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Normativa y organizacion de la tesis

Para organizar toda la informacion en la tesis se va a optar por una
estructura presentada por compendio de publicaciones. Segun la normativa de
la Universitat de Valéncia en lo referente a el “reglamento sobre deposito,
evaluacion y defensa de la tesis doctoral” de 28 de junio de 2016, ACGUV
172/2016, ademas de tener en cuenta la normativa basica referente a la
estructura organizativa de la misma, para esta modalidad hay que cumplir unos

requisitos adicionales, de entre los cuales es interesante destacar:

“Presentar un minimo de tres articulos cientificos ya publicados o aceptados
en revistas indexadas en algun indice internacional, siendo el doctorando el

primer firmante en todos ellos”.

“La tesis tiene que incluir un resumen global de la tematica, de los principales

resultados obtenidos y de las conclusiones”.

“Ademads, como anexo se tiene que incluir una copia completa de los trabajos

publicados o admitidos para su publicacion”.

Si bien es cierto que la tesis tiene una introduccion general, donde se
incluyen los procedimientos experimentales y metodologia genérica, parece
interesante dentro de los capitulos 3 a 7 (principales resultados obtenidos),
incluir en cada uno de ellos una breve introduccién muy concreta y especifica,

que complemente a la general y contextualice el capitulo en mayor medida.

De igual modo sucede con las conclusiones especificas de los apartados
de los resultados, estas conclusiones individuales, que en la medida de lo
posible se relacionan con los distintos resultados obtenidos en otros capitulos,
darén lugar a las conclusiones generales, las cuales junto con la introduccion

general y los resultados formaran el cuerpo de la tesis.
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Resumen.

Resumen

En la presente tesis doctoral se pretende por una parte sintetizar en la
escala nanométrica pigmentos ceramicos clasicos de uso industrial, como son
el pigmento de color amarillo V-ZrO,, y el pigmento de color naranja-amarillo

Cr,Sh-TiO,, mediante métodos de sintesis no convencionales.

Para llevar a cabo dichas sintesis se van a utilizar dos métodos de sintesis
relativamente sencillos y facilmente reproducibles a escala industrial, como
son el método del poliol y el método hidrotermal, los resultados que se
obtengan mediante los dos métodos seran comparados y se hara hincapié en
sus ventajas e inconvenientes. Las composiciones nominales estudiadas seran
en el caso del VyZr;xO; valores 0 <x < 0.1 y en el del Cr,ShyTi1.2xO; valores
0<x<0.2.

El interés de estas sintesis nanométricas recae en solventar un problema
real actual de la industria ceramica, relacionado con el uso de la tecnologia de
impresién por inyeccion de gota a demanda (DOD-1JP). Esta tecnologia, que
en laactualidad es ampliamente utilizada, requiere de pigmentos con diametros
de tamafio de particula por debajo de 1 um, para evitar la obturacion de los

cabezales de impresion.

Para obtener informacién de los nanopigmentos sintetizados se van a
utilizar técnicas de caracterizacion habituales en nanoparticulas como son la
difraccion de rayos X, espectroscopia infrarroja, espectroscopia Raman,
espectroscopia ultravioleta-visible de reflectancia difusa, microscopia
electrénica de barrido, microscopia electronica de transmision, espectroscopia
de dispersion de energias de rayos X, potencial Z y coordenadas cromaticas
CIELab.

Xl



Resumen.

Mediante un ensayo sencillo los nanopigmentos obtenidos seran ademas
testeados junto a una frita comercial en un proceso de esmaltado para

comprobar la idoneidad de los mismos.

Por otra parte, el creciente interés de las nanoparticulas no solo es debido
a su tamafio, sino que, con la disminucion de tamafio, el nanomaterial puede
modificar sus propiedades respecto al mismo material con tamario
micrométrico y presentar propiedades nuevas como magnetismo o actividad

catalitica.

Teniendo en cuenta esto Ultimo y ya que es bien conocida la actividad
fotocatalitica de diferentes materiales basados en TiO, en forma de
nanoestructuras y/o disoluciones solidas con iones, se estudiara la actividad
fotocatalitica de nanoparticulas de anatasa dopada con Sb y Cr, en la

degradacion de un contaminante organico modelo, el naranja de metilo.

Xl
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Capitulo 1.

1.1. Nanomateriales y nanoparticulas

Nanomateriales

¢ Qué se entiende por nanomaterial? En 2011 la Unidn Europea adoptd

una recomendacion para su definicion de forma genérica “Por nanomaterial se

entiende un material natural, secundario o fabricado que contenga particulas,

sueltas o formando un agregado o aglomerado y en el que el 50% o mas de las

particulas en la granulometria numeérica presente una 0 mas dimensiones

externas en el intervalo de tamafios comprendido entre 1 nmy 100 nm”.?

Estos nanomateriales incluyen nano-objetos tales como nanoparticulas,

nanofibras (varillas, tubos) y nanoplacas, figura 1.1, ademas de combinaciones

de las mismas.?

0D (Nanoracimos y nanoesferas)

1D (Nanofibras, nanobarras y nanotubos)

=

— o>

2D (Hojas, peliculas y capas)

3D (Policristalino y esférico)

N 23 o

e

S5 o%le
Sty e QO

il 3 &;ﬁ ...’

Figura 1.1. Diferentes tipos de nanomateriales clasificados por dimensiones.®
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Desde el siglo XX la repercusion de los nanomateriales ha ido en
aumento, aunque su uso no es algo nuevo ya que se remonta a distintos
periodos de la historia que abarcan desde la medicina china tradicional o los
Mayas hasta la Edad Media, pero es en el siglo XX donde se empiezan a poder

controlar, disefiar y caracterizar las propiedades de los nanomateriales.*

Su interés no solo recae en la disminucién de su tamafio respecto al
mismo material a escala micrométrica sino que ademas, con la disminucion de
tamano, el nanomaterial puede modificar sus propiedades respecto al material
micrométrico, estas propiedades en el caso del oro por ejemplo conllevan un
descenso del punto de fusion, presentacion de actividad catalitica o

magnetismo entre otras.®

Debido a todo esto y a nuevas necesidades tecnoldgicas como la
miniaturizacion; la obtencion, estudio y uso de nanomateriales se ha extendido
a campos tan diversos como la biomedicina,®® catalisis,>° electrnica,'®!
energia,*>3 contaminacién medioambiental***® o pigmentos!®-” entre muchos

otros.

En la actualidad es cada vez mas habitual el paso de estos
nanomateriales desde la etapa de investigacion en el laboratorio a la de
fabricacion de productos comerciales como componentes electronicos o
cremas solares, surgiendo la necesidad de estudios de toxicidad, seguridad o

efectos en la salud a largo plazo de estos nanomateriales.'81°
Nanoparticulas

Las nanoparticulas de forma habitual son definidas como particulas
dispersas con un tamafio comprendido entre 1 y 100 nm,% a diferencia de los
nanomateriales, el tamafio de cualquier dimensién externa esta limitado a
100 nm.

Pueden ser clasificadas por diversos criterios:?
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e Segun el origen si son naturales (erupciones volcanicas, polvo del
desierto y cosmico) o antropogénicas.
e Por el tamafio: de 1 a 10 nm, de 10 a 100 nm y >100 nm.

e Por la composicion quimica: sustancias inorganicas, organicas (figura

1.2) o reino vivo.

h 4
Nanoparticulas Au w&f
inorganicas 295

Oro Puntos Super,pa.lra- Tones lanta}qldos
SuAiiticos magnéticas paramagnéticos
Nanoparticulas >~
7y . -4 | 1 N
organicas 0N
Dendrimeros Miscelas Liposomas Ferritina

Figura 1.2. Representacidn esquematica de algunos tipos de nanoparticulas inorganicas y

organicas.??

Los campos de uso habituales de las nanoparticulas son los mismos que
en los nanomateriales, es decir, en biomedicina, materiales, medioambiente,

catalisis, energia o electronica.® 2327

1.2. Estructuras ZrO2y TiO>

Ya que los materiales nanoparticulados que se van a preparar presentan
estructuras de oxido de circonio (ZrO,) y 6xido de titanio (TiO2), es importante

una breve explicacion de sus caracteristicas y usos:
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Estructura ZrO,

El 6xido de circonio, ZrO, existe en tres formas polimorficas:
monoclinica, tetragonal y cubica, siendo la ZrO, monoclinica la fase
termodindmicamente estable a temperatura ambiente, figura 1.3. La fase
cUbica (grupo espacial 225, Fm-3m) tiene una estructura tipo fluorita (centrada
en las caras -fcc) es estable a temperaturas desde 2370 °C y hasta la fusién
(2680 °C). La fase tetragonal (grupo espacial 137, P4,/nmc) es estable a
temperaturas entre 1150 °C y 2370 °C y tiene una celda primitiva centrada en
el cuerpo (bcc). En la literatura es comin que se describa la celda tetragonal
en términos de la estructura tipo fluorita, con sus ejes aproximadamente
paralelos a los de la fase cubica. Esto se logra mediante una rotacion de 45° de
los ejes a 'y b y tiene como objetivo facilitar la comparacion directa de la fase
tetragonal con la fase cubica y monoclinica durante el analisis de las
transformaciones de fase. Finalmente la fase monoclinica (grupo espacial 14,

P2,/c) es estable a temperaturas por debajo de 850 °C.?®

Cubica Tetragonal Monoclinica

Q0 @ Zr

Figura 1.3. Estructura cristalina de circona pura.

La fase monoclinica se emplea para obtener recubrimientos abrasivos,

aditivos, pigmentos inorganicos y componentes electronicos. La fase
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tetragonal se emplea a alta temperatura en el manejo de metales fundidos, asi
como para fabricar troqueles de extrusion por su elevada dureza y resistencia
al desgaste. Ademdas, como es un compuesto biocompatible se usa en la
fabricacion de protesis de cadera, rodilla y piezas dentales. Por la excelente
conductividad iénica la fase cubica se puede utilizar como sensor de oxigeno,
capturador de gases en caAmaras de vacio, cristales electrocromicos y electrodos

para celdas de combustible.?®
Estructura TiO;

El didxido de titanio (titania) se presenta en tres variedades alotropicas:
rutilo, anatasa y brookita. La mas estudiada es el rutilo, por la variedad de
propiedades y aplicaciones que permite desarrollar su estructura. El rutilo
(grupo espacial 136, P4,/mnm) y la anatasa (grupo espacial 141, 14;/amd) son
ambos tetragonales, mientras que la brookita (grupo espacial 61, Pbca) es
ortorrdmbica, figura 1.4, en todos los casos el i6n Ti*" se encuentra en

coordinacion octaédrica con seis atomos de oxigeno.*

Anatasa Rutilo Brookita

Figura 1.4. Estructuras cristalinas del TiO;
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Las estructuras cristalinas anatasa y rutilo, pueden ser descritas en
términos de cadenas de octaedros de TiOs, figura 1.5. Las dos estructuras
cristalinas difieren por la configuracion de ensamblaje de la cadena de
octaedros, y por la distorsién de cada octaedro. El octaedro del rutilo no es
regular, mostrando una ligera distorsion ortorrombica, mientras que el
octaedro en la anatasa es significativamente mas distorsionado, por lo tanto su
simetria es menor que la ortorrombica. En la estructura del rutilo cada octaedro
estd en contacto con 10 octaedros vecinos (2 compartiendo pares de oxigeno
en las aristas y 8 compartiendo atomos de oxigeno en los vertices), mientras
en la estructura de anatasa cada octaedro estd en contacto con 8 vecinos (4
compartiendo aristas y 4 compartiendo vértices). Estas diferencias en la
estructura de la red producen diferentes densidades de masa y estructuras

electronicas de banda entre las dos formas del TiO,.3!

La brookita tiene una estructura mas compleja, es de menor simetria
debido a que su orden de corto alcance es menos regular. En la brookita
ninguna de las seis longitudes de enlace Ti-O vecinas es idéntica. La estructura
de la brookita es una cadena de octaedros de TiOg distorsionados que
comparten aristas paralelas al eje ¢ de la red ortorrombica, donde cada octaedro

comparte 3 aristas, figura 1.5.%2

En las ultimas décadas, el TiO; ha sido estudiado de forma extensa,
debido a sus interesantes propiedades eléctricas, magneticas, cataliticas y
electroguimicas. Basandose en estas propiedades, son posibles una gran
variedad de aplicaciones tecnologicas. EI TiO, es ampliamente usado en
catalisis, electrocromado, cosmeticos, sensores y como pigmentante en

pinturas y polimeros.®
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Anatasa Rutilo Brookita

Figura 1.5. Estructura cristalina en representacion poliédrica del TiO>

1.3. Laluz y el color

La luz

Tal como demostro Maxwell, la luz estd compuesta por un mosaico de
radiacion electromagnética que contiene las ondas radiofénicas, la luz visible
y los rayos X. Dentro de este espectro electromagnético la luz visible ocupa
una pequefia porcion tal como se muestra en la figura 1.6. La luz emitida por
el sol cae dentro de la regidn visible y se extiende mas alla del rojo (infrarrojo)

y en el ultravioleta (UV) con una intensidad maxima en el amarillo.
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Figura 1.6. Espectro electromagnético, cortesia: Wikimedia Commons, autor Philip Ronan.

Cuando consideramos la luz como una onda electromagneética, la firma
espectral de un color puede identificarse a traves de su longitud de onda.
Nosotros percibimos las ondas a través del color, el violeta posee la longitud
de onda maés corta y el rojo la mas larga. La luz visible (400-700 nm) es el
rango de longitudes de onda dentro del espectro electromagnetico al que el ojo
responde. Aunque las radiaciones de longitudes de onda mas largas 0 mas

cortas estan presentes, el ojo humano no es capaz de detectarlas.®*
El color

La experiencia del color puede ser catalogada desde la perspectiva de la
psicologia como una sensacidn, esto es, que en la naturaleza no existe ninguna
materia u onda que sea color por si misma, aunque nuestro cerebro genere la
sensacion del color cuando la retina del ojo es estimulada por la energia
radiante o luminica. Como sensacidn experimentada por los seres humanos y
algunos animales, la percepcion del color es un proceso neurofisiolégico muy
complejo. El fendmeno de la vision involucra la interaccion casi simultanea de
los ojos y el cerebro a través de una red de neuronas, receptores y otras células

especializadas.

10
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En los ojos de la mayoria de los vertebrados existen dos tipos de células
fotorreceptoras: los bastoncillos y los conos. Los bastoncillos son células
cilindricas y los conos son células conicas, de menor tamafio. Los bastoncillos
median la vision en luz tenue, formando imagenes en blanco y negro (vision
escotdpica), y son tan sensibles que pierden la capacidad de transmitir sefiales
en condiciones de luz diurna. Los conos, por su parte, operan eficientemente a
niveles luminosos elevados y permiten la percepcion del color (vision
fotdpica).®® Hay tres tipos de conos que responden a longitudes de onda
diferentes. Estas longitudes corresponden a las de los colores rojos, verdes y
azules, los cuales son conocidos como primarios. Con la combinacién de los
mismos podemos percibir toda la gama de colores. La luz se percibe como
blanca por los seres humanos cuando las células son estimuladas
simultdneamente por igual cantidad de rojo, verde y azul. Un gran namero,
pero no todos los colores, pueden obtenerse mezclando los tres colores

primarios.®*
Explicacion del color

El color de los cuerpos no es una propiedad intrinseca de ellos, sino que
va ligado a la naturaleza de la luz que reciben. Decimos que un objeto tiene un
color cuando refleja o transmite (con preferencia) las radiaciones
correspondientes de un color determinado. Por ejemplo, un cuerpo es rojo por
reflexion o transparencia cuando absorbe en casi su totalidad todas las

radiaciones menos las rojas, las cuales refleja o se deja atravesar por ellas.®*

Se requieren cuatro teorias fisicas distintas (formalismos) para poder
explicar los procesos mediante los que constituyentes intrinsecos, impurezas,
defectos y estructuras especificas producen el efecto visual que denominamos
color. Estos cuatro formalismos son necesarios ya que cada uno proporciona

ideas en situaciones especificas que no se obtienen de las otras teorias. Las
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causas del color son muy diversas, pero todas ellas tienen el mismo origen, la

existencia de electrones en la materia.3®

Estos formalismos son: campo cristalino, orbital molecular, teoria de
bandas y efectos 6pticos fisicos. EI que mejor explica la coloracion de los
pigmentos ceramicos es el formalismo de campo cristalino, aunque no es el
unico.

La teoria del campo cristalino explica bien el color principalmente en
cristales idnicos que contienen atomos con electrones desapareados, siendo
dicho color originado por elementos con capas d parcialmente llenas, tales
como V, Cr, Mn, Fe, Co, Ni y Cu, o por elementos con capas f parcialmente
Ilenas, como los lantanidos y actinidos. En el caso en el que el elemento no
tenga electrones desapareados, al tener las capas electronicas completamente
llenas o vacias, como es el caso del Cré*, Ce** o Cu*, este tipo de color no se

produce.

El corinddn puro, Al,Os, es incoloro, cuando se dopa con Cr3* alrededor
de 1% (que sustituye al AI**) se le conoce como rubi y presenta una coloracion
roja. Ya que la configuracion electrénica del Cr3* es d®, se puede producir una
interaccidn entre los tres electrones desapareados con luz visible para producir
absorcion y por tanto color. Debido a la cuantizacion de la energia, un sistema
tal como el Cr®*, puede existir solo en un nimero limitado de estados, los
denominados "niveles de energia”, mostrados en el diagrama en la figura 1.7,
estableciendo su contenido de energia respecto al "nivel fundamental™, es decir,
el estado del i6n cuando no interacciona con ningdn tipo de radiacion y, por

tanto, esta en su estado energético mas bajo.3®
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Figura 1.7. Diagrama de niveles de energia del i6n Cr¥en un campo octaédrico (en el

rubf).%’

En el caso del rubi la excitacion (mediante absorcion de luz) puede en
este caso dar lugar a un cambio desde el estado fundamental A4 a los estados
“To Y “T14 con probabilidad alta, estos estados estan producidos por el campo
cristalino inducido en el ion Cr3* por el efecto de los seis oxigenos ligandos,
causando el desdoblamiento de los cinco orbitales d. Estos cambios de estado
producen absorciones en el verde y violeta, que son las responsables del color
rojo del rubi pero ademéas como el cambio de “A,q a %Eq esta relativamente
prohibido, la desexcitacion no puede pasar desde “T,q 0 “Tig a *Agg, ya que
debe pasar a través de 2Eq, con la emision de energia correspondiente a
radiacion infrarroja, y después puede producirse la emision de luz, la
denominada fluorescencia roja del rubi, al pasar desde el nivel %Eq4 al estado
fundamental “A,q lo que se afiade a la coloracion roja producida por las

absorciones y aumenta su aspecto brillante.®

Por otra parte, el formalismo del orbital molecular se aplica a diferentes
tipos de situaciones en las que los electrones involucrados no estan

simplemente localizados sobre atomos o iones como en el caso del formalismo
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del campo cristalino, sino que deben considerarse presentes en orbitales
multicéntricos. Los resultados varian en funcion de si estan incluidos centros
metal-metal, metal-no metal o no metal-no metal. En los dos ultimos casos el
tipo de enlace que generalmente predomina es el covalente. El resultado de un
tratamiento mediante el orbital molecular es similar al del tratamiento del
campo cristalino, en ambos casos el resultado es un conjunto de niveles de
energia y de probabilidades de transiciones asociadas. En el zafiro azul, que
es una variedad de corinddn con impurezas de Fe y Ti, cada una de las
impurezas puede existir en dos estados de oxidacion y por tanto en dos
combinaciones: a) Fe?* y Ti*; y b) Fe** y Ti**. Mediante absorcion de luz
puede provocarse la transferencia de un tnico electron del Fe al Tiy que vuelva
de nuevo a la situacion inicial. Ya que el estado b) tiene una energia mayor
que el a), la transicidn de a) a b) supone la absorcion de energia, produciendo
una banda de absorcion intensa y ancha en la zona roja del espectro y

resultando un color azul intenso.3¢

Medicidén del color

El color se puede medir de forma objetiva utilizando espectrofotometros
y colorimetros mediante espacios de color, que pueden ser descritos como
métodos para expresar el color de un objeto usando algun tipo de anotacion,
como pueden ser los nimeros. La Commission Internationale de IEclairage
(CIE), una organizacion sin fines de lucro que es considerada como la
autoridad en la ciencia de la luz y el color, ha definido espacios de color,
incluyendo CIE XYZ, CIE L*C*h, y CIE L*a*b*, para comunicar y expresar
el color objetivamente. El espacio de color L*a*b*, también referido como
CIELAB (figura 1.8), es actualmente uno de los espacios de color mas

populares y uniformes usado para evaluar el color de un objeto. Este espacio
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de color es ampliamente usado porque correlaciona los valores numéricos de

color consistentemente con la percepcion visual humana.

Blanco
+L*

——

Verde |
-a*

Negro
-L'

Figura 1.8. Espacio de color CIELAB.%

Cuando se clasifican los colores, se los puede expresar en téerminos de
matiz (color), luminosidad (brillo) y saturacion (vividez). Al crear escalas para
éstos atributos, podemos expresar en forma precisa el color. El espacio de color
L*a*b* fue modelado en base a una teoria de color oponente que establece que
dos colores no pueden ser rojo y verde al mismo tiempo o amarillo y azul al
mismo tiempo. L*indica la luminosidad, a* y b* son las coordenadas
cromaticas. a*= coordenadas rojo/verde (+a indica rojo, -a indica verde) y b*

= coordenadas amarillo/azul (+b indica amarillo, -b indica azul).%
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1.4. Pigmentos y hanopigmentos ceramicos

¢ Qué es un pigmento cerdmico?

Segun Monrés y col. “Un pigmento ceramico es una sustancia inorganica
que, mezclada en proporciones entre el 1-5% en peso con matrices vitreas o de
pasta porcelanica, genera la coloracion uniforme de las mismas”.*° En general

un pigmento ceramico debe colorear cualquier componente ceramico.

Ademas, el pigmento cerdmico debe reunir los siguientes requerimientos

basicos:*°
e Termoestable:

Es decir, que tenga una estructura cristalina estable a elevadas temperaturas.
Distinguiendo a su vez entre pigmentos de baja y alta temperatura, con

distintos usos dentro de la industria ceramica.
e Insoluble en la matriz vitrea y no modificar sus propiedades:

El pigmento debe mantener su entidad estructural en la coccidn
produciendo la coloracién homogénea en la matriz, aunque sin modificar las
caracteristicas fisicas de la matriz, como su resistencia mecanica a la abrasion,

al agrietamiento y a los agentes atmosféricos, asi como a acidos y bases.
¢ Como se clasifican los pigmentos ceramicos?

Hay varios sistemas de clasificacion para los pigmentos ceramicos, por
ejemplo basandose en el color que estos materiales rinden (pigmentos negros,
coloreados y blancos), el problema es que desde el punto de vista quimico o
estructural no parece adecuada esta clasificacion, por ello otra clasificacion,
que es de las mas ampliamente utilizadas, es la de la Asociacion de Productores

de Pigmentos de Color (CPMA) de Norteamérica. En esta clasificacion que
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tiene un criterio quimico-estructural existen 14 familias estructurales de
pigmentos y mas de 50 subcategorias que cubren la mayoria de pigmentos de
oxidos metalicos mixtos que se fabrican hoy en dia, tabla 1. No obstante, esta
clasificacion no cubre todo el intervalo de posibles pigmentos, por ejemplo,
los compuestos no oxidicos como pigmentos basados en Cd (sistema CdS -

CdSe) no estan incluidos.*

Tabla 1. Clasificacién de los pigmentos de 6xidos metalicos mixtos segun la CPMA

Familia Numero Ejemplos Color
compuestos

|. Baddeleyita 1 Zr-\ amarillo

I1. Borato 1 Co-Mg rojo-azul

I11. Corindon-Hematita 4 Cr-Al rosa

IV. Granate 1 Ca-Cr-Si verde

V. Olivino 2 Co-Si azul

VI. Periclasa 1 Co-Ni gris

VII. Fenacita-Willemita 1 Co-Zn-Si azul

VIII. Fosfato 2 Co-Ni gris
amarillo

IX. Priderita 1 Ni-Ba-Ti claro

X. Pirocloro 1 Pb-Sb amarillo

XI. Rutilo-Casiterita 12 Ni-Sb-Ti amarillo

XII. Esfena 1 Cr-Sn-Si rosa

XII1I. Espinela 20 Co-Al azul

XIV. Circon 3 Zr-Si-V azul

Desde el punto de vista estructural un pigmento ceramico esta
compuesto por una red cristalina huésped donde se integra el componente
pigmentante o cromoforo (normalmente un cation de transicion) y los posibles
componentes modificadores que confieren o reafirman las propiedades

pigmentantes tales como el rendimiento del color o la tonalidad. Los sistemas
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cromoforos pueden ser simples o compuestos. Los simples, son los iones de
los elementos de transicion que introducidos como 6xidos en la composicion
del vidrio o un esmalte pueden colorearlo. Los sistemas compuestos, en
cambio, presentan estos iones colorantes integrados en una estructura cristalina
como granate, espinela, circén o piroxeno que los protege de la matriz y asi

permite mantener sus propiedades pigmentantes.

Un nanopigmento es un compuesto sélido, cuya distribucion de tamafio
de particulas esta en el rango nanométrico (1-100 nm), es sustancialmente
insoluble en la matriz en la cual se dispersay es usado debido a sus propiedades
colorantes o decorativas.*? Para su preparacion diferentes métodos de sintesis
pueden ser empleados obteniendo diferentes resultados finales. Los
procedimientos fisicos incluyen la elaboracion de nanoparticulas a partir de
una fase vapor que es obtenida de un material inicial y que posteriormente es
enfriado por colision con un gas neutro, algunos de éstos son la
evaporacion/condensacion, ablacion laser o pirdlisis en spray, los cuales
utilizan en general grandes y sofisticados equipos e instalaciones, por lo tanto
muy costosos.** Entre los métodos mas habituales de los denominados
“quimica suave” estan el solvotermal, sonoquimico, poliol, precipitacion

usando amoniaco, hidrotermal, sol-gel y micelas reversas.**#
¢Por qué el uso de nanopigmentos?

En la industria cerdmica cada vez estd mas extendido el uso de la
impresién por inyeccion de gota a demanda (DOD-IJP), figura 1.9, en la
decoracion de azulejos ceramicos. ElI método es rapido y de amplia difusion
debido a las ventajas que presenta la tecnologia digital, entre las que destacan:
posibilidad de decoracion sin contacto, uso racional de la tinta, oportunidad de
impresion en superficies con textura, obtencion de imagenes de alta calidad,
mayor control sobre la linea de produccién y ahorro de espacio y costes. Como

dato de interés de las 2904 impresoras contabilizadas en todo el mundo a
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principios de 2014 en Esparfia ya habian mas de 300 en uso, lo cual da una idea

de la importancia de este metodo de trabajo.

—+1+—Tinta

AIL Boquilla

——(Gota de tinta

Material ceramico

Figura 1.9. Esquema funcionamiento sistema DOD-1JP.

La tinta utilizada en el sistema de impresion contiene el pigmento
ceramico como colorante junto con transportadores y aditivos para mejorar su
rendimiento y estabilidad en el tiempo. Para poder utilizar la tinta en DOD-1JP
es crucial el uso de particulas que tengan menos de 1 um de diametro para
prevenir la obstruccion de los cabezales de inyeccion.*® Dado que los
pigmentos micrométricos (5-10 um) son demasiado grandes, una solucion es
reducir su tamafio moliéndolos mediante el uso de molino de bolas de alta
energia, aunque generalmente no se obtiene un producto homogéneo en
tamafio y forma, otra posible solucién es el uso de nanopigmentos, que pueden

ser utilizados directamente, obteniendo productos con el tamafio idoneo
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(ademas de una morfologia bien definida) evitando asi dicha obstruccién y los

inconvenientes que esto supone.

Los colores de las tintas utilizadas por la DOD-IJP con la tecnologia
cuatricromia son el cian, magenta, amarillo y negro (CMYK)* y con su
combinacion en distintas proporciones dan lugar a la obtencién de otros
colores. En la decoracion digital el amarillo es muy utilizado en tricromia o
cuatricromia aunque es dificil obtener amarillos satisfactorios,*® tal y como
describen Moghimi Nejad y col.*® donde encuentran dificultades para obtener
naranjas y amarillos debido, segun los autores, a la inestabilidad del pigmento
amarillo utilizado. Asi que ain queda trabajo en este campo para la obtencion
Optima de toda la paleta de colores mediante cuatricromia y por tanto es

interesante la obtencion y uso de los mismos de forma directa.

Los pigmentos amarillos mas efectivos usados actualmente en la
industria ceramica béasicamente son el circon dopado con praseodimio
(Zr,Pr)SiQy, la circona dopada con vanadio V-ZrO,, la casiterita V-SnO, y el
rutilo dopado con niquel y antimonio (Ni,Sb,Ti)O; que sustituye a los clasicos
(y mucho mas tdxicos) sulfuro de cadmio CdS y pirocloro amarillo de
antimoniato de plomo Pb,Sb,0-,.>° También es conocido el rutilo dopado con
cromo y antimonio (Cr,Sb-Ti)O, aunque unos autores lo describen como

pigmento amarillo*”*! y otros como naranja.>>*

Los pigmentos naranjas se obtienen basicamente de la perovsquita
dopada con vanadio (V-CaTiO3),>* karroita dopada con niquel
(Ni-MgTi,0s),* karroita dopada con cromo (Cr-MgTi,0s),* rutilo dopado con
cromo y antimonio (Cr,Sb-Ti)Oy*** y del sistema CdSe-CdS.*

En la presente tesis se van a estudiar los sistemas V-ZrO, y (Cr,Sb-Ti)O,,
dopando por tanto el ZrO, con vanadio y el TiO, con cromo y antimonio.
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1.5. Fotocatalisis

La catalisis es uno de los fendbmenos méas importantes tanto en la
naturaleza como en la quimica. Una definicion aceptada es que un catalizador
es una sustancia que aumenta la velocidad con la que un sistema quimico llega
al equilibrio, sin ser consumida en el proceso. Por tanto la catélisis es el
fendmeno de la accion del catalizador. De acuerdo con la Union Internacional
para la Quimica Pura y Aplicada (IUPAC) la fotocatélisis se define como
“cambio en la velocidad de una reaccion quimica o su iniciacion bajo la accion
de luz ultravioleta, visible o radiacion infrarroja en presencia de una sustancia,
el fotocatalizador, que absorbe la luz y esta implicado en la transformacion

quimica de los componentes de la reaccion”.*

La fotocatalisis se basa en la excitacion de un material semiconductor
con irradiacion de energia luminosa al menos igual o mayor a la separacion

entre bandas del material, figura 1.10.

Un electrdn de la banda de valencia (BV) llena de electrones es excitado
por irradiacion de la luz a la banda de conduccion (BC) y deja atras un hueco
positivo (h*) en la BV, a la diferencia de energia entre la parte superior de la
BV vy la parte inferior de la BC se le nombra banda prohibida. Estos electrones
y huecos (e"y h*) son los principales responsables de la generacion de especies
activas que degradan las moléculas diana. Estos portadores de carga ey h*
impulsan la reduccién y oxidacion respectivamente y migran hacia la
superficie del fotocatalizador y pueden iniciar las reacciones secundarias con
los componentes adsorbidos en la superficie del semiconductor sélido. El e
fotoexcitado en la BC transforma el oxigeno a radicales superoxido e
hidroperoxido mientras que los h* en la BV puede oxidar el agua adsorbida o

iones hidroxilo a radicales hidroxilo. Estas especies reactivas (radicales
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superdxido o radicales hidroperoxido y radicales hidroxilo) pueden estar

implicadas en la degradacion de compuestos adsorbidos en la superficie.®’

. Contaminante
organico

Luz

% / \% H,0

Figura 1.10. Esquema del proceso de fotocatalisis.>®

H,0

Con la finalidad de solventar los serios problemas medioambientales y
energéticos, el desarrollo de fotocatalizadores heterogéneos muy activos ha
sido un campo de investigacion con mucha actividad en los recientes afos.
Muchas investigaciones se centran en el uso de fotocatalizadores basados en
semiconductores para la degradacion de contaminantes y la descomposicion
de agua con luz visible y ultravioleta. Desde que Fujishima descubriera la
disociacion fotocatalitica del agua utilizando electrodos de TiO,, este se ha
convertido en un fotocatalizador muy atractivo por sus multiples ventajas
como estabilidad estructural, abundancia, no toxicidad, respetuosidad

medioambiental, fuerte poder oxidante y econdémico.*®
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De los tres polimorfos del TiO, la anatasa generalmente es la que
presenta mayor actividad fotocatalitica, aunque esta actividad tiene una fuerte
dependencia ademas de otros factores como el tamafio de cristalito, el area de

superficie especifica o la estructura de poros.®

El TiO, no obstante tiene ciertas limitaciones: tan solo puede absorber
luz UV (A<390 nm) debido a su amplia separacion de bandas (3.0-3.2 eV),
permitiendo la absorcion en solo una pequefia region del espectro solar y la
recombinacion de los portadores de carga fotoexcitados limita también la
efectividad del TiO,. Un método muy utilizado para evitar esta recombinacion
y disminuir la separacion entre bandas es dopar el TiO, con metales, no metales

0 una combinacion de los dos.5!

El dopado en general no solo cambia el mecanismo y la cinética bajo
irradiacion UV, sino que ademas introduce actividad en el visible con lo que
se mejora mucho el aprovechamiento de la luz solar (en torno a un 50% de la
luz solar es visible)®® aumentando por tanto notablemente su eficacia y
rendimiento en el uso in situ en entornos fuera del laboratorio donde

habitualmente solo se dispone de luz solar natural.

Teniendo en cuenta las caracteristicas mencionadas del TiO, como
fotocatalizador y con los ensayos previos realizados, los estudios de

fotocatalisis se realizaron con las muestras de TiO, con fase cristalina anatasa.

1.6. Métodos de preparacion de las nanoparticulas

De entre los métodos habituales de preparacion de nanoparticulas de los
denominados de “Quimica suave” (solvotermal, sonoquimico, poliol,

precipitacién usando amoniaco, hidrotermal, sol-gel y micelas reversas) en la
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presente tesis han sido utilizados el del poliol e hidrotermal debido al potencial
que tienen en la obtencion de nanoparticulas, explicandose brevemente a
continuacion el fundamento de cada método, asi como un breve diagrama de

flujo de su aplicacion.
Poliol

El fundamento de este método es el calentamiento (habitualmente entre
180 y 240 °C) de unos precursores en un alcohol multivalente con elevado
punto de ebullicion, como el etilenglicol o el trietilenglicol, obteniendo un
s6lido nanoparticulado y no agregado debido a que el poliol actda como
estabilizante, limitando el tamafio de crecimiento de particula y dificultando la

aglomeracion.5?

