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Resumen

| disefio, el control y la caracterizacion directa de las propiedades de
las superficies son requisitos previos para todas las aplicaciones
practicas de (nano) materiales. Dentro de este contexto, la presente
tesis doctoral constituye un trabajo experimental y tedrico sobre la
morfologia, estructura, propiedades electronicas y oOpticas de los materiales
basados en Oxidos metélicos complejos: BaWO,, BaMoO,, solucion solida
BaW:.,Mo0xO. (x=0, 0.25, 0.50, 0.75 y 1), CaM0O,, ZnMoO,, ZnMoO4:Eu*",
CazZrO; y CaZrOsEu®*, que constituyen los sistemas estudiados en la
presente Tesis Doctoral.
En el Capitulo 1 de introduccion se empieza resaltando la importancia
de combinar teoria, simulacion y experimento en el estudio de materiales, a
continuacion se presenta una vision general sobre el concepto de morfologia
en particular como obtenerla teéricamente usando la construcciéon de Wulff.
En el Capitulo 2 se presentan los métodos teoricos y las simulaciones
computacionales, explicando como caracterizamos los estados electrénicos
excitados y calculamos las propiedades estructurales, electronicas y oOpticas.
Las motivaciones y objetivos del presente trabajo se enumeran en el Capitulo
3. En el Capitulo 4 se presentan, analizan y se discuten los resultados
obtenidos, que se llevaron a cabo en colaboracién con el Centro de
Desenvolvimento de Materiais Funcionais (CDMF) en la Universidade
Federal de Sdo Carlos (UFSCar) y el Laboratorio de Sintese Quimica de
Materiais (LSQM) del Departamento de Materiais de la Universidade Federal
do Rio Grande do Norte (UFRN), mientras las conclusiones generales se
resumen en el Capitulo 5, junto con los temas que podrian ser la continuacion
del presente trabajo.
A continuacion se presenta un resumen, escrito en portugués, con el fin
de cumplir las normativas del convenio de cotutela.






Abstract

esign, control and direct characterization of the properties of the

surfaces are prerequisites for all practical applications of (nano)

materials. Within this context, the present doctoral thesis is an

experimental and theoretical work on the morphology, structure,
electronic and optical properties of materials based on complex metal oxides:
BaWO,, BaMoOQ,, solid solution BaW;.xMo,O,4 (x= 0, 0.25, 0.50, 0.75 and
1), CaMoO4, ZnMoO,, ZnMoO4Eu®*, CazZrO; and CazrOs:Eu®*, which
constitute the systems studied in this Doctoral Thesis.

In Chapter 1 of the introduction, we begin by highlighting the
importance of combining theory, simulation and experiment in the study of
materials, then we present a general view on the concept of morphology in
particular, how to obtain it theoretically using Wulff's construction.

Chapter 2 presents the theoretical methods and computational
simulations, explaining how we characterize the excited electronic states and
calculate the structural, electronic and optical properties. The motivations and
objectives of this work are listed in Chapter 3. Chapter 4 presents, analyzes
and discusses the obtained results, which were carried out in collaboration
with the Center de Desenvolvimento de Materiais Funcionais (CDMF), at the
Federal University of Sdo Carlos (UFSCar) and in collaboration with the
Laboratorio de Sintese Quimica de Materiais (LSQM), in the Department of
Matters of the Federal University of Rio Grande do Norte (UFRN), while
The general conclusions are summarized in Chapter 5, along with the topics
that could be the continuation of this work. Below is a summary, written in
Portuguese, in order to comply with the regulations of the ‘“co-tutela”
agreement.
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1. Introduccion






os cristales de materiales inorganicos complejos que presentan una

simetria y superficies bien definidas presentan caracteristicas

especificas que dan lugar a diferentes propiedades fisicas y quimicas,

siendo la energia de la superficie [1-4], y su isotropia espacial las que
permiten construir estructuras en que las diferentes superficies controlan su
arquitectura final [5, 6]. Sus morfologias, propiedades y aplicaciones
tecnoldgicas han generado un gran interés cientifico [7-10]. Asi por ejemplo,
la obtencion de (nano)cristales con morfologia especificas son la base de
muchas tecnologias modernas, incluida la catalisis selectiva [11-14],
dispositivos electronicos [15], almacenamiento de energia [16], VY
medicamentos [17, 18].

Los estudios de este tipo de (nano)materiales inorganicos no solo son
utiles para encontrar estructuras cristalograficas novedosas, sino también para
ofrecer una nueva oportunidad para el disefio y obtencién de materiales
multifuncionales con propiedades innovadoras. Por lo tanto, la modulacién
de la morfologia y de las superficies expuestas de materiales funcionales es
una linea de investigacion muy activa [19-29] para aplicaciones tecnoldgicas
avanzadas. Para ajustar con precisién la morfologia de un cristal es
imprescindible una compresion profunda del mecanismo de formacion, y es
necesario disponer de buenas imagenes de la morfologia que se obtienen de
la utilizacion de diferentes tipos de microscopias electrénicas, para poder
dirigir el estudio tedrico del crecimiento general de la morfologia y la
cinética de los pasos que forman los patrones de superficie (cubos, octaedros,
hexagonos, etc.) Para ello, los métodos y las técnicas de modelizacion y
simulacion computacional junto con estudios experimentales sobre su sintesis
y caracterizacion son una herramienta bien establecida para el desarrollo de
estrategias de investigacion innovadoras que permite la prediccion y disefio
de materiales con propiedades y aplicaciones tecnologicas.

1.1. Teoria, simulacidn y experimento

oy en dia las técnicas experimentales proporcionan un amplio abanico
de resultados que podemos interpretar a nivel atdémico y molecular
con la ayuda de estudios mecano-cuanticos. En el campo de la ciencia
de materiales, la teoria y la simulacién, usadas en combinacion con
las técnicas experimentales, permiten dar un paso mas ya que posibilitan
predecir las condiciones Optimas para la sintesis de nuevos materiales. Se
puede conseguir asi una guia para el disefio racional de materiales con
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propiedades definidas, o para la modificacion dirigida de los existentes, desde
la escala “nano” hasta la macroscopica. Todo ello requiere las leyes de la
mecanica cuéntica, que describe el comportamiento de toda la materia de una
manera exacta. De hecho, casi 90 afios después de la famosa promesa de
Dirac de que todas las leyes que gobiernan la quimica son completamente
conocidas [30], se ha logrado un progreso notable aplicando la mecanica
cuantica a quimica, ciencia de la materia, y nanotecnologia.

Esta discusion sirve para motivar el tema central de la presente Tesis
Doctoral, que consiste en entrar en un dialogo autocritico entre la teoria y la
experimentacion en lugar de hacer una teoria o experimental de forma aislada
y confiar incondicionalmente en los resultados de tales estudios por separado.
De hecho, la teoria puede tener una precision insuficiente debido a las
aproximaciones que son necesarias utilizar en lo calculos cénticos; asi, las
fuentes de error pueden conducir a estructuras o propiedades electronicas
incorrectas. Por otra parte, el experimento puede dar lugar a resultados
demasiado complicados para ser interpretados o que se basan en suposiciones
simplistas, y no puede aplicarse a sistemas tan complejos como los materiales
que estudiaremos.

Para que haya una verdadera sinergia entre teoria y experimento se
hace necesario utilizar las propiedades observables del sistema. En nuestro
caso, el observable es la morfologia, cuya imagen se obtiene de los
microscopios electronicos, la geometria, que se obtiene de la difraccion de
rayos-X con refinamiento Rietveld, estructura electronica, y de las
frecuencias vibracionales que se pueden conseguir con la espectroscopia
Raman, cuando estén disponibles. Esto constituye como veremos un campo
de interseccion muy fructifero donde confluyen la teoria y el experimento en
ciencia de los materiales y nanotecnologia, como se demostrara en este Tesis
Doctoral. Los métodos y técnicas de la quimica tedrica y computacional junto
con las investigaciones experimentales constituyen una herramienta
fundamental para el estudio de materiales desde la escala “macro” hasta la
escala “nano”.

De hecho, la nanotecnologia ha experimentado un enorme crecimiento
en los ultimos afios, como consecuencia de los nuevos fendmenos exhibidos
por materiales confinados en dimensiones menores Que UNOS POCOS
centenares de nandmetros, es decir, (nano)materiales. Sus propiedades
dependen de la composicion, el tamafio y la morfologia, y son las
responsables de que puedan ser utilizados en aplicaciones tecnoldgicas



nuevas Yy innovadoras [31, 32], y han dado lugar a numerosas aplicaciones en
diferentes areas como por ejemplo baterias [33, 34] y electrdnica [35].

En los ultimos afios, se ha convertido en una prioridad el desarrollo de
tecnologias sostenibles para abordar necesidades sociales fundamentales que
constituyen los grandes desafios a los que nos enfrentamos actualmente,
como la limpieza del aire/agua o el suministro de energia limpia, la
desalinizacion de agua [36] y interacciones drogas/gen.[37]. En estos campos
de investigacion se estan desarrollando una gama de técnicas de simulacion
que se aplica a problemas relacionados con materiales para la generacion, el
almacenamiento y la conversion de energia, incluyendo celdas solares,
reactores nucleares, baterias, pilas de combustible y sistemas cataliticos [38].

La modelizacion y simulacion de las propiedades de los materiales y de
los procesos en que participan, a partir de calculos de primeros principios,
han conseguido cada vez mas precision para facilitar el disefio y la obtencion
de nuevos materiales “in silico” [39-41]. También es importante sefialar que
las dificultades encontradas por los experimentos para separar los diferentes
factores os no estan presentes cuando se emplean modelos teéricos en los que
uno puede representar diferentes morfologias para una composicién o variar
la composicién para un determinado morfologia.

A este respecto, cabe resaltar que en un namero reciente de la revista
Nature Materials la editorial se centra en reconocer e impulsar la simulacion
de materiales [42], destacando que las simulaciones de materiales se han
convertido en una herramienta fundamental en este campo de investigacion.
Asimismo, se han publicado varias revisiones de los métodos actuales de la
mecanica cuantica para la modelizacion de materiales, en las que se ponen de
manifiesto sus ventajas y también sus inconvenientes, asi como sus
perspectivas de futuro [38, 43-48]. Por tanto, es necesario un dialogo entre
teoria, simulacion y experimento en lugar de usarlos por separado y confiar
de forma incondicional en los resultados de tales estudios por separado.

La estructura singular y las propiedades electronicas y opticas de las
familias de los wolframatos, molibdatos, y perovskitas, que son Oxidos
ternarios complejos, hacen que sean unos candidatos ideales para su uso en
una gran variedad de aplicaciones tecnoldgicas. Nuestro grupo de
investigacion tiene una larga y contrastada experiencia en estudios donde se
combina la teoria y el experimento para caracterizar sus geometrias,
estructuras electronicas y propiedades tales como fotoluminiscencia,
fotocatalisis, magnetismos, agentes microbianos y otros [49-61]. Por otra
parte, los materiales de perovskita estan presentes en numerosas aplicaciones
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tecnoldgicas asociadas a propiedades funcionales como la ferroelectricidad,
piezoelectricidad, (anti) ferromagnetismo, multiferroismo,
superconductividad, emisiones fotoluminiscentes, fotocatalisis [62-67].

En resumen, esta bien establecido que la morfologia, dimensionalidad y
estructura cristalina de los materiales desempefian un papel importante en las
propiedades electronicas, Opticas y cataliticas. Comprender el papel de estas
superficies y encontrar una relacion con sus caracteristicas fisicas y quimicas
es de extrema importancia. Uno de los objetivos de este proyecto fue asociar
los resultados experimentales y tedricos para proporcionar un major
comprension de las morfologias y las emisiones fotoluminiscentes de una
serie de oOxidos ternarios complejos, que pertenecen a las familia de los
wolframatos, molibdatos y perovskitas, que han sido caracterizados en el
centro de desenvolvimento de materiais funcionais y en laboratorio de
sintesis quimica de materiales.

1.2. Estructuras cristalinas de AMO, (A= Ba, Cay Zn; M=
W 0 Mo) y CaZrO;

0s materiales basados en molibdatos y wolframatos con férmula

quimica ABO, pertenecen tanto a la familia de las scheelitas [68-71]

como a la familia de las wolframitas [72-74]. Sus caracteristicas
dependen de los tipos de cationes que ocupan los sitios A y/o B. Si el radio
i6nico del catién A es mas grande que 1.0 A, como es el caso de Ca**, Ba®*
Sr**, Pb*" los compuestos muestran una estructura scheelita, como por
ejemplo en la familia AMoO, (A= Ca, Ba; M=W o0 Mo) con simetria
tetragonal y grupo espacial (141/a) presentada en la Figura 1.1



@ A=Ca, Ba

@ B=WoMo

Yo

z

..

Figura 1.1. Representacion esquematica de la celda unidad de las scheelitas
AMO, (A=Ba, Ca; M=W o0 Mo), con clUsteres tetraédricos para B y

dodecaédricos para A.

Alternativamente, si el radio idnico del cation A es mas pequefio que
1.0 A, como es el caso de Fe?*, Mn?*, Ni**, Mg*, Zn?* los compuestos
adoptan la estructura de wolframita [75, 76], como la estructura de ZnMoO4
con simetria triclinica y grupo espacial (P1) [77-79] presentada en la Figura

1.2.

Figura 1.2. Representacion esquematica de la celda unidad para la
wolframita ZnMoQ,. Se han resaltado los clusteres, [ZnOs.1] Yy [M0Oy],
como unidades estructurales.



Los molibdatos y wolframatos han sido ampliamente estudiados y
tienen una larga historia de aplicaciones practicas y han sido objeto de una
extensa investigacion desde la década de 1960 [80]. Los wolframatos exhiben
propiedades funcionales interesantes como sensores de humedad [81],
fotocatalizadores [82], dispositivos electrocrémicos [83], convertidores
Raman [84], centelleadores [85], materiales fotoluminiscentes [86] y laseres
[87, 88].

Por otra parte, los molibdatos metalicos también han sido intensamente
investigados  debido sus diversas  propiedades, principalmente,
fotoluminiscentes [89-91]. En particular, los molibdatos y wolframatos de los
metales alcalinos térreos de Cay Ba [92-100], y el ZnMoO,[101-105]

Conjuntamente, la familia de las perovskitas presentan la formula
estequiométrica del tipo ABO3 y su estructura ideal tiene simetria cubica y
grupo espacial (Pm3m), sin embargo permite pasar de la simetria cubica ideal
a simetrias inferiores debido variaciones estructurales como se muestra en la
Figura 1.3 de la estructura CaZrO3 ortorrombica distorsionada.

[Z1O¢]

[CaOq]

Figura 1.3. Representacion esquematica de celda unidad de la perovskita
CaZrOg3, Los clusteres que corresponden a las coordinaciones locales de los
cationes Zr y Ca, [ZrO¢] y [CaOg], respectivamente, estan indicados.

Las propiedades y aplicaciones de estos materiales basados en
perovskitas o scheelitas, son muy dependientes de los métodos de sintesis
utilizados. Por este motivo, se hace necesaria encontrar las técnicas de
produccion que propicien un control adecuado del tamafio, forma y
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organizacion estructural. Sin embargo, la preparacion de materiales por
nuevas rutas puede llevar al descubrimiento de nuevas caracteristicas
morfologicas, tamafio de la particula, composicidn, nivel de cristalinidad, que
pueden ser controlada por medio de modificaciones en la temperatura, pH,
concentracion, entre otros [106], que es un paso esencial en la comprension
de sus propiedades fisicas y quimicas, ademas de predecir resultados que
puedan llevar a diferentes aplicacion tecnolégicas [107, 108].

1.3. Superficies y morfologia

a obtencioén de las superficies de una estructura cristalina consiste en

seccionar el “bulk” perpendicularmente al vector de la direccion

deseada, formando una estructura periodica en dos dimensiones (X,y),

pero con espesor finito (direccion z). De esta forma las superficies
quedan definidas por dos vectores ortogonales a la direccion [hkl] elegida. En
general, las superficies mas estables termodindmicamente son las que
presentan bajos indices de Miller [hkl].

El estudio tedrico de las superficies de materiales tiene gran
importancia debido a que es la clave para entender sus posibles aplicaciones
en catélisis y formacion de filmes finos, por ejemplo. De esta forma, el
control de la morfologia del cristal es uno de los retos actuales en el campo
de la nanotecnologia y ciencia de materiales, porque pequefios cambios en el
ambiente de crecimiento pueden afectar a morfologia de los materiales [109-
111] y las superficies expuestas, que son factores importantes que influyen en
su aplicacion [112, 113]. Por lo tanto, el control de la morfologia afecta
directamente el disefio de las propiedades, es decir, diferentes planos de
cristal exhiben diferentes respuestas anisotropicas a diversas actividades
mecanicas, fisicas y quimicas como: dureza, piezoelectricidad y reactividad
[114, 115].

Como hemos comentado anteriormente la combinacion de estudios
tedricos y técnicas experimentales se han convertido en una herramienta
fundamental para la compresién de la morfologia de los cristales y sus
mecanismos de modulacion a nivel atdmico. En la Figura 1.4 se presenta de
forma esquematica las posibles morfologias, simetrias y estructuras que
pueden presentar los materiales tanto a nivel “nano” como macro. [116].



Figura 1.4. Posibles morfologias, simetrias y estructuras. Reproducido a
partir de [117] con permiso del The Royal Society of Chemistry.

Aristoteles fue el primero que intento correlacionar el conjunto natural
de reglas que impulsa a toda materia a adoptar una forma y una
apariencia[118] (Figura 1.5).

telos
Hylé (matéria) wee——— morphé (forma) + eidos (aparencia)
(propdsito)
Causal y final

Figura 1.5. Correlacion de Aristoteles.

Goethe fue el precursor de la morfologia en 1795, el cual escribié que
“la morfologia puede verse como una teoria en si misma” y “se puede decir
que la morfologia incluye los principios de la forma estructurada y la
formacion y transformacion de cuerpos organicos”. Este concepto va mucho
mas lejos del simple control de la pureza, la composicién y el orden de
traslacion de largo alcance de las disciplinas mas tradicionales y es, por su
propia esencia, moderno. Es bien sabido que desde los primeros dias en la
cristalografia que la forma era el tema central. Steno en 1669 al observar
cristales de cuarzo, descubrié que el angulo entre caras diferentes era
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constante e independiente del tamafio. Méas adelante, en 1784 Hally propuso
la ley de angulos interfaciales constantes. Los primeros estudios en este
campo se basaron en la medicion de los angulos entre las caras y las
relaciones de simetria en los cristales. Por consiguiente, la estructura se
obtuvo a partir de la forma del cristal y se describieron muchas formas
poliédricas como cubos, octaedros, tetraedros y otros, por lo que la
morfologia junto con la geometria se convirtieron en conceptos
fundamentales para describir los cristales.

A principios del siglo XX, Georg Wulff [119] desarroll6 un modelo
sistematico para caracterizar las formas y habitos cristalinos encontrados en
minerales, revolucionando los campos de la cristalografia y geologia. Sin
embargo, a finales del siglo XX ese método fue redescubierto en el campo de
la ciencia de materiales para caracterizar la morfologia de las
(nano)particulas [120]. Actualmente, las simulaciones computacionales
basadas en el célculo de la energia de superficie se emplean en conjunto con
la construccion propuesta por Wulff para explicar y predecir las morfologias
experimentales. Se han realizado muchos esfuerzos durante los afios para
desarrollar las nuevas herramientas y técnicas dedicadas al disefio y la
fabricacion de superficies y morfologias especificas. La sintesis controlada
para obtener una morfologia determinada de materiales inorgénicos en la
escala nano/micrémetro ha progresado considerablemente en la ultima
década [121]. Muchas propiedades dependientes de determinadas superficies
han sido descubiertas debido a la exitosa sintesis de (nano)cristales con una
serie de morfologias bien definidas. El control de la morfologia de los
(nano)cristales es importante en diversas aplicaciones, como la catalisis
heterogénea [122, 123], celdas solares [124], diodos para emision de luz
[125, 126], y marcadores biol6gicos [127, 128].

La modulacién de los planos cristalograficos de materiales funcionales
para la obtencion de morfologias deseables es tan significativa como el
tamaiio, la composicion, fase y cristalinidad en la determinacion de las
propiedades quimicas y fisicas de los solidos cristalinos. Es imprescindible
una mejor comprensioén del control de las superficies expuestas, lo cual
generaria una nueva capacidad para disefiar las estructuras necesarias para
aplicaciones reales, a la vez que ofreceria una nueva oportunidad para la
construccion de materiales multifuncionales con potencial Unico y
propiedades asombrosas [129].

Ademas las superficies de alta energia, que contienen abundantes
atomos de coordinacion insaturados que muestran alta reactividad, [3, 130-
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136] han sido disefiados para diferentes aplicaciones, en las que las
superficies cristalogréaficas bien definidas juegan un papel clave [137-139]
como catalizador mejorado [140, 141], 6ptico [142], magnético [143] vy
propiedades electroquimicas[113, 144]. En este contexto, la sintesis de
(nano)cristales inorgdnicos con morfologias controladas y superficies
reactivas, han despertado gran interés en la Gltima década, debido a las
propiedades fascinantes de su formato[145-147], asi como gran importancia
en estudios fundamentales y aplicaciones tecnologicas [112, 148, 149].

1.3.1. Construccion de Wulff: Morfologia de los (nano)materiales.

| formalismo desarrollado por Wulff se basd en el concepto de

minimizacion de la energia propuesto por Gibbs en 1874, al cual un

(nano)cristal presenta una determinada morfologia de equilibrio

cuando su energia total es minima. Su energia total es la suma de las
energias del “bulk” y de sus superficies (y). Por lo tanto, para un volumen
fijo, la energia total encuentra un minimo global cuando la energia de
superficie (y) es minimizada [150].

En un solido, la energia superficial depende de la orientacion de los
planos cristalograficos debido a la anisotropia intrinseca asociada a los
diferentes ordenamientos atomicos de los planos. De esta forma, Georg Wulff
[119] propuso que la morfologia de un (nano)cristal sea representada por un
grupo de planos con diferentes indices de Miller [hkl], siendo sus respectivas
energias (ypue]) proporcionales a la distancia de dicho plano (dx;) en
relacion al origen al centro de la superficie (c), conforme a la ecuacién:

= ¢ )
dinki]

Asimismo, la construccion de Wulff combina distintos valores de la
energia superficial en funcion de la orientacion, donde el tamafio del vector
(drniiy) que conecta el origen al centro de la superficie es proporcional a y. La
combinacion de todos los vectores representados en el plano bidimensional
permite la obtencion de un poliedro que contiene los diferentes planos
cristalograficos, como se muestra en la Figura 1.6.
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Energia de Superficie -«

Vector Radial —_—

Plano normal  «eeeeeee

Morfologia de Wulff

Figura 1.6. Combinacion entre los diferentes planos cristalogréaficos (a) que
originan el poliedro que representa la morfologia de equilibrio para un
determinado (nano)cristal (b).

Para poder obtener la morfologia utilizando la construccion de Wulff es
necesario el calculo de las energias de superficie (y) de un determinado
material. y se puede representar como Egys, Y también denominarse energia
superficial. Se puede calcular a partir del corte en un plano cristalogréafico
del cristal [151], y corresponde a la energia de corte “cleavage”. Estos planos
cristalogréaficos dependen del grupo puntual de simetria del material y las
superficies se obtienen al cortar el cristal por una seccion perpendicular del
“bulk” en relacion a los vectores de la direccion deseada, y asi se obtiene una
estructura periodica en dos dimensiones (“slab”), pero con espesor finito (eje
z) [152]. De esta forma la energia superficial o de “cleavage” (y) se define
como la energia por unidad de area requerido para formar la superficie 2-D

relativa al “bulk™ y se calcula mediante la siguiente expresion a T=0°K:
Eslab—N'Epu

Y — lab " bulk (2)
donde Egap €S la energia total del “slab” 2D, Epuk €S la energia total del
“bulk”, respectivamente, mientras que N y A representan el nimero de
unidades de formula minima y el area de la, respectivamente. El factor 2 en el
denominador proviene de la existencia de las superficies superior e inferior
del “slab”, que presenta una composicion simétrica.

Después del proceso de optimizacion correspondiente y de comprobar
que el valor de y ha convergido, es decir, que ha alcanzado un valor constante
y no depende del espesor del “slab”, se obtiene el valor de y.

Otros autores [153, 154] prefieren expresar la ecuacion (2) del siguiente
modo:

y = lim,_,, Eg (N) = lim,,_,, Eslab(N) —N- Ebulk/ZA (3)
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donde Egap (N) Y Epuik SON la energia de un “slab” de N capas y del “bulk”,
respectivamente; A es el area de la celda de la unidad primitiva de la
superficie; el factor 2 en el denominador representa las superficies superior e
inferior del “slab”. Es (N) es, por lo tanto, la energia (por unidad de area)
requerida para la formacion de la superficie a partir del volumen. Cuando n
— o, E5 (N) convergera a la energia de la superficie por unidad de area (y).
El nimero de capas dhkl a considerar en cada “slab”, N, se obtiene cuando la
diferencia relativa entre Es (N) y Es (N - 1) es menor que 1%, para asegurar
una convergencia satisfactoria en la energia de la superficie.

Cabe indicar que nuestros valores de energia superficial, y, no se
corrigieron por error de superposicion de conjunto base (BSSE) [154], ya que
solo estamos interesados en determinar la morfologia de equilibrio y las
accesibles de los materiales estudiados, que no depende de los valores
absolutos de las energias superficiales de las superficies, pero si de sus
valores relativos, ademéas se ha demostrado que para otros materiales, la
correccion BSSE [155, 156] reduce todos los valores de energia superficial
de un porcentaje similar, dejando asi la morfologia sin variar.

Es importante sefialar que al realizar el corte directo del cristal a lo
largo de una superficie se generan estructuras inestables debido a la tensién
de los enlaces que se rompen, por lo que es necesario llevar a cabo una
optimizacion de la geometria, lo que permite el célculo de los valores de v,
que posteriormente se utilizan en la construccion de Wulff [120, 157] para
representar la morfologia. Este método se ha implementado, mejorado y
utilizado por nuestro grupo de investigacion en varios estudios de “bulk” y
superficies y propiedades estructurales y electronicas de perovskitas [158,
159], molibdatos [160-162], wolframatos [163-166], Ag.CrO, [167], LaVO,
[168], y 6xidos metalicos [169, 170].

Una caracteristica especifica de nuestro grupo de investigacion en el
campo de la investigacion de materiales es combinar los trabajos
experimentales y teoricos. Estas dos lineas de investigacion, cuando se
aplican juntas, provocan una sinergia favorable, siendo una poderosa
herramienta para estudiar y explicar las propiedades estructurales y
electronicas de los materiales, responsables de las aplicaciones tecnoldgicas
posteriores. Por lo tanto, hay dos frentes de investigacion: (1) la linea
experimental en la que el objetivo es el desarrollo de nueva metodologia de
sintesis para encontrar un material con propiedades deseables y (2) la linea
teorica en la que los célculos de los primeros principios complementan los
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resultados experimentales, siendo una guia fundamental para un disefio
racional de materiales innovadores.

La ingenieria asociada a la morfologia de un cristal es crucial para la
sintesis exitosa de semiconductores inorganicos con aplicaciones funcionales.
Para el desarrollo de materiales funcionales es importante controlar su
morfologia y estructura, y el objetivo principal es comprender la quimica de
las superficies, ya muchos procesos fisicos y quimicos tienen lugar en las
superficies. La morfologia es una propiedad clave de los materiales.

La Figura 1.7 ilustra una representacion esquematica del procedimiento
que utilizaremos en la presente Tesis Doctoral, donde se comparan los
resultados tedricos y experimentales. Segun los métodos de sintesis seguidas,
los materiales pueden presentar tamafio en la escala micro o nano, y una
morfologia bien definida. A partir de los pardmetros estructurales obtenidos
por los resultados experimentales, de difraccion de rayos-X con refinamiento
Rietveld, es posible construir el modelo teérico adecuado y mediante calculos
de primeros principios se puede determinar la geometria 3-D, sus frecuencias
vibraciones, propiedades electrénicas y O&pticas, como el “band gap”, y
mediante la caracterizacion de los estados electronicos excitados se puede
interpretar las emisiones fotoluminescentes. Por otra parte con el calculo de
las energias superficiales y la utilizacion de la construccion de Wulff, se
puede determinar las morfologias accesibles de un determinado material, y
comparar con las imagenes que se obtienen experimentalmente por
microscopia electrénica (“field emsission scanning electron miscroscopy ”,
FE-SEM), y asi predecir el camino seguido durante la sintesis y qué
superficies se deben estabilizar/desestabilizar para alcanzar una determinada
morfologia.
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Figura 1.7. Representacion esquematica de las propiedades que se pueden
comparar a partir de los resultados tedricos y experimentales.

El objetivo de esta Tesis Doctoral ha sido alcanzar una investigacion
interdisciplinaria, tanto fundamental como aplicada, en &xidos ternarios
complejo. Para obtener los resultados se utiliz6 un enfoque teorico y
experimental para caracterizar y discutir mejor las estructuras y propiedades
de los materiales; en particular la morfologia, propiedades electronicas y
Opticas (“band gap” y emisiones de fotoluminiscencia) y se ha demostrado
cémo los métodos y técnicas de la quimica tedrica y computacional se
pueden utilizar para comprender las propiedades fisicas y quimicas de estos
materiales para buscar un disefio racional de los mismos.
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2. Métodos tedricos y
simulaciones
computacionales






2.1. Métodos tedricos
a interaccion entre electrones determina una gran parte de la
estructura y propiedades de la materia, desde los atomos a los
sistemas solidos. En este contexto, la principal herramienta para tal
descripcion consiste en simulaciones computacionales basadas en la
mecanica cuantica, mas precisamente en la resolucion de la ecuacion de
Schrodinger que permite el calculo de las propiedades electronicas del
sistema en cuestion a partir de la obtencion de la respectiva funcién de onda

(P).

HWY =E¥ (4)

donde W representa la funcion de onda total del sistema, H el operador
Hamiltoniano y E la energia total del sistema.

2.1.1 Metodologia DFT

0s métodos mecano-cuanticos mas utilizados en el campo del estado

solido se basan en la teoria del funcional de la densidad (DFT). En los

ultimos 20 afios los estudios que involucran el disefio de materiales se

han concebido, principalmente debido al tratamiento mas preciso de
los efectos de intercambio y correlacion, recursos computacionales mas
poderosos, algoritmos numéricos mas eficientes y la introduccion de
numerosos paquetes libres y comerciales para el desarrollo de tales
simulaciones [38, 171].

El foco central de la DFT es la densidad electronica (p) que permite
escribir la Ecuacion de Schrodinger a través de una ecuacion dependiente de
p. La densidad electronica total referente a los N electrones del sistema es
definida como la suma de los cuadrados de las funciones de onda mono-
electronicas sobre todo el espacio:

p(r) =N [ .. [|®(ry, 1y, ..., ry)|2dsdr; ..., dry (5)

Esta densidad electronica no es la base sélo para el desarrollo de la
DFT, sino de todo un conjunto de métodos que estudian atomos y moléculas
pudiendo ser medidos a través de andlisis experimentales como difraccion de
electrones o de rayos X, en lugar de la funcion de onda utilizada en el método
Hartree-Fock (HF). Ademas de ser un observable experimental, la densidad

electrénica depende Unicamente de 3 variables que definen la posicion
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espacial y el volumen donde la densidad electrénica estd concentrada,
simplificando el complejo problema de la resolucion de la ecuacion de
Schrddinger para maltiples cuerpos (N) basada, hasta entonces, en funciones
de onda dependiente de 4N variables que dependen de las 3 coordenadas
espaciales y de la coordenada de espin de cada electron [38, 172-175] Asi, el
método DFT puede ser resumido como:

p(r) » ¥(ry, 1y, ..., ry) — observables (6)

Las raices de esta metodologia estan relacionadas con la Teoria
desarrollada por Thomas-Fermi-Dirac para el gas de electrones libres y
perfeccionada por Slater en los afios 50. Sin embargo, la forma actual del
método DFT fue fundamentada en 1964 por Pierre Hohenberg y Walter Kohn
[171] mediante dos teoremas. Primeramente, ellos establecieran que para una
determinada densidad electrénica del estado fundamental p(r) es posible
calcular la correspondiente funcion de onda para ese estado Wo(ra,ra,...,In).
Esto significa que para un determinado sistema y su densidad electronica del
estado fundamental tenemos un Unico potencial externo (Vex) probando que
Yy es una funcidn tnica de p, es decir, Wo[p] y, en consecuencia, todos los
demaés observables de estado fundamental (O) también son funcionales de p:
[172-174, 176-180].

(0)[p] = (Po[p]|O|Po[p]) )

En el segundo teorema, Hohenberg y Kohn muestran que la energia del
estado fundamental puede ser obtenida a través del método variacional una
vez que la energia total del estado fundamental (Eq) es minimizada solo para
la correspondiente densidad electronica del estado fundamental (po). Segun el
teorema variacional, tenemos que para una densidad electrénica de prueba
(p) la energia total obtenida tiene que ser igual o superior a la energia del
estado fundamental[172-174, 176-179]:

(P|H|P) = E[p] = E[po] = (Wo|H| W) (8)

Asi pues, para obtener la densidad exacta del estado fundamental,
tendremos que encontrar la densidad que minimiza la energia:

2] - ®
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En 1965 Kohn-Sham [181] presentaron una propuesta innovadora que
consistia en utilizar un sistema de ecuaciones monoelectrénicas y el método
variacional para obtener la energia del estado fundamental de forma
autoconsistente (Self Consistent Field, SCF). Ese método consiste en sistema
de referencia con N electrones que no interaccionan entre ellos moviéndose
bajo un potencial externo que genera una funcién de onda que tiene la misma
densidad del sistema real. Para este sistema ideal, el método Hartree-Fock es
exacto dado que no hay interacciones electron-electron y el operador de Fock
(Fur) contiene todas las informaciones para las energias cinéticas (T) de los
electrones con la aproximacion de Born-Openheimer y también las
interacciones coulombicas con los nucleos (V). El problema es que Fuk no
tiene relacién directa con la densidad y los términos no-clasicos que restan
del operador son afiadidos como un término adicional. También, tenemos que
las interacciones electron-electron pueden ser divididos en termos clasicos y
non-clasicos. El término clasico se conoce como repulsion coulombica entre
las cargas de los electrones que disminuye con el cuadrado de la distancia
entre ellos. De esta forma, la energia total del sistema puede ser descrita
como una suma entre los componentes clasicos (energias cinética (T) y
potencial (V)), repulsidn electrénica (j) y un término no clasico que describe
los términos de intercambio y correlacion para la interaccion electronica
(XC) asi como la parte residual de T [172-174, 176-179].

EDFT = ET + EV + E] + EXC (10)
Donde:
-v? -7
Er =31 Ev=2¢ Xr_—Ai
iA (ll)

L "
E = Zyz;‘rﬁ;Exc =A<T,> +A< V) >

La inclusién del término de intercambio y correlacion en la energia
calculada por el método DFT convierte las ecuaciones de Kohn-Sham en
exactas, una vez que se incluyen todos los componentes necesarios para la
descripcion del estado fundamental. Aunque los teoremas dicen que hay un
funcional de intercambio y correlacion para la densidad electronica, éste es
completamente desconocido de forma exacta, siendo necesario el uso de
diferentes aproximaciones.
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Por lo tanto, el método DFT se basa en la resolucion de la Ecuacion
de Schrodinger utilizando los orbitales de Kohn-Shan y el operador Hgs que
contiene todas las componentes de energia del sistema:

l?Iqu'Ks = EgsWks (12)

La resolucion analitica utiliza el método KS-SCF (Kohn-Shan Self
Consistent Field) donde la densidad electronica determina los orbitales KS y
por lo tanto la funcion de onda del estado fundamental que permite obtener
las diferentes propiedades [172, 173, 176].

2.1.1.1. Funcionales de la densidad electrdnica

| primer y mas simple funcional propuesto se basa en la teoria del gas

de electrones homogéneo para derivar funcionales de intercambio y

correlacion aproximados, denominado aproximacion de la densidad

de spin local (LDA/LSDA). En este caso, un sistema no homogéneo
con densidad electronica p(r) es tratado por la aproximacion de Exc[p] por el
valor correspondiente al gas de electrones homogéneo con densidad
electronica igual a p(r). En esta suposicion se tiene que la densidad
electronica varia suavemente en las proximidades del punto r, como proponia
Slater. A pesar de la no homogeneidad de la densidad electronica, en &tomos
0 moléculas las aproximaciones LSDA/LDA obtuvieron gran éxito en la
descripcion de estructuras en complejos de metales de transicion y estado
solido [172, 173, 176].

Sin embargo, el funcional LSDA/LDA presenta serios problemas
cuando se aplican a sistemas reales donde la densidad electrénica no es
homogénea. La principal forma de corregir esta deficiencia se introduce a
partir de las correcciones no locales basadas en el gradiente de la densidad
electronica (GGA). Esta aproximacion es importante, principalmente para la
prevision energética de reacciones quimicas, siendo los funcionales PBE,
PBESOL, Becke, PWGGA los maés utilizados [155, 182-187].

La principal desventaja del uso de las funciones locales y semi-locales
(LDA, LSDA, GGA) consiste en un error intrinseco denominado de auto-
interaccion. En lineas generales, este error se refiere a la posibilidad de
interaccion de los electrones con ellos mismos para los citados funcionales.
Para representar tal efecto podemos utilizar un sistema monoelectrénico. En
ese caso el término de intercambio y correlacion de la DFT debe cancelar la
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repulsion Coulombiana, pero el trato de las aproximaciones locales y semi-
locales generalmente es insuficiente para producir esa cancelacion v,
consecuentemente, hay un error en la representacion de ese sistema. Este
efecto también puede ser expandido a sistemas multielectronicos donde
puede causar errores significativos para la correcta representacion de la
densidad electronica [174, 188, 189]. La Unica forma de corregir los
funcionales semi locales y locales en relacion con la no-localidad de Exc para
el sistema con electrones no interactuantes es sustituir parte del término de
intercambio de los funcionales semi locales por el término exacto proveniente
del método HF [174, 175, 190]. Esta técnica se conoce como hibridacion y da
origen a los llamados funcionales hibridos. La existencia de estos funcionales
es permitida por la conexion adiabatica, método que permite la conexién de
un sistema con electrones no interactuantes al sistema de N electrones que
interacttan entre si, de forma que la densidad electrénica permanezca igual a
la densidad electronica exacta.

La aproximacién mas simple para Exc basada en la conexién adiabatica
fue propuesta por Becke en 1993, a partir de la interpolacion linear entre las
regiones interactuantes y no interactuantes, originando el denominado
Funcional Hibrido Half-Half [191].

_1-HF | 1pLsDA
Exc =;Ex +;Exc (13)

En el mismo afio, Becke propuso un nuevo funcional hibrido basado en
la correccion de gradiente de la densidad electrénica para los términos de
intercambio y correlacion. Este funcional se denomind B3PW91, siendo su
representacion general:

E)l?gPW‘)l — E)IE?:DA + a(E§Xato _ E)IESDA) + bAE)lgBB + CAE(I:’W91 (14)

En esta ecuacion a, b y c representan coeficientes semiempiricos que
pueden determinarse a partir de una minimizacién en relacion a datos
experimentales, siendo Eg**° la energia exacta de cambio del sistema (HF),
AEE®8 la correccion de gradiente para la energia de cambio propuesta por
Becke (1988) y AEE™9! la correccion de gradiente para la energia de
correlacion desarrollada por Perdew y Wang (1992). El segundo término de
este funcional sustituye parte del término de intercambio obtenido del gas de
electrones por el término exacto procedente del método HF. De esta forma, el
coeficiente a refleja la importancia del sistema de electrones no interactuantes
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para la composicion del término Exc. El tercer y el cuarto término permiten
una mezcla entre las correcciones de gradiente para los términos de
intercambio y correlacion. Este funcional fue aplicado a diferentes atomos y
moléculas de la base de datos G1 de Pople [192] y a partir de la
minimizacién de la Exc en relacion a las energias de atomizacion, afinidades
protonicas y electronicas, asi como potenciales de ionizacién los coeficientes
semiempiricos se determinaron como a= 0.2, b= 0.72 y c= 0.81,
respectivamente [175, 193].

Frisch y colaboradores (1994) propusieron la sustitucion del gradiente
de correlacion definido por Perdew y Wang (PW91) del funcional B3PW91
por el funcional desarrollado por Lee, Yang y Parr (LYP) en 1988 [194].

Exc""" = (1 — a)Ex®” + aEy* + bAER®® + cAEC" + (1 — EZ™N  (15)

Los coeficientes semiempiricos poseen los mismos valores que en el
funcional B3PW9L1. La principal diferencia esta en los dos ultimos términos
que implican la correccion de gradiente para el termino de correlacién. Como
el funcional de LYP no tiene un componente local separable facilmente, el
funcional local para la correlacién desarrollado por Vosko, Wilk y Nusair
(VWN) fue utilizado para proporcionar diferentes contribuciones de los
términos locales y corregidos por el gradiente. Este funcional se conoce como
B3LYP y en los Gltimos afios se ha convertido en uno de los mas utilizados
para el estudio de materiales, principalmente en estado sélido. La principal
restriccion a este funcional estd en la representacién de metales donde el
limite de gas de electrones uniforme no se reproduce correctamente. Este
error se produce porque el término local para la correlacién utilizada en
B3LYP reproduce superficialmente el lento decaimiento de la densidad
electronica en el limite del sistema no interactuante [175, 195-197].

Estos aspectos fueron corregidos por el funcional PBEO propuesto por
Perdew, Burke y Ernzherhof (PBE) y desarrollado por Adamo y Barone
(1999). Este funcional se basa en el aumento del porcentaje del término de
intercambio exacto al 25% asociado al término de intercambio y correlacion
PBE. En el término de intercambio y correlacion corregido por el gradiente
de Perdew, Burke y Ernzherhof el término referente al gradiente de la
correlacion se basa en el funcional de Perdew y Wang (PW91), asi como para
el B3PW91, posibilitando al funcional PBEO la correcta prediccion del limite
de gas de electrones uniforme [175, 190, 198].
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Aunque este funcional es muy aplicado a solidos, el costo
computacional en su tratamiento es elevado, principalmente debido al lento
decaimiento de la parte correspondiente a las interacciones a largo alcance
del término de intercambio y correlacion. Para corregir esta limitacion
Janesko y los colaboradores propusieron un funcional, denominado HSE, en
el que sélo las interacciones a corto alcance se tratan a nivel HF. En los
ultimos afos este funcional ha ganado elevada aceptacion en la comunidad
cientifica [174].

A pesar de la aparicion de un gran namero de funcionales hibridos, el
funcional B3LYP sigue siendo uno de los mas utilizados debido a su
capacidad de ser aplicado tanto a sistemas solidos tanto en “bulk” como a
superficies. Este hecho se debe a la excelente relacion entre el coste
computacional y la precision en el célculo de geometrias y propiedades
electronicas, “band gap” y densidad de estados, entre otros. [182, 184, 199-
202].

2.2. Simulaciones computacionales
2.2.1. Densidad de estados y estructura de bandas

a periodicidad confiere a los sistemas cristalinos una estructura

electronica peculiar. Mientras en los atomos aparecen niveles

discretos de energia, en las moléculas hay una combinacion de estos.

Sin embargo, en sistemas infinitos la separacion entre niveles se
puede despreciar y se obtiene una estructura de bandas, todas ellas resultantes
de la interaccion periédica de los electrones con los nucleos cargados del
cristal.

Una vez se conoce la estructura de bandas del solido, es necesario
conocer la ocupacion de cada una de ellas, es decir, como se acomodan los
electrones en los niveles de energia. Como el cristal es finito y los niveles de
energia son discretos, cada banda de energia podra acomodar un nimero
limitado de electrones. Conocido el numero de electrones, cada una de las
bandas podra estar llena, vacia o parcialmente ocupada. Si consideramos
Unicamente las bandas que provienen de niveles de energia mas externos o de
valencia, banda de valencia (BV), el sélido se comportara como un aislante si
el nimero de electrones es tal que las bandas de energia permitidas estan
llenas y el salto de energia entre bandas es grande. En este caso, ningun
electron puede moverse en presencia de un campo eléctrico. El solido actuara
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como un conductor metalico si una 0 mas bandas estan parcialmente
ocupadas. En un semiconductor intrinseco la diferencia de energia entre
bandas es pequefia (~1-3 eV) como aparece representado en la Figura 2.1, de
modo que un aumento de temperatura puede promocionar algunos electrones
a la banda de conduccién (BC). Asimismo, la presencia de atomos de
impurezas en el material semiconductor intrinseco, genera un cristal
extrinseco que puede ser del tipo n o p. Cuando en un cristal de Si puro se
adiciona atomos pentavalentes (como As, Ge o0 Sh), los cuatro electrones de
valencia de estos atomos forman enlaces covalentes con atomos de silicio
vecinos, de forma que el quinto electron se convierte en un electron libre y el
material pasa a ser un dador de electrones, caracterizando al material como
un semiconductor del tipo n. En cambio, cuando en un cristal de Si puro se
adiciona atomos trivalentes (como B, Ga o In), los tres electrones de valencia
son incapaces de formar los cuatro enlaces, y pasando a ser un aceptor de
electrones, caracterizando al material como semiconductor del tipo p.

En general, las diferentes propiedades de &xidos semiconductores
pueden ser explicadas por un mecanismo que involucra la absorcion de luz
que resulta en la excitacion de electrones localizados en la BV hacia la BC,
originando un par electron-hueco (e-h), seguido por un decaimiento
electrénico espontaneo que permite la emision de fotones [203].
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Figura 2.1. Estructura de bandas de un sélido (metal y semiconductor) y
distribucion de los electrones en los niveles de energia de la banda de
valencia y de conduccién.

Ademéas de conocer la energia de los niveles, debemos conocer su
poblacion, lo que se consigue mediante el calculo de la densidad de estados
(DOS). El DOS representa el nimero de niveles permitidos por unidad de
volumen del solido, en un rango de energia ¢ y s+de, y puede proyectarse
sobre unos determinados atomos y/o orbitales, de manera que se puede
analizar la contribucion de los diferentes atomos y orbitales a cada banda.

Para una capa cerrada, cada banda estd ocupada por 2N electrones,
siendo N el nimero de celdas. Si cada celda tiene n electrones, las n/2 bandas
de menor energia estaran ocupadas y separadas de las de mayor energia por
un “gap”. Si el sistema es de capa abierta 0 si hay cruzamiento entre las
bandas, mas de n/2 bandas estaran parcialmente ocupadas. La energia de
Fermi, &, es aquella en la que el nimero de niveles con una energia inferior
a & es igual a la mitad del nimero de electrones. De esta forma, en los
conductores, el nivel de Fermi se situard dentro de la banda de conduccién,
estando ocupados todos los niveles por debajo del nivel de Fermi y no
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habiendo electrones con energia superiores a g-. En los semiconductores, el
nivel de Fermi estard forzosamente en la banda prohibida entre la de
conduccion y la de valencia.

Basandonos en lo anterior, se puede decir que las propiedades
electronicas de los sélidos dependeran de las energias de las bandas, de su
amplitud y de las regiones prohibidas entre ellas.

2.2.2. Estados electrénicos excitados

os fendmenos dpticos asociados con la interaccion radiacion-materia

involucran necesariamente la participacion de los estados excitados

que son poblados debido a la absorcion de uno o més fotones por un

sistema (cristal) en estado fundamental hacia un nivel de energia
superior que corresponde al estado excitado. De esta forma, la estructura y la
distribucion electronica de los diferentes estados tanto del fundamental como
de los excitados es de fundamental importancia para entender las propiedades
Opticas, como la fotoluminiscencia. Sin embargo, las emisiones
fotoluminiscentes son de corta duracién y los estados electronicos excitados
son altamente inestables y reactivos, haciendo que su caracterizacion y
manipulacion sean extremadamente complicadas desde un punto de vista
experimental.

Una herramienta alternativa para superar las dificultades encontradas en
los experimentos consiste en emplear métodos tedricos y modelos
computacionales, basados en la mecanica cuantica, para localizar y describir
estos estados excitados, con el objetivo de determinar su geometria y la
estructura electrénica y, por lo tanto, proponer un mecanismo que permita
explicar las emisiones comportamiento fotoluminiscentes.

e

Estructura t*
electrénica

i

s

BV

Figura 2.2. Representacion de la estructura electronica de un semiconductor,
utilizando los conceptos de BV y BC (izquierda), y los estados electronicos
fundamental, s y excitados singlete, s*, y triplete, t*(derecha).
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Desde el punto de vista tedrico, la modelizacion y caracterizacion de
los estados electronicos excitados y sus propiedades un reto para los métodos
basados en la DFT, pues esta metodologia corresponde a una teoria de estado
fundamental. La combinacion entre el método DFT convencional vy
restricciones adicionales sobre la densidad de carga, permite la obtencion de
un funcional de densidad adecuado para sistemas que requieren
configuraciones electrdonicas especificas. Asi, se puede calcular la estructura
electronica de materiales en diferentes estados fundamental, normalmente
singlete, y excitados (singlete y triplete), facilitando el estudio de las
excitaciones electronicas de 6xidos semiconductores [204, 205].

El desarrollo de estas simulaciones requiere una ruptura de la simetria
entre las ocupaciones electronicas de los spin-orbitales, permitiendo la
existencia de estados spin-polariza dos. En el caso de un estado singlete
excitado, esta perturbacién elimina la degeneracion de los spin-orbitales a los
niveles ocupados de mayor energia sin alterar la multiplicidad del modelo.
Un estado electrénico excitado triplete requiere una redistribucion electronica
que resulta en diferentes ocupaciones de los spin-orbitales (n,#ng). Este
tratamiento permite que la naturaleza de los estados electrénicos excitados y
sus respectivas geometrias puedan ser caracterizadas y analizadas, haciendo
posible la descripcién de los mecanismos de transferencia de carga entre los
clasteres que constituyen la estructura cristalina del estado fundamental y de
los estados excitados asi como su relacion con los efectos de orden-desorden,
tanto estructurales como electrénicos, como se muestra en la Figura 2.2.

