding to Ca (2p) have a core binding energy that
varies from 346 to 348 eV for the 2p3.» state and from 349 to 351 eV for the state of 2p1/.
These shifts in the binding energies of the Ca nucleus for the CWE samples indicate that the
presence of Eu generates changes in the effective charge felt by the internal electrons, thus
occurring an increase in the binding energies > *.

The XPS spectra of W atoms (4f) were observed in the range 30-46 eV. In Figure SI-
2B(b), for the CW samples, the peak corresponding to W (4f) has a core binding energy of
34.4 eV (4f1) and 36.4 eV (4f5») with FWHM of 1.9 and 1.4 eV, respectively. For CWE
samples, in Figure SI-2C(b)-H(b), the peaks corresponding to W (4f) have a core binding
energy that varies from 34 to 35 eV for the 4f7, state and from 36 to 37 eV for the state of
4fss>. These results indicate that the oxidation state of W in the structure corresponds to +6 4.

The XPS spectra of O atoms (1s) were observed in the range 525-535 eV. In Figure SI-
2B(c), for the CW samples, the peak corresponding to O (1s), these materials calcium-based
oxygen carriers by possess were three types of oxygen species: surface adsorbed oxygen
(Ouds), surface lattice oxygen (Osutiat), and bulk lattice oxygen (Ouattice buik) *°. In Figure SI-
2C(c)-H(c) it is possible to verify that these three species were also identified in the CWE
samples, being able to attribute the peak of the photoelectron with binding energy located at

approximately 529 eV to oxygen in the network (Outticebuik), the second peak of the

Page | 187



photoelectron with binding energy located around 530-531 eV surface oxygen of the network
(Osust-1at), while the third photoelectron in 531-533 eV was attributed to the oxygen adsorbed
on the surface (Oags). In the CWE samples, the peak intensity of (Oags) increased with the
increase of Eu®>* doping. This increase in peak intensity (Oags) may be due to the fact that
oxygen vacancies caused by the insertion of Eu* cations can capture more species in the
environment, such as carbonates and hydroxides 7 °. Although it is not possible to observe
the presence of Eu 3d/4d in the survey spectrum, a high-resolution spectrum was applied in
the region of 120-180 eV (Eu 4d) '°. In the XPS technique the penetration layer is ~ 3 nm
and if the sample has low concentration and few atoms in the surface in relation to the bulk,
the signal will be of low intensity.

It can be observed in Figure SI-2C(d)-H(d) that the peak signal of the photoelectron
with binding energy located around 120-180 eV referring to Eu 44 appears with the increase
in doping performed on the CaWOj structure. The replacement of Eu atoms at the Ca®* sites
take place in the +3 oxidation state. That the doping occurred with the replacement of Eu**

ions in the Ca?* sites and that the Eu content in the region close to the surface is much lower

than that of the bulk.
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Figure SI-2. A) Survey XPS spectra for CW and CWE samples. B-H) High XPS spectra of Ca, W and O for

CW samples and Ca, W, O and Eu for CWE samples. The figures are followed by B) CW, C) CWE1, D) CWE2,

E) CWE4, F) CWE6, G) CWES, and H) CWE10 samples.
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Micro-Raman

According to group theory analysis, the allowed representation for each of the
corresponding Wyckoff positions of the tetragonal CaWO4 structure indicates 13 active
Raman modes corresponding to the decomposition at the point I’ = (3A, + 5Bg + 5Eg) 112,
A total of 11 active Raman modes are observed, related to 3A; vibrations (275.3, 333.9 and
914.0 cm™), 4B, vibrations (121.5, 213.1, 333.9, and 838.0 cm ™) and 4E, vibrations (88.6,
193.6, 400.0, and 797.3 cm™). The bands observed at 88.6 and 213.1 cm™ are related to
symmetric bending and stretching of the [CaOs] clusters 3. The [WOu4] clusters has T,
symmetry, which can be decomposed into 4 internal modes (vi, V2, Vs, v4), a rotational mode
(v¢r) and a translational mode ! . The bands observed in 121.5, 193.6 and 275.3 cm™ are
related to translational and free rotation modes of the [WO4] clusters !* . The bands located
at 333.9 and 400.0 cm™! are related to symmetrical (v2) and asymmetrical bending (v4) of the
O-W-O bond angles >, The bands located at 729.3 and 838.00 cm™ are related to
asymmetric stretching (vs) of the O-W-O bonds !!. Finally, the most intense band located in

914.0 cm ™ is related to the symmetric stretching (vs) of the W-O bonds °.

Fourier Transform Infrared

Figure SI-3 illustrates the FT-IR spectra with the corresponding positions of IR -active
modes of CWE samples. The scheelite-type structure has eight stretching and/or bending IR-
active vibrational modes '3, presented by I' = (4A, + 4Ey). Only three modes were identified
for the CW and CWE samples in the range from 400 to 3500 cm™. Firstly, the CW and CWE
samples exhibited a 443 cm™ band that are assigned to the vs Ay + Ey mode that arise from
symmetric bending vibrations with in the [WO4] clusters. The modes located at 802 and 849

cm™! are attributed to an overlapping of two intense bands referring to vs Ay and E,
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respectively, which were ascribed to the O—W-0O anti-symmetric stretching vibrations with

in the [WO4] clusters. The band located at 3153 cm ™ refer to OH stretching.

LI
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Figure SI-3. FT-IR spectra of the CW and CWE samples.

Ultraviolet-visible
The optical band gap is related to the absorbance and the photon energy by the following
the equation (1).
hva o« (hv — Egqp)Y/? )
where h is the Planck constant, v is the frequency, a is the absorbance, and E,, is the optical

band gap. The CW exhibit an optical absorption spectrum governed by direct electronic
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transitions characterized as » = 0.5 (n is a constant associated to the different kinds of

electronic transitions).

—~0—CW (4.12 eV)
CWE1 (3.91eV)
CWE?2 (4.01eV)
CWE4 (4.11eV)
—0— CWES (4.09 eV)
—o— CWES8 (4.10eV)
—0—CWE10 (4.18 eV)
—— Linear Fit
—— Extrapolation of linear fit

Intensity (a.u.)
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Figure SI-4. E, ,,, values obtained from the Kubelka-Munk method for CW and CWE samples.
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Abstract

Inorganic semiconductors figure prominently in many current technologies, and they will play
an important role in enabling a host of future applications. Since many of the beneficial
properties of these materials arise from their morphology, achieving morphology control is
important yet still elusive in many instances. Progress with experimental techniques,
particularly those based on field emission-scanning electron microscopy, and similarly,
theoretical developments provide deep insight on the mechanisms for achieving a selected
morphology. The confluence of theory, experiment, and applications increases our capacity to
describe the exposed surfaces at the morphology and provides new views into restructuring and
morphology transformation mechanisms. In particular, the morphology of metal oxide
semiconductors could lead to significant progress in advancing new applications along
numerous fronts. First-principles calculations, based on the joint use of the density functional
theory calculations and Wulff construction, were performed to investigate the surface
structures, electronic and magnetic properties of Ag-based semiconductors (AgxMoOs,
AgrCrO4, AgpWOs, and AgrO). An equilibrium Wulff construction using absolute surface
energies for various orientations is conducted to elucidate the morphological evolution. The
calculated results manifest that our approach is capable of matching the experimental and
theoretical morphologies, and a relationship among morphology and photocatalytic and biocide
activity is achieved through a careful analysis of the coordination environment surrounding the
surface metals at the morphology. We hope that our calculations can provide valuable hints for
improving the performance of metal oxides semiconductors.