Feldmann fue uno de los primeros en aplicar este método para la
obtencion de nanopigmentos®?®* asi como distintas nanoparticulas.®>%’ Con
este metodo se suelen obtener productos con cierto grado de cristalinidad
debido a las altas temperaturas que se utilizan en la sintesis, aungque en otros
casos es necesario un tratamiento térmico posterior. En la figura 1.11 se puede
ver un diagrama de flujo con los pasos seguidos para la obtencion de las
nanoparticulas tanto en el sistema Cr,Sh-TiO, como en el V-ZrO,. Para ello se

utiliza un matraz de fondo redondo en un sistema de reflujo.
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Figura 1.11. Diagrama de flujo de la sintesis mediante el método del poliol.

Hidrotermal

En general la sintesis hidrotermal consiste en reacciones quimicas
Ilevadas a cabo en disoluciones acuosas bajo condiciones de alta temperatura
(T>25 °C) y presion (P>1atm) mediante el uso de reactores autoclave para
cristalizar materiales directamente de la disolucion. En un principio esta
técnica fue utilizada para la simulacion de las condiciones de formacion de las
rocas y minerales, aunque no tardd en extenderse su uso a la preparacion de

una gran variedad de materiales como zeolitas, complejos de coordinacion,
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haluros o 6xidos metéalicos mixtos.%8%° EI método de preparacion utilizado es
similar al utilizado por Sugimoto™ tal y como se muestra en la figura 1.12,
donde se muestra un diagrama de flujo con los pasos seguidos para la

obtencion de los productos. En este caso es usado un recipiente de teflon

introducido en un reactor autoclave.

) b)

U

Fae] + (Do

Atmdsfera N,

<

100 °C/24 h

+
140 °C/72 h

J

[Lavado con EtOH}

Secado a 80 °C

U

|Cr,Sb,Ti, ,0, |

<

Pz
@p}H

100 °C/24 h

_|_
140 °C/72 h

<

Lavado con EtOH|
Secado a 80 °C

U

Figura 1.12. Diagrama de flujo de la sintesis mediante el método hidrotermal para la

obtencion de: a) CrxSbxTi1-2xO2 y b) VxZr1.xO.
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1.7. Técnicas de caracterizacion

A continuacién se detallan en conjunto las técnicas, el equipamiento
instrumental y las condiciones de trabajo utilizadas en la presente tesis, dentro
de cada capitulo concreto se especificara qué técnica y equipo, en caso de que

hayan varios, se han utilizado.
Andlisis térmico

El analisis térmico diferencial (ATD) y el termogravimétrico (TG) se
realizo en un termoanalizador Mettler Toledo modelo
TGA/SDTA851e/LF/1600, utilizando alrededor de 10 mg de muestra bajo

atmosfera de aire, una velocidad de calentamiento de 10 °C min*y un intervalo

de trabajo de 80 a 1000 °C. Como muestra de referencia se utiliz6é a-Al,Os.
Coordenadas cromaticas CIELab

Los parametros L*a*b* de las muestras fueron medidos con un
espectrofotometro UV-Vis Jasco modelo V-670 y las pruebas de los pigmentos

en fritas con un colorimetro Konica Minolta modelo CR-400.

En los dos casos fue seguido el método colorimétrico CIELab
recomendado por CIE (Comision Internacional de la lluminacion) donde en
este sistema de color L* es la luminosidad del color (L*=0 es negro y L*=100
es blanco), a* es verde en ejes (-) y rojo en (+) y b* es azul en ejes (-) y amarillo

en ejes (+).
Difraccion de rayos X de polvos

El andlisis de difraccion de rayos X (DRX) se realiz6 en un
difractometro Bruker modelo D8 Advance, utilizando la radiacion K, del cobre,

con aberturas de 1 y 3 mm para las rejillas de divergencia y antidispersion
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respectivamente, filtro de niquel y un detector Lynxeye lineal de rango 3° 26.
El intervalo 26 registrado fue de 5 a 80° con una velocidad de 0.02° de paso y

tiempo de recogida de cuentas por paso de 0.2 segundos.

Para el estudio cristalino mediante el método de Rietveld se utilizaron
las mismas condiciones excepto el intervalo 26 registrado que fue de 5 a 120°
y el tiempo de recogida de cuentas por paso 2 segundos. El software utilizado
para la determinacidn de los parametros de celda unidad asi como de otros
parametros de interés fue X pert Highscore Plus, FullProf Suite y PowderX.
El tamafio de cristalito fue obtenido con software X pert Highscore Plus en
unos casos y mediante la aplicacion del metodo Scherrer en otros casos, usando

siempre LaBs como estandar.
Espectroscopia Infrarroja

Los espectros de absorcion de infrarrojos (IR) fueron registrados con un
espectrofotometro FTIR Nicolet modelo Avatar 320 mediante el método de la
pastilla de KBr y con un espectrofotometro FTIR Agilent modelo Cary 630

midiendo directamente la muestra.
En los dos casos el intervalo de trabajo fue de 4000 a 400 cm'™.
Espectroscopia Raman

Los espectros Raman de las muestras fueron obtenidos en unos casos
mediante un espectrofotometro Horiba modelo Yvon iHR320 utilizando un
laser YAG a 532 nm con una potencia maxima de 60 mW. Se usO un
microscopio con objetivo 50x para centrar el laser en la muestra y recoger la
luz dispersada en el espectrometro. la potencia del laser vari6 entre 30-60 m\W.
La adquisicion de los datos se realizé mediante el software LabSpec de Jobin

Yvon.
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En otros casos se utilizd un espectrofotémetro Horiba modelo XploRA
utilizando un laser de 532, 638 0 785 nm. Se usé un microscopio con objetivo
100x para centrar el laser en la muestra y recoger la luz dispersada en el
espectrometro. La adquisicion de los datos se realiz6 mediante el software
LabSpec6 de Horiba Scientific.

En los dos casos las muestras se midieron en geometria de
retrodispersion a temperatura ambiente y se analizaron mas de 3 zonas de la
muestra para obtener resultados representativos. El tiempo de exposicion y el

numero de adquisiciones variaron entre 5-30 s y 3-10, respectivamente.
Espectroscopia Ultravioleta-visible

Para el seguimiento de la fotodegradacion fue utilizado wun
espectrofotometro Shimadzu modelo UV-2400PC en el intervalo de

200-800 nm y utilizando cubetas de cuarzo de 10 mm.
Espectroscopia Ultravioleta-visible de reflectancia difusa

Los espectros de reflectancia difusa fueron obtenidos en un
espectrofotometro Jasco modelo V-670 con un intervalo de trabajo de
200-2500 nm, una velocidad de escaneo de 400 nm/min y adquiriendo un

registro cada nm.

Los valores de la banda prohibida fueron calculados de los espectros de

(1-R)?
2R

donde F (R) es equivalente al coeficiente de absorcion. La energia de la banda

reflectancia difusa utilizando la funcion de Kubelka-Munk F(R)=

prohibida fue calculada mediante extrapolacion lineal del eje de abscisas de la
representacion [F (R)-(h-v)]? frente a (h-v).

Microscopia electronica de barrido (MEB)

Para la determinacién de la microestructura de las muestras fue utilizado

un microscopio electronico de barrido Hitachi Ltd. modelo S4800, que fue
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utilizado también para el estudio mediante la espectroscopia de dispersion de
energias de rayos X (DEX) trabajando en ambos casos a 20 kV, la muestra fue
preparada dispersandola en agua y depositandola directamente en el
portamuestras de aluminio, una vez secado a temperatura ambiente, en el
primer caso se metalizé durante 10 segundos con oro/paladio con un equipo
Polaron Range modelo CA7625, mientras que para el analisis por DEX no se

realizd ningun recubrimiento.
Microscopia electrénica de transmision (MET)

Para estudiar la morfologia de las particulas fue utilizado un
microscopio electrénico de transmisién Jeol Ltd. modelo 1010 utilizando un

voltaje de aceleracion de 100 kV.

Las muestras fueron preparadas dispersandolas en agua y goteandolas
sobre una rejilla de cobre recubierta con carbdn y secandolas a temperatura

ambiente.
Potencial Z

El potencial zeta ({) fue medido en un equipo Malvern Instruments

modelo Zetasizer Nano ZS realizando las medidas por triplicado.

Para la preparacion de las muestras se prepararon suspensiones acuosas
(0.1 g L"), se sonicd (10 minutos, 150 W) y se ajustd el pH con NaOH y HCl en

el intervalo de 2 a 12.
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2. Objetivos

El objetivo general de la presente tesis es disefiar los procedimientos
sintéticos basados en las técnicas del poliol e hidrotermal, que nos permita
controlar la morfologia, tamafio, cristalinidad y dispersabilidad de particulas
basadas en dxido de circonio y oxido de titanio puros y dopados con cationes

de metales de transicion, asi como evaluar sus potenciales aplicaciones.

Obijetivos especificos

1) Obtencion de productos empleando cantidades estequiométricas con
valores comprendidos entre 0 <x < 0.1 en el sistema V«Zr;xO, y con valores

0<x<0.2en el sistema CrSbyTi1-2,05.

2) Caracterizacion de los productos obtenidos mediante técnicas
habituales en nanoparticulas como son la difraccidn de rayos X, espectroscopia
infrarroja, espectroscopia Raman, espectroscopia ultravioleta-visible de
reflectancia difusa, microscopia electronica de barrido, microscopia
electrénica de transmision, espectroscopia de dispersion de energias de rayos

X, potencial Z y coordenadas cromaticas CIELab.

3) Comparacion de las muestras preparadas con los dos métodos
sintéticos utilizados y determinar el mas dptimo para cada aplicacion, teniendo

en cuenta los requerimientos necesarios o deseables en cada caso.

4) En el caso de la aplicacién como nanopigmentos, realizar un ensayo
genérico de estabilidad estructural y cromatica de los nanopigmentos
sintetizados dispersos en una frita comercial para evaluar su posible

aplicabilidad.
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5) En el sistema CrcShyTi;-,x0, realizar los ensayos fotocataliticos que
nos permita evaluar su potencial uso como fotocatalizador en la degradacion

del compuesto organico modelo naranja de metilo.
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Resumen

En este capitulo se presenta la preparacion de una serie de
nanopigmentos de ZrO, dopados con vanadio, utilizando el método del poliol
y como disolvente etilenglicol. Mediante el calentamiento a 180 °C de una
disolucion de acetilacetonato de vanadio y propoxido de circonio en
etilenglicol, se obtuvieron nanoparticulas amorfas de V,ZrxO, con
composiciones estequiométricas nominales con valores de 0 < x < 0.1.
Posteriormente fueron tratadas térmicamente durante 3 h a distintas
temperaturas hasta 1300 °C. Sobre 450 °C se desarrolla la fase cristalina
tetragonal que transforma en monoclinica en torno a los 800 °C. La serie de
muestras tratadas termicamente a 800 °C fue analizada con diferentes técnicas.
Finalmente, los nanopigmentos fueron ensayados con una frita comercial

mediante un procesado rapido.
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3.1 Introduccion

El V-ZrO; es un pigmento ceramico bien conocido y ampliamente
utilizado, incluido en la clasificacion CPMA! (vista en el capitulo 1). Ademas
los materiales de V-ZrO, se utilizan como catalizadores para diferentes
procesos, en los que compuestos organicos se transforman en otros que pueden
ser utilizados como materias primas para muchos productos comerciales.?
Recientemente, han surgido otras aplicaciones potenciales, tales como
sensores quimicos Yy electrocatalizadores.>* En lo que respecta a la
pigmentacion ceramica, varios autores han reportado resultados sobre
conocimientos fundamentales desde hace al menos 20 afios.>® Mas
recientemente y utilizando métodos de preparacion de sélidos que permiten el
avance rapido de la reaccion a los productos finales, se describi6 su naturaleza
y mecanismo de formacién.®! Se concluydé que este pigmento es una
disolucion solida de vanadio en circona monoclinica, como se indica en los
resultados obtenido de la variacion de los parametros de la red con la cantidad
de vanadio nominal, en un conjunto de muestras preparadas mediante la
técnica sol-gel.!* Asimismo, se demostré que el cation V esta principalmente
en el estado de oxidacién +4 reemplazando al Zr** en la red de circona
monoclinica. Por lo tanto, se puede suponer que ya se tiene una comprension
razonable de las caracteristicas estructurales del pigmento ceramico. Sin
embargo, no se logré completamente el control microestructural por la técnica
sol-gel utilizada debido a la agregacion de las particulas y amplia distribucién

de tamafio de particula obtenida.

Dado que el sistema V-ZrO, preparado por técnicas convenciones es ain
ampliamente utilizado por la industria cerdmica, parece interesante su

preparacion mediante técnicas que permitan no sélo alcanzar alta reactividad,
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sino también el control del tamafio de particula por debajo 100 nm y
distribuciones de tamafio de particula estrechas. Ademas, la disponibilidad de
un nuevo color amarillo, cuando se utiliza el proceso de cuatricromia, podria
permitir desarrollar colores saturados en el intervalo de temperaturas de
coccion entre 800 y 1200 °C.

La técnica del poliol se ha utilizado para la preparacion de una gran
variedad de nanoparticulas. Una de las caracteristicas clave de este
procedimiento de sintesis es su idoneidad para la preparacion de particulas
monodispersas y no aglomeradas. En la ultima década, esta técnica se ha
utilizado ampliamente para la preparacion de particulas metalicas, asi como
una gran variedad de Oxidos multicomponente, fosfatos, sulfuros vy
halogenuros.’>” Ademas, el dopaje de diferentes redes huésped ha sido

logrado también utilizando la técnica del poliol.*81°

El objetivo del presente capitulo es la preparacion y caracterizacion de
nanoparticulas de ZrO, dopadas con V, preparadas mediante el método del

poliol. Su aplicacion en un esmalte cerdmico también sera un objetivo.

3.2 Procedimiento experimental

3.2.1. Sintesis

Teniendo en cuenta la bibliografia vista anteriormente?2!y después de
distintos ensayos previos,? el procedimiento experimental utilizado para la
preparacion de las muestras con estequiometria nominal VZr;xO con valores
de 0 <x <0.1 por el metodo del poliol y que se considerd como el méas optimo

fue como se describe:
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Siguiendo el diagrama de flujo visto en el capitulo 1 (figura 1.11), se
partié de n-propoxido de circonio (Zr(OCsHy)4, ZnP, Aldrich) que se disolvid
en una disolucion de acetilacetona (acac) en etilenglicol (EG). A esta
disolucién se afadid las cantidades estequiométricas de acetilacetonato de
vanadio (VO(0,CsHv),, VOacac, Merck) y finalmente agua, con una relacion
molar ZnP:acac:H,O de 1:0.15:10, respectivamente, y con una concentracion
final respecto al producto de 0.1 M (en la tabla 3.1 se muestran los valores de
x elegidos y las cantidades necesarias utilizando un matraz de fondo redondo
de 500 mL). Por ultimo, la disolucion con todos los reactivos se calento en un
sistema de reflujo a 180 °C durante 2 h, apareciendo un precipitado a los 10
minutos de alcanzar esta temperatura. Una vez enfriado a temperatura
ambiente se separd por centrifugacion a 8000 rpm durante 20 minutos, se lavo
tres veces con etanol y se seco en estufa a 80 °C. Para evitar la hidrdlisis se
tuvo la precaucion de trabajar en atmosfera de nitrogeno con el n-propoxido

de circonio.

Los tratamientos térmicos fueron realizados con una rampa de 10 °C/min
hasta llegar a la temperatura deseada y después un periodo de tres horas a dicha

temperatura.

Tabla 3.1. Resumen de las cantidades de reactivo utilizadas en las distintas sintesis de VxZr1-

xO>2 en funcidn del valor x.

X 0 0.015 0.03 0.05 0.075 0.1
EG (mL) 335.22 337.39 337.70 338.18 338.76 339.34
acac (mL) 0.552 0546 0536 0526 0512  0.499
ZnP (mL) 15.92 15.68 15.44 15.12 14.73 14.33
VOacac (g) 0 0.1432 0.2863 0.4774 0.7159 0.9546
H,O (mL) 6.47 6.38 6.28 6.15 5.99 5.83
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3.2.2. Técnicas de caracterizacion

Las técnicas que fueron utilizadas para caracterizar las nanoparticulas
fueron: la difraccién de rayos X, espectroscopia infrarroja (FTIR Nicolet
modelo Avatar 320), espectroscopia Raman (Horiba modelo Yvon iHR320),
espectroscopia ultravioleta-visible de reflectancia difusa, microscopia
electrénica de barrido, microscopia electronica de transmision, espectroscopia
de energia dispersiva de rayos X, potencial Z y coordenadas cromaticas
CIELab. Los equipos que fueron utilizados y las condiciones de trabajo se
encuentran detallados en el apartado 1.7. del capitulo 1, entre paréntesis se

especifica el modelo de equipo utilizado en el caso de que hubiera varios.

3.3 Resultados y discusiones

3.3.1. Caracterizacion de los nanopigmentos

Los nanopigmentos obtenidos una vez lavados y secados, tal y como
puede observarse en la figura 3.1 (80 °C), son practicamente amorfos. Es
necesario por tanto un tratamiento térmico para mejorar la cristalinidad de los

mMismos.

En la figura 3.1 se muestran los espectros de DRX de las muestras de
V«Zr1xO, con valores a) x=0; b) x=0.05 y ¢) x=0.1 tratadas térmicamente a
distintas temperaturas durante 3 h. El solido poco cristalino evoluciona con el
tratamiento térmico a circona tetragonal (PDF 01-088-1007), siendo esta fase
a 450 °C la unica presente en todas las composiciones, con picos a valores de
20° alrededor de 30.1, 34.3, 35.1, 50.2, 60 y 62.8. Entre 450 °C y practicamente
800 °C coexiste la fase tetragonal con la monoclinica, y es a partir de 800 °C

hasta 1300 °C donde se encuentra la fase cristalina monoclinica (PDF 00-037-
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1484) como fase Unica presentando picos a valores de 26° alrededor de 17.4,
24.1,24.4,28.1,315,34.1,35.2,38.5,40.7, 44.8, 45.5, 49.2, 50.1, 50.5, 54.1,
55.4,57.08, 58, 59.8, 61.32, 62 y 62.8.

Ya que es a 800 °C la minima temperatura necesaria para que se
encuentre la fase deseada (monoclinica) como fase Unica, es a esta temperatura

a la que se caracterizaran los nanopigmentos en mayor profundidad.

En la figura 3.2 se muestran los espectros de DRX de toda la serie de
VZr1xO, tratadas térmicamente a 800 °C durante 3 h, tal y como puede
observarse exceptuando los valores de x=0y 0.015, en los que aun queda una
minima cantidad de fase tetragonal, en las demas composiciones se detecta tan
solo la fase monoclinica. Puede observarse una disminucion en la anchura de
los picos con el aumento de la cantidad de dopante, hecho relacionado con el
tamafo de cristalito (a mayor anchura de pico menor tamafio de cristalito

teorico).

Con la intencion de probar la presencia de circona monoclinica y de
descartar la presencia de tetragonal o cubica en las muestras, se muestran los
espectros IR y Raman de las muestras tratadas térmicamente a 800 °C durante
3 h, en las figuras 3.3 y 3.4 respectivamente. En la figura 3.3, que muestra los
espectros de IR, se pueden observar bandas a 419, 502, 575 y 746 cm™ que se
pueden asociar a los modos activos de la circona monoclinica.?® La banda
adicional detectada a 1015 cm™ puede ser atribuida a la vibracion de

estiramiento del enlace V=0.%*
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Figura 3.1. Patrones de DRX de las muestras de VxZr1xO> tratadas térmicamente a distintas
temperaturas durante 3 h, siendo a) x=0; b) x=0.05y c¢) x=0.1. 4 indica circona monoclinica

y % circona tetragonal.
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Figura 3.2. Patrones de DRX de las muestras de VxZr1.xO- tratadas térmicamente a 800 °C

durante 3 h. # indica circona monoclinica y % circona tetragonal.
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Figura 3.3. Espectro IR de las muestras de VxZr1xO> tratadas térmicamente a 800 °C durante

3 h. 4 indica circona monoclinica y @ enlace V=0.

En la figura 3.4 se muestran los espectros Raman de las muestras de
V,Zr1.x0, tratadas térmicamente a 800 °C durante 3 h, en la que pueden
distinguirse bandas a 180, 191, 223, 307, 334, 347, 383, 476, 503, 538, 560,

616 y 640 cm™ que se atribuyen a distintos modos Raman de la circona
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monoclinica. Ademas, en la muestra con x=0 aparece una banda adicional a
269 cm™* que se atribuye a la presencia de circona tetragonal.?>-2” Cabe destacar
la aparicidn de cuatro bandas adicionales en las muestras dopadas a 286, 406,
706y 991 cm, las cuales ya han sido reportadas previamente en la bibliografia
para el sistema V-ZrO, preparado por sol-gel y corresponden a los enlaces
V=O.28

x=0.1

x=0.075

x=0.05

x=0.03

Intensidad (unidades arb.)

I ' 1 ! I ' 1 ! I
200 400 600 800 1000
Seiial Raman (cm'l)

Figura 3.4. Espectro Raman de las muestras de VxZr1.xO tratadas térmicamente a 800 °C

durante 3 h. 4 indica circona monoclinica, % circona tetragonal y @ enlace V=0.
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El célculo del tamafio de cristalito de las muestras tratadas térmicamente
a 800 °C durante 3 h se obtuvo mediante el software X Pert Highscore Plus,
teniendo en cuenta la correccion de la anchura instrumental usando LaBs como
estandar. Se puede observar en la tabla 3.2 que el aumento de la cantidad de
dopante causa un aumento del tamarfio de cristalito hasta valores de x=0.03 y a

partir de este valor se estabiliza.

Tabla 3.2. Tamario de cristalito de las muestras de VxZr1.xO2 tratadas térmicamente a
800 °C durante 3 h.

Muestra x=0 x=0.015 x=0.03 x=0.05 x=0.075 x=0.1
Tamano
cristalito (nm) 29 (1) 37 (1) 65 (1) 64 (1) 65(1) 66(1)

La microestructura de las muestras de V,Zr;xO, con x=0.05 y 0.1
tratadas térmicamente a 800 °C durante 3 h se muestra en las micrografias de
microscopia electronica de barrido y transmision, figuras 3.5 y 3.6
respectivamente. Se pueden distinguir particulas nanometricas con tamafios
entorno a los 100 nm, poco agregadas y con habitos cristalinos bien definidos,

tal y como se muestran en las micrografias de MEB y MET.

Para explicar el mecanismo por el cual tienen lugar la formacién de
disoluciones solidas se va a utilizar los resultados obtenidos de los parametros
de red, mediante el refinamiento Rietveld, de las muestras tratadas

térmicamente a 800 °C durante 3 h.
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Figura 3.5. Micrografia de MEB de las muestras de VxZri.xO tratadas térmicamente a
800 °C durante 3 h con: a) x=0.05y b) x=0.1.
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|
100 nm

Figura 3.6. Micrografia de MET de las muestras de VxZrixO> tratadas térmicamente a
800 °C durante 3 h con: a) x=0.05y b) x=0.1.
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Para la obtencion de dichos resultados se utilizd el software X Pert
Highscore Plus. En la tabla 3.3, que muestra los datos de interés obtenidos, se
puede ver que el volumen de la celda unidad, representada ademas en la figura
3.7, sufre un descenso casi monétono con el aumento de la cantidad nominal
de vanadio. Este resultado se encuentra en concordancia con los resultados
reportados con anterioridad en los sistemas preparados por sol-gel.®! Esta
variacion se puede explicar por la formacion de una disolucién sélida donde
el cation Zr** (0.92 A) es sustituido por V4 (0.72 A) y/o V> (0.68 A),! siendo
los valores entre paréntesis los radios i0nicos correspondientes a indices de
coordinacion VII para el circonio y VI para los vanadios,?® como puede
observarse el menor tamafio de los vanadios explicaria la disminucion

observada en el volumen de la celda.

Es obvio que si el mecanismo tan solo incluye a el V* la
electroneutralidad quedaria resuelta mientras que si se incluye al V°* el
mecanismo deberia de incluir algun proceso para alcanzar la electroneutralidad
como por ejemplo deficiencia catiénica o aniones intersticiales. Dado el
caracter reductor del EG, es probable que se favorezca mas la presencia de V4*
en vez de V°* y a su vez debido al proceso de tratamiento térmico, a
relativamente alta temperatura y con atmdsfera de aire, parece dificil que se

presenten estados de oxidacion mas bajos que el del V**,

Tabla 3.3. Datos cristalogréficos y detalles del refinamiento Rietveld de las muestras de

VxZr1xO> tratadas térmicamente a 800 °C durante 3 h.

Muestra  a(A) b (A) c (A) B V(A3 Rexp WRp GoF
x=0 5.1478 (1) 5.2014 (1) 5.3214 (1) 99.138 (2) 140.676 (5) 2.75 4.33 2.47
x=0.015 5.1459 (1) 5.1995 (1) 5.3227 (1) 99.124 (1) 140.613(5) 278 441 251
x=0.03 51446 (1) 5.2059 (1) 5.3170 (1) 99.186 (1) 140577 (5) 2.73 512 3.51
x=0.05 51442 (1) 5.2059 (1) 5.3169 (1) 99.193 (1) 140558 (5) 2.76 52 3.54
x=0.075 5.1439 (1) 5.2065(1) 5.3159 (1) 99.199 (1) 140.541(5) 2.8 549 3.85
x=0.1 51439 (1) 5.2064 (1) 5.3157 (1) 99.195(1) 140532 (5) 2.77 518 351
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Figura 3.7. Volumen de la celda unidad de las muestras de VxZr1.xO> tratadas térmicamente
a 800 °C durante 3 h.

En la figura 3.8 se muestran los espectros DEX de las muestras de
VZr1.x0, tratadas térmicamente a 800 °C durante 3 h con valores x=0.015,
0.05 y 0.1. Se puede observar un aumento del vanadio detectado con el
aumento de la cantidad nominal, confirmando por tanto el mecanismo de

disolucion solida.

Para caracterizar las propiedades oOpticas de los materiales, nos vamos a
centrar en el espectro UV-Vis de reflectancia difusa de las muestras de
VZr1.x0, tratadas térmicamente a 800 °C durante 3 h, mostrado en la figura
3.9.
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Figura 3.8. Espectros DEX de las muestras de VxZr1xO> tratadas térmicamente a 800 °C
durante 3 h: a) x=0.015; b) x=0.05y c) x=0.1.
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La asignacion de las bandas que se muestran han sido previamente
sugeridas por varios autores.”® Se puede destacar la banda muy intensa situada
en torno a 400 nm, que se encuentra en todas las muestras dopadas, la cual
muestra parecido con algunos compuestos de V(IV) como el V(OBut)4.* La
banda intensa entre 200 y 300 nm, que es considerada en la muestra sin dopar,
como al menos la convolucién de tres componentes, puede asociarse a

mecanismos de transferencia de carga.’
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Figura 3.9. Espectro UV-Vis de las muestras de VxZr1xO> tratadas térmicamente a 800 °C
durante 3 h.

En la fotografia mostrada en la figura 3.10 se pueden ver los colores de
los nanopigmentos, tal cual se han obtenido (sin tratamiento térmico (80 °C))

y los tratados térmicamente a 800 °C durante 3 h. Como puede observarse,
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exceptuando los pigmentos no dopados, los no tratados térmicamente tienen
una coloracion verde clara mientras que los tratados son de tonalidades

amarillas intensas.

x=0 x=0.015 x=0.03 x=0.05 x=0.075 x=0.1

Figura 3.10. Fotografia de los nanopigmentos de VxZr1.xO- tal cual obtenidos y tratados

térmicamente a 800 °C durante 3 h.

Para poder comparar mas objetivamente los colores mostrados, en la
figura 3.11 se encuentran los valores de las coordenadas crométicas de los
mismos. Puede observarse una tendencia que se repite en las dos series de
pigmentos, los no tratados y los tratados térmicamente a 800 °C durante 3 h,
un incremento en la cantidad de dopante produce una disminucién en la
luminosidad de los mismos, la componente a* practicamente no se ve afectada
mientras que la b* aumenta hasta valores de x=0.075 y después disminuye. En
las muestras dopadas tratadas a 800 °C durante 3 h, todos estos valores
corresponden con colores amarillos que aumentan en intensidad hasta valores

de x=0.075 y son comparables con los de la bibliografia.3!-*2
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La dispersabilidad de las particulas es un dato de interés para la posible
aplicacion en DOD-IJP. El potencial Z, que esta relacionado con la carga
superficial de las particulas, nos da una idea de a qué pH es mas optima su
dispersabilidad, en la figura 3.12 se muestran los potenciales Z de las muestras
VZr1xO, tratadas téermicamente a 800 °C durante 3 h con valores de x=0 y
0.05. Las dos muestras presentan valores de potencial Z muy parecidos
poniendo de manifiesto que el dopante en este caso no tiene mucha influencia
en su valor. Ambas muestras tienen un punto isoeléctrico (valor de pH donde
la carga superficial esta equilibrada) bajo, en pH 2.5, siendo los valores en el
intervalo de 4 a 11 los mas habituales.®*3* En estos valores de pH por tanto es
donde no se produciran repulsiones electrostaticas y no se contribuira a la
guardadispersabilidad, por el contrario, valores méas grandes de 30 mV, tanto
positivos como negativos, favorecen la dispersabilidad. En este caso a valores
de pH en torno a 8 obtenemos valores de potencial Z mas negativos que -30

mV, es por tanto a partir de este pH donde deberian prepararse las dispersiones.

3.3.2. Pruebas de esmaltado

Para comprobar el potencial uso como pigmentos ceramicos se empled
una frita comercial de composicion CaO-ZnO-SiO,. Las pruebas de esmaltado
fueron realizadas utilizando una mezcla de frita y pigmento (5% en peso). Para
homogeneizar la mezcla se utilizd un mortero de agata durante 20 minutos
afiadiendo pequerias cantidades de EtOH, se seco en horno a 80 °C durante 30
minutos y se prensd con una prensa hidraulica en forma de pastillas.
Finalmente se utiliz6 una rampa de 120 minutos para llegar a 950 °C y se

mantuvo 5 minutos a esta temperatura.

Para llevar a cabo dicha tarea se utilizaron nanopigmentos de tres

composiciones distintas, x=0.015, 0.05 y 0.1, asi como tres temperaturas
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distintas, las muestras sin tratar térmicamente (80 °C) y las tratadas a 800 °C y
1300 °C durante 3 h. A modo de referencia se utilizé también la frita comercial

sin pigmento, etiquetada como “frita”.
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Potencial zeta (mV)
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Figura 3.12. Potencial Zeta y punto isoeléctrico de las muestras de VxZrixO: tratadas
térmicamente a 800 °C durante 3 h :® x=0; A x=0.05.

En la fotografia de la figura 3.13 se pueden ver los esmaltes obtenidos.
Como puede verse a simple vista y con mas detalle en la figura 3.14, donde se
muestras los valores de las coordenadas cromaticas respectivas, dentro de cada
temperatura el aumento de la cantidad de dopante no implica un cambio
importante en la coloracién. No siendo asi con la temperatura a la que se
encuentra tratado el pigmento, a mayor temperatura se observa mayor

intensidad de coloracion amarilla, los pigmentos no tratados térmicamente no
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presentan coloracion amarilla, la cual aparece en las muestras tratadas a 800 °C
durante 3 h y aumenta en intensidad en las muestras tratadas térmicamente a
1300 °C durante 3 h, siendo los valores obtenidos parecidos a otros amarillos
reportados.3>3°

Frita X=0.015 X=0.05 X=0.1

80 °C

1300 °C

Figura 3.13. Fotografia de esmaltes coloreados obtenidos de mezclas de fritas con
pigmentos de VxZr1.xO2 con composiciones x=0.015, 0.05 y 0.1 tal cual obtenidos y tratados
térmicamente a 800 y 1300 °C durante 3 h, asi como solo la frita como referencia.
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3.4 Conclusiones

Se han preparada una serie de nanopigmentos de V,ZrixO, con
composicion nominal 0 < x < 0.1 mediante el método del poliol utilizando EG
como disolvente. Los precipitados obtenidos cuasi amorfos han sido tratados
térmicamente a temperaturas de 800 y 1300 °C durante 3 h para obtener circona
monoclinica como Unica fase cristalina presente en casi todos los casos,

confirmandose mediante DRX y espectroscopia Raman.

Las muestras tratadas térmicamente a 800 °C durante 3 h fueron las que

se caracterizaron en mayor profundidad, cabe destacar de las mismas:

Mediante la caracterizacion por DRX, DEX, IR y Raman se puede llegar
a la conclusion de que el mecanismo de formacion corresponde con el de una

disolucion solida donde el Zr es sustituido por el V.

Las micrografias de MEB y MET muestran nanoparticulas con tamafios
entorno a los 100 nm, dispersas y con morfologias bien definidas. Los
nanopigmentos obtenidos sin tratar térmicamente presentan una coloracién
verdosa que se transforma en amarillo intenso una vez tratados a 800 °C
durante 3 h.

De las pruebas de esmaltado se llega a la conclusion de que es necesario,
al menos con la frita comercial utilizada, el tratamiento térmico de los
pigmentos a 800 °C durante 3 h para la obtencion del color amarillo, siendo
este muy intenso si se utilizan pigmentos tratados térmicamente a 1300 °C
durante 3 h.
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CAPITULO 4.

Nanopigmentos de V-ZrO;
obtenidos mediante el méetodo

hidrotermal

El contenido de este capitulo ha sido redactado en forma de articulo con el

titulo:
V-containing ZrO; inorganic yellow nano-pigments prepared by

hydrothermal approach, J. M. Calatayud, J. Alarcon, enviado a Dyes and

Pigments y encontrandose en proceso de revision.






Capitulo 4.

Resumen

En este capitulo se presenta la preparacion de una serie de
nanopigmentos de ZrO, dopados con vanadio utilizando el método hidrotermal.
Una disolucion acuosa conteniendo acetilacetona, nitrato de circonilo y
metavanadato amoénico fue sometida, previo ajuste a pH 7, a un proceso
hidrotermal de dos etapas, 100 °C durante 24 h y 140 °C durante 72 h, dando
como resultado nanoparticulas con fase cristalina monoclinica casi
exclusivamente. Fueron preparadas composiciones estequiométricas

nominales de V,Zr;xO, con valores de 0 < x <0.1.