La evaluacion de la estructura electronica mediante los anélisis de DOS
y estructura de bandas permite que la excitacion electronica pueda ser
descrita por etapas. Asi, la transferencia electrénica puede ser comprendida a
partir de la localizacion de electrones y huecos en clusteres, que
corresponden a las coordinaciones locales de los diferentes metales A y B,
que constituyen la red 3-D. El andlisis estructural y electrénico de los
diferentes clusteres y sus modos de vibracién, tanto del estado electrénicos
fundamental como excitados, permiten describir las distorsiones estructurales
que se originan de las transiciones electrénicas entre orbitales enlazantes y no
enlazantes.

Estudios anteriores, basados en ese tratamiento tedrico, permitieron
racionalizar el comportamiento fotoluminiscente del SrTiOs, evidenciando
que la estabilizacion de los estados electronicos excitados (singlete excitado y
triplete) es acompariada por una distorsion tetragonal en clusteres de titanio,
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[TiOg] a [TiOs.Vo], caracterizando una transicion orden-desorden .[206].
Posteriormente, esta metodologia fue aplicada para estudiar las propiedades
luminiscentes del sistema CaWwO,, comprobando que los estados excitados
que resultan en la emision fotoluminiscente se obtienen a partir de una
distorsion en los clusteres [CaOg] y [WOQO,4] [207]. Recientemente, este
método ha sido ampliamente aplicado para la racionalizacion de
comportamientos fotoluminiscentes en diferentes clases de materiales, como
SrTiO3:Sm, BaZr;4Hf,O3, BaZrO; como se muestra en la Figura 2.3,
presentando un excelente acuerdo con resultados experimentales [208-211].
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Figura 2.3. Celda unidad para estructuras s, s* y t* del sistema BaZrOg,
2.2.3. Calculos de las propiedades estructurales y electrdnicas

ara el calculo y la optimizacién de las geometrias y estructuras 3-D de

los materiales que estudiamos, partimos de la geometria obtenida por

la difraccion de Rayos X y refinamiento Rietveld, cuya posicién de

los diferentes atomos constituyentes en la red cristalina se conoce.

Para el calculo de la estructura 3-D mas estable es necesario minimizar la

energia total, por medio de la optimizacion de los parametros de red y

coordenadas de los atomos. Los criterios de convergencia utilizados fueron

de 10® Hartree y se utilizé un mallado de puntos k adaptado a las
dimensiones de cada sistema [212].

En nuestros trabajos se describen los centros atomicos utilizando los

conjuntos de bases pseudopotenciales para los atomos de Mo y Eu [213, 214]
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en BaMoO,, CaMoOs, ZnMoO, ZnMoO,Eu* y CaZrOs:Eu®,
respectivamente. Ademas conjuntos de base pseudopotencial derivado de
Hay y Wadt y modificado por Cora et al. [215] se usan para la descripcion
del &omo W en BaWOQ,. Mientras que 4tomos de Ba [216], atomos de O
[217], &tomos de Ca [218], atomos de Zn [219] y atomos de Zr [220] se
describen mediante conjuntos de bases 6-31G*, respectivamente.

Los modelos computacionales se han construido usando una celda
convencional 1x1x1, como unidad repetitiva para representar las estructuras
3-D del “bulk” de los sistemas puros BawO, y BaMoO, y solucién solida
BaWi.xMoxO, (x =0.25, 0.50 y 0.75). Los modelos de superficies resultantes
en BawO, y BaMoO, consistieron en 4 unidades moleculares que contienen
24 atomos. Sin embargo, los modelos de superficie en la solucion solida
BaWixMoxO, (x =0.25, 0.50 y 0.75) consistieron en 4, 4, 4, 8, 4 y 4
unidades moleculares para las superficies (001), (101), (110), (100), (111) y
(112), respectivamente, simétricas y estequiométricas. Ademas, con el fin de
investigar la distribucion energética de los cationes de W®* por Mo® en la
solucion solida, se exploraron varias posiciones de sustitucién en la celda
convencional 1x1x1 para cada porcentaje estudiado, analizando las maés
estables.

Para el célculo del “bulk” y de las superficies del CaMoQO,4 con la
estructura scheelita y simetria tetragonal se siguié el mismo procedimiento.
El ZnMoO, presenta una estructura tipo wolframita con simetria triclinica
como ya se ha descrito en la figura 1.2. Este estudio surge de una
colaboracion experimental en la que se ha dopado este material con tierras
raras (TR) en los porcentajes de ZnMoO4TR* (TR™= 1% Th, 1% Tm,
X%Eu (x=1, 1.5, 2, 2.5 y 3%) en mol. Como el porcentaje de dopaje de TR es
muy pequefio, es necesario utilizar tamafios de celdas muy grandes para
simular estos sistemas, lo que hace que su calculo sea muy costoso desde el
punto de vista computacional. Por esta razén, solo hemos podido alcanzar un
dopaje de 12.5% para ZnMoO,:Eu®". La sustitucion de los cationes Eu®* por
cationes Zn?* genera un desequilibrio en las cargas dentro de la estructura
cristalina de ZnMoQO,, debido a que los estados de oxidacion de los cationes
son diferentes. Para mantener la neutralidad del sistema, se reemplazan 2
cationes de Eu** por 2 cationes de Zn**, con la creacién de una vacante de
Zn**. De este modo, se ha modelizado una supercelda triclinica 1x2x2 con
144 y 143 4omos en los materiales ZnMoO,; y ZnMoO4Eu®,
respectivamente. EI mismo namero de atomos se ha utilizado para el estudio
de las superficies (120), (011), (001), (201), (220), (100), (111) y (112) en
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ambos sistemas. Se exploraron varias posiciones de sustitucion en el “bulk”
como en las superficies, analizando las més estables.

Caracterizar la estructura y la distribucion electrénica de los estados
fundamental como de los excitados es clave para entender las propiedades
Opticas, como la fotoluminiscencia que presenta el CaZrOs;. EI CaZrO;
presenta una estructura ortorrombica, y se ha modelizado la transformaciéon
del estado fundamental s a al estado excitado s* mediante un desplazamiento
de 0.2 A a lo largo de la direccion (001) en un 25% de los atomos de
zirconio. Sin embargo, la transformacion del estado fundamental s a un
estado excitado triplete t* se obtiene realizando el mismo desplazamiento
pero produciéndose otras distorsiones en la estructura debido a cambios en la
multiplicidad de spin. Las superficies generadas para el estado fundamental
contienen 8 unidades moleculares (en estado singlete) y 4 unidades
moleculares (en estado de triplete) para (121), (100), (010), (101), (001),
(111) y (011) superficies, respectivamente.

Para el dopaje del CaZrOs con Eu®', se hace necesaria la construccion
de un modelo de supercelda convencional 2x1x2 para simular el dopaje a la
concentracion de 12.5%. Para mantener la neutralidad del sistema, se
reemplazan 2 cationes de Eu* por 2 cationes de Ca**, con la creacion de una
vacante de Ca®*. El modelo de supercelda corresponde a 79 4tomos tanto para
el “bulk” como para las superficies (001), (121), (100), (011), y (111).

Para confirmar la geometria de los estados electronicos fundamental y
excitados singlete y triplete de todos los sistemas estudiados, se comprob6
que cumplen la condicion de minimo en las diferentes superficies de energia
potencial, a la vez que se aseguro que las frecuencias vibracionales, asociadas
a los modos normales de vibracidn, presentaban valores positivos.

El estudio de las propiedades electronicas del “bulk” y de las
superficies en los trabajos descritos en el apartado anterior, se realizo a través
del analisis de las estructuras de bandas y DOS proyectado en atomos y
orbitales atomicos. En el anélisis de las estructuras de bandas de energia se
consideraron las 10 Gltimas bandas en la BC y las 10 primeras bandas en la
BV, de acuerdo con los puntos k correspondientes para cada sistema en la
primera zona de Brillouin como se presenta en la Figura 2.4. Asimismo, la
diferencia de energia generada entre las bandas BV y BC, la llamada energia
de “gap” (“band gap”), se calculo para el “bulk” y superficies.
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Figura 2.4. (a) Estructura de bandas y (b) DOS, proyectado en atomos y
orbitales atdmicos. Se han considerado las 10 ultimas bandas en la BC y las
10 primeras bandas en la BV.

2.2.4. Calculo de las propiedades épticas: fotoluminiscencia

a evaluacion de las propiedades dpticas se llevo a cabo utilizando los

conceptos de la teoria de estados excitados descritos en el apartado

2.2.2 de esta tesis doctoral, como una forma de investigar las

propiedades fotoluminescentes de los materiales CaZrO; vy
CaZrOs:Eu®.

Para estos estudios se utilizaron las geometrias ordenada y desordenada
como describimos en el apartado 2.4.1.4, y posteriormente se procede al
calculo de los estados excitados singlete y triplete. El estado singlete excitado
se calculd usando la geometria optimizada desordenada con un sistema de
capa abierta y a continuacion para el calculo de triplete excitado fue necesaria
una supercelda optimizada en un sistema de capa abierta y diferencia de espin
a-f igual a 2. Adicionalmente, se utilizaron mapas de densidad de espin para
evaluar y localizar los electrones desapareados.

Conjuntamente, el analisis vibracional de los modos Raman.a nos
permite establecer un mecanismo que permite explicar el paso del estado
electronico fundamental a los excitados excitados singlete y triplete.
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2.2.5. Programas de célculo y visualizacion.

n esta Tesis Doctoral se ha utilizado el paquete de programa de

calculo CRYSTAL version 2014 [221], que permite realizar calculos

periodicos desde 0, 1, 2 (“slabs” bi-dimensionales), y a 3

dimensiones (cristales). Para describir los atomos, los orbitales
cristalinos se expresan como combinacion lineal de productos de funciones
gaussianas con diferentes exponentes, que dependen del numero y tipo de
atomos que contiene la celda unidad. EI conjunto de bases puede englobar
todos los electrones o puede representarse mediante pseudopotenciales,
donde parte de los electrones quedan englobados en el “core” del &tomo y no
se tratan como electrones de valencia[222]. Los archivos de salida
CRYSTAL14, contienen las coordenadas fraccionarias optimizadas y los
parametros de celda 2D optimizados para las diferentes surperficies de los
sistemas que estudiamos. Todas estos “slabs” poseen carga neutral y retienen
el centro de inversion o el plano del paralelo a la supeficie (hkl), para
asegurar que el momento dipolar del “slab” es cero. [153, 154].

Las figuras utilizadas en la creacion de los mapas morfoldgicos, se
construyeron de acuerdo con el teorema de Wulff con la ayuda del programa
Visualization for Electronic and Structural Analysis (VESTA) [223], que se
implement6 una forma de crear morfologia de nano(cristales) por medio de
las distancias de los planos hasta el centro del cristal. Esta distancia es
directamente proporcional a la modulacion de energia.

Mediante el uso del programa JICE [224] se permite la visualizacion y
clasificacion los modos normales de vibracion .

Los mapas de densidad de spin para evaluar y localizar los electrones
desapareados en CaZrO; y CaZrOs;:Eu®* se han dibujado utilizando el
programa X-Window Crystalline Structures and Densities (XCrySDen)
[225]. Las figuras correspondientes al DOS y estructura de bandas de han
obtenido con el programa ORIGINLab.

Un esquema representativo de los calculos periddicos utilizando el
programa CRYSTAL vy los programas de visualizaciones se muestra en la
Figura 2.5.

34


http://www.xcrysden.org/

{ Optimizacién de

geometrias <> Geometria :
0 ®

Calculos de Esurf ,'q.‘ Y oo ’YES’I}é”“\ ,‘]
o A4/} )

Construccién } Morfologia 01

de Wulff

{: ‘<‘r]flli)v’1‘ls‘:‘]1:tM 29| calculos de frecuencias
( |‘l>‘HH“~Ny (n‘nl physics Vibraclanalesidle s~ Modas nor : _J I @ E
4 ; ’ Infrarrojo y Raman de vibracién A
b S RYSTAL Calculo del DOS
WARN) “band o DOS y .
ane.gop estructura de @ ORIG' N

Calculo de la bandas Dot Anclysis ond Graphing Sofware
estructura de bandus

Mapas de
Localizaciény 5 g P e n *ee
caracterizacion a densica X-window CRYstalline Structures and DENsities

\ de estados excitados de espin

Figura 2.5. Esquema de los programas de célculo y visualizacion utilizados,
con indicacion de las propiedades calculadas con el programa CRYSTAL y
visualizadas en los diferentes programas VESTA, JICE, ORIGINLab y

XCrySDen.
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3. Objetivos






0S objetivos de la presente Tesis Doctoral se pueden dividir en
generales y especificos:

Generales

. Proporcionar una guia cientifica para el control morfolégico de la
sintesis de (nano)materiales.

. Desarrollar un modelo termodindmico universal para predecir la
morfologia accesible de un material dado (nano). La modulacién morfologica
de cristales tridimensionales se ha demostrado utilizando la teoria del
funcional de densidad para realizar a cabo los célculos de primeros
principios.

. Obtener mediante el uso del modelo y mediante el cambio de los
valores relativos de las energias superficiales, tanto la morfologia deseada
como del camino que une la morfologia ideal (mas estable) a la morfologia
que se encuentra experimentalmente, que depende del método y las
condiciones de la sintesis. Esta estrategia nos permite el control de las
morfologias cristalinas, asi como racionalizar los diferentes canales que
parten de la morfologia ideal.

. Este analisis combinado da lugar a un mapa completo de las
morfologias accesibles en una amplia gama de (nano) materiales, y puede
servir como una guia para que los investigadores, al analizar las imagenes
de microscopia electronica, obtengan una mayor comprension de cémo
controlar la forma del cristal sintéticamente ajustando la quimica de la
superficie y controlando los valores relativos de las energias superficiales.

. Utilizar los meétodos tedricos y modelos computacionales basados en
la mecénica cuéantica, para localizar y describir estados excitados, con el
objetivo de determinar su geometria y la estructura electrénica y, por lo
tanto, predecir y explicar las emisiones fotoluminiscentes de los
(nano)materiales.
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Especificos

Las morfologias de algunos materiales scheelitas, wolframitas y
perovskitas se manifiestan bajo diversas condiciones de preparacion, como
son el molibdato de bario (BaMoO,), wolframato de bario (BaWoO,),
soluciones solidas BaW;.xMoxO, (x= 0.25, 0.5, 0.75), molibdato de calcio
(CaMoQ,), molibdato de zinc (ZnMoQ,), y zirconato de calcio (CaZrOg).
Estos son los materiales que investigaremos en la presente Tesis Doctoral
en la que los siguientes objetivos especificos se pueden resumir del
siguiente modo:

. Estudiar la influencia de la sustitucién de los cationes de W®" por
Mo®" en la solucién solida completa BaW:.,M0,0, (x= 0, 0.25, 0.5, 0.75 y 1)
en funcién de las propiedades estructurales, electronicas, dpticas, frecuencias
vibracionales y morfologias calculadas. Comparar todo ello con la parte
experimental realizada a través de la microscopia electronica.

. Analizar la estructura y propiedades electronicas de CaMoO,, la
estabilidad de las correspondientes superficies y sus transformaciones
morfolégicas.

. Investigar la influencia del dopante Eu** en la matriz de ZnMoO,
tanto en la geometria, estructura electrénica como en la morfologia en
funcion del andlisis comparativo de los célculos tedricos con la microscopia
electronica.

. Comprender los espectros de fotoluminiscencia basados en la
localizacion y caracterizacion de los estados electrénicos fundamental
(singlete, s) y excitados (singlete, s* y triplete, t*), utilizando estructuras
ideales y distorsionadas de CazrOs; puro y dopado con Eu®*. Ademas,
correlacionar sus correspondientes geometrias, morfologias, estructuras
electronicas y frecuencias vibracionales.
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4. Resultados y
discusiones
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campo en el articulo V y VI. El Prof. Dr. J. Andrés y la Dra. Lourdes Gracia
propusieron, planificarén y ayudaron en la realizacion de los calculos, y junto
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trabajos se realizaron en el CDMF por el estudiante de doctorado M. Assis y
supervision del Prof. Dr. E. Longo. La Dra. I. L. V. Rosa de la Universidad
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con el Prof. Dr. Elson Longo en la redaccion final de estos cuatro trabajos.
Mi participacion se ha centrado en la realizacion de los calculos en el LQTC,
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analisis y discusion de los resultados tedricos, preparacion de las figuras y
tablas, la revision bibliogréafica y la redaccién de los dos manuscritos.

En este capitulo presentaremos y discutiremos de forma resumida los
resultados més relevantes que seran divididos en cuatro apartados, de acuerdo
con los trabajos derivados de la presente Tesis Doctoral.

4.1. Articulos I, 11, 11y IV.

anto el BawQ,, BaMoO, y las soluciones sélidas BaW;xMoxO4
(x=0, 0.25, 0.50, 0.75, 1) presentan la estructura tetraédrica con
grupo espacial l41/a. Esto nos permite realizar el resumen
considerando los resultados de la solucion sdlida. El analisis de los
valores de los parametros de red (a y c), que se obtienen tanto por
refinamento Rietveld como de los célculos tedricos, sefialaron la existencia
de distorsiones electronicas y estructurales en los cllsteres [WO,], [MoO,]
[BaOg] asi como cambios en el parametro de red y reduccion de volumen de
la celda unidad, debido el efecto de la sustitucién de cationes de W®* por
Mo®".
La celda unidad convencional scheelita BaMO, (M= W o0 Mo) contiene
24 atomos que se muestra en las Figuras 4.1(a-e). Hay cuatro cationes W en
la estructura generada a partir de la posicion 4a Wyckoff por simetria, con el
fin de investigar la energfa de la distribucién del catién Mo®". Con el objetivo
de encontrar la posicion en la que la sustitucion de W°®* por Mo®, se
exploraron las diferentes posibilidades y se encontrd que la disposicion mas
estable en BaW;.xMoyO4 (x = 0.25, 0.50, 0.75) presentado en las Figuras
(4.1b-d).

[MoO,] [Wo,]

r4

3 2 . Ly
[;aOB]

® Ba @ Mo
BaWwo, Baw,, Mo, O, BaW Mo O, BaWw Mo O BaMoO, W °¢O

0254 0504 07574

Figura 4.1. Representacion de celdas unidad de cristales BaWi1.xM0xO4: ()
x=0, (b) x=0.25, (c) x =0.50, (d) x =0.75y (e) x =1.
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Adicionalmente, las superficies se modelaron mediante la estructura del
“bulk” y utilizando las descripciones del apartado 2.2.3. Los planos
cristalograficos de las soluciones solidas de cristales BaW;xMoxO,4 (x=0,
0.25, 0.50, 0.75, 1) se representan en la Figura 4.2.

Superficies - =
x=0 x=0.25 x=0.50

001

112

110

101

100

Baw, Mo,0,

x=0.75

x=1

c00@® 1—-N

czxpg

Figura 4.2. Representaciones esquematicas de las diferentes superficies de
soluciones solidas BaW;.xMoxO4 (x = 0, 0.25, 0.50, 0.75y 1).

Los espectros Raman se han interpretado mediante el analisis de los
modos de vibracion activos, en particular los asociados a los tetraedros
[MO4J* (M = M o W) presentes a altas frecuencias (927cm™ en BawO, y
894 cm™ en BaMo0Oy,), que se muestran en las Figuras 4.3(a-b).

a)

Intensidad (unid. arb.)

+ 3
¥ =Vext '
==v,F)

e =v,(E)
A=0F)
*=u,F) .
+=v,A)

v

v a

x=075

x = 0.50
x = 0.25

JI N e

1(;0 260 360 4")0 560 860 760 860 960 1000 1100
Frecuencias Raman (cm™')

*l|la

Vv v"

Y€  M=Wor Mo

Y (F)
g

3 k& o k& H
' <
e b

-
Flexién O-M-O
Y (F)

\’ L

< simétrico asimétrico g

Estiramiento M-O

v (A)

Figura 4.3. (a) Espectro Raman experimental y (b) representaciéon de los
modos normales Raman de las soluciones sélidas BaW;xMoyxO4 (X = 0, 0.25,
0.50,0.75y 1).
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Figura 4.4. Representacion de los valores de los modos normales Raman
calculado de las soluciones solidas (a) x=0, (b) x=1, (c) x=0.25, (d) x=0.50 y
(e) x=0.75.

En la Figura 4.3a-b se muestra el espectro Raman experimental que
indico la existencia de una fuerte interaccion entre los iones, que surgen de
las vibraciones de estiramiento y flexion de los enlaces de metal-oxigeno
[226]. Por otra parte, en las Figuras 4.4(a-e) se comparan los valores de los
resultados experimentales y de los célculos de los modos activos Raman para
las soluciones sélidas BaW;.xMoxO4 (x=0, 0.25, 0.50, 0.75, 1). Un analisis de
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los resultados indican la presencia de tres modos (Ag, E; y By,
aproximadamente en el rango 452-375 cm™) no observados
experimentalmente. Una explicacion plausible para este resultado puede ser
que estos modos tienen una intensidad muy baja y no son facilmente
detectables mediante técnicas experimentales. Los calculos DFT en el
método tienden a sobreestimar los valores de las frecuencias vibracionales;
por lo tanto, se utilizé un factor de escala de 0.96 [227].

Las propiedades electronicas de las soluciones solidas se analizaron
mediante la estructura de bandas y la proyeccion del DOS sobre orbitales
atébmicos y atomos. El “bulk™ y las superficies (001) y (112) que son las méas
relevantes en la morfologia ideal, se muestran en las Figuras 4.5 (a-c) para el
sistema a x=0.50 (BaW,s5Mo0504), las demas composiciones se presentan en
la Tabla 1, con los valores de la energia de “band gap” y de la energia
superficial.
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Figura 4.5. Estructura de banda y densidad de los estados proyectados en
atomos y orbitales para (a) “bulk”, (b) superficie (001), (c) superficie (112)
para el BaWy5Mo0g50;.
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Tabla 1: Valores calculados de la energia superficial y “band gap” para cada
superficie en las soluciones sélidas BaW;.xMoxO, para x = 0, 0.25, 0.5, 0.75

y 1l

Superficies Mo(%0) Esur Egap
(I/m?) (eV)
0% 0.92 6.52
25% 0.55 5.92
(001) 50% 0.54 5.97
75% 0.54 5.69
100% 0.99 5.69
0% 0.92 6.60
25% 0.65 6.14
(112) 50% 0.64 5.57
75% 0.63 5.54
100% 1.02 5.81
0% 1.22 6.47
25% 1.09 5.49
(100) 50% 1.09 5.48
75% 1.08 5.33
100% 1.17 5.38
0% 1.10 6.45
25% 0.80 6.15
(110) 50% 0.79 6.14
75% 0.80 5.49
100% 1.23 5.63
0% 1.31 6.17
25% 0.91 6.16
(101) 50% 0.89 6.21
75% 0.90 5.31
100% 1.34 5.09
0% 2.06
(111) 25% 1.91
50% 1.89  Conductor
75% 1.90
100% 2.23

A partir del andlisis del DOS se verifica que los aniones oxigeno son
los que presentan una mayor contribucion a lo largo de la BV, con orbitales
2p; mientras que los cationes de Mo y W contribuyen mas significativamente
en la BC con los orbitales 4d y 5d, respectivamente. En la estructura de
bandas se muestra el camino seguido de puntos k de alta simetria I(0,0,0);
X(0,0,1); M(1,1,0); X(0,1,0); I'(0,0,0) de la zona de Brillouin.
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Utilizando los valores de las energias superficiales calculadas y
mediante la aplicacion de la construccion Wulff ha sido posible obtener la
morfologia de los sistemas puros BaWO, y BaMoO, Figuras 4.6(a-b) y sus
correspondientes soluciones solidas BaW;.xM0yO4 para x= 0.25, 0.50 y 0.75
que se presentan en las Figuras 4.7.
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Figura 4.6. Mapa de morfologia para los sistemas puros (a) BawQ, y (b)
BaMoO,. Las energias de superficie estan en J/m% Las imagenes FE-SEM
experimentales se incluyen para su comparacion.
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Figura 4.7. Mapa de morfologia para la solucion solida BaW;.xMo,O4 (X=
0.25, 0.50 y 0.75) y energias de superficie en J/m?. La forma cristalina de
equilibrio predicha por las construcciones Wulff ajustando los valores de las
energias de las diferentes superficies. Las imagenes FE-SEM experimentales
se incluyen para su comparacion.

En este estudio, el efecto provocado por la sustitucién de cationes de
W?®* por Mo®* en la solucién sélida BaW,.xMo,O4 Se presenta principalmente
por la alteracion del orden de estabilidad entre (001) y (112) superficies, asi
como para las superficies (100) y (110). Aunque, ajustando los valores de
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energia superficial desde la morfologia ideal fue posible obtener la
morfologia experimental que se muestra en la parte superior de la Figura 4.7.

4.2. Articulo V

a representacion esquemaética de la estructura tetragonal (grupo

espacial 141/a) de la celda unidad del CaMoO, con las

coordinaciones locales de los atomos de Ca y Mo se presenta en la

Figura 1.1. Las coordinaciones atémicas en las superficies se
muestran en las Figuras 4.8(a-f).

Superficie (001) coordinacién de los clisteres Superficie (110) coordinacion de los clisteres
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Figura 4.8. Las superficies y las distancias de enlaces de los &tomos Ca-O y
Mo-O: (a) (001), (b) (112), (c) (100), (d) (110), (e) (101) y (f) (111).

Ademas, se calcularon las energias de las diferentes superficies,
asumiendo la contribucién de los vacantes de O presente en los clisteres Mo
y Ca. Estos valores obtenidos se usaron para representar las diversas
morfologias disponibles para CaMoQ,, que se ilustra en la Figura 4.9.
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Figura 4.9. Mapa de morfologias de CaMoO, con planos cristalinos (001),
(112), (110), (101), (100) y (111). Para su comparacion se muestran las
morfologias experimentales, asi como los reportados en la literatura.

El analisis del DOS muestra contribuciones similares de los orbitales
2p de los aniones oxigeno en la parte superior de la BV, mientras que la parte
inferior de la BC se compone principalmente de los orbitales 4d de Mo como
se muestra en la Figura 4.5. Ademas, el “band gap” es directo y con valor de
492eVenlospuntoskdeT aT.

4.3. Articulo VI

| ZnMoO, presenta una estructura triclinica (grupo espacial P1). En
la Figura 1.2 se muestran las coordinaciones locales de los cationes

Zn y Mo. La estructura de ZnMoO,:Eu®*

4.10.

se representa en la Figura
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Figura 4.10. Representacion esquematica de la supercelda 1x2x2 triclinica
correspondiente a ZnMoO,: Eu®* (12.5%).

Se realizaron los célculos de la supercelda del “bulk” y de las

superficies (120), (011), (001), (201), (220), (100), (111) y (112
correspondiente a 143 4tomos, que se muestra en la Figura 4.11.
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Figura 4.11. Representacion teérica des superficies (111), (011), (100),
(001), (220), (120), (112) y (201), correspondiente a ZnMoQ,: Eu®* (12.5%).

Cuando se incorpora en la matriz de ZnMoO, cationes Eu®** hay un
exceso de cargas positivas y es necesario crear vacantes de Zn®* para
mantener la neutralidad de los sistemas. La presencia de estos defectos
promueve la aparicidn de niveles electrénicos intermedios en las bandas, que
contribuye para la disminucién de los valores de energia del “band gap”. El
analisis de las transiciones electronicas experimentales indican un valor en el
rango de 3.55- 4.25 eV, mientras que los célculos predicen un valor para el
“band gap” de 5.28 y 2.67 eV (Figuras 4.12a-b) para los sistemas ZnMoO, y
ZnMoO,:Eu* (12.5%), respectivamente.
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Figura 4.12. DOS vy estructura de bandas proyectados de (a) ZnMoOQO, y (b)
ZnMoOy: Eu®.

Los DOS que se muestran en las Figuras 4.12a-b, estan compuestos
principalmente por orbitales de oxigeno (px, py Y pz) en la BV, mientas que en
la BC estan formados principalmente por orbitales de Eu y de Mo (d.?, dy*-,?,
dxy, Oxz, dyz). El “band gap” es indirecto ya que se produce a lo largo de los
puntos k: F>G (010 a 001) desde la parte superior de la BV hasta la parte
inferior de la BC, aunque la estructura de bandas para el sistema dopado es
muy plana.

Los morfologias de los cristales ZnMoO; y ZnMoO4Eu®* se
calcularon utilizando la construccion de Wulff, lo que nos permitio obtener el
mapa de morfologia para estos dos cristales, que se muestran en las Figuras
4.13a-b, en el que aparecen las morfologias accesibles de estos materiales.

58



E.,, (001) = 0.60

E,,,(001) =0.77

_ E,,, (001) = 1.40
E...(220) = 1.02 £ (120) = 1.50

ism! ucion 4

D

o inucio”
<220, is™ 207

E.,, (100) = 1.50
E., (011) = 3.50

E..(112) = 2.30
E.,, (201) = 3.57

E,,,(111) = 1.60
E.,, (001) = 4.00

E,, (201) = 2.50
E.,,(100) = 3.50

E,, (220)=1.74
E,,,(120) = 2.94

E,,(120)=1.74
= E,,, (011) = 2.04
mm E,,, (001) = 2.47
wm E,, (201) = 2.88
mm E,,, (220) = 3.17
mm E,, (100) = 3.18

mmE,, (111)=3.27
ZnMoO, mmE,, (112)=3.76

59



E,,,(100) = 3.60

b)

\

E,, (001) = 2.70
E,, (100) = 2.23 A

E., (120) = 3.83
E,,(112) =176

Aumento

E,, (201)=3.29
E,,, (220) = 2.01

E,, (011) = 2.93
E,, (111) = 2.03

E,,(120) = 161
m—CE_,(011)=1.89
w—E_, (001) = 2.26
o E., (201) = 2.75
—E_, (100) = 2.94
wE_(220) = 3.16
., (111) = 3.18
ZnMoO, mmE,,(112) = 3.63

Figura 4.13. Mapa de morfologia para (a) cristales de ZnMoO, y (b)
ZnMoO4:Eu®*. Los valores de Eg para (120), (011), (001), (201), (100),
(220), (111) y (112) superficies estan en J.m™.

Las superficies predominantes que componen la morfologia ideal en los
sistemas ZnMoO, y ZnMoO.:Eu**son (120), (001), (011), (201) y (100). Se
pueden obtener otras morfologias modificando los valores relativos de las
energias de la superficie de cada superficie, como se muestra en las Figuras
4.13a-b. Por otra parte, en el mapa de la Figura 4.13b podemos encontrar la
morfologia experimental obtenida para ZnMoO4:Eu®*, mediante el aumento
del valor de energia superficial de la superficie (100) a 3.60 J.m™ Las
morfologias experimentales presentadas en la Figura 4.13a han sido
reportadas en la literatura en los trabajos de Jia et al. y Wang et al[228, 229]
y se pudieron reproducir tedricamente al variar los valores relativos de
energia superficial de las diferentes superficies.
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4.4. Articulos VIl y VIII

reviamente, en la Figura 1.3 se ha presentado una estructura
ortorrombica perteneciente al grupo espacial Pcmn para el sistema
CaZrOg, asi como las coordinaciones locales de los cationes Ca y Zr,
correspondiente al estado electronico fundamental. La estructura de
los estados electronicos excitados s* y t* para CaZrOs se representan en los
apartados a) y b) de la Figura 4.14, respectivamente.

a y 2o
) @z
¢ Ca o ;

Figura 4.14. Estados electrénicos excitados de CaZrOs: a) singlete, s* y b)
triplete t*.

Un andlisis de la figura 4.14 muestra que la transformacion del estado
fundamental s a s* se produce por una ligera distorsién de los clisteres
[ZrOg]. Para el estado t* se observa una expansién de los parametros de celda
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de ~ 1.5%. En particular, el desplazamiento del 4&tomo de Zr provoca una
ligera distorsion de los clUsteres Zr2 y Zr4, asi como los clisteres Ca3 y Ca4,
formando clusteres del tipo [CaOg.2].

a) A.(370.49cm™)  B;,(430.31cm™) B,,(434.82cm™) A, (450.96 cm™) B, (479.59 cm?)

Torsién en Zr-O-Ca Torsién en O-Zr-O
29 =t 9
Bm(SZZﬁl o) Byy(537.44cm) Ag (544.99 cmY)

Tensién Asimétrica en Zr-O

A, (489.13 cm™ -1
Bl A (48275 cmY) A, (498.91cm?) A, (586.11cm ) A::541.99 cm.1; B {E0SE2mT )

Ag(652.13 cm?)
04

Figura 4.15. Modos Raman calculados para el sistema CaZrOj3, asociados
principalmente al cluster octaédrico [ZrOg]: a) estado fundamental singlete, s,
y b) estado excitado triplete, t*.

Un analisis y comparacion de las frecuencias vibracionales Raman para
s, s* y t*, ha dado lugar a los siguientes resultados: La estructura
ortorrombica experimenta un cambio hacia una simetria inferior sin ruptura
de enlaces, lo que implica un efecto de orden-desorden estructural que se
puede asociar al modo de estiramiento asimétrico del Zr-O de 544.99 y
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544.28 cm™ para s y s*, respectivamente. Por otro lado, la transicion de los
estados electronicos excitados s* a t* corresponde a los movimientos
vibracionales de 544.28 y 541.99 cm™para s * y t *, respectivamente. Sin
embargo, es importante tener en cuenta que las vias para llegar a los estados
electronicos s* y t* implican una nueva redistribucion de espin que se asocia
a una distorsion estructural que da como resultado nuevas configuraciones
electronicas. Los principales modos de vibracion para s y t* se muestran en la
Figura 4.15.

La relacion de los modos normales de vibracion y el orden-desorden
estructural asociado al paso del estado electrénico fundamental a los
excitados, ofrece la oportunidad para interpretar los estados excitados como
posibles responsables del comportamiento fotoluminiscente. Durante el
proceso de fotoluminiscencia, tiene lugar una ruptura de simetria a corto
alcance, implicando a los dos tipos de cluster, es decir, distorsiones
estructurales asociadas a una coordinacion imperfecta principalmente
relacionada con sitios Zr. Estos cambios estructurales son capaces de poblar
los estados electronicos excitados y por lo tanto generar nuevos modos de
vibracion Raman activos. El efecto de orden-desorden estructural esta
principalmente relacionado a la coordinacion del cation Zr y los aniones O
vecinos, cuyas distancias de enlace Zr-O en el estado t* se estiran y acortan a
2.294y 1.995 A, respectivamente,

Para llevar a cabo el andlisis electronico, se ha calculado la estructura
de bandas y el DOS proyectado en atomos y orbitales para los estados
electronicos s, s* y t*, se presentan en los apartados a, b y ¢ de la Figura 4.16,
respectivamente.
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A partir del andlisis de las estructuras de las bandas observadas en la
Figura 4.16 se obtiene un “band gap” directo con valor de 6.23 eV para s,
mientras que los estados electronicos excitados s* y t* presentan valores de
6.14 eV y 3.5 eV, respectivamente. A partir del DOS observado para los
estados s, s* y t*, se muestra que la BV superior estd compuesta
predominantemente por los orbitales atomicos 2p (px, py. pz) de los aniones
de O y la parte inferior de la BC formado principalmente por los orbitales
atomicos 4d (dxz, dxy, dyz, d;%, di’-y?) de los cationes de Zr. Para el estado t*,
el desplazamiento del &tomo de Zr causa una ligera distorsion de los enlaces
Zr4-06, Zr4-010 y Zr2-01, lo que lleva a la creacion de estados electronicos
intermedios y una disminucion en el valor de “band gap”.

La combinacion de los célculos de energia superficiales de los estados
electronicos fundamental y excitado t* asociados con la construccion de
WuIff se ha utilizado para evaluar la morfologia de CaZrO3 ya que se ha
observado que las propiedades Opticas tales como fotoluminiscencia son
fuertemente dependientes de las caracteristicas estructurales y morfoldgicas
del cristal (Figura 4.17 y Figura 4.18). Hemos obviado realizar el mismo
calculo para s*, ya que su geometria, y por tanto de las superficies son muy
similares a la del s.
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Figura 4.17. Una representacion esquematica de las superficies y cllsteres

externos del estado s, s* y t* de CaZrO3; donde se representa la densidad de
espin (en amarillo).
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Figura 4.18. Morfologias de CaZrO; para los estados electronicos: a) s y b)
t*.

La morfologia ideal de CaZrO3 en estado fundamental s se describe a
través de las superficies (121), (100), (101), (001) y (010), mientras que en el
t* la superficie (010) no aparece en la morfologia ideal ya que su valor de
energia superficial es menos estable que en el estado s. Asimismo, se observa
una ligera modificacion en el orden de estabilidad de las superficies de los
estados s y t*, que es consistente con las configuraciones atomicas y la
coordinacion local de los &tomos para cada superficie. La modulacién de la
morfologia mediante disminucién/aumento en los valores de energia de
superficie para los estados s y t* de CaZrO3 se presentan en los apartados a y
b de la Figura 4.18, respectivamente.

Por otra parte, calculos tedricos para CaZrOs:Eu®* (12.5%) muestran
valores de “band gap” de 5.09 eV, 490 eV y 3.88 eV para s, s* y t*,
respectivamente. La reduccion de la energia de “gap” se debe a la densidad
de defectos en el material dopado correlacionado con los cambios
estructurales causados por la sustitucion de cationes Ca®* por cationes Eu®*
en el claster [CaOg].
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Un analisis del DOS muestra que los niveles superiores de la BV los
constituyen los aniones O, mientras que la BC se compone principalmente
por cationes de Zr y Eu con una pequefia contribucién de atomos de Ca.
Ademaés, se observa la degeneracion de las bandas tanto para la banda de
valencia maxima como para banda de conduccion minima, que son sensibles
al mecanismo de excitacion que generan los estados electronicos excitados
(Figura 4.19).
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Figure 4.19. DOS y estructura de bandas para el estado excitado t *.

Asimismo, la fotoluminiscencia presentada en CaZrOs:Eu®* puede estar
asociada la morfologia, ya que los defectos asociados con la concentracion
del Eu** causa defectos resultantes de la sustitucién como de la generacion de
vacantes de Ca®*". La morfologia de CaZrOs:Eu®* en estado t* se ha basado en
los valores de energia superficial para las superficies (001), (121), (100),
(011) y (1112), que se presenta en la Figura 4.20.
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Figura 4.20. Representacion esquematica de isosuperficies de densidad de
espin (en amarillo) calculadas para modelos del “bulk” y de superficies de
CazrOz:Eu®* (12.5%) en el estado de triplete (t *).

Los valores de energia superficial siguen el orden de estabilidad (111)>
(001)> (011)> (100)> (121) en estado s y (111)> (100)> (011)> (001)> (121)
en el estado electronico t*. La morfologia ideal de los estados electronicos s y
t* para CaZrOszEu®" se presentan en las Figuras 4.21a-b. Asimismo,
modificando el valor de la energia de las superficies usando el teorema de
Waulff es posible obtener otras morfologias para CaZrOs:Eu**.
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CazrOs: Eu®* (12.5%): (a) s y (b) t*
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La superficie (121) es la mas inestable para el material CaZrOs:Eu**, lo
que evidencia una inversion del orden de estabilidad en comparacion con el
CaZrOg3 puro (Figura 4.18), donde esta superficie se presenta con menor valor
de energia de superficie. Asimismo, en la difraccion de rayos X (Figura 4.22)
realizado para ambas muestras se observa un desplazamiento alrededor de
20=31.60 en la superficie (121), que sugiere el efecto de la insercion de
cationes Eu®* y vacantes de Ca®* para la obtencién de CaZrOsEu®'
produciendo cambios en los parametros de la red cristalina debido a la
diferencia en el radio iénico con respecto al de los cationes Ca**, que genera
trasformaciones en la estructura cristalina de CaZrOj3 y afecta principalmente
en este plano, como se puede observar a partir de la amplificacion del pico de
difraccion (Figura 4.22b).
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Figura 4.22. Difraccion de rayos X de los cristales (a) CaZrO3; puro con

planos indexados y CaZrOs.Eu®*" y (b) desplazamiento hacia la izquierda de
los picos (200), (121) y (002).
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5.Conclusiones






¢Puedo creer en la modelizacion y la simulacion?' Es una pregunta frecuente
tanto para los investigadores experimentales como teéricos. Responderla
requiere una comprensién profunda de las fortalezas y las limitaciones de la
modelizacién computacional y de los métodos de simulacion empleados, asi
como las técnicas experimentales y sus rangos de aplicacion. Es obligatorio
realizar un dialogo autocritico entre la teoria y experimento en lugar de hacer
ambos por separado y dar confianza incondicional en los resultados de tales
estudios de forma aislada. La combinacion de ambos proporciona un campo
fértil con oportunidades interesantes y una enorme gama de aplicaciones
potenciales. Es crucial para el modelizacién entender los puntos de interés
para experimentales, la complejidad de los sistemas quimicos y como
abordarlos de forma adecuado.

Las simulaciones basadas en la mecénica cuantica complementan los
experimentos y permiten entenderlos a nivel atdbmico, esto es pueden probar
hipétesis e interpretar y analizar datos en términos de interacciones a nivel
atbmico no disponibles experimentalmente. El empleo conjunto y la
comparacion de los resultados tedricos y experimentales también pueden
sugerir experimentos y simulaciones que pueden aumentar aln mas nuestro
conocimiento. Por lo tanto, los resultados que se obtiene de la simulacion
son sinérgicos con los que surgen de los nuevos experimentos, y a veces
abren el camino para resolver los problemas donde los experimentos no
pueden hacerlo. La mecéanica cuantica esta en el centro de este esfuerzo y
proporciona el marco para una descripcion de nivel atdbmico y molecular de
la estructura quimica y reactividad que forman la base para la interpretacion
de los datos experimentales y proporciona orientacién y guia para realizar
nuevos experimentos. Por lo tanto, hay una gran oportunidad para la
verdadera sinergia entre la teoria y experimento. Sin embargo, el punto de
encuentro comun deben ser las propiedades observables del sistema que se
pretende investigar. Los observables incluyen morfologia, geometria,
estructura electronica, las frecuencias vibracionales, cuando estén
disponibles, y toda esta informacion es muy atil que es el punto de encuentro
mas fructifero para la teoria y experimentar en ciencia de materiales y
nanotecnologia.

La morfologia es una propiedad clave de los materiales y para el
desarrollo de materiales funcionales es importante controlar su morfologia y
estructura, y el objetivo principal es comprender la quimica de la superficie,
una vez que muchos procesos fisicos y quimicos toman lugar en las
superficies. En la presente Tesis Doctoral se recogen un conjunto de
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articulos publicados en los cuales se alcanzan los resultados mediante el uso
conjunto de trabajos experimentales y tedricos.

Las principales conclusiones se pueden resumir de la siguiente manera:
(i) Hemos caracterizado las como las morfologias accesibles deel molibdato
de bario (BaMoQO,), wolframato de bario (BaWO,), soluciones solidas
BaWixMoO4 (x= 0.25, 0.5, 0.75), molibdato de calcio (CaMo0OQ,),
molibdato de zinc (ZnMoQ,), y zirconato de calcio (CaZrOs), aplicando la
construccién de Wulff y utilizando la teoria del funcional de densidad para
realizar a cabo los célculos de primeros principios, para obtener la energia
superficial de las diferentes superficies de estos materiales, con el objetivo
de proporcionar una guia cientifica para el control morfolégico de la sintesis
de estos (nano)materiales. (ii) Los resultados presentados aqui confirman
una variedad de morfologias que se pueden conseguir ajustando las
estabilidades superficiales, que dependen de los métodos de sintesis y las
condiciones de reaccion. Existe una correlacion entre la energia de la
superficie y la densidad de enlaces rotos en cada una de las diferentes
superficies. Asi, al analizar las imagenes de microscopia electronica, se
puede obtener una mayor comprension de cémo controlar la forma del cristal
sintéticamente ajustando la quimica de la superficie y controlando los
valores relativos de las energias superficiales. (iii) Hemos estudiado la
estructura y propiedades electrénicas de CaMoO,, la estabilidad de las
correspondientes superficies y sus transformaciones morfoldgicas. Esta
estrategia permite la prediccidn de posibles morfologias de otros materiales
inorganicos controlando los valores relativos de las energias de las
superficies, y explicar y racionalizar los resultados experimentales
encontrados en la literatura. Este enfoque tiene el potencial de ser
cuantitativo si se combina con medidas de morfologia, por ejemplo, las
obtenidas por TEM. Las morfologias experimentales se corresponden con las
morfologias de crecimiento calculadas, mientras que las morfologias de
equilibrio calculadas coincidieron con las observadas. (iv) Hemos
investigado y realizado una comparacion entre los resultados tedricos como
experimentales para comprender la influencia del dopante Eu** en la matriz
de ZnMoO, tanto en la geometria, estructura electronica como en la
morfologia. (v) Comprender los espectros de fotoluminiscencia, basados en
la localizacion y caracterizacion de los estados electronicos fundamental
(singlete, s) y excitados (singlete, s* y triplete, t*), utilizando estructuras
ideales y distorsionadas de CaZzrOs; puro y dopado con Eu®*". Ademés,
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correlacionar sus correspondientes geometrias, morfologias, estructuras
electronicas y frecuencias vibracionales.

Para finalizar debemos sefialar que este trabajo, que constituye la
presente Tesis Doctoral, se encuadra dentro de una linea de investigacion que
se viene llevando a cabo en colaboracion entre el grupo de Quimica Tedrica y
Computacional de la UJI, y el CDMF de la UFSCar desde hace casi 30 afios.
Esta colaboracion se basa en el siguiente pilar “Los avances en la
modelizacion y simulacién computacional, basados en la aplicaciéon de los
métodos y técnicas de la quimica teorica y computacional, se establecen
como una componente fundamental en la investigacion orientada y aplicada
en &reas como el disefio racional de solidos y (nano)materiales con
propiedades quimicas y fisicas innovadoras”. La continuacion de los trabajos
aqui presentados deberian abordar al menos los tres siguintes aspectos: (i)
Discenir si las morfologias observadas experimentalemente son impulsadas
por la termodinamica (morfologia de equilibrio), como se ha realizado en esta
Tesis Doctoral, o por la cinética (morfologia de crecimiento). Se necesitaran
simulaciones dindmicas para investigar el mecanismo de crecimiento. (ii)
incluir y evaluar sucesivamente la influencia del agua y/o la adsorcion de
impurezas en las superficies de los materiales estudiados, tanto en equilibrio
como durante el crecimiento de materiales durante la sintesis. De hecho, para
evaluar estos efectos de adsorcion en la morfologia del cristal, es
fundamental un analisis en profundidad de la estructura y la energética de las
caras de cristal actuando como sustratos. Las estructuras de las superficies
optimizadas que se han determinado en este trabajo se pueden utilizar para
calcular las energias de adsorcién liberadas cuando las moléculas de agua o
impurezas especificas se ponen en contacto con el cristal. (iii) incluir la
densidad de spin en los mapas de morfologia, lo que implicaria la
consideracion no solo de la energia superficial sino también la magnetizacion
de cada una de las superficies, en la que hubiera electrones desapareados, y
(iv) es necesario mejorar el método de calculo utilizado para caracterizar los
estados electrénicos excitados; el funcional de la densidad dependiente del
tiempo podria ser una buena opcion.

Conclusions

Can | believe in modeling and simulation? It is a frequent question for
both experimental and theoretical researchers. Answering it requires a deep
understanding of the strengths and limitations of computational modeling and
the simulation methods used, as well as the experimental techniques and their
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application ranges. It is mandatory to conduct a self-critical dialogue between
theory and experiment instead of doing both separately and giving
unconditional confidence in the results of such studies in isolation. The
combination of both provides a fertile field with interesting opportunities and
a huge range of potential applications. It is crucial for the modeling to
understand the points of interest for experimental, the complexity of the
chemical systems and how to approach them in an appropriate way.
Simulations based on quantum mechanics complement the experiments
and allow them to be understood at the atomic level, that is, they can test
hypotheses and interpret and analyze data in terms of interactions at the
atomic level that are not experimentally available. The joint use and the
comparison of the theoretical and experimental results can also suggest
experiments and simulations that can further increase our knowledge.
Therefore, the results obtained from the simulation are synergistic with those
that arise from the new experiments, and sometimes open the way to solve
problems where experiments can not do it. Quantum mechanics is at the
center of this effort and provides the framework for an atomic and molecular
level description of the chemical structure and reactivity that forms the basis
for the interpretation of experimental data and provides guidance and
guidance for conducting new experiments. Therefore, there is a great
opportunity for true synergy between theory and experiment. However, the
common point of convergence must be the observable properties of the
system to be investigated. The observables include morphology, geometry,
electronic structure, vibrational frequencies, when available, and all this
information is very useful which is the most fruitful meeting point for the
theory and to experiment in materials science and nanotechnology.
Morphology is a key property of materials and for the development of
functional materials it is important to control their morphology and structure,
and the main objective is to understand the chemistry of the surface, since
many physical and chemical processes take place on surfaces. In the present
Ph. D, a set of published articles are collected in which the results are
achieved through the joint use of experimental and theoretical works. The
main conclusions can be summarized as follows: (i) We characterized the
accessible morphologies of barium molybdate (BaMo0QO,), barium tungstate
(BawQy,), solid solutions BaW;xMoxO4 (x = 0.25, 0.5, 0.75) , calcium
molybdate (CaMo00,), zinc molybdate (ZnMoO,), and calcium zirconate
(CazrOs3), applying the Wulff construction and using the density functional
theory to perform the first principles calculations, to obtain the energy
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surface of the different surfaces of these materials, with the aim of providing
a scientific guide for the morphological control of the synthesis of these
(nano) materials. (ii) The results presented here confirm a variety of
morphologies that can be achieved by adjusting surface stabilities, which
depend on the synthesis methods and the reaction conditions. There is a
correlation between the energy of the surface and the density of broken links
in each of the different surfaces. Thus, by analyzing electron microscopy
images, a greater understanding of how to control the shape of the crystal can
be obtained synthetically by adjusting the chemistry of the surface and
controlling the relative values of the surface energies. (iii) We have studied
the structure and electronic properties of CaMoO,, the stability of the
corresponding surfaces and their morphological transformations. This
strategy allows the prediction of possible morphologies of other inorganic
materials by controlling the relative values of the surface energies, and
explaining and rationalizing the experimental results found in the literature.
This approach has the potential to be quantitative if is combined with
measurements of morphology, e.g., TEM. Experimental morphologies were
well-reproduced by calculated growth morphologies, while calculated
equilibrium morphologies matched those observed. (iv) We have investigated
and made a comparison between the theoretical and experimental results to
understand the influence of the Eu** dopant in the ZnMoO, matrix, both in
geometry, electronic structure and in morphology. (v) Understand the
photoluminescence spectra, based on the location and characterization of
fundamental (singlet, s) and excited electronic states (singlet, s * and triplet, t
*), using ideal and distorted structures of pure CaZrOs and doped with Eu®".
In addition, correlate their corresponding geometries, morphologies,
electronic structures and vibrational frequencies.