Keywords: Inorganic semiconductors, electronic properties, magnetic properties, morphology.
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1 How does an inorganic semiconductor work?

Over the past few years, great effort has been dedicated to studying inorganic metal oxides
as semiconductors. The preparation of these novel semiconductors has always been the goal of
chemistry and material scientists because almost all contemporary electronic technologies
mvolve the use of semiconductors [1-3]. The study of these materials constitutes an active
research topic due to their excellent performance. They are often encountered in science and
engineering disciplines, and figure prominently in many current technologies, and they will
play an important role in enabling a host of future applications, ranging from the degradation
of pollutants (such as various organic dyes, poisonous molecules/ions, etc.), energy conversion,
and biocidal activity, among others. The long-lasting popularity of this field has led to the
discovery or creation of numerous semiconductors, the heterojunction with other
semiconductors, and the combination with metals displaying surface plasmon resonance effect,
with impressive functionalities in three areas: renewable energy, health, and environmental
sustainability [4].

The semiconductor photocatalysts are used for several decades in the past, called green
technology, having received great attention, and shows an excellent ability for degrading
contaminant by utilizing sunlight without causing any pollution. They also offer high versatility
since it is possible to tune the band gap by modifying the geometrical and electronic structure.
The achievable rapid fabrication of these materials with tunable physical and chemical
properties facilitates tailoring the macroscopic properties of particle assemblies through
contacts at the nanoscale.

An ideal semiconductor needs to fulfill the following: it should be chemically and
biologically inert, stable, photochemically active, and cheap. Nowadays, semiconductors play
a central role in acing new global environment- and energy-related issues [5]. In fact, this
research field is broad, not only for promoting the solar into chemical energy conversion
through thermodynamically up-hill reactions producing fuels, such as H» evolution from H,O
[6-9], but also the obtention of CH4 and CH3OH from CO; [10-12].

The typical mechanism of a semiconductor involves three key processes, namely harvesting
light to generate charges, charge separation and transfer to active surface sites, and specific
interfacial catalytic reactions [13-15]. In other words, the activity of a semiconductor begins
with the generation of charge carriers. Following rapid hot carrier thermalization, the energy of
the charge carriers is determined by the band alignment and occupancy in the semiconductor.
In the excited state (conduction band, CB), there exists a competition between recombination
and spatial charge separation, and this kinetics are strongly influenced by the presence of
surface defects and mid-gap states in the material. If the carriers avoid recombination long
enough, the possibility for interfacial charge injection provides a pathway for chemical
rearrangement (redox) taking place at the surface. The competition between charge generation,
separation, recombination, and injection determines the efficiency of the material. Many of
these processes occur on the ultrafast time scale. Additionally, they are strongly influenced by
complex surface chemistry due to various structural defects and associated electronic/magnetic
states. In addition to the catalytic property of surface atomic activity, how to separate
electron/hole (e/h") pairs efficiently is thus crucial for increasing the activity of
semiconductors.

In order to verify if the inorganic semiconductor is capable of splitting the H>O molecule
to generate the hydroxyl radicals («OH) and/or reduce the O> to superoxide radical (+O2"), it is
possible to compare the position of the valence band (VB) and the CB with the potential of
H>O/*OH and O,/+O," at different pH, such as 0 and 7. The VB and CB positions of the
morganic semiconductors can be determined using the empirical equations:
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Ecg = x —E. — 0.5Eyq, )
Eyp = Ecg + Egap 2

where y is the absolute electronegativity of the semiconductor, E, is the energy of free electrons
on the hydrogen scale (4.5 eV), Eg,, 1s the band gap energy of the semiconductor, and Ey 5 and

E 5 refer to the VB and CB potentials, respectively. Figure 1 illustrates the calculated VB and
CB values of some Ag-based semiconductors [16].
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Figure 1. Scheme for the band structure of some Ag-based semiconductors and the potentials of radical generation
inpH=0and 7.

A particular substrate can undergo chemical reactions on the semiconductor photocatalysts
depending on the relative positions between its redox potentials and the band edges of
semiconductor photocatalysts. There are four possibilities, as follows: (1) If the redox potential
of the substrate is lower than the CB edge of the semiconductor photocatalyst, then the substrate
can undergo reductive reactions; (2) If the redox potential of the substrate is higher than the VB
edge of the semiconductor photocatalyst, then, the substrate can undergo oxidative reactions;
(3) If the redox potential of the substrate is higher than the CB edge or lower than the VB of
the semiconductor photocatalyst, then the substrate can undergo neither reductive nor oxidative
reactions; and, (4) If the redox potential of the substrate is lower than the CB edge and higher
than the VB of the semiconductor photocatalyst, then the substrate can undergo either reductive
or oxidative reactions.

According to Figure 1, the position of VB of B-Ag>Mo0Os, a-AgyWOy4, B-AgaWOs, and y-
Ag>WO4 renders that they can be used as photocatalysts due to the strong oxidation ability. The
activations of both molecular oxygen, O, and water, H>O, are the fundamental steps in almost
all photocatalytic oxidation/reduction reactions. In terms of thermodynamic conditions, the
estimated VB positions of B-AgoMoOs, a-AgryWOs, B-AgoWO4, and y-AgoWO, are more
positive than the redox potential +2.72 V for «OH/H,O — versus NHE [17], leading to the
oxidation of H>O to form *OH, as a strong oxidant species for dye degradation. However, these
Ag-based semiconductors are energetically unfavorable to carry out the reduction reactions,
1.e., because they do not fit the redox potentials -0.33 V to carry out the reduction reaction to
transform Oz to O™
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A deep understanding of the structural, electronic, magnetic properties indicates that the
driving force for charge separation and the spatial distribution of active reaction sites is still
lacking. From a chemical reactivity point of view, photocatalytic activity is a rather complex
process that usually involves multiple e /h” transfers and significantly affects the fundamental
reaction mechanisms, and largely determines reaction products [18-21]. Characterization
techniques of surfaces and/or bulk are used to find a correlation among the semiconductor
surface properties and the resultant activity performance of semiconductor materials [2, 22].
This research field is very active, and different procedures have been reported for the
modification, tailoring, and engineering of structure and electronic/magnetic properties at the
morphology to modulate the bulk diffusion, surface trapping, and interfacial transfer of the
electrons and holes photoproduced on the semiconductor surface [23-34].

1.1 Semiconductor as a generator of highly reactive species

The energy absorbed by a photocatalyst comprises the range of ultraviolet and/or visible
light, even natural sunlight. When a semiconductor absorbs light, if the energy of the photons
1s enough to excite the electrons in the valence band (VB), they migrate to a higher energy level
in the CB of the material. This phenomenon generates the charge carriers known as e /h” pairs.