Con intencion de obtener la circona monoclinica como Unica fase
cristalina presente, las nanoparticulas fueron tratadas termicamente a distintas
temperaturas de hasta 1200 °C durante 1 h. En torno a 700 °C la poca cantidad
inicial de fase tetragonal presente dio paso a la fase cristalina monoclinica de
forma exclusiva. La serie de muestras tratadas termicamente a 700 °C durante
1 h fue analizada con diferentes técnicas. Finalmente, los nanopigmentos

fueron ensayados con una frita comercial mediante un procesado rapido.
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4.1. Introduccion

Con el fin de optimizar diferentes aspectos de la sintesis de los
nanopigmentos de V-ZrO, mediante el método del poliol, se va a utilizar el
método hidrotermal, en el cual es habitual la obtencion de nanoparticulas

discretas y morfoldgicamente bien definidas.

En este método, e incluso mas ampliamente en el método solvotermal,
habitualmente se parte de sales metéalicas, 6xidos, hidroxidos e incluso metales
disueltos o suspendidos en agua u otros disolventes organicos. Las
temperaturas de trabajo suelen ser de entre 100-200 °C y no suele ser necesario
ningun tratamiento térmico posterior, aungue segun las circunstancias puede

ser interesante llevarlo a cabo.

En la dltima década muchas nanoparticulas han sido preparadas
mediante la técnica hidrotermal, incluyendo a veces ultrasonicacion o
irradiacion con microondas.'® En el caso concreto de las nanoparticulas de
circona dopadas, es un método muy utilizado®® aunque con mucha frecuencia
implica la formacidon de circona tetragonal o clbica, que con un tratamiento
térmico posterior a altas temperaturas puede dar lugar a la obtencion de la
circona monoclinica. Parece interesante, no obstante, la obtencion de la circona
monoclinica directamente en el proceso hidrotermal. En este sentido varios
trabajos reportados®!? han tenido éxito en esta obtencion, sintetizando

nanoparticulas con distintos tamafios y morfologias.

El objetivo de este capitulo va a ser la aplicacion del méetodo hidrotermal
para la obtencion de nanoparticulas de VxZr;.xO, con valores 0 < x < 0.1y fase
cristalina monoclinica. Su caracterizacion y aplicacion en un esmalte ceramico
serd también un objetivo. Se compararan los resultados con los obtenidos en el

método del poliol, haciendo hincapié en sus diferencias.
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4.2. Procedimiento experimental

4.2.1. Sintesis

Siguiendo el diagrama de flujo visto en el capitulo 1 (figura 1.12 b), se
partié de una disolucion de acetilacetona (acac) en agua, a la que se le afiadio
la cantidad necesaria de nitrato de circonilo (ZrO(NOs3), - XH,0, ZnN, Sigma-
Aldrich) siendo la relacién molar ZnN/acac 1:1. A esta disolucion se le afiadio
la cantidad estequiometrica de metavanadato amoénico (NH;VOs, Probus), con
una concentracion final respecto al producto de 0.1 M, (en la tabla 4.1 se
muestran los valores de x elegidos y las cantidades necesarias, utilizando un
recipiente de teflon de 256 mL). Por ultimo, el pH inicial (con valor
aproximado de 1.6), se ajustdé con NH3 acuoso a un pH final de 7. La disolucién
con todos los reactivos se colocd en un reactor autoclave, que se introduzco en
un horno a 100 °C durante 24 h en una primera etapa, seguida de una segunda
a 140 °C durante 72 h. Una vez enfriado a temperatura ambiente se separé por
centrifugacion a 8000 rpm durante 20 minutos, se lavo tres veces con etanol y

se seco en estufa a 80 °C.

Los tratamientos térmicos fueron realizados con una rampa de 10 °C/min
hasta llegar a la temperatura deseada y después un periodo de una hora a dicha

temperatura.
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Tabla 4.1. Resumen de las cantidades de reactivo utilizadas en las distintas sintesis de

VxZr1-xO> en funcion del valor x.

X 0 001 002 0.03 004 005 0.065 0.08 0.1
acac (mL) 1.627 1.627 1.627 1.627 1.627 1627 1.627 1627 1.627
ZnN (9) 3.6203 3.5841 3.5479 3.5117 3.4755 3.4393 3.3850 3.3306 3.2582

NH:VOs(g) 0  0.0181 0.0363 0.0544 0.0725 0.0907 0.1179 0.1451 0.1814
H,0 (mL)  153.37 153.37 153.37 153.37 153.37 153.37 153.37 153.37 153.37

4.2.2. Técnicas de caracterizacion

Las técnicas que fueron utilizadas para caracterizar las nanoparticulas
fueron: la difraccion de rayos X, espectroscopia infrarroja (FTIR Agilent
modelo Cary 630), espectroscopia Raman (Horiba modelo XploRA utilizando
un laser de 532 nm), espectroscopia ultravioleta-visible de reflectancia difusa,
microscopia electrénica de barrido, microscopia electrénica de transmision,
espectroscopia de energia dispersiva de rayos X, potencial Z y coordenadas
cromaticas CIELab. Los equipos que fueron utilizados y las condiciones de
trabajo se encuentran detallados en el apartado 1.7 del capitulo 1, entre
paréntesis se especifica el modelo de equipo utilizado en el caso de que hubiera

varios.

4.3. Resultados y discusiones

4.3.1. Caracterizacion de los nanopigmentos

En la figura 4.1 se muestran los espectros de DRX de las muestras de
VZr1.xO, con valores x=0, 0.05 y 0.1 tratadas térmicamente a distintas

temperaturas de hasta 1200 °C durante 1 hora. Con el método hidrotermal
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empleado, a diferencia del método del poliol, el producto obtenido presenta
cristalinidad, tratdndose de circona monoclinica casi exclusivamente, tal y
como puede verse en las figuras 4.1 a, b y c. Los picos que aparecen a valores
de 260° alrededor de 17.5, 24.1, 24.5, 28.1, 31.6, 34.1, 35.3, 38.6, 41.0, 44.9,
49.3,50.2, 54.3, 55.4,59.9 y 63.1 se atribuyen a la circona monoclinica (PDF
00-037-1484). Se puede observar ademas un pequerfio pico adicional con valor
de 26° a 30, que podria corresponder a la circona tetragonal y/o cubica (PDF
01-088-1007 y 00-049-1642 respectivamente). Aunque por los resultados
obtenidos por microscopia Raman para las muestras no tratadas térmicamente

se puede atribuir a la circona tetragonal.*®

Este pico adicional de la circona tetragonal desaparece cuando tratamos
térmicamente a 700 °C durante 1 h, a esta temperatura tenemos tan solo circona
monoclinica como Unica fase presente, aunque a diferencia de lo que sucedia
en el método del poliol, a cantidades de dopante por encima de x=0.05,
aparecen picos con valores de 26° de 20.2, 22.7 y 24.9 que corresponden a
ZrV,07 (PDF 01-087-0562). Este compuesto desaparece con el aumento de la

temperatura en el tratamiento térmico.

Del mismo modo que en el método del poliol se han caracterizado las
nanoparticulas tratadas térmicamente a 800 °C durante 3 h con mayor
profundidad, en el caso del método hidrotermal se caracterizaran las
nanoparticulas tratadas termicamente a 700 °C durante 1 h, considerandose en
cada método dicho tratamiento térmico como éptimo para la obtencion de la

fase cristalina monoclinica.

En la figura 4.2 se muestran los espectros de DRX de toda la serie de
muestras de V,ZrixO; tratadas térmicamente a 700 °C durante 1 h, puede
observarse la fase cristalina monoclinica como la unica presente en todas las
composiciones, aungue a partir de valores de x=0.05 y hasta x=0.1 se presenta

de forma minoritaria el compuesto de ZrV,0.
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Figura 4.1. Patrones de DRX de las muestras de VxZr1xO> tratadas térmicamente a distintas
temperaturas durante 1 h, siendo a) x=0; b) x=0.05y ¢) x=0.1. 4 indica circona monoclinica,

% circona tetragonal y ® ZrV,0s.
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Fijandose en los picos mas intensos (28.1 y 31.6 26°) de toda la serie se
aprecia una disminucién de la anchura de los mismo con el aumento de la
cantidad de dopante. Esta tendencia, ya observada en el caso del poliol, indica
un crecimiento en el tamafno de cristalito (a mayor anchura de pico menor

tamafio de cristalito tedrico).
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Figura 4.2. Patrones de DRX de las muestras de VxZr1.xO- tratadas térmicamente a 700 °C

durante 1 h. 4 indica circona monoclinicay ® Zr\V,0x.
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Los espectros de IR y Raman de las muestras tratadas térmicamente a
700 °C durante 1 h se muestran en las figuras 4.3 y 4.4 respectivamente, con
estos espectros se trata de confirmar los resultados obtenidos en DRX, es decir,

confirmar la presencia de circona monoclinica y de ZrV,0.

En la figura 4.3, donde se muestran los espectros de IR, se pueden
observar las bandas caracteristicas de la circona monoclinica4 sobre 420, 500,
575 y 745 cm™. La banda sobre 1015 cm™ se atribuye a la vibracion de

estiramiento del enlace V=0.1°

x=0.02 ¢
x=0.01 .

x=0

Absorbancia (unidades arb.)

T T T T T T ¥ T Y I T I !
1100 1000 900 800 700 600 500 400
Longitud de onda (cm™)

Figura 4.3. Espectro IR de las muestras de VxZr1xO> tratadas térmicamente a 700 °C durante

1 h. 4 indica circona monoclinica y @ enlace V=0.

De los espectros Raman mostrados en la figura 4.4 se pueden observar
bandas situadas a 180, 190, 220, 305, 335, 345, 380, 475, 500, 540, 560, 615
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y 640 cm?! que se atribuyen a distintos modos Raman de la circona
monoclinica.’®® Las bandas que aparecen a 286, 406, 706 y 991 cm
corresponden a los enlaces V=08 y son observables a partir de valores de
x=0.05. Ademas, una banda adicional aparece a 769 cm que se atribuye seguin
la bibliografia?®?! a ZrV,0;, compuesto previamente detectado por DRX. En
este caso, a diferencia de en el caso del poliol, no tenemos ninguna banda

correspondiente a la circona tetragonal.

¢ e B x=0.1 o
x=0.065
x=0.05

Intensidad (unidades arb.)

| ' I ' | 4 I ' I
200 400 600 800 1000
Sefial Raman (em™)

Figura 4.4. Espectro Raman de las muestras de VxZr1.xO> tratadas térmicamente a 700 °C

durante 1 h. 4 indica circona monoclinica, ® ZrV,07 y @ enlace V=0.
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En latabla 4.2 se muestra el tamafio de cristalito de las muestras tratadas
térmicamente a 700 °C durante 1 h, los tamarfios se calcularon mediante el
software X Pert Highscore Plus teniendo en cuenta la correccién de la anchura
instrumental usando LaBs como estandar. Se puede observar un aumento de
tamafio de cristalito con el aumento de la cantidad de dopante, presentando una
discontinuidad a partir de valores de x=0.05. Los tamafios en este caso son

ligeramente méas pequefios que los obtenidos con el método del poliol.

Tabla 4.2. Tamarfio de cristalito de las muestras de VxZr1xO> tratadas térmicamente a
700 °C durante 1 h.

Tamaio

Muestra cristalito (nm)
x=0 20 (3)
x=0.01 21 (3)
x=0.02 23 (3)
x=0.03 24 (3)
x=0.04 25 (3)
x=0.05 43 (2)
x=0.065 47 (2)
x=0.08 50 (2)
x=0.1 53 (2)

Estos tamafios de cristalito se pueden observar también en las
micrografias de MEB y MET de las figuras 4.5 y 4.6 respectivamente, en ellas
se muestran las composiciones con x=0.05 y 0.1 tratadas térmicamente a
700 °C durante 1 h. Se pueden ver particulas menores a los 100 nm, poco
agregadas y con una morfologia bien definida, incluso mas regular que las

obtenidas con el método del poliol.
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Figura 4.5. Micrografia de MEB de las muestras de VxZr1.xO tratadas térmicamente a
700 °C durante 1 h con: a) x=0.05y b) x=0.1.
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Los parametros de red de las muestras tratadas térmicamente a 700 °C
durante 1 h fueron calculados utilizando el software X Pert Highscore Plus.
Los resultados obtenidos se muestran en la tabla 4.4 y la representacion del
volumen de celda frente a la cantidad de dopante en la figura 4.8, se puede
observar el descenso del volumen de celda con el aumento de la cantidad de
dopante. De estos datos se confirma el mecanismo de formacién de disolucién
sélida inferido en el capitulo 3, donde el cation Zr** es sustituido por VV**. Este
descenso en el volumen de celda sufre una alteracion en x=0.05 para
seguidamente estabilizarse, esta alteracion no es casual, sino que puede estar
causada por la formacién del compuesto de ZrV,0;. Por tanto, el limite de

solubilidad del V en la red huésped se encuentra en torno a valores de x=0.05.

Tabla 4.3. Datos cristalogréficos y detalles del refinamiento Rietveld de las muestras de

VxZr1xO> tratadas térmicamente a 700 °C durante 1 h.

Muestra  a (A) b (A) c(A) B(© V (A3) Rew WRp GoF
x=0 51482 (1) 5.2015(1) 5.3196 (1) 99.221 (1) 140.610 (5) 3.77 6.44 2.93
x=0.01  5.1463 (1) 5.1998 (1) 5.3203 (1) 99.211 (1) 140.533(5) 3.81 6.59 3.00
x=0.02 51451 (1) 52009 (1) 53184 (1) 99.229 (1) 140.473(5) 3.95 7.25 3.38
x=0.03 51442 (1) 52008 (2) 53180 (2) 99.221 (2) 140.438(8) 3.84 7.7 4.02
x=0.04 51433 (2) 52013 (2) 5.3177 (2) 99.206 (2) 140.428 (9) 3.89 6.69 2.96
x=0.05 51432 (1) 5.2053 (1) 53157 (1) 99.189 (1) 140.483(5) 3.77 6.56 3.03
x=0.065 5.1432 (1) 5.2049 (1) 53162 (1) 99.181 (1) 140.489 (5) 3.85 7.94 4.26
x=0.08 51432 (1) 5.2045(1) 53170 (1) 99.173 (1) 140503 (5) 3.94 9.1 5.33
x=0.1 51430 (1) 52037 (1) 53176 (1) 99.163 (1) 140.498 (5) 3.94 8.67 4.84
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Figura 4.7. Volumen de la celda unidad de las muestras de VxZr1.xO> tratadas térmicamente
a 700 °C durante 1 h.

Los espectros DEX de las muestras de V«Zr;xO,, tratadas térmicamente
a 700 °C durante 1 h y con valores de x=0.02, 0.05 y 0.1 se muestran en la
figura 4.8. La tendencia que se observa es la misma que en el caso del poliol,
es decir, se produce un aumento del vanadio detectado con el aumento de la
cantidad nominal. En este caso, ademas, para el valor de x=0.1 se puede
observar un incremento mayor que el detectado en el caso del poliol, achacable

a la presencia del ZrV,0;.

En la figura 4.9 se muestran los espectros de UV-Vis de reflectancia difusa,
de las muestras de V,Zr..4O, tratadas térmicamente a 700 °C durante 1 h. Los
espectros son practicamente idénticos a los obtenidos en el método del poliol,

aunque con una mayor definicion de las bandas.
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Figura 4.8. Espectros DEX de las muestras de VxZr1xO tratadas térmicamente a 700 °C
durante 1 h: a) x=0.015; b) x=0.05; c) x=0.1.
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La asignacién de las bandas va a ser la misma que se vio en el método
del poliol. La banda intensa entre 200 y 300 nm, que es considerada en la
muestra sin dopar, como al menos la convolucién de tres componentes, puede
asociarse a mecanismos de transferencia de carga.?? Las muestras dopadas,
ademas, presentan una banda situada en torno a 350-400 nm, la cual se

encuentra reportada para algunos compuestos de V(IV) como el V(OBut),.%
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Figura 4.9. Espectro UV-Vis de las muestras de VxZr1.xO2 tratadas térmicamente a 700 °C
durante 1 h.

En la figura 4.10 se puede observar una fotografia de los nanopigmentos
tal cual se han obtenido (sin tratamiento térmico (80 °C)) y los tratados
térmicamente a 700 °C durante 1 h,
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Si se comparan los resultados obtenidos, con los del método del poliol,
visualmente queda muy claro el efecto que produce la obtencion del producto
con fase cristalina monoclinica directamente. Mientras que con éste método se
obtienen coloraciones amarillas, en el método del poliol se obtenian pigmentos
verdes claros. Una vez tratados térmicamente en los dos casos se desarrollan

coloraciones amarillas intensas.

x=0 x=0.01 x=0.02 x=0.03 x=0.04

go°c | oRF
700°c |

x=0.05 x=0.065 x=0.08 x=0.1

Figura 4.10. Fotografia de los nanopigmentos de VxZr1.xO> tal cual obtenidos (80 °C) y
tratados térmicamente a 700 °C durante 1 h.

Las coordenadas cromaticas de las dos series de muestras se pueden ver
en la figura 4.11. En las muestras sin tratar térmicamente (80 °C) se puede

apreciar el incremento del parametro b” respecto al método del poliol, mientras
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que en el caso de las que estan tratadas térmicamente a 700 °C durante 1 h

todos los parametros son muy parecidos en los dos casos.
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Figura 4.11. Coordenadas cromaticas de las muestras de VxZrixO2: a) Sin tratar

térmicamente y b) tratadas térmicamente a 700 °C durante 1 h.
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En la figura 4.12 se representan los valores de potencial Z de las
muestras V«Zr1.xO, tratadas térmicamente a 700 °C durante 1 h con valores de
x=0y 0.05. El punto isoeléctrico se encuentra en valores de pH sobre 3 para la
muestra dopada y sobre 5.5 en la no dopada, poniendo de manifiesto una cierta
dependencia del punto isoeléctrico con el dopante. En cualquier caso, la
muestra sin dopar se encuentra en el rango habitual reportado en la
bibliografia®*?®, que se sitGa entre valores de 4 y 11. La muestra dopada se
encuentra un poco por debajo (sobre pH 3), como ocurria en el caso del método
del poliol, donde las dos muestras ensayadas presentan puntos isoeléctricos
sobre pH 2.5. A partir de valores de pH alrededor de 8, para la muestra dopada,
se obtienen valores mas negativos de potencial Z (menores de -30 mV), la
muestra no dopada presenta valores mas pequefios, llegando a -30 mV a

valores de pH de 12.

20

-
o
1 s

Potencial zeta (mV)

A oG b A
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1 L 1 L | L | L | L

o
o

Figura 4.12. Potencial Zeta y punto isoeléctrico de las muestras de VxZrixO> tratadas

térmicamente a 700 °C durante 1 h : ® x=0; A x=0.05.
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4.3.2. Pruebas de esmaltado

Con intencion de comparar los resultados obtenidos con este método de
preparacion, con los vistos con anterioridad en el método del poliol, se
realizaron pruebas de esmaltado en las mismas condiciones, es decir, se
empled la misma frita comercial de composicién CaO-ZnO-SiO,, utilizando
una mezcla de frita y pigmento (5% en peso). Para homogeneizar la mezcla se
utilizé un mortero de agata durante 20 minutos afiadiendo pequefias cantidades
de EtOH, se seco en horno a 80 °C durante 30 minutos y se prensd con una
prensa hidraulica en forma de pastillas. Finalmente se utilizd una rampa de 120

minutos para llegar a 950 °C y se mantuvo 5 minutos a esta temperatura.

En este caso se utilizaron nanopigmentos con las composiciones x=0.02,
0.05y 0.1, asi como dos temperaturas de tratamiento térmico de los pigmentos
distintas (700 y 1200 °C durante 1 h) y las muestras sin tratar térmicamente
(80 °C). A modo de referencia se utilizo también la frita comercial sin

pigmento, etiquetada como “frita”.

En la figura 4.13 se muestra una fotografia de los esmaltes obtenidos, a
simple vista, el cambio méas importante observado, respecto a los esmaltes
obtenidos con las muestras del método del poliol, se encuentra cuando se
emplean los pigmentos sin tratar térmicamente (80 °C). En el método
hidrotermal se obtienen esmaltes con una ligera coloracion amarilla,
incrementando el tono hasta valores de x=0.05, mientras que en el caso del
método del poliol no se obtenia ninguna coloracién, siendo practicamente igual
a la frita de referencia. En la figura 4.14, en la que se muestran los valores de

las coordenadas cromaticas correspondiente, se pueden comparar estos valores.
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Frita X=0.01 X=0.05 X=0.1

1200 °C

@ @ @

Figura 4.13. Fotografia de esmaltes coloreados obtenidos de mezclas de fritas con
pigmentos de VxZr1xO2 con composiciones x=0.02, 0.05 y 0.1 tal cual obtenidos (80 °C) y

tratados térmicamente a 700 y 1200 °C durante 1 h, asi como solo la frita como referencia.

En los casos de las muestras tratadas térmicamente a 700 y 1200 °C
durante 1 h, los valores obtenidos por los dos métodos son bastante parecidos,
presentando valores de la componente b* ligeramente mayores en el caso del
método del poliol, aunque es necesario tener en cuenta las diferentes
temperaturas y tiempos de los tratamientos térmicos de los pigmentos
utilizados, 700 y 1200 °C durante 1 h en el caso del método hidrotermal; 800
y 1300 °C durante 3 h en el caso del método del poliol. En el caso de los
pigmentos tratados térmicamente a 1200 °C durante 1 h se obtienen valores de

color amarillo parecidos a los reportados en la bibliografia.?s-?
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Figura 4.14. Coordenadas cromaticas de esmaltes coloreados obtenidos de mezclas de fritas
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4.4. Conclusiones

Se han preparada una serie de nanopigmentos de V,ZrixO, con
composicién nominal 0 < x < 0.1 mediante el método hidrotermal. Los
nanopigmentos obtenidos presentan fase monoclinica mayoritariamente junto
con una fase minoritaria tetragonal. Para obtener Gnicamente la fase cristalina
monoclinica y realizar un estudio de la evolucion de los mismos fueron

tratados a temperaturas de hasta 1200 °C durante 1 h.

Con un tratamiento térmico de 700 °C durante 1 h se obtiene la circona
monoclinica como Unica fase cristalina, aunque se forma también un

compuesto minoritario de ZrV,0; a partir de valores x=0.05 hasta x=0.1.

Las principales caracteristicas de estas muestras tratadas termicamente
a 700 °C durante 1 h son:

El mecanismo de formacion corresponde con el de una disolucion sélida
donde el Zr es sustituido por el V, igual al observado en el caso del método del
poliol, aunque en este caso la formacion del compuesto de ZrV,0; provoca
cierta alteracion en los datos de volumen de celda unidad obtenidos. La
morfologia observada por MEB y MET muestra nanoparticulas con tamafios
por debajo de los 100 nm, bien definidas y dispersas. La coloracion de los
nanopigmentos sin tratar térmicamente es amarilla clara, a diferencia de los
del método del poliol que son verdes claros. Una vez tratados térmicamente a
700 °C durante 1 h tienen una coloracion parecida. En las pruebas de esmaltado,
con la frita comercial utilizada, se pueden utilizar los pigmentos obtenidos
directamente sin ningun tratamiento térmico, obteniendo coloracién amarilla

muy clara y obteniéndose colores méas intensos mediante tratamiento térmico.
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Capitulo 5.

Resumen

En este capitulo se presenta la preparacion de una serie de
nanopigmentos de TiO, dopados con cromo y antimonio mediante el método
del poliol utilizando trietilenglicol. Mediante el calentamiento a 180 °C de una
disolucion de acetato de antimonio, acetilacetonato de cromo y butdxido de
titanio en trietilenglicol, se obtuvieron nanoparticulas amorfas con
composiciones estequiométricas nominales de CrySbyTi;1.,40, con valores de 0
< X < 0.2. Para obtener nanoparticulas cristalinas se tratd térmicamente a
distintas temperaturas de hasta 1200 °C durante 1 h. Dependiendo de la
cantidad de dopante la transicion de fase de anatasa a rutilo ocurre entre 500 y
650 °C. Para obtener rutilo como Unica fase presente en todas las
composiciones fue necesario tratar termicamente a 800 °C durante 1 h y siendo
estas las muestras que se caracterizaron en mayor profundidad. Finalmente, los
nanopigmentos fueron probados con una frita comercial en un proceso de

vidriado.
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5.1. Introduccion

Los pigmentos ceramicos convencionales basados en rutilo son
ampliamente utilizados en la industria ceramica.! De hecho, son una de las
categorias de la clasificacion CPMA (vista en el capitulo 1) con mayor nimero
de pigmentos cerdmicos. Una de las caracteristicas mas importantes de este
sistema pigmentante es su distribucion de tamafio de particulas en el rango de
1-10 um, que tal y como se ha visto son demasiado grandes para su aplicacion
en DOD-1JP si se desea evitar los problemas de obstruccion de los cabezales

de inyeccion.

Un pigmento ceramico naranja ampliamente utilizado, basado en titanio,
es el rutilo dopado con cromo y antimonio. Este pigmento ha sido sintetizado
y caracterizado por distintos enfoques sintéticos.>® Asi Matteuci y col.
muestran la evolucion de las composiciones de fase durante el proceso de
tratamiento téermico de una mezcla de TiO; (anatasa), Cr,O3 y Sh,Os con
estequiometria nominal Crq3SboosTio0s02.2 Ademas, estos autores dan
algunos parametros estructurales como las distancias Ti-O y la distorsién
de la posicion octaédrica que influye directamente en la coloracion. En la
segunda parte de dicho trabajo, Dondi y col. elucidan el mecanismo
responsable de la coloracidn del pigmento, resaltando la influencia relativa del
contraion Sh, junto con la valencia del cation de cromo.® Huguenin y Chopin
en muestras de CrcShyTi;-,x0, preparadas por reaccion en estado sélido en una
amplia gama de composiciones, 0 < x < 0.2 estudiaron los procesos que
ocurren durante el tratamiento térmico y su influencia sobre la homogeneidad
de la disolucion sélida final y la calidad del pigmento.* Mas recientemente,
Gargori y col. comunicaron resultados sobre la preparacién de estos pigmentos

por diferentes técnicas no convencionales para una muestra con la
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composicion Croo15Sbo15Tio9702 Y su posterior evaluacion como pigmento
ceramico, afladido a gres porcelanico esmaltado y como tintas ceramicas para
serigrafia de gres porcelanico.® En los Gltimos afios algunos trabajos indican la
preparacion de amarillo de (Ti,Cr,Sb)O, por el llamado método CERCOL.%8
De hecho, estos nanopigmentos se prepararon en un medio organico por medio
de un procedimiento de poliol modificado como suspensiones para DOD-I1JP.
También recientemente se han presentado nuevos enfoques sintéticos. Asi,
Jovani y col. prepararon Crg015Sho 0015 Tl0.9702 por una via solvotermal asistida

por microemulsién y probaron su uso potencial para DOD-IJP sobre ceramica.’

Teniendo en cuenta tanto los conocimientos basicos actuales sobre el
sistema de pigmentacion ceramica TiO, dopado con Cr y Sb, y la actual
necesidad industrial de disponibilidad de nanoparticulas, todavia hay
aspectos en estos nanopigmentos que necesitan mas investigacion. Por lo tanto,
parece interesante buscar la viabilidad de usar como disolvente polioles de
cadena hidrocarbonada relativamente larga y el estudio de las propiedades
estructurales y espectroscopicas de los nanopigmentos preparados en una
amplia gama de composiciones, asi como la dependencia de las coordenadas
cromaticas tanto del contenido de dopante como del tamafio de cristalito de las

nanoparticulas.

El principal objetivo, por lo tanto, en el presente capitulo es la
preparacion de este nanopigmento ceramico Yy la obtencién de algunos detalles
fundamentales del mismo, utilizando el método sintético del poliol para
obtener productos finales bien definidos y probar su posible uso en un esmalte

ceramico.
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5.2. Procedimiento experimental

5.2.1. Sintesis

Teniendo en cuenta la bibliografia vista anteriormente®!!y después de
distintos ensayos previos,'? el procedimiento experimental utilizado para la
preparacion de las muestras con estequiometria nominal CryShyTi1.,x0, con
valores de 0 < x < 0.2 por el método del poliol y que se consideré como el méas

optimo fue como se describe:

Siguiendo el diagrama de flujo visto en el capitulo 1 (figura 1.11), se
partié de butoxido de titanio ((Ti(OC4Ho)s4, TBu, Aldrich) que se disolvio en
una disolucién de acetilacetona (acac) en trietilenglicol (TEG). A esta
disolucion se afiadio las cantidades estequiométricas de acetato de antimonio
(Sb(0,C,H3)s, Sac, Sigma-Aldrich), acetilacetonato de cromo (Cr(O,CsHy)s,
Cacac, Fluka) y finalmente agua con una relacion molar TBu:acac:H,O de
1:0.15:10 respectivamente y con una concentracion final respecto al producto
de 0.1 M (en la tabla 5.1 se muestran los valores de x elegidos y las cantidades
necesarias utilizando un matraz de fondo redondo de 500 mL). Por dltimo, la
disolucion con todos los reactivos se calent6 en un sistema de reflujo a 180 °C
durante 2 h, apareciendo un precipitado a los 10 minutos de alcanzar esta
temperatura. Una vez enfriado a temperatura ambiente se separd por
centrifugacion a 8000 rpm durante 20 minutos, se lavo tres veces con etanol y
se secd en estufa a 80 °C. Se tuvo la precaucion de trabajar en atmosfera de

nitrégeno con los compuestos hidrolizables como el de titanio y antimonio.

Los tratamientos termicos fueron realizados con una rampa de 10 °C/min
hasta llegar a la temperatura deseada y después un periodo de una hora a dicha

temperatura.
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Tabla 5.1. Resumen de las cantidades de reactivo utilizadas en las distintas sintesis de

CrxShxTi1-2xO2 en funcién del valor x.

X 0 0.0125 0.025  0.05 0.1 0.125 0.15 0.2
TEG (mL) 340.56 340.95 341.42 34239 34434 34534 346.32 348.62
acac (mL) 0.554 0540 0.525 0.498 0.443 0.415 0.388 0.332
TBu (mL) 12.49 1219 1188 11.25 10.00 9.38 8.75 7.50
Sac () 0 0.1345 0.2690 0.5398 1.0760 1.3450 1.6139 2.1520
Cacac (9) 0 0.1572 0.3144 0.6288 1.3973 1.5718 1.8862 2.5152
H20 (mL) 6.48 6.31 6.15 5.83 5.18 4.86 4.53 3.89

5.2.2. Técnicas de caracterizacion

Las técnicas de caracterizacidon que fueron utilizadas para caracterizar
las nanoparticulas fueron: la difraccion de rayos X, espectroscopia Raman
(Horiba modelo XploRA con laser de 638 nm), espectroscopia ultravioleta-
visible de reflectancia difusa (UV-Vis DR), microscopia electrénica de barrido,
microscopia electronica de transmision, espectroscopia de energia dispersiva
de rayos X, potencial Z y coordenadas cromaticas CIELab. Los equipos que
fueron utilizados y las condiciones de trabajo se encuentran detallados en el
apartado 1.7 del capitulo 1, entre paréntesis se especifica el modelo de equipo

utilizado en el caso de que hubiera varios.

5.3. Resultados y discusiones

5.3.1. Caracterizacion de los nanopigmentos

El procedimiento de preparacion de los nanopigmentos finales consta de
dos etapas consecutivas. La primera permite obtener nanoparticulas verdosas
y pobremente cristalizadas de CryShyTi1..xO, mediante calentamiento de la
disolucion de partida, con todos los reactivos en TEG, a 180 °C durante 2 h,

tal y como se ha descrito previamente. En la figura 5.1, que muestra los
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patrones de DRX de las muestras de CryShyTi1.2xO; tratadas térmicamente a
distintas temperaturas y con distintos valores de X, se puede observar la pobre
cristalinidad observada en los productos obtenidos (80 °C), debido a esto es
necesaria una segunda etapa que pretende mejorar la cristalinidad y la
morfologia de las nanoparticulas finales, mediante un tratamiento térmico de

1 h a diferentes temperaturas.

Volviendo a la figura 5.1, fijandonos en la muestra sin dopar (a), se
puede observar que el precipitado inicial amorfo da paso a temperaturas de
400 °C a una fase cristalina con picos anchos a 25.3, 36.9, 37.7, 38.5, 48.0,
53.84,55.1y62.7 (26°) que corresponden a la fase cristalina anatasa (PDF 00-
021-1272), a partir de 800 °C aparece otra fase cristalina con picos a 27.4, 36.0,
39.2, 41.2, 44.0, 54.3, 56.6, 62.8, y 64.1 (26°) que corresponden a la fase
cristalina rutilo (PDF 00-021-1276). En las muestras dopadas (b, c y d) el
cambio de fase de anatasa a rutilo se produce a menor temperatura, 600 °C,
siendo en la muestra x=0.2 no detectable la fase anatasa. Por tanto, es a partir
de 800 °C donde en toda la serie de muestras se encuentra presente el rutilo
como Unica fase cristalina, por tanto, las muestras a 800 °C se caracterizaran

mas exhaustivamente tal y como se vera a continuacion.

En la figura 5.2 se muestran los patrones de DRX de toda la serie de
muestras tratadas térmicamente a 800 °C durante 1 h, se puede observar cdmo
tan solo es detectado el rutilo como Unica fase presente, también se observa un
ensanchamiento de los picos con el aumento de la cantidad de dopante, dato
relacionado con el tamafio de cristalito, a mayor ensanchamiento de los picos,

menor tamano tedrico de cristalito.
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Figura 5.1. Patrones de DRX de las muestras de CrxShxTi1-2xO> tratadas térmicamente a

distintas temperaturas durante 1 h, siendo a) x=0; b) x=0.05, ¢) x=0.125 y d) x=0.2. 4 indica

rutilo y % anatasa.
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Figura 5.2. Patrones de DRX de las muestras de CrxShxTi1-2xO> tratadas térmicamente a
800 °C durante 1 h. 4 indica rutilo.