To conclude, we must point out that this work, which is the present
Doctoral Thesis, is part of a line of research that has been carried out in
collaboration between the Theoretical and Computational Chemistry Group
of the UJI, and the CDMF of the UFSCar since almost 30 years ago. This
collaboration is based on the following pillar "The advances in computer
modeling and simulation, based on the application of the methods and
techniques of theoretical and computational chemistry, are established as a
fundamental component in oriented and applied research in areas such as
rational design of solids and (nano)materials with innovative chemical and
physical properties ". The continuation of the works presented here should
address at least the following four aspects: (i) Discerning if the morphologies
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observed experimentally are driven by thermodynamics (equilibrium
morphology), as has been done in this Ph. D., or by kinetics (morphology of
growth). Dynamical simulations will be required to investigate the growth
mechanism at the root of this phenomenon. (ii) to include and evaluate the
influence of water and/or the adsorption of impurities on the surfaces of the
materials studied, both in equilibrium and during the growth of materials
during the synthesis. In fact, to evaluate these effects of adsorption on the
crystal morphology, an in-depth analysis of the structure and energetics of the
glass faces acting as substrates is fundamental. The optimized surface
structures that have been determined in this work can be used to calculate the
adsorption energies released when the water molecules or specific impurities
come into contact with the crystal. (iii) to include the spin density in the
morphology maps, which would imply the consideration not only of the
surface energy but also the magnetization of each of the surfaces, in which
there would be unpaired electrons, and (iv) it is necessary to improve the
calculation method used to characterize the excited electronic states; the
functional of the time-dependent density could be a good option.
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BaWO, crystals have been obtained by a co-precipitation method, and their structures were character-
ized by X-ray diffraction and Rietveld refinement techniques, while field emission scanning electron
microscopy was utilized to investigate the morphology of the as-synthesized aggregates. Geometries,
bulk electronic properties, surface energies, and surface tension of the obtained BaWO, crystals were
evaluated using first-principles quantum mechanical calculations, A theoretical model based on the
Wulff construction was introduced to explain possible crystal morphologies by tuning their surface
chemistry, which is related to the relative stability of the faceted crystals. Both the experimental and
theoretical data revealed the presence of (112), (001), and (100) facets with low values of surface energy
in the BaWO, crystals. The experimental morphologies of the as-synthesized samples are similar to the
theoretically obtained shapes when surface energy values for the (001) and (100) surfaces are increased
simultaneously.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

Barium tungstate (BaWQ,) crystals have attracted significant
interest from many research groups due to their potential appli-
cations in scintillation devices, batteries, capacitors, photo-
catalysts, and, in particular, photoluminescent materials [1-6]. In
recent years, various synthetic methods have been used to pro-
duce BaWO, crystals, such as co-precipitation (CP), sol-gel, mod-
ified Pechini, solid state reaction, solution route, Czochralski, so-
nochemical, and hydrothermal techniques [7-24],

BaWO0, is a semiconductor that belongs to the family of
scheelites with crystallized tetragonal structures having the space
group 144/, and symmetry C§;, in which Ba atoms are coordinated
to eight O atoms, while W atoms have tetragonal coordination of O
atoms; thus, the building blocks of the BaW0, crystal are delta-
hedral [BaOg] and tetrahedral [WO,] clusters [14,25-30]. Distor-
tions of these clusters caused by the deformations of W-0 and Ba-
0 bond distances as well as by tilting of 0-W-0 and 0-Ba-0 bond

* Corresponding author.
E-mail address: andres@uiji.es (J. Andrés),

http://dx.doi.org/10.1016/j.ceramint.2016.03.225
0272-8842/@ 2016 Elsevier Ltd and Techna Group S.rl. All rights reserved.

angles have a significant effect on their geometry, surface struc-
ture, and related properties [14]. Various theoretical studies have
been published on the geometry as well as electronic and optical
properties of BaWQ, [19,31-33].

Surface properties of materials strongly depend on their mor-
phology that is characterized by types and relative areas of various
crystal facets, which usually can be tuned by tailoring their facets
with different surface atomic arrangements and coordination. In
general, the most stable surfaces control the crystal growth process,
while less stable crystal facets contain large numbers of kink atoms
in high-index planes [34]. Thus, studying the morphology of micro-
and nanomaterials is an essential step in understanding their phy-
sical and chemical properties, while controlled synthesis of specific
morphologies is critical for enhancing their performance in practical
applications [35,36]. In particular, morphology-controlled syntheses
of BaWO, have been performed by various research groups [37-40].
Nevertheless, these methods are far from being optimized, and their
experimental aspects are still debated. In this context, experimental
surface energies cannot be readily attained, and computer modeling
and simulations are necessary to obtain surface characteristics of
BaWOQ,, which are powerful tools for exploring morphological
mechanisms at the atomistic/molecular level.
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Fig. 1. A polyhedral representation of the BaWO, unit cell. The local coordination corresponding to the deltahedral [BaOg| and tetrahedral [WO,] clusters is depicted for both

Ba and W atoms, respectively.

Using a specific methodology, which has been applied to study
morphologies of various metal oxides such as SnO; [41], PbMoO,4
[42], and CaWO, [43], we developed a combination of experi-
mental studies with first-principles calculations to deeper in-
vestigate electronic, structural, and energetic properties control-
ling the morphology and related transformation mechanisms of
various metals and metal oxides such as Ag, anatase TiO,, BaZr0Os,
and o-Ag; WO, [44] as well as Co304, Fe,03, and Iny04 [45]. Based
on the obtained results, we were able to explore facet-dependent
photocatalytic and antibacterial properties of a-Ag, WO, crystals
|46] as well as the relationship between the photoluminescence
and photocatalytic properties of Ag;PO, microcrystals [47] and
then identify and rationalize morphological, structural, and optical
properties of }-Ag,MoO, microcrystals [48]. These cited papers
contain a description of the method of calculating surface en-
ergies, which were used to characterize the corresponding surface
morphologies.

The main goal of this article is to investigate the morphology of
the as-synthesized BaWO, crystals characterized by X-ray dif-
fraction and Rietveld refinement and field emission scanning
electron microscopy techniques, as well as to simulate the crystal
shape possibilities using first-principles quantum mechanical cal-
culations based on the Wulff construction.

2. Experimental
2.1. Synthesis of BaW0, crystals

BaWQ, crystals were synthesized by a CP method at 353K in
aqueous solutions. A typical synthesis procedure for the BawQ,
crystals can be described as follows: 1 10 *mol of sodium
tungstate dihydrate (Na,WO0, 2H,0) (99.5% purity, Stream Che-
mical)and 1 10 * mol of barium nitrate [Ba(NOs),] (99% purity,
Sigma-Aldrich) salts were dissolved in two separate beakers con-
taining 50 mL of deionized water under constant stirring until it
reaches 353 K. Next, the barium nitrate solution was added to the
sodium tungstate dihydrate solution and maintained under agi-
tation at 353 K for 20 min. As a result, a white precipitate was
rapidly formed, which was washed with deionized water several
times. Finally, the obtained white precipitates were collected and
dried in a conventional furnace at 323 K for 8 h.

2.2. Characterization

BawQ0, crystals were structurally characterized by X-ray
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diffraction (XRD) using a DMax/2500PC diffractometer (Rigaku,
Japan) with Cu Kot radiation (4=1.5406 A) in a 2 range from 10°
to 110° with an angular step of 0.02°min . Rietveld refinement
[49] of the obtained XRD patterns was performed by using a
general structure analysis (GSAS) program [50]. The diffraction
peak profiles were adjusted by utilizing Thompson-Cox-Hastings
pseudo-Voigt (pV-TCH) and asymmetry functions as described by
Finger et al. [51] Strain anisotropy broadening was corrected by
applying a phenomenological model described by Stephens [52].
Morphologies of the synthesized BawO, crystals were studied
with a field-emission scanning electron microscope (FE-SEM)
(model Inspect F50, FEI Company, Hillsboro, OR) operated at 15 kV.

2.3, Computational methods and modeling

First-principles calculations were conducted within the fra-
mework of the density functional theory (DFT) using the CRYS-
TAL14 software package [53]. The gradient-corrected correlation
functional by Lee et al. [54] combined with the Becke's exchange
functional (B3LYP) [55] was used for all calculations, This method
has been successfully employed in various studies of bulk and
surface electronic and structural properties of perovskite [56,57],
tungstate [42,58,59], and molybdate-based materials [60]. Diag-
onalization of the Fock matrix was performed at adequate
k-points grids (Pack-Monkhorst 1976) in the reciprocal space.
The thresholds controlling the accuracy of the Coulomb and ex-
change integral calculations were set to 10 ® (ITOL1 to ITOL4)
and 10 " (ITOL5), respectively, whereas the percentage of Fock/
Kohn-Sham matrices mixing was set to 30 (IPMIX=30) [61]. The
W atoms were described by large-core effective core potentials
derived by Hay and Wadt and modified by Cora et al. [62], while
the O [63] and Ba [64] atoms were represented by the 6-31G*
basis set.

The surface energy, Eqyr [43,45], was calculated by using the
equation (Eg,,  NEpyy)[%A, where nE,y is the number of surface
molecular units multiplied by the energy of the bulk, Eap, is the
total energy of the surface slab per molecular unit, and A is the
surface area. The equilibrium shape of a crystal can be calculated
by utilizing Wulff constructions that minimize the total surface
free energy at a fixed volume, providing a simple relationship
between the surface energy, Eqy, of a (hkl) plane and its distance
from the center of the crystallite in the normal direction [65]. The
Visualization for Electronic and Structural Analysis (VESTA) pro-
gram [66] has been utilized to obtain morphologies of the BaW0,
crystals. Band structures were calculated for 80 k-points along the
appropriate high-symmetry paths of the adequate Brillouin zone.
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Fig. 2. Schematic representations of the (001), (101), (110), (100), (111), and (112) surfaces. The values of Ba-O and W-O bond distances are listed for the superficial Ba and W

atoms, respectively.
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Fig. 3. Rietveld refinements for the BaWQ, crystals.

Table 1
Calculated and experimental values of the lattice parameters (a and c) and atomic
coordinates of the Oy, O, and 0.

Data Cell parameters Oxygen coordinates

a(A) c(A) Oy 0, 0,
Theo. (this work) 5.5927 12.4055 0.2245 0.1219 0.04635
Exp. (this work) ~ 5.6149 12.7326 0.2295 0.1294 0.05024
Exp. [5 5.6102 127100 - - -
Exp. [2 5.6063 12.7107 0.76731 0.14013 0.08188
Exp. [6 5615(2) 12722 (4) 02422 (2) 01403 (3) 0.0369 (9)
Exp. [10] 5612 12706 - - -
Exp. [14] 55682 127702 - - -
Exp/theo. [19] 5.611 12.6885 0.2415 0.0086 02126
Theo [32,33] 5.61 1271 - - -
Exp. [77] 56034 126937  02336(4) 00976 (6) 0.0499 (6)

The density of state (DOS) was obtained to analyze the corre-
sponding electronic structures.

Based on the theoretical and experimental results, seven
models were constructed using a single conventional 1 1 1 cell
as a repeating unit to represent bulk and surface structures, First,
structural and electronic properties were calculated for a perfect
bulk BaWQy lattice (Fig. 1).

The representation of the BaWO, bulk structure is shown in
Fig. 1. The W atoms are coordinated to four O atoms, producing
tetrahedral [WOy,] clusters (with 4 vertices, 4 faces, and 6 edges).
Correspondingly, the Ba atoms are coordinated to eight O atoms,
resulting in a formation of [BaOg] clusters (with 8 vertices, 12 fa-
ces, and 18 edges) [67].

In the second step, different surfaces were modeled by using
unreconstructed (truncated bulk) [68] slab models with calculated
equilibrium geometries. The (001), (101), (110), (100), (111), and
(112) surfaces of Baw0, were simulated considering symmetrical
slabs (with respect to the mirror plane). All surfaces were termi-
nated with O planes; and after the corresponding optimization
process and thickness convergence tests, the resulting slab models
consisted of four molecular units containing 24 atoms, as shown in
Fig. 2.

Note that the (101), (111), and (112) surfaces are terminated
with W and O atoms, while the other listed surfaces are Ba-0
terminated. The W surface atoms are coordinated to three or four
0 atoms, forming [WOs] or [WOy] clusters, respectively, while the
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Ba surface atoms are coordinated to three, five, or six O atoms,
forming [BaOs), [BaOs] or [BaOg] clusters, respectively.

Present equilibrium morphology models are derived from cal-
culated surface energies [65,69,70] using the assumption that
crystal faces with lowest surface energies control the crystal
morphology [71-73]. Since surface stability depends on atomic
configurations of exposed facets [74], the local coordination of
both the W and Ba atoms controls the crystal morphology of
BaWO0, and corresponding behavior of each surface (as shown in
Fig. 2).

Another important aspect that should be considered when
studying solid materials is a distinction between the surface en-
ergy, Es, and the surface tension, . The surface tension is a
“surface stress” represented by a work force per unit area in the
surface layer [75,76]. The surface tension can be obtained using
the thermodynamic stability model described by the equation
a=0E./0A, where E,, is the total energy with contributions from
the particle bulk and surfaces. To calculate E.q, uniform dilation
with an area, AA (corresponding to a constant ratio between the
in-plane lattice parameters x:y) of the structure must be per-
formed while optimizing only the internal parameters (without
optimization of the in-plane cell parameters). Thus, Ey can be
calculated as Y2(Egap  NEpyy) for optimized structures and surfaces
after dilation. Therefore, by applying two-dimensional dilation to a
slab in the surface plane and calculating the total energy as pre-
viously described, a change in total energy (AE,y) after dilation
could be obtained for a given dilation area value.

3. Results and discussion
3.1. X-ray diffraction measurements and Rietveld refinements

The crystal structure, the lattice parameters and the atomic
positions were obtained by using the Rietveld refinement method
(Fig. 3). The calculated values for the BaWO0, structure are col-
lected in Table 1 and compared with experimental ones, as well as
with previous theoretical and experimental results [19,32,33].

The Rietveld refinement results indicate that the obtained dif-
fraction patterns for the BawO0, crystals match the corresponding
spectra in the Inorganic Crystal Structure Database (ICSD, card N°
250487) [77], as shown in Fig. 3, which compares the observed
patterns with the calculated ones. Low deviation values for the
statistical parameters Ry, Rp, Rpagg, and 1 (14.73%, 932%, 5.45%
and 1.29%, respectively) were found, which indicate good quality
of the structural refinements. The lattice parameters (a,
b=5.6149 A, c=12.7326 A and a=f=y=90°) estimated from the
refinements correspond to a tetragonal structure with space group
14,/, (N° 88) and four molecular formula units per unit cell (Z=4),
which confirms the applicability of the CP method to the synthesis
of BaWQ, crystals.

As can be observed in Table 1, the agreement of our calcula-
tions with the experiments is reasonably good, being the unit-cell
volume underestimated by 3.3% and the axial ratio c/a agrees
within 2.2%. In addition, our structural data are according to pre-
viously reported theoretical and experimental results.

3.2. Band structure and density of states

The band structures and projected DOS for atoms and orbitals
in the bulk BaWQ, and (001), (101), (110), (100), (111), and (112)
surfaces are presented in Fig. 4.

The analysis of the principal components of atomic orbitals
(AOs) for selected bands shows that the Baw0, valence band (VB)
mostly consists of 2py, 2py, and 2p; orbitals of the O atoms, with
the most important contribution coming from the 2p, orbitals. The
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Fig. 4. Calculated band structures and DOS for the (a) bulk BaWO, and (b) (001}, () (101), (d) (110), (e) (100), (f) (111), and (g) (112) surfaces.

lowest part of the conduction band (CB) is composed of the 5d,%,
5d,;, 50y, 5di2 y2, and 5d,, AOs of the W atoms, with the 5d,?
orbitals being the most important components for the bulk
BaWO,.

The band structure and DOS projected for the (001), (101),
(110), (100), (111), and (112) surfaces are shown in Fig. 4(b-g). The

gap energy, Eg,p, obtained for these surfaces is very similar to that
for the bulk crystal (see Table 2). However, the bands contributing
to the lowest part of the CB have different arrangements for each
studied surface, which affect the contribution of the W 5d orbitals
depending on the selected surface. It should be noted that the
(111) surface exhibits conducting behavior.
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Table 2
Calculated values of the surface energy, surface tension, gap energy, and change in
total energy (AE,y) for a given value of dilation area (AA) for each surface.

Surface  Eq(JJm?)  AE, (Hartree) AA(A*) o (Jm?)  EgpleV)
(112) 0.92 0.034 2350 0.73 6.60
(001) 1.02 0.034 1.263 0.57 6.52

(110) 1.10 0.034 1.982 0.85 6.45
(100) 122 0.039 2.803 1.09 6.47

(101) 1.31 0.039 1.537 091 617

(111) 2.06 0.020 4.161 2.58 Conductor

3.3. FE-SEM analyses and morphologies of the BaWO, crystals

The morphologies of the BaWOy, crystals obtained by FE-SEM
are depicted in Fig. 5.

As shown by the obtained experimental micrographs (Fig. 5)
[15], crystal morphologies can be modified by tuning surface en-
ergy values for various facets using the Wulff theorem and the
related construction method [65]. Taking into account the (001),
(101), (110), (100), (111), and (112) facets, various crystal
morphologies for BaWO, are displayed in Fig. 6.

Fig. 2 shows the local coordination (clusters) for both the Ba
and W atoms of the (001), (101), (110), (100), (111), and (112)
surfaces. One of the most pronounced differences between the
bulk and surface structural properties is that due to the reduced
coordination of the O atoms in the top layers, the resulting va-
cancies produce spacing between the adjacent layers, thus pro-
viding a change in the values of the surface energy, i.e. modifying
the stability of the surfaces to generate the corresponding mor-
phology [78].

This observation can be confirmed by the detailed analysis of
the results presented in Fig. 4, indicating small changes in the CB
for each studied surface as compared to the bulk. The Eg,, surface
values follow the order of stability for the BaWO, surfaces ob-
tained from the results of theoretical calculations, which is (112) >
(001) > (110) > (100) > (101) > (111). Recent works of Gao et al.
[78,79] revealed that the morphology of scheelite crystals present
predominantly the exposed (112), (001), and (100) surfaces, being
the (112) surface the most stable. This result agrees with our
present data and previous results reported in the literature
[80,81]. Table 2 lists the corresponding values of the surface en-
ergy and tension. The analysis of the obtained results reveals a
similar trend for the given values except for the most stable

Fig. 5. FE-SEM images of the BaWO, crystals.
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Fig. 6. Crystallographic structures and morphology map for the BaWO, crystals (the surface energy units are given in J/m?). The experimental FE-SEM images (inset) are

included for comparison.

surface, (112), which exhibits a higher value of surface tension
than that for (001). This phenomenon can be explained by noticing
that the (112) surface termination contains a large number of
undercoordinated atoms (relative to the bulk coordination) with
only three O atoms coordinated to each Ba atom. In addition, the
(101) surface is characterized by a low value of surface tension,
consistent with high stability due to six-coordinated Ba atoms,
which is observed only for the (001) and (101) surfaces.

The analysis of the theoretical results indicates that the most
stable surfaces are the (112), (001), and (100) facets [ 7879],
which can form a truncated octahedron corresponding to the ideal
morphology (shown in the central part of Fig. 6). When the re-
lative stability of the facets changes (increases or decreases), more
than one facet type appears in the resulting morphology, produ-
cing morphology variations. A truncated cube can be obtained if
the surface energy of (112) is increased to 1.20 J/m?, while a edge-
truncated octahedron can be produced when the surface energy of
(101) is decreased to 0.80 J/m? (see Fig. 6). Central part of some FE-
SEM images (shown in Fig. 5) is included in the left inset of Fig. 6,
which is the best well-faceted sighting to compare. A good
agreement between the experimental and theoretical morpholo-
gies is obtained when the values of surface energy for the (001)
and (100) facets increase simultaneously (see Fig. 6). Thus, varia-
tions in the ratio between values of surface energy affect the re-
lated morphologies and thus can be used to obtain correlations
with experimental results.

4. Conclusions
Crystal morphology is an important parameter for obtaining

high-quality crystals with excellent properties. BaWO, crystals
have been synthesized as representative members of scheelite-

based materials by using the CP method. XRD and Rietveld re-
finement were utilized to structurally characterize the obtained
samples, while FE-SEM was used to investigate the morphologies
of the as-synthesized structures. The geometry, electronic prop-
erties of the bulk, surface energies, and surface tension of the
BaWO, crystals were evaluated using first-principles quantum
mechanical calculations.

As a result of this work, the following conclusions were ob-
tained: i) By using the Wulff's theorem, a simple model was pro-
posed to determine surface energies of BAWO, crystals at atomic-
level resolution. ii) The proposed computational technique was
utilized to calculate equilibrium crystal morphologies. Using this
model, we were able to evaluate possible morphologies and
morphological transformations in BaWO, by controlling the ratio
between surface energy values of each facet. iii) The stability order
of the BaWO, surfaces obtained from the theoretical calculations
can be expressed as (112) > (001) > (110) > (100) > (101) > (111).
Our work indicates that the morphology of scheelite crystals have
(112), (001), and (100) as predominantly exposed surfaces, with
the (112) facet being the commonly exposed surface. iv) A trun-
cated octahedron corresponds to the ideal morphology predicted
for the BaWO, crystals by theoretical calculations. However, a
truncated cube or edge-truncated octahedron can be obtained due
to the destabilization of the (112) surface or stabilization of the
(101) surface, respectively. v) The obtained experimental and
theoretical morphologies are similar when the values of surface
energy for the (001) and (100) facets increase simultaneously.

Modulations of the BaWO, crystal morphologies resulting from
the theoretical simulations have been applied to explain the
changes observed at experimental conditions and clarify how the
knowledge of surface-specific properties can be utilized to design
crystal morphologies that exhibit improved performance in var-
ious applications. Using this knowledge, such modeling type can
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serve as a predictive tool to modify and ultimately control crystal
morphologies. Therefore, computational techniques combined
with experimental methods can be utilized to study morphologies
of materials that can profoundly affect their physical and chemical
properties as well as to improve the related performance of ma-
terials and innovate the material design.
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BaMoO, crystals were obtained by a co-precipitation
method, and their structures were characterized by X-ray
diffraction and Rietveld refinement techniques. Field emis-
sion scanning electron microscopy was utilized to inves-
tigate the morphology of the as-synthesized aggregates.-
Through systematic first principle calculations within the
density functional theory method at the B3LYP level, we in-
vestigated the structure; the surface stability of the (001),
(101), (m0), (100), (1), and (112) surfaces; and the morpholog-
ical transformations of BaMoO,. The relative surfaces en-
ergies were further varied to predict a complete map of the
available morphologies through a Wulff construction ap-
proach. This revealed that the obtained experimental and
theoretical morphologies coincided when the surface en-
ergy values of the (001) surface decreased while those of the
(100) and (101) facets increased simultaneously. Analysis of
the surface structures showed that the electronic proper-
ties were associated with the presence of undercoordinated
[Ba0,] (x= 4,5,and 6) and [MoO,] (y = 3) clusters. The pre-
sented results provide a comprehensive catalog of the mor-
phologies most likely to be present under realistic condi-
tions, and will serve as a starting point for future studies on
the surface chemistry of BaMoO, crystals.

1 Introduction

Barium molybdate (BaMoO,) is a prototypical member
of the molybdate family with a scheelite-type tetrag-
onal structure. This compound has been prepared by
a plethora of synthetic routes including solid-state
reactions, Czochralski techniques, spontaneous crys-
tallization, microwave-assisted synthesis, hydrothermal
synthesis, co-precipitation, microemulsion, and com-

634 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

plex polymerization. [1-15] Of these procedures, co-
precipitation has been demonstrated to be one of the
most effective approaches to synthesize inorganic com-
pounds with interesting morphologies and regular parti-
cle size. [16-23].

The morphology of a given material is related to the
stability of their various corresponding exposed surfaces,
which can be rigorously described by their surface en-
ergies. In this context, first principle calculations have
been gradually developed and employed for the study of
crystal morphology. This has enabled the understanding
of the atomic and electronic properties of a crystal sur-
face, which has provided some insight into the features
of single crystal facets relevant to subsequent technolog-
ical applications. [24, 25] In particular, these applications
for BaMoOj, can be further enhanced or optimized by tai-
loring the surface atomic structures. [26-28].

It is well known that the morphologies of BaMoO,
are sensitive to the synthesis conditions, and a num-
ber of different shapes of BaMoO, crystals have been
synthesized and studied such as penniform-like, [29]
flower-like, (30] nest-like, [31] and shuttle-like (32, 33]
shapes. Our group are engaged in a research project
devoted to developed and apply a working method-
ology, based on the joint use of experimental findings
and first-principles calculations, to obtain the elec-
tronic, structural and energetic properties controlling
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Fig.1 Rietveld refinements of the BaMoO, crystals synthesized at
80 °C using the co-precipitation method. ), XRD pattern using Cu
Ka radiation (A = 1.5406 A) in a 26 range from 10° to 110°.

the morphology and the transformation mechanism
of complex crystals. Very recently this strategy has
been used in BaWO; crystals. [34] This work follows a
joint experimental and theoretical strategy on another
scheelite based material, BaMoO; crystals, to obtain a
complete map of the morphologies available for this
material. In addition, based on these results, we are able
to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are
able to propose the path by which the experimental and
theoretical morphologies of BaMoO, can match.

This paper is divided into three sections. Next, our
results are presented and discussed and our main con-
clusions. Next, our results the experimental details and
the computational model and method used, are summa-
rized in the final section.

2 Results and discussion

2.1 X-Ray diffraction measurements and Rietveld
refinements

Figure 1 shows the Rietveld refinement plots for the
observed patterns versus the calculated patterns of
the BaMoO; crystals obtained using a co-precipitation
method.

The measured diffraction patterns were well adjusted
to the ICSD N°. 250487. (35] All the diffraction peaks can
be readily indexed to the pure scheelite-type tetragonal
structure of BaMoO, (space group: I4,/a). No additional
phase peaks were observed in the resolution range, in-
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dicating that the pure tetragonal phase BaMoO, can be
obtained. The strong and sharp diffraction peaks sug-
gested the synthesized crystals were well-crystallized. To
confirm that the structure of the BaMoO, crystals was
tetragonal and to determine the lattice parameters, cell
volume, and atomic coordinates, a structural refine-
ment using the Rietveld method was performed for the
BaMoOj crystals.

The quality of the structural refinement was checked
using the statistical parameters Ry, Rprge Ry, and y*
(12.50%, 5.78%, 8.67% and 1.36%, respectively). The
low deviations of these parameters, which indicates the
good quality of the structural refinement and numerical
results. A previous work, including structural refinement
data, showed that all the (Ba,.(Sr,)MoO; crystals were
crystallized in a scheelite-type tetragonal structure with
the 14;/a space group, and four molecular formula per
unit-cell (Z= 4). [35] Our results (@, b= 5.5830(9) A, c=
12.8270(7) A) closely agree with the lattice parameters
reported for x = 0 of the solid solution, namely a, b =
5.58483(2) A, ¢ = 12.82922(9) A. Variations in the atomic
coordinates related to oxygen atoms were observed in
Table 1. This is possible because the Ba and Mo positions
were fixed by the crystal symmetry and only the atomic
positions for oxygen were refined. [36].

Figure 2 illustrates a schematic representation of a
single conventional 1x1x1 cell for BaMoO,. The lattice
parameters and atomic positions were confirmed using
Rietveld refinement to model this unit cell. In terms of
cluster organization, the Mo atoms are surrounded by
four oxygen atoms [MoOy] in a tetrahedral configuration
and Ba atoms are surrounded by eight oxygen atoms in a
deltahedral configuration [BaOy]. [8].

For comparison purposes, the calculated and experi-
mental values of the lattice parameters (a and ¢) and the
atomic coordinates of the oxygen atoms are presented in
Table 1.

These results are in good agreement with previous
experimental observations and calculations. [14, 35, 37-
44]. In addition, theoretical and experimental results can
be compared with previous studies of other scheelite-
type materials, [45, 46] where the calculations describe
precisely the evolution of the crystal structure on pres-
sure phases and help to understand the electronic and
structural properties.

2.2 Surface study
The surface energy values, Eq,q, for (001), (101), (110),

(100), (111), and (112) surfaces were calculated in order
to correlate the theoretical and experimental studies.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 635
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Table 1 Calculated and experimental values of the lattice parameters (a and c) and atomic coordinates x, y, z of the oxygen.

Theo. (this work) 55927 12.4055
Exp. (this work) 5.583(09) 12.827(07)
Exp. [35] 5.5848 12.8292
Theo (37, 38] 5.5364 27153
Exp. [39] 55479 127432
Exp. [40] 5.5622 12.8188
Exp. [41, 42] 5.5877 12.8067
Exp. [43] 5573 12786
Exp. [44] 5.580 12.810
Ep. [14] 5.5802 12.821
Interatomic distance('A) Calculated

Ba-0 27249

Ba-0 27610

Mo-0 17855

0.2311 01218 0.0460
0.233(29) 0.126(67) 0.057(48)
0.2283 0.1353 0.0489
Experimental Difference
2.718(40) —0.006
2.848(42) 0.087
1.708(97) —0.076

Fig.2 Apolyhedral representation of the BaMoO4 unit cell. The lo-
cal coordination corresponding to the deltahedral [BaOg] and tetra-
hedral [MoO,] clusters is depicted for both the Ba and Mo atoms,
respectively.

Surface energy is defined as the energy per unit area
required for forming the surface relative to the bulk and
is calculated according to:

_ Esiap — nEpu

Esur/ 24

636 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where Eg,p is the total energy of the 2D slab, nEyyy is
the energy of the corresponding amount of the bulk
BaMoO; units, and A represents the surface area, which
is created on each side of the 2D slab and is repeated
periodically. After the corresponding optimization pro-
cess and convergence tests in thickness, slab models
consisting of four molecular units containing 24 atoms
were obtained. All these surfaces are presented in figure
3 with the coordination number, i.e., clusters of the most
exposed Ba and Mo atoms.

Considering the surface atom distributions, we note
that the surfaces (101), (111), and (112) are exposed to a
vacuum by the Mo and O atoms, while the (001), (100),
and (110) surfaces are exposed by the Ba and O atoms.
Exposed Mo atoms can be coordinated to three or four
oxygen atoms, forming [MoOs] or [MoO,] clusters, re-
spectively. Exposed Ba atoms can be coordinated to four,
five, or six oxygen atoms, forming [BaO,], [BaOs], or
[BaOg] clusters, respectively.

Analysis of the results shows that the most stable sur-
face, the (001) surface, presents exposed [BaOg] clusters,
corresponding to the presence of two oxygen vacancies
compared to the bulk. However, in the (100), (110), (101),
and (111) surfaces there are undercoordinated [BaOs)
clusters associated to the presence of three oxygen
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vacancies. On the (112) surface there are four oxygen va-
cancies, i.e., undercoordination at [BaO,]. Only the (111)
surface presents [MoOj] clusters, implying a breaking of
a Mo-0 bond compared to the bulk. Since the bonding
interaction of a Mo-O bond is stronger than a Ba-O
bond, the stability of this surface is reduced compared
to the rest of the surfaces.

2.3 Morphologies of the BaMoO, crystals

The conventional approach to the quantitative study of
morphology is through the determination of the surface
energy of each surface, as defined by the Wulff construc-
tion [47-49] using the ab initio calculated surface en-
ergies. From the Wulff construction, it is derived that
the surfaces with the lowest surface energies control the
crystal morphology of BaMoOy. [42, 43].

The FE-SEM images of the BaMoO; crystals synthe-
sized at 80 °C by the co-precipitation method are shown
in figure 4. The micro-structured BaMoOj crystals were
obtained immediately after the reaction between the
(Ba**) and (MoO,*) ions. The speed of nucleation was
very fast.

The BaMoOj, crystals exhibited a large quantity of
particles with an agglomerate nature and polydisperse
sizes. The particles were of a considerable length with
a surface with many notches and well-formed perpen-
dicular branches (see figure 4).

The order of the stability of the BaMoO, surfaces ac-
cording to the theoretical calculations is (001) > (112) >
(100) > (110) > (101) > (111) and the ideal morphology
of BaMoOj is controlled by (001), (112), and (100), be-
ing their contribution 15.1%, 70.9%, and 14.0%, respec-
tively. Based on the results of the experimental micro-
graphs (see figure 4), it is possible to modify the ideal
morphology by tuning the values for the surface en-
ergies of the different facets using the Wulff construc-
tion. [47-50] Analysis of the theoretical results showed
that when the relative stability of the facets changes (in-
creases or decreases), more than one type of facet will
appear in the resulting morphology. The available mor-
phologies reflecting a change in the values of the surface
energy, i.e., modifying the stability of the surfaces to gen-
erate the corresponding morphology, are depicted in fig-
ure 5. In order to obtain a similar morphology to the ex-
perimental FE-SEM images, the values of the surface en-
ergy for the (001) were increased and the surface energy
for (100) and (101) decreases, simultaneously (see right-
hand side of figure 5).

Recently, Gao et al. [51] reported that the surfaces of
scheelite crystal have predominantly exposed surfaces,

638 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(001), (112), and (100) in the morphologies, with the (112)
crystal surface as the most commonly exposed surface.
[52-54] This result is in agreement with present result
our and whose obtained in the previous study on BaWo,.
[34] A comparison between BaWO, and BaMoO, shows
that ideal morphology of both scheelites is similar. How-
ever, the experimental FE-SEM images are different for
both materials, i.e. 99.5% contribution of (112), 0.4% of
(100) and 0.1% of (001) in BaWO, while 46.5% of (101),
46.9% of (100), 5.8% of (112) and 0.8% of (001) are found
for BaMoO,.

Another important aspect that should be considered
when studying solid materials is a distinction between
the surface energy, Ej,;; and the surface tension, o. The
surface tension is "surface stress” represented by a work
force per unit area in the surface layer. [55, 56] The sur-
face tension can be obtained using the thermodynamic
stability model described by the equation ¢ = 0Eo /04,
where Ey is the total energy with contributions from the
particle bulk and surfaces. To calculate E,, the uniform
dilation with area AA (corresponding to a constant ratio
between the in-plane lattice parameters, x:y) of the struc-
ture must be calculated while optimizing only the in-
ternal parameters (without optimization of the in-plane
cell parameters). Thus, E, can be calculated as Y2(Eqp
- nEy) for optimized structures and surfaces after di-
lation. Therefore, by applying two-dimensional dilation
to a slab in the surface plane and calculating the total
energy as previously described, a change in the total en-
ergy (AE,y) after dilation was obtained for a given dila-
tion area. The values for the surface energy and tension
are listed in Table 2.

The results collected in Table 2 show that the surface
(101) presents a low value of surface tension, consistent
with the stability provided by the six-fold coordination of
the Ba atom. Evidence of this was only observed for the
(001) and (101) surfaces.

Growth in the <001> direction, the most stable sur-
face, can be related to the differences in the surface en-
ergy, which can drive the morphology of products with
high tropism. The interaction of small particles may
have promoted growth of the crystals, forming large mi-
crostructures by self-assembly due to Oswald’s ripening,
because so many notches can be seen on the surface of
the crystals. [33, 57, 58].

The surface relaxation energy values, which are
associated with concerted layer breathing due to the
loss of atomic coordination, can be observed in Table
2. The (112) and (110) surfaces are found to be the
most prone to relax. The coordination number of the
exposed Ba atom is reduced to the middle, [BaO,],
compared to the bulk in the (112) surface, while the
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Fig. 4 FE-SEM images of the BaMoO, crystals.

Table 2 The calculated values of the surface energy, surface tension, change in total energy (AE) for the area dilation (AA),

relaxation energy, and gap energy, for each surface.

surface Equf ()/m?) Ay (Hartree) AA(R?) o ()/m?) Relaxation (%) Egap (eV)

(001) 0.99 0.035 1273 054 6 5.69

m2) 1.02 0.032 2385 0.85 62 5.81

(100) 17 0.039 2853 1.04 30 538

(no) 123 0.033 2.017 1.01 61 5.63

(101) 134 0.039 1562 0.94 37 5.09

(m) 2.23 0.016 4.231 251 1 Conductor
[BaOs] cluster has the longest Ba-O distance (2.834 A) in The calculated band structure and total DOS pro-
(110). jected on atoms for the (001), (112), (100), (110), (101),

and (111) surfaces and the bulk BaMoO, crystal are

shown in figure 6 (a-g). It can be easily seen that the up-

per valence band is composed predominantly of the O
2.4 Band structure for the BaMoO, bulk and surfaces 2p states and the bottom of conduction band is mainly

attributed to the Mo 4d states and the O 2p states. Based
The band structures of the BaMoO, were calculated for ~ on the literature, AMO, oxides with a scheelite structure,
80 k-points along the appropriate high-symmetry paths ~ suchas BaMoOj, contain an M cation exhibiting the clos-
of the adequate Brillouin zone. Diagrams of the density ~ est valence to the nominal value of 6+, showing the cova-
of state (DOS) were obtained analysis of the correspond-  lent property of the crystals, which is mainly contributed
ing electronic structures shown in figure 6. by the Mo-O bond. [39].
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Fig.5 Crystallographic structures and morphology map for the BaMoO, crystals (the surface energy units are given in J/m?). The exper-

imental FE-SEM images (inset) are included for comparison.

In relation to the band structures, the differences in
the structural properties of the bulk and the surfaces
can be observed. This is due to the reduced coordina-
tion of the O atoms in the top layers, which causes spac-
ing between the adjacent layers due to vacancies. The
coordination numbers for the exposed metal atoms are
presented in figure 3. The essential features of the differ-
ent surfaces remain constant but significant differences
in the distribution of the electronic states is observed for

640 (©2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the (001), (100), (110), and (101) surfaces, where the re-
duced coordination environment of the surface termi-
nated oxygen atoms gives rise to a split-off feature in
the O 2p and Mo 4d partial DOS at the bottom of the
conduction band. Surface states reduce the bulk band
gap (5.8 eV) by 0.1-0.7 eV depending on the specific sur-
face, as can be observed in Table 2. At this stage, a note
of caution is mandatory, it is well known that DFT ap-
proach underestimates the band gap energy due to its
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Fig. 6 Calculated band structures and DOS for (a) bulk BaMoO, and the (b) (001), (c) (112), (d) (100), (e) (110}, (f) (101), and (g) (112) surfaces.
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independent particle picture. [59-62] All surfaces present
an insulating band gap except for the (111) surface,
which has a large surface energy value and exhibits a
conducting behavior. This can be attributed to the three
oxygen vacancies in the undercoordinated [BaOs] cluster
and one of them in [MoO;] cluster, being the Mo-O inter-
action more covalent than Ba-O interaction. This result
is similar than in scheelite BAWO, system. [34].

3 Conclusion

Systematic DFT calculations were carried out to study
the structure, surface stability (involving the (001), (101),
(110), (100), (111), and (112) surfaces), and morphologi-
cal transformations of BaMoO,. The experimental sim-
ulations complemented the FE-SEM techniques used
to investigate the morphology of the as-synthesized
BaMoO, aggregates.

The main conclusions of this work can be summa-
rized as follows. i) A simple preparation route using a co-
precipitation method can provide an effective process to
synthesize inorganic compounds with interesting mor-
phologies and regular particle sizes with an easy han-
dling process and a short reaction time. ii) The building
blocks of the BaMoO, structure were deltahedral [BaOg]
and [MoOy] clusters, i.e., a local coordination structure
for both the Ba and Mo atoms. iii) The order of stability
of the BaMoO, surfaces according to theoretical calcula-
tions was (001) > (112) > (100) > (110) > (101) > (111).iv)
The calculated morphology of the BaMoO, based on the
Wulff construction was (112) (70.9%), (001) (15.1%), and
(100) (14.0%) with the (112) crystal surface as the com-
monly exposed surface. v) The relative energetics of all
the surface structures were modulated to obtain a com-
plete map of the morphologies available for BaMoO;,
which enabled us to identify where the observed mor-
phology from the FE-SEM images was located on this
map. vi) The obtained experimental and theoretical mor-
phologies coincided when the value of the surface energy
for the (001) surface decreased while that of the (100) and
(101) surfaces simultaneously increased. vi) Analysis of
the surface structures suggested that the electronic prop-
erties could be associated with the presence of underco-
ordinated [BaO,] (x=4, 5, and 6) and [MoOy] (y =3) clus-
ters. vi) Finally, the present study could serve as an ap-
propriate model to clarify how knowledge about surface-
specific properties could be utilized to design crystal
morphologies that exhibit improved performances in
various applications.
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4 Experimental section

Synthesis of the BaMoOy crystals: BaMoOy crystals were
synthesized by a simple co-precipitation route at 80 °C.
All chemical reagents were of analytical grade and were
used without further treatment. Sodium molybdate di-
hydrate (1x10® mol) (Na,M00,.2H,0, Strem Chemicals,
99.95%) was dissolved in 50 mL of distilled water at 80 °C
with vigorous stirring. Then, barium nitrate (1 x 10 mol)
(Ba(NO;),, Sigma-Aldrich, 99%), solubilized in 50 mL of
distilled water at 80 °C, was added under constant stir-
ring. The pH of the solution was maintained at 7, and the
temperature was maintained at 80 °C. Then, there was
arapid formation of a white precipitate. This precipitate
was washed with distilled water several times. Finally, it
was collected and dried in a conventional furnace at 323
Kfor8h.

Characterization of the BaMoO,: The phase com-
position of the as-prepared sample was detected by
X-ray powder diffraction (XRD, D/MAX/2500PC, Rigaku,
Japan), operating at 40 kV and 150 mA, Cu Ke radiation (1
=1.5406A) ina2 range from 10° to 110° with a scan rate
of 0.02°/min. Rietveld refinement [63] of the measured
XRD pattern was carried out using the general structure
analysis (GSAS) program. [64] The diffraction peak pro-
files were adjusted using the Thompson-Cox-Hastings
pseudo-Voigt (pV-TCH) function and by an asymmetry
function, as described by Finger et al. [65] The back-
ground was corrected using a Chebyschev polynomial
of the first order. The strain anisotropy broadening was
corrected using the phenomenological model described
by Stephens. [66] A field-emission scanning electron mi-
croscope (FE-SEM, Inspect F50, FEI Company, Hillsboro,
OR) was used to observe the morphology of the particles.

Theoretical Calculations: In this work, we simulated,
considering symmetrical slabs (with respect to the mir-
ror plane), the (001), (101), (110), (100), (111), and (112)
surfaces of BaMoO,, Morphology studies have been car-
ried out on various metal oxides such as PbMoOy,, [67]
CaWOy, [68] a-Ag, WO, [24] and AgzPOy, [69] as well as
Co304, Fe,03, In, 03, [25] @-Ag;Mo0y, [70] and BaWO,.
[34] All these studies have shown a combination of ex-
perimental and theoretical insights into the electronic,
structural, and energetic properties controlling the mor-
phology and transformation mechanisms, and the cor-
responding computational methodology, based on the
Wulff construction, can be found in these papers.

The calculations were carried out with the CRYS-
TAL14 computer program [71] within the framework
of the density functional theory (DFT) with the hybrid
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functional B3LYP. [72, 73] The atomic centers were de-
scribed using the basis sets for the Mo [74] pseudopoten-
tial, and the O [74] and Ba [75] (6-31G* basis set) were de-
scribed by the standards, respectively. The Brillouin zone
was sampled using the Monkhorst-Pack method and at
different k-point grids according to the system size. The
thresholds controlling the accuracy of the calculation of
the Coulomb and exchange integrals were set to 10°°
(ITOL1 to ITOL4) and 10'* (ITOLS5), which assures a con-
vergence in total energy better than 107 a.u., whereas the
percentage of Fock/Kohn-Sham matrix mixing was set to
40 (IPMIX = 40). [76].
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Abstract

The design of a solid solution with tunable electro-optical properties and multifunctionality is a promising
strategy for developing novel materials. In this work, BaW:.sMo,0z (x=0, 0.25, 0.5, 0.75, and 1) solid
solutions have been successfully prepared for the first time by a co-precipitation method. Their crystal
structure and phase composition were determined by X-ray diffraction and Rietveld refinements. Fourier
transform infrared and micro Raman spectroscopy in combination with field-emission scanning electron
microscopy (FE-SEM) were used to describe the microstructures and chemical compositions of the
synthesized materials. The influence of chemical composition on morphology and photoluminescence
(PL) emission has been analyzed. The geometry, electronic structures, and morphologies of BaW1.xMo04
(x=0, 0.25, 0.5, 0.75, and 1) solid solutions were investigated by first-principles quantum-mechanical
calculations based on the density functional theory. By using Wulff construction and the values of the
surface energies for the (112), (001), (110), (101), (100), and (111) surfaces, a complete map of the
available morphologies for the BaW;.MoxOs solid solutions was obtained. These results show a
qualitative agreement between the experimental morphologies obtained using the FE-SEM images and
the computational models. The substitution of W* by Mo® enhances the electron-transfer process due
to a stronger Mo(4d)-O(2p) hybridization compared to W(5d)-O(2p) for the W/Mo-0 superficial bonds,
and is responsible for the change in morphology from BaWOa to BaMoOa. Such a fundamental study,
which combines multiple experimental methods and first-principles calculations, has provided valuable
insight into obtaining a basic understanding of the local structures, bonding, morphologies, band gaps,
and electronic and optical properties of the BaWixMo0.0s (x=0, 0.25, 0.5, 0.75, and 1) solid solutions.

[MoOx] or [WO4] clusters. The alkaline earth bivalent metal cations,

1. Introduction

Alkaline earth molybdate and tungstate (AMoO: and AWOq, A =
Ba, Sr, or Ca) are inorganic compounds having the scheelite-type
ABOj structure, and exhibit interesting properties for a wide range
of applications such as scintillators, luminescent materials, electro-
optical devices, and catalysts 1], (2], 3], [4], [5).

From a structural point of view, in the tetragonal scheelite
structure (space group 141/a), each hexavalent metal cation, Mo®*
or W, is tetrahedrally coordinated to four oxygen anions, yielding

A%, are located between these tetrahedral clusters, forming an
eightfold coordination with the oxygen anions, i.e., [AQs] clusters
[6] or [MoO.]/[WO:] clusters being the building blocks of their 3-D
structures, The versatility of this family of complex oxide crystals is
owing to the fact that their physical and chemical properties
depend on their composition, which in turn allows the tuning of the
final properties by changing the chemical composition. Very
recently, L. Liu et al. [7] have obtained different morphologies by
adjusting the relative concentrations of solute, water, and ethanol,
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while the mechanisms through which these morphologies were
formed have been analyzed by using in situ scanning electron
microscopy and atomic farce microscopy.

Our group has been engaged in a research project devoted to
the study of the structural, morphological, and optical properties of
BaWO: [8] and BaMaoOa [9] micrecrystals by using a combination of
theoretical calculations and experimental techniques [10]. As an
extension of these studies, in this work, we focus our attention on
BaWy.\Mo,0, solid solutions, in which both Baw0. and BaMoO.
have the scheelite structure. When the WE cations in BaWO. are
partially replaced by the Mo cations, the formation of a BaW,.
WMo,04 salid solution is expected, and its structural, electronic, and
optical properties can be tailored over a broad range, with the
Mao/W ratio 0< x <1, opening the door to finding new materials that
can exhibit a wide range of technologically relevant properties.
Recently, Bouzidi et al. [11] have prepared BaW:.Mo.0: solid
solutions (% = 0.00, 0.05, 0.10, 0.15, and 0.20) by a solid state
reaction method, while Vidya [12] have prepared
AMogsWas0s (where A=Ba, Sr, or Ca) by a single-step modified

et al

combustion technique.

Based on the above considerations, in this work, we seek to
fulfill a four-fold objective. The first is to report, for the first time,
the synthesis of novel BaW,,Mo,04 (x=0, 0.25, 0.5, 0.75, and 1)
solid solutions by employing a co-precipitation method. Secondly,
X-ray diffraction (XRD), Fourier transform infrared (FT-IR), and micro
Raman (MR) spectroscopy, in combination with field-emission
scanning electron microscopy (FE-SEM) and Rietveld refinements,
were employed to characterize the samples and determine the
effect of their chemical compesition on the morphology and
photoluminescence (PL) emissions. The third aim is to investigate
the geometry, electronic structure, and properties of BaWi.,Mo,0s
using the density functional theory (DFT). The fourth aim is to apply
a joint experimental and theoretical strategy developed by us to
obtain a complete map of the morphelogies available for the BaW,.
Mo,0s solid solutions. Based on 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 theoretical morphologies of the BaW,.
«Mo,04 solid solutions match. We believe that these novel results
are of significant relevance, since they may inspire the efficient
synthesis of these and related molybdate/tungstate solid solutions
and provide critical information to expand our fundamental
understanding of the effect of substitution of W by Mo in these
compounds.