Activation of molecular oxygen (O-) and water (H>O) is one of the most important chemical
processes of enormous interest and practical importance. In a semiconductor, the
photogenerated h™ at the VB can migrate to the surface of the material and react with H.O
molecules to produce *OH and proton (H"), while the photoexcited ™ in the CB can react with
the adsorbed molecular O- to produce *O>". Besides, through further reactions, *O,” and «OH
species can transform into other highly oxidative species: singlet oxygen (*02), perhydroxyl
radical (*O-H), or hydrogen peroxide (H>0,), as illustrated in Figure 2. These photogenerated
species are called reactive oxygen species (ROS) [35]. The ROS are the key signaling molecules
in both photocatalytic and physiological processes and play an important role in the
development and function of photocatalytic and biocide materials. Density functional theory
(DFT) calculations revealed that p-type and n-type conductivity in inorganic semiconductors
can be ascribed to shallow acceptors (metal vacancies) and shallow donors (oxygen vacancies),
respectively. The different clusters in the semiconductor structure form the e/h* pair: the
[MOx xVo'] clusters (hole species) located on the top of the surface of the nanocrystals interact
with the H,O forming the «OH and H* reactive species. In contrast, the [MOx] clusters (electron
species) can interact with O, to form the «O", thereby the unstable radical *O,H can be formed
by means of the reaction between +O,~ and H'.

Page | 200



light

ses e sssaseeiesissses e iansetestansss st ianass e iues

N

Figure 2. Illustrated scheme of ROS generation.

Therefore, the generation of ROS due to e /h™ pairs is based on the following reactions [36-
43]:

Oz 46 = =05 3)
«0; + HY >«0,H @)
«0,H + H* > H,0, )
H,0, + e —>+OH+ OH™ 6)
H,0 + h* - «0H + H* %)
OH™ + h* >«0H @)

Furthermore, some electronic states can appear in the forbidden gap to undergo an
ionization process to form electronic defects, i.e., quasi-free e~ and h™ [44, 45]. In addition, it
was demonstrated that the recombination of e/h™ pairs is probable at bulk sites while surface
defects improve the reactivity by promoting the adsorption of O» and H>O. Then, exposed
surfaces with a difference in charge density (due to the dipole moment) bind the adsorbates
strongly and drive the photocatalytic reactions [46, 47]. The ability to control these properties
at the nanoscale has allowed correlations to be made between nanocrystal structure and their
optical, magnetic, and electronic properties, which has implicated these materials in various
applications ranging from biomarkers to photocatalysts [48-51].

2 Theoretical methods, computing procedures, and model systems

The atomic and molecular world, unlike the macroscopic world, can only be accurately
described by quantum mechanics. The natural properties and behavior of molecules and
materials are difficult to imagine, and they are impossible to predict without resorting to
approximations.

The goal of many computational physicists and chemists is to bridge the gap between
atomistic lengths scales of about a few multiples of an Angstrom (A), 1. e., 107°m, and meso-
or macroscopic length scales by simulations.
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The theoretical studies reported here are based on periodic models, and the first-principles
calculations are performed mainly by using the DFT associated to an exchange-correlation
functional, such as the PBE and the B3LYP. Several computational programs can be used, and,
in our research, we mainly use the VASP and/or CRYSTAL software packages. The atoms are
described using all-electron or pseudo-potential basis sets. The initial atomic positions and
lattice parameters are set according to experimental and/or theoretical studies.

The first step of the theoretical study is the structural optimization of the bulk model,
followed by calculating the numerical second derivatives of the total energy with respect to the
1onic displacements. After that, it is possible to define slab models for the Wulff's construction
to obtain the available set of morphologies and perform the magnetism investigation. Therefore,
the structural analysis and the electronic properties can be performed to correlate with the
experimental results.

2.1 Calculations of surface structure and Wulff's construction

Although controlling the morphology taken by a material may nitially seem like a scientific
curiosity, its implication goes far beyond aesthetic appeal. The morphology not only controls
its physicochemical properties but also determines its relevance and merit for the applications.
Therefore, understanding the physical and chemical properties of semiconductor surfaces is
important for improving the performance of related applications while determining the surface
structures and broken chemical bonds on the exposed surfaces that contribute to material
properties is generally the prerequisite. For example, photocatalytic processes are initiated by
the excitation of a semiconductor photocatalyst by photons of energy higher than the
semiconductor band gap resulting in the formation of e /h* pairs. Then, a great variety of
environmentally friendly redox transformations may occur involving chemical species with
suitable redox potentials adsorbed on the photocatalyst surface [52].

Different surface and/or bulk characterization techniques [2, 22] can be employed to get
better insight into the potential specific correlation existing between the semiconductor surface
properties and the resultant photoactivity performance of photoactive semiconductor materials,
to be considered in the design of efficient and easily applicable photocatalysts [53].

Traditional surface science has established that the surfaces of large crystals can lower their
energy by moving surface atoms away from lattice sites in the process of surface reconstruction,
dangling bonds can introduce new electronic states, and foreign molecules (surfactants or
adsorbates) can alter the energy and reactivity of a crystal surface. However, many fundamental
properties of the semiconductor surfaces are still poorly understood due to their inherent
complexity. The main reason behind such poor knowledge lies in the fact that the properties of
metal oxides depend on the interplay between the geometric structure, the band structure, the
local stoichiometry of the surface, and the oxidation states of the components. In this context,
a significant challenge is the elaboration of an atomic-scale surface theory for metal oxides.
Such a theory would undoubtedly be the groundwork for the rational design of metal oxides as
semiconductors.

A crystalline system can present several surfaces, being the main direction observed as the
most prominent peaks on X-ray diffraction (XRD) analysis [54, 55]. The main feature of a
surface is the broken crystalline symmetry resulting in a new structural arrangement with novel
chemical and physical properties. In the computational context, a surface model is obtained
from cuts along a specific direction, and the surface model is defined as a bi-dimensional model
with a finite thickness (z-axis). Similar to that observed for experimental XRD analysis, the
surface models are also represented in terms of [hkl] Miller index [56].

Thus, the surface models can be seen as atomic layers (slab) stacking along with a specific
Miller index, keeping the translational symmetry observed in bulk. The construction of the
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surface model takes into account two factors: thickness and vertical symmetry, which are
strongly connected to surface chemical nature and stability [54, 57]. The first refers to the
number of layers represented by the model and should be large enough to make the interaction
between the up and down slab terminations negligible. Meanwhile, a particular vertical
symmetry is observed for each crystalline direction; thus, the symmetry features may or may
not result in the existence of a macroscopic dipole moment perpendicular to the surface [54,
57].

A macroscopic dipole moment affects the surface stability and can be responsible for a
reconstruction mechanism resulting in a novel arrangement for atoms. In computational
approaches, the surface is fully optimized (relaxed) rising new chemical bonds, as expected in
a reconstruction process. An extremely efficient method to surface model interpretation was
developed by Tasker [58]. This model is based on ionic crystals since it can be understood as
an agglomerate of slabs composed of cations and anions leading to surfaces with different
charge distributions. Figure 3 presents the three different types of Tasker's surfaces. Type 1
consists of stoichiometric atomic planes with zero total charge. Type 2 is characterized by
formally charged planes distributed so that the macroscopic dipole moment () obtained from
the sum of the charges in the repetition unit is zero. The charge of such planes is related to the
non-stoichiometric distribution of cations and anions along the planes; however, the
macroscopic dipole for the model repetition unit is null. The last Tasker surface (type 3)
presents an allocation of formally charged slabs, resulting in a repetition unit with a non-zero
macroscopic dipole moment [58].
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Figure 3. Charge distribution on atomic planes composing the surface models according to Tasker models.