En la figura 5.3 se muestran los patrones de difraccion de las muestras

tratadas térmicamente a 800 °C durante 1 h, tanto a valores de bajo como alto
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angulo 26°, se puede observar un desplazamiento de los picos con el aumento
de la cantidad de dopante, lo que esta en concordancia con la formacion de una

disolucion solida.

x=0.2 : f L x=02

x=0.125

. x=0.125

x=0.05

gy
J\,L x=0.025
iy
M
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> >
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o o ¢ _
E F
[8)
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© x=0.0125

)N
5(220)
57

=0

26.5 - 275 - 28.5 53 56
20 (grados) 20 (grados)

58

Figura 5.3. Patrones de DRX a bajos y altos angulos 26° de las muestras de CrxShxTi1-2xO2

tratadas térmicamente a 800 °C durante 1 h. Todos los picos pertenecen a rutilo.

Los espectros Raman de las muestras tratadas a 800 °C durante 1 h
también confirman la formacién de la fase cristalina rutilo, tal y como puede
verse en la figura 5.4, donde se observan bandas a 234, 448 y 609 cm™
asociadas al rutilo, las dos dltimas a los modos E4y Ay respectivamente.*® Con

el aumento de la cantidad de dopante se observa ademas un incremento en la
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asimetria del pico y un descenso de la intensidad, lo cual esta asociado a una

disminucion en el tamafio de cristalito segun la bibliografia.'*

x=0.2
x=0.15
g‘ x=0.125
-1
[7 4}
[<P]
= _
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=
=2
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=
7.}
=
&
=
o
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200 300 400 500 600 700
Seiial Raman (cm'l)

Figura 5.4. Espectro Raman de las muestras de CrxSbxTi1-2xO2 tratadas térmicamente a
800 °C durante 1 h. 4 indica rutilo.

El calculo del tamafio de cristalito se obtuvo aplicando la ecuacién de

Scherrer, en esta metodologia el tamafio de cristalito se refiere a el tamafio de
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los dominios cristalinos que difractan coherentemente. Para ello se tuvo en
cuenta la correccion de la anchura instrumental usando LaBs como estandar y
se utilizd la direccion [101] de las muestras tratadas térmicamente a 800 °C
durante 1 h, se puede observar, figura 5.5, que el aumento de la cantidad de
dopante causa un descenso continuo del tamafo de cristalito hasta valores de
x=0.15.

120 -
A
S 100
=
=)
=
= 80-
~—
RZ
|
[P}
S 604
[~
g
[~
= 40-
20 | L T T T I

T T T
0.00 0.05 0.10 0.15 0.20

Contenido de cromo y antimonio, X

Figura 5.5. Tamafio de cristalito de las muestras de CrxSbxTi1-2xO> tratadas térmicamente a
800 °C durante 1 h.

La microestructura de las muestras CryShxTi1.2xO2 con x=0.1 y 0.15
tratadas térmicamente a 800 °C durante 1 h. Se puede ver en las micrografias
de MEB y MET, figuras 5.6 y 5.7 respectivamente, en ellas se observan
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particulas nanométricas con tamafios inferiores a los 100 nm, poco agregadas

y de forma pobremente definida.

Figura 5.6. Micrografia de MEB de las muestras de CrxShxTi1-2xO tratadas térmicamente a
800 °C durante 1 h con a) x=0.1y b) x=0.15.
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50 nm

Figura 5.7. Micrografia de MET de las muestras de CrxSbhxTi1-2xO- tratadas térmicamente a
800 °C durante 1 h con a) x=0.1y b) x=0.15.

Una vez vista la microestructura se va a proponer un posible mecanismo
por el que tienen lugar las reacciones, teniendo en cuenta los resultados

obtenidos de los parametros de red utilizando el software PowderX. En la

116



Capitulo 5.

figura 5.8 y tabla 5.2, se muestran los valores de volumen de celda unidad y
los pardmetros de red de las muestras Cr,ShyTi1.2xO; tratadas térmicamente a
800 °C durante 1 h. Puede verse que el volumen de la celda sufre un incremento
casi lineal con el incremento de la cantidad de dopante, este incremento se
encuentra en concordancia con un mecanismo de disolucién solida donde el
Ti**(0.605 A) es sustituido por el Cry Sb, con radios i6nicos mayores, de ahi
el aumento en el volumen de la celda unidad. Ahora bien, el Cr puede estar
como Cr¥(0.615 A), Cr*(0.55 A) e incluso Cr**(0.49 A), y el Sb como
Sb%*(0.76 A) y Sb* (0.6 A), siendo los valores entre paréntesis los radios
ionicos correspondientes a indices de coordinacion VI en todos los casos.’
Una combinacion favorable debido a que proporciona la electroneutralidad es
Cr3* y Sb®, por tanto, un mecanismo razonable observando los resultados

obtenidos es la sustitucion de 2Ti* por Cr¥*y Sb**.
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Figura 5.8. Volumen de la celda unidad de las muestras de CrxShxTi12xO> tratadas

térmicamente a 800 °C durante 1 h.
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Tabla 5.2. Parametros de red y figura de mérito de las muestras de CrxShxTi1-2xO; tratadas

térmicamente a 800 °C durante 1 h.

X a=b(A)  c(A) V(A  F(20)
0 4.59404(5) 2.96061(2) 62.480(1) 2434.3
00125 4.59460(3) 2.96325(3) 62.560(1) 2508.4
0025  4.59604(4) 2.96504(3) 62.630(1) 1625.7
005  4.60022(5) 2.97049(4) 62.860(1) 1316.4
0.1 4.6075(2) 2.9817(2) 63.300(5) 262
0.125  4.6091(4) 2.9849(4) 63.41(1) 165.4
015  4.6091(5) 2.9900(4) 63.52(1) 125
0.2 4.6229(3) 2.9991(4) 64.10(1) 189.1

No obstante por otra parte, si observamos los espectros DEX de las
muestras CrySbyTi1-2xO2, con x=0.05, 0.1 y 0.2 tratadas térmicamente a 800 °C
durante 1 h, mostradas en la figura 5.9, se observa que las cantidades de Cry
Sb no aumentan en igual proporcién, es decir, parece que hay mayor
proporcion de Sb en cantidades estequiométricas de dopante altas (x=0.1y 0.2
sobre todo) que de Cr, algo que a simple vista entra en contradiccion con el
aumento progresivo del volumen de celda, ya que el Sb®* tiene un radio
practicamente igual al del Ti**, y seria el Cr3* el responsable del aumento. Una
posible explicacion a este hecho se encuentra en la bibliografia donde, cuando
hay un exceso de Sb en el sistema Cr,SbyTi1.oxO> coexisten el Sb* y el Sb** de
acuerdo con la estequiometria CrySh3Sb>*yyTi12x.2902.1° Esto permite
explicar el aumento en el volumen, ya que el Sb3* tiene un radio mayor incluso

que el Cr3*, y ademas permitiria mantener la electroneutralidad.

En la figura 5.10 se muestran los espectros de UV-Vis de las muestras
CryShyTi1-2xO; tratadas térmicamente a 800 °C durante 1 h. Si nos fijamos en
la muestra sin dopar, sobre 400 nm aparece una banda intensa que se atribuye

al proceso de transferencia de carga O — Ti** que se produce en el rutilo.!’
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Figura 5.9. Espectros DEX de las muestras de CrxShyTi1.oxO> tratadas térmicamente a
800 °C durante 1 h: a) x=0.05; b) x=0.1y c) x=0.2.
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En las demas muestras dopadas aparecen dos bandas adicionales en
torno a 470 y 720 nm. La primera, bastante intensa, que aparece despues de la
banda de transferencia de carga, ha sido asociada en la literatura a la
transferencia de carga Cr¥* — Ti*".18 El catién Cr®* en coordinacion de éxido
octaédrico, como en el caso del espectro de Cr,Os, muestra dos bandas
alrededor de 460 y 600 nm asociadas segun el diagrama de Tanabe-Sugano
con transiciones permitidas de espin *Axy — 4Tag Y *Azg — *T1q (F).2° Por lo
tanto, una cierta contribucién de la absorcién debida a la transicion *Azy —
Ty, aparece en la absorcion centrada alrededor de 470 nm mientras que la
banda a 720 nm es causada por la transicion “Ay; — “Ti4 (F), un poco

desplazada a energias inferiores a las del Cr,0s.

Absorbancia (unidades arb.)

J T : T : T . T ) T J T ) :
200 300 400 500 600 700 800 900 1000
Longitud de onda (nm)

Figura 5.10. Espectro UV-Vis DR de las muestras de CrxSbxTi1-2xO> tratadas térmicamente
a 800 °C durante 1 h.
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En la figura 5.11 se muestra una fotografia donde se puede apreciar los
colores de todas las composiciones de las muestras CryShyTi1.xO, tratadas
térmicamente a 800, 1000 y 1200 °C durante 1 h. En practicamente todos los
casos, excepto obviamente en x=0, se obtienen colores naranjas brillantes con

distintas tonalidades.

X=0 X=0.0125 X=0.025 X=0.05 X=0.1 X=0.125 X=0.15 X=0.2

Figura 5.11. Fotografia de los nanopigmentos de CrxShxTi1-2xO> tratados térmicamente a
800, 1000 y 1200 °C durante 1 h.

1200 °C

Ademas, en la figura 5.12 se encuentran representadas las coordenadas
cromaticas de toda la serie de muestras de CryShyTi;-2xO, a 800, 1000 y
1200 °C durante 1 h. Si analizamos las muestras de 800 °C se puede observar
que todas presentan una luminosidad (L") alta, sobre 70, el componente
amarillo, parametro b”, practicamente no varia al largo de la serie y el
componente rojo, parametro a”, va disminuyendo progresivamente. Las series
de 1000 y 1200 °C tienen una tendencia parecida entre ellas hasta valores de
x=0.15. Los valores del parametro a” son muy similares mientras que la

luminosidad y el parametro b* son mas bajos en general en 1200 °C.
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Figura 5.12. Coordenadas crométicas de las muestras de CrxShxTi12xO. tratadas
térmicamente durante 1h a: a) 800 °C, b) 1000 °C y c) 1200 °C.
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Es interesante obtener informacidn de la dispersabilidad que tienen estas
particulas para que permita su aplicacién en DOD-IJP. El potencial Z, que esta
relacionado con la carga superficial de las particulas, nos da una idea de a qué
pH es méas dptima su dispersabilidad. En la figura 5.13 se muestran los
potenciales Z de las muestras CryShyTi1.,xO, tratadas térmicamente a 800 °C
durante 1 h con valores de x=0 y x=0.1. Se puede observar que los valores de
los puntos isoeléctricos (valor de pH donde la carga superficial esta equilibrada)
son 4.2 y 6.5 respectivamente, valores que se encuentran dentro del rango

reportado en la bibliografia.?0-2

20

—
(e
| i

N
o o
I L I L

-20 -

-30

Potencial Zeta (mV)

-40 -

Figura 5.13. Potencial Zeta y punto isoeléctrico de las muestras de CryShxTi1-2xO> tratadas

térmicamente a 800 °C durante 1 h :m x=0; e x=0.1
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Por lo que es en estos valores de pH donde no se produciran repulsiones
electrostaticas y no se contribuira a la dispersabilidad, por el contrario, valores
méas grandes de 30 mV, tanto positivos como negativos, favorecen la
dispersabilidad. En nuestro caso a valores de pH en torno a 8 obtenemos
valores de potencial Z méas negativos que -30 mV, es por tanto a partir de este

pH donde deberian prepararse las dispersiones.

5.3.2. Pruebas de esmaltado

Finalmente se pas6 a comprobar el potencial uso como pigmentos
ceramicos con una frita comercial, para lo que se empled una frita comercial
de composicion Ca0-ZnO-SiO;, utilizando una mezcla de frita y pigmento
(5% en peso). Para homogeneizar la mezcla se utilizd6 un mortero de agata
durante 20 minutos afiadiendo pequefias cantidades de EtOH, se secé en horno
a 80 °C durante 30 minutos y se prensé con una prensa hidraulica en forma de
pastillas. Finalmente se utiliz6 una rampa de 50 minutos para llegar a 1050 °C

y se mantuvo 5 minutos a esta temperatura.

En la figura 5.14 se muestra una fotografia de los esmaltes obtenidos,
con el pigmento de Crg15Sho15Tip70, Sin tratar térmicamente y tratado a
distintas temperaturas durante 1 h (800, 1000 y 1200 °C), asi como la frita sola
utilizada como referencia. Se puede observar que en todos los casos, incluso
en el que no esta tratado térmicamente, los nanopigmentos pueden ser
utilizados directamente en el proceso de esmaltado, obteniendo distintas
coloraciones, en la figura 5.15 se muestran los valores de las coordenadas
cromaticas correspondientes, valores que son parecidos a los reportados en la

literatura.®
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a) b) c) d) e)
Figura 5.14. Fotografia de esmaltes coloreados obtenidos de mezclas de fritas con

pigmentos de Cro.15Sbo.15Tio.7O2 tratados térmicamente a distintas temperaturas durante 1 h:
a) solo frita; b) precipitado sin tratar; c) 800 °C; d) 1000 °C y e) 1200 °C.
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Figura 5.15. Coordenadas cromaticas de esmaltes coloreados obtenidos de mezclas de fritas
con pigmentos de Cro.15Sho.15Tio.7O2 tratados térmicamente a distintas temperaturas durante
1 h: a) solo frita; b) precipitado sin tratar; ¢) 800 °C; d) 1000 °C y e) 1200 °C.
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5.4. Conclusiones

Se han preparada una serie de nanopigmentos de Cr,SbxTii»xO, con
composicion nominal 0 < x <0.2 mediante el método del poliol utilizando TEG.
Los precipitados obtenidos cuasi amorfos han sido tratados térmicamente a
temperaturas de 800 hasta 1200 °C durante 1 h para obtener rutilo como Unica
fase cristalina presente, confirmandose mediante DRX y espectroscopia
Raman. El mecanismo que se propone correspondiente a una disolucion solida
donde el Ti es sustituido por Cr y Sb concuerda con los datos obtenidos para
el volumen de celda unidad, los espectros UV-Vis, DRX, DEX y Raman de

las muestras tratadas térmicamente a 800 °C durante 1 h.

Mediante las MEB y MET podemos ver que las nanoparticulas tratadas
térmicamente a 800 °C durante 1 h son particulas de menos de 100 nm,

discretas y con formas pobremente definidas.

Los nanopigmentos obtenidos tratados térmicamente desde 800 a
1200 °C durante 1 h presentan una coloracion naranja con distintas tonalidades
en todo el intervalo 0 < x < 0.2, obteniendo coloracion ademas en pruebas de
esmaltado, lo que junto a valores de potencial Z satisfactorios los hacen, a falta

de pruebas posteriores, viables para su uso como nanopigmentos ceramicos.

No obstante, hace falta mejorar por una parte la morfologia de las
nanoparticulas, es decir, obtener nanoparticulas con mayor definicion y por
otra, intentar que la cantidad de Cr y Sb que entra en las nanoparticulas se
encuentre mas equilibrada, es decir, que no entre mas cantidad de uno que de

otro.
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Capitulo 6.

Resumen

En este capitulo se presenta la preparacion de una serie de
nanopigmentos de TiO, dopados con cromo y antimonio mediante el método
hidrotermal. Una disolucion acuosa conteniendo trietanolamina, tetraisopropil
ortotitanato, acetato de antimonio y acetilacetonato de cromo fue sometida a
un proceso hidrotermal de dos etapas, 100 °C durante 24 h y 140 °C durante
72 h, dando como resultado nanoparticulas con fase cristalina anatasa. Fueron
preparadas composiciones estequiométricas nominales de Cr,ShyTi;-2xO, con

valoresde 0 <x <0.2.

Con intencion de obtener la fase cristalina rutilo, las nanoparticulas
fueron tratadas térmicamente a distintas temperaturas de hasta 1200 °C durante
1 h. Entorno a 600 °C tiene lugar el cambio de fase de anatasa a rutilo, a 800 °C
todas las muestras dopadas presentan rutilo como Unica fase cristalina presente.
La serie de muestras tratadas térmicamente a 800 °C durante 1 h fue analizada
con diferentes técnicas. Finalmente, los nanopigmentos fueron ensayados con

una frita comercial incluidas en un procesado rapido.
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Capitulo 6.

6.1. Introduccion

Con el fin de mejorar los resultados obtenidos en el capitulo 5 para la
obtencidn de nanopigmentos de Cr,ShyTi;-2xO, mediante el método del poliol,

se va a utilizar el método hidrotermal.

En la ultima década muchos nanopigmentos han sido preparados
mediante la técnica hidrotermal,’® aunque rara vez se ha utilizado para la
preparacion de nanopigmentos basados en rutilo. Recientemente se ha
reportado la preparacion utilizando un metodo solvotermal mediado por
microemulsion.* En este trabajo, Jovani y col., sintetizan una disolucion sélida
de Crp.015Sbo.015Tip9702 usando un tensoactivo y cotensoactivo, y ciclohexano
como fase organica, obteniendo esferas de anatasa o rutilo monofasicas, con
tamafos de alrededor de 600 nm, en funcién de las condiciones de sintesis. Si
bien es cierto que hay bastante bibliografia en la obtencion hidrotermal de
nanoparticulas de TiO, con distintas formas cristalinas, morfologias y
tamafios.®? Hasta donde sabemos, no hay resultados reportados sobre la
preparacion de nanopigmentos basados en rutilo por un enfoque hidrotermal,
donde al menos dos cationes dopantes (Sb y Cr) tienen lugar en el proceso de
formacién del nanopigmento. Se sabe que la preparacion hidrotermal de
nanoparticulas de TiO, normalmente produce anatasa nanométrica, por lo que
se requerird un procesamiento térmico adicional, tal y como sucedia en el

método del poliol, para estabilizar la estructura de rutilo.

El principal objetivo de este capitulo es la utilizacion de este método
sintético para la obtencion de una serie de composiciones de CryShyTiz-2xO;
con valores 0 <x <0.2, su caracterizacién y aplicacion en un esmalte ceramico.
Otro objetivo seréd la comparacion de los resultados de este método con los
resultados obtenidos en el método del poliol, visto en el capitulo 5.
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6.2. Procedimiento experimental

6.2.1. Sintesis

Una vez revisada la bibliografia,®*? las condiciones de trabajo utilizadas,
para la preparacion de las muestras con estequiometria nominal CrySbyTi1-2xO2

con valores de 0 < x < 0.2, van a ser similares a las reportadas por Sugimoto:®

Siguiendo el diagrama de flujo visto en el capitulo 1 (figura 1.12 a), se
partio de una disolucion de trietanolamina (CsHisNO3, TEOA, Sigma-Aldrich)
en agua, a la que se le afiadio la cantidad necesaria de tetraisopropil ortotitanato
(C12H2504Ti, TiP, Sigma-Aldrich) siendo la relacion molar TiP/TEOA 1:2. A
esta disolucion se le afiadio las cantidades estequiométricas de acetato de
antimonio (Sb(O,C;Hs)s, Sac, Sigma-Aldrich) y acetilacetonato de cromo
(Cr(0,CsH7)s, Cacac, Fluka), con una concentracion final respecto al producto
de 0.25 M, (en la tabla 6.1 se muestran los valores de x elegidos y las
cantidades necesarias utilizando un recipiente de teflon de 256 mL). Por Gltimo,
la disolucién con todos los reactivos se coloco en un reactor autoclave que se
introduzco en un horno a 100 °C durante 24 h en una primera etapa, que fue

seguida de una segunda a 140 °C durante 72 h.

Una vez enfriado a temperatura ambiente se separd por centrifugacion a
8000 rpm durante 20 minutos, se lavo tres veces con etanol y se secé en estufa
a 80 °C. Se tuvo la precaucion de trabajar en atmdsfera de nitrégeno con los

compuestos hidrolizables como el de titanio y antimonio.

Los tratamientos térmicos fueron realizados con una rampa de 10 °C/min
hasta llegar a la temperatura deseada y después un periodo de una hora a dicha

temperatura.
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Tabla 6.1. Resumen de las cantidades de reactivo utilizadas en las distintas sintesis de

CrxShxTi1-2xO2 en funcién del valor x.

X 0 003 005 01 0125 015 0.2
TEOA(ML) 10.29 1029 1029 1029 1029 1029 10.29
TiP(mL) 1141 1073 1027 913 856 7.99  6.85

Sac (g) 0 0.3475 05791 1.1580 1.4480 1.7373 2.3164
Cacac (q) 0 04061 0.6768 1.3560 1.6920 2.0304 2.7073
H,O (mL) 133.22 133.98 134.38 135.60 136.20 136.72 137.86

6.2.2. Técnicas de caracterizacion

En la caracterizacion de las nanoparticulas fueron empleadas las
siguientes técnicas: la difraccion de rayos X, espectroscopia Raman (Horiba
modelo XploRA con laser de 638 nm), espectroscopia ultravioleta-visible de
reflectancia difusa (UV-Vis DR), microscopia electronica de barrido,
microscopia electronica de transmision, espectroscopia de energia dispersiva
de rayos X, potencial Z y coordenadas cromaticas CIELab. Los equipos que
fueron utilizados y las condiciones de trabajo se encuentran detallados en el
apartado 1.7 del capitulo 1, entre paréntesis se especifica el modelo de equipo

utilizado en el caso de que hubiera varios.

6.3. Resultados y discusiones

6.3.1. Caracterizacion de los nanopigmentos

De igual forma que sucedia en la preparacién de los nanopigmentos de
CrShyTi1-2xO2 por el método del poliol, visto en el capitulo 5, es necesario un

tratamiento térmico para la obtencion de los nanopigmentos finales. Con el fin
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de estudiar la evolucién de los pigmentos se realizaron varios tratamientos
térmicos desde 350 a 1000 °C, todos ellos de una hora de duracion. Tal y como
gueda patente en la figura 6.1, donde se muestra este estudio, realizado para
las composiciones CryShyTi1.2x0, con valores de x: a) x=0; b) x=0.05, c)
x=0.125 y d) x=0.2, a diferencia del método del poliol, con el método
hidrotermal obtenemos directamente, sin tratar térmicamente, nanoparticulas
cristalinas, con estructura anatasa, en todas las composiciones (PDF 00-021-
1272, picos en 25.3, 36.9, 37.7, 38.5, 48.0, 53.84, 55.1 y 62.7 (26°)).

Para altos valores de x, ademas, se detectan picos pertenecientes a rutilo.
Dependiendo de la composicién, desde 600 a 800 °C tiene lugar el cambio de
fase, apareciendo picos a valores 26° en 27.4, 36.0, 39.2,41.2, 44.0, 54.3, 56.6,
62.8, y 64.1 correspondientes todos ellos a rutilo (PDF 00-021-1276). A 800
°C, exceptuando la muestra que no esta dopada (x=0), todas las muestras
presentan rutilo como Unica fase cristalina, siendo ésta la Unica fase presente
incluso a temperaturas de hasta 1200 °C*2 tal y como ocurria en el método del
poliol. Una diferencia remarcable respecto al método del poliol es el hecho de
que para todas las composiciones se obtenga anatasa, ya que en el método del
poliol, como se vio, para composiciones altas de dopante con el tratamiento

térmico evolucionaba de amorfo a rutilo sin pasar por anatasa.

En la figura 6.2 se muestran los patrones de DRX de toda la serie de
muestras tratadas térmicamente a 800 °C durante 1 h, exceptuando la no
dopada (x=0) que esta tratada a 1000 °C durante 1 h, se puede destacar la
presencia de rutilo como uUnica fase cristalina en todas las composiciones,
ademas, el aumento de la cantidad de dopante causa un ensanchamiento de los
picos, lo cual es indicativo de un menor tamafio de cristalito, efecto observado

de forma anéloga en las muestras obtenidas por el método del poliol.
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Figura 6.1. Patrones de DRX de las muestras de CrxSbxTi1-2xO> tratadas térmicamente a
distintas temperaturas durante 1 h, siendo a) x=0; b) x=0.05, ¢) x=0.125y d) x=0.2. 4 indica

rutilo y % anatasa
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Figura 6.2. Patrones de DRX de las muestras de CrxShxTi1-2xO> tratadas térmicamente
durante 1 h a 800 °C excepto x=0 que esta tratada a 1000 °C. 4 indica rutilo.

En la figura 6.3 se muestra una magnificacion a alto y bajo angulo 26 de
los patrones de difraccion de las muestras tratadas térmicamente durante a1 h
a 800 °C, exceptuando la muestra sin dopar (x=0) tratada a 1000 °C. Se puede
observar un desplazamiento de los picos con el aumento de la cantidad de

dopante, hecho que esta en concordancia con la formacion de una disolucion
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solida, ademas se puede ver con mayor claridad el ensanchamiento de pico con

el aumento de la cantidad de dopante comentado anteriormente.
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Figura 6.3. Patrones de DRX a bajos y altos angulos 26° de las muestras de CrxShxTi1-2xO2
tratadas termicamente durante 1 h a 800 °C, excepto x=0 tratada a 1000 °C. Todos los picos

pertenecen a rutilo.

Mediante espectroscopia Raman también se confirma la presencia de
rutilo en las muestras tratadas a 800 °C durante 1 h. En la figura 6.4 se muestran
los correspondientes espectros, en los que pueden verse las bandas
caracteristicas del rutilo en torno a 234, 448 y 609 cm™ asociadas las dos
Gltimas a los modos Eq y Ayq del rutilo.** Igual que sucedia en el caso del poliol,

se aprecia un incremento de la asimetria de las bandas con el aumento de la
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cantidad de dopante, asi como un descenso en su intensidad, lo cual esta

asociado a una disminucién en el tamafio de cristalito.®
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Figura 6.4. Espectro Raman de las muestras de CrxShxTi12xO2 tratadas térmicamente a
800 °C durante 1 h. 4 indica rutilo.

En la figura 6.5 se muestra el tamafio de cristalito obtenido aplicando la
ecuacion de Scherrer, se tuvo en cuenta la correccion de la anchura
instrumental usando LaBs como estandar y se utilizo la direccion [101] de las
muestras tratadas térmicamente a 800 °C durante 1 h. La variacion obtenida se
comporta de forma similar a la obtenida para el meétodo del poliol,
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descendiendo el tamafio de cristalito con el aumento de la cantidad de dopante,

aungue con tamarios de cristalito ligeramente mayores que en el caso del poliol.
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Figura 6.5. Tamarfio de cristalito de las muestras de CrxShxTi1-2xO> tratadas térmicamente a
800 °C durante 1 h.

Una importante mejora conseguida con el método hidrotermal respecto
al método del poliol es en la microestructura de los nanopigmentos, en las
figuras 6.6 y 6.7 se muestran las micrografias de MEB y MET respectivamente,
de las muestras de Cr«ShyTi1.2xO; tratadas térmicamente a 800 °C durante 1 h
con a) x=0.1 y b) x=0.15. En este caso se obtienen particulas con tamafios
inferiores a los 100 nm, poco agregadas y de forma bien definida. En la muestra
con x=0.15 ademas se observa la formacion de una distribuciéon bimodal con

dos tamafios diferenciados de particulas.
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1.00 um

Figura 6.6. Micrografia de MEB de las muestras de CrxShxTi1-2xO tratadas térmicamente a
800 °C durante 1 h con a) x=0.1y b) x=0.15.

142



Capitulo 6.

Figura 6.7. Micrografia de MET de las muestras de CrxSbxTi1-2xO- tratadas térmicamente a
800 °C durante 1 h con a) x=0.1y b) x=0.15.
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Los valores de los parametros de red de las muestras de CrySbyTi1-2xO2
tratadas térmicamente a 800 °C durante 1 h, que se obtuvieron utilizando el
software PowderX, se muestran en la figura 6.8 y en la tabla 6.2. De forma
equivalente a lo que sucede en el caso del poliol, el volumen de celda sufre un
incremento casi lineal con el incremento de la cantidad de dopante, lo que
permite proponer el mismo mecanismo de disolucion sélida argumentado en
el capitulo 5, donde 2Ti*" son sustituidos por Cr3* y Sb®*, de radios i6nicos
mayores,'® y por tanto son los responsables del aumento del volumen de la

celda unidad.

63.2
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63.0—-
62.9—-
62.8—-
62.7-
62.6—-
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62.4

| ! | ! | ! I ! |
0.00 0.05 0.10 0.15 0.20
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Figura 6.8. Volumen de la celda unidad de las muestras de CrxShxTi-2xO2 tratadas

térmicamente a 800 °C durante 1 h.
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Tabla 6.2. Parametros de red y figura de mérito de las muestras de CrxShxTi1-2xO; tratadas

térmicamente a 800 °C durante 1 h.

X a=b (A) c (A) V (A%  F(20)
0 45933(1) 2.9591(1) 62.430(2) 356
003  45946(1) 2.9639(1) 62.570(2) 612
005  45960(1) 2.9671(1) 62.680(2) 397
0.1 45971(2) 2.9739(2) 62.850(4) 125
0.125 4.5965(1) 2.9765(1) 62.890(2) 244
015  45969(1) 2.9802(2) 62.980(3) 146
0.2 45983(2) 2.9858(3) 63.130(5) 151

En este caso, a diferencia de lo que sucede en el método del poliol, todo
indica que las cantidades de cromo y antimonio presentes en las muestras
concuerdan con las estequiométricas, tal y como se puede deducir de los
espectros DEX de la figura 6.9, que pertenecen a las muestras CrySbhyTi;-2xO>
tratadas térmicamente a 800 °C durante 1 h, con x=0.05, 0.1 y 0.2. Se puede
observar que el aumento de dopante causa un aumento lineal en cantidad
detectada, ademas de no haber mayor cantidad de uno de ellos respecto al otro,
como si sucedia en el caso del poliol, donde la cantidad de antimonio
encontrada era mayor que la de cromo. Con estos datos obtenidos es razonable
pensar que en este caso el mecanismo de la reaccion no incluya al Sb** como
en el caso del poliol, sino que sea el propuesto anteriormente, es decir: 2Ti**
— Cr**y Sb®. Modelo que explicaria de forma sencilla la electroneutralidad

y el incremento de volumen de la celda unidad.
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Figura 6.9. Espectros DEX de las muestras de CrxSbxTii12xO2 tratadas térmicamente a
800 °C durante 1 h: a) x=0.05; b) x=0.1y ¢) x=0.2.
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Los espectros de UV-Vis de las muestras de CryShyTi;2xO; tratadas
térmicamente a 800 °C durante 1 h se muestran en la figura 6.10. No se
aprecian en los mismos diferencias significativas respecto a los vistos en el

caso del poliol, asi que la asignacion de las bandas sera la misma:

La banda que aparece sobre 400 nm se atribuye al proceso de
transferencia de carga O — Ti*" que se produce en el rutilo.!” Esta banda es
comun en todos los casos, ademas en las muestras dopadas aparecen dos
bandas mas sobre 450 y 720 nm. La primera, que aparece después de la banda
de transferencia de carga, se asocia con la transferencia de carga Cr3* — Ti%*.18
La segunda esta asociada con la transicion permitida de espin “Ayg — *T14 (F)

del cation Cr®* en coordinacion de 6xido octaédrico. 1°
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Figura 6.10. Espectro UV-Vis DR de las muestras de CrxSbxTi1-2xO2 tratadas térmicamente
a 800 °C durante 1 h.
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Los colores de todas las composiciones de las muestras de
CrShyTi1-2xO, tratadas térmicamente durante 1 h a 800, 1000 y 1200 °C se
pueden observar en la fotografia de la figura 6.11. Se puede ver que en todos
los casos se obtienen colores naranja brillantes, siendo méas intensos en los
casos de 1200 °C.

800 °C

1000 °C

Figura 6.11. Fotografia de los nanopigmentos de CrxSbxTii2xO> tratados térmicamente
durante 1 h a 800, 1000 y 1200 °C.

La figura 6.12 muestra los valores de las coordenadas cromaticas
respectivas. En general los valores de las muestras tratadas térmicamente a 800
°C durante 1 h guardan un mayor parecido con las equivalentes obtenidas en
el método del poliol, tal y como puede observarse también en las fotografias
correspondientes (figuras 5.11 y 6.11), mientras que las muestras de 1000 y

1200 °C son mas dispares.

Centrandonos en las muestras hidrotermales, las muestras de 800 y
1000 °C tienen una tendencia similar entre ellas, el aumento de dopante causa
en general una disminucion en los valores de los parametros a” y b* de los

pigmentos. En el caso de 1200 °C la tendencia no esta tan clara.
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Figura 6.12. Coordenadas crométicas de las muestras de CrxShxTi12xO2 tratadas
térmicamente durante 1 h a: a) 800 °C, b) 1000 °C y c) 1200 °C.
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El potencial Z de las muestras CrySbyTi1.oxO; tratadas térmicamente a
800 °C durante 1 h con valores de x=0.05 y x=0.1 se muestra en la figura 6.13.
Los puntos isoeléctricos (valor de pH donde la carga superficial esta
equilibrada y por tanto se tiende a la aglomeracion) son a pH 6 y 7
aproximadamente. Estos valores son ligeramente mas grandes que los
encontrados en el método del poliol, aunque se encuentran igualmente en el
rango de la bibliografia.?®-?? Es a partir de pH 9 donde se encuentran valores
mayores de -30 mV, por tanto, en estos valores se tenderd a una menor
aglomeracion de los nanopigmentos. Valores por tanto a los que es

recomendable preparar las dispersiones para evitar la aglomeracion.

4 ® m x=0.05

Potencial Zeta (mV)
3

Figura 6.13. Potencial Zeta y punto isoeléctrico de las muestras de CrxShyTi1-2xO> tratadas

térmicamente a 800 °C durante 1 h :m x=0.05;  x=0.1
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6.3.2. Pruebas de esmaltado

Las pruebas de esmaltado fueron realizadas del mismo modo y con las
mismas condiciones que en los pigmentos de CryShyTi;-2xO, obtenidos con el
método del poliol. Se utilizé la misma frita comercial y el mismo porcentaje
de pigmento (5% en peso). Para homogeneizar la mezcla se utiliz6 un mortero
de &gata durante 20 minutos afiadiendo pequefias cantidades de EtOH, se seco
en horno a 80 °C durante 30 minutos y se prensd con una prensa hidraulica en
forma de pastillas. Finalmente se utiliz6 una rampa de 50 minutos para llegar

a 1050 °C y se mantuvo 5 minutos a esta temperatura.