This paper contains three more sections. The next section is the
experimental section (synthesis and characterization), where the
computational details are given. In section three, the results are
presented and discussed. The main conclusions are summarized in
the fourth and final section,

2. Experimental procedures
2.1. Synthesis

BaWi.Mox0s (x = 0, 0.25, 0.50, 0.75, and 1) solid
solutions were synthesized by a co-precipitation method at

2|
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80 "C. Sodium tungstate dihydrate (Na;W0..2H:0, Stream
Chemical, 99.5%, 1x10° mol) and sodium molybdate
dihydrate (Na:Mo04.2H20, Stream Chemical, 99.95%, 1x10*
maol) were dissolved in 50 mL of distilled water at 80 °C by
vigorous stirring. Then, 1 x 107 mol of barium nitrate
[Ba(NOa)z, Sigma-Aldrich, 99%], solubilized in 50 mL of
distilled water at 80 °C, was added to the previously
mentioned solution, The solution was maintained at 80 *C
until the BaW:..Mox0s crystals precipitated. This precipitate
was washed with distilled water several times, collected, and
dried in a conventional furnace at 50 °C for 8 h,

2.2. Characterization

To determine the phase composition and crystal
structure of the as-synthesized BaWi.Mo.0a (x = 0, 0.25,
0.50, 0.75, and 1) crystals, X-ray powder diffraction (XRD)
was employed in combination with Rietveld refinements [13]
and the General Structure Analysis System program [14]. The
measurements were carried out using a D/MAX/2500PC
diffractometer (Rigaku, lapan) operating at 40 kV and 150
m with CuKa radiation (A= 1.5406A) in the 2 range 10° to
110° at a scan rate of 0.02°/min. The diffraction peak profiles
were adjusted using the Thompson=Cox=Hastings pseudo-
Voigt (pV-TCH) function and an asymmetry function
described by Finger et al. [15]. The background was
corrected using a Chebyshev polynomial of the first order.
The strain anisotropy broadening was corrected using the
phenomenological model described by Stephens [16]. The
high-gquality powder diffraction data in combination with the
Rietveld method allowed the refinement of a structural
model (atomic coordinates, site occupancies, and atomic
displacement parameters), as well as the profile parameters
(lattice constants, peak shape, sample height, and
background).

The morphologies of the particles were observed with a
field-emission scanning electron  microscope, model
InspectF50 (FEI Company, Hillshoro, USA), operated at 15 kV.
The Fourier transform infrared spectroscopy (FT-IR) patterns
were recorded in the range 250=1100 cm™ using KBr pellets
as a reference in a Bomen-Michelson spectrophotometer in
the transmittance mode (model MB-102). Micro Raman (MR)
spectroscopy was conducted on a Horiba lobin-Yvon (Japan)
spectrometer 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 mW. The spectra
were measured in the range 48-1100 cm™. The PL spectra
were measured with a Monospec 27 monochromator
[Thermal Jarrel Ash, United States) coupled to a R446
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photomultiplier (Hamamatsu Photonics, Japan). A Kr ion
laser (Coherent Innova 200 K, United States) (A = 350 nm)
was used as the excitation source. The incident laser beam
power on the sample was maintained at 15 mw. All the
measurements were performed at room temperature.

2.3. Computational details

Quantum-mechanical calculations using DFT at the B3LYP
hybrid functional level [17], [18] have been carried out by
means of the CRYSTALL4 computer code [19]. This method
has been successfully employed in various studies of the bulk
and surface electronic and structural properties of perovskite
[20], [21], molybdate [22], [23], [9], and tungstate based
materials [24], [25], [26], [8], as well as Ag:Cr0a [27], and
LaV04 [28).

The atomic centers were described using pseudopotential
basis sets for the Mo [29] atom and large-core effective core
potentials derived by Hay and Wadt, modified by Cora et
al.[30] for the W atom; while the O [31] and Ba [32] atoms
were described by the standard all-electron-basis sets (6-
31G* basis set).

The irreducible edge of the Brillouin zones was sampled
using the Monkhorst—Pack method [33] at different k-point
grids according to the system size. The thresholds controlling
the accuracy of the calculation of the Coulomb and exchange
integrals were set to 107 (ITOL1 to ITOL4) and 10°** (ITOLS),
which assures a convergence in total energy better than 107
a.u., whereas the percentage of Fock/Kohn-Sham matrix
mixing was set to 40 (IPMIX = 40) for the calculation of the
equilibrium geometries and electronic properties of the
BaW1«Mo.0a structures.

The initial cell and atomic position parameters used in
the optimization process were taken from the results of
Rietveld refinements of BaWQs and BaMoQa. The scheelite
structure is characterized by barium atoms bonded to eight
oxygen atoms, resulting in [BaOg] bisdisphenoid clusters, and
the molybdenum or tungsten atoms coordinated to four
oxygen atoms in a tetrahedral configuration, i.e., forming
[MoO4] or [WO4] clusters.

The scheelite BaWO. conventional unit cell containing 24
atoms is showed in Fig. 1(a). There are four W atoms in the
structure generated from the 4a Wyckoff position by
symmetry operations.

In order to investigate the energetics of the Mo™
distribution, several representative cells were generated,
differing in the positions of the Mo® cations. In the most
stable arrangement, the Mo® ions lie far apart, and the
corresponding structures for BaWi..Mo,0s (x=0.25, 0.5, 0.75,

and 1) are depicted in Fig. 1(b), 1(c), 1(d), and 1(e),

o) h.&

respectively.
a) b) &)
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Figure 1. Unit cell representation of BaWi.«Mo.Os crystals: (a)
¥ =0, (b) x=0.25, (c) x =0.50, {d) x = 0.75, and (e) x=1. The
constituent clusters: [MoOa], [WQ4] and [BaOs| are depicted.

The surface models containing 4, 4, 4, 8, 4, and 4
molecular units for the (001), (101), (110), (100), (111}, and
(112) surfaces of BaW1.Mox0a (x= 0, 0.25, 0.50, 0.75, and 1),
respectively, were used in the calculations, and are shown in
Fig. 2. These surfaces were modeled using symmetrical slabs
{with respect to the mirror plane), and all of them were
terminated with the O planes. After the corresponding
optimization process and thickness convergence tests, the
resulting slab models consisted of four molecular units
containing 24 ions on the (001), (101), (110), (111}, and (112)
surfaces, while the (100) surface was modeled containing 48
ions, considering a thickness of the surface not lower than 7

A.

Surfaces Bi'M,Mu 0y

%%%%%i

A AT
%%%ﬁﬁ
"EEEER
-

Figure 2. Schematic representations of the different surfaces
of BaWi.Mo,0s (x =0, 0.25, 0.50, 0.75, and 1) solid solutions.

os =
e

The surface calculations were based on the equilibrium
morphology of a crystal predicted by the classic Wulff
construction, which minimizes the total surface energy at a
fixed volume, providing a simple correlation between the
surface energy (Esui ) of the (hkl) plane and its distance ruain
the normal direction from the center of the crystallite [34].
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The surface energy (Ezr) is defined as the total energy per
repeating cell of the slab (E:as) minus the total energy of the
perfect crystal per molecular unit for each percentage of
solid solution, i.e., 0, 25, 50, 75, and 100% (Ebws) multiplied
by the number of molecular units on the surface (N) and
divided by the surface area, A, per repeating cell of the two
sides of the slab, as shown in equation (1).

1
wa=5 (Estab— N-Ebut} (1)

3. Results and discussion
3.2. X-Ray diffraction and Rietveld refinements

The structural study of the BaWi.Mo.0s (x = 0, 0.25,
0.50, 0.75, and 1) solid solutions was performed by means of
XRD (Fig. 3) and Rietveld refinements (Fig. §1).

BaW_Mo 0,
- —x=0
s 8 —_—x=0.25
; — x=0.50
- [ z —_— x=0.75
= g —_— =
5 g2
E é = & 5
= = 8z gz ¥ 48
z = B2 | s 253
K g a@z&s oz l8s 255559 82
HEN S it “:?Jiﬂ?ﬁﬁ'ﬁil%
- 0754, - A [ - .
0.50 A bk o b |
02548 , A n
0 . A

s ———————
20 24 28 32 36 40 44 48 52 56 60 64 6B F2 76 BO
20 (%

Figure 3. X-ray diffraction patterns of BaWi.Mo.0s (x=0,
0.25, 0.50, 0.75, and 1) crystals.

An analysis of the XRD patterns displayed in Fig. 3
shows that all the peaks can be indexed perfectly to a
scheelite-type-tetragonal structure, with the space group
symmetry 141/a and four molecular formula units per unit
cell {Z = 4) [35]. The XRD peak patterns and Rietveld
refinement plots of these crystals show good agreement
between the experimentally observed XRD patterns and the
theoretically fitted results (see Fig. S51(a-c)). The XRD
patterns illustrate that all the diffraction peaks for the Ba{W,.
«Mou)04 crystals are monophasic, without the presence of
secondary phases. Thus, it was proved that the substitution
of W by Mo®™ in the BaWOs crystal lattice forms Ba(Wi.
«Mox) 04 solid solutions. The accupation sites of W and Mo®
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for each solid solution in the crystal lattice, as calculated by
the Rietveld refinements, are presented in Table 1. The good
quality for the structural refinements is evidenced by the low
deviations of the statistical parameters (Rup, Ra, Reng and

!). These parameters are listed in Table 1 and suggest that
the measured diffraction patterns are in good agreement
with the ICSD entry No. 155511 [35].

For comparison, first-principles calculations were used
to determine the lattice parameters (Table 1) and atomic
coordinates (Table 51) of the oxygen anions. These results
are in good agreement with previous experimental
observations. An amalysis of the results shows that the
substitution of W by Mao®™ induces variations in the atomic
coordinates of the oxygen atoms (see Table 51), indicating
the existence of structural and electronic distortions in the
[W04], [MoQa], and [BaOs] clusters, as well as changes in the
lattice parameters and a reduction in the unit cell volume.

Table 1. Lattice parameters, unit cell volume, and statistical
parameters of the BaWi.MowQs (x = 0.25, 0.50, and 0.75)
solid solutions obtained by Rietveld refinements and
calculations.

Lattice Parametars
Sample Cell a=f=y=80"
walume
BaWis,MoOs a0 Experimental Thearstical
a=n(A)  cih) |a=bik} cih)
x=l 40142 | 5614() 12732(6) | 5.581(4) 12.413(6)
x=0.25 [401.27 |5606(0) 127500) 5.588(1) 12.445(0)
x=0.50 |400.81 |5599(3) 127839) 5.594(1) 12477(8)
x=0.75 400.53 | 5.591(4) 12811(0) |5.598(7)  12.519(2)
x=t 399.63 | 5583(0) 12E27(0) |G602(6) 12.574(6)
ICSD 155511 | 396.48 | 5.603(4) 12693(7)
BaWo,

el ) = 6.95%, B.83°, B.297 (%) = 1.14%, 1.20°, 1.27%; Ryi%) =
13647, 14.85", 16.28°, Ry(%) = B.717, 9.84%, 11.07°

3.2. Vibrational analysis

Malybdate and tungstate crystals with the scheelite-type
tetragonal structure present 26 different vibration modes:
F(Raman + infrared) = 3A; + Sau + 58y + 360 + 55 + 5eu, with Ag,
Bg, and Eg being the Raman-active modes. Furthermore, the
odd modes (A, and Eu) are the active vibrational modes in
the infrared spectra [36]. The experimental/theoretical
spectra are shown in Fig. 4 (a-f).



SE M=WorMa %R

& &

F _
i Dardingun
3 k) Y5
] i \
£
=
3 . o
5 - el
i ]
e arymiric_,
Bevirhing0
i we 3 e we s Mm we s i ne
Raman shift jom')
b) €]
* o -&
v ™0 il
i
1
i 1
- L PE0 Lt
et RS
T T
s n miate i
dy &) fl
Eprimrisl yup o R * il g 3 % Emwwesial g e 5 g
- il ' L s  Tracmecn .
§=
1
l' . t "

e g1l R

R IINIEE EETT
e s e ot

Figure 4. . MR spectra of BaW1.Mo.0a (x=0, 0.25, 0.50, 0.75,
and 1) solid solutions. (a) experimental spectra. In (b) x = 0,
(c) %=1, (d) x=0.25, (e) x = 0.50 and f} x = 0.75, the calculated
values are compared with the experimental Raman-active
modes.

The Raman spectra of the scheelite structures can be
interpreted in terms of the modes of the [MO4]* (M= Mo or
W) tetrahedra, which can be considered as the constituent
units in the structures. Thus, these modes can be classified
either as internal vibrations {the [MOa]* (M= Mo or W)
center of mass does not move) or as external vibrations
(motion of the Ba® cations and the movements of the
[MOs]* tetrahedra as rigid units). The corresponding
representation for the tetrahedral symmetry is composed of
four internal modes vi[Ai) + va(E) + va(F2), one free rotation
mode vi(F1), and one translation mode ws(Fz); however, only
some of these modes are active in the IR spectrum, namely,
v, valFz) [37].

In the FTIR spectrum of BaWi.\Mo.0s (x = 0.25, 0.50, and
0.75), the 3B, vibrations are silent modes; one Ay and ane Ey
modes are acoustic vibrations. The experimental FTIR spectra
are illustrated in Fig. 2. A metal-oxygen band in the MO.™
cluster (M=Mo and W) appears in the FTIR spectrum (see Fig.
(S2)), corresponding to the internal modes indicated as the
antisymmetric stretching (vs(Fz)) vibrations at 811-830 cm!
and the bending vibration (va(F2)), observed as a strong band
at about 380 cmt,

The experimental and calculated Raman-active modes
are shown in Fig. 4 (a-f), indicating the existence of a strong

interaction between the lons, which arises from the
stretching and bending vibrations of the shorter metal—
oxygen bonds within the anionic groups [38]. A comparison
between the relative positions of the Raman-active modes
for the BaW1..Mao04 (x = 0.25, 0.50, and 0.75) solid solutions
are shown in Fig. 4 (b-f). DFT calculations using the B3LYP
functional tend to overestimate the values of the vibrational
frequencies; therefore, a scaling factor of 0.96 was used [39].
The calculations reveal the presence of three modes (A, Eg,
and Bg, at approximately 452-375 cm™) not experimentally
observed. A plausible explanation for this result can be that
these modes have a very low intensity and are not easily
detectable by experimental technigues.

Two high-frequency bands centered at 927 cm™ for
BaWO0s and 894 cm? for BaMoOs are also present in BaWy
MouDa (x = 0.25, 0.50, and 0.75) solid solutions, which
correspond to intense peaks in the Raman (A;) mode and are
assigned to the symmetric stretching wi(4:) of the bonds
[€0EM0-] (M=Mo and W), while the two Raman (B
and Eg internal) modes at 836 and 792 cm™ are attributed to
the asymmetric vilFz) of the bonds
(20=>M-=>0-3).

The peaks located at 357 and 324 cm™ are assigned
(valFz), v:(E)) to the rotational modes (Eg, Bg) as the bending

stretching

modes. The free rotational vs{F1) mode at about 188 cm™, in
addition to the external peaks (ves) corresponding to the
mations of MOs™ and Ba’* are shown at approximately 74,
107, 126, and 143 c¢m, which are assigned to rotational (Ag,
E¢) and translational modes (Bg).

3.3, Photoluminescence emissions
The PL spectra of the BaWi.Mo.0s (x=0.25, 0.50, and

0.75) solid solutions using the same excitation at 350 nm are
depicted in Fig. 5.
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Figure 5. PL spectra of BaWi.Mao.0s (x=0,0.25,0.50,0.75,1)
crystals.

All the campositions (x =0, 0.25, 0.50, 0.75, and 1) exhibit
PL emission peaks centered at 522, 520, 528, 512, and 528
nm, respectively. We note that the emission is attributed to
the charge transfer in the [MOs]* (M= Mo and W) complex.
The wide visible emission originates from the charge-transfer
transition between the O 2p orbital and the empty d orbital
of the [MOs)* (M= Mo and W) tetrahedral structure, with
excitation energies located within the band gap [40], [41],
i.e., self-trapping electron states. The one ground state is A
and the four single excited states are *A(*T1), E('T1), *E(*T2),
and "B('Tz) [42], [43] .

The PL curves shown in Fig. 5 represent a different type
of electronic transition that can be associated with a specific
structural arrangement of [WO:] or [MoQs] clusters, and can
also be observed in the experimental results obtained from
the Raman spectra that show two high-frequency bands at
927 em? and 894 em™ for BaW0a and BaMoQ., respectively,
as well as for the BaW1..Mo.0a (x = 0.25, 0.50, and 0.75) solid
solution. In addition, we believe that the differences in the
PL emission intensities presented in Fig. 5 are induced by the
substitution of W*® by Mo** as the BaWi.Mo.Oa (x = 0.25,
0.50, and 0.75) solid salutions form, which can be associated
with the influence of the chemical composition and
electronic transition, as discussed in the next section.

3.4. Electronic properties

The local coordination of the superficial Mo® and W* is
fundamental for describing the order of stability of the
different surfaces of the BaWi«Mo.0s (x=0, 0.25, 0.5, 0.75,

6
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and 1) solid solutions. The cleavage process associated with
the slab model induces the presence of under-coordinated
cations at the surface plane. Then, it is possible to find a
relationship between the geometry, electronic structure, and
surface energy values in order to discuss the order of
stahility of the investigated models.

We note that all the surfaces expose the superficial
[BaOs] or [BaOs] clusters. However, the (001), (112), {101},
(110}, and (100) surfaces present [MO4] (M= Mo or W)
clusters, while the (111) surface shows superficial [MO:] (M=
Ma or W) clusters, implying the breaking of a M-O bond
compared to the bulk compound. An analysis of both the
(001) and (112) surfaces reveals the presence of two-
coordinated superficial O anions, Ba-0-M {M=Mo or W) on
the (001) surface, while on the (112) surface, we observe the
appearance of two types of superficial O anions with a
coordination of one, O-M, or two, Ba-O-M (M=Ma or W).
Then, the (001) surface exhibits just one dangling bond per
exposed oxygen anion, while the (112) surface presents
oxygen anions with the lowest coordination numbers.

The calculated values of the surface energy, relaxation,
and gap energy for the different surfaces of the BaW1..Mo.0s
[x=0, 0.25, 0.5, 0.75, and 1) solid solutions are presented in
Table 2. The inversion in the stability order between the
(001) and (112) surfaces with respect to pure Baw0Os can be
associated with the inclusion of Mo® in the crystalline
structure of BaWi..sMo.Os, inducing a stronger Mo(4d)-0(2p)
hybridization compared to W(5d)-0(2p) for the superficial
honds that stabilize the dangling bond effect. This fact
enhances the electron-transfer process on the surface plane,
facilitated by the presence of the Mo™ cation. Therefore, we
can argue that the (001) surface becomes more stable than
the (112) surface in  BaWonsMoo:sOs, BaWosMonsOa,
BaWpsMoo7s0s, and BaMoOs the
contribution of the dangling bond effect to the value of Esur.

due to smallest



Journal Name

Table 2. Calculated values of the surface energy, relaxation,
and gap energy for each surface of BaWi.Mo.0s solid
solutions for k=0, 0.25, 0.5, 0.75, and 1.

Surface Mo Ens Relaxation Egap
wim’) ) 2V}
0% 1.02
25% 0.55 7 542
(001) 50% 0.54 14 547
TEY 0.54 il 560
100% 099
0% 092
25% 065 5 6.14
(112) 50% 084 '] 5.57
TEY 083 12 5.54
100% 1.02
0% 122
25% 1.08 d 544
(100) 50% 1.00 g 548
TEY 1.08 10 533
100% 1.17
0% 1.10
25% 0.80 4 6.15
(110) 50% 07g 7 B.14
TE% 0.80 10 549
100% 1.23
0% 1.21
25% 0.91 4 6.16
(o1 50% 089 8 6821
TE% 0.80 12 531
100% 1.34
0% 208
(111 25% 1.91 1
50% 1.88 1 Conductar
TE% 1.80 1
100% 223

The calculated band structure and density of states (DOS)
projected for the atoms and orbitals of BaWgsMopsQs
corresponding to the (001), (101), (110), and (112) surfaces
are displayed in Fig. 6. An analysis of the band structure and
projected DOS presented here shows that the band gap
values (see Table 2) are in the range 0.1-0.8 eV, and depend
significantly on the local coordination of both Mo® and W**
at the different surfaces. The main contribution to the
valence band (VB) region is due to the 2p orbitals of the
oxygen anions and a predominance of the dx’-y? and dz’
states of Mo® and W® found in the conduction band (CB)

region.

Figure 6. The band structure and density of states projected
on atoms and orbitals for (a) (001), (b) (112), (c) (100}, (d)
(110) and (e) (101) surfaces at BaWosMoas0s.

In addition, theoretical methodology can contribute to an
explanation for the optical properties, since a reduction in
the band gap value is observed mainly in the cases of the
(100} and (101) surfaces. The density of states projected on
the atoms as a function of layer position for the (100} and
(101} surfaces of the BaWi.Mo.Os (x = 0.25, 0.50, and 0.75)
solid solutions is presented in Fig. 7.
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Figure 7. Density of states projected on atoms as a function

of layer position at (100) and {101) surfaces.
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An analysis of Figure 7 shows that for the (100) and (101)
surfaces the distribution of the energy levels of each layer of
the BaW1.xMo.04 (x=0.25, 0.50, 0.75) solid solution is related
to the electron transfer from the O anions to the d orbitals of
Mo® or W*, which are the electranic transitions associated
with the PL emissions. Furthermore, it was observed that the
isoelectronic replacement of Mo™ by W* perturbs the
energy-level distribution in the vicinity of the band-gap
region, narrowing the corresponding excitation energy,
mainly for the CB, since the 4d valence orbitals of Mo®™ have
a lower energy than those of W (5d). However, the results
show that both the metals contribute egually in the lower
energy region of the CB, suggesting a competition for the
electron trapping mechanism, i.e., the excited electrons from
the O (2p) levels can be located in both the [MoQ4] and
[W0s] clusters, which could be related to the non-linear
wavelength displacement observed in the experimental PL
emissions (Fig. 5).

3.5. Morphology

The conventional approach to the guantitative study of
changes in morphology is by applying the Wulff construction
using the calculated surface energies [34]. In previous
publications, BawWQs and BaMoOa have been described in
detail, and it was noted that the ideal morphology for the
BaW0s and BaMoOs systems is defined mainly by their (112),
(001), and (100) facets [9], [9], as presented in other
scheelite crystals [44].

In order to describe the effects of the isoelectronic
replacement of W* by Mo® on the morphology, the Wulff
construction was applied to the intermediary composition of
the BaWi.Mo.0s solid solution. The ideal morphology of
BaWorsMoo2s0s is based on 79.24% of (112), 18.72% (001),
and 2.04% (101). The ideal morphology of BaWosoMonsoOa
involves 79.41% of (112), 18.47% (001), and 2.12% (101).
Finally, 80.81% of (112), 17.91% (001), and 1.28% (101)
constitute the ideal morphology for the BaWaisMoo 750
system. These calculated morpholagies for the BaW.Mo.0a
system for x=0, 0.25, 0.50, 0.75, and 1 are presented in Fig.
8.

(12BN [121= 78405 [ = TOAT
M) = 880% 1001) = AT 03] = 15.11%
(1900 = 5.83% NaT=212% 0800 = 14.02%
Baw, Bawa,, Mo, 0, Baw, 5,0, Baw, Mo, 0, B0,
- (112
}
- 110
{19

- 100}
- 111}
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Figure 8. Ideal morphologies of BaWi.Mo.0s (x=0, 0.25,
0.50, 0.75 and 1) solid solutions.

In this study, the effect induced by the substitution in the
BaW1..Moy04 solid solution is the alteration of the order of
stability between the (001) and (112) surfaces, as well as
between the (100) and (110) surfaces. This effect on the
exposed surfaces and relative surface energy values can be
observed in Table 3.

Table 3. Surface energy values of the ideal morphology for
the BaWi.Mo.0q (x=0, 0.25, 0.5, 075, and 1) solid selution.
The values in parentheses indicate the increased/decreased
surface energy with Mo content.

Surtaca Enery (Faul
-
BaWD,  BaWiuMn0,  BaWyMou0,  BaWgMogu0,  BaMoD,  ATolal g e

12 [T D527 LET- 083 001 | 1024035 (TR
am e D507 00} nsm LT Hooa
1 110 80 =0.00) L L=l QB+ 1330 4% 1+0.1%)
108 132 1080034 1,00 (40 1080 147 08y s
101 L] 081 (0401 LECE] LE T 1343044 [RLE]
1 206 191(4.15) 1.89¢- 02 1) | 2234033 1T

Table 3 lists the values of the surface energies values
obtained for the BaW1.Ma.0a (x=0, 0.25, 0.50, 0.75, and 1)
solid solution, as well as the changes (increase or decrease)
in surface energy for all the compositions. From the analysis
of the corresponding surfaces, the order of stability of the
BaW0s system is: (112) > (001) > (110) > (100} > {101) >
(111); however, in the BaWi.Mo.0s system, for x=0.25,
there is a different order of stability, as follows: (001) > (112)
> (110) > (101) = (100) = (111}, which is maintained for the
other solid solutions at x=0.50 and 0.75. This inversion in the
{001) and (112) surface energy values, as well as those of
{101} and (100), can be attributed to the presence of more
Mo atoms in the system, as shown in Fig. 7. Thus, the
morphology control and transformation mechanisms provide
insights into the electronic, structural, and energetic
properties.

In order to better understand the disappearance of the
(112} surface in the experimental micrographs passing from
¥=0.25 to 0.50 and 0.75, the morphologies of the BaW..
WMo:04 ( x= 0.25, 0.50, and 0.75 ) solid solution have been
depicted in Fig. 9. The ideal morphology changes by tuning
the values of E..r of the different surfaces, and a comparison
between the theoretical and experimental morphologies for
BaWi.Mo.0a (x=0.25, 0.50, 0.75) is presented at the top of
Fig. 9.
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Figure 9. Equilibrium shapes of BaW1.Mo.04 (x= 0.25, 0.50,
0.75) solid solutions via the Wulff construction principle.
Experimental micrographs are also included for comparison
purposes. Surface energy isin J m?.

Fig. 9 shows a schematic representation map of the
morphologies of the BaW1.Mo.04 (x= 0.25, 0.50, and 0.75)
solid solution, in which the transformations are obtained by
tuning the surface energies of the different surfaces.

In this work, three ideal morphologies were considered
(Fig. 9(a)), based on the results presented in Table 3, that
indicate insignificant differences in surface energy values for
the compositions x =0.25, 0.50, and 0.75; therefore, we
assume only an ideal morphology.

In order to obtain a morphology similar to that observed
in the FE-SEM images, it is necessary to make a
morphological modulation of the theoretical surface
energies values. In this case, we started with the ideal
morphology a and decreased the (100) surface energy value
to 072 Jm? while simultaneously decreasing the
corresponding value for (101) to 0.79 J/m?, generating the
shape b. The shapes ¢ and d were created by decreasing the
surface energy values to 0.74 and to 0.70 J/m? respectively.
An increase in the (001) surface energy value to 1.10 J/m?
and a simultaneous decrease in the [101) surface energy

value to 0.77, 0.72, and 0.69 J/m? generates the shapes e, f
and g.

Finally, the increase in the surface energy value to 1.50
and to 1.60 J/m? for (001) was simulated, simultaneously
increasing the (112) surface energy value from 0.64 to 0.95,
0.89, and 0.86 J/m?, as well as decreasing the energy value
for (100) surface to 0.56 J/m’, penerates shape h. An
important objective of this study is to compare experimental
and theoretical results and consider their differences in
order to arrive at an understanding of the real system.

Conclusion

The formation of solid solutions BaWi.Mox04 (x=0, 0.25,
0.5, 075, and 1) by using a simple co-precipitation method
was reported for the first time, and their crystal structures
and phase compositions were experimentally determined,
employing XRD with Rietveld refinements. FT-IR and MR
spectroscopy, in combination with FE-SEM, were used to
describe the microstructure and chemical composition of the
synthesized materials. First-principles calculations were
performed to obtain the relative stability of the (112), (001),
(110), (101), (100}, (111) surfaces, and Wulff
construction was employed to rationalize the crystal
morphologies observed in the FE-SEM images. This study is
designed a roadmap of the available
morphologies of the BaW1..Mo.04 solid solutions (x=0, 0.25,
0.5, 075, and 1) in order to understand the fundamentals,
and potential

and

to serve as

key advantages, applications of the
transformation processes along the synthesis pathway,
where the experimental and theoretical morphologies of the
BaWi..Mox0s solid solutions are well-matched. We showed
that the substitution of W* by Mo® enhances the electron-
transfer process due to a stronger Mo(4d)-0(2p)
hybridization compared to W(5d)-0(2p) for the W/Mao-0
superficial bonds; this is responsible for the change in
morphology from BaWQato BaMoO..

The synthetic approach and findings reported here are
important understanding the structure—property
relationships of malybdate/tungstate compounds, which

for

have potential applications in the design of novel functional
materials.
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ABSTRACT

As various physical and chemical processes occur at surfaces, an
understanding of surface structures and the factors that affect morphology
is mandatory. The control of (nano)crystal morphology is a complex and
difficult process that depends on both the internal structures of the
crystals and external growth conditions, such as the synthesis process, the
solvents used, and the process additives. The morphologies of
(nano)crystals grown under or near equilibrium conditions are governed
mainly by surface energies, resulting in the formation of simple shapes
with well-defined facets to minimize the surface energy. However,
surface energy values are not readily acquired experimentally, and
computer modeling and simulation are necessary to obtain these values.
Such techniques are powerful tools for exploring the morphological
mechanisms at the atomistic/molecular level. The observed (nano)crystal
morphologies are often interpreted in terms of Wulff constructions, which
offers a simple method to determine the equilibrium (nano)crystal shape.
As recently developed by our research group, first-principles calculations
can be used to explicitly predict the evolution of morphologies in
different environments.

The complete set of morphologies obtained theoretically may serve
as a guide for researchers analyzing electron microscopy images to gain a
further understanding of how to control crystal shapes synthetically by
tuning the surface chemistry and by controlling the relative surface
energy values. Then, this feature chapter introduces recent work, based
on combined experimental findings and first-principles calculations, to
provide a deeper knowledge of the electronic, structural, and energetic
properties  controlling the morphology and the transformation
mechanisms of different (nano)materials, such BaWQ,, BaMoO.,
CaZrOs, and BaSnOs. These considerations reveal a close resemblance
between experimental and calculated morphologies, but also elaborate on
some of the current and future trends to illustrate why (nano)morphology
is at the core of current scientific development in chemistry and physics,
and the appropriate handling of complexity is discussed along these lines.

Keywords: morphology, surface energy, Wulff construction, complex

metallic oxides
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INTRODUCTION

Morphologies and exposed surfaces are important factors that
influence the application of (nano)materials (Tian et al. 2007), directly
affecting their efficiency in various devices (Lieber 1998). Steady-state
morphologies of micro/nanocrystal particles with several exposed facets
present different physical and chemical characteristics owing to crystal
anisotropy, i.e., different crystal planes exhibit different anisotropic
responses towards various mechanical, physical, and chemical activities
like hardness, piezoelectricity, and reactivity (Schmidt et al. 2012);
(Dandekar et al. 2013). These characteristics are controlled by the
synthesis parameters of the materials, such as reagent concentration,
precursor pH, reaction temperature and time, and synthesis method.

Morphological control of (nano)crystals and understanding the
mechanism for morphology evolution have been meaningful topics of
research in materials science and nanoscience, as obtaining a fundamental
understanding of the stability of (nano)crystal surface structures and
morphology-structure—function relationships is of considerable importance
for further development of highly stable and functional materials for
practical applications. In particular, the activity of nanocrystals as catalysts
depends strongly on the surface structures of the facets enclosing the
crystals (Ahmadi et al. 1996); (Lee et al. 2006b); (Lee et al. 2006a); (Gao,
Ju, et al. 2013); (Li and Shen 2014), (Aradjo et al. 2014); (Wang et al.
2015).

Morphologies, preferred orientations, and crystal facets are
characterized experimentally using scanning electron microscopy,
selected-area electron diffraction, and high-resolution transmission
electron microscopy. The relative growth rates of (nano)crystal faces cause
crystal morphology transformations because of the appearance and/or
disappearance of faces. These transformations are due to geometric
constraints imposed by the (nano)crystal structure and are associated with
the relative surface energy values of each face. Among the influential
factors, surface chemistry, including surface energy, tension, and
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configuration, has a significant impact on the final (nano)crystal
morphology.

A significant challenge in the development of functional
(nano)materials is understanding the shape-selective growth of
(nano)crystals to synthetize (nano)crystals with controlled shapes. A solid
fundamental understanding will allow for better design and control of these
syntheses and will enable larger-scale production of (nano)crystals with
targeted shapes. Further, establishment of a pathway between (nano)crystal
morphology and the arrangement of atoms in a (nano)crystal lattice will
allow development of shape control for the rational design of external
morphologies. Very recently, Zhuang, Tkalych and Carter (2016) (Zhuang
et al. 2016), explored the correlation between experimental catalytic
activity and three surface properties (surface energy, work function, and
potential of zero charge) of 15 traditional and novel catalysts. These
authors discovered a strong volcano-shaped correlation between the
catalytic activity and the surface energy, indicating that the surface energy
can be used as a novel, efficient descriptor of catalytic activity because it
reflects the degree of coordinative unsaturation of the surface atoms and,
thus, the reactivity of the surface.

Morphology-controlled synthesis of inorganic materials on the
nano/micrometer scale has progressed considerably in the past decade
(Huang, Rej, et al. 2014). Many facet-dependent properties have been
discovered owing to the successful synthesis of nanocrystals with a series
of well-defined morphologies. Control of nanocrystal morphology is
important in various applications, such as heterogeneous catalysis (Ahmadi
et al. 1996); (Zaera 2013), solar cells (Huynh et al. 1999), light-emitting
diodes (Schlamp et al. 1997); (Mattoussi et al. 1998), and biological
labeling (Bruchez et al. 1998); (Chan et al. 1998). In particular, recent
advances in colloidal synthesis have realized controlled preparation of
catalytic nanocrystals with various types of uniform morphologies. For
example, morphology-dependent catalytic behavior of oxide nanocrystals
has been often observed, and oxide nanocrystals are being explored as
novel model catalysts for fundamental studies of metal oxide catalysts,
such as CeO; and TiO; (Dinh et al. 2009); (Pan et al. 2011); (Zheng et al.
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2011); (Gordon et al. 2012); (Zhou et al. 2012); (Qiao et al. 2013); (Huang
2013); (Huang and Gao 2014), (Huang 2016).

Nanocrystals with well-defined crystallographic facets (Zhou et al.
2012); (Wu et al. 2013); (Kuang et al. 2014) have been designed for
improved catalytic (Hu et al. 2008); (Han, Jin, et al. 2009), optical (Wang,
Li, et al. 2014), magnetic (Luo et al. 2014), and electrochemical properties
(Yu et al. 2013); (Tan et al. 2015). In particular, high-energy facets that
contain abundant unsaturated coordination atoms exhibit high reactivity
(Jiang et al. 2005); (Tian et al. 2007); (Fan et al. 2008); (Liao et al. 2008a);
(Liao et al. 2008b); (Ma et al. 2008b); (Ma et al. 2008a); (Tian et al. 2008);
(Yang et al. 2008); (Tian et al. 2009); (Xie et al. 2009); (Xu et al. 2009),
(Yang et al. 2009); (Leng et al. 2010), because active facets usually have
higher densities of unsaturated, dangling, or distorted atoms than inert
facets (Pal et al. 2015), resulting in higher surface reactivity (Yang et al.
2008); (Miao et al. 2013); (Roy et al. 2013); (Xu et al. 2013), (Roy et al.
2013). In this context, shape-controlled synthesis of inorganic nanocrystals
with exposed high-energy or reactive facets has attracted intensive interest
over the past decade, owing to their fascinating shape dependent properties
(Jun et al. 2006); (Tao et al. 2008); (Wang et al. 2008), as well as their
great importance in fundamental studies and technological applications
(Tian et al. 2007); (Jiang et al. 2010); (Liu, Khare, et al. 2011).

Thermodynamics usually ensures that crystal facets evolve to have the
lowest surface energy during a crystal growth process. Owing to the fact
that high-index faces possess high surface energies, high-energy facets
decrease quickly during the crystal growth process, and the crystal
spontaneously evolves into a specific shape with exposed facets that
minimize the surface energy of the crystal. Consequently, only
(nano)crystals enclosed by low-index facets and with low surface energy
are obtained. High-energy facets of micro/nanocrystals, which possess high
densities of unsaturated coordination sites, usually exhibit higher surface
reactivity than low-index facets owing to differences in exposed (dangling)
bonds, surface defects, and electronic structure (Van Santen 2009); (Pal et
al. 2015). Further, such high-energy facets are expected to exhibit
extraordinary performances in energy and environmental applications,
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(Yang et al. 2008); (Dai et al. 2009); (Han, Jin, et al. 2009); (Han, Kuang,
et al. 2009); (Xiao et al. 2012); (Hu et al. 2016); (Wang et al. 2016).
However, as high-energy facets disappear easily during conventional
crystal growth, few high-energy facets are exposed on the crystal surface
(Liu, Yu, et al. 2011); (Zhang et al. 2013). Therefore, the synthesis and
control of (nano)crystals enclosed by high-index facets are still challenging
research topics (Zhou et al. 2011); (Wang, Han, et al. 2012); (Wang, Zang,
etal. 2012).

A prerequisite for application of nanocrystals as model catalysts is to
obtain well-defined surface structures for metal oxide nanocrystals with
different morphologies. Presently, morphologies are determined
experimentally using microscopy-based techniques in combination with
Wulff construction models, which can be obtained from first-principles
calculations, to identify the facets exposed on nanocrystals (Han, Kuang, et
al. 2009); (Tan et al. 2011); (Liu et al. 2013); (Lin et al. 2014). For
example, uniform cubic and octahedral nanocrystals of CeO: with a cubic
fluorite structure are enclosed with six {100} facets and eight {111} facets,
respectively. However, this approach encounters some difficulties in
determining the exposed facets for nanocrystals with low symmetries
(Vantomme et al. 2005); (Sayle et al. 2011); (Agarwal et al. 2013); (Wang
etal. 2013).

Up to now, based on a geometrical approach, the Wulff construction
model has had a fundamental role in the theoretical characterization of
nano(crystal) morphologies. Instead, as was recently recognized by Marks
and Peng (2016) (Marks et al. 2016), the seminal paper of Wulff (1901)
(Wulff 1901) titled “On the question of speed of growth and dissolution of
crystal surfaces” envisaged the possibility of kinetic control of
morphologies based on a mathematical relationship between the surface
energy and the growth rate (which is not necessarily correct).
Consequently, substantial efforts have been devoted to understanding and
predicting the structure and stability of complex oxide surfaces by utilizing
state-of-the-art  experimental techniques and advanced theoretical
approaches, (Freund et al. 1996); (Noguera 2000a); (Goniakowski et al.
2008); (Noguera et al. 2013).
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However, there remains a lack of fundamental understanding of the
surface structure, composition, and stability of certain complex oxides,
particularly ternary oxides. This can be attributed to the inherent
complexity of these materials, which renders experimental preparation and
characterization of oxide surfaces extremely arduous, especially the
preparation of different crystallographic orientations of ionic polar
surfaces, for which cleavage is not a favorable option. It is also very
challenging to address these materials from a theoretical perspective, as in
addition to surface nonstoichiometry, certain facets are dipolar,
necessitating special treatment that involves the creation of surface defects
(Davies et al. 1994); (Wander et al. 2001); (Barbier et al. 2008); (Eglitis et
al. 2008). Nevertheless, theoretical frameworks providing fresh insight into
the structure and stability of ternary complex oxide surfaces are a vital step
towards realizing the true potential of complex oxide nanostructures and
thin films.

The development of a particular morphology for a growing crystal
depends on the relative rate of growth along different crystallographic
directions. Different growth rates of the crystal planes determine the
appearance of the crystal. A crystal consists of a finite number of low-
energy faces that are represented by their Miller indices and interplanar
spacing. Although studies have provided some insight into the factors that
control crystal growth and ultimately determine the morphologies of
crystals, shape evolution mechanisms are mostly speculative and based on
experimental results. Thus, there is an urgent call for a theoretical
understanding of the relationship between the growth environment and the
resulting crystal morphology.

Density functional theory (DFT) calculations, as an effective tool for
exploring surface chemistry, have been widely used to investigate the
underlying mechanism by which growth environments affect crystal
morphologies (Piskorz et al. 2012). For instance, Yang et al. used DFT
calculations to predict that anatase TiO, with high (001) exposure can be
successfully synthesized by using fluorine ions as an agent to control
surface energies (Yang et al. 2008). Barnard et al. carried out a series of
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investigations on the shape transitions of TiO, nanocrystals using DFT
calculations (Barnard et al. 2005).

Further strengthening of theory and simulation in this research area,
with a focus on understanding morphology, can guide the efficient
synthesis of outstanding materials. First-principles investigations are well
established in the study of the morphology and surface properties of
various materials, from simple to complex metal oxides (Beltrdn et al.
2003); (Leite et al. 2003); (Barnard et al. 2008); (Seyed-Razavi et al.
2010); (Gurlo 2011); (Longo et al. 2011); (Stroppa et al. 2011); (Barnard
2012); (Kim, Lee, et al. 2012); (Li et al. 2012); (Piskorz et al. 2012);
(Bomio et al. 2013); (Karim et al. 2013); (Lee et al. 2013); (Tompsett et al.
2013); (Hormann et al. 2014); (Li, Zhang, et al. 2014); (Stroppa et al.
2014); (Whiteside et al. 2014); (Barmparis et al. 2015); (Kanaki et al.
2015); (Suleiman et al. 2015). There are several insightful reviews that
report experimental results and theoretical calculations on the most
important aspects that govern crystal shape modulation in semiconductors
and in metal nanoparticles (Lovette et al. 2008); (Chen et al. 2009); (Jiang
et al. 2010); (Lee et al. 2010); (Seyed-Razavi et al. 2010). In addition, there
are good reviews on theoretical methods for surface chemistry (Grof3 2009)
and the modeling of nanoparticles (Barnard 2010).

Here, we apply a recent experimental and theoretical strategy by
combining experimental findings and first-principles calculations, based on
Wulff constructions, to determine the electronic, structural, and energetic
properties that control the morphology and the transformation mechanism
of complex crystals (Ferrer et al. 2016) (Andrés et al. 2015). In this work,
we provide a comprehensive set of first-principles computations that
quantify the stability of all relevant BaWQs, BaMoQ,, CaZrOs;, and
BaSnOs crystal surfaces, which allows us to obtain a complete map of
available morphologies. In addition, based on these results, we are able to
rationalize how the energies of different surfaces change throughout the
synthesis process, and we are able to propose a path for which the
experimental and theoretical morphologies match. Using corrected surface
energies, a straightforward understanding was provided by Wulff
constructions. We have introduced computational methodology for
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modeling different complex metal oxides, as discussed in detail below. Our
research seeks to capture the structure and thermodynamics of these
systems using an atomistic level description, allowing us to derive general
stability rules for the (nano)morphologies of BaWOQ,, BaMoO,, CaZrOs3,
and BaSnO; to rationalize the outcome of previous as-synthesized
morphologies, and to provide predictive guidelines for future experimental
work. Furthermore, we consider the advantages, disadvantages, and
possible difficulties of this approach.

COMPUTATIONAL METHODOLOGY AND MODELING

First-principles calculations were conducted within the framework of
DFT using the CRYSTALI4 software package (R. Dovesi 2014). The
gradient-corrected correlation functional by Lee, Yang, and Parr (Lee et al.
1988) combined with Becke’s exchange functional (B3LYP) (Becke 1993)
was used for BaMoQs, BaWO, and CaZrO; calculations. This method has
been successfully employed in various studies on the bulk and surface
electronic and structural properties of perovskite (Moreira et al. 2013),
tungstate (L. Gracia et al. 2011); (Longo et al. 2014); (Batista et al. 2015),
Ag:CrOs (Silva et al. 2016), LaVO4 (Gouveia et al. 2016), and molybdate-
based materials (Beltrdan et al. 2014); (Fabbro et al. 2015). The Brillouin
zone was sampled using the Monkhorst—Pack method at different k-point
grids according to the system size. The thresholds controlling the accuracy
of the Coulomb and exchange integral calculations were set to 10°* (ITOL1
to ITOL4) and 107" (ITOLS5), which assures a convergence in the total
energy of better than 1077 a.u., whereas the percentage of Fock/Kohn—
Sham matrix mixing was set to 40 (IPMIX = 40) (Monkhorst et al. 1976).

The atomic centers were described using pseudopotential basis sets for
the Mo (http://Www.Crystal.Unito.It/Basis_Sets/Molibdenum.Html) atom
in BaMoOy and large-core effective core potentials derived by Hay and
Wadt and modified by Cora et al. (Cora et al. 1996) for the W atom in
BaWOQO4. Meanwhile, the O (http://Www.Crystal.Unito.It/Basis_Sets/
Oxygen.Html) and Ba  (http:/Www.Tem.Phy.Cam.Ac.Uk/"Mdt26/
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Basis_Sets/Ba_Basis. Txt) atoms in each system were described by
standard all-electron basis sets (6-31G* basis set). In CaZrQs, all-electron
basis set were used to describe the atomic orbitals of the Ca (Valenzano et
al. 2006), Zr (L et al. 2011), and O (Cora 2005) atoms. In BaSnO;, the
PBESOLO functional (Adamo et al. 1999) was used and the Ba, Sn, and O
atoms were described by SC_HAYWSC-31(1d)G_baranek (Sophia et al.
2013), ECP28MDF-411(51d)G_baranek (Dovesi et al), and 8-
411(1d)G_baranek (Dovesi et al.), respectively, by optimizing the outer
valence shell functions (Duarte et al. 2016).

The surface energy, Es.r (Andrés et al. 2015); (Ferrer et al. 2016), was
calculated using the following equation:

Esurf _ Es!ab —n- Ebulk
2A

where n-Epu is the number of surface molecular units multiplied by the
energy of the bulk, Ey.s is the total energy of the surface slab per molecular
unit, and A is the surface area. The equilibrium shape of a crystal can be
calculated by using Wulff constructions that minimize the total surface free
energy for a fixed volume, providing a simple relationship between the
surface energy, Ea, of an (hkl) plane and its distance from the center of
the crystallite in the normal direction (Wulff 1901).

For nonstoichiometric slabs in the BaSnOs system, the surface energy
was determined by accounting for the simultaneous existence of two types
of surface terminations in the surface modeling:

Eerm A +E?erm8 =1 Epyi
4A

Esurf =

where E,L,rmA and Emrmg are the total energies of the two terminations.

The number 4 denotes the creation of four surfaces upon crystal cleavage
(Bandura et al. 2010).
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The Visualization for Electronic and Structural Analysis (VESTA)
program (Momma et al. 2011) was utilized to obtain morphologies for
BaMoOs, BaWOy, CaZrO;, and BaSnOs crystals. Band structures were
calculated for 80 K points along the appropriate high-symmetry paths of an
adequate Brillouin zone. Density of state (DOS) plots were obtained to
analyze the corresponding electronic structures.

APPLICATIONS: MORPHOLOGY MAPPING
OF METAL OXIDES

The following studies have used a combination of experimental and
theoretical investigations to gain insights into the electronic, structural, and
energetic properties controlling the morphology and transformation
mechanisms. The corresponding computational methodology, based on
Wulff constructions (Wulff 1901), can be found in each study.

BaWOq

Barium tungstate (BaWOQ,) is a semiconductor in the family of
scheelites with crystallized tetragonal structures that belong to the 14,/
space group with C%, symmetry. In this structure, Ba atoms are
coordinated to eight O atoms, whereas W atoms exhibit tetragonal
coordination by O atoms; thus, the building blocks of the BaWQ; crystal
are deltahedral [BaOg] and tetrahedral [WOy] clusters (Phuruangrat et al.
2012), (Luo et al. 2007), (Anicete-Santos et al. 2011).

The (001), (101), (110), (100), (111), and (112) surfaces of BaWQ,
were simulated by considering symmetrical slabs (with respect to the
mirror plane). All surfaces were terminated with O planes. After the
optimization process and thickness convergence tests, the resulting slab
models consisted of four molecular units containing 24 atoms. We note
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that the (101), (111), and (112) surfaces are terminated with W and O
atoms, whereas the other listed surfaces have Ba—O termination. The W
surface atoms are coordinated to three or four O atoms, forming [WOs] or
[WO,] clusters, respectively, whereas the Ba surface atoms are coordinated
to three, five, or six O atoms, forming [BaQOs], [BaOs], or [BaOs] clusters,
respectively.

Presently, equilibrium morphology models are derived from calculated
surface energies (Gibbs et al. 1875); (Wulff 1901); (Herring 1981), using
the assumption that the crystal faces with the lowest surface energies
control the crystal morphology (Xie et al. 2002); (Liu et al. 2005); (Wang
et al. 2005). As surface stability depends on the atomic configurations of
the exposed facets (Marks 1983), the local coordination of both the W and
Ba atoms controls the crystal morphology of BaWOs and the
corresponding behavior of each surface.