According to the Tasker classification, the type 1 and type 2 surfaces are potentially stable
since they do not present macroscopic dipole moment perpendicular to the slab. Otherwise, the
type 3 surfaces characteristically possess electrostatic surface energy arising from the
macroscopic dipole [58]. It is noteworthy that several oxides and complex oxides present
surfaces with non-zero macroscopic dipole (a.k.a. polar surfaces), which are routinely obtained
from different synthesis routes [55, 59, 60]. Therefore, the investigation of this kind of surface
is mandatory.

The atom distribution, stability, magnetic and electronic properties can be studied by using
first-principles calculations. In particular, the investigation of polar surfaces by computational
approaches represents a challenging task since the macroscopic dipole moment can drastically
increase the computational cost and hamper the model convergence [54]. Thus, some
alternatives were developed to minimize macroscopic dipole influence, such as molecule
adsorption on the surface, reconstruction process, or theoretical corrections that cancel the
dipole moment, included in some simulation packages [57]. In addition to these, a recent
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methodology represents a simple and efficient method that does not require chemical adsorption
or surface reconstruction to cancel/minimize macroscopic dipole influence. In such an
approach, the surface models consist of two-dimensional periodic models composed of atomic
layers parallel to specific [hkl] crystalline planes "cut out" from the fully optimized bulk
structure. The surface directions are usually chosen from the XRD analysis, being the most
prominent peaks the most important to surface investigation. To each selected crystalline
direction, there are several possibilities of stoichiometric and non-stoichiometric surfaces with
different properties. All possible stoichiometric models should be evaluated compared to each
other in terms of total energy, being the minor energy model the most stable surface
composition. For this surface model, a slab growth is performed until energy and properties
convergence is reached. To adequately reproduce the features of a surface, it is mandatory to
create a model large enough to represent the termination on the top of the model, an internal
region (mimicking the bulk), and the lower termination [54, 57]. In general, a model with three
bulk units is the minimum model size to reproduce a surface correctly. Furthermore, the growth
1s mandatory for polar surfaces since it minimizes the macroscopic dipole influence on the
surface calculation.

Once the surface model for each direction is constructed, the first step consists of evaluating
non-relaxed cleavage energy (y™**) for up and down terminations (Tv and Tp, respectively).
The ™% value represents the energy required to cut out a crystal into two non-relaxed
terminations. The equation (9) represents mathematically this step, where being ESRela% refers
to the energy of the non-relaxed model, Ep i is the total energy of a bulk containing one unit
cell, n is the number of bulk units, and A represents the surface area.

(ESMeX — nEpu) )
2A

unrelax —
Y =

The next step consists of the relaxation of the complementary terminations (Tvy and Tp).
The energy for relaxed surfaces (y) is computed by equation 10. The scientific explanation that
justifies surface relaxation is the need for structural modifications to increase surface stability.

y= (EL® — nEpyun) (10)
- 2A

The methodology described above is very representative and has successfully predicted the
surface properties of several materials, such as FeCrOs, LiNbOs, PbNiOs, MnTiOs, and others
[61-66].

The y of a single-element solid is dependent on temperature, vapor pressure, and surface
relaxations or reconstructions. But measuring y is generally a difficult task even for simple
cases [67-69]. Wulff's construction is a reliable tool to understand and predict (nano)particle
morphology based on minimizing the energy associated with all surrounding surfaces of an
independent particle [70-74]. According to the theory, the structure and morphology of crystals
are determined by the y of planes on thermodynamic equilibrium conditions [75]. These y
values, obtained from first-principles calculations in association with the Wulff's construction
model, provide a strong correlation between structure—function, highlighting the importance of
theoretical chemistry in materials science and nanotechnology.

Andres et al. [76] reported a careful revision of the use of this methodology for solid-state
materials. This type of analysis is helpful for understanding how to achieve morphological
control of complex three-dimensional crystals by tuning the y values of the different surfaces.
As reported in several works in the literature [63, 77-87], theoretical surface calculations
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associated with Wulff's construction are a powerful tool to obtain the available morphologies
of (nano/micro) materials, as shown in Figure 4.
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Figure 4. A schematic representation of the flow diagram to obtain the available morphologies.

2.2 Calculations of electronic properties

The theoretical analysis of the electronic properties starts from the optimized structure, i.e.,
from the geometry relaxation. A Mulliken population analysis can be performed, providing total
atomic charges, atomic orbital, and shell populations and the overlap populations. The ground-
state electron charge density, unlike the previous features, is a quantum mechanical observable
of primary importance. It may be expected that both HF and DFT hamiltonians reproduce the
essential features of the electron density. Thus, helpful information can be extracted from
single-particle hamiltonian (HF/DFT) eigenvalues such as the band structure. In 2D systems,
the occurrence of surface states in the band gaps can be detected and their dependence on
surface relaxation or reconstruction processes. To obtain the band structure, some information
must be specified, such as the path in the Brillouin zone of the reciprocal space (which depends
on the reciprocal lattice) and the range of energy/bands to be visualized. Finally, the calculation
of density of states requires the Fock/KS eigenvectors in the k-points defined by the Pack-
Monkhorst mesh.

2.3 Calculations of magnetic properties

The study of magnetic materials through computational methodologies reproducing their
electronic structure and other properties correctly is critical. Several works have successfully
applied DFT simulations to study the bulk and surfaces of complex magnetic semiconductors
[61, 88-90]. Such studies employ a simple and powerful theoretical tool to predict magnetic
features of materials: the Ising Model. This model enables the determination of the magnetic
coupling constant (J) and magnetic states energy difference (4E;). Equations 11 and 12
represent the Ising Model mathematically, being N the number of magnetic cations in the unit
cell, Z is the coordination number of magnetic species, and Sy represents the spin-charge of
each magnetic site. The usage of the Ising model is mandatory to adequately measure electronic
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interactions since the Slater determinant is not an eigenvalue of Heisenberg hamiltonian,
commonly used to describe unpaired electrons [91].

AET = ETAFM e ETFM (11)
AE;p = —N.Z.5:.S:.] (12)

Generally, a computational investigation of a magnetic system uses the following steps: 1)
the system structure is fully relaxed considering an FM order; ii) the AFM order is calculated
from the fully-relaxed structure and compared using the Ising equation set. Positive values for
AE; and J indicate an FM ordering as the most stable, while negative values indicate that the
AFM or FeM ordering is the most stable (magnetic ground state); iii) for systems with more
than two possible magnetic order, a final model representing the ground state should be
calculated to reproduce the electronic structure of the material correctly. The ordering of
unpaired electrons is based on all the results obtained from the Ising equation aiming to
reproduce the minor energy magnetic interactions existing in the crystalline structure.