En este caso se utilizo el pigmento de Crg3Sho o3 Tio.9402 con las mismas
condiciones que en el método del poliol: sin tratar térmicamente y tratando
durante 1 h a 800, 1000 y 1200 °C, asi como la frita sola utilizada como
referencia. En la figura 6.14 se muestra una fotografia de los ensayos y en la
figura 6.15 se muestran los valores de sus coordenadas cromaticas
correspondientes. EI comportamiento observado es similar al observado en el
método del poliol. En todos los casos, incluso el que no esta tratado
térmicamente, presentan coloraciones intensas, con valores de coordenadas

cromaticas parecidos a los reportados en la bibliografia.*

a) b) c) d) e)

Figura 6.14. Fotografia de esmaltes coloreados obtenidos de mezclas de fritas con
pigmentos de Cro.03Sho.03Tio.9402 tratados térmicamente a distintas temperaturas durante 1
h: a) solo frita; b) precipitado sin tratar; ¢) 800 °C; d) 1000 °C y e) 1200 °C.
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Figura 6.15. Coordenadas cromaticas de esmaltes coloreados obtenidos de mezclas de fritas
con pigmentos de Cro.03Sbho.03Ti0.940> tratados térmicamente a distintas temperaturas durante
1 h: a) solo frita; b) precipitado sin tratar; c) 800 °C; d) 1000 °C y e) 1200 °C.

6.4. Conclusiones

Se han preparada una serie de nanopigmentos de CrcSbyTiz.xO2 con
composicién nominal 0 < x < 0.2 mediante el método hidrotermal. Los
precipitados obtenidos presentan fase cristalina anatasa. Estos han sido
tratados térmicamente durante 1 h a temperaturas de 800 hasta 1200 °C, para
obtener rutilo como Unica fase cristalina presente, confirmandose mediante

DRX y espectroscopia Raman.
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En las muestras tratadas térmicamente a 800 °C durante 1 h el
mecanismo que se propone corresponde a una disolucion sélida donde el Ti es
sustituido por Cr y Sb, siendo el mismo mecanismo que el propuesto para las
muestras obtenidas mediante el método del poliol. Este mecanismo concuerda
con los datos obtenidos para los parametros de celda unidad, donde se produce
un aumento en el volumen de la celda unidad con el incremento de la cantidad
de Cry Sh. Los datos obtenidos de los espectros UV-Vis, DEX y Raman de

las muestras tratadas a 800 °C durante 1 h refuerzan el mecanismo propuesto.

De los espectros de DEX, ademas, se aprecia que los contenidos de
cromo y antimonio en los nanopigmentos son préximos a los de la
estequiometria nominal. Mediante las MEB y MET podemos ver que las
nanoparticulas tratadas térmicamente a 800 °C durante 1 h son particulas de
menos de 100 nm, discretas y con morfologias bien definidas, mejorando asi
los resultados obtenidos con el método del poliol, tanto en relacién a las

cantidades de dopantes presentes como a la morfologia de los nanopigmentos.

Los nanopigmentos obtenidos, tratados térmicamente durante 1 h desde
800 a 1200 °C, presentan una coloracion naranja con distintas tonalidades en
todo el intervalo 0 < x < 0.2, obteniendo coloracion ademas en pruebas de
esmaltado, lo que junto a valores de potencial Z satisfactorios los hacen, a falta

de pruebas posteriores, viables para su uso como nanopigmentos ceramicos.
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Fotodegradacion de naranja de
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Capitulo 7.

Resumen

En este capitulo se presenta la fotodegradacion de naranja de metilo
utilizando nanoparticulas Cr,Sbh-TiO; sintetizadas previamente mediante el

método hidrotermal.

Previamente al uso de las nanoparticulas en el proceso de fotocatalisis,
estas se sometieron a un tratamiento térmico de 350 °C durante 30 minutos
para eliminar TEOA 'y posibles restos organicos presentes en las
nanoparticulas. Los precipitados obtenidos estdn constituidos por
nanoparticulas discretas de formas y tamafios homogéneos. Los resultados
obtenidos mediante las diferentes técnicas de caracterizacion indican que se

trata de disoluciones sdlidas de Cr y Sb con estructura de anatasa.

Para el estudio de fotocatalisis se utiliz6 como fuente de radiacion luz

visible y UV, obteniendo los resultados mas 6ptimos con radiacion visible.
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7.1 Introducciodn

Una vez comprobada la aplicacion de las nanoparticulas como
nanopigmentos parece interesante ampliar el uso de las mismas a otros campos
de aplicacidn. La fotocatalisis, como se ha visto en la introduccion general, es
un campo muy activo y de gran importancia a nivel medioambiental y
energético.' 1% De entre los dos sistemas estudiados en la presente tesis, el TiO,
es con diferencia el mas utilizado y efectivo en muchos procesos de

fotocatalisis,!*™* por lo cual sera el elegido para dichos estudios.

Para solventar la limitacion del TiO; de absorber mayoritariamente luz
UV, un modo eficaz para que absorba también luz visible, es dopar el TiO, con
metales, no metales o una combinacion de los dos. En el caso de las
nanoparticulas de Cr,Sb-TiO, este problema parece a priori solventado, de
hecho, varios autores han puesto de manifiesto la actividad fotocatalitica de las
mismas, preparadas mediante distintos métodos de sintesis, ya sea como
Cr,Sb-TiO, o como Cr-TiO,.1*'® Aunque Kato y Kudo exponen que el
codopado con cromo Yy antimonio les proporciona mayor actividad
fotocatalitica que el dopado tan solo con cromo, lo cual asocian a la

electroneutralidad alcanzada con el codopado.t®

Por otra parte, se ha demostrado recientemente que los mesocristales de
TiO, con fase cristalina anatasa, constituidos por bloques de nanocristales con
una orientacion comun, podrian ser favorables para mejorar la separacion de
cargas bajo irradiacién dando lugar a cargas de larga duracién y como

consecuencia mejorando la actividad fotocatalitica.®

El objetivo de este capitulo es determinar de entre las muestras de

CrShyTi1.2x0, obtenidas hidrotermalmente, las que puedan ser 6ptimas para el
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proceso fotocatalitico, su caracterizacion y posterior aplicacion para la

degradacion de naranja de metilo (NM) utilizando luz visible y UV.

7.2 Procedimiento experimental

7.2.1. Sintesis

Tal como se ha visto en la introduccion general, habitualmente la anatasa
es la fase cristalina de TiO, activa en fotocatalisis, por tanto, parece razonable
que de entre los dos métodos utilizados en la sintesis de estas nanoparticulas
(capitulos 5 y 6), se opte por el método hidrotermal, donde se vio que se
obtenia directamente esta fase cristalina. Asi, las muestras utilizadas fueron las
obtenidas utilizando el método hidrotermal. Este método de sintesis da como
resultado nanoparticulas de TiO, estabilizadas con TEOA,? por lo que para la
eliminacion de TEOA vy de los restos organicos que ain puedan quedar en los
productos obtenidos, serd necesario un tratamiento térmico a baja temperatura.

Asi se obtendran muestras puras de Cr,Sb-TiO,.

7.2.2. Técnicas de caracterizacion

En la caracterizacion de las nanoparticulas y el seguimiento de la
fotodegradacion fueron empleadas las siguientes técnicas: la difraccion de
rayos X, analisis térmico diferencial y termogravimétrico, espectroscopia
infrarroja (FTIR Agilent modelo Cary 630), espectroscopia Raman (Horiba
modelo XploRA con laser de 785 nm), espectroscopia ultravioleta-visible de
reflectancia  difusa, espectroscopia ultravioleta-visible, microscopia
electronica de barrido, microscopia electrénica de transmision 'y

espectroscopia de dispersion de energias de rayos X. Los equipos que fueron
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utilizados y las condiciones de trabajo se encuentran detallados en el apartado
1.7. del capitulo 1, entre paréntesis se especifica el modelo de equipo utilizado

en el caso de que hubiera varios.

7.2.3. Proceso de fotocatalisis

Las reacciones fotocataliticas se llevaron a cabo en un reactor
fotoquimico artesanal construido en nuestro laboratorio, provisto de
refrigeracion liquida en continua agitacion para mantener constante la
temperatura de trabajo a 25 °C. En este reactor se sumergen los contenedores
donde se produciran las reacciones. Estos contenedores cilindricos segun sea
el ensayo con luz visible o UV, son de vidrio o cuarzo respectivamente, ademas

se encuentran a presion atmosférica y en continua agitacion.

La fuente de luz visible empleada fue una lampara halogena de 240 W
con un filtro de corte UV (A>400 nm), siendo la distancia entre la lampara y la
superficie de la dispersion de 25 cm. Para los ensayos con luz UV se empled
una lampara Philips TUV T5 16W/G16 con emision de radiacion UV-C a
253.7 nm de longitud de onda, la distancia de trabajo en este caso fue de 10

cm.

Como contaminante organico se emple6 NM con una concentracion de
0.01g/L (10 ppm). Como blanco se utilizé el mismo NM sin afiadir ningun
fotocatalizador y como referencia se utilizé Degussa P25, que se trata del TiO,
comercial méas utilizado como referencia en este tipo de ensayos. Este TiO,
P25 tiene ciertas caracteristicas que lo hacen iddneo para estos ensayos:
contiene fase cristalina anatasa (en torno a un 70% en peso), ademas de rutilo
y fase amorfa y a nivel morfoldgico esta compuesto de nanoparticulas de entre
20 a 30 nm.
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En un experimento tipico se emple6 0.075 g de fotocatalizador junto con
50 mL de la disolucion de NM, se dejoé 10 minutos en oscuridad para que
alcanzase el equilibrio adsorcion-desorcion y se empezd la exposicion.
Extrayendo 3 mL cada cierto intervalo de tiempo, los cuales se centrifugaron
para eliminar el catalizador y se registro el espectro de UV-vis, siguiendo el

maximo de absorbancia del NM a 464 nm.

7.3 Resultados y discusiones

7.3.1. Caracterizacion de las nanoparticulas

En la figura 7.1 se muestran los difractogramas de DRX de los
precipitados obtenidos mediante el tratamiento hidrotermal de las muestras con
composicién nominal Cr,ShyTi1-2xO2, con valores de 0 <x <0.2, tal cual fueron
obtenidas. Como puede verse en la figura, a partir de valores de x=0.1 y hasta
x=0.2, la fase cristalina rutilo se presenta como secundaria, por lo que se
decidié que las muestras utilizadas en este estudio de fotodegradacion fueran

las correspondientes a las composiciones nominales x=0, 0.03, 0.05y 0.1.

Para disefiar el tratamiento térmico utilizado para eliminar los restos
organicos de las nanoparticulas se obtuvieron los ATD/TG de las muestras, los
cuales se muestran en la figura 7.2. Como puede observarse en torno a 350 °C
se ha practicamente completado la pérdida de peso en las muestras, esta
pérdida se puede asociar a agua y restos organicos. Por tanto, los tratamientos
térmicos se realizaron a esta temperatura, con una rampa de 10 °C/min y con

una duracién de 30 minutos.

164



Capitulo 7.

x=0.2
M0 oy (1 x=0.15
¢ ¢ o
s x=0.125
=
=
.'CEQ x=0.1
E I N M|
s x=0.05
=
=P
2 101
= U e x=0.03
(200) (105) (211)
e AU R
*
x=0
*
* | % f\ n,
T T =

20 25 30 35 40

45 50 55 60

20 (grados)

Figura 7.1. Patrones de DRX de las muestras de CrxSbxTi1-2xO> tal cual obtenidas, % indica

anatasa y 4 indica rutilo.

Utilizar la temperatura mas

baja posible para realizar este tratamiento

térmico es de vital importancia, ya que con el aumento de temperatura se va

favoreciendo la evolucion de la fase cristalina anatasa a rutilo, cosa que se

desea evitar, ademas de que

microestructural.

se pueden provocar cambios a nivel
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Figura 7.2. ATD-TG de las muestras de CrxSbhxTi1-2xO2 con a) x=0, b) x=0.03, c) x=0.05y
d) x=0.1.

Para comprobar la efectividad del tratamiento térmico se registraron los
espectros de UV-Vis de la muestra sin dopar tal cual se obtuvo (80 °C), la
tratada térmicamente a 350 °C durante 30 minutos y el TiO, P25 como
referencia. De los resultados, que se muestran en la figura 7.3, se puede
comprobar como la mayor parte de TEOA ha sido eliminada, desapareciendo
la absorbancia producida por las nanoparticulas de TiO, estabilizadas con
TEOAZ? entre 400 y 800 nm.

Para comprobar la eliminacion de TEOA de las muestras dopadas no
sirven los espectros de UV-Vis ya que presentan una banda sobre 450 nm,
correspondiente a la transferencia de carga Cr®* — Ti*", que interfiere con la

de la banda generada por la interaccion del TiO, con TEOA.%

166



Capitulo 7.

~ 12
o
-
[~
@ 1.0-
<
5
.E 0.8 1
-
A
S 06-
=
= 1
2 044
=)
n
= x=0 350 °C
< 02
P25 M
0.0

T T T T T T T T T T s T 8 1 !
200 300 400 500 600 7700 800 900 1000
Longitud de onda (cm™)

Figura 7.3. Espectro UV-Vis de la muestra sin dopar tal cual se obtuvo (80 °C), tratada
térmicamente a 350 °C durante 30 minutos y la P25.

Para realizar esta comprobacion y ademas reforzar los datos obtenidos
por UV, se van a emplear los espectros de IR, los cuales se muestran en la
figura 7.4, donde ademaés de las muestras tal cual se obtuvieron y las tratadas
térmicamente a 350 °C durante 30 minutos, se incluye el espectro de TEOA.
En los espectros correspondientes a las muestras tal cual se obtuvieron, los
cuatro inferiores, se observan bandas a 2967, 2898, 2844, 1113 y 1075 cm
que corresponden a TEOA. Estas bandas no se encuentran presentes en las
muestras tratadas térmicamente a 350 °C durante 30 minutos, como puede
verse en los espectros correspondientes, los cuatro superiores. A 1630 cm*
todas las muestras presentan una banda, la cual estd relacionada con las
vibraciones de plegado en grupos hidroxilo (Ti-O-H).?22 En las muestras

tratadas térmicamente a 350 °C durante 30 minutos aparecen nuevas bandas a
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2340 cm que se puede asociar a CO, adsorbido,?* y a 1545 y 1345 cm™, que
se pueden asociar a la presencia de (bi)carbonatos.?* Todas estas bandas van
disminuyendo o incluso desapareciendo con el aumento de la cantidad de

dopante.

Absorbancia (unidades arb.)

TEOA

4000 3500 3000 2500 2000 1500 1000

Longitud de onda (cm'])

Figura 7.4. Espectro IR correspondiente a toda la serie de muestras de CrxSbxTi1-2xO», tal
cual se obtuvieron (los cuatro espectros inferiores), tratadas térmicamente a 350 °C durante
30 minutos (los cuatro espectros superiores) y el espectro de TEOA. A indica TEOA, =
indica CO,, @ indica Ti-O-H y % indica (bi)carbonato.

Una vez confirmada la eliminacion de TEOA de las nanoparticulas
tratadas térmicamente a 350 °C durante 30 minutos, se pasard a su

caracterizacion en mayor detalle.
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En la figura 7.5 se muestran los patrones de DRX de las muestras de
CrySbyTi1-2xO- tratadas térmicamente a 350 °C durante 30 minutos. Pudiendo
observarse tal y como se ha comentado previamente, que hasta valores de
x=0.05 tan solo se encuentra presente la fase cristalina anatasa, con picos en
valores 20° de 25.3, 36.9, 37.7, 38.5, 48.0, 53.84, 55.1 y 62.7 (PDF 00-21-
1272). Detectandose para la muestra x=0.1 picos adicionales a 27.4, 36.0, 41.2
20°, los cuales corresponden a la fase cristalina rutilo (PDF 00-021-1276).

x=0.1

x=0.05

x=0.03

I G N U

(101)

Intensidad (unidades arb.)

(004) (200) (211)
* (112) (105) (204)

J (103),% n N *
15 20 25 30 35 40 45 50 55 60 65
20 (grados)

x=0

Figura 7.5. Patrones de DRX de las muestras tratadas térmicamente a 350 °C durante 30
minutos. % indica anatasa y 4 indica rutilo.
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Observando mas detenidamente los picos a bajo y alto angulo 26° se
puede observar un desplazamiento de los mismos, que se incrementa con la
cantidad de dopante, tal y como puede verse en la figura 7.6. Este hecho como
se ha visto en anteriores capitulos es indicativo de la formacion de la disolucion

solida en todo el intervalo de composiciones estudiado.
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Figura 7.6. Patrones de DRX a bajos y altos angulos 26° de las muestras de CrxShxTi1-2xO2

tratadas térmicamente a 350 °C durante 30 minutos, todos los picos pertenecen a anatasa.

Los espectros Raman de las muestras tratadas térmicamente a 350 °C
durante 30 minutos se muestran en la figura 7.7, observandose bandas a 142,
195, 389, 510 y 635 cm?, estas tres Ultimas se muestran ademas en

ampliaciones en los recuadros de la figura. Todas estas bandas corresponden a
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la estructura anatasa.?®> En la muestra con x=0.1 también se puede observar

una pequefia banda a 440 cm la cual esta asociada a la fase rutilo.?®
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Figura 7.7. Espectro Raman de las muestras de CrxShxTi1.oxO- tratadas térmicamente a

350 °C durante 30 minutos. X indica anatasa y 4 indica rutilo.
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En la tabla 7.1 se muestra el tamafio de cristalito obtenido, de las
muestras tratadas térmicamente a 350 °C durante 30 minutos, aplicando la
ecuacion de Scherrer, para lo que se tuvo en cuenta la correccion de la anchura
instrumental usando LaBg como estandar y se utilizé la direccion [101] para el
calculo. De los valores obtenidos se puede deducir una variacion no
significativa de los tamafios de cristalito de las muestras en el intervalo de

composiciones estudiado.

Tabla 7.1. Tamaiio de cristalito de las muestras de CrxShxTi1-2xO2 tratadas térmicamente a
350 °C durante 30 minutos.

Muestras x=0 x=0.03 x=0.05 x=0.1
Tamafo
cristalito (nm) 26 (2) 29 (3) 27 (3) 22 (3)

La evolucion de la microestructura con la cantidad de dopante, de las
muestras de Cr,ShyTi;-2xO; tratadas térmicamente a 350 °C durante 30 minutos,
se puede apreciar en las figuras 7.8 y 7.9 que corresponden a las micrografias
de MEB y MET respectivamente. En la muestra sin dopar se pueden observar
nanoparticulas con morfologia esférica no agregadas y con tamafios en torno a
20 nm. Las muestras dopadas por contra van modificando gradualmente esta
morfologia, obteniéndose cada vez particulas mas irregulares, pasando de una
morfologia esférica en la muestra sin dopar a una morfologia elipsoidal en las
muestras dopadas, aunque el tamario de todas las muestras se encuentra por

debajo de los 100 nm x 50 nm en todos los casos.

Los recuadros de las micrografias de MEB de la figura 7.8, donde se
muestra una ampliacion de las particulas (barra de escala 50 nm), revelan que

la superficie de estas particulas es mas bien rugosa, lo que implica que estan
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formadas por nanoparticulas primarias muy pequefias. Este hecho se puede
observar mas claramente en la figura 7.10, la cual pertenece a una ampliacion
de una micrografia de MET de la muestra CrgosSboosTio9O, tratada
térmicamente a 350 °C durante 30 minutos, donde puede observarse que la
nanoparticula se encuentra formada por ensamblajes de particulas primarias de

unos 4 nm.

Figura 7.8. Micrografia de MEB de las muestras de CrxShxTi1-2xO2 tratadas térmicamente a
350 °C durante 30 minutos con a) x=0, b) x=0.03, ¢) x=0.05 y d) x=0.1, barra de escala de

los recuadros 50 nm.
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Figura 7.9. Micrografia de MET de las muestras de CrxSbxTi1-2xO> tratadas térmicamente a
350 °C durante 30 minutos con a) x=0, b) x=0.03, ¢) x=0.05 y d) x=0.1.

Figura 7.10. Micrografia de MET de la muestra de Cro.05Sbo.os Ti0.90O2 tratada térmicamente
a 350 °C durante 30 minutos.
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La representacion del volumen de celda frente a la cantidad de dopante
y los valores de los parametros de red, de las muestras de CryShyTi;-2xO2
tratadas térmicamente a 350 °C durante 30 minutos, que se muestran en la
figura 7.11 y en la tabla 7.2 respectivamente, se obtuvieron utilizando el
software FullProf Suite. En el caso de la fase cristalina anatasa el
comportamiento es similar al observado para el rutilo en los capitulos 5y 6, el
aumento de dopante provoca un aumento en el volumen de celda unidad,
aungue en este caso ese aumento casi lineal se produce hasta valores de x=0.05,
en x=0.1 parece que tiende a estabilizarse, o por lo menos a no aumentar en

igual medida.

137.4
£~ 137.2 —
137.0—-
136.8—-
136.6—-

136.4

Volumen celda unidad (A’
:
N

136.0 -

| ! | ! | ! | ! | ! I
0.00 0.02 0.04 0.06 0.08 0.10
Contenido de cromo y antimonio, x

Figura 7.11. Volumen de la celda unidad de las muestras de CrxSbxTi12xO> tratadas

térmicamente a 350 °C durante 30 minutos.
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El mecanismo por el que sucede este aumento es el mismo propuesto en
los capitulos 5y 6 para el rutilo, es decir un mecanismo de disolucidon sélida,
donde 2Ti*" son sustituidos por Cr3*y Sb®*, de radios i6nicos mayores,?’ y por

tanto son los responsables del aumento del volumen de la celda unidad.

Tabla 7.2. Datos cristalograficos y detalles del refinamiento Rietveld de las muestras de

CrxShxTi1-2xO> tratadas térmicamente a 350 °C durante 30 minutos.

Muestras x=0 x=0.03 x=0.05 x=0.1
a=b (A) 3.7844 (1) 3.7908 (1) 3.7947 (1) 3.7984 (1)
c (A) 9.5000 (2) 9.5016 (2) 9.5075(2) 9.5111(3)
Volumen (A% 136.054 (4) 136.540 (4) 136.908 (5) 137.228 (7)
Anatasa (%0) 100 100 100 75
Rutilo (%0) 0 0 0 25
Rwp 8.82 9.06 7.15 6.89
Rexp 5.78 551 5.52 5.6
Chi2 2.33 2.7 1.67 1.51

De los espectros DEX de las muestras de CreShyTiioxO, tratadas
térmicamente a 350 °C durante 30 minutos, figura 7.12, se observa un aumento
de las cantidades de cromo y antimonio con el aumento de dopante. En este
caso, igual que sucedia en el caso del rutilo preparado hidrotermalmente
(capitulo 6), no se observa un desfase en las cantidades de cromo y antimonio
detectadas en las composiciones estudiadas, siendo las cantidades de ambos

cationes similares en cada una de las composiciones.
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Figura 7.12. Espectros DEX de las muestras de CrxShxTi1-2xO> tratadas térmicamente a

350 °C durante 30 minutos: a) x=0, b) x=0.03, c¢) x=0.05y d) x=0.1.

En la figura 7.13 se muestran los espectros de UV-Vis de las muestras
de CryShyTi1-2xO; tratadas térmicamente a 350 °C durante 30 minutos. En todas
las muestras aparecen bandas sobre 216, 250 y 320 nm que son caracteristicas
de nanoparticulas de TiO,.2%% En las muestras dopadas aparecen nuevas
bandas sobre 450 y 700 nm. La banda sobre 450 nm se asocia con la
transferencia de carga Cr¥* — Ti**.?! Mientras que la banda sobre 700 nm esta
asociada con la transicién permitida de espin “Ayq — 4T14 (F) del catién Cr3*

en coordinacion octaédrica de aniones 6xido.
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Figura 7.13. Espectro UV-Vis DR de las muestras de CrxShxTi1-2xO> tratadas térmicamente
a 350 °C durante 30 minutos.

7.3.2. Fotocatalisis

Un dato muy importante para entender los resultados de los
experimentos de fotocatalisis es el valor de banda prohibida, que es la
diferencia de energia entre la parte superior de la banda de valencia y la parte
inferior de la banda de conduccion (visto en el capitulo 1). Dopando el TiO, se
consigue reducir esta diferencia de energia, permitiendo la absorcion de luz

visible y activando el proceso de fotodegradacion.

Para comprobar el efecto de la eliminacion de TEOA de las muestras se
van a incluir las muestras que no estan tratadas térmicamente en el estudio
fotocatalitico. Previamente a pasar a ver los resultados parece interesante

conocer los valores de banda prohibida de las muestras utilizadas. En la tabla
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7.3 se encuentran los valores calculados de banda prohibida para las muestras
sin tratar termicamente, las tratadas a 350 °C durante 30 minutos y la P25.
Como puede observarse el tratamiento térmico no afecta a los valores de banda
prohibida, no asi el dopante que si que produce una disminucion importante de
la energia, estos valores son parecidos a los reportados previamente para el
sistema CryTi;.xO2.3! Por otra parte, tal como se podria esperar, los valores de

banda prohibida que tienen las muestras sin dopar y la P25 son muy parecidos.

Tabla 7.3. Valores de banda prohibida de las muestras de CrxShxTii2xO2 sin tratar

térmicamente, tratadas térmicamente a 350 °C durante 30 minutos y de la P25.

Banda prohibida (eV)
muestras P25 x=0 x=0.03 x=0.05 x=0.1
80°C 330 3.24 2.20 2.03 2.09
350°C 3.30 2.20 2.23 2.13

La eficiencia de degradacion del NM se va a expresar como C/C,, siendo
Co la concentracion inicial de NM (10 ppm) y C la concentracion de NM

durante el proceso de degradacion.

En la figura 7.14 se muestran los resultados del proceso de fotocatalisis,
de las muestras tratadas térmicamente a 350 °C durante 30 minutos, utilizando
luz visible (a) y luz UV (b). En el caso de emplear luz visible tan solo presentan
actividad las muestras dopadas, funcionado mejor la muestra con x=0.05 que
la x=0.03 y x=0.1, esta Gltima cabe destacar que presenta tan solo un 75% de
fase cristalina anatasa. La P25 y la muestra x=0 no presentan practicamente
ninguna actividad, ademas en las condiciones de trabajo el blanco utilizado no
se ve afectado. Utilizando como fotocatalizador la muestra x=0.05, en torno a
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los 90 minutos del proceso, practicamente el 100% del NM se ha degradado.
En el caso de la muestra con menor cantidad de dopante, x=0.03, a los 90

minutos la degradacion de NM se encuentra alrededor de un 80%.

Si se cambia la fuente de radiacion de luz visible a luz UV (figura 7.14
b) para las muestras dopadas los rendimientos empeoran respecto a las
condiciones en luz visible, aunque en el peor de los casos son equiparables a
los de la P25, que en este caso si que pone de manifiesto su caracter
fotocatalitico, obteniendo actividad fotocatalitica parecida a la del resto de
muestras. Es conveniente recordar que la P25 presenta por si misma un grado
importante de actividad fotocatalitica cuando se emplea luz UV. El blanco en
estas condiciones tampoco se ve afectado, no presentado ninguna degradacion

significante.

Comparando los resultados obtenidos mediante las dos fuentes de
radiacion y fijandonos en la P25 y la muestra con x=0.05 se puede comprender
claramente la ventaja del dopado, es decir, la extension de la actividad

fotocatalitica desde la region UV hasta la region visible.

Estos resultados son muy importantes para la aplicabilidad
medioambiental en entornos fuera de laboratorio donde, como se ha visto en
la introduccion, la luz solar que nos llega estd compuesta por un bajo
porcentaje de radiacion UV frente a la visible, aprovechando por tanto maés

eficientemente la radiacion disponible.
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Figura 7.14. Degradacién fotocatalitica de NM utilizando las muestras de CrxShyTi1-2xO2
tratadas térmicamente a 350 °C durante 30 minutos, la P25 y un blanco de NM. Empleando
a) Luz visible y b) luz UV.
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En la figura 7.15 se muestra una fotografia donde se puede observar la
evolucién de la fotodegradacion con el tiempo, empleando la muestra
Cro.05Sh0.05 Tip 9O, tratada térmicamente a 350 °C durante 30 minutos utilizando
luz visible. Puede verse cdmo va disminuyendo la intensa coloracion naranja

inicial para practicamente desaparecer a los 60 minutos de reaccion.

Figura 7.15. Fotografia de diferentes intervalos de tiempo del proceso de fotodegradacion
de NM, utilizando luz visible y correspondiente a la muestra Cro.05Sbo.osTio9O2 tratada
térmicamente a 350 °C durante 30 minutos.

Para comprobar la vida atil de los fotocatalizadores se han realizado
pruebas de reciclado de los mismos, los resultados de los cuales se encuentran
en la figura 7.16. Para la realizacion se empled la muestra con mayor actividad
fotocatalitica, la x=0.05 tratada térmicamente a 350 °C durante 30 minutos,
junto con la fuente de luz con mejor rendimiento, es decir, empleando luz
visible. Se puede observar que incluso después de 10 ciclos de reutilizacién

tan solo disminuye un poco el rendimiento del fotocatalizador.
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Figura 7.16. Ciclos de reciclado del catalizador, Cro.05Sbo.0sTio.9O2 tratado térmicamente a
350 °C durante 30 minutos, bajo luz visible.

En la figura 7.17 se muestra el proceso de degradacién catalitica /
adsorcion de NM en oscuridad para las muestras dopadas de CrySbyTi;-2xOo,
tratadas térmicamente a 350 °C durante 30 minutos. Como puede observarse
los valores de degradacion-adsorcion a los 90 minutos se encuentran entre un
15-30%, dependiendo de la muestra. Estos valores en cualquier caso son bajos

respecto al proceso de fotocatalisis con luz visible.
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Figura 7.17. Degradacion catalitica / adsorcion de NM en oscuridad, junto con las muestras

dopadas de CrxShxTi1-2xO2 tratadas térmicamente a 350 °C durante 30 minutos.

Como ultimo ensayo merece la pena probar las muestras de
CrShyTi1-2xO- sin tratar térmicamente, es decir las que aun presentan TEOA,
para comprobar si la presencia de la misma influye en el proceso de

fotocatalisis.

Como puede verse en la figura 7.18 donde se muestran los resultados
utilizando luz visible (a) y luz UV (b), para las muestras de CrySbhyTi1-2xO> sin
tratar térmicamente con x=0 y x=0.05. En ningun caso el proceso de
fotocatalisis tiene lugar. Una posible explicacion de este hecho puede ser que
la presencia de TEOA impida la interaccion entre el TiO, y el NM por algun
tipo de efecto estérico, o que no esté disponible el TiO, debido a algun tipo de

interaccion con TEOA.
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Figura 7.18. Degradacion fotocatalitica de NM utilizando las muestras de CrxShxTi1-2xO2
sin tratar térmicamente, la P25 y un blanco de NM. Empleando a) Luz visible y b) luz UV.
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7.4 Conclusiones

Se han estudiado las particulas precipitadas con composiciones de 0 <
X < 0.1 preparadas mediante la via hidrotermal como potenciales
fotocatalizadores en la degradacion de la molécula organica modelo naranja de
metilo. Las nanoparticulas preparadas presentan estructura de anatasa como
fase Unica en un intervalo reducido de composiciones, apareciendo una fase
secundaria minoritaria con estructura de rutilo para composiciones con valores
de x superiores a 0.05. Mediante andlisis térmico se disefio el tratamiento
térmico adecuado para eliminar la molécula estabilizadora de las
nanoparticulas preparadas, concluyendo que a 350 °C durante un breve periodo
de tiempo no se produciran cambios microestructurales sustanciales en las
muestras preparadas. Mediante MEB y MET se observan nanoparticulas
dispersas de morfologia esférica y tamarfio en torno a los 20 nm para la muestra
no dopada, morfologia que va evolucionando con el aumento de la cantidad de
dopante a una morfologia elipsoidal mas irregular, aunque con tamafos de

particula por debajo de los 100 nm x 50 nm en todos los casos.

De los resultados del estudio fotocatalitico se puede concluir que es
necesario el tratamiento térmico para que tenga lugar la fotodegradacion del
NM. El comportamiento de las muestras tratadas térmicamente a 350 °C
durante 30 minutos cuando se utiliza luz UV es muy parecido en todos los
casos, siendo equiparable a los resultados obtenidos con la referencia P25.
Empleando luz visible se pone de manifiesto la gran mejora que produce el
dopado en estas nanoparticulas mesocristalinas, adquiriendo las muestras
dopadas y tratadas térmicamente a 350 °C durante 30 minutos, actividad
fotocatalitica en el visible, en contraposicion con la P25 y la muestra que no

esta dopada (x=0), las cuales no presentan casi ninguna actividad.
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8. Conclusiones generales

Se han preparado nanoparticulas basadas en TiO; y ZrO, mediante las
técnicas poliol e hidrotermal, que nos han permitido el control de
caracteristicas importantes en las propiedades y por tanto en las posibles
aplicaciones de dichas nanoparticulas. Mediante ambos procedimientos
sintéticos se han podido controlar la estructura cristalina, el tamafio y forma de
las nanoparticulas y su dispersabilidad en dispersion acuosa. Las diferentes
caracteristicas estructurales, microestructurales y espectroscépicas se han
obtenido mediante las técnicas usualmente utilizadas en la Quimica del Estado
Solido, tales como: difraccién de polvo de rayos X, incluyendo refinamiento
Rietveld y determinacion del tamario de cristalito, espectroscopias Infrarroja,
Raman y Ultravioleta Visible, tanto en su modo de reflectancia difusa como
en disolucion, microscopias electronicas de barrido y transmision, incluyendo

microanalisis mediante energia dispersiva de rayos X y potencial Z.

En cuanto a las propiedades y por tanto potenciales aplicaciones
estudiadas, se refieren a la utilizacion como nanopigmentos ceramicos y

fotocatalizadores para la degradacion de productos organicos contaminantes.

En primer lugar y de forma general es de destacar que con el método del
poliol se obtienen nanoparticulas amorfas mientras que con el método
hidrotermal éstas son cristalinas, aunque dependiendo de la aplicacion
concreta en la que se deseen emplear se obtienen en la forma cristalina deseada
0 no. En todos los casos estas nanoparticulas tienen tamafos inferiores a los
100 nm. La caracterizacion de las mismas en todos los casos ha sido
satisfactoria, permitiendo determinar sus caracteristicas fundamentales y asi
poder efectuar los tratamientos necesarios para los requerimientos de cada

aplicacion concreta.
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En cuanto a las conclusiones a resaltar en los dos sistemas V-ZrO, y

Cr,Sb-TiO, preparados por ambas técnicas son las siguientes:

Sistema V-ZrO,

Los estudios preliminares realizados para establecer los pardmetros de
reaccién a utilizar en la preparacion de las nanoparticulas mediante la via del

poliol concluyeron que el poliol éptimo era el etilenglicol.

La diferencia mas significativa en este sistema es, como se ha
comentado, que mediante el método del poliol se obtienen nanoparticulas
amorfas mientras que con el método hidrotermal se obtienen directamente
nanoparticulas cristalinas con estructura de circona monoclinica. Es de
destacar que mediante méetodos no convencionales utilizando agua como

disolvente usualmente la forma cristalina obtenida es la tetragonal o cubica.