The Egp values of the surfaces follow the same order of stability as the
BaWO, surfaces obtained using theoretical calculations (Table 1), namely,
(112) > (001) > (110) > (100) > (101) > (111). This result is in agreement
with our present results and those obtained in previous studies on BaMoOQOs.
A comparison between BaWO, and BaMoO; shows that the ideal
morphology of both scheelites is similar. However, experimental field
emission scanning electron microscopy (FE-SEM) images of these
materials are different, i.e., contributions of 99.5% of (112), 0.4% of (100),
and 0.1% of (001) were found for BaWQ, (Oliveira et al. 2016a), whereas
contributions of 46.5% of (101), 46.9% of (100), 5.8% of (112), and 0.8%
of (001) were found for BaMoQOy (Oliveira et al. 2016b).

Crystal morphologies can be modified by tuning the surface energy
values for various facets using the Wulff theorem and the related
construction method (Wulff 1901). Taking into account the (001), (101),
(110), (100), (111), and (112) facets, various possible crystal morphologies
for BaWO, are displayed in Figure 1(a-b).
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Table 1. Calculated surface energy, surface tension, gap energy, and
change in total energy (AE) for a given dilation area (AA) for
each surface

E.,((100)=1.33
E..(001)=1.64

Bawo4
Equ(112) =0.92
E..(001) =1.02
Eqy(110) =1.10
E..(100) =1.22
E.,r(101) =1.31
E..(111) =2.06

Equi(112) =1.20

. <101>l ‘

A
o
-
-

v

E..r(101)=1.00

E..(110) =1.00

O

E,.(101) =0.80

Surface | Ew(J/m?) | AEw(Hartree) | AA(A?) | A (J/m?) | Egp(eV)
(112) 0.92 0.034 2.350 0.73 6.60
(001) 1.02 0.034 1.263 0.57 6.52
(110) 1.10 0.034 1.982 0.85 6.45
(100) 1.22 0.039 2.803 1.09 6.47
(101) 1.31 0.039 1.537 0.91 6.17
(111) 2.06 0.020 4.161 2.58 conductor

b)

Figure 1. Morphology map for BaWO, with (001), (112), (100), (101), (111), and (110)
crystal planes. Surface energies are expressed in Joules per square meter. a)
Experimental FE-SEM images of the studied BaWO, microcrystal samples are

included for comparison. b) Equilibrium crystal shapes predicted by Wulff

constructions by tuning the surfaces energy values.
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Analysis of the theoretical results indicates that the most stable
surfaces are the (112), (001), and (100) facets (Gao, Sun, et al. 2013),
which can form a truncated octahedron corresponding to the ideal
morphology (shown in the central part of Figure 1). When the relative
stability of the facets changes (increases or decreases), more than one facet
type appears in the resulting morphology, producing morphological
variations. A truncated cube can be obtained if the surface energy of (112)
is increased to 1.20 J/m?, whereas an edge-truncated octahedron can be
produced if the surface energy of (101) is decreased to 0.80 J/m” The FE-
SEM images in Figure 1(a) show well-faceted crystals obtained
experimentally that can be compared with the predicted morphologies.
Good agreement between the experimental and theoretical morphologies is
obtained when the surface energy values for the (001) and (100) facets
increase simultaneously (Figure 1). Thus, variations in the ratios between
surface energy values affect morphology, and thus, these values can be
used to obtain correlations with experimental results.

BaMoOy4

Barium molybdate (BaMoQ4) is a prototypical member of the
molybdate family with a scheelite-type tetragonal structure (Ryu et al.
2006); (Wu et al. 2007), (Sczancoski et al. 2010), similar to BaWOQOy
(Nogueira et al. 2013). The morphology of a simulated BaMoOy system
was calculated using Wulff constructions for the surface energy values,
Equ, of the (001), (101), (110), (100), (111), and (112) surfaces (Table 2).
Considering the surface atom distributions, we note that the most stable
surface, (001), has exposed [BaOs] clusters, corresponding to the presence
of two oxygen vacancies compared with the bulk structure. However, on
the (100), (110), (101), and (111) surfaces, there are undercoordinated
[BaOs] clusters associated with the presence of three oxygen vacancies. On
the (112) surface, there are four oxygen vacancies, i.e., undercoordination
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at [BaOs]. Only the (111) surface has [MoQs] clusters, implying breakage
of a Mo-O bond in comparison with the bulk structure. As the bonding
interaction of a Mo—O bond is stronger than that of a Ba—O bond, the
stability of this surface is reduced compared with those of the other
surfaces.

According to theoretical calculations, the order of stability found for
BaMoOy surfaces is (001) > (112) > (100) > (110) > (101) > (101) >
(111). The ideal morphology of BaMoOj is controlled by the (001), (112),
and (100) surfaces, which have contributions of 15.1%, 70.9%, and 14.0%,
respectively, based on experimental micrographs.

The available morphologies, as depicted in Figure 2(a-b), reflect
changes in the surface energy values, i.e., modifying the stability of the
surface generates the corresponding morphology. Recently, Gao et al.
(2013) (Gao, Sun, et al. 2013) reported that the surfaces of scheelite
crystals predominantly consist of exposed (001), (112), and (100) surfaces,
with the (112) crystal surface as the most commonly exposed surface.

Table 2. Calculated surface energy (Eq), surface tension (¢), and
change in total energy (AE ) for the dilation area (AA) and gap energy of
each surface

Surface 3;;2) ?:;:tree) ‘(A:Z) l(:‘.])’mz) :ig\afg
(001) 0.99 0.035 1.273 0.54 5.69
(112) 1.02 0.032 2.385 0.85 5.81
(100) 1.17 0.039 2.853 1.04 5.38
(110) 1.23 0.033 2.017 1.01 5.63
(101) 1.34 0.039 1.562 0.94 5.09
(111) 2.23 0.016 4.231 2.51 Conductor
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Figure 2. Crystallographic structures and morphology map for BaMoO; crystals.
Surface energies are expressed in Joules per square meter). a) Experimental FE-SEM
images and b) equilibrium crystal shapes predicted by Wulff constructions by tuning
the surfaces energy values.

The essential features of the different surfaces are constant, but
significant differences in the distribution of the electronic states are
observed for the (001), (100), (110), and (101) surfaces, where the reduced
coordination environment of the surface-terminated oxygen atoms gives
rise to split-off features in the O 2p and Mo 4d partial DOS at the bottom
of the conduction band. Further, surface states reduce the bulk band gap
(5.8 eV) by 0.1-0.7 eV, depending on the specific surface.

CaZrOs

Calcium zirconate (CaZrQOs) is a multifunctional material that has
many applications and has been investigated frequently, both theoretically
and experimentally (Dravid et al. 1987); (Stoch et al. 2012); (Hou 2013);
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(M.G.Brik et al. 2013); (Boobalan et al. 2015). CaZrOs is a perovskite-type
material with an orthorhombic structure of space group Pcmn (Rosa et al.
2015).

The variation in the equilibrium shapes for these systems obtained
using Wulff constructions (Wulff 1901) can be a powerful tool for
evaluating the morphology. When the relative stability of the facets
changes (increases or decreases), more than one facet type can appear in
the resulting morphology, producing morphological variations (Figure 3).
The computed surface energy and band gap values for the (121), (100),
(010), (101), (001), (111), and (011) surfaces are summarized in Table 3.
Analysis of the theoretical results indicates a band gap value of 6.23 eV for
bulk CaZrO;.

All surfaces are Ca—O-terminated, with [CaO4] or [CaOs] as exposed
clusters, and the stability order is (121) > (100) > (010) > (101) > (001) >
(111) > (011), and the ideal morphology of CaZrOs is controlled by the
(121), (100), (101), (001), and (010) facets, as can be seen in Figure 3.

Based on the theoretical results, the ideal morphology of CaZrOs; is
controlled by the (001), (121), (101), (010) and (100) facets, which have
contributions of 11.3%, 56.2%, 11.5%, 7.5%, and 13.5%, respectively. An
analysis of the results shows that the present equilibrium morphology
models are consistent with the atomic configurations and the local
coordination atoms for each surface.

Table 3. Surface energy and band gap values for the (121), (100), (010),
(101), (001), (111), and (011) surfaces of CaZrOj crystals

Esut Area | Eg
Surface |y | &) | V)
(121) 125 | 91.13 | 6.61
(100) 1.26 | 44.21 | 6.41
(010) 128 | 3223 | 5.62
(101) 1.39 | 64.41 | 6.39
(001) 1.37 | 44.87 | 6.28
(11 152 | 72.03 | 5.64
011) 1.99 | 55.25 | 5.69
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Figure 3. Morphology map for CaZrO; based on Wulff constructions. Surface energies
are expressed in Joules per square meter.

BaSnO;

BaSnO; exhibits a wide of interesting properties with potential
technological applications as capacitor dielectrics, gas sensors for a large
variety of molecules (Murugaraj et al. 1997); (Ostrick et al. 1997); (Kreuer
1999); (Aydi et al. 2008); (Kim, Kim, et al. 2012); (Wang, Chesnaud, et al.
2012); (Bevillon et al. 2014); (Hadjarab et al. 2015); (Li et al. 2015);
(Marikutsa et al. 2015); (Zhu et al. 2016), humidity detectors, and
photocatalysts for dye degradation (Lu et al. 2007); (Liu et al. 2012);
(Sales et al. 2014). The properties of this material are correlated with its
morphology (Zhang et al. 2017). Moreover, various other synthesis
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parameters, such as pH, surfactant additives, ion concentration, and
synthesis method, can significantly alter the morphology (Kumar et al.
2006); (Sales et al. 2014); (Wang, Liang, et al. 2014); (Huang et al. 2015).

BaSnOs is a cubic perovskite with space group Pm3m, in which the
Sn** cations are located at the centers of regular oxygen octahedra, forming
SnOg clusters, whereas the local coordination of the Ba®* cations forms a
BaO); dodecahedral cluster (Huang et al. 2015); (Duarte et al. 2016). The
aim of this study was to understand how BSO morphologies are formed
and behave in stoichiometric and nonstoichiometric slabs.

Nonstoichiometric and symmetric slabs for (001), (011), and (111)
slabs of BaSnOs are presented in Figure 4(a). The (001) surface is neutral,
with only two terminations and alternating BaO and SnO; layers, depicted
as A and B. However, the (011) and (111) surfaces have polar
characteristics, and studies of similar perovskites have demonstrated that
some treatments, such as charge neutrality achieved by imposing a zero net
charge on the unit cell, are not very effective at eliminating the generated
dipole momentum (Pojani et al. 1999); (Noguera 2000b); (Bottin et al.
2003). In the case of the (011) surface, as an alternative option, a neutral
slab can be obtained. For nonsymmetrical surfaces with O-O termination,
it is possible to remove oxygen atoms from the top and bottom of the slab,
whereas for symmetric and nonstoichiometric surfaces with BaSnO
termination, it is possible to remove Ba or Sn atoms, or both, and O atoms
at the top and bottom of the slab (Bottin et al. 2003), as shown by pictures
C and D in Figure 4(a). The (111) surface is formed by successive layers of
BaOs and Sn atoms (pictures E and F, Figure 4(a)), following the polarity
compensation criterion that the formal charge of the various (111) surfaces
of BaSnO; must be equal to half of the bulk value, i.e., +2 (Liu et al. 2009).

The simulation data are summarized in Table 4.

A variety of surface reconstructions are reported for BaSnOs-like
systems, for both stoichiometric (Charlton et al. 2000); (Liborio et al.
2005) and nonstoichiometric surfaces (Pojani et al. 1999); (Eglitis 2013);
(Eglitis 2015), with the (001) surface being the most studied surface.
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(001) (011) (111) (011) (011) (011)

Figure 4. a) Nonstoichiometric and symmetric slabs for (001), (011), and (111)
surfaces, and b) stoichiometric slabs for (001), (011), and (111) surfaces.

Table 4. Surface energy values for nonstoichiometric and symmetric slabs

of BaSnO3
A Esurt 25, | Thickness
Termination | Surface | n (J-m?) Area (A%) Q&)
Ba-O/Sn-O ool | 7 1.37 16.918 12.20
Ba-O/Sn oO11)| 8 2.33 23.926 11.18
Sn/Ba0s 11111 3.74 23.303 11.94

Table 5 presents surface energy data for stoichiometric slabs. In this
case, the (001) surface is BaO-terminated, whereas the (011) surfaces is
SnO- and O;-terminated. It is possible to observe that there is not a great
variation of slab stability (011). Thus, the contribution of different slab
thicknesses or even different positions of the outermost oxygen atom is
assumed to be small.
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Table 5. Surface energy values for stoichiometric and
symmetric slabs of BaSnO3

Esurt | Area Thic!mess

Termination | Surface | n g-m?) | (A% @A)

Ba-0/Sn-O ©o01)|3 1.37 | 16.92 10.12
BaSnO o11) |4 1.69 | 23.93 11.05
Sn-Ba03 (111 |5 3.05 | 23.30 10.84

001)_,
Bl 16 s 207

ESer=1.57 E0"=239

001
e =137

011
E s

Figure 5. Morphology map for BaSnOs based on Wulff constructions. Surface energies
are expressed in Joules per square meter.

The stability order for stoichiometric and nonstoichiometric slabs is the
same: (001) > (011) > (111), although the stability of the stoichiometric
(011) surface is higher than that of the corresponding nonstoichiometric
slab. Therefore, based on the surface energy values in Table 5, a
morphology map was constructed for BaSnO3, as shown in Figure 5, where
the ideal morphology is controlled by the (001) surface.
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CONCLUSION

“It is a test of true theories not only to account for but to predict
phenomena” W. Whewell, 1847 in The Philosophy of the Inductive
Sciences, Founded Upon Their History (Whewell 1847).

Computer modeling is highly likely to play a part in understanding the
shape of (nano)crystals and in predicting morphological transformations.
We have introduced first-principles surface models for all relevant low-
index surfaces of BaWOs, BaMoQ,, CaZrOs, and BaSnOs. By simulating
clean surfaces with different chemical natures and translating surface
stabilities into equilibrium morphologies, we have realized almost the
entire range of available morphologies, thereby lending microscopic
understanding to experimental results.

Rather than individual values, the most important outcome of these
simulations is the general, chemical trends they have revealed. The
predicted morphologies were compared with experimentally observed
morphologies. To achieve a given morphology, the relative values of the
surface energies were changed. In this way, predictive atomistic
simulations should likely play an increasingly important role. Therefore,
synthesis processes should be controlled to reduce/increase the presence of
various surfaces. It has been established that the proposed procedure is
easy to apply, provides accurate predictions of crystal morphologies, and
can be applied to complex systems.

It should be noted that our calculations have been carried out in a
vacuum, and this can be considered a simple approximation. Recent studies
show improvements in this area, such as the inclusion of solvent or
consideration of specific interactions with surfactants present in the
synthesis environment. For example, calculation of the surface Gibbs free
energy per unit surface area for an i-terminated surface, including
variations in entropy and temperature, was recently reported by Kim and
Kim to analyze changes in morphology as a function of partial pressure of
02. Moreover, the authors analyzed the equilibrium crystal shape of
BaZrOs and space charge formation in the (011) surface of BaZrOs; (Kim et
al. 2017). Further, Jiang et al. (Jiang et al. 2016) have performed first-
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principles calculations to clarify the effect of hydrogen adsorption on the
surface facets of Pd—Cu nanocrystals. The results indicate that adsorbates
could largely modify the equilibrium surface energy, and Wulff
constructions based on corrected surface energies are consistent with the
experiments, providing microscopic insight into the behavior of
nanocrystals at realistic gas pressures. Such an approach is promising for
shaping nanocatalysts by gas-assisted treatments. Qi et al. (Qi et al. 2014)
have performed DFT calculations to study the surface chemistry of ionic
liquids adsorbed on TiO; facets. The results of this study revealed how
ionic liquids achieve the synthesis of shape-controlled nanocrystals by
tuning the surface chemistry, which is a valuable step toward the ultimate
goal of controlling the synthesis of inorganic nanomaterials.

We strongly believe in the philosophy of natural sciences, where
experiments should inspire predictive models that in turn are verified or
disproved by more experiments. Rather than just showing qualitative
agreement between theory and experiment, it is more important to be able
to predict phenomena, and we urge authors to consider going beyond just
reporting results (and referees to allow predictive hypotheses to be
included).
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ARTICLEINFO ABSTRACT

Keywords: CaMoQy; crystals were prepared by a controlled co-precipitation method and processed in a domestic microwave-

CaMaly assisted hydrothermal system with two different surfactants (ethyl 4-dimethylaminobenzoate and 1,2.4,5-ben-

Microwave-assisted hydrothermal method zenetetracarboxylic dianhydride). The corresponding structures were characterized by Xeray diffraction and

":I“‘I'?‘h‘ﬂnﬂ' | Rietveld refinement techniques, Fourier transform infrared spectroscopy, ultraviolet-visible absorption spec-
Uil construction

troscopy, and photoluminescence measurements. Field emission scanning electron microscopy was used to
investigate the morphology of the as-synthesized aggregates. The structure, the surface stability of the (001],
(112), (100), (1100, (101), and (111) surfaces of CaMoDy, and their morphological transformations were
investigated through systematic first-principles caleulations within the density functional theory method at the
B3LYP level. Analysis of the surface structures showed that the electronic properties were associated with the
presence of undercoordinated [Ca0y] (x = 5 and 6) and [MoGy) (y = 4 and 3) clusters, The relative surfaces
energies were tuned to predict a complete map of the morphologies available through a Wulff construction
approach. The results reveal that the experimental and theoretical morphologies obtained coincide when the
surface energies of the (001) and (101) surfaces increase, while the surface eneray of the (100) facet decreases
simultaneously, The resulis provide a comprehensive eatalog of the morphologies most likely o be present under
realistic conditions, and will serve as a starting point for future studies on the surface chemistry of CaMoOy
crystals,

1. Introduction reaction [B.9], citrate complex methods [10,11], a galvanic cell
method [12], sol-gel methods [13,14], an ultrasound method [15], hy-

Calcium molybdate (CaMo0,) belongs to the scheelite family with its drothermal methods [16,17], a free surfactant sonochemical method

AMo0y formula, where A is Ca, 5r, or Ba, and has a tetragonal structure
with space group [4y/a [1.2]. This type of structure is composed of
dodecahedral [Ca0y] clusters and tetrahedral [MoOy] clusters connected
via common vertices, In turn, [Ca0g] polyhedra are connected via the
edges and form a 3D framework [2-4] in which the Ca—0—Mo moiety
can act as a “hinge,” allowing the [MoO4] cluster more rotational
freedom [5] to generate a structural disorder at the [CaOg] and [MoOy4]
clusters throughout the scheelite lattice [6,7],

CaMo0y (nanojerystals have received great attention, and many
different preparation methods have been reported, such as solid-state

* Corresponding author.
E-mail address: mauricio bamiof el ulm br (MRD. Bomio).

https://doi.org/10,1016

[18], chemical deposition [19-22], precipitation 23], co-precipitation
[24-27], and microwave-hydrothermal [2,11,28-33]. From the theo-
retical point of view, the geometry, electronic properties, and optical
properties of CaMoOy have been investigated by density functional the-
ory (DFT) methods [34-36].

In recent years, the search for the relationship between morphology
and properties has attracted increasing attention to the field of material
research. The performance of varions crystal facets is linked to unique
surface features sich as local electronie structure [37], atomic termina-
tion [38], atomic population [29], coordination patterns [40), dangling
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bonds [41], and internal electric strain [42], as well as surface energies
[43]. Particularly, the activity of nanocrystals used as catalysts depends
strongly on the surface structure of facets enclosing these crystals
[44-449], and makes it possible to increase catalytic activity and selec-
tivity by optimization of the structure of the catalytically active site, In
addition, according to Ruditskiy et al. [50], the shape control of nano-
catalysts helps to optimize the catalytic applicability and reduces the
costs of the material, Therefore, changing the morphology of the
as-synthesized (nano)erystals and further controlling their properties are
great challenges for their application. However, the control of the final
marphology and surface structure, which is a complex and difficult task,
is highly dependent on the crystal internal structures, synthesis method,
and external growth conditions, such as the concentration of the con-
stituents, surfactants, additives, solvents, et In this study, surface en-
ergies of six different surfaces, (001), (112), (110), (101), (100), and
(111), of the CaMo0y crystal were calculated with use of DFT. The pre-
dominant cleavage surfaces, the preferentially expressed crystal surfaces,
and the corresponding morphologies were predicted theoretically, and
these were then compared with the observations based on field emission
scanning electron microscopy (FE-SEM) images.

In this work, we seek to fulfill a twofold objective. Firstly, the syn-
thesis and characterization of CaMoQy crystals was done with and
without different surfactants (ethyl 4-dimethylaminobenzoate [EDA]
and 1,2,4,5-benzenetetracarboxylic dianhydride [BTD]) by a co-
precipitation method and with processing in a domestic microwave-
assisted hydrothermal system at 140 °C for 1, 2, 4, and 8 min. These
samples were structurally characterized by X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, FE-SEM, ultra-
violet-visible (UV-wis) absorption spectroscopy, and photoluminescence
(PL) measurements. Secondly, we intend to provide derailed

H,0
90 ml
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microscopic information on the evolution of the final morphology with
the surfactant used throughout the synthesis. Shape control was ach-
ieved by precise tuning of the experimental parameters, such as the
presence of surfactants and time.

We believe that these results can arouse enough interest since they
will contribute to broadening of the fundamental knowledge of the
morphology of compounds based on CaMo0y, To do so, a recent exper-
imental and theoretical strategy was applied, based on the joint use of
experimental findings and first-principles calculations at the DFT level.
The Wulff construction is used to obtain the electronic, structural, and
energetic properties that control the morphology and the transformation
mechanism of metals, binary oxides, and complex crystals |51-54]. This
strategy was recently used in BaWQ, [55], BaMoOy [56], and a-AgV0y
|57 erystals. In this context, Ng and Fan (58] reported a simple method
to prepare uniform p-AgaMoOy erystals with well-defined shapes, which
is expected to catalyze more extensive studies on the photocatalytic
properties of the material.

This work follows this procedure to obtain a complete map of avail-
able morphologies for CaMoQy crystals. In addition, on the basis of these
results, we are able to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are able to propose a
path by which the experimental and theoretical morphologies of CaMoD,
can match. With corrected surface energies, a straightforward under-
standing was provided by Wullf construction.

The rest of the article is divided into three sections. In the next sec-
tion, we describe, in detail, the materials and methods for synthesizing
and processing CaMoCly powders, as well as the computational method
and model systems used to perform the first-principles caleulations.
Section 3 contains the results and discussion, The article ends with the
main conclusions of our work.

Synthesis with
EDA and BTD

H,Mo0,
5x102 mol

Ca(NOs),
5x10 mol

Additionof NH,OH - ]

Washing
and drying

LT

ﬁ
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Fig. 1. The synthesis process for CaMo0y crystals. BTD, 1,2,4.5-benzenctetracarboxylic disnhydride; ED, ethyl 4-dimethylaminobenzoate.
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2. Materials and methods
2.1, Synthesis and processing of CaMoQys powders

CaMoOy powders were synthesized by a co-precipitation method in
distilled water and processed in a microwave-assisted hydrothermal
system for different times (1, 2, 4, and 8 min). Two different surfactants
were used during the synthesis: Ethyl 4-dimethylaminobenzoate (EDA)
and 1,2,4,5-benzenetetracarboxylic dianhydride (BTD). In addition, the
samples were also synthesized without the surfactant, as a reference, A
schematic representation of the synthesis of CaMoOy crystals is illus-
trated in Fig, 1.

A typical experimental procedure was as follows: 5 » 10 * mol of
molybdic acid, HyMoOy (85%purity, Synth), and 5 » 10~ mol of calcium
nitrate, Ca(NOg)a (99.5% purity, Sigma-Aldrich), were dissolved in
90 mL of water, and the mixture was stirred for 15 min. Then 5 mL of
ammonium hydroxide, NH40H, was added to this solution until the pH
reached 14 to intensify the rate of hydrolysis between Mo and Ca ions, as
shown in Egs. (1) and (2):
H:MoO) 1 + Ca(NOy ), S02H  + 2NO;  + Gl + MaO?

(aq) 3 i) i) 4 (ag)
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Subsequently, processing was done with a microwave-assisted hy-
drathermal system (2.45 GHz, maximum power of 800 W). The solution
was transferved into a Teflon autoclave and processed at 140 °C for 1, 2,
4, and 8 min. The pressure into the autoclave was stabilized at 3.4 bar.
The solution obtained was washed with distilled water ten times to
nentralize the solution (pH = 7). Finally, the precipitates were dried at
100 °C for 24 h.

2.2 Characterizations of CaMe0y powders

CaMo0y powders were structurally characterized by XRD patterns,
which were obtained with a Bruker/D2 PHASER with Cu-Ka radiation in
the 26 range from 10° to 75° at a rate of 0,02°/min, The lattice param-
eters a and ¢ were caleulated by adjustment of the experimental dif-
fractogram with use of the program MAUD (56, The average crystallite
sizes and microstrain were caleulated by the  Williamson-Hall
method [59-61],

FI-IR spectra were recorded at room temperature with a Shimadzu
IRTracer-100 instrument. The morphology of the powders was observed
by FE-SEM (Zeiss Auriga). UV—vis spectra were recorded with a Shi-
madzu UV-2600 spectrophotometer in reflectance mode. PL spectra were

(1) measured with a Thermo Jarrell Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier. The 350.7 nm line of a krypton ion
C“-::..| + Moty gy~ CaMoOy {2) laser {Coherent Innova 90 K) was used as the excitation source, with the
output power of the laser kept at 200 mW. All measurements were taken
() H JCPDS Card-N- 28351 (b) 2 JCPDS Card-N- 28.351
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Fig. 2. X-ray diffeaction patterns of CaMo0, crystalsat 1, 2, 4, and 8 min: (a) CaMa0y, (b} CaMoO, prepared with ethyl 4-dimethylaminobenzoate, and (c) CaMoO, prepared with 1,2,4.5-

benzeneterracarboxylic dianhydride.
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at room temperature.
2.3, Computational method

Theoretical procedures and computational methods involving first-
principles calculations related to the CaMoOy structure were performed
with the hybrid functional B3LYP and the periodic DFT framework
[62,63] with use of the CRYSTALL4 software package [64].

Mo cations [65] were described by a pseudopotential basis set, while
O anions [66] and Ca cations [67] were described by standard (6-31d1G)
basis sets.

For bulk and surface calculations, the diagonalization of the Fock
matrix was performed at adequate k-point grids in the reciprocal space.
The thresholds controlling the accuracy of the calculation of the Coulomb
and exchange integrals were set to 10°% (ITOL1 to ITOL4) and 107"
(ITOLS), and the percentage of mixing Fock,/Kohn-Sham matrices was set
to 40 (IPMIX keyword) [62].

Surface energies were determined from the equilibrium shape by a
classic Wulff construction [69] that minimizes the total surface free en-
ergy at a fixed volume, providing a simple correlation between the sur-
face energy (Esy) of the (hkl) plane and the distance (ryy) in the normal
direction from the center of the crystallite, The Wulff construction has
been successfully used in materials science to obtain the morphology of
materials, including PbMo0y, CaW0s, AgsPOy, a-AgaMoO,, BaMoDy,
BaW0Oy, AgaCr0Oy, and LaVi0y [54,56,70-75]. The surface energy (o) is
defined as the total energy per repeating slab cell (Eqgn) minus the total
energy of the perfect crystal per molecular unit (Epyjg aiom) multiplied by
the number of molecular units of the swface (N, and divided by the
surface area per repeating cell of the two sides of the slab.

3. Results and discussion
3.1, XRDY analyses

Fig, 2 show the XRD patterns obtained at different times (1, 2, 4, and
8 min) for CaMoOy powders processed in a microwave-assisted hydro-
thermal system at 140 “C. The XRD patterns revealed that all diffraction
peaks of CaMoO, powders can be indexed to the scheelite-type tetragonal
structure without the presence of secondary phases, in agreement with
Joint Committee on Powder Diffraction Standards (JCPDS) card no. 29-
351 [76]. Moreover, the relative intensities and sharp diffraction of all
peaks indicated that the materials are well crystallized, suggesting an
ordered structure at long range.

3.2 Rieeveld refinement analysis

The Rietveld method is based on the construction of diffraction

Table 1
Rietveld refinement and Williamson-Hall data for the as-synthesized CaMoOs crystals.
Sample cimin) athl eth VIAY)  Dwlnm) G
CaMoly 1 3235 11458 314405 a6 0,003
2 5220 11428 31142 41 0.003
4 5.233 11.451 31356 30 0,002
8 5.225 11437 31235 34 0.003
CaMotl, (EDA} 1 5234 11454 31371 4 0,003
2 5235 11456 31394 43 0,002
4 5235 11457 31398 36 0,003
8 5234 11453 31375 66 0,004
CaMoO, (BTD) 1 5225 11432 31211 @ 0,003
2 5.237 11459 31422 34 0,002
4 5207 11433 31251 30 0,004
3 5236 11458 31416 43 0.006
COD eniry W63 3.222 114235 31416 - -

tis the synthesis time, a and ¢ are lattice parameters, Vis the unit cell volume, Dy, is the
average crystallite size, and Eyy is the microstrain,

BTD, 1,245 benzenetetracarboxylic dianlydride; COD, Crystallography Open Database;
EDA, ethyl 4-dimethylaminobenzoate.
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patterns caleulated according to the structural model [77]. The Rietveld
refinement was performed with MAUD [78], and the refined parameters
were the lattice parameters, background, profile, half-width parameters
{1, v, w), and crystallite size [79]. The results for all the powders were
obtained by the Rietveld method with use of Crystallography Open
Database entry 9009632 [50], Table 1 shows the lattice parameters, cell
volume, and positions of the atoms. An analysis of the results reveals
small differences with the reported data [80], Nevertheless, it is impor-
tant to note the variations in the position of the oxygen anions (Table 2).
These variations are associated with distortions of the Ca—0 and/or
Mo—0 bond lengths, and consequently with different levels of distortion
of the [CaOg] and/or [MoO4] clusters in the lattice,

The CaMoOy microstrain (sy) and erystallite sizes (Dy) were
analvzed by the Williamson-Hall method. It is represented by Eq, (3):
Pog cos# 1 [eqy Jesing

5 —m+ X (3

where iy is the full width at half maxima (FWHM) of XRD patterns, i is
the diffraction angle, 4 is the wavelength of the X-Rays, Dy is the average
crystallite size, and egy is the micro-strain.

Table 1 and Fig. 51, Fig.52, and Fig.53 show the results for crystallite
size and microstrain for pure CaMoQy, CaMoOy prepared with EDA
(CaMoOy4 EDA), and CaMoOs prepared with BTD (CaMoOy BTD) ob-
tained at different processing times of 1, 2, 4, and 8 min in the
microwave-assisted hydrothermal system at 140 “C, For CaMoOy4 sam-
ples, a large difference in crystallite size and microstrain was not
observed, For CaMoOy_EAD processed at 140 “C for 8 min, the crystallite
size and microstrain increase, probably due to distortion in the crystalline
lattice promoted by the surfactant EDA. For CaMoO4 BTD processed at
140 °C for 1 and 2 min, we can conclude that the surfactant BTD acts as a

Tahle 2
Atomic coordinates for CaMol, erystalline structures.
Sample [ imin) Arom x ¥ H
CaMany, 1 Ca 1] 025 0625
Mo o 035 0125
4] L1553 —0.00767 0208195
2 Ca [} 025 625
Mo [} 035 0125
[} 0149 0.006% 02089
4 Ca 0 0.2% 0.625
Mo 1] 0,25 0.125
0 01569 0.03105 0. 206055
B Ca 1] 035 0625
Mo [} 0.5 0125
o 015834 -0.04248 021528
‘CaMoy, (EDA) 1 Ca o 023 0625
Mo [} 0.25 125
4] (15561 —0.01478 0.20835
2 Ca o 025 0.625
Mo [} 0.25 0.125
aQ 015246 —0.00021 020929
4 Ca o 0.2% 0625
Mo 1] 035 0125
Q Q15403 0m7z 020952
B Ca 1] 025 0625
Mo [} 035 0125
o 015309 000562 0.20944
CaMa, (BTD) 1 Ca o 0.25 0.625
Bo 0 025 0.125
4] Q14878 —0.05927 0206735
2 Ca o 0.2% 0625
Mo o 0.2% 0.125
[+] (15667 0.00845 0.20804
L} Ca 1] 05 0625
Mo o 025 0125
4] Q17513 —0.04003 0214182
8 Ca o 025 0625
Bio [ 0.25 0125
O 015335 ~0,02341 0204194

BT, 1.2,4,5-benzenetetracarbooylic dianhydride; EDA, ethyl 4-dimethylaminobenzoate.
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Table 3
E | and th I results for R ctive and infrared-active modes (em ™) of CaMoO5,
Raman Experimental
B, g g Ag By Eg Ag By By Ey Eg By Ay
- - - 205 - 263 333 339 393 401 797 844 878 (78]
110 145 189 205 219 263 333 339 393 401 797 Bdd4 878 (80]
112 143 190 205 214 267 k23 328 91 402 792 B45
1115 143 189.5 2045 214 267 3215 3275 391 402.5 792 B45.5
11 145 189 205 - 267 kv - a9 402 793 B47
Theoretical
116.8 159.8 196.6 226.5 2317 303.6 337.3 346.3 4325 441 8195 B64.5 596"
Infrared
Experimental
B, Au Eu Au Eu Au Au Eu
- - - ~ - 430 - 820 [79]
- - - - 405 430 - 827 (7]
- - 240 280 330 428 79 878 [1]
- - - - - 411-423 720-970 [26]
- - - - - 423 743-895 [32]
- - - - - 430 790-900°
Theoretical
1588 195.3 209.1 2507 327.5 470.7 785.3 B0B.7
* Present work,
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growth control agent because of the smaller crystallites than for pure
CaMo0y. On the other hand, for CaMoO,4_BTD processed at 140 °C for 4
and & min, BTD enhances the lattice distortion parameter ¢.

3.3, FI-IR analysis

The scheelite-type tetragonal structure exhibits 26 different vibration
modes: (T = 34, + 5A, + 5By + 3By + Sy + 5Ey), but eight of them (44,
and 4E,) are active in the infrared, while the other 13 modes (A, Bg, and
E,) are Raman active [&1].

Fig. 3 shows the FT-IR spectra of the CaMoOy crystals in the range
from 1800 to 400 em ', Three types of vibration modes are seen (1E, and
24,,), while the other vibration modes are not identified because they are
located in the lower region (400-100 cm 1. An analysis of the results
reveals the presence of an intense absorption band, around
BA0-910 cm J, corresponding to E, and A, modes that are associated
with the antisymmetric stretch of the tetrahedral [MoOy] clusters, At
432 em ', a less intense A, mode, corresponding to antisymmetric vi-
brations of the O0—Mo—O0 angles, is observed. However, in FT-IR analysis
it is possible to perceive some differences in the simple CaMoQq. In
Fiz. 3(a), the peaks between 1630 and 1450 cm ™" are attributed to the
presence of COa in the atmosphere [1], while in Fig. 3(b), the peak
around 1357 em L is assigned to the presence of a tertiary amine organic
group resulting from EDA. In Fig. 3(c), in the region from 1380 to
560 cm'], the vibration corresponding to the out-of-plane bending of
CH; is observed, while the wide band between 1134 and 1070 em ™ is
associated with the presence of anhydride [C—C(=0)—0—C(=0)—C]
groups from BTD, At 1650 cm ', a band associated with the O—H bond
of the water molecule was identified [£2], while at 1450 em !, a band
correspanding to C—0 bonds was identified [1,2],

The theoretical and experimental frequencies for the infrared and
Raman spectra are shown in Table 3, and the comparison and analysis of
the results shows they are agreement with the results previously reported
in the literature [1,2,26,32,81-86].

Theoretical  analysls  predicts  that  seven of  these modes
(2A; + 3By + 2Ey) are internal motions of tetrahedral [MoOy] clusters
and octahedral [Ca0g] clusters, while the other six (1A, + 2B, + 3Eg) are
external pure lattice modes of the [MoO,] tetrahedra (translational and
rotational motions between ions in the lattice) [57]. In principle, there is
a strong interaction between the O—Ca—0 and O—Mo—0 moieties of
adjacent clusters, which are structurally ordered at short range; and
intense and sharp bands are exhibited at low intensities as observed at
116.8 em ™' (B,) and 159.8 and 196.6 em ™' (). Internal motions of
MoOy tetrahedra such as symmetric bending at 441.0 em™! (Ey} and
4325 cm ' (By) or antisymmetric bending at 346.3 cm ! (B,
337.3em”" (Ay), 303.6 cm ™" (Ey), and 231.7 em ™" (B,) can be observed.
However, strong intense bands at 896.0, B64.5, and 819.5 cm ! are
attributed o internal /optical modes Ay, By, and Ey, respectively. The Ay
mode was observed at 896.0 cm™ and was assigned to symmetric
stretehing vibrations of [MoOy] clusters, and the B, and E, modes at
864.5 and 8195 em ™! were assigned to antisymmetric stretching vi-
brations of the O—Mo—0 moieties (Fig. 4).

3.4, UVovis analysis

The optical band gap energy (Eyqp) was calculated by the method
proposed by Wood and Tauc [88]. The band gap energy for all CaMoO,
particles synthesized at 140 °C for different times, with and without
surfactants, was calculated, and the values are listed in Table 4 and
Fig. 54, Fig.55, and Fig.56,

Roca et al. [89]. describe that the exponential optical absorption
profile and Egyy, are controlled by the degree of structural order-disorder
in the lattice, In our study, the UV-vis spectra evidenced changes of band
gap energies with the increase of the heating time. The results agree with
those reported in the literature [1.2] regarding the presence of inter-
mediary energy levels between the valence band and the conduction
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Fig. 4. Theoretical Raman-active modes of CaloD,.

23172 (Ag)

band [72,85,90]. The formation of this intermediate energy level inside
the band gap can be described by the degree of order and disorder of the
erystalline structure [90]. Therefore, as can be seen in Tables 1 and 4, the
increase in structural disorder and the volume of CaMoOy synthesized in
presence of EDA promotes a wide intermediate level compared with the
pure CaMoOy and CaMoOy_BTD, having a5 a consequence a reduction in
the band gap energy.

3.5. Representations of the unit cell, surfaces, and cluster coordination

Fig. 5 shows a schematic representation of the tetragonal structure
(space group I4,/a) of the CaMoOy unit cell with atomic positions and
lattice parameters obtained from the Rierveld refinement data (Tables 1
and 2} in which different clusters are depicted; that is, the local coordi-
nation of Ca and Mo atoms for the bulk (Fig. 5) and surfaces (Fiz. 6).

In the bulk, Mo cations are coordinated by four oxygens, vielding
[Mo04] clusters with a tetrahedral configuration. These clusters are
distorted because of the displaced positions of the O ions, yielding a
variation in the O—Mo—0 angles of the ideal tetrahedral configuration.

The (001), (112), (100), (110), (101}, and (111) surfaces of CaMoQ;
were modeled by an unreconstructed slab model using an optimized
equilibrium geometry. All surfaces are exposed to a vacuum by the Mo
and O ions, while the Ca and O ions are the exposed centers on the (111)
surface. In addition to the atomic configuration of the exposed facets, the
coordination environment has a large effect on the stabilization of the
surfaces. Since the bonding interaction of a Mo—0 bond is stronger than
that of a Ca—0 bond, the stability of the (111) surface is reduced

Table 4
Optical bard gap energy for CaMao0, without and with the surfactants ethyl 4-dimethy-
larninobenzoate (EDA) and 1,2, 4,5-benzenetetracarbooylic dianbydride (BTD).

Samples t {min) ]

CaMoty, M
an
374
3.75
351
3.65
3.66
3.25
3.66
371
3.66
3.68

CaMaly (FDA)

CaMoly (BTD)

N L L
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Y

CF®

Fig. 5. The bulk structure of CaMoOy, showing [Ca0g] and [MoO,] clusters as building
blocks of the material.

compared with that of the rest of the surfaces because of the presence of
two oxygen vacancies; that is, under coordination at the [MoO,] cluster.
Only the (112) surface presents [CaOs] clusters, implying a breaking of a
Ca—0 bond compared with the bulk.

The local coordination of the superficial Ca and Mo cations and the
distance to the closer O ions are shown in Fig. 6.

3.6. Morphology study

Table 5 lists the surface energies, area, and relaxation energy during
the optimization process for each surface. According to the DFT calcu-
lations, the stability of the surfaces is in the order (001)>(112)>(110)
>(101)=(100)=(111).

These results can be explained in terms of local order (at short dis-
tance), taking into account the vacancies of the O ions in the superficial

Surface (001) Cluster Coordination
2308(2)A
a) 2391(2)A
[Ca0y) {z 495(2) A
1761(2)A e Ca
MoO. 118272 A @ Mo
e O
t
T
Cluster Coordination
2280A
b) 2381A
[Ca0,){ 2418 A
242A
2430A
1704A
[MoO] | 1819A
1822A
1837A
| Cluster Coordination
2211A
c) 2313A
Ca0.] 2318A
232A
2367A
1732A
[MoQ,] | 1780A
1839A
1863A
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Table 5
e, area, and relaxation energy during the optimization process.
Surface Bt (3/m*) A(AY Relaxation energy (%)
(001) 0.72 27,385 14
(112) 0.75 50.054 70
(110) 0.93 41.898 70
(101) 1.01 32,637 74
(100) L15 59.253 43
(11 4.56 88,157 1

Mo ([Mo0Qy4] and [Mo0,]) and Ca ([CaOg] and [CaOs]) clusters. This
information was used to map the available morphologies of CaMoOs,
assuming different values for the surface energy of different facets, and
then the transformations between the different morphologies were
associated with the relative surface energy of each surface. Fig. 7 illus-
trates the good agreement between the experimental FE-SEM images and
the theoretical morphologies.

By modulating the relationship between the surface stabilities of the
different faces, we obtained Fig. 7, which can be used to obtain corre-
lations with the experimental results. This map displays the available
morphologies of CaMoOy crystals resulting from a change in the relative
stability of the facets. We started with the ideal morphology, and when
the surface energies of the (001) and (101) surfaces increased, shape A
was obtained (bottom of Fig. 7). When the surface energy of the (101)
surface decreased, with simultaneous increase of the surface energy of
(112) surfaces, shape B was obtained (top of Fig. 7). Other possibilities
were observed when the surface energy of the (101) facet decreases and
that of the (112) surface increases (middle of Fig. 7). Experimentally,
EDA was determinant, because an interaction occurred on the structure,
allowing two types of facets to be exposed in the resulting morphology.
The experimental morphology was simulated by means of two paths: the
first from shape A to shape A1, increasing the surface energy of the (001)
surface to 1.37 J/m? and decreasing the corresponding value of the (100)

Surface (110)

Cluster Coordination
222A
2301A

[Ca0,] J2351A

2371A
(Mood{

2407A
Cluster Coordination
27064

2341A
[CaOq)| 23534

[MOOJ{

Cluster Coordination

2435(3)A
[Ca0,] {2452 2)A

1710A
1804 A
1825A
1852A

1708A
1803A
1809 A
1834 A

Surface (111)

[MoOZ {: 793 2)A

Fig. 6. The surfaces and Ca—0 and Mo—0 bond distances of the exposed atoms: (a) (001), (b) (112), (¢) (100), (d) (110), (e) (101), and () (111).
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Fig. 7. Map of morphologies of CaMoOy with erystal planes (001), (112), (110], (101), {100), and (111).

surface to 0,63 J/m®, The second path was obtained from shape B to
shape B1, increasing the surface energy of the (001) surface to 1.87 J/m*
and decreasing the corresponding value of the (110) surface to 0.63 1/
m®, The A2 marphology generated is similar to that synthesized by
Ghaed-Amini et al. [91] and Marques et al. [2].

Therefore, the theoretical morphologies can be controlled by the
different surface energies, and it is well known that morphologies can
undergo changes because of differences in the environment in which they
are synthesized. These differences may include the presence of surfae-
tants and impurities, and differences in solvents, temperature, and syn-
thetic routes.

3.7. Band siructure and densily of states

The computed band structure and total density of states (DOS) pro-
jected onto the atoms and orbitals of the CaMoOy structures, surfaces,
and bulk are shown in Fig. 8.

An analysis of the DOS indicates that the upper part of the valence
band consists mainly of O orbitals(2Zp,, 2p, and 2p,) and lesser contri-
butions of Ca and Mo orbitals, The lower part of the conduction band is
derived mastly from Mo 4 d orbitals (4d2, 4d3%,, 4d,, 4dy, 4d,;). The
direct band gap energy of 4.92 eV (from I to I') is obtained for the bulk.
An analysis of the projected DOS reveals that the top of the valance band
is produced by a major contribution of the O 2p, and 2p, states, and the
top of the conduction is due to Mo 4d? states and minor contribution of
4d}2, states (see Fig. 8(h).

Caleulations yielded a direct band gap energy for the (001), (112),
(110), (101}, and {100) surfaces very similar to that in the bulk erystal,
with variations of 0.1-0.3 eV depending on the specific surface. How-
ever, the (111) surface has a conducting character, indicating a certain
instability, possibly due to the breaking of coordination in [MoO4]
clusters with two vacaneles.
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3.8, PL analysis

The PL spectra of the CaMoQ, as-synthesized powders with and
without surfactants, (EDA and BTD) are shown in Fig. 9.

Broad emission bands associated with a multilevel process (ie.,
invalving the participation of numerous states within the band gap of the
material [28]) can be observed.

Through the deconvolution of the PL spectra of pure CaMoOy,
CaMoOy EDA, and CaMoOy BTD (Fig. 9, it was possible to discovery
three curves centered at 459 nm (blue), 529 nm (green), and 610 nm
(orange), which covered all the visible electromagnetic spectrum. These
results show the same behavior of PL for pure CaMo0y and CaMoQs_EDA
samples. On the other hand, CaMoO, BTD samples reveal an elevated
percentage of the blue area, indicating a higher concentration of shallow
defects than in pure CaMoOy and CaMoO4 EDA samples, which favors
equally the blue and green areas,

The blueshift in the PL is related to the changes in the morphology of
the CaMaoO, particles, from peanut-like for pure CaMoOy to spheres for
CaMoOy EDA and dumbbell-like and flower-like for CaMoO4 BTD
(Fig. 57) and theoretical models (Fig. 7). However, other factors may also
be involved in the PL, such as particle aggregation and differences in the
size. On the other hand, we believe that the blueshift in CaMoO4 BTD
samples may be related to a preferential growth of the Al structure
described on the map of morphologies (Fiz. 7), consequently promoting a
higher concentration of shallow defects, Hence, the morphology and the
PL in this study varied significantly with the heat treatment time,
maorphalogy, and surfactant used during the synthesis.

4. Conclusions

In summary, we have developed a morphology-controlled synthesis of
CaMoOy crystals by means of a simple co-precipitation method and with
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processing in a domestic microwave-assisted hydrothermal system with
and without use of different surfactants (EDA and BTD). The as-
synthesized samples were characterized by XRD and Rietveld refine-
ment techniques, FT-IR spectroscopy, UV-vis absorption spectroscopy,
and PL measurements, while FE-SEM was used to investigate the
morphology of the crystals. The effects of reaction conditions, including

the presence of surfactant and reaction time, on the properties and
morphology of CaMoO4 were investigated systematically.

The available morphologies of CaMoO,4 comprise a complete array of
polyhedral geometries that are achieved by modulation of the surface
energies by use of a Wulff construction, and they can be fine-tuned to find
the path to link the experi | morphologies (obtained by FE-SEM)
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and theoretical morphologies. The surface energies for six different sur-
faces, (001), (112), (100), (110), (101), and (111), of the CaMoOy crystal
were calculated with use of DFT. On the basis of the calculation results,
the predominantly exposed surfaces in the morphologies of CaMoO4
crystals and their morphological transformations were predicted. By
tuning the surface energies, we obtained a complete map of the mor-
phologies available for CaMoOj, which enabled us to identify where the
observed morphology from the FE-SEM images was located on this map.
The experimental and theoretical morphologies obtained coincide when
the surface energy of the (001) surface decreases and the surface i

(CaMo04 BTD) 1 min, (j) CaMoOy BTD 2 min, (1) CaMoO,4 BTD 4 min, and (m) CaMoO4_BTD 8 min,

CaMoOy crystals, we anticipate that CaMoOy crystals with other exotic
shapes will be unraveled in time. It is also likely that the concepts
identified in this work can be extrapolated to the shape-controlled
preparation of other related materials.
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ZnMo0y and ZnMoOy: RE* = 1% Tb*, 1% Tm**, x Eu** (x =1, 1.5, 2, 2.5 and 3 mol¥%} particles were
prepared by a sonochemical method. The influence of the dopant content on photoluminescent behavior
was investigated, The X-ray diffraction results confirmed the formation of the 2-ZnMo0y phase with a
triclinic crystalling structure, The influence of the chemical compositions on photoluminescence emis-
sions has been studied and the results clearly show the specific emissions of Tb** and Eu®*, simulta-
nesusly, with a strong contribution of the matrix, Band gap values are in the range of 3.55-4.25 eV, From
the values calculated for the CIE coordinates, it was observed that this material develops an emission
tendency in the orange-red region. It has been demaonstrated for the first time that the sample ZnMoO4:
18Th, 1% Tm®*, 2% molEu®, presented higher photoluminescence intensity. At higher concentrations
of RE*', the quenching effect was observed. The morphology of samples are interpreted based on a
comparative analysis of the calculated and experimental field emission scanning electron microscopy
(FE-SEM) images. First-principle calculations at a density functional theory level were performed to
obtain the values of surface energies and relative stability of the (120, (001), {0117, (201), and (100)
surfaces by employing the Wulff construction. A complete map of the available morphologies of ZnMaoOy
and ZnMaiy:12.5%molEu®* is obtained and a possible explanation for the transformation processes is
provided in which the experimental and theoretical morphologies can match, The present study offers a
fundamental knowledge that is expected to enable the fabrication of ZnMo0y-based phosphor materials
with a controllable emission peak shift and intensity.