As observed in equation 12, the Ising Model considers the coordination number of
magnetic cations. Therefore, this method is only suitable for the system with a reasonable
symmetry degree, predicting all magnetic features of crystalline space groups in bulk form. It
is noteworthy that the Ising model is not entirely suitable for surface evaluation since each
magnetic site possesses a particular coordination number. Consequently, only equation 11 can
be employed for the analysis of magnetic surfaces. Thus, Ising Model determines the magnetic
ground state of the surface without estimating the J values. As performed for solid-state
materials bulks, all possible magnetic orderings for surfaces should be evaluated to determine
the magnetic ground state.

The efficiency of Ising calculations to study magnetic semiconductors is evidenced by
several manuscripts being successfully employed to bulk [88-90, 92-94] or surfaces [61, 64, 95,
96].

In the following, we discuss theoretical and experimental progress in understanding the
surface properties and morphologies of different silver-based metal oxides, such as AgxMoOs,
AgrCrO4, AgyWO4, and Ag>0.

3 Morphology-dependent properties

Considering that the chemical reaction proceeds on the surface of semiconductors, the
surface physicochemical properties are important for improving their activity. Since many of
the beneficial properties of inorganic metal oxides arise from their morphology, and it is
becoming increasingly apparent that control over the morphology of a semiconductor is
imperative for many applications, being one of the critical issues for the design, engineering,
and utilization of their desired properties [97]. Surface control begins with seed crystals
nanometer- or sub-nanometer sized particles that grow post nucleation, and that may fluctuate
through several shapes prior to achieving a set of morphologies that act as templates for growth
of the final crystals.

The surface structure is composed of defective sites generated by the improper termination
of the crystal lattice. In metal oxides, the terminating species can be lattice oxygen or lattice
metal cation, acting as donor and acceptor of electrons, respectively. These surface states are
located within the band gap and may induce band bending themselves, depending on their
position with respect to both band gap and Fermi level. Therefore, the Fermi level of the bulk
may be different from the Fermi level of the exposed surfaces, and the transitions within the
band gap, which are forbidden in bulk, can now be allowed through the introduction of states
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by surface terminated species [98-100]. The catalytic and biocidal performances are determined
by the number and the intrinsic activity of these active sites.

In this context, crystal facet engineering allows the obtention of functionalized
semiconductor-based materials with different morphologies and compositions and has been
successfully applied for numerous applications [101, 102]. Plausible mechanisms were
proposed to explain how different morphologies modulate the electronic structure of
semiconductors by a synergistic effect between the active component promoted by oxygen
vacancies, undercoordinated metal clusters at the exposed surface, thereby altering the catalytic
and biocidal activities. These findings provide a new way to enhance the properties of a
semiconductor by structure-activity relationship.

As a clear-cut example, we can select the work of Huang et al. [103] in which the authors
have shown that the electronic, photocatalytic, and optical properties of semiconductor
materials are highly facet-dependent. According to Huang et al. [103], the photocatalysts'
efficiency of CuO crystals is related to the exposed surface in the crystal morphology and its
band bending value. Cu,O presents three morphologies: cube, octahedra, and rhombic
dodecahedra with different photocatalytic responses, as it is displayed in Figure 5. Therefore,
the ability to generate h™ and e™ in the VB and CB, respectively, is linked to the band gap interval
of each surface present in the morphology. The morphology and, in particular, the structure and
electronic properties at the exposed surfaces, control the formation and recombination ofe™ and
h* pairs and then the activity of the material.
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Figure 5. Band dlaglam of Cu,O presenting dlffelent degrees of band bendlng for different crystal surfaces to
account for their photocatalytic behaviors. The drawings show different photocatalytic responses of Cu,O with
different morphologies: cubes, octahedra, and rhombic dodecahedra. Printed with permission from Ref. [104]
copyright(2021) Royal Society of Chemistry.

With the confluence of promising new applications, rapidly developing capabilities in
experimental techniques, and new theoretical developments in quantum and statistical
mechanics, there has been a renewed effort in this area, and significant advances seem
imminent. Recent experimental and theoretical studies have tracked a variety of phenomena
associated with shape evolution, and there are many exciting prospects for advancing this field
[48, 49, 76, 105, 106]. Below, we delineate a few areas ripe for progress and review recent
advances in the field and discuss challenges for the future.
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3.1 Electronic properties

The inorganic semiconductors are the subjects of much research because of their
multifunctionality, resulting in an outstanding application due to their electronic properties.
From the theoretical point of view, the electronic properties of given materials can be analyzed
from calculated band structure and Density of States (DOS), featuring the band gap energy
(Egap) region in both cases. From band structure analysis, it is possible to classify the Egqp as
direct or indirect according to high symmetry points of the Brillouin zone. Meanwhile, the DOS
evaluation provides the contribution of each atomic species to the formation of VB and CB
energy levels. The electronic properties of semiconductors can also be discussed in terms of
charge distribution from Mulliken populations, charge density maps, or Bader charges obtained
from topological analysis in the framework of the QTAIM.

The analysis of the electronic properties is fundamental not only for the bulk model but also
for the surface models. Once the properties of the inorganic semiconductor materials are
morphology-dependent, the analysis of the surfaces that compose the crystal shape is crucial
for a good interpretation of materials properties. Hence, we can analyze the electronic
transitions in each surface and calculate the Egyp of the morphology (polyhedron) using the Egqp
values from the surfaces [107].

3.2 Magnetic properties

In recent years, semiconductor materials with magnetic properties have attracted the interest
of scientists worldwide due to their potential for the development of the next generation of
devices, such as spintronic-based [108-110]. Magnetism was firstly studied in ancient Greece,
where the naturalists and philosophers had observed the magnetic behavior of Fe3O minerals at
the Magnesia region [91]. The name of this region comes from magnetism, and their name
means “place of magic stones” since the minerals attract each other. Moreover, some Chinese
historical reports point out that the Chinese scientists had investigated a ferrous meteorite in
3000 b.C. — 2500 b.C and, posteriorly, in the middle of 900 b.C., the magnetic compass was
discovered. Over the years, the magnetic behavior has been broadly investigated and, among
the scientists dedicated to this topic, stands out William Gilbert, also known as the “father of
magnetism” [91]. In the current days, magnetism is still investigated, and semiconductors have
emerged as potential magnetic alternatives.

Since the knowledge about magnetic materials has drastically increased, the Classic theory
cannot describe this kind of feature, being replaced by interpretations based on quantum theory
[111]. In short, the Classic theory describes magnetism from the existence of small magnets
within the structure. Also, it proposes that all substances possess such magnets oriented along
with different directions according to the local chemical environment [111]. Still, within the
scope of classical theory, the description of magnetism is based on magnetic domains separated
by well-defined borders [111]. In turn, the modern theories are based on quantum mechanics
and in the concept of electron angular momentum (spin). Thus, the magnetism of atoms or
molecules is raised from unpaired electrons (open-shells) and is strongly dependent on their
interaction with other electrons in the system [112].

In particular, the magnetism in solid-state materials is determined by the magnetic resultant
observed in the unit cell, which can be oriented at a specific crystalline direction for distorted
structures, presenting a behavior known as magnetocrystalline anisotropy [91]. In the case of
semiconductors, the magnetic behaviors arise from the existence of unpaired electrons in d or f
orbitals of transition metals.