En las muestras preparadas mediante la técnica del poliol la primera fase
cristalina detectada en el tratamiento térmico es la fase tetragonal de la circona,
gue mediante un tratamiento adicional se transforma en monoclinica mediante
un proceso de transformacion de fase. EI mecanismo de formacién de los
nanopigmentos de V-ZrO, preparados esta de acuerdo con los mecanismos
anteriormente propuestos en la literatura. Obviamente el mecanismo se
completa en el caso de utilizar la técnica hidrotermal en la misma preparacion,

sin necesidad de tratamientos posteriores.

Las nanoparticulas preparadas por ambos métodos con tratamientos
térmicos a temperaturas superiores de 700-800 °C presentan morfologias y
tamafos parecidos, ademas en los dos casos tienen propiedades cromoforas
similares. No obstante, es de destacar que las nanoparticulas sintetizadas en el

método hidrotermal sin tratar térmicamente ya desarrollan coloracion.
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Capitulo 8.

Sistema Cr,Sb-TiO,

El estudio previo realizado para establecer los pardmetros de reaccion a
utilizar en la preparacion de las nanoparticulas mediante la via del poliol

concluyeron que el poliol 6ptimo era el trietilenglicol.

Mientras que la via poliol desarrolla un producto amorfo la via
hidrotermal genera un producto cristalino con estructura anatasa conteniendo
Cr y Sb en disolucién solida para contenidos de dopante inferiores a x<0.1.
Para mayores contenidos aparece una fase secundaria minoritaria con

estructura rutilo.

El tratamiento térmico de los precursores amorfos obtenidos mediante
la técnica poliol genera productos con estructura de anatasa a temperaturas
superiores a 400 °C y mediante un tratamiento térmico adicional a 800 °C todas
las composiciones preparadas presentan una Unica fase cristalina con
estructura rutilo. La transicion de fase anatasa a rutilo de las muestras

preparadas mediante la técnica hidrotermal se completa a 700 °C.

En estas nanoparticulas tratadas térmicamente si que hay diferencias
significativas en la morfologia de las nanoparticulas, siendo de formas mas

regulares y definidas las obtenidas mediante el método hidrotermal.

Mientras que las cantidades de los dos dopantes introducidas para la
formacion de la disolucion solida con estructura rutilo son similares en la via
hidrotermal, en las muestras preparadas por la via poliol se introduce una

cantidad superior de Sb que de Cr en la red huésped rutilo.

En la aplicacion como nanopigmentos, las diferencias en los resultados
obtenidos con los dos métodos de sintesis son minimas, en los dos métodos
ambas series de muestras generan coloraciones intensas en el vidriado tanto
las muestras sin tratar térmicamente como las tratadas a temperaturas de hasta
1200 °C durante 1 h.
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Conclusiones generales.

Las nanoparticulas de TiO, conteniendo Cr y Sb preparadas con la via
hidrotermal con estructura de anatasa y tratadas térmicamente a temperaturas
relativamente bajas para eliminar el estabilizador TEOA presentan eficiencia
en la degradacion de NM, tanto bajo luz Visible como UV, no siendo asi para
la muestra no dopada y la referencia P25 que tan solo presentan actividad en
el UV.
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Anexos.

Anexos

Debido a los requerimientos en el reglamento que regula la tesis doctoral
presentada como compendio de publicaciones, a continuacion se anexa copia
completa de los trabajos publicados y de los enviados para revision, los cuales

se presentaran en el orden en el que aparecen en los capitulos 3a 7:

e V/-containing ZrO; inorganic yellow nano-pigments

e V-containing ZrO, inorganic yellow nano-pigments prepared by
hydrothermal approach

e Cr- and Sh-containing TiO; inorganic orange nano-pigments prepared
by a relative long hydrocarbon chain polyol

e Hydrothermal-mediated synthesis of orange Cr, Sb-containing TiO,

nano-pigments with improved microstructure

e Enhanced visible light photocatalytic degradation of methyl orange by

mesocrystalline Cr and Sb-codoped anatase
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In this work we report new results on the preparation, characterization and color properties of the inorganic
yellow nano-pigmenting system based on monoclinic V-ZrO, solid solution nanoparticles. The series of
solid solution nanopowders were obtained by a polyol technique where the precipitates, obtained after
heating at 180 °C ethylene glycol solutions of vanadyl acetonate and zirconium n-propoxide, were
annealed at different temperatures up to 1300 °C for a short duration, in order to improve their
crystallinity and control the crystalline form of the final nanoparticles. On annealing at around 450 °C
highly crystalline tetragonal V-containing zirconia particles were developed, which transform into the
monoclinic form of the V-ZrO, solid solution after subsequent annealing at 800 °C. Interestingly, the
final non-aggregated, well-shaped monoclinic zirconia solid solution particles heated even at as high
temperatures as 1000 °C, were sized in the nanometric range displaying well-defined faces and edges.
The chromatic coordinates of the prepared nano-pigments after annealing at different temperatures

between 800 and 1300 °C indicated yellowness values comparable to conventionally prepared

Received 11th May 2015 . . . - . . . . )
Accepted 29th June 2015 micrometric yellow pigments. The stability of the nano-pigments in aqueous dispersions estimated by
zeta potential measurements was good with a low degree of particle aggregation. The used polyol-

DOI: 10.1039/c5ra087629 mediated synthesis can be up-scaled on an industrial level in the preparation of zirconia-based nano-

www.rsc.org/advances pigmenting systems.

1. Introduction

V-ZrO, is a well-known and widely-used ceramic pigmenting
system included in the classification of mixed-metal-oxide
inorganic pigments." Furthermore, V-containing ZrO, mate-
rials are used as catalysts for different processes in which
organic compounds are transformed into others which can be
used as raw materials for many commercial products.> More
recently, other potential applications, such as chemical sensors
and electrocatalyzers, have been proved.>* Regarding the
ceramic pigmenting system, several authors have reported
results on fundamental knowledge since at least 20 years ago.>™®

More recently and by using methods of preparation of solids
which allow the fast progress of the reaction to the final prod-
ucts, its nature and mechanism of formation was described.’**
It was then confirmed that this pigment is a solid solution of
vanadium in monoclinic zirconia as indicated by the results
obtained on the lattice parameter variation with increasing the
amount of nominal vanadium in a set of samples prepared by
the sol-gel technique." Likewise, it was demonstrated that the
V cation is mainly in the oxidation state +4 replacing Zr(1v) in the
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monoclinic zirconia lattice. It can be assumed, therefore, that a
reasonable comprehension on the structural features of this
ceramic pigment exists already. However, the microstructural
control of this ceramic pigmenting system was not entirely
achieved by the sol-gel technique method of preparation used
due to particles’ aggregation and large particle size distribution
is formed.

Currently, a technological change is taking place in the
ceramic pigment industry, since new decorating methodologies
are being incorporated to the ceramic industry. The new
methodologies are based on the use of stable dispersions of
colloidal ceramic pigment particles, which by the ink-jet tech-
nology allows a digital decoration. Thus, from some years ago,
the new challenge for the ceramic pigmenting science is to
obtain the traditional widely-used or new pigments in the form
of nanoparticles, which need to be stable in aqueous and/or
other media dispersions. Since the prepared V-ZrO, ceramic
pigmenting system by conventional techniques is still exten-
sively used in the ceramic industry, it seems interesting to
outline its preparation by techniques that not only allow to
reach high reactivity but also the control of particle size below
100 nm and the narrowing of its particle size distributions.
Furthermore, the availability of a new yellow basic color espe-
cially when the quadrichromy process is used could allow
developing saturated colors over the range of firing tempera-
tures between 800 and 1200 °C.
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The polyol technique has been used for the preparation of a
large variety of solids at the nanoscale level. One of the key-
features of this synthetic procedure is its suitability for the
preparation of monodisperse and non-agglomerated particles.
In the last decade this technique has been widely used for the
preparation of metal particles as well as a large variety of
multicomponent oxides, phosphates, sulfides and halogen-
ides.””™" Moreover, the doping of different host lattices has
been also achieved by using the polyol technique.™®*

The aim of the present paper is to report on the preparation,
characterization and optical properties of well-shaped, non-
aggregated V-doped ZrO, nanoparticles prepared by using a
polyol technique as the method of synthesis. Since a subse-
quent annealing at different temperatures is required to
improve the crystallinity and stabilize the monoclinic zirconia
structure of the final V-ZrO, nanoparticles, their further growth
and/or aggregation on annealing must be avoided. The dis-
persability of the obtained nanoparticles in aqueous media will
be also assessed. Finally, the comparison of the structural and
spectroscopic results on the polyol-mediated synthesized V-
doped ZrO, nanoparticles with the ones previously reported
will allow us to confirm the previously proposed mechanism of
formation and other described features of this V-containing
ZrO, nano-pigmenting system.

2. Experimental procedure
2.1 Synthesis of samples

Samples with stoichiometry V,Zr; ,O, and compositions in the
range 0 = x = 0.1 were prepared by the so-called polyol method.
The synthetic procedure to prepare 5 grams of final V,Zr, ,O,
was as follows. The required amount of zirconium n-propoxide
(zr(OC3Hy),4, ZnP, from Aldrich) was solved in a mixture of ace-
tylacetone (acac) and ethylene glycol (EG). Vanadyl acetylaceto-
nate (VO(O,CsHy),, VOacac, from Merck), and water were added
to that solution to reach the ZnP : acac: H,O molar ratio of
1:0.15: 10. The concentration of all V,Zr, ,O, samples in the
final solution was 0.1 M. The solution containing all the reagents
was then heated at 180 °C for 2 h. The vanadium-containing
zirconium solutions were light green whereas the solution with
only zirconium had a yellowish hue. After around 10 min at 180
°C a precipitate appeared. The final precipitate was separated by
centrifugation, washed three times with ethanol and dried. In
order to follow changes in the crystallinity and to determine the
temperature range at which the monoclinic V-containing
zirconia nanocrystals are structurally stabilized, the dried
precipitates were annealed at different temperatures over the
range between 400 and 1300 °C for short times.

2.2 Techniques of characterization

Chemical, structural and microstructural changes from V-
containing ZrO, precipitates to monoclinic V-ZrO, solid solu-
tion nanoparticles were monitored by different experimental
techniques.

All samples were tested by DTA/TG, using a TG-STDA ther-
moanalyzer model Mettler Toledo TGA/SDTA851e/LF/1600
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under air atmosphere in platinum crucibles, with a heating
rate of 10 °C min~" in the temperature range between 80 and
1000 °C. The reference sample used was a-Al,O;.

X-ray diffraction analysis (model D-8 Advance, Bruker) were
performed using CuK, radiation. The diffractometer had 1 and
3 mm divergence and antiscattering slits respectively, and a 3°
26 range Lynxeye linear detector. The diffractograms were run
with a step size of 0.02° 26 and a counting time of 0.2 s. Crys-
talline structures were refined with the Rietveld technique, by
using X'Pert Highscore Plus software, on diffractograms
acquired from 5 to 120° 26 with a step size of 0.02° 2¢ and an
accumulated counting time of 2 s. The refinement was started
using the P2,/c space group and structure parameters derived by
Winterer et al. (ICSD 00-37-1484). The crystallite size of samples
annealed at 800 °C for short time was also determined by using
the X'Pert Highscore Plus software and LaBg as standard.

Infrared absorption (IR) spectra (Model 320 Avatar, Nicolet)
were obtained in the range 2000-400 cm™ " using the KBr pellet
method.

Micro-Raman spectra of annealed samples were obtained by
means of an iHR320 Yvon Horiba model and a YAG laser at 532
nm with maximum power of 60 mW. The samples were
measured in backscattering geometry at room temperature. A
50 microscope objective was used to focus the excitation laser
on the sample and collect the scattered light to the spectrom-
eter. More than 3 different areas were analysed per sample, to
obtain representative results. Exposure time, number of acqui-
sitions and laser power varied among 5-30 s, 3-10 and 30-60
mW, respectively. Data acquisition was carried out with the
LabSpec software packages from Jobin Yvon.

UV-vis diffuse reflectance (DR) spectra of the specimens
(Model V-670, Jasco) were obtained using the diffuse reflectance
technique in the range of 200 to 2500 nm. L*a*b* parameters of
representative specimens were measured with the same spec-
trophotometer using a standard lighting C, following the CIE-
L*a*b* colorimetric method recommended by the CIE (Com-
mision Internationale de I'Eclairage). In this colour system, L*
is the colour lightness (L* = 0 for black and 100 for white), a* is
the green (—)/red (+) axis, and b* is blue (—)/yellow (+) axis.

The microstructure of the as-precipitated and thermally
treated samples was determined by field emission scanning
electron microscopy at 20 kV (Model S-4800, Hitachi Ltd, Tokyo,
Japan). The samples were prepared by dropping a dispersion of
the powders in water directly onto the holder sample. Before the
examination all specimens were coated with gold/palladium in an
ion beam coater. Elemental analysis using energy-dispersive X-ray
spectroscopy (EDX) of the as-prepared and annealed precipitates
was also obtained by the same microscope working at 20 kv.

The morphology of pure and vanadium-containing zirconia
particles was also examined using transmission electron
microscopy (Model 1010, Jeol Ltd, Tokyo, Japan) at an acceler-
ating voltage of 100 kV. Samples were dispersed in water and
drops of the dispersion were transferred to a specimen copper
grid carrying a lacey carbon film. Image J software was used for
the size measurements performed on the micrographs and the
subsequent data analysis, including the generation of size
distributions.
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Surface characterization and colloidal stability of the
different materials were evaluated through the determination of
{-potential in a pH range between 3 and 11 using a Zetasizer
Nano ZS (Malvern Instruments) equipment. Aqueous suspen-
sions (0.1 g L") of the materials prepared by sonication (10
minutes, 150 W) were adjusted to the different pH values with
NaOH and HCIl and measurements were replicated three times.

3. Results and discussion

3.1 Preparation and characterization of V-containing ZrO,
precipitates

As quite different experimental conditions might be chosen in
the preparation of the precipitate precursors, it is worthwhile to
mention the criteria for the specific ones chosen in this work,
regarding different reagents and solvents, the temperature and
time of reaction and the stabilizers agents. Likewise, although
not the main topic of this work, the initial precipitates, as
precursors of the products of interest, deserve a detailed study
in order to better understanding the features of the final
materials. What follows next, therefore, are the comments on
the experimental conditions used to prepare the precipitate
precursors and the description of the results of the application
of the characterization techniques on those precursor products.

The most commonly used solvent in the polyol-mediated
approach for the preparation of nanometric crystalline solids
is EG. On increasing the hydrocarbon chain length, i.e. dieth-
ylene glycol (DEG), triethylene glycol (TREG), etc., polyols
possess higher viscosity and over reducing power relative to EG.
Moreover EG was chosen as solvent in our synthesis since it is
also useful to facilitate the stabilization of V*" in the first stage
of reaction. The preliminary study of the most suitable type of
precursor as well as the concentration of precursors and the
temperature and duration of the reaction is compulsory in order
to get particles with well-defined size and shape for each
compound. From our preliminary assays, it was concluded that
for the 0.1 M V,Zr; _,O, solution, suitable precipitates were
obtained for all compositions after keeping 2 hours at 180 °C
when EG was used. On the contrary, when using DEG as solvent
in the preparation of undoped ZrO,, the obtained translucent
dispersion was long time stable and no precipitate could be
separated by centrifugation at 8000 rpm for 2 h. This behavior
could be attributed to the precipitation of smaller particles on
using DEG than EG.

It is to be noted that different effects of polyols on the
particle size and dispersability of nanoparticles of distinct
nature have been reported in the literature.”*** Thus, for
instance, Cai and Wan reported that in the preparation of
magnetite nanoparticles by the polyol technique the
morphology of the reaction product is quite different depending
on the characteristics of the polyol used: EG, DEG, TREG (tri-
ethylene glycol) and TTREG (tetraethylene glycol).?® In this case
only TREG yields non-agglomerated magnetite nanoparticles
with uniform shape and narrow size distribution. Likewise,
Wang et al., reported the preparation of Ag nanocubes with
controlled lengths below 30 nm by using DEG as solvent.”* In
this case, the alternative use of EG or polyols with longer

This journal is © The Royal Society of Chemistry 2015
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hydrocarbon chains (TEG or TREG) only led to the formation of
twinned particles with irregular shapes.

In order to obtain information on the nature of the processes
leading to the obtained yellow and green precipitates after
heating the starting mixtures of reagents at 180 °C for 2 h, the
series of precipitates were characterized by different tech-
niques. The elemental analysis by EDX was done to confirm that
both metals, Zr and V, were present in all doped samples.
Fig. 1St displays the EDX spectra for all the prepared precipi-
tates. A decrease of the Zr : V intensity ratio with the increasing
of the nominal amount of vanadium can be inferred. The XRD
patterns of the obtained precipitates in the full range of
nominal compositions did not show any sharp peak, as can be
observed in Fig. 2S.f However, a very broad, weak diffraction
peak centered at 26 value of around 30° can be distinguished in
the pattern traces, possibly associated with the presence of a
small fraction of nanocrystalline tetragonal and/or cubic
zirconia in the precipitates. The formation of metal glycolates
by reaction of metal alkoxides and EG has been reported in
previous works.”>** The XRD patterns of different glycolates
showed a striking similarity in the emergence of diffraction
peaks, especially those located at low angle (~12°),2>** not
detected in the present study. Presence of zirconium glycolate is
then discarded in the final precipitates. The IR spectra of
precipitates shown in Fig. 3ST allow us to identify the functional
groups on the surface of the precipitates. All the IR spectra were
similar and beard a strong resemblance to the corresponding to
EG.* This observation could confirm the role played by the EG,
mainly as stabilizer of the precipitate surface avoiding
agglomeration.

The aforementioned results seem to indicate that the pres-
ence of acac prevented the formation of glycolates and that the
Zr(OR),_,(acac),, formed in the starting mixture of EG and acac
and the VOacac, suffered hydrolysis and condensation on
heating in the high-boiling point EG solvent, thus controlling
the nucleation and growth of nanoparticles.

The V-ZrO, precipitates obtained with EG were relatively
amorphous; nevertheless the aim of this work is to obtain
highly crystalline nanoparticles, because the non-crystalline
form directly affects both the energy splitting of the d-orbitals
in the case of an absorption process originating from d-d
transitions and, most crucial, the stability of the chromophore-
containing phase, which decreases dramatically. The only way
to stabilize the structural and chromatic characteristics of the V-
and Zr-containing precipitates is to anneal those precipitates at
different temperatures for short times, whereas avoiding
aggregation of the crystalline nanoparticles. To design that
annealing process, the compositional changes of the precipi-
tates associated with that heating were followed by TG and DTA.
The TG and DTA of the precipitates were similar for the
different compositions, therefore only graphs corresponding to
the samples Vj 5Z1 950, and V, 1Zr, O, are shown in Fig. 4S
and 5S,T respectively. TG graphs show rapid change in mass
loss of around 45% in three steps for all samples. DTA showed
an endothermic peak around 100 °C, associated to the loss of
physisorbed water molecules, an exothermic peak at around 300
°C coupled with a strong mass loss that is ascribed to the
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Fig. 1 XRD patterns of V,Zr;_,O, precipitates annealed at 800 °C for
3 h prepared by using EG as solvent. % is tetragonal zirconia and 4 is
monoclinic zirconia.
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oxidation of EG, an exothermic peak at around 400 °C attributed
to the crystallization of tetragonal V,Zr, ,O, solid solution and
finally an exothermic peak at around 600 °C associated with the
phase transition from the tetragonal V,Zr; ,O, to the mono-
clinic V,Zr;_,O, solid solution. From the above results the
starting annealing temperature to process the obtained
V.Zr;_,O, precipitates was 400 °C.

3.2 Structural evolution of the precipitates up to the
formation of monoclinic V-containing ZrO, nanoparticles

The obtained dried precipitated powders in the EG solution
were annealed at different temperatures up to 1300 °C in order
to improve their crystallinity and establish the range of
temperature and compositions to which each zirconia crystal-
line form is stable. Fig. 6S and 7St show the XRD patterns of
pure zirconia ZrO, and vanadium-doped ZrO, with nominal
composition V, 1Zr, 9O,, the sample of the prepared series with
the highest content of vanadium, both annealed at different
temperatures up to 1300 °C for 3 h. As it can be seen there are no
large differences in the evolution of crystalline phases with the
temperature. In general, for all samples annealed at 400 °C the
XRD powder patterns display a set of diffraction peaks that can
be indexed as corresponding to the tetragonal ZrO, phase (ICSD
01-088-1007). This tetragonal form is detected as the only crys-
talline phase after annealing the samples over the range of
temperatures between 400° and 500 °C. On increasing that
temperature up to 800 °C the XRD patterns of all annealed
precipitates can be indexed as a mixture of tetragonal and
monoclinic zirconia (ICSD 00-037-1484) phases. At higher
annealing temperatures than 800 °C and up to 1300 °C, the set
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(a) IR spectra of V,Zr;_,O, precipitates prepared by using EG as solvent after annealing at 800 °C; (b) zoom displaying the IR spectra in the

range between 900 and 1100 nm. @ are bands corresponding to monoclinic zirconia.
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of peaks are indexed as corresponding to a phase with the
structure of monoclinic zirconia. Fig. 1 displays the XRD
patterns of all samples V,Zr;_,O, in the series of compositions
annealed at 800 °C for 3 h.

On comparing the results in the evolution of samples with
compositions V,Zr;_,O, prepared by a conventional sol-gel
method using ethanol as solvent with those obtained by the
polyol method using EG annealed at similar temperatures, the
only detected difference is the stabilization of phases displaying

the structure of the monoclinic zirconia at slightly lower
temperature, i.e. at around 700 °C, in samples prepared by the
conventional sol-gel method.
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Fig. 3 Raman spectra of V,Zr; ,O, precipitates prepared by using EG
as solvent after annealing at 800 °C, 4 is monoclinic V,Zr;_,O,, @ is

V=0 bond.

Fig. 5 UV-vis diffuse reflectance spectra of precipitates V,Zr;_,Oo,
0 = x = 0.1, prepared by using EG as solvent after annealing at 800 °C
for 3 h. Inset samples annealed at 1300 °C.

Table1l Crystallographic data and details of the Rietveld refinement of monoclinic V,Zr; _,O, nano-pigments after annealing their precipitates at
800 °C for 3 h

Sample x=0 x = 0.015 x =0.03 x = 0.05 x = 0.075 x=0.1

a (&) 5.1478 (1) 5.1459 (1) 5.1446 (1) 5.1442 (1) 5.1439 (1) 5.1439 (1)
b (&) 5.2014 (1) 5.1995 (1) 5.2059 (1) 5.2059 (1) 5.2065 (1) 5.2064 (1)
¢ (A) 5.3214 (1) 5.3227 (1) 5.3170 (1) 5.3169 (1) 5.3159 (1) 5.3157 (1)
8 99.138 (2) 99.124 (1) 99.186 (1) 99.193 (1) 99.199 (1) 99.195 (1)
Vv (A%) 140.676 (5) 140.613 (5) 140.577 (5) 140.558 (5) 140.541 (5) 140.532 (5)
Zr (%) 1 0.973 (5) 0.953 (7) 0.939 (5) 0.927 (5) 0.895 (8)
V (%) 0 0.016 (5) 0.028 (7) 0.048 (5) 0.064 (5) 0.098 (8)
Rexp 2.75 2.78 2.73 2.76 2.80 2.77

Ryp 4.33 4.41 5.12 5.20 5.49 5.18

GoF 2.47 2.51 3.51 3.54 3.85 3.51

This journal is © The Royal Society of Chemistry 2015
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In order to prove the presence of monoclinic zirconia and
while discarding the presence of cubic and/or tetragonal
zirconia crystalline forms in the final samples, IR and Raman
spectra of annealed samples with increasing nominal vanadium
load, in the series annealed at 800 °C for 3 h are displayed in
Fig. 2 and 3, respectively. As can be seen in Fig. 2a, the IR
spectra of annealed V,Zr, _,0, displayed bands at 419, 502, 575
and 746 cm ™" which can be associated with active modes in
monoclinic zirconia phase.” The additional band also detected
at 1015 cm ™, can be attributed to V=0 stretching vibrations.?®
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The Raman spectra of these samples showed in Fig. 3, displayed
bands at 180, 191, 223, 307, 334, 347, 383, 476, 503, 538, 560,
616y 640 cm ™', which have been attributed to different Raman
active modes in monoclinic zirconia.”’** Interestingly, four
characteristic new bands at 286, 406, 706 and 991 cm *
appeared in all doped samples. These bands were already
reported in the literature for V-doped zirconia samples prepared
by sol-gel, were assigned to V=0 bonds.*

From the results of the abovementioned experimental tech-
niques, these V-containing ZrO, nanoparticles prepared by the

Table 2 Chromatic coordinates of monoclinic V,Zr; O, nano-pigments after annealing at 800 °C and 1300 °C for 3 h

Sample 800 °C 1300 °C
L 101.01 88.49
a —0.29 —0.78
b 2.01 -1.71
x=20
L 80.06 73.61
a 0.25 8.16
b 34.34 46.71
x = 0.015
L 79.18 73.03
a 1.8 7.18
b 39.39 48.13
x = 0.03
L 78.27 70.65
a 3.39 7.87
b 43.32 48.87
x = 0.05
L 79.7 65.5
a 3.17 7.88
b 44.12 48.5
x = 0.075
L 75.17 63.16
a 2.63 8.69
b 40.35 46.45
x=0.1
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polyol technique and annealed at 800 °C for short time periods
display unequivocally the structure of monoclinic zirconia.

3.3 Characterization of monoclinic V-containing ZrO, solid
solution nanoparticles

Once the monoclinic form of the V-ZrO, solid solutions is
reached after annealing over a range of temperature the follow-
up step is their characterization. Several parameters are
important in order to evaluate the extension of the solid solu-
tion and mechanism of formation as well as some of their
specific properties such as microstructural features and optical
properties. These characteristics are valuable not only for the
specific application as nano-pigment but for a large number of
potential applications, such as catalysts, photocatalysts and
electrocatalysts.

3.3.1. Mechanism of formation of monoclinic V,Zr,_,O,
solid solution from the precipitates. The results from the phase
identification in XRD data indicate that certain amount of
vanadium was present in the monoclinic zirconia-based mate-
rials obtained after annealing the precipitates obtained by the
polyol via at 800 °C. At this point, it is worthwhile to check the
change in the zirconia lattice on increasing the nominal
amount of vanadium in the starting precipitate. The lattice
parameters and details of the Rietveld refinement of V,Zr; _,O,
precipitates annealed at 800 °C for 3 h are displayed in Table 1.
Also in Fig. 4 the variation of lattice volume against the vana-
dium occupancy obtained in the Rietveld refinement is depic-
ted. The lattice volume decreased almost monotonically with
the increase of the nominal amount of vanadium. This result is
in agreement with previously reported ones for this pigmenting
system prepared by the sol-gel via.>"* Thus, from these results
can be confirmed that on the whole range of nominal compo-
sitions up to x = 0.1, solid solutions of monoclinic V-containing
ZrO, with increasing vanadium contents are obtained. As
previously stated, this variation can be understood assuming
that a structural cation in the monoclinic zirconia structure is
substituted by a smaller one; ie. the zirconium cation is
replaced by vanadium (as V** and/or V**)."* Obviously, the
mechanism including the incorporation into the structure of
V>* would also include some kind of electroneutrality process,
either cation vacancy or interstitial anions.

3.3.2. Optical properties of monoclinic V-containing ZrO,
nanoparticles. The UV-vis diffuse reflectance (DR) spectra of the
precipitates annealed at 800 °C prepared by using EG as solvent
are shown in Fig. 5. Two main features are worth mentioning in
the spectra of V-containing samples: a strong band centred at
around 400 nm and a weak, wide band peaked at around 750
nm. This weak band is clearly evidenced in the inset of Fig. 5,
corresponding to the series of samples annealed at higher
temperature, .e. 1300 °C for short time, in order to do them
more distinguishable. The assignment of these bands has been
previously suggested by different authors.”® Basically, the
intense band encompassing the range between 200 and 300 nm
can be associated with a charge transfer mechanism which, in
the undoped sample, was considered to be a convolution of at
least three components.” The stronger and wider absorption

This journal is © The Royal Society of Chemistry 2015

View Article Online

RSC Advances

displayed by all the doped samples in the range over 300 and
600 nm bears a resemblance to that showed for some V(iv)
compounds such as V(OBut),.** Finally, the weak band at
around 750 nm can be associated with a d-d transition. The
presence of vanadium in a lower oxidation state than +5 in the
precipitate must be favoured by the reducing character of pol-
yols. Since EG has the stronger reducing power among the
polyols due to its shorter hydrocarbon chain, it must favour the
presence of vanadium as V*" or lower oxidation state in the
precipitate. However, it seems quite difficult to maintain lower
oxidation than +4 after annealing in air at relatively high
temperature.

The evolution with vanadium content of the L*a*b* param-
eters of samples annealed at 800 °C for 3 h in the series of
samples, is shown in Table 2. Also, for the sake of comparison
the colorimetric parameters of a conventional vanadium-
zirconia pigmenting system are shown in Table 3.*>** In all V-
doped zirconia, those parameters correspond to a yellowish
colour, the intensity of which increased on raising the vana-
dium content up to the specimen with nominal composition
Vo.075Z10.9250,. For larger vanadium contents than x = 0.075,
the b* parameter decayed. An opposite trend was observed for
the parameter a*, whose minimum value was obtained for
specimen with x = 0.03.

3.3.3. Microstructural characteristics of solid solution
nanoparticles. TEM micrographs of the series of samples
prepared by the polyol technique using EG as solvent with

Table 3 Chromatic coordinates of conventional yellow pigmenting
systems from several references

(Zr,v)O, (ref. 32) L  70.11 (Zr,Pr)O, (ref. 33) L 76.8
a 6.48 a 0.1
b 45.45 b 55.8
(ZrV)O, (ref. 33) L  66.7 (Ti,Ni,Sb)O, (ref. 33) L  79.5
a 4.9 a —-3.2
b 45.8 b 49.8

Frequency (%)

% 50 @ s 100
Particle diameter (nm)

Fig. 6 TEM micrograph of monoclinic Vg 15Zrg9850, nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.
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subsequent annealing at 800 °C are shown in Fig. 6 to 8. It can
be seen that, in general well-shaped nanoparticles sized in the
range between 50 and 120 nm are obtained. The main diameter
deduced via statistical evaluation of 150 particles of each
sample is shown in Table 4. Also the particle size distribution of
the corresponding samples is shown as an inset in Fig. 6 to 8. As
it can be inferred from Table 4 the mean size of the monoclinic
V,Zr,_,O, samples increased with the entry of dopant into the

Frequency (%)

LN

[
40 60 80 100 120 140
Particle diameter (nm)

Fig. 7 TEM micrograph of monoclinic Vg 0520950, nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.

o
6 70 80 9 100 110 120 130
Particle diameter (nm)

100 nm

Fig. 8 TEM micrograph of monoclinic Vg1Zro9O, nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.
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zirconia lattice up to x = 0.03 but remained almost constant on
increasing the amount of dopant up to x = 0.1 in the series of
samples. It is also to note that the particle size distribution
experienced a slight broadening with the dopant content as can
be detected in the insets of Fig. 6 to 8. SEM micrographs of the
samples confirmed the microstructure displayed by TEM
micrographs as can be seen in Fig. 9 to 11. Furthermore, well-
defined crystalline habits displaying flat faces can be clearly
distinguished in SEM micrographs. To evidence the presence of
V in the precipitate annealed at 800 °C, elemental analysis by
EDX was performed. The spectra shown in Fig. 8Sf confirm the

Fig. 9 SEM micrograph of monoclinic Vg 015Zrg 98502 nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.

Fig. 10 SEM micrograph of monoclinic Vg 05Zrg 950, nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.

Table 4 Crystallite sizes of monoclinic V,Zr;_,O, solid solutions obtained from XRD patterns (Rietveld method) and from TEM images via

statistical evaluation of 150 particles of each sample (Image J)

x=0 x = 0.015 x = 0.03 x = 0.05 x = 0.075 x=0.1
XRD patterns (nm) 29 (1) 37 (1) 65 (1) 64 (1) 65 (1) 66 (1)
TEM images (nm) 43 (2) 54 (2) 80 (2) 82 (1) 80 (5) 81 (1)
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presence of V in the final monoclinic V-ZrO, nanoparticles.
These results are in accordance with the formation of V-ZrO,
solid solution.

An interesting parameter of nanoparticles determined from
the broadening of the Bragg peaks in the XRD pattern is the
crystallite size. We have determined -crystallite sizes of

Fig. 11 SEM micrograph of monoclinic Vg1Zrg9O0, nanoparticles
prepared using EG as solvent and after annealing the precipitate at
800 °C for 3 h.

4 4 "z,

A
Vo.aszra.ssoz

-10 4
-20

-30 4
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Fig. 12 ¢-potential variation of monoclinic ZrO, and Vg 05Zrg.9502
nanoparticles in aqueous solution.
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monoclinic V,Zr;_,O, solid solutions previously annealed at
800 °C by the Rietveld method. The corresponding values, in the
range over 30 and 70 nm, are included in Table 4. As it can be
observed the trend in the series was the same as the observed in
the mean diameters of nanoparticles measured on TEM images.
The crystallite size increased on doping up to x = 0.03 and from
that composition point on, remained constant. Nevertheless, in
general, crystallite sizes were a bit smaller than nanoparticle
sizes. That small difference between the crystallite site deter-
mined from XRD and the averaged particle diameter from TEM
images is quite usual and could be due to the overestimation of
sizes by measuring particle sizes in images.

4. Dispersability of V-ZrO, solid
solution nanoparticles

In order to check the effect of the experimental synthetic
conditions on the surface properties of the monoclinic V-doped
zirconia, {-potential measurements of their aqueous suspen-
sions were performed. Fig. 12 shows the pH dependence of
{-potential of suspensions of pure ZrO, and V571950,
particles prepared by annealing the precipitate at 800 °C for 3 h.
As can be seen, both samples showed low isoelectric point (IEP),
ca. 2.5, so the doping of zirconia nanoparticles had no influence
in this parameter. It is to note that the IEP was slightly under
the range between 4 to 11, usually reported in the literature for
different zirconia materials.**** In general, it is assumed that a
value of zeta potential above 30 mV (or under —30 mV) leads to a
good stability and a small degree of particles aggregation.