@ 2018 Elsevier BV. All rights reserved.

1. Introduction

diodes [5-9]. Therefore, these materials are considered a new
generation of light sources, which have been replacing fluorescent

Over the last decades, the interest for molybdates has been
increasing due to their potential applications in the most diverse
areas, such as biology, photoluminescence, photocatalysis, and
lithium ion batteries [1-<]. Rare earth cations, RE*, doped mo-
lybdates present high chemical stability, which allows them to be
applied in versatile applications, such as plasma display panels,
field emission display, lighting industries and white light emitting

* Corresponding author.
E-mail address: lauraengmat@hotmail.com [LX. Lovisa).
hetps: (fdolorg 100016/ Jallcom, 20018.03 394
0925-8388)0 2018 Elsevier BY. All righes reserved,

lamps efficiently, due to low energy consumption and fast
response.

The doping processes of RE*', the main members of lantha-
nide's group, at the lattice of the molybdates are responsible for the
appearance of optical properties due to 4f valence shell electrons,
while photoluminescence emissions are associated to f-f or 4f-5d
transitions [10,11], and the emission wavelength also depends on
the splitting of energy level, For example, Eu®* cations are activated
phosphors that provoke a strong red emitter signal due to *Dy—"Fy
electric dipole transition [12], while Th** cations are activated
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phosphors which reads a strong green emission due to the transi-
tions of *Ds-F in the blue and *Dy-"F) in the green region (] = 6, 5,
4,3, 2) and the transition intensities depend on their critical doping
concentrations [13].

On the other hand, it is well known that the co-doping process
of RE** is an adequate procedure to enhance intensity since in this
process the energy transfer occurs from one RE**cation which acts
as a sensitizer to another RE* ' cation acting as activator. Along this
process, the energy transfer between RE*cations is possible due to
a plethora of effects such as resonant energy transfer, energy
transfer by non-radiative transition and quantum cutting [14].
Many combinations of sensitizer and activator of RE'' were
developed as Er**=Yb*", E* =Gd*", Eu’*=Sm** and Eu’*—Th**
[15-21].

For the zine molybdate, ZnMo0Oy, as a representative member of
molybdate family, recent experimental and theoretical studies have
evaluated in detail their phosphorescent behavior at low temper-
atures and a crystal phosphor model was proposed to explain the
corresponding mechanism [22-24). In addition, the influence of
the growth conditions of the ZnMo0y crystals and the character-
istics of the decay are analyzed to find an increase of the lumi-
nescence emissions [25]. ZnMoQy is an inerganic semiconductor
that present two types of crystal structures: alpha (o) and beta ()
and has been successfully synthesized by different methods,
including the sonochemistry, precipitation and hydrothermal pro-
cesses [26-29] The type of phase obtained depends on the con-
ditions of synthesis, time, and temperature processing [30]. The
crystals «-ZnMoOy have a triclinic structure, with space group P1
and group symmetry C; [31], in which the Zn cations are coordi-
nated by six oxygen anions that form the distorted octahedral
|Zn0g). while Mo cations are bound to four oxygen anions in a
terrahedral configuration [MoOy] [32]. The crystals f-ZnMo0y have
a monaclinic structure of the wolframite type, with space group Py
cand group symmetry r:‘z“,,. In the monaclinic structure, the Zn and
Mo cations are coordinated by six oxygen atoms that form the
distorted octahedral [Zn0g] and [MoOg], respectively [33].

Mikhailik et al. [34] proposed that the photoluminescent
properties of ZnMoQOy are related to self-localized excitons and to
electron  transitions within the anionic molecular complex
[Mo04* The emission bands can be associated to radioactive
recombination processes of the electron-hole pairs located in the
anionic molecular complex [MoO4]° and this moiety is considered
the main constituent element, which defines the optical properties
in the visible ultraviolet energy region [35]. Cavalcante et al. [16]
attributed that the differences in photoluminescence emission in-
tensities of ZnMoOy microcrystals are due to the presence of
changes in the particle morphology, crystal size and surface defects.
RE*" doped ZnMo0,, ZnMoO4RE? ", have been widely investigated
for possible application in optical devices, According to Ju et al. [37],
in their work with ZnMoOy4: Th from the co-precipitation method,
concluded that the light flux in green is more significant than in red
and blue among materials co-doped due to the intense emission of
the *Dy — "F5 (Th**) at 550 nm and that this type of material ex-
hibits excellent thermal and chemical stability |38 -40]. Chengaiah
et al. [41] evaluated the effect of Dy** dopant concentration on the
ZnMo04 matrix and observed a mixture of emissions in the yellow
and blue regions. Through the determination of the chromaticity
coordinates, it was possible to produce a material with emission in
white. Ran et al. [42] have already described that the energy
transfer efficiency between the Bi** sensitizer and the Eu** acti-
vator in the ZnMo0, matrix is associated with the concentration of
the dopants and the distance between them, highlighting their
performance as photoluminescent material in the use of LEDs
white,
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In this work, a series of the ZnMoO4 and ZnMoOy: 1% Th* 1%
Tm* ¥ x Eu™ *(x = 1,1.5,2, 2.5 and 3 mol %) particles were prepared
by the sonochemical for the preparation of the ZnMoOy and
oMoy 15 Th" 3, 1% Tm™ %, x Eu’ (%=1, 1.5, 2, 2.5 and 3mol%).
The synthesized samples were characterized by X-ray diffraction
and Rietveld refinements, field emission scanning electron micro-
scopy (FE-SEM) and photoluminescence emissions. They present
photoluminescence (PL) emissions and a tunable band gap in the
visible light region. The geometries, electronic structures and
properties of both ZnMoQ, and ZnMoOy: 12.5% Eu® ' systems have
been characterized and discussed in relation to their crystal
structural characteristics by using the density functional theory
[DFT)-based calculations. Next, a joint experimental and theoretical
strategy, developed by us, was employed to obtain a complete map
of the morphologies available for both systems. Based on these
results, and by changing the values of the energy surfaces of (120),
[011),{001),{201),(220), (100}, (111) and {112] surfaces, we are able
to rationalize the different path followed for these system by which
the experimental FE-5EM images and theoretical morphologies can
match.

The remainder of this paper is organized as follows: Section 2
describes the experimental procedure and computational details,
Section 3 exhibits the computational details; Sections 4 and 5
present the results and conclusions, respectively,

2. Experimental procedure and computational details
2.1, Materials

Acid  Molybdic  (H;MoOy), (Alfa  Aesar), zinc  nitrate
[Zn{NO3};-6Ha0) (Synth), europium oxide [EusO4) [Alfa Aesar),
terbium oxide (ThyO7) (Aldrich), thulium oxide (Tmz03), nitric acid
(Synth), ammanium hydroxide (NH4OH) (Synth) and distilled wa-
ter were used as received to prepare the ZnMo0y and ZnMoOy:
RE* particles.

2.2, Preparation

Initially, the oxides (Euz03, ThyQ; and Tmy05) were dissolved
separately in 10 ml of nitric acid to obtain their respective nitrates.
Since in the form of oxides, these elements are insoluble in the
reaction medium. For the synthesis of the ZnMo0Oy and ZnMo0y:
RE™ particles, two precursor solutions were prepared: one of
molybdenum (solution A) and the other of zinc (solution B). For the
two solutions, the starting reagent was dissolved in 40ml of
distilled water. Solution A was exposed to high intensity ultrasound
irradiation at 63% amplitude in continuous mode. Then solution B
was added to solution A during the ultrasound by dripping in the
time interval of every 10 min. After the complete dissolution, the
dopants (RE**:Th*", Tm®" and Eu**) in nitrate form were added to
the system. Finally, NHsOH was added to the solution to stabilize
the pH at 8. The solution was centrifuged three times in distilled
water and then kept in the oven at a temperature of 80 C for 24 h
for drying. The particles were calcined at 650 C for 4 h at a heating
rate of 100 C/min.

2.3, Characterization

The ZnMo0y and Z|1M004:RE3' particles were structurally
characterized by XRD using a Shimadzu XRD 7000 instrument with
Cu-Kz radiation (3= 1.5406 A) in the 20 range from 10 to 50 at a
scanning rate of 0.02 s . The morphologies were investigated
using field-emission gun scanning electron microscopy (FEG-SEM;
Carl Zeiss, Supra 35- VP Model, Germany) operated at 6kV. The
chemical analyzes were performed on the equipment of Energy
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Fig. 1. ¥-ray diffraction of the ZnMol; materials synthesized by the sonochemical
methad: (a) ZnMath, and ZaMoy: 1% THY, 1% Tm™,  Eu' % mol: (b) = 1%, (¢)
o= 15, (d) = 2% () x = 255 and (f) x = 3% maol.

Dispersive X-ray Fluorescence Spectrometer EDX-720- Shimadzu.
The UV-vis diffuse reflectance spectrum was measured at room
temperature using a UV—vis spectrometer. The photoluminescence
[PL) spectra were acquired with an Ash Monospec 27 mono-
chromator (Thermal Jarrel, US.A.) and a R4446 photomultiplier
(Hamamatsu Photonics, U.5.A.). The 350 nm beam of a krypton ion
laser (Coherent Innova 90 K) was used as the excitation source
while its maximum output power was kept at 200 mW. All mea-
surements were performed at room temperature, The time decay
measurements were performed on the equipment Fluorolog3d
Horiba Jobin Yvon spectrofluorometer equipped with Hamamatsu
R928F photomultiplier, SPEX 1934 D phosphorimeter, and a pulsed
150 W Xe—Hg lamp.

24, Computational details

Bulk and surfaces of ZnMo0Oj4 and ZnMoQ4:12.5% mol Eu®* were
calculated by means of the hybrid functional B3LYP within the
periodic density functional theory (DFT) framework [43,44], using
the CRYSTAL14 software package [45], Eu center was represented
by a small-core effective-core pseudopotential (ECP) [45], while Mo
center was described by a Hay—Wadr type (basis [HAYWSC|-31GC)
[47]. Oxygen [48] and zinc [49] centers were both represented by
standards at 6-31G" basis sets.

In the bulk and surface calculations, the exchange—correlation
contribution is the result of a numerical integration of the elec-
tron density and its gradient, performed over a grid of points.
Default values of the tolerances that control the Coulomband ex-
change series were adopted (ITOL1 =ITOL2 = [TOL3 =[TOL4 = 8,
ITOLS = 14). The Hamiltonian matrix was diagonalized [50], using
36 reciprocal lattice points (k-points), corresponding to a shrinking

Table 1
Crystallographic data of ZaMot; and ZaModRE™ samples,
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Fig. 2. Relationship betwean crystallite size and microdeformation according to RE™
concentration.

factor of 15 = 4 method for bulk, while 10 k-points grids were used
for surfaces. In this work, a triclinic supercell of 144 and 143 atoms
which corresponds to 1 2 2 conventional cell, was used to
simulate the ZnMo0,4 and ZnMo04:12.5% Eu®*, respectively. It is
important to note that for the calculation of the doped materials,
ZnMoO4:RE*, we have a technical problem, i.e. because the % of
doping is very small, in the range of 1-3 mol#, it is necessary to use
very large unit cells, This fact makes calculations computationally
wvery costly, and it was possible to reach a minimum of doping of
12.5% Eu**,

Slab models for (120), (011, (001), (201}, (220), (100), (111) and
[112)surfaces were considered to obtain the surface energy, Equs.
values and the morphologies of the ZnMo0O, and ZnMoOj: 12.5%
Eu® systems. Surface calculations were determined from the
equilibrium shape by a classic Wulff construction [51] that mini-
mizes the total surface free energy at a fixed volume, providing a
simple correlation between the Egyr of the (hk!) plane and the
distance, r [hkl)in the normal direction from the center of the
crystallite. The Wulff construction has been successtully used in
materials science to obtain the morphology of materials, including
PbMoOy, @-AgaMoly as well as BaMoOy materials [52-54).

Ezyrf 15 defined as the total energy per repeating slab cell (Egap)
minus the total energy of the perfect crystal per molecular unit
(Esul/aram) multiplied by the number of molecular units of the
surface (M) and divided by the surface area {A) per repeating cell of
the two sides of the slab, as shown in equation (1).

1
Eqyf = Eqap - NS Epuiijarom (n

Samples ZnMol, ZnMod,

InMo0,: 15 Th 1% Tm  ZnMo0y: 15 Th 15 Tm 1.5% ZnMo0,2 15 Th 1% Tm  ZnMoOy: 18 Th 1% Tm

ZnMoly: 1% Th 18 Tm

[Theoretical) 1% mol Eu** maol Eutt * 2% mol Eu®' 2.5% mol Eu*' 3% mol Eu®*
a r."u,\ 96E22 97476 96R35 9,659901 969056 970418 9.70066
BfA)  B.94R7 GORAT 64518 695539 696208 A.A6021 6.06046
ciA)  B368T 83084 #3551 B.3668 837362 BTN 837684
V\'AUE 563.0352 526.5036 562127 5644800 5649384 565.5183 565.7120
[ 101.7090 1013339 101.720 1016817 1017214 17z 101.6873
i 96,7422 96.8497 06,847 O6.8367 96,7110 0682299 9681503
] 10686 1069862 106,851 1068180 1068245 1068004 106.8083
Dfnm) 95448 - 93.570 93.570 G3.839 68736 67342
£(10 %) 1.06 = 108 116 132 224 28
Rup G - 805 G593 103 B3T 554
Rhb 380 - 11.27 120 749 1317 (151
x" 056 - 140 128 032 1.50 0.0
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3. Results

The XRD pattern presented in Fig, 1 show the diffraction peak
characteristics of ZnMoOs. They can be indexed in a triclinic
structure of the o type with space group P1in Cy symmetry (JCPDS-
35-0765). The XRD patterns of the samples showed that the
ZnMoO.4:RE are structurally related to the triclinic crystalline phase.
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There was no secondary phase formation, indicating that doping
occurred successfully.

A decrease in the intensity of the peak (120) at 2430 is
observed in Fig. | accompanied by an increase of the amount of
dopants in the ZnMoOg matrix. The structural and electronic
distortion in the [2n0g] clusters caused by the substitution of RE**
— Zn®*in the structure of ZnMoOs is evidenced by the



LX. Lowisa et al. { Journal of Alloys and Compounds 750 (2018) 55-70 59

)

4. Theoretical representation of the triclinic 1 2 2 supercell corresponding to (a) ZnMo0, and (b) ZnMo0,:12.5% molEu® crystals.
pr p ponding 1] ) 4 oy

displacement of the peaks to a region of smaller angle according to
Fig, 1. This fact can be associated to the difference in the size be-
tween the RE**and Zn®*cations. Ju et al. [37] noted that the peales
of the XRD patterns become weak and slightly broad due to the
increase of the concentration of Th**in ZnMo0O,.

The values of the mean crystallite size and the micro strain of
ZnMo0y; and ZnMoO4:RE*are shown in Table 1. The mean crys-
tallite size was estimated by the Scherrer equation (2 [55].

Dhi <093, (2)

Where Dy is the mean crystallite size, % is the wavelength, 8 is half
the Bragg angle and  is the half height of the selected reflection
(FWHM). The reduction in the crystallite size is verified when the
dopant concentration is increased as shown in Fig. 2. This behavior
is first of all due to the distortion caused in the ZnMo0s lattice by
the dopants, which can slow down the growth of the crystals [56].
According to Vidya et al. [57], the dopant provides a lagging force in
the grain boundaries. If this generated retarding force is greater
than the grain growth force by the formed ion of the lattice (Zn),
then the diffusibility is reduced. The micro strain is associated to
the synthesis conditions that the materials were formed. For
example, the fast precipitation of the ZnMoQj particles due to the
strong attraction force between Zn*or RE*" and (MoO4)*" ions
due to the addition of NHyOH. The bonds that form later can
generate defects and deformation in the crystals.

The Rietveld refinement method was used to explain possible
differences in the structural arrangements induced by the pro-
cessing of ZnMoOy and ZnMoO4:RE> particles, This refinement
was performed by using the general structure analysis Maud pro-
gram version 2.0, The results of the Rietveld refinements are shown
in Fig. 3. The measured diffraction patterns are well matched to
IC5D 1528282, The diffractogram corresponding to the experi-
mental and theoretically calculated data are practically identical, as
shown in the Calc-Obs line. The results of the refinement are
summarized in Table 1. The high quality of the refinement is
revealed by the reliability parameters (x2, RwpandRp). The Rietveld
method uses the profiles of the intensities obtained by the slow
scan measurements of the material from the X-ray diffraction
technique.

The cell and atomic position parameters used in the calculations

are taken from the results of the Rietveld refinements for both
structures {Table 1). An optimization of the cell parameters was
performed and the unit cell representation was modeled using a
single conventional 1 2 2cell for ZnMoO4 and ZnMoOy:Eu**
materials. The X-Window Crystalline Structures and Densities
[XCrySDen) program |58] were used to design the periodic model,
as showed in Fig. 4(a and b).

The determination of the value of the gap energy (Egap) for the
ZnMo04:RE*" particles was performed from the UV—Visible spec-
troscopy by the diffuse reflectance mode, The obtained reflectance
data were converted to absorbance [F(R)= ], generating an
absorbance versus energy (eV) plot as indicated in Fig, 5, The values
of Egap were obtained from the linear extrapolation following the
Tauc and Wood method [50],

The electronic transitions in the materials happen through the
energy bands and are followed by the emission or absorption of
photons in the crystal. For a crystal to have direct electronic tran-
sitions, it is necessary to observe the conservation of energy and
momentum in the crystal. This condition is favored when the
maximum of the valence band (VB) and the minimum of the con-
duction band (CB) are in the same region of symmetry of the solid.
According to different authors [35,59,60], the ZnMoQgcrystals
exhibit an optical absorption spectrum governed by direct elec-
tronic transitions, We calculated and plotted the band structure of
ZnMo0; and ZnMoOy: 12.5% molEu™ along various high-
symmetry directions in the first Brillouin zone as shown in
Fig. Gla and b). An analysis of the results displayed in this
Figure points out that the doping of Eu™* provokes a decrease of the
values for the energy levels belonging to CB with respect to pure
ZnMo0y; the energy range 15 5.5-6.0 eV and 2-7-3.6 eV for ZnMo0,
and ZnMo0y: 12.5% mol Eu®*, respectively; while the distribution
of energy levels within both CB and VB are more compact at
ZnMaoDgwith respect to ZnMoQy: 12.5% mol Eu®,

The experimental values found for Egqp are in the range of3.55
and 4.25 eV, while theoretical calculations predict an indirect gap of
528 and 2.67eV for ZnMoO, and ZnMoO:Eu*'(12.5%) systems,
respectively, Fig. Ga<b reveals that the indirect transition is pro-
duced along the k-points F —G (010-001) from the top of VB to the
bottom of CB, although the band structure for the doped system is
very flat. The projected total DOS for ZnMoO, and ZnMoOy:12.5%
molEu? are presented in Fig, 7a and b, respectively, An analysis of
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x=2.5% and (f) x = 3% mol.

these figures shows that the VB from 0 to  0.67eV (ZnMoO4) and  and from 2.67 to 3.57eV (ZnMoOy4: 12.5% molEu®*).

from0to 0.89eV (ZnMoOy: 12.5% molEu**) are composed mainly The substitution of the RE?* cations by Zn?* cations promotes
of O orbitals (px,py and pz). CB is mainly formed by the Mo and Eu ~ an unbalance in the charges within the crystalline structure of
orbitals with a lower contribution of the Zn orbitals (dz?, dx*y?,  ZnMoO; because the oxidation states of the cations are different. As
dxy, dxz, dyz), located in the range from 5.28 to 6.07eV (ZnMoOs)  a way of restoring material neutrality, structural defects occur. The
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Fig. 6. Band structure of (a) ZnMo0y and (b} ZnMoey: 125 molEu* crystals.
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RE cations when incorporated to the ZnMo0; matrix causes an
excess of positive charges, then, Zn®* vacancies appear [41,61.62).
From an electronic perspective, the presence of these defects pro-
motes the presence of intermediate electronic levels in the
forbidden region. This new band gap configuration contributes to
electronic transitions occurring at a lower energy level. Fig. 51(of
Supporting Informationjrepresents the decrease in the Egap with
increasing dopant concentration. It is observed that there is no
linearity in the relationship between the two parameters. It is
reasonable to consider that other factors may interfere, such as the
synthesis method as well as the morphology of the particles.

Fig. & presents the photoluminescence emission spectrum of the

ZnMo04 and ZnMoO4:RE** particles. The samples were excited by a
laser of 3 = 350 nm at room temperature. An analysis of the results
displayed in Fig. & renders a first band of lower intensity located
between 370 and 419 nm, which can be associated to the recom-
bination of the hole— electron pairs within the clusters [Zn0g] with
predominant emission in violet. A second band of higher intensity
is observed located between 475 nm and 850 nm with a peak at
640 nm. Sczancoski et al. [35] consider that the energy states of the
molybdate crystals are formed by oxygen states (2p) located above
the VB and molybdenum states (4 d) located under the CB as shows
in Fig. 7. The electronic transitions of type Mo (4d) — O (2p) may
present different emissions according to the positioning of the
holes in the band structure, This second band was decomposed into
four emission bands indicating the contribution of each band of the
visible spectrum to the photoluminescence behavior, according to
the deconvolutions shown in Fig, 9, The transition corresponding to
the first deconvolution band is associated with the shallow holes
[near the VB) related to O 2p orbitals with dominance in green.
While the orange, red and infrared emissions, corresponding to the
second, third and fourth bands, are associated to the deep holes
(slightly away from theVB) connected to the O 2p orbital [53].

Wu et al, [64] pointed out that the active vibration modes of the
Jahn-Teller T; symmetry effect may influence the [MoO4]* complex
of slightly distorted tetrahedral symmetry, which would result in a
structured absorption band for the electronic transitions type 'A;
=17y, Ding et al. [65] have established that the blue emissions are
caused by 'A; — "Tuelectronic transitions in groups of intrinsic
tetrahedra [MoO4]® and green emissions by structural defects of
the Frenkel type exist on the surface layer of the crystals.

The origin and the mechanisms responsible for the photo-
luminescence emissions of molybdates are not yet fully under-
stood, Several hypotheses supported by experimental and
theoretical results are reported in the literature to explain this
optical property. Campos et al. [66], through theory calculations,
propose that the CaMoQ, particles emission processes may be
related to the existence of distorted groups [MoO;] and [MoQy] in
the lattice, These authors have argued that these groups lead to the
formation of localized levels of energy in the band gap. Marques
et al. [67] associate the dependence of photoluminescent proper-
ties with the structural order disorder of molybdate prepared by
the polymeric precursor method, Ryu et al, [68] verified that both
the degree of crystallization and morphology are two important
factors in the photoluminescence emissions of BaMo(y particles,
while Sczancoski et al. [35] suggest that the nature of these emis-
sions are very dependent on the local atomic organizations in the
structure.
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mal; detail of quenching effect on transition "Dy -+ F, [Eu":l.

Fiz. & shows the emission bands for specific RE* transitions, For
Th 3, they areDy — TFj (1=6, 5) located at 490 and 546 nm,
respectively, The typical transitions of Eu** *Dy — "F; (] = 1,2 and 4)
are positioned at 590, 619 and 624, 702 nm, respectively, while the
Dbands located at 519 and 624 can be attributed to the "Dy — 'F;
(Eu*") transition. Speghini et al. [592) proposed that the transitions
are dependent on the symmetry of the sites in which the Eu?t s
positioned.

The Dy — 'F; transition of Eu** is a magnetic dipole transition,
Its intensity is not influenced by the symmetry of the site. The "Dy
— 7 transition is known as hypersensitive transition and it is
greatly influenced by the local symmetry of the Eu** cation and the
nature of the host matrix, As a consequence, Eut dopants can also
be used as sensitive probes of local structural symmetry [70]. The
asymmetric ratio [R) was calculated considering the ratio between
the integrals of the areas under curves "Dy — 'Fz and "Dy — 'Fy,
according to equation (3), to investigate the symmetry environ-
ment of the Eu**cation site,

_ 1i5D0 - 7F2)
~ 1{5D0 - TF1)

The calculated R was 1.70. It is observed that the peak of emis-
sion of electric dipole at 619 nm dominates the peak of emission of
magnetic dipole at 590 nm, which is mainly due to the occupation
of Eu** cations without symmetry inversion [71].

The introduction of the RE** in the ZnMoO, favors the photo-
luminescence emissions as it is observed in Fig. 8. For concentra-
tions higher than that one of the sample ZnMoDy: 1% Th 1% Tm 2%
mal Eu**, a significant drop in intensity can be sensed. This effect is
related to a critical concentration which is known as the quenching
concentration (see details in Fig. &), In this critical concentration the
distance RE**- RE* is reduced, which favors the emergence of
non-radicactive transitions by a process of cross relaxation [72].
Non-radioactive transitions are expressed in phonon forms, which
result in vibrations within the crystal lattice. Wang | 73] states that
the concentration of the dopant determines the average distance
between the two neighboring activator cations as well as the
photoluminescence efficiency of RE* in doped systems.

A decrease in the emission intensity shows the occurrence of
energy migration between RE*in different sites in the lattice,
resulting in concentration quenching. Thus, an optimum concen-
tration for RE**is found to be 4 mol% (Xc = 0.04). The concentration

R (3)
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quenching occurs by the non-radiative migration of energy be-
tween the RE* " catons. The migration of non-radiative energy can
take place from two distinct mechanisms: i. e (i) Forster resonance
energy transfer {multipole—multipole interaction) and (i) Dexter
mechanism (exchange interaction) [ 74].

For the Forster resonance energy transfer to be characterized in
a system it is necessary that: the donor (D) is in the excited state
and that the distance between the donor and the activator ion (A) is
a factor of great influence for the transfer power. The specific
conditions must be fulfilled for this mechanism to take place. Note
the following points: (1) the emission range of D is partially
superimposed on the absorption range of A, and (11) the distance
(Re) between D and A must be sufficiently short, since the energy
transfer efficiency is proportional to %, to allow the interaction of
the multipole-multipole emission bands of material [75,76]. The
Forster resonance energy transfer can usually happen at distances
of up to 100 A, Dexter (also known as exchange or coalitional en-
ergy transfer) is another dynamic quenching mechanism. Dexter
energy transfer is a short-range phenomenon (Ro=10A) that de-
creases with e Rand depends on spatial overlap of denor and
quencher molecular orbitals [74].

The critical energy transfer distance (Rec) for ZnMoO4:RE3+ was
estimated by equation (4] suggested by Blasse [77] from the pa-
rameters of the structure, namely the unit cell volume (V), the
number of units of the molecular formula per unit cell (Z) and the
quenching concentration (Xc).

E; 13
4XcwZ

For the ZnMo0, system: 1% Th 1% Tm 2% molEu®", the following
values were considered: Z =6, V= 564.9384 A’ and Xc = 0.04, the
calculated Rc was 16.50 A. Normally, the exchange interaction is
preferably in an energy transfer process when the value of Re is
between 5 and 10 A [78]. In case of values higher than 10 A, there is
no indication of exchange interaction in this mechanism. Conse-
quently, other multipolar electrical interactions are responsible for
the quenching effect between two more activating ions [RE“L

To characterize the light emitted by the ZnMoO; and
ZnM004;RE3+ particles, the chromaticity coordinates {Xc, Yc) were
calculated as the basis for the distribution of the photo-
luminescence  emission  spectrum  as  established by the

Re=2 (4)
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international commission on illumination (CIE) [79,80]. As well as,
the correlative color temperature (CCT) of each sample was esti-
mated using McCamy's empirical formula [81].

CCT = 449n° +3525n%  6823n + 5520.33 (5)

wheren = \'j,‘ ;’;; is the inverse slope line, xe = 0.332 and ye = 0.

The color reproduction index (CRI) is a quantity that measures
the ability of a light source to reveal the colors of various objects
faithfully compared to an ideal or natural light source. This index
ranges from 0 to 100%, the closer to 100% the greater the color
accuracy of objects. Fig. 10 represents the chromaticity diagram
representing the points of the CIE coordinates (Xc, Y¢) of all sam-
ples. Table 2 shows the CIE, CCT and CRI coordinates of the
ZnMoOsand ZnMoO4:RE** particles.

Intensity (a.w.)

spectra of the particles (a) ZnMoOs; ZoMoOy: 1% T, 1% Tm®*, x Eu®* "% mol: (b} x = 1%, (¢) X = 1.5% (d) X = 2%, (¢)

The decay was recorded for *Dg — ’F; transition of Eu®' at
614 nm emission. The decay curves of all the ZnMoO4: RE>* sam-
ples exhibited bi-exponential decay as shown in Fig, 11 and have
been fitted into exponential equation (6. The average lifetime for
the bi-exponential decay was calculated from the following
formula (7), the calculated decay parameters are listed in Table 3.

L A
I=Aexp " +Azexp ” (6)
Where | is the emission intensity at any time “z" after switching off
the excitation illumination, A, A; are constant. 7;, 7, are the bi-
exponential component of the decay time. The average lifetime
for 614 nm emission can be determined by the following formula
(6):"
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Fig. 10. Chromaticity diagram.

Al'le + A2'122
A]'T] lAz'fz

7

And the energy transfer efficiency from host to RE ** can be
calculated according to equation (8) [82]:

n=(1  S)x100% (8)
%o

Where 7 and 7 is the corresponding emission lifetimes of the
donor in the presence and absence of the acceptor (RE**) for the
same donor concentration, respectively. The energy transfer effi-
ciency from the host to RE** in ZnMoOy is 43% for sample of
ZnMoOg: 1% Th*" 1% Tm®* 2% molEu®", that exhibited better
luminescence,

From the FE-SEM images, it was possible to identify the modi-
fications the morphologies of ZnMoQ4 and ZnMoO4:RE**, as well as
to estimate the particle size distribution. Chemical analyzes were
performed from the x-ray fluorescence spectroscopy of samples
ZnMo04 and ZnMoOg: 1% Tb*' 1% Tm*' 3% molEu®”, proving the
existence of the elements Zn, Mo, O, Eu, Tm and Tb.

For the sample of pure ZnMoOy, it is observed that the particles
have plate morphologies, according to the measurements specified
in Fig. 12 (1). A similar morphology is found for the sample of

~ —ZﬂMcoO4
=0=ZnMo0,: 1% Tb 1% Tm 1% molEu:‘.

~=Z0M0O, 19T 14 Tm 1.6% mol Eu”*
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Fig. 11, Decay curves of ZnMoOy and ZnMoO: RE™

ZnMo0z: 1% T** 1% Tm** 1% molEu’, For ZaMoOy: 1% TH* 1%
Tm?*1.5% molEu®", it was identified octahedral particles with well
defined facets. The ZnMoOy: 1% Th** 1% Tm?* 2% mol Eu®* particles
exhibited two different types of morphology and octahedral and
cubic shape can be sensed. Through the detail of Fig. 12 [1V), it can
be seen the appearance of cubic structures, evidencing the change
in the morphology of the particles. The cubic-shaped particles are
most relevant for the sample ZnMoOy: 1% Th** 1% Tm®* 2.5% Eu**,
confirming the trend presented in the previous sample. Moreover,
it was possible to identify other forms: hexagonal and octahedral
shapes. The sample ZnMoOg: 1% Th** 1% Tm** 3% Fu?*presented
particles with cubic and hexagonal shapes.

Itis well known that the control of the particle growth process is
complex and very sensitive to the chemical environment and the
internal crystalline structures [83}, The precursor type may be
selectively adsorbed on specific exposed surface planes, thereby
changing the surface energies and then an inhibition of the
appearance of some surface particles along the growth process
takes place. Huo [84] stated that the crystallographic planes
exposed during the crystal growth process will rapidly decrease
during the process as a result of the minimization of the surface
energy of the small crystals, which eventually disappear or
decrease their participation in the generated morphology. Thus, the
surface is generally surrounded by planes with lower surface en-
ergies, resulting in slower crystal growth [85].

The equilibrium shape of ZnMoO,and ZnMoOy: RE**crystals can
be calculated using the classic Wulff construction, which minimizes
the total surface free energy at a fixed volume, and provides a
simple relationship between the Esurf of the (hkl) plane and its
distance in the normal direction from the center of the crystallite.

The surface structure and energy values for the (120), (011),
(001), (201), (220), (100), (111) and (112) surfaces are described in

Table 2 :
CIE, CCT and CRI coordinates of ZnMo0O, and ZnMoO,: RE** samples.
Code Samples (Xc, Y¢) CCT (K) CRI Color
A ZnMo04 (051,043) 2256 87 Orange
B ZnMoO4: 1% Tb 1% Tm 1% mol Ev? (0.53,041) 1953 84
C ZoMoOg: 1% Tb 1% Tm 1,5% mol Eu® (0.54,041) 1876 84
D 20Mo04: 1% Tb 1% Tm 2% mol Ev’* (0,52,042) 2099 93
E 20MoO4: 1% Th 1% Tm 2,5% mol Eu’* (0,54, 0.40) 1818 81
F 2nMoO4: 1% Th 1% Tm 3% mol B’ (0.55,0.42) 1861 82
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Table 3

Comparison of emission lifetimes of ZnMoO4 and ZnMoOs: RE*".

Samples hexe (NM) Jem (NM) Ay 51 (ms) Az 72 (M) 5 (ms)
ZnMo0y 394 614 79.87 0.15 23029 0.50 047
ZnMoO4: 1% Tb 1% Tm 1% mol Eu** 394 614 1054.57 070 655.03 021 0.62
ZnMoO4: 1% Tb 1% Tm 1.5% mol Eu** 394 614 38489 031 522.19 089 077
ZnMoOy: 1% Tb 1% Tm 2% mol Eu* 394 614 125193 0.28 72274 003 0.26
ZnMo04: 1% Th 1% Tm 2,5% mol Eu*’ 394 614 62042 0.09 126092 0.63 0.59
ZnMoO4: 1% Tb 1% Tm 3% mol Eu* 394 614 985,03 065 48845 0.08 062
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the supplementary information. According to our results, the order
of stability is as follows: (120)> (001)> (011) faces in the ideal
model. Initially, it was calculated the ideal morphology of ZnMoO4
and ZnMoO4:Eu** from the Esurf, and it is constituted by 33%(33%)
of (120) surface, 23% (24%) of (001) surface, 22% (24%) of (011)
surface, 16% (14%) of (201) surface, and 6% (7%) of (100) surface,
being the values in parenthesis for ZnMo04:12.5% molEu’".

The available morphologies for both ZnMoO4; and
ZnM004:12.5% mol Eu**systems can be obtained modifying the
relative values of the surface energies or each surface, as it is shown
in Fig. 13(a and b). In this map, it is found the experimental
morphology obtained for ZnMoOyin the present work, by means of
the following paths: from the ideal morphology by increasing and/
or decreasing the Egyrvalue of (011), (100), (220) and (001) surfaces
as shown in Fig. 13a. The morphology reported by Jia et al. and
Wang et al. [86,87] can be reached following the path from A to C
and to C1 paths, respectively. Jia et al. synthesized ZnMoO4 by hy-
drothermal method in conditions of different template agents and
the as-prepared products presented varied morphologies for the
same crystalline phase (monoclinic), showing in Fig. 13a the cor-
responding morphology. Wang et al. prepared ZnMoOgvia a hy-
drothermal route with the increase in the monomer concentrations
and the influence of temperature on the shape of ZnMoQ4 was also
investigated, reporting a transition from monoclinic to triclinic
phase.

The experimental morphology of ZnMoO:Eu**was reached by
increasing the value of Eg for (100)surface to 3.70]/m2as illus-
trated in Fig. 13b. It is known that a change of morphologies can
occur because of the presence of surfactants, impurities, tempera-
ture, synthetic routes and other factors. Furthermore, in this work,
it is proposed a theoretical strategy for obtaining a reaction path,
assuming the creation and screening of alternative reaction routes
(intermediates states), to lead to a desired morphology, as pre-
sented in Fig. 13(c and d). Therefore, the values of Egfrom the
calculated ideal morphology were used (Fig. 13(c and d))to predict
the intermediate states to lead to a desired morphology (experi-
mental), and this strategy allows us to rationalize the different re-
action paths to pass the corresponding energy barriers and to
control the crystal morphologies.

4. Conclusions

Searching for new classes of inorganic materials, which emerge
as a promising option in high-performance applications in the field
of photoluminescence, has received special attention. Particularly,
oxides doped with rare earth (RE**) elements present high lumi-
nous efficiency, long decay time and emissions in their visible
region.

In the present work, ZnMoOy and ZnMoOy: RE > =Tb** - Tm**
-x Bt (x=1,15, 2, 25 and 3 mol %)crystals were successfully
synthesized using the sonochemical method. XRD observation
revealed good crystallinity of the samples prepared without any
impurities. All samples showed light emission in the orange—red
region. Experimental results and first-principles calculations
show a reduction in Egap values provoked by the structural defects
and changes of the electronic structure promoted by the intro-
duction of RE** in the ZnMoO; lattice. We have for the first time
demonstrated that the sample ZnMoO4: 1% Tb**, 1% Tm>*, 2% Eu’*,
present a larger photoluminescence intensity. At higher concen-
trations of RE**, the quenching effect was observed. The structural
and band gap relationship points out the possibility of band gap
engineering in these materials through composition modulation.

FEG-SEM images revealed that both ZnMoQ4 and ZnMo004:12.5%
Eu*samples exhibited similar morphologies. First-principle cal-
culations, at density functional theory level, were performed to
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obtain the values of surface energies and relative stability of the
(120),(001), (011),(201), and (100) surfaces and Wulff construction
is employed to rationalize the crystal morphologies found by FE-
SEM images. A complete map of the morphologies available for
ZnMo04 and ZnMo0Q4:12.5% mol Eu’' is obtained and a possible
explanation for the transformation processes is provided in which
the experimental and theoretical morphologies can match. The
present study provided fundamental knowledge on ZnMoOg4,and
the method of controlling its color emission. Then, a new strategy
for the rational structural design of ZnMoO4:RE** crystals for op-
toelectronic applications is presented.

Acknowledgements

The authors gratefully acknowledge the financial support of the
Brazilian governmental research funding agencies CAPES, CNPq,
FAPESP and INCTMN. J.A. acknowledge Generalitat Valenciana for
Prometeoli[2014/022, ACOMP/2014/270, and ACOMP/2015/1202,
and Ministerio de Economia y Competitividad (Spain) project
CTQ2015-65207-P for financially supporting this research. M.C.
acknowledges Generalitat Valenciana for the Santiago Grisolia
Program 2015/033. We also acknowledge the Servei Informatica,
Universitat Jaume I for a generous allotment of computer time.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jallcom.2018.03.394.

References

[1] Y. Yang, X. Li, W. Feng, W. Yang, W. Li, C. Tao, Effect of surfactants on
morphology and luminescent properties of CaMoOs: Ev’* red phosphors,
J. Alloys. Compd. 509 (2011) 845.

[2] Y. Jin, . Zhang, Z. Hao, X. Zhang, Synthesis and luminescence properties of
clew-like CaMoO4:Sm>*, Eu?*, J. Alloys. Compd. 509 (2011) L348,

[3] J.H. Chung, SY. Lee, K.B. Shim, S.-Y. Kweon, S.-C. Ur, JH. Ryu, Blue upcon-
version luminescence of CaMoOg: Li*/Yb**[Tm** phosphors prepared by
complex citrate method, Appl. Phys. A 108 (2012) 369.

[4] J. Fei, Q. Sun, J. Li, Y. Cui, . Huang, W. Hui, H. Hu, Synthesis and electrochemical
performance of #-ZnMoO4 nanoparticles as anode material for lithium ion
batteries, Mater. Lett. 198 (2017) 4-7.

[5] W.N. Wang, Y. Kaihatsu, F. Iskandar, K. Okuuama, Highly luminous hollow
chloroapatite phosphors formed by a template-free aerosol route for solid-
state lighting, Chem. Mater. 21 (2009) 4685.

[6] EF.Schubertand, K. Kim, Solid-state light sources getting smart, Science 308
(2005) 1274,

[7] AA. Talin, K.A. Dean, J.E. Jaskie, Field emission displays: a critical review, Solid
State Electron. 45 (2001) 963.

[8] B.V. Ratnam, M. Jayasimhadri, Kiwan Jang, H.S. Lee, Y. Soung-Soo, J.H. Jeong,
White light emission from NaCaPO4:Dy3+ phosphor for ultraviolet-based
white light-emitting diodes, J. Am. Ceram. Soc. 93 (2010) 3857.

[9] O.S. Wolfbeis, Lanthanide Luminescence, Springer, New York, 2011.

[10] B.G. Wybourne, Optical Spectroscopy of Lanthanides, CRC Press, Taylor and
Francis, Boca Raton, USA, 2007.

[11] BP. Maheshwary, ]. Singh, RA. Singh, Luminescence properties of Eu** acti-
vated St'WO4 nanophosphors-concentration and annealing, RSC Adv. 4 (2015)
32605

[12] X.Li,Y.Zhang, D. Geng, ]. Lian, G. Zhang, Z. Hou, ]. Lin, CaGdAIO4:Th3* [Eu** as
promising phosphors for full-color field emission displays, J. Mater. Chem. C 2
(2014) 9924,

[13] RS. Ningthoujam, in: SB. Rai, Y. Dwivedi (Eds.), Enhancement of lumines-
cence by rare earth ions doping in semiconductor host, 6, Nova Science
Publishers Inc,, 2012, pp. 145-182.

[14] N. Jaina, B.P. Singhb, RK. Singha, J. Singha, RA. Singh, Enhanced photo-
luminescence behaviour of Eu** activated ZnMoQ,4 nanophasphors via Th?
co-doping for light emitting diode, J. Lumin. 188 (2017) 504-513,

[15] A. Pandey, V.K. Rai, V. Kumar, V. Kumar, H.C. Swart, Upconversion based
temperature sensing ability of Er**~Yb** codoped S'WO4: an optical heating
phosphor, Sens. Actuators, B 209 (2015) 352

[16] J.A. Dorman, J.H. Choi, G. Kuzmanich, ].P. Chang, High-quality white light using
core—shell RE*:LaP0; (RE = Eu, Tb, Dy, Ce) phosphors, ]. Phys. Chem. C 116
(2012) 12854,

[17] BP. Singh, AK. Parchur, RS. Ningthoujam, A.A. Ansari, P. Singh, S.B. Rai,
Enhanced photoluminescence in CaMoO4:Eu**by Gd** co-doping, Dalton




LX. Lovisa et al. / Journal of Alloys and Compounds 750 (2018) 55-70 69

Trans. 43 (2014) 4779.

[18] Y. Jin, ). Zhang, S. Lu, H. Zhao, X. Zhang, XJ. Wang, Fabrication of Fu® and
Sm?* codoped micre/nanosized MMoO4 (M = Ca, Ba, and Sr) via facile hy-
drothermal method and their photoluminescence properties through energy
transfer, J. Phys. Chem. C (2008), 1125860,

[19] M. Yang, Y. Liang, Q. Gui, B. Zhao, D. Jin, M. Lin, L. Yan, H. You, L. Dai, Y. Liu,
Multifunctional luminescent nanomaterials from NalA(Moﬂq)z:Eu”’”Tb("’
with tunable decay lifetimes, emission colors, and enhanced cell viability, Sci.
Rep. 5(2015) 11844,

[20] F. Wang, X. Liu, Upconversion multicolor fine-tuning: visible to near-infrared
emission from lanthanide-doped NaYFs nanoparticles, J. Am. Chem. Soc. 130
(2008) 5642.

[21] N.Niu, P. Yang, F. He, X. Zhang, S. Gai, C. L, Lin, Tunable multicolor and bright
white emission of one-dimensional NaLuF4:Yb3+, Ln3+ (Ln = Er, Tm, Ho, Er/
Tm, Tm/Ho) microstructures, J. Mater. Chem. vol. 22 (2012) 10889.

[22] V. Ya. Degoda, Ya. P. Kogut, .M. Moroz, F.A. Danevich, Long time phospho-
rescence in ZnMoOy crystals, J. Lumin. 181 (2017) 269—-276.

[23] V. Ya. Degoda, Ya. P. Kogut, LM. Moroz, F.A. Danevich, Thermally stimulated
luminescence in ZnMoOy crystals, J. Lumin. 183 (2017) 424432,

[24] V. Ya. Degodaa, Ya. P. Koguta, .M. Moroza, F.A. Danevichb, S.G. Nasonovc,
E.P. Makarovc, V.N. Shlegelc, Temperature dependence of luminescence in-
tensity in ZnMoOy crystals, Mater. Res. Bull. 89 (2017) 139—-149.

[25] D. Spassky, V. Nagirnyi, S. Vielhauer, H. Magi, S.G. Nasonov, V.N. Shlegel,
A. Belsky, Emission centers in ZnMoOg: influence of growth conditions and
decay characteristics, Opt. Mater. 59 (2016) 66—69.

[26] M.A. Patel, B.A. Bhanvase, S.H. Sonawane, Production of cerium zinc molyb-
date nano pigment by innovative ultrasound assisted approach, Ultrason.
Sonochem. 20 (2013) 906-913.

[27] Z. Shahri, M. Bazarganipour, M. Salavati-Niasari, Controllable synthesis of
novel zinc molybdate rod-like nanostructures via simple surfactant-free
precipitation route, Superlattice. Microst. 63 (2013) 258—-266.

[28] C.C. Mardare, D. Tanasic, A. Rathner, N. Muller, A/W. Hassel, Growth inhibition
of Escherichia coli by zinc molybdate with different crystalline structure, Phys.
Status Solidi A 213 (2016) 14711478,

[29] L. Wan, J. Shen, Y. Zhang, X. Li, Novel ZnMoO4/reduced graphene oxide hybrid
as a high-performance anode material for lithium ion batteries, ]. Alloys.
Compd. 708 (2017) 713-721.

[30] S. Dutta, S. Som, S.K. Sharma, Luminescence and photometric characterization
of K compensated CaMoO4:Dy* nanophosphors, Dalton Trans. 42 (2013)
9654,

[31] W. Reichelt, T. Weber, T. Sohnel, S. Dabritz, Mischkristallbildung im System
CuMo04/ZnMoQy, Z. Anorg. Allg. Chem. 626 (2000) 2020—2027.

[32] T. Sohnel, W. Reichelt, H. Oppermann, H.j. Mattauch, A. Simon, Zum System
Zn/Mo/O. 1. Phasenbestand und Eigenschaften der ternaren Zinkmolybdate;
Struktur von ZnsMae;Qq, Z. Anorg. Allg. Chem. 622 (1996) 1274,

[33] K. Pavani, A. Ramanan, Influence of 2-aminopyridine on the formation of
molybdates under hydrothermal conditions, Eur. J. Inorg. Chem. 2005 (2005)
3080-3087.

[34] V.B. Mikhailik, H. Kraus, D. Wahl, H. Ehrenberg, M.S. Mykhayl, Optical and
luminescence studies of ZnMoO4 using vacuum ultraviolet synchrotron
readiation, Nucl. Instrum. Meth. Phys. Res. A 562 (2006) 513.

[35] J.C. Sczancoski, LS. Cavalcante, N.L. Marana, R.O. da Silva, R.L Tranquilin,
MLR. Joya, P.S. Pizani, J.A. Varela, |.R. Sambrano, M. Siu Li, E. Longo, ]. Andres,
Electronic structure and optical properties of BaMoO4 powders, Curr. Appl.
Phys. 10 (2010) 614.

[36] LS. Cavalcante, ].C. Sczancoski, M. Siu Li, E. Longo, J.A. Varela, -ZMO micro-
crystals synthesized by the surfactant-assisted hydrothermal method: growth
process and photoluminescence properties, Colloid. Surface. Physicochem.
Eng. Aspect. 396 (2012) 346,

[37] X. JU, X. LI, W. LI, W. YANG, C. TAO, Luminescence properties of ZMO:Th?*
green phosphor prepared via co-precipitation, Mater. Lett. 65 (2011) 2642.

[38] P. Li, L. Pang, Z. Wang, Z. Yang, Q. Guo, X. Li, Luminescent characteristics of
LiBaBO4:Th” " green phosphor for white LED, J. Alloys. Compd. 478 (2009) 813.

[39] J. Llanos, R. Castillo, W. Alvarez, Preparation, characterization and_lumines-
cence of a new green-emitting phosphor: Gd;TeOg doped with Tb**, Mater.
Lett. 62 (2008) 3597.

[40] X. Li, Z. Yang, L. Guan, Q. Guo, A new yellowish green luminescent material
SrMoO4:Tb**, Mater. Lett. 63 (2009) 1096,

[41] T. Chengaiah, C.K.A. Jayasankar, K. Pavani, T. Sasikala, L.R. Moorthy, Prepara-
tion and luminescence characterization of Zn(1-x)MoO4:xDy** phosphor for
white light-emitting diodes, Optic Commun. 312 (2014) 233.

[42] W. Ran, L. Wang, W. Zhang, F. Li, H. Jiang, W. Li, L. Su, R. Houzong, X. Pana,
J. Shi, A super energy transfer process based S-shaped cluster in ZMO phos-
phors: theoretical and experimental investigation, |. Mater. Chem. C 3 (2015)
8344,

[43] C.T. Lee, W.T. Yang, R.G. Parr, Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density, Phys. Rev. B Condens.
Matter 37 (1988) 785789,

[44] A.D. Becke, Perspective on “Density functional thermochemistry. III. The role
of exact exchange”, J. Chem. Phys. 98 (1993) 5648—5652.

[45] R. Dovesi, R. Orlando, A. Erba, C.M. Zicovich-Wilson, B. Civalleri, S. Casassa, et
al., CRYSTAL14: a program for the ab initio investigation of crystalline solids,
Int. J. Quant. Chem. 114 (2014) 1287—1317.