The ordering of all unpaired electrons determines the magnetic resultant in solid-state
material within the unit cell, and, according to such arrangement, a semiconductor can be
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classified as ferromagnetic (FM), antiferromagnetic (AFM), or ferrimagnetic (FeM). An FM
material presents all unpaired electrons oriented along a preferential spin direction. An AFM
material possesses unpaired electrons equally oriented in two opposite spin directions, resulting
in a null magnetic resultant. This kind of magnetic ground state can be observed in three
different types according to the ordering of magnetic neighbors. The G-type AFM includes the
materials where the nearest magnetic neighbor is always oriented in the opposite spin direction;
meanwhile, the A- and C-types consist of crystalline planes oriented along different spin
directions. In turn, the FeM behavior occurs when the unpaired electrons are non-equally
distributed along two opposite directions, resulting in a residual magnetic resultant [113, 114].
As observed for AFM ordering, the FEM materials can also be classified as G-, C- or A-types.
Figure 6 presents the possible magnetic ordering for semiconductor materials.

FM
G-type AFM A-type AFM C-type AFM
G-type FeM A-type FeM C-type FeM

Figure 6. Spin orientation on magnetic sites within solid-state materials presenting ferromagnetic (FM),
antiferromagnetic (AFM), and ferrimagnetic (FeM) ordering. The alpha and beta spin directions are represented
by blue and orange arrows, respectively.
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For semiconductor materials, the AFM ordering is the most observed in nature as found in
NiO, Cr20s, CoO, BiFeOs, MnF; [114]. Some relevant examples of FeM semiconductors are
complex oxides such as FeCrOs [90] and PbFeOs [89]. In turn, PbNiOs [95], SnNiOs [94],
HINiOs [94], NiGeOs [93], FeGeOs [89], and FeSnOsz [89] are important examples of
semiconductor materials with FM magnetic ordering.

At current days, the investigation of semiconductor materials with magnetic properties
emerges as a trending topic in science due to its high suitability for promising technologies as
spintronics and other devices as magnetic sensors, magnetic readers, actuators, tunneling
devices, data storage devices, and others [115, 116].

3.3 Photocatalytic and biocide activities

Applications of photocatalysis include H>O splitting for hydrogen production [117],
breaking of N> [118], CO oxidation [119, 120], commodity production catalysts [120], and
water treatment [121]. In all these processes, the action’s mechanism from the semiconductor
1s conducted by the ROS.

On the other hand, ROS can be considered a powerful weapon to destroy microorganisms,
mainly due to its selectivity for microbial cells over mammalian cells. Although exogenous
ROS, present in the environment, are capable of disrupting microorganism’s cells, leading to
death, ROS are also byproducts from normal microbial cell metabolism [122]. Intracellular
ROS are continuously eliminated by microbial cells, but the semiconductors can produce many
of these species, overcoming the mechanisms that regulate cellular oxidative stress.

Although some bacteria can develop resistance to *O>~ and H»>O», they are unable to defend
themselves against other types of ROS, such as !0, and *OH. This is because there are two
regulatory antioxidants systems in bacteria: SoxRS and OxyR, responsible for the adaptive
responses to stresses caused by *O,~ and H,O», respectively [123]. Since the specific targets in
the desired application are known, there is the possibility of developing semiconductors with
functions directed specifically to them.

4 Results and applications

Silver-based metal oxides are an important family of inorganic materials and have both
technological and theoretical importance. Silver molybdate, chromate, and tungstate, as also
the silver oxide, exhibit a wide range of electrical and optical properties that can find
widespread applications in various fields such as photocatalysis, solar energy conversion,
energy storage, as well as antimicrobial agents [48, 49, 105, 107, 124, 125:Fabbro, 2016 #2416,
126-128].

4.1 Ag2MoOs4

Silver molybdate (AgoMoOQ.) exists at ambient pressure in two allotropic forms: a
metastable o-tetragonal form (obtained at pH 5-6), which is irreversibly transformed to a B-
AgrMo0;4 (above 280 °C, with a cubic spinel structure). The conventional cubic unit cell of B-
Ag>Mo0; contains eight formula units. The Mo atoms occupy 8a tetrahedral sites, the Ag atoms
reside at the octahedral 16d position, and the O atoms remain at 32e positions. This crystal
structure provides some features suitable for catalyst, sensors, photoluminescence, and
antibacterial and antifungal agents [85, 129-132].

In 2015, Fabbro et al. modeled the (001), (011) and (111) surfaces of B-Ag-MoO4 by an
unreconstructed slab model using a calculated equilibrium geometry (a = 9.454 A, and u(O) =

14

Page | 210



0.2351) [133]. Through Wulff's construction it was obtained some available morphologies for
this semiconductor and the results suggests that the (011) surface is the dominating face in the
ideal morphology.

In other reports, the B-Ag>MoOjs crystals were prepared by a coprecipitation method using
water, ethanol, and ammonia as solvents [49, 85]. The experimental images reveal that a
morphological change in the shape of the $-Ag-MoOs crystals occurs according to the used
solvent. From the ideal morphology obtained using the Wulff's construction and the y calculated
values, it was possible to reach the experimental morphologies. The morphology obtained in
water is achieved by decreasing the value of y for the (111) surface. In turn, the ethanol and
ammonia affect simultaneously the values of y for the (001) and (111) surfaces, where the (001)
is more stabilized in ethanol. Therefore, it is possible to affirm that the predominant
morphologies obtained experimentally by using different solvents (water, ammonia, and
ethanol) display the exposed (001), (011), and (111) surfaces, which support the hypothesis that
these surfaces are stabilized by interacting with the solvent molecules. This observation
suggests that the Wulff's shape of f-Ag>MoOs is closely related to the chemical environment:
when water was used as the solvent [49].

B-Ag:MoO4 synthesized in different solvents has distinct morphologies, as well as
differences in biocidal effectiveness. It is recognized that f-Ag>MoOs microcrystals have
fungicidal and bactericidal properties against Candida albicans (C. albicans), and methicillin-
resistant Staphylococcus aureus (MRSA) and Escherichia coli (E. coli), respectively [49, 85].

Antibacterial and antifungal efficiency of the B-Ag-MoO4 microcrystals increased in the
following order: water < ammonia < ethanol. According to the predicted theoretical
morphologies, the appearance of the (001) surface increased the antibacterial efficiency, and
also the inactivation of the MRSA and E. coli was mainly caused by the presence of the
[AgOs5.Vo*] complex clusters. Then, the faces with low surface energy are more easily polarized
and able to generate «OH, *O», and *O,H radicals, which are responsible for cell death.

4.2 Ag:CrOs4

Under ambient temperature and pressure conditions, silver chromate (Ag>CrOs) has an
orthorhombic structure belonging to the Pnma space group. An induced structural
polymorphism can occur at high pressures, passing it to a cubic structure of Fd3m space group
[134]. Tts stable orthorhombic structure has four molecules per cell unit (Z = 4). The Cr atoms
occupy tetrahedral sites 4c, the Ag atoms occupy octahedral sites in positions 4 and 4c, and the
O atoms are in positions 4c and 8d [135].