5. Overview of the polyol process
leading to monoclinic V-ZrO,
nano-pigments

Fig. 13 shows a scheme of the different steps leading to final
V-containing zirconia nano-pigments displaying the structure
of monoclinic zirconia, suitable for application in the ink-jet
process. The first step in the process is the formation of very
small particles with a certain degree of aggregation. The
aggregates display sizes lower than 20 nm and constitute the
final precipitate after heating the mixture of reagents in the EG
(polyol). These precipitates are amorphous to the X-ray powder
diffraction but as reported before seems to be make up by an

~20nm ~80 nm
@9 @
- 2
K
Tetragonal Monoclinic
V,2Zr,.0, V,Zr, 0,

Fig. 13 Schematic graph summarizing the low-temperature polyol-mediated process leading to V-ZrO, nano-pigments.
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inner crystalline nucleus and an outer amorphous coating.*®
After annealing at around 450 °C crystalline nanoparticles dis-
playing the structure of tetragonal zirconia with sizes around 20
nm are formed and by further annealing at 800 °C the phase
transition to the monoclinic zirconia structure takes place. It is
interesting to note that final well-shaped particles sized in the
range between 50 and 120 nm and with well-defined crystalline
habits are developed by the present methodology.

6. Conclusions

Monoclinic V,Zr, ,0, solid solution nanoparticles were
prepared in a wide range of compositions 0 = x < 0.1 by the
polyol approach using EG as solvent. Moreover, the EG played
an additional role as stabilizing agent of nanoparticles by
limiting particle growth and almost preventing agglomeration.
After annealing the precipitates at temperatures of 800 °C,
morphologically well-defined monoclinic V-ZrO, solid solution
nanoparticles with sizes encompassing the range between 50
and 120 nm were obtained.

The chromatic coordinates of the prepared nano-pigments
after annealing at different temperatures between 800 and
1300 °C indicated yellowness values comparable to conven-
tionally prepared micrometric yellow pigments. The stability of
the nano-pigments in aqueous dispersions estimated by zeta
potential measurements was good and a small degree of parti-
cles aggregation occurred.

The use of the polyol-mediated synthesis allowed the prep-
aration of V-containing ZrO, inorganic yellow nano-pigments by
an easy procedure without requiring neither multisequential
steps nor advanced experimental conditions or equipment.
These characteristics allow using the polyol approach as a
suitable way of industrial manufacture of nano-pigments.

From the results obtained in this specific pigmenting
ceramic system it can be inferred that the polyol approach can
be applied for the preparation of other widely used micrometric
ceramic pigmenting systems in the nanometric scale with a
good control of the three main characteristics of particles, i.e.,
size, degree of agglomeration and phase composition.
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Fig. 1S. EDX microanalysis of as-obtained V,Zr; O, precipitates. a) x=0.015, b)

x=0.05 and c) x=0.1.
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Fig. 2S. XRD patterns of as-obtained V,Zr; 1O, precipitates.
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Fig. 3S. IR spectra of as-obtained V,Zr, O, precipitates.
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Fig. 6S. XRD patterns of undoped ZrO, precipitate prepared by using EG as solvent
after annealing at different temperatures for 3h. % is tetragonal zirconia and ¢ is
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Abstract

Recent results on the preparation, characterization and color properties of the V-
containing ZrO, inorganic yellow nano-pigment are reported. A series of monoclinic V-
710, solid solution nanocrystals (VZr;4O,, being x= 0, 0.1, 0.02, 0.03, 0.04, 0.05,
0.065, 0.08 and 0.1) were prepared straightforward by hydrothermal processing of
mixtures of zirconyl nitrate and ammonium metavanadate in water. Interestingly, the
crystalline precipitated obtained by hydrothermal processing at 140 °C for 3 d was
almost entirely V-containing ZrO, nanocrystals with the structure of monoclinic
zirconia for the whole range of compositions. Lattice parameters changes along the
series of prepared samples annealed at 700 °C indicated the increase of vanadium
content inside the monoclinic vanadium-zirconia crystalline phase up to the nominal
amount of vanadium of x=0.05. Transmission and scanning electron micrographs of the
hydrothermal precipitates showed the formation of defined sets of loosely assembled
primary nanocrystals sized 3-4 nm, with disc-like shapes and sized in the range between
25 and 70 nm, depending on the nominal amount of vanadium dopant. Further
annealing at 700 °C for 1 h gave rise to compact, discrete, morphologically well-defined
secondary nanocrystals without size changes and with improved chromatic coordinates.
The high stability in aqueous dispersion and the structural and microstructural
characteristics of the as-prepared and annealed nanocrystals up to 1200 °C made them

good candidates as nano-pigments for digital decoration.

Finally, the advantages of the hydrothermal approach against other non-conventional
methods for the preparation of V-ZrO, nano-pigments, such as sol-gel and polyol, will

be discussed.



1. Introduction

Among the yellow environmentally friendly ceramic pigments, V-ZrO, based on the
baddeleyite structure, V-SnO, based on the cassiterite, i. e. rutile, structure and Pr-
ZrSi0O4 based on the zircon structure are well known and widely used [1-5]. The
preparation of those pigments by the conventional technique of solid state reaction, i. e.
the so-called ceramic method, is quite different mainly by the large differences in the
required temperature for giving rise to the final reaction products. Thus, in the case of
Pr-zircon the annealing temperature should reach higher temperature than 1200 °C [3],
whereas for V-zirconia and V-tin the annealing temperatures to obtain an almost single
phase could be far below 1000 °C [4]. The thermal processing at higher temperatures
than around 1000 °C gives rise to growth and even aggregation of particles. So, in
general, the ceramic pigmenting systems prepared by this conventional approach are

micrometric sized (larger than around 20 pum).

The search of chromophore nanometric particles is an urgent need for the ceramic
industry because of the well-known advantages of the so-called ink-jet printing, so it
can be thought that a possible approach is to process the micron-sized powder using the
conventional method and subsequent mechanical grinding for the reduction of the
particle size to the nanometric range [6]. However, along the path from conventional to
digital decoration some ceramic pigments have demonstrated to be unsuitable,
especially by the particle size effect on coloring mechanism. This is the case of the so-
called allochromatic pigments where color is imparted by dopant ions into an otherwise

colorless structure [7].

Between the aforementioned environmentally friendly yellow pigments, the monoclinic
V-ZrO, nano-pigment could be a good candidate to provide the yellow color for ink-jet
printing. Although some recent results reported in the last years on the preparation of V-

3



ZrO, nanoparticles by different non-conventional approaches [8, 9] evidence progress,
improvements in the control of the final characteristics of the synthesized nano-
pigments are still required. Thus, in some recent studies on the V-ZrO, nano-pigments
prepared by a sol-gel technique it was evidenced some fundamental characteristics of
this pigmenting system such as its solid solution nature, the main chemical state and
solubility of V into the monoclinic ZrO, and the crystal structure. However, the
microstructural control failed because particles” aggregation and wide particle size
distribution occurred. More recently, non-aggregated and morphologically well-defined
V-ZrO, nanoparticles were prepared by a polyol technique [10] but the nanoparticulate
product obtained from the polyol approach was mainly amorphous and the subsequent
annealing at relatively low temperature revealed two crystallization steps, firstly to the
tetragonal zirconia crystalline form and then to the monoclinic form by the
corresponding phase transition. In short, we need further progress in the control of the

crystallinity of the obtained product by the chemical processing.

The hydrothermal approach has been extensively used in the preparation of a wide
range of doped zirconia nanoparticulate solids [11-13]. However, this method typically
involves the formation of cubic and/or tetragonal doped zirconia that by subsequent
annealing at high temperatures could transform to monoclinic doped zirconia
nanocrystalline product. Obviously, in order to get maximum efficiency in the
development of nano-pigments it would be required the precipitation of the monoclinic
crystalline form of zirconia straightforward from the hydrothermal process. Some few
reports give results on the successful preparation of undoped monoclinic zirconia via

hydrothermal processing [14-17].

The main objective in the present paper is the synthesis and characterization of

monoclinic V-ZrO, nanoparticles through a hydrothermal via. The as-prepared
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monoclinic V,Zr;,O, nanoparticles, with x over the range 0 and 0.1, will be
characterized by XRD powder and their lattice parameters and crystallite sizes
determined. The nanostructural characterization of either the as-prepared and after
annealing at 700 °C nanoparticles performed by TEM and SEM techniques will allow to
evaluate if some changes in size and shape occurs as consequence of the annealing
process. The chromatic parameters of samples hydrothermally as-prepared and annealed
at 700 °C samples will be determined and compared with the ones reported for some
yellow nano-pigments and conventional pigments. Finally the dispersability in water of

some nanocrystals in the series of prepared compositions will be evaluated.

2. Experimental procedure

2.1 Synthesis of samples

ViZr; 4O, samples with nominal compositions x=0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.065,
0.08 and 0.1 were prepared by the hydrothermal via. Zirconyl nitrate hydrate
(ZrO(NO3),'xH,0O 99% Aldrich) and ammonium metavanadate (NH4VO;, 99.99%
Aldrich) reagents were chosen as zirconium and vanadium sources. In order to speed
out the hydrolysis of the zirconyl cation and avoid its precipitation as hydrous
zirconium oxide, acetylacetone (acac, CsHgO,, Aldrich) was used as complexing agent.
The synthetic procedure to prepare V,Zr, O, precipitates was as follows. The required
amounts of zirconyl nitrate and ammonium metavanadate were solved in a mixture of
(acac) and distilled water previously placed in a Teflon liner. The zirconyl nitrate:acac
molar ratio in all samples of the series was 1:1. The nominal V,Zr; O, molar
concentration in the final dissolution was 0.1 M. The initially acidic pH of the resulting

solution is increased by dropwise addition of diluted aqueous ammonia solution until



pH 7 is reached. After sealing the Teflon liner, the corresponding solutions were firstly
heated at 100° C for 24 h, and then further aged at 140 °C for 72 h. The obtained
precipitates were washed with water and ethanol and dried at 80 °C overnight. The color
of the dried samples was yellow and yellow with increasing nominal vanadium load. In
order to check the stability of the precipitates of monoclinic V-doped zirconia

nanocrystals, they were annealed up to temperatures of 1200 °C for 1 h.

2.2 Techniques of characterization

Chemical, structural and microstructural characteristics of the hydrothermally as-
prepared and thermally annealed V-containing ZrO, precipitates were monitored by

different experimental techniques.

X-ray diffraction analysis (XRD, model D-8 Advance, Bruker) was performed using
CuK, radiation. The diffractometer had 1 and 3 mm divergence and antiscattering slits
respectively, and a 3° 20 range Lynxeye linear detector. The diffractograms were run
with a step size of 0.02 26° and a counting time of 0.2 s. Crystalline structures were
refined with the Rietveld technique, by using X’Pert Highscore Plus software, on
diffractograms acquired from 5 to 120° 20 with a step size of 0.02° 26 and an
accumulated counting time of 2 s. The refinement was started using the P2,/c space
group and structure parameters derived by Torres et al. (JCPDF 01-072-6681). The
crystallite size of samples annealed at 700 °C 1h was also determined by using the

X’Pert Highscore Plus software and LaBg as standard.

Infrared spectra (IR) of the specimens (Cary 630 FTIR spectrometer, Agilent) were

carried out in the range between 4,000 and 400 cm™! by direct measurement.



Raman spectra of annealed samples were obtained by means of a Raman spectrometer
(Model XploRA, Horiba) with a laser at 532 nm. The samples were measured in
backscattering geometry at room temperature. A 100x microscope objective was used to
focus the excitation laser on the sample and collect the scattered light to the
spectrometer. More than 3 different areas were analysed per sample, to obtain
representative results. Exposure time was 20 s and the number of acquisitions was 5.
Data acquisition was carried out with the LabSpec 6 software packages from Horiba

Scientific.

UV-Vis diffuse reflectance (DR) spectra of the specimens (Model V-670, Jasco) were
obtained using the diffuse reflectance technique in the range of 200 to 2000 nm. L*a*b*
parameters of representative specimens were measured with the same
spectrophotometer using a standard lighting C, following the CIE-L*a*b* colorimetric
method recommended by the CIE (Commision Internationale de 1 ~ Eclairage). In this
colour system, L* is the colour lightness (L* = 0 for black and 100 for white), a* is the

green (-)/red (+) axis, and b* is blue (-)/yellow (+) axis.

The microstructure of the as-precipitated and thermally treated samples was determined
by field emission scanning electron microscopy (SEM, Model S-4800, Hitachi Ltd.,
Tokyo, Japan) at 20 kV. The samples were prepared by dropping a dispersion of the
powders in water directly onto the holder sample. Before the examination all specimens
were coated with gold/palladium in an ion beam coater. Elemental analysis using
energy-dispersive X-ray spectroscopy (EDX) of the as-prepared and annealed at 700 °C

for 1 h precipitates was also obtained by the same microscope working at 20 kV.

The morphology of pure and vanadium-containing zirconia particles was also examined

using transmission electron microscopy (TEM, Model 1010, Jeol Ltd., Tokyo, Japan) at



an accelerating voltage of 100 kV. Samples were dispersed in water and drops of the
dispersion were transferred to a specimen copper grid carrying a lacey carbon film.
Image J software was used for the size measurements performed on the micrographs and

the subsequent data analysis, including the generation of size distributions.

Surface characterization and colloidal stability of the different materials were evaluated
through the determination of (-potential in a pH range between 2 and 12 using a Zetasizer
Nano ZS (Malvern Instruments) equipment. Aqueous suspensions (0.1 g/L) of the
materials prepared by sonication (10 minutes, 150 W) were adjusted to the different pH

values with NaOH and HCI and measurements were replicated three times.

The stability and chromatic coordinates of a selected nano-pigment prepared by the
hydrothermal approach was evaluated in a commercial frit. The nano-pigments at different
development stage, 1. €. as-precipitated and after annealing at 700 and 1200 °C were mixed
with an industrial CaO-ZnO-Si0; frit (5 wt % of the nano-pigment) and after drying the
samples were fired at 950 °C for 5 min. Chromatic coordinates of the resulting colored

glazes were also measured using a Chroma meter (Model CR-400, Konica Minolta).

3. Results and discussion

3.1. Structural and microstructural characterization of as-prepared

nanocrystalline precipitates

XRD patterns of the precipitates formed by the hydrothermal processing for the whole
range of prepared samples are shown in Figure 1. As can be seen relatively strong and
broad peaks appear at around 20° of 17.5, 24.1, 28.1, 31.6, 34.1, 35.3, 38.6, 41.0, 44.9,
49.3, 50.2, 54.3, 55.4, 59.9, 61.5 and 63.1, which can be attributed to a phase with

monoclinic zirconia structure (JCPDF 01-072-6681). A small peak also appears at



around 26° of 30 associated to the presence of both tetragonal and/or cubic zirconia
phases (JCPDF 01-088-1007 and 00-081-1551, respectively). It is to note that the peak
associated with the tetragonal zirconia phase in the series of prepared samples tends to
decrease with increasing the nominal amount of V dopant. This fact is displayed in
Figure 1, in which the amount of tetragonal phase for the V-richer nominal composition
is almost neglected. These results are also confirmed by the IR and Raman spectra of
the prepared series of samples displayed in Figures 2 and 3, respectively. Bands at
around 420, 500, 575, 745 and 1015 cm! are shown in Figure 2. All these IR bands can
be associated with active modes in monoclinic zirconia phase except the last one at
1015 cm!, which can be attributed to V=0 stretching vibrations [18,19]. Raman
spectroscopy has been extensively used as optimum tool to determine the crystalline
form of zirconia-based samples. The Raman spectra of the samples hydrothermally
prepared are displayed in Figure 3. Bands appearing at 180, 190, 220, 305, 335, 345,
380, 475, 500, 540, 560, 615 y 640 cm™!, have been attributed to different Raman active
modes in monoclinic zirconia [20-22]. It is to note that one additional weak band is
displayed at around 775 cm!- for samples with higher dopant nominal content than
x=0.03. This band has been associated with the formation of ZrV,0; [23-24]. Likewise,
a weak band peaked at around 275 cm! is seen in samples without and with nominal
vanadium load smaller than x=0.03. This band corresponds to the most intense one in
the measured spectra of typical tetragonal zirconia reported in the literature [25,26].
From the XRD and IR and Raman spectroscopies results can be inferred that the
hydrothermally synthesized product contains monoclinic V-containing ZrO,
nanocrystals with very small amounts of tetragonal V-containing ZrO, or ZrV,0; for

low and high nominal vanadium loads, respectively.



The next step in the characterization of the as-synthesized precipitates is to examine the
nanostructure of the particulate sample. Figure 4 displays TEM micrographs of
precipitates with nominal compositions ZrO,, Vg ¢sZ1¢950, and V( 1Zr;90;. As can be
seen a wide size distribution of irregular assemblies of nanoparticles are formed in the
undoped sample straightforward through the hydrothermal process whereas for the
doped samples discrete, well-defined assemblies of nanoparticles sized around 25-70
nm, depending on the nominal composition of the sample, are clearly distinguished. It
seems also worthwhile to check qualitatively the V/Zr atomic ratio in the series of as-
prepared samples. Figure 1S shows EDX/SEM spectra of samples with nominal
compositions Vg 022199802, V05210950, and Vg 1Zryp90,. As can be seen the V/Zr
atomic ratio increases on raising the nominal vanadium content along the series of
samples. At this point, it is to note that by a closer look at the XRD patterns of
hydrothermally as-prepared samples is detected the formation of a monoclinic
vanadium-containing zirconia solid solution phase with enhanced vanadium contents
inside the monoclinic zirconia host lattice on increasing the nominal vanadium load.
Thus, Figure 5 shows the shift of (-111) and (111), and (220) diffraction peaks at low
and high angle (260°), respectively, in the series of as-prepared samples. The shift of
peaks to higher angles 260° indicates the possible formation of a solid solution of
vanadium in monoclinic zirconia by a substitutional mechanism, i. e. replacing larger

structural cations, i.e. occupying a site in the structure, by smaller ones.

The hydrothermal approach for synthesizing zirconia powders with controlled
crystalline form, size and shape has been extensively searched in recent decades. In
general, to prepare pure zirconia with different crystal structures, sizes and
morphologies several organic additives and inorganic reagents have been reported. Jiao

et al. reported the preparation of pure tetragonal zirconia nanocrystallites in the presence
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of polyhydric alcohols such as glycerol and di- and tri-ethanolamine while alkyl halide
favored the formation of the monoclinic form [14]. Qin and Chen also claimed the
preparation of either pure tetragonal or monoclinic form in the presence of polyhydric
alcohols such as trimethylolpropane or monohydric and dihydric alcohols such as
ethanol and glycol [15]. Others authors stated the advantages of using inorganic
additives to obtain monoclinic particles of zirconium oxide with very small crystallite
size and different morphologies, Thus, Arantes et al. produced nanocrystalline
monoclinic ZrO, powders with narrow size distribution in presence of hydrogen
peroxide [16]. On the other hand, Wang et al. reported a facile one-step approach to
size-controlled zirconia nanorods by using ammonium fluoride instead of traditional
alkali metal hydroxides into the hydrothermal system as mineralizer [17]. With regard
to the preparation of doped zirconia nanocrystals with several crystal structures, shapes
and morphologies, it is to remark that mostly of the numerous reported works deals with
the so-called stabilized nanocrystals with cubic or tetragonal structure. The solid
solution nanocrystals are generally achieved by introducing larger isovalent cations (e.
g. , Ce*") or by doping aliovalent cations (e. g. La’", Y3*, Sc*, Pr3*, Mg?* and Ca?")
into the ZrO, lattice, being an effective way to increase the stability of zirconia-based
nanocrystals at room temperature. In general, the starting sources of zirconium used in
the preparation monodisperse zirconia-based solid solutions nanocrystals are inorganic
salts, 1. e. zirconium oxychloride and oxynitrate. Thus, Guiot et al. reported the efficient
preparation of cubic ytria-stabilized zirconia by hydrothermal treatment of mixtures of
zirconyl nitrate hydrate (ZrO(NO;);'xH,O) and yttrium nitrate hexahydrate
(Y(NO3);-6H,0) to which acetylacetone (acac) was added in the molar ratio
Zr:acac=1:1 [11]. Meeti et al. claimed the synthesis of cubic ZrO,:Eu’" nanocrystals by

hydrothermal aging of mixtures of zirconium oxychloride octahydrate (ZrOCl,-8H,0),
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europium nitrate pentahydrate (Eu(NO3);-5H,0) and urea (CH4N,O) [12]. Taniguchi et
al. developed an oleate-aided hydrothermal approach to obtain CesZr, 50, metastable

nanocrystals being the reagents also inorganic salts of zirconium and cerium.

Generally, nanosized monoclinic doped zirconia is considered to be much more difficult
to prepare at low temperature. Then, the availability of a simple route to obtain nearly
pure nanocrystalline stable monoclinic vanadium-zirconia solid solutions represents a

step ahead in the nano-pigments subject.

Summarizing, from our aforementioned results can be drawn that well-shaped, discrete
monoclinic V-containing ZrO, nanoparticles are formed by direct hydrothermal
synthetic procedure. Anyway it is also to note that a very small fraction of vanadium-
containing zirconia nanoparticles are present in the tetragonal crystalline form, which
decreases with increasing the nominal vanadium content in the series of samples. On the
contrary, a small fraction of the also very minority secondary phase ZrV,0; is detected
only for the prepared samples with high contents of nominal vanadium load. At this
stage, it seems worthwhile to evaluate the structural and microstructural evolution of
these hydrothermally prepared V-containing zirconia nanocrystals after annealing at
different temperatures up to 1200 °C and a more in deep characterization after complete

development of monoclinic V-ZrO, nanocrystals at700 °C for 1 h.

3.2. Structural and microstructural evolution of monoclinic V-containing ZrO,

nanoparticles with annealing up to 1200 °C

Figures 2S, 3S and 4S show the structural changes occurred to the synthesized
precipitates with nominal compositions ZrO,, VsZrp9sO, and V(1Zr90,,

respectively, on annealing at increasing temperatures up to 1200 °C for 1 h. Several
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features are clearly modified in the set of XRD patterns of these samples and in general
in all samples of the prepared series. Thus, it can be seen the disappearance of the peak
at around 30 (20°), attributed to a crystalline phase with the structure of tetragonal
zirconia, at around 700 °C. On the other hand, it can be seen sharp and sharp peaks
associated to the monoclinic zirconia phase on increasing the annealing temperature.
This latter change could be caused by the raise of the crystallite size at high
temperatures. Moreover, it is to point out that the only crystalline phase detected over
the range of temperature between 700 and 1200 °C is monoclinic vanadium-zirconia in
samples with nominal vanadium content up to x=0.05, i. e. V(5Z1950,, whereas for
higher amounts appear also ZrV,0; (JCPDF 01-087-0562) as minor phase. However,
these secondary phase almost disappear on increasing the temperature as can be seen in

Figure 4S.

From the above results it can be inferred that a subsequent in deep characterization of
hydrothermally prepared samples after annealing at 700 °C for short time is required in
order to evidence the structural and microstructural characteristics of annealed
monoclinic V-doped ZrO, samples. Figure 6 shows the DRX patterns of the series of
prepared samples after annealing at 700 °C for 1 h. As aforementioned a phase with the
structure of monoclinic zirconia is detected for all compositions and only for samples
with nominal vanadium loads higher than x=0.065 is also detected a secondary minor
phase identified as zirconium metavanadate ZrV,0;. IR and Raman spectra of the series
of samples annealed at 700 °C for 1 h are displayed in Figures 5S and 6S, respectively.
In general, the set of IR spectra for all the annealed samples of the series are more
defined than the as-prepared (Figure 5S). It can be seen that along with the bands
associated to the monoclinic phase also appears the one at 1015 cm! associated to V=0

stretching vibrations. It is to note that the whole set of bands were already observed in
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the unheated as-synthesized samples. Figure 6S shows the set of Raman spectra for the
series in samples. As in the IR spectra, the Raman bands are better defined after
annealing even at low temperature. As can be seen all the characteristic bands
associated with different Raman active modes in monoclinic zirconia are present, along
with new bands appeared at around 285, 405, 705 and 990 cm!, which have been

attributed to V=0 bonds [27].

The nanostructure of the set of samples was examined by both SEM and TEM. Figure 7
(parts a to c¢) displays SEM micrographs of samples with compositions V027219507,
Vo.05Z19950, and V(1Z1ry90,, respectively. As can be seen discrete, well-shaped
particles sized in the range 25-70 nm are formed, being the size dependent on the
starting nominal composition of samples. The higher nominal dopant amount the larger
size of monoclinic V- ZrO, nanocrystals. TEM micrographs of the same samples shown
in Figure 8 (parts a to c) confirm the above statement arisen from SEM. Also the
particle size distribution for the samples is shown as insets in each one of the TEM
micrographs. It is to note that for the whole range of compositions the annealed
nanocrystals are sized below 100 nm and displaying a relatively narrow size
distribution, being 25, 50 and 70 nm the averaged size for samples V27219507,
Vo.05Z19.950, and V(1Z1y90,, respectively. Moreover, a number of very small particles
sized in the range 3-4 nm can be seen in TEM images Nevertheless, the investigation of
the nature of those so small particles is out of the scope of this paper, we think that they
are the primary nanoparticles formed at the beginning of the hydrothermal aging which
with longer aging attach each other giving rise to morphologically well-defined
assembled nanocrystals with the displayed sizes in TEM micrographs, i. e. in the range
between 25 and 70 nm. Also, it seems worthwhile to estimate the composition of these

samples in order to know if the V/Zr atomic ratios have experienced large variations
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with respect to the unheated as-prepared samples. Figure 7S show the EDX/SEM
spectra of samples with nominal compositions V02199302, V05210950, and
V.1Z1( 90, annealed at 700 °C for 1h. It is to note that in the series of spectra showed an

increase of the V/Zr intensities ratio with increasing the nominal vanadium load.

Although a mechanism of formation of this monoclinic V-ZrO, pigmenting system was
suggested in previous reports [8-10], it seems worthwhile to determine the evolution of
lattice parameters in the series of samples prepared by the hydrothermal approach.
Table 1 displays lattice parameters and details of the Rietveld refinement of the as-
prepared hydrothermally samples with a subsequent annealing at 700 °C for 1h. Also the
lattice volume against the nominal vanadium amount of the samples in the series is
shown in Figure 8S. As can be seen, an almost linear decreases of lattice volume on
increasing the nominal vanadium load up to x=0.04 in the series of samples is
displayed. This result is in accordance with the trend previously reported for this

pigmenting system prepared by other two techniques, sol-gel and polyol.

Crystallite size variation in the series of samples with different vanadium nominal loads
annealed at 700 °C for 1 h is shown in Figure 9 and the corresponding values in Table
IS. As can be seen the crystallite size values can be grouped in two sets dependent on
the nominal composition. A slight increase is given throughout the two composition
ranges, 1. €. 0<x<0.04 and 0.05<x<0.1, but a gap is detected between both series,
therefore a discontinuity appears between the samples with nominal vanadium load

x=0.04 and x=0.05.

3.3. Effect of the annealing temperature on the optical properties and chromatic

parameters of monoclinic V-containing ZrO, nanocrystals
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UV-Vis diffuse reflectance (DR) spectra of the hydrothermally as-prepared and after
annealing at 700 °C for 1 h series of samples are displayed in Figures 10 and 9S,
respectively. As can be seen already in the as-prepared samples, i. e. without any
annealing, can be distinguished two bands, a first strong one centered at around 400 nm
and a second weak, wide band peaked in the range between 600 and 800 nm. That latter
band can be more clearly distinguished in the inset of Figure 10. In fact, in the first wide
band encompassing the range between 200 and 550 nm can be distinguished two
components. Thus, the intense absorption displayed over the range between 200 and
300 nm can be attributed to a charge transfer mechanism, which at least three bands
convoluted in the undoped sample [1, 8]. On the other hand, the second component
included a strong and wide absorption in the range between 300 and 600 nm. This
absorption band has been reported for some V(IV) compounds such as V(OBut), [24].
In contrast, the weak band appearing in the range 600-800 nm can be associated with a
d-d transition due to the presence of V(IV). From the DR spectra of the as-prepared
samples without any annealing (Figure 10) can be drawn the stabilization of vanadium
as V(IV) in the monoclinic zirconia lattice by hydrothermal aging, even in presence of a
relatively large amount of the oxidizing nitrate. Figure 9S shows the DR spectra of the
same series of samples after annealing at 700 °C for 1 h. The only difference with the
spectra of as-prepared samples is wider and better-defined absorption in the range over

300 and 600 nm.

The L*a*b* chromatic coordinates of the series of hydrothermally as-prepared and
furtherly annealed at 700 °C for 1 h nano-pigments are shown in Figure 11. It is to note
that in the set of studied compositions the measured values of L* and a* are relatively
similar for samples without and with annealing processing. Moreover, in general the b*

parameter experiences a large increase with raising the nominal vanadium amount up to
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the sample with nominal composition V52109350, for the annealed at 700 °C. The
chromatic coordinates displayed by both series of samples corresponds to a yellowish
colour, depending its intensity on the amount of nominal vanadium load. A photograph
of the series of nano-pigments as-prepared and annealed at 700 °C is shown in Figure
10S. As can be seen the as-prepared nano-pigments displayed already brilliant yellow
colours and after further annealing at 700 °C for 1 h increase the yellow intensity. A
comparison of the chromatic parameters of the V-ZrO, nano-pigments hydrothermally
prepared and subsequently annealed at 700 °C and other yellow nano-pigments and
conventional (micrometric) pigments in several pigmenting systems show that V-ZrO,
nano-pigments obtained by the hydrothermal approach reach similar chromatic

coordinate values [10,28,29].

In order to test the stability and determine the chromatic parameters of the prepared
nano-pigments in a standard glaze, mixtures of prepared nano-pigments, without and
with different thermal annealing up to 1200 °C for 1h, together with the frit were
subjected to a thermal cycle with final temperature at 950 °C for 5 min. In general good
thermal and chemical stability is found for all the prepared nano-pigments after glazing,
giving rise to a yellow colour. Figures 11S and 12S display the colorimetric parameters
in the glaze obtained without and with as-prepared and annealed nano-pigment
Vo.05Z10.950, and V1Zr(90,, respectively. It is to be noted that both the L* and a*
chromatic coordinate values almost do not vary independently on the further thermal
annealing of the as-prepared nano-pigment. Anyway, it is to note that with the glaze
used to evaluate the chromatic parameters of the hydrothermally prepared nano-
pigments were reached b* chromatic coordinate values comparable to glazed
commercial micrometric pigments, after subsequent thermal annealing of the

hydrothermally prepared nano-pigment at higher temperatures than 700 °C.
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4. Dispersability of V-ZrQO, solid solution nano-pigments

In the potential application of the prepared nanocrystals as nano-pigments, it is crucial
to get good dispersability and high stability of dispersions. Figure 12 displays the pH
dependence of (-potential of aqueous dispersions of undoped ZrO, and doped with
nominal composition VsZry9s0, nanoparticles after annealing both hydrothermally
as-prepared nanocrystalline particles at 700 °C for 1 h. As can be seen both samples
display low values of (-potential over the range of pH 2.5 to 6.5. Nevertheless, the
absolute values for the doped sample are slightly higher than for the undoped zirconia in
that range of pHs. It is to note that the specific point of charge cero, i. e., the so-called
isoelectric point (IEP) is reached for undoped ZrO, nanoparticles at around pH 5.5
whereas for doped V521950, at around pH 3. This means a certain dependence of
IEP on the doping. Anyway, it is to point out that the doped nanocrystals obtained by
the hydrothermal approach have IEP values similar to the ones measured for the same
samples prepared by a different synthetic procedure, i. e., a polyol approach [10].
Moreover, the IEP for the undoped zirconia is within the range of pH between 4 and 11,
which is in agreement with the range reported by different authors for different zirconia
materials [30,31]. Taken into account the general assumption that values of zeta
potential above 30 mV (or under -30 mV) provided a good stability and a small degree
of particles aggregation in the dispersion, it can be inferred that to get stable dispersions
of doped nanocrystals with nominal composition VsZry9s0, the pH of the aqueous

dispersion should be higher than around 8.

5. Overview of the hydrothermal synthetic approach to monoclinic V-ZrO; nano-
pigments
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The results obtained from the several experimental characterization techniques
employed in the different steps of this study of preparation of monoclinic V-containing
zirconia nano-pigments indicate that the hydrothermal approach could be a suitable
technique to prepare discrete, well-shaped vanadium-zirconia nano-pigments sized in
the range 25 to 70 nm. Figure 13 summarize the steps leading to the final V-ZrO, nano-
pigments from the starting mixture of reagents dissolved in water. It seems that the
process leading to the hydrothermally as-prepared nanocrystals starts by the formation
of small primary particles of monoclinic V-doped zirconia nanoparticles with sizes over
the range 3-4 nm, which assembled through the hydrothermal aging giving rise to well-
defined, disc-like assemblies of nanoparticles sized around 25-70 nm, depending on the
nominal composition of the sample. This assemblage of very small particles can be also
seen in Figure 4. Interestingly the shape of these assemblages of nanoparticles is more
and more defined with increasing the amount of dopant. Moreover, the size of those
assemblages increases with the raise of dopants (Figure 4). After annealing at low
temperature for short time the loosely assembly of primary nanoparticles transforms
into discrete, well-shaped secondary nanocrystals with similar sizes. That fact can be
clearly evidenced in the set of TEM and SEM micrographs of samples annealed at as
low temperature as 700 °C in Figures 7 and 8. At this temperature the set of primary
particles (~4-5 nm) form compact secondary particles sized in the range between 25 and
70 nm. The crystalline habit of those secondary nanocrystals is better defined with

increasing the amount of dopant.

It is worthwhile at this point to compare the hydrothermal method of preparation of
zirconia-based nano-pigments with other also non-conventional techniques such as the
so-called polyol. While the temperature of the chemical processing for both methods are

lower than 200 °C, it is to be noted that in the hydrothermal approach the obtained
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product is crystalline and, in principle could not need further annealing at higher
temperatures whereas the product of the chemical reaction through the polyol technique
is amorphous and even the first crystalline product is tetragonal V-containing zirconia
nanocrystals that by further annealing transform into the monoclinic form at around 800
°C. It can be, therefore, drawn that the hydrothermal synthetic procedure of V-
containing zirconia nano-pigments presents a number of advantages against other

techniques such as the polyol technique.