[46] Access to the site: http://www.crystal.unito.it/Basis_Setsfeuropium.html,

[47] F. Cora, A. Patel, N.M. Harrison, C. Roetti, C.R.A. Catlow, An ab-initio Hartree-

Structural characterization and photoluminescence properties of sol—gel
derived nanocrystalline BaM004:Dy9*, J. Lumin. 158 (2015) 203—210.

[75] G. Garcia-Rosales, et al., Energy transfer from Tb** to Eu* ions sorbed on
SrTiO5 surface, J. Lumin. 132 (2012) 1299—-1306.

[76] LX. Lovisa, J. Andres, L. Gracia, MS. Li, CA. Paskocimas, M.R.D, Bomio,
V.D. Araujo, E. Longo, E.V. Motta, Photoluminescent properties of Zr0;: Tm?**,
Tb**, Eu®" powdersd Acombined experimental and theoretical study, J. Alloys.
Compd. 695 (2017) 3094—3103.

[77] G.Blasse, Energy transfer in oxidic phosphors, Philips Res. Rep. 24 (1969) 131.

[78] F. Kang, Y. Zhang, M. Peng, Controlling the energy transfer via multi lumi-
nescent centers to achieve white light/tunable emissions in a single-phased
X2-Type Y55i0s: Eu**, Bi** phosphor for ultraviolet converted LEDs, Inorg.
Chem. 54 (2015) 1462.

[79] E.F. Schubert, Light Emitting Diodes, Cambridge University Press, 2003.

[80] R. Robertson, Computation of correlated color temperature and distribution
temperature, J. Opt. Soc. Am. 58 (1968) 1528.

[81] C. S. McCamy. Correlated Color Temperature as an Explicit Funetion of
Chromaticity Coordinates, Wappingers Falls, New York 12590-1804.

[48]

[49]

[50]
[51]

152]

153]

[54]
[55]
156]
157]
[58]

159]

[60]

161]

162]

163]

[64]

165]

166]

167]

[68]

169]

[70]

71]
172]
173]
174
182]

183]

[84]

185]
[86]

187]

Fock study of alpha-MoQs;, ]. Mater. Chem. 7 (1997) 959-967.

C. Gatti, V.R. Saunders, C. Roetti, Crystal field effects on the topological
properties of the electron density in molecular crystals: the case of urea,
J. Chem. Phys. 101 (1994) 10686 10696.

T. Homann, U. Hotje, M. Binnewies, A. Borger, K.D. Becker, T. Bredow,
Composition-dependent band gap in ZnSxSel-x: a combined experimental
and theoretical study, Solid State Sci. 8 (2006) 44—49.

H.J. Monkhorst, |.D. Pack, Special points for Brillouin-zone integrations, Phys.
Rev. B 13 (1976) 5188.

GWulff. Xxv, Zur frage der geschwindigkeit des wachsthums und der
auflosung der krystallflachen, Z. fiir Kristallogr. - Cryst. Mater. 34 (1901)
449-530.

M. Bomio, R. Tranquilin, FV. Motta, CA. Paskocimas, RM. Nascimento,
L. Gracia, . Andres, E. Longo, Towards understanding the photocatalytic ac-
tivity of PbMoOQ4 powders with predeminant (111), (100), (011), and (110)
facets. A combined experimental and theoretical study, |. Phys. Chem. C 117
(2013) 21382-21395.

M.T. Fabbro, C. Saliby, L.R. Rios, F.A. La Porta, L. Gracia, M.S. Li, Identifying and
rationalizing the morphological, structural, and optical properties of beta-
Ag2Mo04 microcrystals, and the formation process of Ag nanoparticles on
their surfaces: combining experimental data and first-principles calculations,
Sci. Technol. Adv. Mater. 16 (2015) 65002—65011.

M.C. Oliveira, et al., On the morphology of BaMoOy crystals: a theoretical and
experimental approach, Cryst. Res. Technol. 51 (2016) 634—-644,

H.P. Klug, LE. Alexander, X-Ray Diffraction Procedures, 1959 (New York).

Y. Gao, Y. Sun, H. Zou, Y. Sheng, X. Zhou, B. Zhang, B. Zhou, Effect of Eu?!
doping on the structural and photoluminescence properties of cubic CaCOs,
Mater. Sci. Eng. B 203 (2016) 52.

Y.S. Vidya, K.5. Anantharaju, H. Nagabhushana, S.C. Sharma, H.P. Prashantha,
C. Shivakumara, Combustion synthesized tetragonal ZrOy:Eu®" nano-
phosphors: structural and photoluminescence studies, Spectrochim. Acta Mol.
Biomol. Spectrosc. 135 (2015) 241-251.

A. Kokalj, Computer graphics and graphical user interfaces as tools in simu-
lations of matter at the atomic scale, Comput. Mater. Sci. 28 (2003) 155.

D.L. Wood, ]. Tauc, Weak absortion tails in amorphous semiconductors, Phys.
Rev. B 5 (1972) 3144

R. Lacomba-Perales, ]. Ruiz-Fuertes, D. Errandonea, D. Martinez-Garcia,
A. Segura, Optical absorption of divalent metal tungstates: correlation be-
tween the band-gap energy and the cation ionic radius, Eur. Phys. Lett. 83
(2008) 37002.

LL. Validzic, T.D. Savic, RM. Krsmanovic, D.J. Jovanovic, M.M. Novakovic,
M.C. Popovic, M.I. Comor, Synthesis, strong room-temperature PL and pho-
tocatalytic activity of ZnO/ZnWOQj4 rod-like nanoparticles, Mater. Sci. Eng. B
177 (2012) 645.

]. Ruiz-Fuertes, S. Lopez-Moreno, ]. Lopez-Solano, D. Errandonea, A. Segura,
R. Lacomba-Perales, A. Munoz, S. Radescu, P. Rodriguez-Hernandez,
M. Gospodinov, LL. Nagornaya, C.Y. Tu, Pressure effects on the electronic and
optical properties of AWOswolframites (A = Cd, Mg, Mn, and Zn): the
distinctive behavior of multiferroic MnWO,, Phys. Rev. B 86 (2012), 125202,
J. Liu, H. Lian, C. Shi, Improved optical photoluminescence by charge
compensation in the phosphor system CaMoO4:Eu®*, Opt. Mater. 29 (2007)
1591.

V.M. Longo, LS. Cavalcante, R. Erlo, V.R. Mastelaro, AT. de Figueiredo,
J.R. Sambrano, S. de Lazaro, A.Z. Freitas, L. Gomes, N.D. Vieira Jr., J.A. Varela,
E. Longo, Strong violet—blue light photoluminescence emission at room
temperature in SrZrOs: joint experimental and theoretical study, Acta Mater.
56 (2008) 2191,

X.Y. Wu, ]. Du, HB. Li, M.F. Zhang, BJ. Xi, H. Fan, Y.C. Zhu, Y.T. Qian, Aqueous
mineralization process to synthesize uniform shuttle-like BaMoO4 micro-
crystals at room temperature, J. Solid State Chem. 180 (2007) 3288.

S.S. Ding, M. Lei, H. Xiao, G. Liu, Y.C. Zhang, K. Huang, C. Liang, Y. Wang,
R. Zhang, D.Y. Fan, HJ. Yang, Y.G. Wang, Morphology evolution and photo-
luminescence of barium molybdate controlled by poly (sodium-4-
styrenesulfonate), J. Hernandes Appl. Phys. Lett. 91 (2007), 051923, Journal
of Alloys and Compounds 579 (2013) 549.

A.B. Campos, AZ. Simoes, E. Longo, ].A. Varela, V.M. Longo, AT. de Figueiredo,
F.S. De Vicente, A.C. Hernandes, Mechanisms behind blue, green, and red
photoluminescence emissions in CaW04 and CaMo04 powders, Appl. Phys.
Lett. 91 (2017), 051923,

AP.A. Marques, F.V. Motta, ER, Leite, P.S. Pizani, J.A. Varela, E. Longo, DMA. de
Melo, Evolution of photoluminescence as a function of the structural order or
disorder in CaMoO4 nanopowders, |. Appl. Phys. 104 (2008), 043505.

J.H. Ryu, JW. Yoon, CS. Lim, K.B. Shim, Microwave-assisted synthesis of
barium molybdate by a citrate complex method and oriented aggregation,
Mater. Res. Bull. 40 (2005) 1468.

A. Speghini, M. Bettinelli, Preparation, structural characterization and lumi-
nescence properties of Eu*" - doped nanocrystalline ZrOs, |. Mater. Res. 20
(2005) 27802789,

K. Binnemans, Interpretation of europium(lll) spectra, Coord. Chem. Rev. 295
(2015) 1-45.

M. Inokuti, F. Hirayama, Influence of energy transfer by the exchange mech-
anism on donor luminescence, J. Chem. Phys. 4 (1965) 1978,

F. Wang, X.G. Liu, Recent advances in the chemistry of lanthanide-doped
upconversion nanocrystals, Chem. Soc. Rev. 38 (2009) 976,

P.Jena, S.K. Gupta, V. Natarajan, M. Sahu, N. Satyanarayana, M. Venkateswarlu,

P. Boutinaud, L. Sarakha, E. Cavalli, M. Bettinelli, P. Dorenbos, R. Mahiou, About
red afterglow in Pri doped titanate perovskites, ]. Phys. D Appl. Phys. 42
(2009) 045106045112,

F.A. La Porta, A.E. Nogueira, L. Gracia, W.S. Pereira, G. Botelho, T.A. Mulinari,
J. Andres, E. Longo, An experimental and theoretical investigation on the
optical and photocatalytic properties of ZnS nanoparticles, ]. Phys. Chem.
Solid. 103 (2017) 179—-189.

C.H. Huo, BS. Wu, P. Gao, Y. Yang, Y.W. Li, H. Jiao, The mechanism of potas-
sium promoter: enhancing the stability of active surfaces, Angew. Chem. 123
(2011) 75417544,

C. Burda, X.B. Chen, R. Narayanan, M.A. El- Sayed, Chemistry and properties of
nanocrystals of different shapes, Chem. Rev. 105 (2005) 1025-1102,

R.P. Jia, C. Zhang, ].Y. Xu, Morphology-contrellable synthesis and character-
ization of ZnMoOy4 nanoparticles, Adv. Mater. Res. 624 (2012) 51-54.
Dongming Wang, Maozhan Huang, Yan Zhuang, Hai-lang Jia, Jianhua Sun,
Mingyun Guan, Phase- and morphology-controlled synthesis of zinc molyb-
date for excellent photocatalytic property, Eur. ]. Inorg. Chem. 16 (2017)
49394946,

203






Journal af Alloys and Compounds 722 (2017) 981995

Contents lists available at ScienceDirect

Ipnal 3f

Journal of Alloys and Compounds

LA |

ELSEVIER

journal homepage: http://www.elsevier.com/locata/jalcom

Mechanism of photoluminescence in intrinsically disordered CaZrOs
crystals: First principles modeling of the excited electronic states

@ CressMark

Marisa Carvalho Oliveira ™", Lourdes Gracia ', Marcelo de Assis ",
leda Licia Viana Rosa ", Maria Fernanda do Carmo Gurgel ¢, Elson Longo °, Juan Andres *

4 Department of Analytical and Physical Chemistry, University fowme | (U, Castello, E-12071, Spain

" COMF-UFSCar, Universidode Federal de Sao Carfos, PO Box 676, 13565-905, Sao Carfos, 5P Brazil

¢ Department of Physical Chemistry, University of Valencia, Burjassot, E-45100, Spain

a Department of Chemistry, Universidade Federnl de Godos, Regional Cataloo, Av. Dr. Lomaortine Finto o edvelor, 75704-020, Catoloo, GO, Brazil

ARTICLE INFO ABSTRACT

Article histary:

Received 31 January 2017
feceived in revised form

1 June 2017

Accepted 5 June 2007
Available online 28 fune 2017

CaZrD3 (CZ0) powders obtained by the polymeric precursor method at 400 C, and then, the samples
were annealed at different temperatures (400, 600, 300, and 1000 ) and characterized by X-ray
diffraction, Raman and ultraviolet-visible spectroscopic methods, along with photoluminescence (PL)
emissions, First principle calculations based on the density functional theory [DFT), using a periodic cell
madels, provide a theoretical framework for understanding the PL spectra based on the localization and
characterization of the ground and electronic excited states. Fundamental (singlet, s) and excited (singlet,
5%, and triplet, ) electronic states were localized and characterized using the ideal and distorted
structures of CZ0. Their corresponding geometries, electronic structures, and vibrational frequencies
were obtained. A relationship between the different morphologies and structural behavior has also been
established.

Polarized structures were identified by the redistribution of the 4d,2, 4., and 4d,,, (Zr) orbitals at the
conduction band and the 2p; (O] orbital in the valence band for 5, 5" and ", Analysis of the vibrational
eigenvector modes of these electronic states reveals a relationship between them via asymmetric
bending and stretching modes that arise from Zr atom displacements due to polyhedral [£005) distortion.
Furthermare, the results provided an insight into the PL emissions of the as-synthesized CaZrOy and led
to the conclusion that the presence of electronically excited states is strongly related to the structural
order-disorder effects (polyhedral distortion) at short range for both [Zr0g] and [Ca0g] clusters.

@ 2017 Elsevier BV, All vights reserved.
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1. Introduction

The importance of the local structure in determining the
observable properties of a material has been discussed since the
advent of crystallography | 1]. Therefore, the physical and chemical
properties of ceramics are intimately linked to their local structure,
characterized by the regular and repeating geometry associated
with the primitive lattice. While the concept of a crystalline solid as
a perfect, periodic structure is at the core of our understanding of a
wide range of material properties, disorder is in reality ubiquitous,
and can influence various properties drastically. In typical ferro-
electric crystals, the polarization and related properties result from

* Correspanding author.
E-mail address: loundes gracia@®uves (L Gracia)

hetpjids.doborg 01006/ § jalleonm, 201706052

0925-8388)0 2017 Elsevier BV, All rights reserved.

structural lattice distortions. For example, in BaTi0y, the off-
centering displacement of Ti in the [TiOg] octahedron is the origin
of its exceptional dielectric properties [2]. Very recently, different
possibilities to explain the PL emissions in crystalline Ba(Zr,Tiy )0
were associated to the isomorphic ZrfTi substitutions and structural
distortions at the [Zr0g] octahedra |3).

According to the electronic band theory, band formation re-
quires a periodic potential, typically established by regularly spaced
atoms in a crystal lattice. When this periodicity is perturbed—for
example, when electromagnetic radiation interacts with mat-
ter—the structural and electronic order-disorder effects appear,
inducing the presence of intermediate states within the band gap,
as well as enhancing the anisotropy of the chemical bonds in the
materials. These effects are concomitant with the presence of
excited electronic states from the ground state after the activation
process, determining to a larger extent the efficiency and the
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spectral features of emitted radiation, Following the classical paper
of Blasse [4], the luminescence of self-activated closed-shell tran-
sition metal oxides is basically of charge transfer character.

In this context, PL emission is well suited for the characteriza-
tion of crystalline materials based on broad band gap semi-
conductors. In particular, our group is involved in a research project
on binary and complex metal oxides as potential alternatives to
traditional metal activator based phosphors, because of their ad-
vantages of low toxicity, stability, tunable emission color, and low
cost, These oxides include Ti0; [5), ZnO [G], ZnS [7], Sn0;y [8],
molybdates [9-11], and tungstates [12,13]. Among the numerous
types of perovskite materials (ABO3), alkaline earth metal perov-
skite oxides are a veritable gold mine of diverse physical and
chemical properties with large technological applications | 14-21]
based on ferroelectricity, piezoelectricity, non-linear optical
behavior, and PL emissions, that arise from the absence of inversion
symmetry in a crystal structure [22]. ABOy perovskite compounds
have a large cation at the A-site, a smaller cation at the B-site, and
the oxygen O acts as a bridging ligand, linking the B-site cations to
form a three-dimensional cage-like host framework consisting of
anionic [BO3] cages enclosed by 12 B—0-B fragments and filled by
A-site guest cations, The ideal structure of perovskite oxides has the
cubic space group Pm3m, and the structural variations from the
ideal cubic protorype mainly arise from the displacement of the A-
and B-site cations and the tilting of the [BOg] octahedra, based on
Glazer's exhaustive classification of the tilted octahedral |23,24],

Symmetry-breaking processes have long played a central role in
the design of functional materials, An important example is the rich
PL behavior in the ABO; perovskite oxides which originate, at least
in part, from the structural and electronic order-disorder effects of
the |BOg] octahedra through distortions and rotations. Octahedral
rotations provoke changes in the B-0 and A-0 bond lengths as well
as B-0-B and A-0-A bond angles, shifting the positions of the ox-
ygen ions from the edges of the cubic perovskite structure [25]. The
overall result is that the unit cell deforms and the structure is no
longer cubic but of reduced symmetry, such as orthorhombic,
rhombohedral, tetragonal, monoclinic, and triclinic phases,
depending on the details of the |BOg] octahedral rotations and B-
site distortions. This influences the electronic and optical proper-
ties of materials, behavior of photo-generated charge carriers,
including excitation, transfer, and redox reactions, and plays an
important role in their technological applications [6,1726-30]. It
should be realised that the absorption transition of the [BOg] cluster
corresponds to an electron transition from a bonding to a
nonbonding molecular orbital, i.e, the chemical bond is perturbed,
so that the [BOg] cluster is distorted.

The disorder is considered intrinsic if it is associated with the
localization of electrons and electron holes, provoking the presence
of different electronic states within the band gap, These electronic
states are responsible for the PL behavior, The excitation induced by
electromagnetic radiation promotes electrons from the valence
band (VB) to the conduction band (CB) by this process. These
phenomena originate from the interactions berween matter and
external incoming light, and an electronic excited state is obtained
when a system (crystal) is in an energy level higher than the ground
state, e.g., after the absorption of one or more quanta of light
(photons). The structure and charge distribution of both funda-
mental and electronic excited and short-lived states are key to
understanding the optical properties. It is necessary to emphasize
that PL emissions are microscopic in origin and the structures of
these short-lived excited states are difficult to obtain. Excited
electronic states reveal information about the electronic structures
of the material, but they are short-lived and highly reactive, making
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the quest to manipulate them extremely demanding.

The difficulties encountered in separating complex factors dur-
ing experiments are not present when employing theoretical
models based on quantum mechanics, which is a reliable tool to
describe these systems at the microscopic scale, Consequently, one
has to resort to quantum chemical simulations to provide a better
understanding of experiments in order to help in ascertaining the
geometry and electronic structure of the electronic excited states
and therefore prediction, of the PL behavior. However, modeling
the structure of excited electronic states and their properties using
the first-principles electronic structure methods is still a huge
challenge. To overcome this difficulty, numerous efforts by our
research group have been made to understand the mechanism of PL
emissions in SrTi0s, SrTi0s:Sm, CaW0y, BaZr0s, and BaZry_Hf,04
solid solutions based on the characterization of excited electronic
states [31-37|, where the computational cost is significantly
reduced by imposing periodic boundary conditions.

Calcium zirconate, CaZr0s (CZ0), has received a lot of attention
due to its exceptional dielectric and catalytic properties and PL
emissions with applications in diverse areas of science and tech-
nology such as hydrogen sensors, luminescence hosts, multilayer
capacitors, catalysis, and so on [35-43| CZO presents an ortho-
rhombic structure with 8 and 6-coordination for the Ca and Zr
atoms, [Ca0g) and |Zr0g), respectively, as the constituent building
blocks of this material [49]. There are several reports on the elec-
tronic structure calculations performed to study CZO0 in the ground
state [50-55]. Recently, Gupta et al. [56] have been performed a
spectroscopic and theoretical study to explain the PL emission in
the blue region based on the nature of defects, while Moreira et al.
|57] employed first-principles calculations to clarify the mecha-
nisms involved in the luminescence emissions observed for disor-
dered BaZr0s, proposing a novel explanation for transitions from a
PL and to a radioluminescence emission regime based on crystal-
line defects.

Mevertheless, no insights about the PL emissions based on the
presence of electronic excited states have been obtained. The focus
of this article is to expand the theoretical understanding of the
phenomena in CZ0 as a result of an analysis of the electronic
excited states. First principles calculations are employed in the
present research, and we argue that because our procedure gen-
erates models in accord to the experiment, our methodological
approach is valid. In addition, a careful examination of the calcu-
lated results provides an insight into the physical origin of the
process that accounts for the PL behavior of CZ0 materials. Full
details, describing the generation of the atomistic models are pre-
sented in the Supplementary Information.

In the present work the focus is the PL mechanism and its
relationship with the presence of excited electronic states in
intrinsically diserdered CaZr0; crystals, and we seek to fulfill a
three-fold objective: synthesis and characterization by X-ray
diffraction (XRD), Raman and UV-Vis spectroscopy, and PL emis-
sions of the as-synthesized CZ0 samples; employment of first
principles calculations based on the density funcrional theory
[DFT), at BILYP level, to localize and characterize {geometry, elec-
tronic properties, and vibration frequencies] both ground and
excited electronic states of CZO (electronic structures, including
density of state (DOS) and band structures were calculated based
on optimized geometries); and the achievement of a relationship
between structural and electronic order-disorder effects and PL
emissions,

The remainder of the paper is organized as follows; the analysis
and discussion of both theoretical and PL results are presented in
Section 3. The main conclusions are given in Section 4.
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2. Experimental procedures and computational details
2.1. Synthesis and characterization

The powder CZO was prepared by the polymeric precursor
method, kept for 4 h at 400 C to eliminate any remaining carbon.
CZ0 samples were then annealed at 400, 600, 800 and 1000 C for
2 h. This procedure has been performed to obtain different
perovskite-based materials by our research group [27.58]. The
annealed samples at 400, 600, 800 and 1000 C were characterized
by XRD (Rigaku DMax2500PC) using Cu Kz (4) 1.5406 A radiation.
The data were collected from 10 to 120 in the 26 range with 0.5
divergence slit, 0.3 mm receiving slit, in fixed-time mode with 0.02
step size and Is/point. Crystal structures were identified and refined
by the Rietveld method using the GSAS software [59]. This software
is specially designed to refine simultaneously both the structural
and the microstructural parameters through a least squares
method. The peak profile function was modeled using the convo-
lution of the Thompson-Cox-Hastings pseudo-Voigt (pV-TCH) with
the asymmetry function described by Finger et al. [60]. The Rietveld
refinement is presented in a previous reported study [61], and
provides the network parameters a, b, and ¢ as well as internal
coordinates, space group of the CZO and refinement of quality
indicators.

PL spectra we are measured with an Ash Monospec 27 mono-
chromator (Thermal Jarrel, US.A.) and a R4446 photomultiplier
(Hamamatsu Photonics, U.S.A.). The 350 nm excitation wavelength
of a krypton ion laser (Coherent Innova 90 K) was used as excitation

Fig1. Cell1 1
triplet, t*, electronic states,

source, keeping its maximum output power at 200 mW. XRD and
Raman spectra, and PL measurements were carried out at room
temperature for annealed samples at 400, 600, 800 and 1000 C.

2.2. Computational details

Theoretical calculations were performed using the periodic
quantum mechanical method implemented with the computer
program CRYSTAL14 [62]. The computational method used is based
on density functional theory (DFT) together with the B3LYP func-
tional [63]; [64]. This computational technique has been successful
for the study of the electronic and structural properties of various
materials including perovskites and several other oxides [36]; [65].
The standards (6-31d1G) all electron basis set were used to
describe the atomic orbitals of calcium [66], zirconium [67] and
oxygen |G| atoms. The diagonalization of the Fock matrix was
performed at 27 or 36 k-points grids in the reciprocal space for bulk
singlet (s) or excited singlet (s*) and triplet (t*) electronic states,
while 9 or 10 k-points grids were used for surfaces in singlet (s and
s*) or triplet (t*), respectively, of the CZO system. The thresholds
controlling the accuracy of the calculation of the Coulomb and
exchange integrals were set to 10 ® (ITOL1 to ITOL4) and 10 ™
(ITOLS), and the percent of Fock/Kohn-Sham matrices mixing was
set to 40 (IPMIX keyword) [G9]. The XCrysDen program was used as
agraphical tool to design the spin density plots and VESTA program
was used for the design of morphology.

We use periodic models to find the ground and excited elec-
tronic states. A1 1 1 cell was used as a periodic model to

1 for modeling the electronic states of CZ0 and the corresponding expansion along a and ¢ directions; a) singlet electronic state, s, and b) excited singlet, s*, and
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represent the fundamental s electronic state, while 5* and t* excited
electronic states were modeled by shifting the zirconium by a (0.0
0.00.2) A vector from its previous position in the cell (Fig. 1aand b).

CZ0 presents an arthorhombic structure with space group Pomn.
An excited state is obtained by imposing a low and high spin state
that must promoate an electron from the VB to the CB. Per unit cell,
this transaction corresponds to imposing two electrons with the
opposite (singlet) and same spin (triplet). It also creates a Frenkel
exciton (hole in the VB, electron in the CB). To find the excited
electronic states, two arrangements have been explored based in
the same model but changing the optimization conditions: i) Zr
displacement from the center of a |Zr0g] octahedron in the
orthorhombic CZ0, followed by an arising of a spontaneous polar-
ization from this asymmetrical structure, resulting in the Jahn—-
Teller effect |70}, fixing the cell parameters to obtain the excited
singlet, s*; ii) Zr displacement from the center of a [Zr0g] octahe-
dron, in which the position of the six nearest oxygen atoms sur-
rounding the Zr atom is optimized as well as cell parameters to find
the excited triplet, t*, in which, distorted clusters [Ca0g] are also
obtained. Then, a series of calculations were carried out on each
different electronic states in order to determine their electronic
structures and the specific atomic states which make up their
corresponding energies. This information is used to understand the
transitions assaciated with PL emission behavior.

Vibrational analysis for ground and excited electronic states in
their equilibrium configurations has been made to ensure that
there are no imaginary frequencies corresponding to the saddle
points on the potential energy surface. It is well known that DFT
calculation at B3LYP method tends to overestimate the values of the
vibrational frequencies; therefore, a scaling factor of 0.94 is used
(711,

Slab models containing in singlet 8 molecular units (in singlet
state) and 4 molecular units (in triplet state) for (121), (100, (010),
(101), (001, (111), and (011) surfaces, respectively, were consid-
ered, after corresponding energy convergence tests. The surface
energy is calculated by using the following equation:

—400"C
—800°C
—800°C
=—1000*C

Intensity / a.u.
) f

Intensity / a.u.
I\
Vs

JCPDS #35-0790

T T
20 40 60 80 100
r

Fig. 2. XRD patterns of the (20 powders annealed ar different temperatures for 2 h,
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— 40 C

Intensity / a.u.
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Fig. 3. Photluminescence spectra of the G20 powder annealed ar different
TETPEratures,

1
Eaur = 57 (b N Epu)

where A is the surface area of each slab, N is the number of mo-
lecular units, Eqyp, is the total energy of the slab, Eyyy is the total
energy per molecular unit for the CZ0 unit cell. A classic Wulff
construction can be obtained, from calculated Ey, values, that
minimizes the total surface free energy at a fixed volume.

3. Results and discussion
3.1, X-ray diffraction analysis

The X-ray diffraction patterns for the CZ0 sample at different
temperatures are shown in Fig. 2, and indicate a single phase
orthorhombic perovskite with the Pomn space group. The diffrac-
tion peaks were indexed based on the JCPDS 35-0790 file and the
crystallization of CZ0 is observed, In annealed samples at 400 and

400

]

M%\_ .

. -
4 2 1

s M AN

T T T
100 200 300 400 500 800 700 80D
‘Wavelength / nm

B

Fig. 4. Raman spectra of C20 powder annealed ar different remperarures. The posi-
tions of the active modes are indicated.



M.C. Ofiveira et al. / Journal of Alloys and Compounds 722 (2017) 981995 985

600 C, the peaks appear more widened and the material is
structurally less organized at long range and disordered at short
range, involving disordered [CaOg| and [ZrOg] clusters, as constit-
uent building blocks of CZO; this behavior can be attributed to
structural distortion from the parent high-symmetry structure.

3.2. Photoluminescence properties

Fig. 3 displays the PL emission spectrum of the CZO sample
annealed at 1000 C. An emission band extending from 350 to
850 nm and peaking around 450 nm is seen. Additionally, low PL
emission intensity was observed at annealed samples at 400 and
800 C, while at 600 C the PL emission is absent. This indicated
that the PL behavior of CZO is sensitive to temperature, and a high
PL emission requires a certain amount of order together with dis-
order in the CZO samples. This is also indicated by the diffraction
peaks in Fig. 3, which become broader indicating an increase of

r

structural order at short range at both annealed samples at 800 and
1000 C in the lattice. The PL emissions of perovskite-based ma-
terials depend on different aspects, among them the excitation
wavelength and synthesis method. In the present work both factors
are different of those used in the paper by Gupta et al. |56]. Our
results are in line with previous results on different perovskite-
based materials [27.72.

3.3. Raman spectra

The Raman spectra with ten active modes are shown in Fig. 4.

CZO with the orthorhombic structure and D'%, (Pemn) sym-
metry group, presents the following irreducible representations at
the I" point of the Brillouin zone and distribution among the
following symmetries:

8A,-+ 0By, + 8Byy + 10B3y-+ TA(R) + 5B1g(R) + 7Byg(R) + SBsg(R1)

Fig. 5. Electronic states of CZO in terms of cluster constituents: a) singlet and excited singlet electronic states, s and s*, respectively and b) excited triplet electronic state, t*.
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Table 1
Bond distances for the fundamental singlet electronic state (s) and excited (s*) and triplet (*) electronic states 1x and 2x refers to the multiplicity of the bond.
5 ¢
Bond (A) Bond (A) Bond A
Ca 01 1x 2341 Cal 01 2348 Ca2 02 2348
02 2x 2362 ot 2433 012 2433
01 Ix 2461 06 2447 01 2447
02 2 2679 02 2449 05 2449
02 2x 2844 012 2583 08 2583
05 2669 06 2,669
07 3.050 09 3.050
010 2814 on 2814
(a3 03 2301 Cad 04 2301
09 2346 07 2346
08 2381 010 2381
04 2408 03 2408
05 2573 o1 2573
07 2,656 09 2,656
010 3.027 06 3.027
012 3272 08 3212
r 02 2x 2.100 mn 09 2160 Zr2 012 2160
02 2 2091 02 217 06 21N
01 2 2097 07 2179 04 2179
05 2.190 08 2190
s ot 2159 o 2194
Bond (A) 03 2,186 010 2292
Zr displ. 02 Ix 1.657 i3 01 1,995 4 06 1,995
02 X 2.596 09 2096 08 2096
02 x 1.839 04 2,128 03 2,128
02 X 2455 07 2131 012 2131
01 % 2232 on 2174 02 2174
[&}} x 2116 05 2294 010 2294

a=5594 A, b~ 8021 Aand ¢ - 5761 A for s and s* states,
a~-5673A.b~8.155Aand ¢ -~ 5844 A for t* state,

where 7Ag + 5B1g + 7By + 5Bjgare a total of 24 Raman (R) active
modes, 9By,+ 7B;,+ 9By, are the 25 infrared active modes, 8A, are
non-active modes, along with three translational modes
(Byy +By +B3u) [73.74].

The Raman spectra with ten active modes are shown in Fig, 4.
The bands in the range 140-300 cm ' are associated with 0-Zr-O0
torsion modes. The bands at 433 and 464 cm ' are related to the O-
2t-0 bending modes and the band at 537 cm ' results from the Zr-
0 stretching mode. The Raman spectrum of annealed sample at
900 C was previously reported and compared to other

experimental studies [75], showing that this kind of system is
typically observed in the low wave number range 145-547 cm !
[73], 143-545 cm ! [76), 153515 cm ' [77).

The appearance of three vibration modes of annealed sample at
1000 C, which are not present at temperatures of annealed sam-
ples at 400 and 600 C, was noted. This can be associated with the
local distortion of the [ZrOg) octahedra, causing a breakdown of the
Raman selection rules and the presence of weak bands in the
Raman spectra. Then, the PL emissions can then be related to the
appearance of new vibrational modes at 1000 C.

Fig. 6. Spin density localization for the t* state of CZ0: a) 3D representation where the spin density Is localized {yellow color) in 4d;2, 4d,; and 4d,, of Zt2 atom and 2p; of 010 atom,
b) Projection on a plane (passing through Zr2-010-012 atoms) in which atoms with highest spin density are included, (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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3.4, Theoretical study

The ground state of CZ0 has an orthorhombic structure, with
both [Zr0g] and [CaDg) clusters as the building blocks. To find
excited electronic states, different models have been used to ach-
ieve a slight distortion in the [Zr0g) octahedra. The transformation
from the fundamental s to s* states occurs following a displacement
0f 0.2 A, for 25% of the Zr atoms along the (001) direction. As a result
of Zr atom displacement from the center of the | 2r0g] octahedron, a
spontaneous polarization is produced and a Jahn—Teller effect and
asymmetrical relaxation of the six nearest oxygen atoms sur-
rounding the Zr atom in the [Zr0g] cluster occurs.

However, the transformation from the fundamental s to t* states
is produced by a slight distortion of [Zr0g| and [CaQg] clusters with
a structural order-disorder effect in the Zr-0 and Ca-0 bonds of
CZ0, An analysis of the results shows that the transformation from
the fundamental s to 5* is produced by a slight distortion of [Zr0g]
clusters on a very flar energy surface. For the r* state an expansion
of cell parameters of ~1.5% is found: the o parameter increases from
5594 to 5673 A b parameter from 8.021 to 8155 A, and ¢
parameter from 5.761 to 5.844 A, In particular, the displacement of
the Zr atom causes a slight distortion of both Zr2 and Zrd clusters,
as well as the Ca3 and Ca4 clusters, the latter forming [CaOg,2)
clusters. A schematic representation of the unit cells in terms of
their cluster constituents is presented in Fig. 5. The Ca-0 and Zr-0
bond distances for the three systems, s, 5%, and t* configurations
are listed in Table 1,

It is important to note that the Zr-O bond distances in the t* state
are stretched and shortened to 2.294 and 1.995 A, respectively (see
Table 1), and this effect can be related to the structural order-
disorder effect associated with the appearance of PL at 1000 C,

The characterization of the spin density distribution can be
useful for understanding the PL properties of CZ0 that are based on
the behavior of the d-orbitals occupied by unpaired electrons, that
is the difference between the contributions from spin alpha and
beta to the total electron density. The spin charge density localized
in the * state is shown in Fig. 6, in which Zr2 and 010 are the atoms
with the highest spin density. The spin charge density is mainly
located in the 4d;2, 4d,;, and 4dy, orbitals of Zr2 and the 010 2p,
orbital,

The results presented in Fig. 6 and Table 1 indicate that the
triplet state is achieved by a structural distortion. This order-
disorder effect may also be noted in the behavior of PL of CZ0,
which is highly sensitive to temperature, This behavior is due to the
appearance of various electronic levels at this temperature, ie.,
intermediate states that are brewing in the band gap. This fact is
directly related to the redistribution of local density around Zr and
Ca cations that is proportional to the local distortions at both [Zr0g)
and [CaOg| clusters as well as to torsion movements involving
|2r0g]-[Ca0g] frameworks. In this way, different types of defects
can generate intermediate states and directly influence the band
gap.

The PL analysis shows an intracluster organization (short range
order), but indicates a disorder between the clusters (medium
range order). At medium range the interactions occur by orienta-
tion and are associated with the rotation of the dipole moments
[Z10)-[Zr0g), [Cag)-[Ca0g] or [ZrOg)-[Calg). At short range the
interactions arise through an induction by permanent dipole
mament of the neighboring cluster [CaOg| or [Zr0g), i.e. polariza-
tion of clusters, and at long range a dispersion from the correlation
between electrons in the vicinity of clusters [Zr0g] or [CaOy] takes
place.

These structural changes are related to theoretical results that
have shown that the process of breaking of symmetry (order/dis-
order) in a structure is a necessary condition for the existence of

energy levels in the forbidden band gap. Therefore, for the present,
it is considered that within the CZO netwaork, structural distortions
emerge between the [Zr0g § [ Zr0g § and/for [Ca0y , [ CaOg § (o-
ordered; d-distorted) clusters that allow transfers electronics be-
tween them.

3.4.1. Vibrational analysis

There are 24 Raman-active modes for the orthorhombic struc-
ture of CZ0 according to Equation (1), However, as noted previously
(Section 3.7 ) not all of these bands can be observed experimentally.
It is possible that many of the predicted modes are hidden by other
intense bands, which may overlap or involve very low changes in
the polarizability,

In Table 2 the theoretical calculated values are presented and
compared to experimental data at different temperatures, An
analysis of the results shows some discrepancies in a few cases, and
to shed light on them a representation of Raman vibration move-
ments abave 370 cm ! are depicted in Fig. 7a. The Ay mode (at
37049 cm ) corresponds to a Zr-0-Ca bending motion between
the clusters, whereas higher values at -480 cm ! are associated
with the 0-Zr-0 bending. A sum of the By and A, modes is obtained
experimentally at -430 cm ' that corresponds to the theoretical
modes at 43482 and 45096 cm !, whereas the theoretical Bg
mode at 479.59 cm ' is not seen in the experiments, An asym-
metric stretching of Zr O in the [Zr0g] cluster is observed at
-460 ¢m ! (Big), which can be compared to the theoretical mode
obtained at 522.21cm " This moede has appeared at 515 cm '
experimentally in previous works |77.78). Another asymmetric
stretching of Zr-0 in the [Zr0g] cluster is observed at
-540 cm ! (Bzy-+ Ag), which is depicted in the lower part of Fiz. 7a
and can be compared to theoretical modes obtained at 537.44 and
544.99 cm | Three theoretical stretching modes above 700 cm !
are also obtained, which are not ohserved experimentally.

The higher stretching modes up to 480 cm ! are depicted in
Fig, 7b for the t* state, while in Table 51 (of Supporting Information),

Table 2
Raman active modes for s electronic state, compared to experimental data annealing
at different temperatures.

Theoretical Experimental
Mode, (cm™') Corrected”’  [cm™') Temperature | C)

A00/E00 a00 1000
Ay 127,82 120,15 137.80 137.80
By 164,68 154.81
fizg ThH.64 158,46 171.44 182,97 1831
Ay 194,41 182,75
B 20330 191.10 20351 205,68 205,69
Bap 22597 n2a
Bap 22759 213.93
By 246.54 231.75 22591 21756
Ay 2B0.77 26392 238.50 255.26 25526
Ay 296,77 278.96 27832 27832
By 3744 18839
By 37205 AT
By IB797 36469
Ay 394,14 370,49 3240 33149 35149
b3 45778 430.31
Bp 46257 434.82 42229 43240 43240
Ay 470.75 450.97
By 51021 479,60
By 555.54 5221
By 571.74 53744 463.02 463.02
Ay 570.78 544.99 52279 54029 540.29
By Ti733 GEE.08
By 79702 74820
By BO8.01 759,53

10,84 = scaling factor,
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Fig. 7. Theoretical Raman active modes of CZ0 crystal involving octahderal [2r0;] cluster: a) singler fundamental state, 5, and b) triplet excited state, 1.

the corresponding values for the s* state is also included for com-
parison purposes. In both cases, all the mades present Ag symmetry,
An analysis of the results shows that the transformation from the
fundamental s to 5* is produced by a slight distortion of the [Zr0g)
clusters. The orthorhombic form undergoes a displacive transition
to a lower symmetry without bond breaking, which involves the
structural order-disorder effect and can be associated to the Zr-0
asymmetric stretching mode at 544,99 and 544,28 cm Vfor s and
5%, respectively. On the other hand, the transition from s* to ¢
excited electronic states can associated to vibrational movements
along 54428 cm ' and 54199 cm ' for s and ¢, respectively.
However, it is important to note that the pathways to reach both s*
and " electronic state imply a new spin rearrangement which
supports a structural distortion resulting in new electronic
configurations.

Optical properties such as PL are strongly dependent upon the
structural and morphological features of the crystal system.
Structural order—disorder associated effects are a crucial factor in

212

determining the optical behavior of a material [79,80]. During the
PL process, a symmetry breaking occurs at short order involving
two clusters, i.e., structural distortions associated with the imper-
fect coordination mainly related to the Zr sites, Then, the under-
coordination associated with distorted [2r0g] and [CaOg.2] clus-
ters appear. The electron distribution is useful to predict the
physical properties and it plays an important role in determining
the lattice structure, the DOSs, and the charge density. These
structural and electronic changes can be related to the variation of
polarization between distorted clusters that are capable of popu-
lating stable excited electronic states and hence result in active
vibrational Raman modes. The triplet excited state has a higher
energy than the excited singlet state; although the s° state seems to
be much more likely to occur, the two states would possibly be
reached by irradiation during experimental measurements. Obvi-
ously, the decay process involves more than just two electrons, but
in our model, two electrons per cell were used. In this study, we
associate the experimental results related to characterization
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methods to theoretical results, On this basis, monitoring the energy
and geometry of the singlet and triplet excited states will provide
further insight into the PL mechanism. Furthermore, analyzing the
relationship of these vibrations and geometries offers the oppor-
nity to interpret the excited states in a new and possibly more
intuitive way, linking electronic excitations with the concept of
vibrational modes as being mainly responsible for PL behavior,

342 Band structure and density of states

The electron distribution plays an important role in determining
the lattice structure, the DOS, and the charge density. The band
structures plotted along the path I, Y, X, 5, Z, T, U, R, andT for the s,
5", and t* electronic states, are depicted in Fig. 8a—c.

The band structure observed in Fig. 8a—c reveals a new config-
uration from spin alpha to spin beta, with a notable reduction of the
energy gap value (from 6.23 eVinsand 6.14 eVins® o 3.5 eVint*).
In order to understand the electronic structure of the CZ0 powders,
the ground- and excited-density of states (DOS) are calculated. The
total DOS and projection on atoms is shown in Fiz. 9a—c, where the
electronic contributions of the atoms in CZO can be noted in the s,
', and r'states, respectively. In addition, the electronic contribu-
tions of the atomic orbitals are presented in Fig. 10a—c for the s, %,
and t* states, respectively.

Analysis of the electronic structure of the s, s, and ¢* states
(Figs. 9 and 10) demonstrated that the upper valence band is pre-
dominantly formed by the 2p (py. py. p.) states of all the O atoms in
the cell and the bottom of the conduction band is mainly formed by
the 4d (dyz. dyy, dys. dr2, dea.y2) states of the Zr atom. (Fiz. 102 and b)
indicates that the s and s* state presents an orthorhombic structure

Energy (eV)

with the Zr atomic orbitals described as 4d,2, 4dy, and 4dywith a
band gap value of 623 and 6.14 eV, respectively.

For the r* state, the displacement of the Zr atom causes a slight
distortion of the Zr4-06, Zrd-010, and Zr2-010 bonds (as seen in
Table 17, leading to the creation of localized states and a decrease in
the gap energy. The calculated gap energy for this model alpha-beta
is 3.5 eV,

The DOS in Fig. 10b reveals that these localized states are of 2p
character, arising mainly from the 2p states of the oxygen 01 and
02, which are loosely connected to the Zr atom. This can be
explained due to the asymmetry generated by the displacement of
Zr along the z-axis.

The aforementioned experimental and theoretical results
strongly indicate that PL is related to the structural short and long
range order in the lattice. X-ray diffraction patterns showed a
progressive structural disorganization of the powders milled for
different times. The PL intensity increases when the powder is
submitted at high temperature and its optical Eg,, value decreases.
This disorder caused in the system is a favorable condition to
generate an intense and broad PL band. In this context, the results
obtained for the triplet state indicate the existence of energy levels
in the gap region, which decrease the value of the band zap and
enable PL emissions.

3.5, Morphology study

A study of the morphology of CZ0 in the s and 1* states is pre-
sented in Fig. 11a and b, respectively. The variation in the equilib-
rium shapes for these systems using the Wulff construction is a

Energy (aV)

Fig. & Band structure of CZ0; a) 5, b) s and ¢) o elecrronic states,
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powerful tool to evaluate the morphology. When the relative sta-
bility of the facets changes (increases or decreases), more than one
type of facet can appear in the resulting morphology, producing
variations. Surface energy values for the studied surfaces of the CZ0
system in s and t* are listed in Table 3, An analysis of the theoretical
results indicates that the most stable surfaces in the singlet state
are the (121}, (100, (010), (101], (001), (111), and (011) facets, and
the ideal morphology of CZ0 is controlled by the (121),(100).(101),
(001}, and (010] facets (Fig. 11a). In the case of the triplet state, the
thickness of the modeled surfaces have been reduced to the middle
due to the computational cost, and the order of stability is (121),
(101}, (D013, (100), (001, (111}, and (011) facets, and the ideal
morphology is controlled by the (121),(101), (100), and {001 facets
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{Fig. 11b),

We proposed the hypothesis that the decrease/increase of the
surface energy in the triplet state with respect to the singlet state is
due to the coordination of the 0-Ca and O-Zr atoms, which are
more exposed at the surfaces. Fig. 12 shows a comparison of the
triplet and singlet surfaces studied in this paper, showing the more
exposed metallic clusters for both systems. In addition, the spin
density localized in the triplet surfaces is included. All singlet and
triplet surfaces are Ca-0 terminated and [Ca0y] or [Ca0s| clusters
are obtained for the two configurations. The main difference is the
change from [Ca0s] to [CaDs] in passing from s to (* state for the
(121) and (101) surfaces. In the case of Zr coordination, [Zr0s]
clusters are obtained in both the configurations, except for (121} in
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* in which Zr is four-coordinated.

Alirtle modification in the order of stability between the singlet
and triplet states occurs due to the contributions of different atoms
in each surface of the material. In the triplet state the (121), (101),
(100}, and {001) surfaces have similar values of Eqyf, which have
strong influence on the triplet morphology. The {(010) surface does
not appear in the ideal triplet morphology since its Eqyf value is less
stable than in the singlet system. In addition, the Es,s values for the
(101) and (121) planes are identical, showing a similar percentage
of area in the triplet morphology, compared to the singlet.

It is worth noting that the (101) slab cut is produced along the
shortest distance between the oxygen and zirconium (1.995 A) and
also along the greater distance of the 0-Zr and 0-Ca bond distances
of 2294 and 2.998 A, respectively. The analysis of these results
shows that the present equilibrium morphology is consistent with
the atornic configurations and the local coordination of atoms for

each surface.

The ground-state properties of solid materials are of obvious
importance for establishing their structure, stability, and pro-
cessing. However, the description of processes such as PL emis-
sions requires a detailed characterization of the electronic excited
states properties, Elucidating their properties from first principles,
on the basis of the constituent atoms and the laws of quantum
mechanics, has long been a goal of theoretical and computational
materials chemistry [81,82]. A note of caution is mandatory here,
on this methodological aspect, While the hybrid methods show
good results for ground state properties, their performance for
excited states is less satisfactory [83]. Electronic excited-state
calculations for periodic systems are challenges in guantum
chemistry because it is still very difficult to apply these methods to
large/very large systems due to the steep scaling in the number of
electrons, In the present work, the excited states have been
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localized and characterized at the DFT calculation level. This is a
strong constraint and from the computational point of view, and
represents a technical problem, since to obtain more accurate
geometries and electronic properties of the excited states, it is
necessary to use more sophisticated and demanding quantum
calculations, such as multiconfiguration-based methods or by
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using the many-body perturbation theory. In this contribution, we
do not aim at providing an exact application of DFT calculation, but
rather to give a flavor of today possibilities. Methodological de-
velopments are mandatory in this context, along with new ap-
proaches, to calculate accurately values of band gaps and charge
transfer excitations.
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Table 3
Surface energy and band gap values for the (121).(100), (010),(101),(001},(111) and
(011) surfaces of CZO crystals.

symmetries. Real materials are not perfect crystals; they contain a
number of defects and lattice imperfections, which are responsible
for the properties of the materials. Therefore, in some cases, the

Surface s t reliability of a physical model rather than the precision of mathe-
Ear(im?)  Area(A) Ego(eV) Eqe(m®) Area(A) EgpleV) matical equations should be emphasized if one needs to investigate
2 125 oL13 661 ) 9328 421 real mat_enals. In this COI"ItEXt. theoretical charactenzatlpn of the
(100) 126 4421 641 119 4766 453 geometrical and electronic structures of ground and excited elec-
(010) 128 3223 562 159 3315 466 tronic states can complement experiments inherently limited by
E(‘)g:; ::;‘ ﬁﬁ; g-gg ::; gg‘f;; :,:? equipment accuracy. A theoretical framework to interpret PL
(1) 5 Py 1 {53 nee 4% emissions, based on the locahzaqon anc_l charac‘tenzanop of th'e
o1) 199 5525 560 i1 5673 407 nature for the ground, s, and excited (singlet, s*, and triplet, t*)
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Fig. 12. A schematic representation for the surfaces of t* state of CZO where the spin density (in yellow) is depicted. The most external clusters for t* and s and s* states are
indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

Modern physics relies heavily on the concepts of classical solid
state physics with its emphasis on ideal infinite crystals and perfect

electronic states, using ideal and distorted periodic supercell
models of CZO, has been developed. Their corresponding geome-
tries, electronic structures, and vibrational frequencies were
obtained.
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In this worl, CaZr0; powders were prepared by the polymeric
precursor method. Their structural and electronic properties have
been studied previously | 75], while the PL properties of crystalline
CZ0 were investigated herein. The techniques of X-ray diffraction
(XRD), Raman spectra, and PL spectroscopy at room temperature
were used for characterization. XRD patterns indicated a pure
orthorhombic perovskite phase of CaZrQy at annealing tempera-
tures of 400, 600, 800, and 1000 C. Raman spectra and XRD pat-
terns reported long- and short-range order at 1000 C

First principle calculations reveal that the intensity of PL emis-
sions is attributed to structural order-disorder effects related to the
polyhedral distortion, i.e. the modification of geometric and elec-
tronic structure of both [Zr0g] and [Ca0g] clusters in the electron-
ically excited states, generating electronic levels located between
the valence and conduction bands, which are basically composed of
0 2p orbitals (valence band) and Zr 4d orbitals (conduction band),
The band structures and the density of states revealed energy gap
values of 6.23, 6.14, and 3.50 eV for the 5, 5" and t* electronic states,
with the process of breaking of symmetry being a necessary con-
dition for the existence of energy levels in the forbidden region of
the band gap. The structural order-disorder effect on the coordi-
nation of [Zr0g| and [Ca0g] clusters is demonstrated by theoretical
calculations, as well as the shallow defect states found in the
morphologies, where the local coordination of exposed atoms for
each surface can be related to the order of surface energy stability. A
little modification in the order of stability of surfaces occurs be-
tween the singlet and triplet states, generating differences in their
corresponding morphologies.