The methods of synthesis of Ag>CrO4 can be changed to obtain morphological changes in
the particles, with the coprecipitation method in aqueous media being used more frequently
[136-139]. However, several other methods are reported in the literature, such as the cation
exchange method of the solid-state reaction [140], sonochemical [86, 141], conventional
hydrothermal [142], microwave-assisted hydrothermal [143], and wet-chemical reaction [144].
Physical methods for modifying Ag>CrOs, such as femtosecond laser irradiation [145, 146] and
pressure [142] can also result in significant surface changes, which are reflected in their
properties.

Through the Wulff's construction model and first-principles calculations, it is possible to
obtain the morphological evolution of Ag,CrO4. All the observed surfaces are asymmetrical,
with the external atomic arrangement being the main stability factor. The (111) surface is the
most energy-efficient (lowest v), in contrast to the (001), (011), and (110) surfaces (largest v),
as they have a high number of surface broken bonds. As expected, the most stable theoretical
morphology has the most exposed (111) surface, whereas changes in y can abruptly alter the
obtained morphology. Experimentally, the alteration of y in the formation of Ag,CrOs particles
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can be done by changing the synthesis method, using surfactants [147], chelating agents [48],
doping with other ions [148], and the use of organic solvents [149]. Thus, the final Ag>CrO4
morphology is directly related to its chemical environment and pressure and temperature
conditions.

Ag>Cr0y is widely used due to its photodegradation activity of organic pollutants and its
biocidal activity against fungi (C. albicans) and bacteria (MRSA) [48, 141, 147, 148]. These
effects are reported due to the increased exposure of the (011) surface in the stabilized
morphologies. In this way, different activities can be associated with different surface
compositions, and the presence of the [Ag0:.3V,*] and [Ag04.2V,*] clusters at the top of the
(011) surface is crucial to increase photocatalytic and biocidal efficiency [48, 148].

4.3 AZWO4

Silver tungstate (AgxWO4) shows structural polymorphism with different phases, and the
most studied are the a-Ag,WO4 (orthorhombic), f-AgoWO, (hexagonal), and the y-Ago WO,
(cubic), in which the first one is the most stable thermodynamically and the others are
metastable phases. Ag>WO4 is very studied due to its many applications, such as photocatalysis,
catalysis, biocide, gas sensor [127, 150-152]. Their structures are formed by different kinds of
clusters, i.e., different metal coordination numbers. The a-Ag> WO, structure is formed by Ag
clusters with 2, 4, 6, and 7 atoms of O and by one W cluster with coordination 6 [153]. The -
Ag>WOys is constituted by Ag clusters with 5 and 6 O atoms and by W clusters with 4 and 5 O
atoms [154], while the y-Ag> WO, structure is built by only Ag clusters with coordination 6 and
W clusters with coordination 4 [87].

The map of morphologies for the a-AgaWO4, B-AgxWO4 and the y-AgrWO4 was obtained
and reported in the literature [77, 81, 87]. A morphological change was observed by Macedo et
al. in the 0-AgryWOj4 crystals synthetized by a simple controlled precipitation method with and
without swrfactant (SDS) [155]. In this paper, a theoretical and experimental approach
demonstrated that the (101) surface controls the photocatalytic activity of the a-AgoyWOy4 in the
rod-like morphology. In another study, the morphological change of the a-Ag>,WO4 samples
was investigated using the coprecipitation method followed by microwave irradiation for
different times [156]. It was observed that microwave irradiation affects the o-Ag,WO4
morphology in which is directed related to the antibacterial and photocatalytic activities.

The B-Ag;WO4 and y-Ag>WO, samples were obtained using a precipitation method in
aqueous media without any surfactants at low temperature, and the structural characterization
was performed by an experimental and theoretical approach [87, 154, 157]. The coprecipitation
method of synthesis at room temperature to obtain the y-Ag>yWO, metastable pure phase was
reported by Neto et al [158]. In this methodology, the authors used the polyvinylpyrrolidone
(PVP) as a surfactant and observed that the stabilization of the y-Ag, WO, phase is efficient at
0.3 g of PVP, wherein larger or smaller amounts favored the formation of a-AgoWO, and -
Ag>WO; as secondary phases. The y-Ag> WO, microcrystals obtained with PVP demonstrated
better photocatalytic activity than the a-AgoWO,4 and B-Agx WO, against the methylene blue
dye [158].

Recently, we reported a selective and successful synthesis method through a simple
precipitated route at temperature to obtain the three polymorphisms. This method consists of
controlling the volumetric ratios of the silver nitrate/tungstate sodium dehydrate precursors in
solution [107].

The ability to fight bacteria and fungi by Ag>WO4 happens due to the production of ROS
by the semiconductor [127, 159, 160], which is increased when the microcrystal has metallic
nanoparticles on its surface [128, 161, 162]. When a-Ag>WOy is irradiated with electrons, its
antibacterial capacity against MRSA increases 4-fold [128]. When it is irradiated with laser in
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femtoseconds, its effectiveness increases 32-fold in comparison with non-irradiated material
[161]. This phenomenon occurs because metallic Ag was reduced and emerged from the o-
Ag>WO4. This fact creates a disorder in the semiconductor and the formation of e/h™ pairs.
Both Ag®metallic and a-Ag>WOj surface interact with O and H>O generating a large amount
of ROS that attack microbial cells.

Different a-Ag>WO, morphologies are observed when the solvents of the precursors used
in the coprecipitation synthesis are varied [127]. The greater antifungal (C. albicans) and
antibacterial (MRSA and E. coli) activities were attributed to microcrystals synthesized in
alcoholic solution because both [WOs] and [ AgOx] distorted clusters act together to produce a
large amount of ROS. In the a-Ag>WO4 synthesized using the ammoniacal solution and water,
only distorted [AgOx] clusters are present, producing a small amount of «OH and <O,H.

Among the polymorphs a-, - and y-AgoWO4, the antibacterial activity against MRSA is
more accentuated in the material in - phase because the exposed (110) surface represents 81%
of its morphology and e/h™ separation taking place from the distorted [WOs]a cluster to the
undercoordinated [AgOs 2VY], [Ag0»:3VY], and [WO;3- VY] clusters [107]. The antibacterial
and photocatalytic activity improvement occurs due to the exposed surfaces enhancing the
migration of photoinduced e~, suppressing the recombination of charge carriers.

4.4 Ag0

The silver oxide (AgxO) is a versatile material with proven efficiency in several
technological applications, including photocatalysis, antibacterial, dyes, electrodes, and
electronic devices [ 163-166]. The properties of Ag>O are strongly facet-dependent; for instance,
the highest photocatalytic activity was obtained from (110), (100), and (111) surfaces. The
nanocrystals majorly composed of such surfaces present cubic, octahedral, rhombic
dodecahedral, and rhombicuboctahedral morphologies [163, 167-170]. It is well-known in the
literature that oxygen vacancies are intrinsically related to control the electronic properties of
simple and complex oxides aiming for photocatalytic purposes [61, 171, 172]. In the case of
Ag>0, the electronic properties are mainly tuned by the existence of oxygen vacancies
(responsible for the electronic and structural disorder), Ag coordination number, and atomic
diffusion processes [173-175].