To conclude, in this study, we present a general description of
excited electronic states of CZ0, thereby shedding light on the
complex interplay between structural order-disorder effects and PL
emissions, which is a challenging field of study both experimentally
and intellectually. This technique can be used to extract chemical
shifts for the structural characterization of excited states and to
elucidate complex excited states. Finally, we need to recognize that
present DFT calculations show limitations inherent in current
exchange-correlation functional.
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Abstract

In this study, we present a combined experimental and theoretical study to investigate the geometry,
electronic structure, morphology, photoluminescence properties of CaZrD,:Eu;' material. The polymeric
precursor method has been employed to synthetize these crystals, while density functional theory
caleulations have been performed to obtain the geometry and electronic properties of CaZrOy:Eu™ at
fundamental and excited electronic states (singlet and triplet). We combine these results with the
measurements of X-ray diffraction (XRD) to clarify the local structural changes provoked by the
introduction of Eu™ at the crystal lattice. This process induces the creation of intermediary levels in the
band-gap region narrowing the E,,, value. The PL emissions have been rationalized by characterizing the
electronic structure of excited singlet and triplet electronic states, allowing a deep insight into the main
fingerprints that can be associated to the structural end electronic features of the [CaQj], [EuDz] and
[2rO;] clusters, Wulff construction, obtained from first principle calculations, allows us to match the
experimental morphologies. These results expand the fundamental understanding of atomic processes
that underpins the Eu doping.

equilibrium showing as order-disorder effects change

1. Introduction

Photoluminescence (PL) materials have attracted a large
scientific attention due to the technological applications
mainly in the electronic industry, such as energy efficient
lighting, laser, medical imaging devices, spectroscopy and
other. In general, when such materials are excited by
photons or ionizing radiation can emit light in visible,
(uv) infrared (IR) The

mechanism  associated  with process

regions.[1-3]
this
involves the trapping of excited electrons and holes in

ultraviolet and

fundamental

activators - which are impurities sites that generates
intermediate states within band gap - and the electron-hole
pair recombination that results in the phote-emission. In this

sense, the structural and electronic properties exhibit a new

attractive and repulsive forces inside of solid through
chemical bond.[4] In this field, perovskite materials, with
ABO; formula, are promising candidates due to the structural
versatility, stability and are widely used for the electronic
industry because of the capability of display a large number
of physical and chemical properties depending of metal
occupancies in A and B-sites, [5, 6] The ideal perovskite
structure has a cubic symmetry (Pm3m space group).[7, 8]
However, the existence of local structural disorders at the A-
and B-site enables a large number of polymorphs, with
tetragonal, orthorhombic, rhombohedral symmetry and
other. Therefore, the intriguing properties associated with
the perovskite materials are commonly reported from
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distorted [BOg] clusters through cation displacement,
octahedral rotations, doping and tilting.[6, 9]

Caleium zirconate, CaZrQ, (CZ0), is a representative
member of the perovskite family that has received a lot of
attention due to its exceptional dielectric, catalytic and PL
properties with applications in diverse areas of science and
technology such as hydrogen sensors, luminescence hosts,
capacitors, catalysis, and so on.[10-15] At room temperature,
CZ0 crystallizes in the orthorhombic structure (Pnma space
group), where Ca® cations occupies the center of 8-fold
clusters [Ca0g), while Zr* exhibits a three dimensional
sublattice of corner-connected [Zr0;] octahedra. In addition,
all octahedral sites are slightly tilted with respect to their
position in the ideal cubic perovskite structure due to the
mismatch of the alkaline earth ions in the A-site cluster of
the crystal structure.[13, 16]

In the past years, the inclusion of impurity elements
through the doping process has attracted interest due to the
possibility to enhance the intensity of the PL emissions as
well as to control the photo-generation process. In this
context, earth-rare cations show a singular mechanism
related to the conversion from low energy near infrared into
visible photon with high energy known as up-conversion.[17]
Therefore, several earth-rare doped perovskites have been
synthesized by various methods, showing superior PL
emission and other interesting properties. Especially for CZ0,
different authors report successful applications of Eu B (e
Dy*', Yb*, and Er”* cations to increase the PL properties.[12,
16-22] Shimizu et. al report the synthesis of Th-Mg codoped
CZ0 particles  with intensity
attributed to the local lattice distortion resulting from the
doping process.[18] In addition, Shimizu et. al reports the
synthesis of Tb-Mg codoped CZO particles with increased
lattice

increased luminescence

luminescence intensity attributed to the local
distortion resulting from the doping.[23] Maurya et. al used
solid-state reactions to synthetize Ho-Yb codoped CZO
nanoparticles with enhanced up-conversion for green light,
showing an interesting potential for aptical applications.[21]

Furthermore, many experimental studies reports the
synthesis of Eu-doped CZ0 samples using different
techniques, Sheetal et. al used sol-gel combustion method to
obtain  CZO-Eu  particles  with  remarkable  red
luminescence.[22] Katyayan and Agrawal used conventional
solid state reactions to obtain Th-Eu codoped CZO particles
with high-order intensity and variable emissions that
confirms the color tenability with the doping.[20] On the
other hand, Singh et. al have been prepared Er-Yb codoped
CZ0 compounds by the urea combustion route, obtaining
strong energy transfer upconversion emission in the green

2|
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and red spectral regions.[19] Despite the large number of
experimental studies for Eu-doped CZO materials, the
chemical and physical mechanisms associated with the
superior PL emission remains unclear.

From the theoretical viewpoint, the investigation of PL
emissions is a challenging topic because requires the
understanding of excited states related to the optical
phenomena.[1, 24] In our previous work, we present a novel
and successful approach, which enables us to explore both
ground (singlet] and excited states (excited singlet and
triplet) connecting to the experimental PL spectra abtained
for CZO nanoparticles.[25] This approach was also
successfully applied by our group to investigate the
mechanism of PL emissions in SrTi0y, SrTi0s:5m, CawaO,,
BaZrOy, and BaZr Hf,0, solid solutions based on the
characterization of excited electronic states.[26-31]

In the present work the focus is the PL mechanism and its
relationship with the presence of excited electronic states in
Eu-doped CZO crystals combining theoretical and
experimental efforts. The main novelty of the present work
relies on the description of structural and electronic order-
disorder effects associated with the Eu doping on the CZO
matrix in arder to rationalize the PL emissions.

2. Experimental procedures and computational
details
2.1. Synthesis and characterization

Pure CZ0O [32] and europium-doped calcium zirconate
(CZ0:Eu™) powders were prepared by the polymeric
precursor method (PPM). Cz0:Eu* powder was synthesized
using calcium chloride dihydrate (CaCl,.2H,0) (99%, Synth),
zircanium oxychloride (IV) octahydrate (ZrOCl,.8H,0) (99,5%,
Sigma-Aldrich), europium oxide (Eu,05) (99% Sigma-Aldrich),
ethylene glycol, (C;H:0,) (99.9%, J.T. Baker) and citric acid
maonohydrate (CsHz0,.H,0) (99.5%, 1.T.Baker).

Zirconium citrate was formed by 2rOCl,.8H,0 dissolution
in a citric acid agueous solution under constant stirring. The
citrate solution was stirred at 60°C to obtain a clear
hamogeneous solution, CaCl,.2H,0 was added in 1:1 malar
of calcium and zirconium and 1:6 molar of citric acid in
relation to the sum of maolar of the metals used. The doping
by the Eu®" ian was fixed in 10% molar of the Eu,0; (prepared
though the dissolution of Eu,0; in concentrated HCI) added
in a stoichiometric quantity to Ca’ ions and the 2r citrate
solution. After solution homogenization, C;Hg0, was added
to promote a polyesterification reaction using an
acid/ethylene glycol ratio fixed at 60/40 in mass. The CZO0
pure resin was prepared previously and powders were heat



treated initially at 400°C for 4h and then were annealed at
900°C for 2h. The crystalline profiles were indexed and
matched with JCPDS card MNo. 35-0790 showing an
orthorhombic phase associated to Pcnm space group for
pure and Eu’" (10 mol%).

Pure and doped CZ0 powders were characterized by X-
ray Diffraction (XRD) technigue in a Rigaku Drmax 2500PC
diffractometer using Cu Ka (A= 1.5406 A} radiation. Data
were collected from 10° to 90° in a 20 with a 0.5° divergence
slit and a 0.3 mm receiving slit using fixed-time mode with a
0.022 step size and 1s/point. PL spectra were collected with
a Thermal Jarrel-Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier. The 350.7 nm exciting
wavelength from krypton ion laser (Coherent Innova) was
used; the nominal output power of the laser was maintained
at 200 mW. The microstructural characterization was
performed by field emission gun-scanning electron
microscopy (FEG-5EM) using Zeiss Supra- 5 equipment. UV—
vis absorption spectra of the annealed samples were taken
using total diffuse reflectance mode in a Cary 5G equipment.
All measurements were performed at room temperature.

2.2. Computational details

First-principles calculations within the periodic DFT
and hybrid B3LYP exchange-correlation
functional using the CRYSTAL14 program [33], [34], [35] have
been performed to characterize the pure CZ0 and doped
CZ0:Eu™ systems. The atomic centers were described by all-
electron basis sets for the Ca [36], Zr [37] and O [38] and ECP
pseudopotential with 11 wvalence electrons described by
(5s5p4d)/(3s3p3d] (VTZ quality) basis sets for trivalent Eu
atom [39]. The f-in-core approximation postulates for 4f shell

framework

in Eu” are incorporated into the pseudopotential. Thus, one
does not need an explicit treatment of the open 4f shell,
which is a computational advantage.

the

reciprocal space net was described by a shrinking factor set

Regarding the density matrix diagonalization,

to 4, corresponding to 36k points in accordance with the
Monkhorst-Pack method [40]. The accuracy to evaluate the
Coulomb and Exchange series was controlled by 5
thresholds, for which adapted values were 10%, 10%, 10°%, 10°
% and 107 In this work, a orthorhombic supercell of 79
atoms which corresponds to 2x1x2 conventional cell was
used to simulate the CZO:Eu™(12.5%) doping, where two
Ca™ ions were replaced by two Eu™ ions summed to the
creation of one calcium vacancy [V, ), in order to neutralize
the unit cell (Eqg. 1).

CaZr0; + Eullll) = Caggs EuppsfrOy (+ u.usstca"}' (1)

In addition, the surface energy (E.q) for (001), (121),
(100), (011), (201), (111) and (101) cleavage planes are
calculated using Wulff construction[41]. The Visualization for
Electronic and Structural Analysis (VESTA) program (version
3.1.8 for Windows) [42] was used for the Wulff construction
as well as in the visualization of the morphological mapping
of CZ0:Eu™ crystals.

In order to understand the PL mechanism associated with
CZO:EUA'[H.S%} material, excited states calculations were
carried out considering the existence of both excited singlet
(s*) and triplet states (t*) from singlet ground state (s). In
this case, the t* model state was reproduced fixing the
difference between spin up () and spin down (B) (n, - ng = 2]
along the SCF calculations. The electronic structure was
investigated from band structure, density of states (DOS) and
spin density isosurfaces,

In this study, it is important to point out that the [
doping in the CZO matrix was computed by single-point
calculations for both bulk and slab models, considering the
optimized cell for ordered and disordered models of CZ0
reported in our previous work, [25] enabling the treatment
of the main electronic features associated with the doping
and the optical properties.

3. Results and discussion
3.1. X-Ray diffraction analysis

Fig. 1a-b show the XRD patterns of pure and e (10
mol%) doped CZ0 crystals. The as-synthetized samples show
pure single orthorhombic phase (a=5.591A, b=8.017A,
c=5.7614) showing the Penm space group, according with
the Inorganic Crystal Structure Database number 97464 [43],
Both samples showed definite peaks, presenting a high
degree of crystallinity and without any secondary phases.
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Figure 1. XRD patterns for (a) pure CZ0 sample with plans
indexed and Eu™ doped (10%) samples. (b) Displacement for
left shift of the (200), (121) and (002) peaks.

In both crystals, a strongest peak around 26=31.60
corresponds to the (121) crystalline plane; however, the
doping from Eu®" cations alters the lattice parameters due to
the difference in the electronic density in relation to Ca®™
jons and the insertion of structural defects, with the
formation of clusters of [EuO;] and V™, which can be seen
from the amplification of the strongest diffraction peak
(Fig.1b) [44]. This statement is a strong indication of the
success substitution of Ca™ by Eu® in the A site (AZr0,) of
the CZ0 [45].In the syntheses it maintained the load
balance, generating vacancies of calcium. In this way, the
crystal is structured with vacancies of calcium, which has p-
type semiconductor properties and there is a relaxation of
the crystalline lattice.

PPM have been carried out on various papers such as
LnMngFegs0s [ Ln=la, Pr, Nd, Sm and Gd) [46],
Ca,Bij;.yFe0; (x= 0.0, 0.1, 0.2, 0.30) [47],
CagasEronYbo o TiO [48), SrZr0; and SrTi0, [49], 5r5ny., Ti, 04
[50].
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3.2. Optical properties

In molecular systems is well known that optical
properties are intrinsically connected with excite electronic
states, such as, s* and t* states. However, the solid-state
theory is based on electron-hole pair generation to
understand as electrical as optical phenomena. Here, we
present optical experimental evidences for CZO and CZ0:Eu™
materials to motivate a new and deeper interpretation for
optical effects in solid state,

In previous works we have shown that origin of Eg,
reduction from defects in crystalline structures is associated
to intermediary electronic levels introduced into Eg,, [51],
[52] [53], [54]), [55), [56]. Such mechanism has been
improved a lot with description from s* and t* states. For us,
such electronic-states are the quanturmn evidence of the
electron-hole pair generation of solid state theory. Then, the
interpretation of the Fig. 2a and Fig. 2b follow our previous
reports.

The addition of the Eu™ doping causes great change in
the Egy of the CZO from intermediary electronic levels, which
can be investigated more deeply from s* and t* states.
Experimental results (Fig. 2) show a decrease from 5.60 eV to
3.82 eV for CZ0 and CZ0:Eu™, respectively. This reduction of
1.77 eV on optical property is very emphasized and it is
associated with high density of defects introduced by
substitution of Ca” cations by Eu™ cations, [57).

(a) (b)
CZ0-pure. CZOE"
Gap =5.5 eV Gap =145 eV
Defects Density
— 2o " | —— Linear Fit
Linear Fit '

Linear Extrapolation

Linear Extrapolation
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Figure 2. UV-vis absorption spectrum. (a) CZO and (b)
€Z0:Eu** doped (10%).

PL spectra can be used as signature of how optical
property can be change by the doping process of Eu’', The
direct modification of a luminescence profile is a good and
fast result to determine changes of the electronic excitations
and, consequently, alterations on electronic energy levels.
Then, it is important to connect the PL spectra with energy



level diagram to identify the nature of the photoemission. PL
spectra of pure CZO presents a large band, which represent
the density of defects, while in the doped CZ0:Fu™ systems,
there is Ve, and the spectra is dominated by the [EuQg)
cluster in the crystalline network. The electronic states
involved in the luminescence process were obtained from
energy level diagram indicating transition probabilities for
Eu™ associated  to
sl}n-me:n”,; 4,5 mission peaks occur between 570 and 720
nm (Fig.3).

jons.  Electronic  transitions
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-a\nﬂ
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400 00 &0 700 200
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Figure 3. Photoluminescence spectra of CZO pure and
CZ0:Eu™ (10 mol%).

In particular, the s[),,1,"7F? transition is allowed; however,
the electric dipole mechanism is significantly influenced by
crystalline field (hypersensitive transition), while the
magnetic dipole mechanism is less altered by crystalline
field. Therefore, this transition can be considered as
reference for all transitions occurring in the system [58],
[59], [60]. Thus, the peak area ratio between "Dy/F, and
“Dy/'F, transitions provides valuable information regarding
changes to the surrounding environment occupied by the
Eu’ ions and is useful as a tool to show the distortion degree
in A site, which provides an asymmetry in the electronic
distribution and facilitates the charge transfer process [61],
[57], [45]. For the sample of C20:Eu™, we obtain the value of
the ratio of 5[)07&;5[}0_75 of 5.14. For similar systems such as
CaTi0; doped with Eu™, the values of the ration between D/F
electronic transitions were obtained between 2 and 4 with
lower values associated with higher symmetry of the Eu®
site [45] Applying the same analysis for our CZO:Eu™
samples, we obtain the value of the ratio among S’DU_?FE;SDG
"F, of 5.14. Thus, for CZ0:Eu™, the Ca** and Eu™ ions were

located in a site of low symmetry or more disordered.

3.3. Theoretical study

In this section, we present theoretical results to a new
interpretation of optical property in solid state. To reach
such goal we connect electron-hole pair generation to
excited electronic states, a guantum model never before
presented.,

The ortherhombic structure for CZO in terms of constituent
clusters is displayed in Fig. 4(a-c) illustrating the substitution
of Eu™ in the [Ca0y] cuboctahedral sites while, [ZrO;] sites
remain unchanged as octahedral sites. The replacement of
e generates Ve, in the host matrix in order to neutralize
the unit cell (Eg. 1). Regarding the cation replacement and
the vacancy formation mechanism associated to the doping
process, the crystalline structure of CZ0:Eu™ should exhibit a
new equilibrium between attractive and repulsive
interactions of solid through chemical bond, resulting in a
singular electronic structure compared to pure CZO, which

can contribute for interesting electronic properties.

Figure 4. CZO crystalline structure represented by polyhedral
clusters. (a) [Zr0g] and [Ca0g] clusters in blue and green
colors, respectively. (b} Orthorhombic unit cell of the pure
€ZO and (c) Eu™ doped.

3.3.1.Electronic structure

The precise control of several photo-assisted properties
(photoluminescence, photocatalysis, photodegradation and
others are often related to electronic structure engineering,
where different kinds of mechanisms (doping, vacancies,
structural distortions, etc.) are enabled to redistribute the
electronic density, mainly close of the E, region. Charge-
and -spin resolved analysis are important tools to rationalize
the electronic structure of solid-state materials. Therefore,
DOS, band structure profiles area calculated (Fig. Sa-b).
Considering photo-induced properties are important to take
account the existence of excited-states in order to fulfill the
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nature of electron-hole pair generation, as well as its
recombination process. In this study, excited singlet (s*) and
triplet-states  (t¥) investigated combining the
aforementioned analysis in order to clarify the PL emissions
of CZO:E™, in a similar way to our previous wark for pure
€z0.[25].

were
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Figure 5. Electronic structure for CZ0:Eu (12.5%) in triplet
state. (a) Band structures and (b) projected DOS on atomic
levels of CZO:Eu™ (12.5%) model,

The experimental values shown in Fig. 2 for Esmare in the
range of 5.60 eV (pure) and 3.82 eV (CZO:Eu™). Our DFT
calculations for pure C20 [25] have indicated an Eg,, of 6.23
eV in agreement with experimental results. In addition, s, s*
(Figure 51) and t* (Fig. 5) calculations for L‘ZD:Euy{lz.S%}
show Egp values of 5.09, 490 and 3.88 eV, respectively;
then, the main electronic structure associated to UV-vis
results (Fig. 2) is the t*. An analysis of the projected DOS for
the t* model (Fig. 5) presented uppermast levels on valence
band (VB) consisting mainly of O atoms, while the
conduction band (CB) is formed mainly by Zr and Eu atoms
with a small contribution of Ca atoms, as same as s and s*
(Figure S51). In addition, it was observed that the
degenerated band for both valence band maximum (VBM)
and conduction band minimum (CBM) is sensitive to the s*
and t* electronic states creating an excitation mechanism to
clarify from guantum chemistry the electron-hole pair.
Indeed, the comparison between the DOS profiles for s and
s* (Figure S1) indicates that the bands located between in
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the VBM and CBM for s were displaced to a high-energy
region for s*. Further, the transition for the t* perturbs both
levels evidencing a band separation in both VB and CB. This
fact can be attributed to the existence of non-degenerated
energy levels for excited s* and t* states, which are
controlled by the spin multiplicity.

The spin-density analyses are helpful to describe the
nature and the localization of the electron-hole pair
originated from electronic excitation. It is important to point
out that such spin density distribution (in eler:trum‘huhrai
was calculated using a regular 3D grid of points, enabling the
analysis of the spin-resolved density matrix through the
difference between alpha- and beta-spin  occupations.
Thereby, spin density difference maps provide a pictorial
representation of the unpaired electron density. In this case,
our spin-density distribution for t* state was pictured spin
density distribution for CZ0:Eu™, as depicted in Fig. 6. The
spin density distribution indicates a major localization of spin
density on the Zr and O atoms with a minor content on the
Eu atoms. Furthermore, largest spin populations were found
closer to [EuOg] clusters, suggesting that the doping process
on the electronic density
interaction

induced a local disorder
distribution  because of oxygen-mediated
between Eu- and Zr-centered clusters, [EuQy] and [ZrOg],
respectively.

®ca
[}

[ 1"
0

Figure 6. A schematic representation for spin density
isosurfaces (in yellow) calculated for bulk and surface models
of CZO:Eu™ (12.5%) in triplet state (t*).

The Eu® doping mechanism in pure CZ0 is supported by
the presence of V¢, in arder to counter-balance the charge
and neutralize the unit cell (Eq. 1), as previously discussed.
Regarding this, [ZrOg] clusters located near to Ve.”' plays a
key role on the stabilization of the t* state. A possible



assumption for this result is the charge/spin density
reorganization on the neighbaoring clusters, increasing the
electron density population aleng the oxygen-mediated
interaction [EuQ4)-[ZrO¢]. In contrast, CZ0:Eu® exhibits the
contribution of both [ADg] (A = Ca, Eu) and [ZrOg] clusters in
the spin population.

From now, the spin distributions calculated for five
surfaces of CZO:Eu®™ were discussed considering the
undercoordinated clusters summed and the presence of
impurity centers (Eu®' and V,™). At general, a similar pattern
of spin density distribution was observed for all investigated
surfaces, in agreement with the results obtained for the bulk.
The results presented in Fig. 6 indicate that the exposed
surfaces are formed by [Zr0], (n = 3-5) clusters exhibiting a
largest spin density population, while [EuO], (n = 4-8)
clusters show a minor contribution for the t* state
stabilization. Therefore, similar to bulk, the perturbation of
electronic density is associated to the oxygen-mediated
[EuOg]-(ZrO¢] interaction and consequently to electron-hole
pair generation on surfaces.

As expected for surface models, the dangling bond effect
is strong on the electronic structure of C20:Eu® material, The
procedure to generate surface models from cutting bulk
structure induces spontaneously to generation of oxygen
vacancies, resulting in undercoordinated clusters. In this
way, the symmetry broken process at the constituent
clusters raises a local environment on surface and
consequently intermediary energy levels are created in the
Eg.p region. This new intermediary energy levels have high
energy because are formed from uncoupling of degenerated
orbitals and they act as trapping of excited electrons. Indeed,
the unpaired spin density exhibited in Fig. 6 is majorly
localized on undercoordinated clusters of the surface
exposed indicating that the electron-hole pair generation is
assisted by an electronic migration process from bulk to
surface. In this point of view, our results suggest that
surfaces of CZO:Eu™ can be actives as a photocatalytic
semiconductor, where the excited states has possibility to
produce radical species from the adsorption of O; and H;0
molecules on the undercoordinated clusters Then, the
doping process from Eu cations causes a new spin density
distribution, which can now be trapped in both empty Zr (4d)
and Eu (4f) orbitals, once this spin density is located on the
oxygen-mediated [Eu0gy)-[2r0;] interaction.

In arder to clarify the effect of Eu™ cations on the PL
emissions of CZ0, we propose a general scheme combining
the results for DOS, Band Structure and spin density for s, s*
and t* states, as presented in Fig. 7. Initially, the Eu® doping
process induces the creation of V" that perturbs the VB

energy levels, as well as the insertion of 4f orbitals in CBM, 1.
e. intermediary energy levels are introduced in the Eg,
region, narrowing the required energy for electron transfer
(Fig. 7a). The next step correspond to photo-induction of
electron transfer from VB to CB, generating an electron-hole
pair inside the CZO:Eu®" electronic structure (Fig. 7b). This
step is crucial because it shows a new interpretation for
optical property in material science. We connect the excited-
states theory with electron-hele pair indicating a view more
deep for optical effects in solid-state theory. This new
approach has been evidenced from previous manuscripts
and again verified in the present work [62]. The propose of
connection between excite-states and optical property is
very proved in molecular quantum approach; however, our
quantum evidence for dangling bonds generate trapping
levels for electrons localizing spin density is really new. Such
quanturm modeling level is a great scientific contribution. In
particular, the contribution of both empty Zr (4d) and Eu (4f)
states in the CBM enables a charge competition between
these metallic centers. At last, the photoluminescent effect
occurs from electron declining, which is more intense in
CZ0:Eu than CZO.
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Figure 7. Scheme to represent (a} the electronic structure for
both pure and Eu-doped CZ0 material; (b) photo-induced
electran transfer mechanism describing the singlet to triplet
state excitation, as well as the electron decaiment related to
the light emission.
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3.4. Morphology study

The field emission scanning electron microscopy (FE-SEM)
technigue is very important in our work because analysis of
powder surface morphology, since XRD is insufficient to
characterize minor structural maodifications and to draw
meaningful correlations between PL response and structural
changes in the sample. Then, the Fig. 8 reports FE-SEM
images of the CZO and CZO:Eu" powders showing
agglomerates with complex morphology and a big number of
crystalline faces. This soft-agglomerated powder morphology
is @ common product of polymeric precursor synthesis, with
temperature rising, the release of gas in progressing
carbothermal reaction results in the formation of pores with
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different sizes; then, the same gradually is organized by
reducing the density of defects, transformed from
amorphous, semicrystalline, to crystalline with low defect
density, enabling the construction only of theoretical
morphological maps. This fact is proven by its low
luminescent broadband of pure CZO. On the other hand, the
doped CZ0 defined  spectrum  of
europium, characteristic of the effect of the crystallinity of
the material, i.e. effect of the crystalline field.

shows  well

(a) (b)

Figure 8. FE-SEM micrographs. (a) pure CZO and (b) Cz0:Eu*
(10%).

To clarify the influence of the defects caused by Eu**
dopants on various crystalline facets, we pursued a
theoretical model using Wulff construction [63] according to
others works obtained by our group [25], [64], (65, 66), [67].
Thus, a Wulff construction for ideal structure of CZO:Eu* in
s* and t* states were investigated. In addition, we show in
Fig. 9 from surface thermodynamics and excite-states an
approach to predict and assess the morphology
transformation of the crystals to get their shape-controlled.
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Figure 9. Morphology modulations (a) s and (b) t* for
CZ0:Eu™ (12.5%) surfaces.

An analysis of Fig. 9 shows that the ideal morphology for
CZO:Eu™ s* and t* states is controlled by (111), (001), (011)
and (100) surfaces as presented in Fig. 9a-b, respectively.
However, ideal morphology for both systems is different, i.e.
61.03% contribution of (111), 29.04% of (001), 8.07% of
(100) and 1.86% of (011) surfaces are observed for s* state;
while 45.63% of (111), 23.08% of (100), 19.76% of (001) and
11.53% of (011) are found for t* state. Then, we can
attribute that change of morphology is associated with an
alteration of the stability order between s* and t* states. The
E...s values follow the order of stability (111) > (001) > (011) >
(100) > (121) in s*; whereas the order of stability (111) >
(100) > (011) > (001) > (121) was noted for t*. Moreover, it
was noted that the (121) surface correspond to the most
unstable surface plane for CZO:Eu® material, evidencing an
inversion of stability order in comparison to the pure CZO,
where (121) is the plane with the lowest E., [25]. This
observation in complement to the displacement observed
for (121) from X-ray analysis performed for both samples
(Fig. 1) suggest that the Eu-doping induces disorder in the
crystalline structure of CZO, mainly in (121) plane.

Conclusions

€Z0:Eu* material was successfully synthesized using the
polymeric precursor method. XRD analysis revealed a good
crystallinity and single phase of the samples. Combining as
experimental techniques as first-principles calculations was
observed a reduction in Eg,, promoted by the introduction of
Eu* cations and creation of calcium vacancy in the CZO. In
addition, theoretical calculations based on excited electronic
states were employed to interpret photoluminescent
emissions in CZO:Eu™ samples. FEG-SEM images revealed
that both pure and Eu-doped CZO; materials exhibit similar



morphology, indicating less change on shape of CZO

particles.  From theoretical point of view, faceted

morphologies calculated from Wulff construction using
(111), (100), (011), (001), (201), {101) and (121} cleavage
planes on the CZ0:Eu™ crystal was very important to clarify
the surface energy on complex morphologies obtained
experimentally.
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Titulo: Morfologia e propriedades estruturais de o&xidos
metéalicos complexos: Um enfoque tedrico e experimental.

Esta tese doutoral pdde ser realizada devido a concesséo de uma bolsa
do Programa Santiago Grisolia da Generalitat Valenciana de 01/09/2015 a
01/09/2018 e por poder ter acesso aos computadores de calculo cientifico do
Servi¢o de Informatica da Universitat Jaume | (UJI), onde a maioria dos
calculos foram realizados.

A pesquisa apresentada aqui abrange uma linha de pesquisa que vem
sendo realizada em colaboragdo entre o grupo de Quimica Tebrica e
Computacional da UJI e o centro de desenvolvimento de materiais funcionais
(CDMF) da Universidade Federal de Sao Carlos (UFSCar) h& quase 30 anos.
Esta colaboragédo baseia-se no seguinte pilar "Os avancos na modelagem e
simulacdo computacional, baseados na aplicacdo dos métodos e técnicas da
quimica tedrica e computacional, que sdo estabelecidos como um
componente fundamental em pesquisas orientadas e aplicadas em areas
como: desenho racional de sélidos e nano(materiais) com propriedades
quimicas e fisicas inovadoras".

Esta tese doutoral é um trabalho tedrico e experimental sobre 6xidos
inorganicos complexos da familia dos molibdatos (BaMoO,, CaMoO, e
ZnMoQy,), tungstatos (BaWO,) e perovisquitas (CaZrO3z). A sintese e
caracterizacdo dos materiais BaMoO,, BaWO,, solucdes sdlidas BaW;.
xM0,O4 (x=0.25, 0.5, 0.75), CaZrO;z e CaZrOs:Eu®* se realizaram no CDMF
da UFSCar e os materiais CaMoO,4, ZnMoO, e ZnMoO4:Eu** no laboratério
de sintese quimica e de materiais (LSQM) da Universidade Federal do Rio
Grande do Norte (UFRN), enquanto o estudo tedrico se realizou no
laboratério de quimica tedrica e computacional (LQTC) da UJI. Em
particular, o aspecto fundamental tratado € a morfologia, por uma parte temos
desenvolvido uma metodologia tedrica que nos permite utilizar a construcao
de Wulff e obter todas as morfologias acessiveis de um determinado material
e poder comparar-las com as imagens experimentais que se obtém mediante a
microscopia eletronica.

A continuagdo se estruturard no presente resumo seguindo as sec¢des
refletidas no acordo de cotutela:

¢ Finalidade e os objetivos da pesquisa

e Abordagem e metodologia utilizada

e Contribuicdes originais

e Conclusdes e futuras linhas obtidas para pesquisa
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Finalidade e os objetivos da pesquisa

Este trabalho se baseia em uma caracterizagdo da geometria,
morfologia, propriedades eletronicas e dpticas ("band gap" e de emisséo de
fotoluminescéncia), e tem sido demonstrado como 0s métodos e as técnicas
da quimica tedrica e computacional podem ser utilizados para compreender
as propriedades fisicas e quimicas destes materiais. Esta tese é uma
investigacdo interdisciplinar que busca um design racional dos materiais
analisando as suas propriedades para poder gerar novas e inovadoras
aplicacdes tecnoldgicas.

Os objetivos gerais desta tese podem ser divididos em:

» Fornecer um guia cientifico para o controle morfoldgico da sintese de
(nano) materiais;

* Desenvolver um modelo termodindmico universal para prever a morfologia
acessivel de um determinado (nano)material. A modulacdo morfoldgica de
cristais tridimensionais é demonstrada usando a teoria do funcional da
densidade para realizar calculos de primeiros principios;

* Obter através do uso de modelo e alterando os valores relativos das energias
superficiais, tanto a morfologia desejada como o caminho que liga a
morfologia ideal (mais estavel) a morfologia que € encontrada
experimentalmente, que depende do método e das condicdes de sintese. Essa
estratégia nos permite controlar as morfologias cristalinas, bem como
racionalizar os diferentes canais que partem da morfologia ideal,

* Esta analise combinada resulta em um mapa completo de morfologias
acessiveis em uma ampla gama de (nano)materiais, e pode servir como um
guia para 0s pesquisadores, ao analisar imagens de microscopia eletrénica,
para obter uma melhor compreensdo de como controlar a forma de cristal
ajustando sinteticamente a quimica da superficie e controlando os valores
relativos das energias superficiais;

« Utilizar métodos tedricos e modelos computacionais baseados na mecanica
quantica, para localizar e descrever estados excitados, a fim de determinar
sua geometria e estrutura eletrénica e, portanto, prever e explicar as emissdes
fotoluminescentes dos (nano)materiais.
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Os objetivos especificos desta tese podem ser divididos em:

A morfologia de alguns materiais scheelitas, wolframitas e
perovisquitas se obtém em vérias condicGes de preparacdo. Tais como bério
molibdato (BaMoO,), tungstato de bario (BaWoO,), solucdes sdlidas BaW;.
xM0xO4 (X = 0.25, 0.5, 0.75), molibdato de célcio (CaMoO,), molibdato de
zinco (ZnMoQy), e o zirconato de célcio (CaZrOg3). Estes sdo os materiais que
investigaremos nesta tese, na qual os seguintes objetivos especificos podem
ser resumidos da seguinte forma:

« estudar a influéncia da substitui¢do de cations de W® por Mo®* na solugéo
solida completa BaW;xMoxO,4 (x = 0, 0.25, 0.5, 0.75, 1), em funcdo das
propriedades estruturais, eletronicas, Opticas, frequéncias vibracionais e
estruturais morfoldgicas calculadas. Comparando tudo isso com a parte
experimental feita por meio de microscopia eletronica.

* Analisar a estrutura e propriedades eletronicas de CaMoO,, a estabilidade
das superficies correspondentes e suas transformacgdes morfoldgicas.

* Investigar a influéncia do dopante Eu®* na matriz ZnMoQ,, tanto na
geometria, estrutura eletrbnica e morfologia em funcdo da anélise
comparativa de calculos tedricos com microscopia eletronica.

» Compreender os espectros de fotoluminescéncia com base na localizagdo e
caracterizacdo dos estados eletronicos fundamental (singlete, s) e excitados
(singlete, s* e triplete, t*), utilizando as estruturas ideais e distorcida de
CazrO; puro e dopado com Eu®*. Além disso, correlacionar suas geometrias,
morfologias,  estruturas  eletrébnicas e  freqléncias  vibracionais
correspondentes.

Abordagem e metodologia utilizada

Nesta tese foi utilizado o método DFT e funcional hibrido B3LYP que
foram de grande utilidade para racionalizar a geometria, estrutura eletrénica,
frequiéncias vibracionais, propriedades épticas e principalmente a morfologia
dos cristais BawO, BaMoO,, BaW;.xM0x0O4,(x = 0.25, 0.5, 0.75), CaMo0Oy,
ZnMoO,4 e CaZrOs. Esta metodologia estd implementada no programa de
calculo CRYSTAL 2014, que permite realizar calculos periodicos desde 0, 1,
2 (“slabs” bidimensionais) e 3 a dimensdes (cristais). Para descrever os
atomos, os orbitais cristalinos s@o expressos como uma combinacao linear de
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produtos de fun¢des Gaussianas com diferentes expoentes, que dependem do
namero e tipo de atomos contidos na célula unitaria. O conjunto de bases
pode abranger todos os elétrons ou pode ser representado por
pseudopotenciais, onde partes dos elétrons sdo englobados no "core" do
atomo e ndo sdo tratados como elétrons de valéncia.

Usando o programa J-ICE permitiu a visualizacdo e classificacdo dos
modos normais de vibracdo dos nano(cristais).Os mapas de densidade de spin
usados foram para caracterizar e localizar elétrons desemparelhados em
CazZrOs e CazZrOs:Eu®* foram obtido sutilizando o programa XCrySDen. Os
diagramas da densidade de estados (DOS) e estrutura de bandas calculados
para analisar as contribuicGes eletrdnicas dos atomos e seus orbitais atbmicos
nos materiais BawO, BaMoQO,, BaW;.M0,04, CaM00O, ZnMoO, e CaZrOs.
Foram obtidas com o programa ORIGINLab. Os mapas de morfologia
construidos se basearam em calculos de energia de superficie e o teorema de
Wulff com a ajuda do programa VESTA. Este programa permite uma forma
de criar morfologia nano(cristais) por meio das distancias dos planos ao
centro do cristal. Essa distancia é diretamente proporcional a modulacdo de
energia

Para obter a morfologia usando a constru¢cdo de Wulff, é necessario
calcular as energias superficiais (y) de um dado material, y se pode
representar como Eg,+ € também denominar energia superficial. E pode ser
calculado a partir do corte em um plano cristalografico do cristal e
corresponde a energia de clivagem. Estes planos cristalograficos dependem
do grupo pontual de simetria do material e as superficies sdo obtidas cortando
o cristal por uma se¢do perpendicular do “bulk” em relacdo aos vetores da
direcdo desejada, obtendo-se assim uma estrutura periddica em duas
dimensdes (“slab”), mas com espessura finita (eixo z).

Desta forma, a energia superficial ou "clivagem" (y) ¢ definida como a
energia por unidade de area necessaria para formar a superficie 2-D em
relacdo ao volume e é calculada pela seguinte expressdo em T = 0°K:

_ Egtap = N Epuik

B 2A
onde Egqp € a energia total do “slab” 2D, Epyk € a energia total do volume,
respectivamente, enquanto N e A representam o numero de unidades de
formula minima e a area A, respectivamente. O fator 2 no denominador vem
da existéncia das superficies superior e inferior do ‘slab”, que possui uma
composicdo simétrica.Apds 0 processo de otimizacdo € verificado e
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comprovado se o valor de y atingiu um valor constante e ndo depende da
espessura do “slab”, obtém-se o valor de .
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trabalhos. Minha participacdo concentrou-se na realizacdo dos calculos no
LQTC, analise e discussao dos resultados teoricos, elaboragdo das figuras e
tabelas, revisdo bibliografica e redacdo dos dois manuscritos.

Os resultados mais relevantes foram divididos em quatro segdes e seréo
apresentados e discutidos de forma resumida. A primeira secdo engloba os
artigos 1, Il e 111 e capitulo de livro 1V, em um estudo refletido na solugéo
solida completa, uma vez que, x= 0 e x= 1 nos artigos |1 e Il e IV
correspondem e compde os sistemas BaW;.xMo,O,4 (x = 0, 0.25, 0.50, 0.75,
1). No estudo da solucéo solida, foi analisado a substituicdo de cations de
W®* por cétions de Mo® no sistema de BaWOy,, observando modificacdes nas
propriedades eletronicas do “bulk” e das superficies. A analise vibracional
mostrou dois modos Raman ativos em alta freqiiéncia de 927 cm™ e 894 cm™
de simetria Aq correspondente aos clusters [WO,]* e [M0O4]*. Neste estudo
diferentes intensidades de emissdo fotoluminescentes com comprimentos de
onda em 522, 520, 528, 512 e 528 nm foram observados. Os materiais
estudados nos artigos I, 1l e Ill e capitulo de livro 1V, foram obtidos pelo
método de co-precipitagéo.

Segunda se¢do engloba o artigo V e se discute detalhes de calculos para
“bulk” e superficies de CaMoO,. A analise das propriedades estruturas do
“bulk” de CaMoO, mostra uma coordenacdo oito 4&tomos de oxigénio ao
atomo de Ca, resultando em um cluster dodecaédrico [CaO8] e atomos de
Mo coordenado a quatro atomos de oxigénio, formando cluster tetraédrico
[MoO,4]. Nas superficies, diferentes tipos de cortes foram realizados em que
se observou uma ruptura de ligacGes entre metal e oxigénios superficiais
(Mo-O e Ba-O) comparadas ao “bulk”. O material estudado no artigo V foi
obtido pelo método de co-precipitacdoe processado por um microondas-
hidrotermal doméstico sem e com surfactantes (4-dimetilaminobenzoato de
etilo e dianidrido 1,2,4,5-benzeno-tetracarboxilico).

Terceira secdo se engloba o artigo VI que se discute teoricamente 0s
efeitos do dopante eurdpio na matriz de ZnMoO, tanto no “bulk” quanto nas
superficie com o surgimento de defeitos através de niveis de energia entre as
bandas de valencia e condu¢do e um mais baixo valor de energia “gap”. O
material estudado no artigo V|1 foi obtido pelo método sonoquimico.

Quarta e ultima secdo se englobam os artigos VI e VII em que se
analisam, caracteriza e localiza as estruturas eletrénicas dos estados
fundamental singlete, e excitados singlete e triplete em CaZrO; e
CazrOs:Eu® tanto no “bulk” quanto nas superficies, onde se aplica um
mecanismo para interpretar as emissdes de fotoluminescéncia. Os materiais
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estudados nos artigos VI e VII, foram obtidos pelo método de precursores
poliméricos.

Outro importante aspecto avaliado foi a modulacdo tedrica da
morfologia dos sistemas BawO,, BaMQO,, solucdo sélida BaW;xMoxO4 (x=
0.25,0.5,0.75), CaM00O,4, ZnMoO,, ZnMoO4:Eu**, CaZrO; e CaZrOs:Eu®".
Diversas possibilidades de morfologias foram exploradas para explicar
possiveis alteracdes nas condi¢des experimentais e clarificar o conhecimento
das propriedades especificas relacionadas com superficies. Esta combinacéo
de estudos teoricos e experimentais pode contribuir para proporcionar uma
estratégia de investigacao cientifica de qualidade, para a concepcéo de novas
descobertas das propriedades de superficie e também o estudo do
comportamento das propriedades morfoldgicas de tungstatos, molibdatos e
zirconatos. A possibilidade de controle tanto da forma quanto do tamanho
dos cristais com base na morfologia, demonstrando as etapas envolvidas, que
sdo dependentes da estrutura interna do material e das condi¢cdes externas de
crescimento.

Conclusdes e futuras linhas obtidas para pesquisa

Posso acreditar na modelagem e simulagdo? E uma pergunta frequente
para pesquisadores experimentais e tedricos. Para respondé-la, é necessaria
uma profunda compreensdo dos pontos fortes e das limitagdes da modelagem
computacional e dos métodos de simulacdo utilizados, bem como das
técnicas experimentais e suas faixas de aplicacdo. E obrigatorio realizar um
dialogo autocritico entre a teoria e a experiéncia, em vez de fazer as duas
coisas separadamente e dar confianca incondicional nos resultados de tais
estudos isoladamente. A combinacdo de ambos fornece um campo fértil com
oportunidades interessantes e uma enorme variedade de possiveis aplicacoes.
E crucial para a modelagem entender os pontos de interesse para
experimentais, a complexidade dos sistemas quimicos e como aborda-los de
maneira apropriada.

As simulagdes baseadas na mecénica quéntica complementam o0s
experimentos e permitem compreender-los a nivel atbmico, ou seja, testar
hipoteses, interpretar e analisar dados em termos de interagbes em nivel
atdbmico ndo disponivel experimentalmente. O uso conjunto e a comparacgao
dos resultados tedricos e experimentais também podem sugerir experimentos
e simulagdes que possam aumentar ainda mais nosso conhecimento. Portanto,
os resultados obtidos a partir da simulagdo séo sinérgicos com aqueles que
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surgem a partir de novos experimentos, e as vezes abrem caminho para
resolver problemas onde experimentos ndo podem fazé-lo. A mecanica
quantica esta no centro desse esforgo e fornece a estrutura para uma descricao
em nivel atbmico e molecular da estrutura quimica e reatividade que forma a
base para a interpretacdo de dados experimentais e proporciona orientagdo e
guia para realizar novos experimentos. Portanto, hd uma grande oportunidade
para uma verdadeira sinergia entre teoria e experimento. No entanto, o ponto
comum de convergéncia deve ser as propriedades observaveis do sistema a
ser investigado. Os observaveis incluem morfologia, geometria, estrutura
eletronica, frequéncias vibracionais, quando disponiveis, e toda essa
informacdo é muito Util, é o ponto de encontro mais frutifero para a teoria e
para experimento em ciéncia de materiais e nanotecnologia.

Morfologia é uma propriedade chave dos materiais e para o0
desenvolvimento de materiais funcionais € importante para controlar a
morfologia e estrutura, e o objetivo principal € o de compreender a quimica
da superficie, uma vez que muitos processos fisicos e quimicos tém lugar nas
superficies. Na presente Tese, se utiliza artigos publicados no qual os
resultados alcangados sdo através do uso conjunto de trabalhos experimentais
e tedricos.

As principais conclusfes podem ser resumidas da seguinte maneira:

()] Caracterizamos as morfologias acessiveis do béario molibdato
(BaMoQ,), tungstato de bario (BawWQ,), solucdes sélidas BaWi.
xMo,O4 (X = 0,25, 05, 0,75), molibdato de calcio (CaMoOy),
molibdato de zinco (ZnMoQ,), e o zirconato de calcio (CaZrO3),
aplicando-se a construcdo de Wulff e usando a teoria funcional de
densidade para calculos de primeiros principios com o intuito de obter
a energia superficial das diferentes superficies destes materiais, com o
objetivo de fornecer um guia cientifico para o controle morfoldgico da
sintese destes (nano) materiais.

(1 Os resultados apresentados aqui confirmam uma variedade de
morfologias que podem ser obtidas ajustando as estabilidades de
superficie, que dependem dos métodos de sintese e das condicbes de
reacdo. Existe uma correlagcdo entre a energia de superficie e a
densidade de ligagdes rompidas em cada uma das diferentes
superficies. Assim, ao analisar as imagens de microscopia eletronica,
se pode obter uma maior compreensdo de como controlar a forma
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(1)

(V)

V)

cristalina  sinteticamente ajustando a quimica da superficie e
controlando os valores relativos das energias de superficie.

Estudamos a estrutura e as propriedades eletronicas do CaMoO,, a
estabilidade das correspondentes superficies e suas transformagdes
morfoldgicas. Esta estratégia permite prever possiveis morfologias de
outros materiais inorganicos controlando os valores relativos das
energias superficiais e explicando e racionalizando os resultados
experimentais encontrados na literatura. Esta abordagem tem o
potencial de ser quantitativa se combinada com medidas de
morfologia, por exemplo, aquelas obtidas por TEM. As morfologias
experimentais correspondem as morfologias de crescimento
calculadas, enquanto as morfologias de equilibrio calculadas
coincidiram com as observadas.

Investigamos e realizamos uma comparacdo entre 0s resultados
tedricos e experimentais para compreender a influéncia de dopante
Eu** na matriz ZnMoO,, tanto na geometria, estrutura eletrdnica como
na morfologia.

Compreendendo o0s espectros de fotoluminescéncia, com base na
localizacdo e caracterizacdo dos principais estados eletronicos
fundamental (singlete, s) e excitado (singlete, s* e triplete, t*),
utilizando as estruturas ideais e distorcida CaZrOs; puro e dopado
Eu®*. Além disso, correlacionar suas correspondentes geometrias,
morfologias, estruturas eletrénicas e freqiéncias vibracionais.

Para concluir, a continuacdo dos trabalhos aqui apresentados deve

abordar pelo menos os trés aspectos seguintes:

(M

(1)

Discernir se as morfologias observadas experimentalmente sao
impulsionadas pela termodinamica (morfologia de equilibrio), como
tem sido feito nesta tese, ou pela cinética (morfologia do
crescimento). SimulacGes dindmicas serdo necessarias para investigar
0 mecanismo de crescimento.

Incluir e avaliar sucessivamente a influéncia da &gua e/ou adsorgéo
das impurezas nas superficies dos materiais estudados, tanto em
equilibrio como durante o crescimento de materiais durante a sintese.
De fato, para avaliar estes efeitos de adsor¢cdo na morfologia do
cristal, € fundamental uma analise aprofundada da estrutura e da
energia de faces do cristal que atuam como substratos. As estruturas
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(I

(V)
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otimizadas das superficies que foram determinadas neste trabalho
podem ser usadas para calcular as energias de adsorcdo liberadas
quando as moléculas de agua ou impurezas especificas entram em
contato com o cristal.

Incluir a densidade de spin nos mapas de morfologia, o que
implicaria a consideracdo ndo apenas da energia superficial, mas
também a magnetizacdo de cada uma das superficies, nas quais
haveria elétrons desemparelhados.

Melhorar 0 método de calculo utilizado para caracterizar 0s estados
eletronicos excitados; o funcional da densidade dependente do tempo
pode ser uma boa opc¢ao.