The electronic properties of Ag>O bulks and surfaces were extensively evaluated over the
years [176-179]. However, the relation between photocatalytic potential, electronic structure,
and crystalline morphology was not depicted. In front of this scenario, Ribeiro et al. [63]
performed a broad investigation on surfaces, morphology, and properties of the pristine cubic
(Pn3m) Ag>O through a comprehensive and systematical DFT approach. In this work, the
analysis of the energetic, structural, and electronic properties rationalizes the nature of
photoinduced charge carriers and shape-dependent photocatalytic mechanisms.

The calculated structure of Ag>O indicates that the Ag cations are in a linear arrangement
with two O atoms; otherwise, each O site is neighbored by four Ag atoms forming a tetrahedral
(O4c). The structural investigation also predicts the influence of different kinds of vacancies on
Ag>0 properties, considering neutral and charged Ag and O vacancies. The results suggest that
neutral Ag vacancies (VAxg) reduce the Ag-O bond lengths. Similarly, the bulk structure
containing charged Ag vacancies (Vf{g) presents a more accentuated decrease of bond lengths,
resulting in trigonal planar O sites instead of the tetrahedral O sites found in the non-defective
bulk structure.

In the case of neutral O vacancies (V), a higher distortion is observed since the Ag-O
bonds become longer while the Ag—Ag distance shortens. Further, V3 reduces the Ag cations
and the reminiscent electrons behave as coupled electron pair, enabling a metallic Ag—Ag bond.
In the case of monocharged (Vy) and bicharged (V') O vacancies, it is observed a decrease of
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Ag-O bond distance and an increase of Ag—Ag bond lengths regarding the non-defective bulk
Ag>0. The increase of the Ag—Ag bonds comes from high electrostatic repulsion observed
between Ag atoms and Ag cations which are unfavorable to the metallic bond suggested by V5.

The creation of vacancies also presents a major influence on the electronic structure. The
non-defective Ag>O bulk presents a typically semiconductor direct band gap of 2.07 eV (I'-T')
and the creation of Vj, creates intermediary levels (in the form of flat bands) in the band gap
region due to electron uncoupled from vacancies between O atoms. The dangling bonds
observed in this model cause imperfect doublet states occupied by three electrons in an energy
level closer to the top of VB, which plays the role of acceptor levels. Also, this system presents
an indirect band gap of 0.40 eV. In particular, the existence of V4, is responsible for forming
h™ and a doublet ground state with metallic features since the h™ are allocated at the top of the
VB. For Ag>O bulk structure with Vf{g, a diamagnetic character arises, and a semiconductor

behavior characterized by a direct band gap of 2.15 eV is observed.

In turn, the insertion of V§ causes the shift of the energy levels on the top of VB and the
bottom of CB, resulting in the increase of the band gap to 2.49 eV. This behavior was also
experimentally reported by Yin et al. [180]. In summary, neutral O vacancies create four
dangling bonds. The defect center occupies the lower energies in the VB, whereas the
unoccupied levels compose the levels above the bottom of CB. Thus, Vj sites act as a deep
donor site. In the case of V), the electronic structure evidence that this kind of vacancies can be
raised from Vj trapping a hole while the remaining electron is trapped on empty states of
surrounding metal sites, creating paramagnetic species. The existence of V) creates
intermediary levels (flat bands) responsible for the indirect band gap of 0.25 eV. Similarly, V)
can be ionized into V' rising a diamagnetic character - null magnetic moment (uz) - from
coupled electrons. As a matter of fact, the electronic structure of Ag>O containing this defect
exhibits a non-magnetic behavior with a metallic character.

A critical comment on Ag,O features lies in residual magnetism, while the other Ag-based
semiconductors discussed in this chapter are non-magnetic. The magnetic behavior of silver
oxide comes from neutral Ag vacancies or monovalent O vacancies in the surface. From
theoretical approaches previously depicted in this chapter, it is denoted that Ag vacancies
induce the redistribution of the remaining electrons, resulting in reduced Ag cations with
unpaired electron occupation (i, = 0.343). Otherwise, oxygen vacancies are responsible for
localizing unpaired electrons within metallic Ag clusters creating magnetic centers (j1,=0.214).
Hence, these results pave the way to state that creating this kind of vacancy is an accessible tool
to generate magnetic features in non-magnetic Ag>O. This behavior was also experimentally
reported [181-185].

The electronic properties of Ag,O were also evaluated in terms of charge carrier stability.
The results show that neutral and charged Ag vacancies favor the photocatalytic behavior of
Ag>0O once the recombination rate between electrons and holes decreased. Meanwhile, the
creation of O vacancies reduces the photocatalytic activity of Ag>O since the recombination
rate of charge carriers increases, making the photocatalytic process inefficient.

Moreover, the low index (100), (110), and (111) surfaces of Ag,O were investigated, and
the following surface stability order is observed (111) > (110) > (100), reflecting the defects
density on the surfaces agreeing with previous theoretical results [165]. The calculated
electronic structure of these surfaces suggests a metallic band gap for (110) and (110) surfaces
and a semiconductor band gap for (111) surfaces. Moreover, the charge carriers’ investigation
indicates that photogenerated e~ and h* possess distinct mobility paths along each
crystallographic direction. In particular, (100) and (110) planes present the highest
photocatalytic efficiency due to high charge carrier stability.

From all surface results obtained from the DFT approach, several morphologies were
predicted using the Wulff's theory [186] and reported by Ribeiro et al. [63]. The results indicate
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that the two low-energy (100) and (010) surfaces are predominant in the morphologies. In
addition, Ag>O nanocrystals, majorly composed of (100) and (110) surfaces, have enhanced
photocatalysis properties, enabling the photogenerated carriers to generate radical species
effectively.

Finally, the theoretical results provide valuable insights into the origin of the electronic,
magnetic, and photocatalytic properties of Ag>O and demonstrate the potential for developing
electronic devices and photocatalytic-based materials.

5 Conclusions and outlook

The design of new materials with tailored properties is the heart of materials research and
nanotechnology and making them accessible for different applications. In this context, metal
oxide semiconductors are an important area of research because almost all contemporary
electronic technologies involve the use of these materials. Much research effort has focused on
the synthesis of these inorganic semiconductors with controlled chemistry, size, shape, and
composition driven by their intriguing, quantized behavior. They present themselves with
marvelous morphology-dependent physical and chemical properties. They have attracted huge
attention due to their unique material properties and their consequent theoretical and practical
applications in chemistry, physics, materials science, biology, and medicine. This enormous
progress has boosted new research due to their unanticipated novel properties, and
consequently, a plethora of applications have stimulated further research efforts in this large
field. To make possible the development of these technological applications, a complete
understanding and rationalization, at the atomic level, of the physical and chemical, and thus
the functions are of equal importance.

This chapter addresses these questions by presenting recent investigations performed by
our research on different semiconductors. In particular, the metal oxides composed of Ag have
been investigated by combining experimental studies and simulations based on first-principles
calculations. The morphological modulations could be achieved by carefully analyzing the
coordination environment surrounding the metals on the exposed surfaces at the morphology
(defined here as the active sites where the electron transfer process involving O> and the bond
making/-breaking processes associated to H»O take place). From this analysis, an understanding
of the mechanisms is obtained to explain the photocatalytic and biocide activity of
semiconductors in advancing industrial and biomedical applications. Therefore, this strategy
provided a gain of deep insight to modulate their geometric, electronic, and magnetic properties.
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