5. Conclusions

Monoclinic V,Zr, 4O, nanocrystals, with x over the range 0 and 0.1, were prepared by
the hydrothermal approach, from mixtures of zirconyl nitrate and ammonium
metavanadate in aqueous solution. After a two-step hydrothermal aging at 100 and 140
°C well-shaped assemblies of V-containing zirconia nanoparticles sized in the range 25-
70nm displaying the monoclinic structure of zirconia were widely developed. Also a
very small fraction of tetragonal zirconia was detected as hydrothermal reaction product
together to the main monoclinic zirconia, which disappears on annealing the series of
prepared samples at 700°C for 1h. The nanostructural characterization of the
nanoparticles either hydrothermally as-prepared and after annealing at 700 °C
performed by different techniques indicated a small improvement of the crystallinity but
the size and shape of the non-aggregated well-shaped nanoparticles remain unchanged
with the annealing. The chromatic parameters of the nano-pigments annealed at 700 °C
for 1h were comparable to other yellow nano-pigments and conventionally prepared

micrometric pigments.
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Finally, it can be concluded that together with other no-conventional techniques of
synthesis of nanoparticles, the hydrothermal approach is a suitable technique to the
preparation of fully developed monoclinic zirconia-based nanocrystals with controlled
size and microstructure and since neither multisequential steps nor advanced
experimental conditions or equipment is required, it could be easily implemented for the
industrial manufacture of zirconia-based nano-pigments and other nano-pigmenting

systems.
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Figure captions

Figure 1. XRD patterns of as-prepared V,Zr,,O, precipitates. * is tetragonal zirconia

and ¢ is monoclinic zirconia.

Figure 2. IR spectra of as-prepared V,Zr, O, precipitates. ¢ are bands corresponding to

monoclinic zirconia and e is V=0 bond.

Figure 3. Raman spectra of as-prepared V,Zr; O, precipitates. 4 is monoclinic V Zr;.

«02,, % is tetragonal V,Zr; 1O, and W is ZrV,0;.

Figure 4. TEM micrographs of as-prepared V,Zr; O, precipitates. a) x=0, b) x=0.05

and c¢) x=0.1.

Figure 5. Shift of 28.08 and 31.56, and 50.24 20° diffraction peaks, respectively, at low

and high angle (26°) along the series of as-prepared precipitates.

Figure 6. XRD patterns of precipitates V,Zr; O, annealed at 700 °C for lh. ¢ is

monoclinic zirconia and ® is ZrV,0.

Figure 7. SEM micrographs of precipitates VZr; O, annealed at 700 °C for 1h: a)

x=0.02; b) x=0.05 and c¢) x=0.1.

Figure 8. TEM micrographs of precipitates V,Zr; O, annealed at 700 °C for 1h: a)

x=0.02; b) x=0.05 and c¢) x=0.1.

Figure 9. Crystallite size of precipitates V,Zr, O, annealed at 700 °C for 1 h against the

nominal vanadium load.

Figure 10. UV-Vis diffuse reflectance spectra of as-prepared V,Zr, O, precipitates.
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Figure 11. Chromatic coordinates of monoclinic V-ZrO, nanocrystals: a) as-prepared

precipitates, and b) after annealing at 700 °C for 1 h.

Figure 12. {-potential variation of ZrO, and V ¢sZr(¢s0, precipitates after annealing at

700 °C for 1 h in water.

Figure 13. Schematic representation of the steps leading to monoclinic V-ZrO, nano-

pigments from dissolved mixtures of reagents hydrothermally aged.
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Figure 1. XRD patterns of as-prepared V,Zr;,O, precipitates. * is tetragonal zirconia

and ¢ is monoclinic zirconia.
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Figure 4. TEM micrographs of as-prepared V,Zr, O, precipitates. a) x=0, b) x=0.05
and c) x=0.1.
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and high angle (26°) along the series of as-prepared precipitates.
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Figure 7. SEM micrographs of precipitates V,Zr;Oannealed at 700 °C for lh: a)
x=0.02; b) x=0.05 and c¢) x=0.1.
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Table 1. Crystallographic data and details of the Rietveld refinement of monoclinic

V,Zr, 4O, nano-pigments hydrothermally prepared with subsequent annealing at 700 °C

for 1 h.

Sample

a ()

b (A)

c(A)

B

V (A%)

Rex P

WRp GoF

x=0
x=0.01
x=0.02
x=0.03
x=0.04
x=0.05
x=0.065
x=0.08
x=0.1

5.1482 (1)
5.1463 (1)
5.1451 (1)
5.1442 (1)
5.1433 (2)
5.1432 (1)
5.1432 (1)
5.1432 (1)
5.1430 (1)

5.2015 (1)
5.1998 (1)
5.2009 (1)
5.2008 (2)
5.2013 (2)
5.2053 (1)
5.2049 (1)
5.2045 (1)
5.2037 (1)

5.3196 (1)
5.3203 (1)
53184 (1)
5.3180 (2)
53177 (2)
5.3157 (1)
53162 (1)
5.3170 (1)
5.3176 (1)

99.221 (1)
99.211 (1)
99.229 (1)
99.221 (2)
99.206 (2)
99.189 (1)
99.181 (1)
99.173 (1)
99.163 (1)

140.610 (5)
140.533 (5)
140.473 (5)
140.438 (8)
140.428 (9)
140.483 (5)
140.489 (5)
140.503 (5)
140.498 (5)

3.77
3.81
3.95
3.84
3.89
3.77
3.85
3.94
3.94

6.44
6.59
7.25
7.7
6.69
6.56
7.94
9.1
8.67

2.93
3.00
3.38
4.02
2.96
3.03
4.26
5.33
4.84
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Figure 1S. EDX/SEM microanalysis of as-obtained V,Zr; O, precipitates

hydrothermally prepared. a) x=0.02, b) x=0.05 and ¢) x=0.1.

Figure 2S. XRD patterns of as-obtained ZrO, precipitates annealed at different

temperatures. * is tetragonal zirconia and 4 is monoclinic zirconia.

Figure 3S. XRD patterns of as-obtained nominal V5Zr( 950, precipitates annealed at

different temperatures. * is tetragonal zirconia and 4 is monoclinic zirconia.

Figure 4S. XRD patterns of as-obtained nominal VZry 90, precipitates annealed at
different temperatures. * is tetragonal zirconia, ¢ is monoclinic zirconia and B is

ZI’V207

Figure 5S. IR spectra of precipitates V Zr; O, annealed at 700 °C for 1 h. ¢ are bands

corresponding to monoclinic zirconia and @ is V=0 bond.

Figure 6S. Raman spectra of precipitates V,Zr;,O, annealed at 700 °C for 1 h. ¢ is

monoclinic V,Zr; . O,, ® is V=0 bond and ® is ZrV,0..

Figure 7S. EDX/SEM microanalysis of precipitates V,Zr;,O, annealed at 700 °C for 1

h. a) x=0.02, b) x=0.05 and c¢) x=0.1.



Figure 8S. Lattice volume of nano-pigments V,Zr, ,O,, prepared by hydrothermal aging

followed by annealing at 700 °C for 1 h against the nominal vanadium load x.

Figure 9S. UV-Vis diffuse reflectance spectra of monoclinic V,Zr;_,O, solid solutions

annealed at 700 °C for 1h.

Figure 10S. Photograph of nano-pigments V,Zr;_,O, after annealing at 700 °C for 1 h.

Figure 11S. Colorimetric parameters and photograph of glaze without and with as-
obtained and annealed nano-pigment V ¢sZry 950, : a) without nano-pigment; b) with
unheated nano-pigment; c); with nano-pigment furtherly annealed at 700 °C for 1 h; d);

with nano-pigment furtherly annealed at 1200 °C for 1 h.

Figure 12S. Colorimetric parameters and photograph of glaze without and with as-
obtained and annealed nano-pigment V,,Zry90, : a) without nano-pigment; b) with
unheated nano-pigment; c); with nano-pigment furtherly annealed at 700 °C for 1 h; d);

with nano-pigment furtherly annealed at 1200 °C for 1 h.
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Figure 1S. EDX/SEM microanalysis of as-obtained V,Zr;,O, precipitate

hydrothermally prepared. a) x=0.02, b) x=0.05 and ¢) x=0.1.
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Figure 2S. XRD patterns of as-obtained ZrO, precipitates annealed at different

temperatures. * is tetragonal zirconia and ¢ is monoclinic zirconia.
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different temperatures. * is tetragonal zirconia and 4 is monoclinic zirconia.
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corresponding to monoclinic zirconia and @ is V=0 bond.
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Figure 9S. UV-Vis diffuse reflectance spectra of monoclinic V,Zr;,O, solid solutions

annealed at 700 °C for 1h.



x=0.05 x=0.065 x=0.08 x=0.1

as-obtained

700 °C

Figure 10S. Photograph of nano-pigments V,Zr;_,O, after annealing at 700 °C for 1 h.



100

w90 -

g .

= 80-

> -

% 70 -

= ]

*qs-; 60

g 50—_

S 40 -

Q -

S 304

Q -

g 20-

ERTY

S 199 0.64

O 0- o~ ; 4.71 a

1 -0.64
-10 T T T T T T T

frit as-obtained 700 °C 1200 °C

Samples

Figure 11S. Colorimetric parameters and photograph of glaze without and with as-
obtained and annealed nano-pigment V ¢sZry 950, : a) without nano-pigment; b) with
unheated nano-pigment; c); with nano-pigment furtherly annealed at 700 °C for 1 h; d);

with nano-pigment furtherly annealed at 1200 °C for 1 h.



100
w 90
g .
= 30-
> 4
% 70 4
Q ]
g 60 -
g 50 —_
Q. 404
Q -
S 304
Q -
£ 20-
l: i
_g 10 -
) 2.22 _ -2.69
© 0 J 0.6_4 —0\4.5_7_ —e a
-10 .I T T T T T T
frit as-obtained 700 °C 1200 °C
Samples

Figure 12S. Colorimetric parameters and photograph of glaze without and with as-
obtained and annealed nano-pigment V,Zry90O, : a) without nano-pigment; b) with
unheated nano-pigment; c); with nano-pigment furtherly annealed at 700 °C for 1 h; d);

with nano-pigment furtherly annealed at 1200 °C for 1 h.



Table 1S. Crystallite sizes of nano-pigments V,-Zr; O, obtained from XRD patterns

(Rietveld method)

X Size (nm)

0 20 (3)
0.01 21 (3)
0.02 23 (3)
0.03 24 (3)
0.04 25 (3)
0.05 43 (2)
0.065 47 (2)
0.08 50 (2)

0.1 53 (2)
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We report the preparation of a series of orange Cr- and Sb-containing TiO, nano-pigments by the polyol
via using triethylenglycol (TEG). Poorly crystallized anatase nanopowders with nominal stoichiometric
compositions CrxSbxTi1_»x0>, with 0 < x < 0.2, were obtained by heating at 180 °C a solution of antimony
acetate, chromium acetylacetone and titanium butoxide in TEG. The transition temperature of the
chromium- and antimonium-containing anatase nanoparticles into the rutile crystalline form occurred
over the range of temperature between 500 and 650 °C, depending on the dopant amount. After
annealing at 800 °C for short time the series of samples displaying the rutile structure were analysed by
different techniques. Results from energy dispersive X-ray (EDX) analysis and lattice volume of the rutile
Titanium dioxide nanoparticles indicated that the content of dopants increased over the whole range of studied compo-
Orange sitions. Field emission scanning electron microscopy (FESEM) images proved the formation of discrete,
Inkjet non-aggregated Cr- and Sb-codoped rutile nano-pigments with sizes below 100 nm after annealing
Polyol synthesis precursors at 800 °C. Zeta ({) potential of aqueous dispersions of nano-pigments confirmed the feasibility
to be used in the ink-jet printing decoration process. The chromatic coordinates of the series of prepared
orange nano-pigments were similar to both the micrometric prepared by conventional techniques and
the nanometric synthesized by the so-called CERCOL method. Also the b* chromatic coordinate values
after glazing nano-pigments annealed at different temperatures up to 800 °C were comparable to the
ones reported in the literature.

Keywords:
Nano-pigment

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction pigments, featuring particle size distribution in the range

10—80 nm. These ceramic pigments with particle size in the

Conventional rutile-based ceramic pigments are widely used in
the ceramic industry. In fact, it is one of the crystal categories with a
greater number of ceramic pigments in the Classification of Mixed-
Metal-Oxide Inorganic Pigments [1]. This classification scheme
collects most of the conventional pigments suitable for use in ce-
ramics. One of the main characteristics of these pigmenting sys-
tems, whose in general have been known for decades, is their
particle size distribution in the 1-10 pm range. However, nowadays
the development of a novel technique of digital decoration by ink-
jet printing has changed the requirements for the new ceramic
pigments, now referred as ceramic inks. The main requirements of
colorants for digital inks are in addition to the ones of conventional
pigments, those to fulfill the specific needs of ink-jet printers. Such
specific requirements can be achieved by the so-called nano-
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E-mail address: javier.alarcon@uv.es (J. Alarcon).

http://dx.doi.org/10.1016/j.dyepig.2016.06.034
0143-7208/© 2016 Elsevier Ltd. All rights reserved.

nanoscale have a massive potential market because when properly
prepared and applied exhibit superior effectiveness even in critical
abrasive applications [2]. It is to note at this point that
chromophore-containing nanoparticles are an emerging industrial
application.

A widely used titanium-based ceramic pigment is the Sb- and
Cr-codoped rutile, displaying an orange color. However, some au-
thors referred the color as buff [1]. These ceramic pigments have
been studied by using different synthetic approaches and tech-
niques of characterization [3—6]. Thus, Matteuci et al. state the
evolution of the phase compositions during the calcination process
of a mixture of TiO, (anatase), Cr,03 and Sb,05 with the nominal
stoichiometry Crg03Sbg.03Tio.9402 [3]. Moreover, these authors give
some structural parameters such as Ti-O distances, and distorsion
of the octahedral site which directly influence the coloration. In the
second part of the aforementioned paper, Dondi et al. elucidate the
mechanism responsible of pigment coloration, intending
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particularly to highlight the relative influence of the counterion Sb,
along with the valence of the chromium cation [4]. Huguenin and
Chopin also in CrgSbyTi;_2x02 samples prepared by solid state re-
action in a wide range of compositions, 0 < x < 0.2, studied the
processes occurring during the thermal treatment and their influ-
ence on the homogeneity of the final solid solution and the pigment
quality [5]. More recently Gargori et al. reported results on the
preparation of these pigments by different no-conventional tech-
niques for a sample with composition Crgg155bg.015Tig.9702 and
their further appraising as ceramic pigment added to glazed por-
celain stoneware and as ceramic inks for screen printing of porce-
lain stoneware [6]. Also in last years some reports stated the
preparation of yellow (Ti,Cr,Sb)O; by the so-called CERCOL method
[7—9]. In fact these nano-pigments were prepared in an organic
medium by means of a modified polyol procedure as suspensions
for ink-jet printing. Also new synthetic approaches have been
recently reported. Thus, Jovani et al. prepared Crg 0155bo.0015Tip.9702
by a microemulsion-mediated solvothermal via and tested its po-
tential use for inkjet printing on ceramics [10].

Taking into account both the current basic knowledge on the Cr-
and Sb-codoped TiO; ceramic pigmenting system and the actual
industrial need of availability of nano-pigments, there are still some
issues in the Cr,Sb-codoped TiO, nano-pigments subject that need
further research. Thus, it seems interesting to search the feasibility
of using as solvent relatively long hydrocarbon chain polyols and
the structural and spectroscopic properties of the prepared nano-
pigments in a wide range of compositions, i. e. with greater
dopant loads, as well as the dependence of the chromatic co-
ordinates on both the content of dopants and the crystallite size of
the nanoparticles.

The main objective, therefore, in the present paper is to gain
some insight into some fundamental parameters of this ceramic
nano-pigment, by using a synthetic approach to obtain well-
defined final products, suitable for their further detailed charac-
terization. Thus, the lattice parameter and the nanoparticle char-
acteristic as a function of the amount of dopants in the rutile
structure will be determined. For getting those targets a series of
compositions CrySbyTi1_2x with 0 < x < 0.2 will be prepared by the
polyol method using TEG and both, the precipitates and the
nanocrystals obtained after subsequent annealing at temperatures
up to 1200 °C, will be characterized by different techniques. Also
the chromatic coordinates of some colored glazes with a chosen
prepared nano-pigment will be evaluated.

2. Experimental procedure
2.1. Synthesis of Sb-and Cr-codoped titania nano-pigments

A series of samples with nominal stoichiometry CrxSbyTi1_2x02,
with 0 < x < 0.2, were prepared by the so-called polyol method.
The synthetic procedure to prepare 5 g of the final Cr,Sb-containing
titanium dioxide was as follows. First, the required amount of ti-
tanium butoxide (Ti(OC4Hg)4, TBu, Aldrich) was dissolved in a so-
lution of acetylacetone (acac) in TEG. To that solution the
stoichiometric amounts of antimony acetate (Sb(0,C;H3)s3,Sac,
Sigma-Aldrich), chromium acetylacetonate (Cr(O,CsH7)s3, Cacac,
Fluka), and water were added to reach the TBu:acac:H,O molar
ratio of 1:0.15:10. The concentration reached of the final solution,
referred to (Cr,Sb,Ti)03, was around 0.1 M. The solution containing
all the reagents was heated at 180 °C and a precipitate appeared
after 10 min. After 2 h at 180 °C the precipitate was separated by
centrifugation, washed three times with ethanol and dried. In order
to improve the structural and microstructural features of the Cr-
and Sb-containing TiO, samples, the as-obtained dried precipitates
were annealed at different temperatures up to 1200 °C for 1 h.

2.2. Techniques of characterization

Chemical, structural and microstructural changes from Sb- and
Cr-containing TiO, precipitates to solid solution nanoparticles were
followed by different experimental techniques.

X-ray diffraction analysis (Model D8, Bruker) was performed
using CuK, radiation, with 1 and 3 mm divergence and anti-
scattering slits respectively and a 3° 26 range Lynxeye detector. The
diffractograms were run from 20 to 100° 26 with a step size of 0.02
20° and a counting time of 2 s. The determination of the lattice
constants of rutile was made using the PowderX software. The
crystallite size of the annealed samples at 800 °C was determined
by the Scherrer’s method using LaBg as standard.

Infrared absorption (IR) spectra (Model 320 Avatar, Nicolet)
were obtained in the range 2000—400 cm™! using the KBr pellet
method.

Raman spectra of annealed samples were obtained by means of
a Raman spectrometer (Model XploRA, Horiba) with 638 nm laser.
The samples were measured in backscattering geometry at room
temperature. A 100x microscope objective was used to focus the
excitation laser on the sample and collect the scattered light to the
spectrometer. More than 3 different areas were analysed per
sample, to obtain representative results. Exposure time was 10 s
and the number of acquisitions was 10. Data acquisition was carried
out with the LabSpec 6 software packages from Horiba Scientific.

Ultraviolet-visible diffuse reflectance (UV-vis DR) spectra of the
specimens (Model V-670, Jasco) were obtained in the range of
200—2500 nm. L*a*b* parameters of representative specimens
were measured using the above Jasco spectrophotometer with a
standard lighting C, following the CIE-L*a*b* colorimetric method
recommended by the CIE (Commision Internationale de I’ Eclair-
age). In this colour system, L* is the colour lightness (L* = O for black
and 100 for white), a* is the green (—)/red (+) axis, and b* is blue
(=)/yellow (+) axis.

The microstructure of the as-prepared and thermally treated
samples was determined by FESEM at 20—30 kV (Model S-4800,
Hitachi Ltd., Tokyo, Japan). The samples were prepared by dropping
a dispersion of the prepared powders in H,O directly onto the
holder sample. All specimens were coated with gold/palladium in
an ion beam coater. EDX of precipitates was also obtained by the
same microscope working at 20 kV.

The ¢ potential of the suspensions prepared by dispersion in
water of the obtained powders was measured in a Zetasizer Nano
ZS (Malvern Instruments) equipment. Stable, suitable for mea-
surement 0.1 g/L aqueous dispersions of nanocrystals were ob-
tained by sonication (10 s, 150 W) and subsequent adjustment to
the different pH values with NaOH and HCl. The measurements
were replicated three times.

The stability and chromatic coordinates of a chosen nano-
pigment, as-precipitated and after annealing at 800, 1000 and
1200 °C, in a commercial frit were evaluated. The nano-pigments at
different development stages, depending on the annealing process,
were mixed with an industrial CaO-ZnO-SiO; frit (5 wt % of the
nano-pigment) and after drying the samples were fired at 1050 °C
for 5 min. Chromatic coordinates of the resulting coloured glazes
were measured using a Chroma meter (Model CR-400, Konica
Minolta).

3. Results and discussion

3.1. Preparation and characterization of Sb- and Cr-containing TiO>
precipitates

The procedure of preparation of the final nano-pigments con-
sisted in two consecutive steps.
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The first one allows getting greenish, poorly crystallized nano-
particles of Sb- and Cr-containing titanium dioxide by heating at
180 °C the starting solution with all reagents in TEG. The second
step intends to improve the crystallinity of final Cr,Sb-TiO, nano-
particles by low-temperature annealing. There are several reaction
parameters in the preparation of the amorphous precursors that
influence their further structural and microstructural features.
With the purpose of optimizing such features ethylenglycol (EG)
was also tested as solvent. It is interesting to note that for all the
compositions of the series when using TEG as solvent and reaction
times of up to 24 h, a high yield of precipitate is obtained whereas
on using EG the amount of precipitate for samples with high load of
dopants is low. This fact is even more accused for longer reaction
times. Although polyols play a role as solvent of the reactants and
stabilizers of the final nanoparticles, many other experimental
conditions must be considered in the polyol approach in order to
obtain particles with the desired structural and microstructural
characteristics. Thus depending on the chosen polyol, the nature of
the starting reagents, the processing temperature and time and the
presence of additives, some precipitate characteristics such as the
non-aggregation of particles and their size, shape, particle size
distribution and crystalline structure can be attained. Thus, for
instance, in the preparation of magnetite nanoparticles by the
polyol approach, Cai and Wan claimed that the morphology of the
reaction product is quite different depending on the characteristics
of the polyol used [11]. Their results after using EG, DEG (diethylene
glycol), TEG and TREG (tetraethylen glycol) as solvents showed that
only non-agglomerated magnetite nanoparticles with uniform
shape and narrow size distribution were obtained with TEG. Like-
wise, in the preparation of Ag nanocubes, Wang et al. stated that
those Ag nanocubes with controlled lengths below 30 nm only are
prepared by using DEG as solvent [12]. The alternative use of EG or
polyols with longer hydrocarbon chains (TEG or TREG) only led to
the formation of twinned particles with irregular shapes. Even also
in the system (Ti,Cr,Sb)0,, target of this paper, a yellow nano-
pigment was reported, which was prepared by using DEG as pol-
yol and titanium isopropoxide, chromium acetate and antimonium
chloride as raw materials, in the so-called CERICOL patented pro-
cess [7—9].

Once obtained the precipitates in the range of compositions
CrySbyTi1_2x02 from pure titania, i. e. x = 0, up to x = 0.2, by using
TEG as solvent and TBu, Sac and Cacac as starting materials,
although not part of the main target of this work, it is worthwhile to
analyze their nature, relative composition over the samples of the
series and surface structure and to enlighten the reactions leading
to the precipitates.

The EDX spectra of some of the prepared precipitates are shown
in Fig. 1S. As it can be seen the relative intensity of the K, and L,
lines corresponding to Cr and Sb, respectively, increases on raising
the nominal load of dopants. This fact revealed the relative increase
of dopants in the precipitate on increasing their nominal amount.
From Fig. 2S, showing XRD patterns of the obtained precipitates
CrySbyTi1_2x02, with x = 0.05, 0.125 and 0.2, their amorphous na-
ture can be inferred. It is to notice that with the used reagents and
experimental conditions in the precipitate formation no crystalline
glycolate is detected [13]. The IR spectra of some representative
precipitates together with that of pure TEG are shown in Fig. 3S. As
it can be seen, all the spectra are similar and bear a strong resem-
blance to the one corresponding to pure TEG. This fact is in
agreement with the role played by the TEG as stabilizer of the
precipitated particles.

From the characteristics of the obtained precipitates and in or-
der to get highly crystalline codoped rutile-based nanoparticles it
seems necessary, as we will describe later, to anneal those pre-
cipitates at temperatures higher than 600 °C. That thermal

processing of precipitates will allow a further structural and
microstructural characterization of the final Sb- and Cr-doped rutile
nano-pigments.

3.2. Structural and microstructural evolution from precipitates to
Sb- and Cr-doped rutile nano-pigments

In order to obtain highly-crystallized Sb- and Cr-doped rutile
nanoparticles with well-defined morphologies the as-prepared
nanoparticles by the polyol via were annealed at different temper-
atures up to 1200 °C for short periods of time. XRD patterns of
undoped TiO, and doped CrySbyTi1 _2x02 withx = 0.05,0.125and 0.2,
prepared by using TEG as solvent and reaction time for 2 h, are shown
in Figs. 4S to 7S. As it can be seen pure TiO, nanoparticles without
thermal annealing do not display any clear diffraction profile, so they
can be considered as amorphous. On annealing at as low tempera-
ture as 400 °C, wide but well-defined peaks appear at 25.3,36.9, 37.7,
38.5, 48.0, 53.84, 55.1 and 62.7 (26°), which can be attributed to
anatase (ICDD 00-021-1272). When the annealing temperature
increased at around 800 °C the aforementioned peaks disappeared
and a new set of peaks at 27.4, 36.0, 39.2, 41.2, 44.0, 54.3, 56.6, 62.8
and 64.1 (26°) were detected. All these peaks can be associated with a
phase with the structure of rutile (ICDD 00-021-1276). On further
increasing of the annealing temperature up to 1200 °C no changes
could be detected at first sight in the rutile phase. For doped samples
peaks assigned to both anatase and rutile are detected, depending on
the annealing temperature. However, the range of temperature for
which the anatase structure was detected, i. e. from 400 to 600 °C,
decreased on rising the amount of dopants, even disappearing for
the sample with x = 0.2. It is to be noted that in samples with high
content of dopants the broadness of the rutile peaks decreased with
the increase of annealing temperature, which reveals the growth of
the crystallites. Fig. 8S shows the XRD patterns of the series of
samples prepared using TEG as solvent and with a reaction time for
2 h, with increasing amounts of Cr- and Sb-dopants in rutile,
annealed at 800 °C for 1 h, in which rutile is the only crystalline phase
detected. In samples annealed at 1200 °C rutile is also the only
crystalline phase observed. A closer look to two magnified portions
of their XRD pattern, displayed in Fig. 1, showed some shifting of the
diffraction lines to lower angles as the nominal dopant amount in-
creases, which is in accordance with the formation of Cr- and Sb-
containing titania solid solutions with the rutile structure.

The Raman spectra of these samples also indicated the formation
of crystalline phases with rutile structure after heating at 800 °C.
Fig. 2 displays the Raman spectra of the annealed precipitates pre-
pared using TEG as solvent and 2 h reaction time. Bands at 234, 448
and 609 cm ™ are show in all the samples, which can be associated
respectively with Eg second-order effect and Aqg vibrational modes
of rutile [14]. It is to be noticed that on increasing the nominal
amount of dopant both an increased peak asymmetry and a reduc-
tion of the intensity/peak width ratio occurs. This fact was associated
with a decrease in crystallite size in the literature [15]. These results
are in agreement with the ones obtained by XRD, confirming the
stability of the Cr- and Sb-containing rutile crystalline phase over the
wide range of temperatures between 600 and 1200 °C.

In order to evidence the aforementioned decrease on the crys-
tallize size on increasing the amount of dopant, the crystallite size
was determined from the XRD patterns applying the Scherrer
equation. In this methodology the size of crystallites is as the size of
crystalline domains that coherently diffract. After having into ac-
count the instrumental broadness correction by using the LaBg as
standard, the crystallite size variation in the direction [101] along
the series of samples with increasing amount of dopants is shown
in Fig. 3 and Table S1. From Fig. 3 a continuous decrease of crys-
tallite size occurs when the amount of dopants increases up to the
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Fig. 1. XRD patterns at low and high 26° angle of the precipitates CrySbyTi; 2« annealed at 800 °C for 1 h, being 0 < x < 0.2. All peaks are associated with rutile.
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Fig. 2. Raman spectra of precipitates with nominal composition CrySbyTij_2x02
annealed at 800 °C for 1 h & is rutile.

composition with x = 0.15, i. e. Crg15Sbg15Tig.70>.

The microstructural features of the annealed samples are dis-
played in Figs. 4 and 5, in which SEM micrographs of CrySbyTij_2x0>
with x = 0.1 and 0.15 after annealing at 800 °C for 1 h are displayed.
As it can be seen from these images non-aggregated, nanometric
particles are formed, although a certain tendency to the aggrega-
tion appears on increasing the nominal amount of dopant.

3.3. Mechanism of formation of Sb- and Cr-doped rutile solid
solution nano-pigments

The determination of the possible mechanism of formation of
this solid solution, in which two cations, antimony and chromium,
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Fig. 3. Crystallite size along the [101] direction of precipitates CrySbyTi; _2x0, annealed
at 800 °C for 1 h.
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Fig. 5. SEM micrograph of sample Crg15Sbg5Tig 70> after annealing at 800 °C for 1 h.

are involved in the substitution of Ti*" in the rutile structure is a
complex task, mainly because in that replacement two cations with
potentially different chemical states are involved. Thus, Cr could be
find at least as Cr>*, Cr** or even Cr>*, and Sb as Sb>* or Sb>*. The
combination of Cr>* and Sb>* could be favorable because it allows
reaching electroneutrality. The relationship between the lattice
parameter variation and the nominal dopant load for the series of
samples CrySbyTii_ox may help to suggest one solid solution
mechanism of formation of these solid solutions. Table S2 resumes
the lattice parameters and the figure of merit for the series of
samples prepared with TEG as solvent and reaction time of 2 h and
subsequent annealing at 800 °C for 1 h. Also in Fig. 6 the variation of
unit cell volume against the dopant nominal amounts is displayed.
As it can be seen the unit cell volume increases almost mono-
tonically with the increase of the nominal amounts of chromium
and antimonium cations. This fact suggests a mechanism of solid
solution formation by which a structural cation is replaced by other
with larger radium in the rutile lattice. In our samples the sug-
gested mechanism involves the replacement of 2Ti** by Sb>* and
Cr3*. Since either one of the doping cations are larger than Ti** an
increase of the lattice parameters is produced when the cation
replacement takes place. There is, however, to point out that on
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Fig. 6. Unit cell volume of precipitates CrySbyTi;_2x0, annealed at 800 °C for 1 h.

increasing the nominal amount of dopant cations, the amount of
each one of these cations in the final doped rutile do not increase in
the same extension. This fact is clearly evidenced by the EDX
spectra of the series of samples CrySbyTi;_2x after annealing at
800 °C for 2 h. As an illustrative example, the EDX of samples
CrySbyTi1_2x with x = 0.05, 0.125 and 0.2 annealed at 800°Cfor 1 h
are shown in Fig. 9S. We can see that the relative intensity of the K
and L, lines, corresponding to Cr and Sb, did not experience similar
increasing on raising the nominal load of dopants. According to the
literature on the basis of X-ray Photoelectron Spectroscopy results
when the excess amount of Sb occurs in Sb and Cr codoped TiO;
rutile samples, the charge balance would be kept by the coexistence
of Sb>* and Sb3* according with the stoichiometry
CrxSb3*ySb>* ,yTi1_2x 2y0> [16]. Therefore, and taken into account
that a continuous increase of lattice volume is observed along the
series of compositions and since the Sb>* radium is larger than
Sb35+ it can be inferred that a certain amount of Sb would be as
Sb >+,

3.4. Optical properties of Sb- and Cr-doped rutile solid solution
nano-pigments and chromatic coordinates after glazing

UV-Vis DR spectra of precipitates obtained in TEG and annealed
at 800 °C for 1 h are shown in Fig. 7. A strong band was shown by
the undoped rutile in the UV region and a narrow range of energy in
the visible region up to around 400 nm. This band is attributed to
the 0%~ — Ti** charge transfer process occurring in rutile [17]. Two
additional bands at around 470 and 720 nm appear in all doped
samples. The quite strong first one appearing following the strong
charge transfer has been associated with the Cr>* — Ti*" charge
transfer [18]. The Cr3* cation in octahedral oxide coordination as in
the case of the Cr,03 spectrum, display two bands at around 460
and 600 nm being associated according to the Tanabe-Sugano di-
agram with %Ay — *Tag and #Ayg — “Tyg (F) spin-allowed transi-
tions [19]. Some contribution of the absorption due to the
4A2g — 4’T2g transition, therefore, appear in the absorption band
centred at around 470 nm whereas the band at 720 nm is caused by
the *Ayg — “*Tyg (F) transition, slightly shifted to lower energies
than the corresponding one displayed by Cr,0s.

In order to show the variations of colour of the as-prepared
nano-pigments with the annealing temperature, the photographs
of the series of obtained precipitates in the whole range of
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Fig. 7. UV-Vis DR of precipitates CrySbyTi; 40, annealed at 800 °C for 1 h.

compositions annealed at 800, 1000 and 1200 °C, are presented in
Fig. 8. As can be seen the Cr- and Sb-codoped TiO, nano-pigments
present bright orange colours in almost the whole range of pre-
pared compositions and tested annealing temperatures. The chro-
matic coordinates of nano-pigments after annealing at the lower
temperature to stabilize the Sb- and Cr-containing TiO, rutile
structure, i. e. 800 °C, are shown in Fig. 9. From the colorimetric
parameters it can be inferred that all samples present a high lu-
minosity L* value, around 70. The yellow component b* value, over
40, was also high over the whole range of compositions whereas
the red component a* showed values over 15 in the range of
compositions up to x = 0.10 but decreased on increasing the
amount of dopants.

In order to determine the feasibility of developing the nano-
pigment in-situ through the glazing processing, we have checked
the stability and tinting strength of the coloured glazes prepared
from mixtures of the as-prepared nano-pigments without further
annealing, i. e. after precipitation, and with subsequent annealing
at different temperatures over the range between 800 and 1200 °C.
Fig. 10 displays the images of the coloured glazes obtained with the
nano-pigment Crg15Sbg15Tip702, after heating at 1050 °C for
30 min. The corresponding chromatic coordinates are displayed in
Fig. 11. As can be seen from Fig. 10 the glazed samples showed a
homogeneous colour suggesting that even the amorphous Cr- and
Sb-containing TiO, precipitate prepared by the polyol via can be
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Fig. 9. Chromatic coordinates of the prepared nano-pigments CrySbyTi;_»x0, after
annealing at 800 °C for 1 h.

b) c) d) e)

Fig. 10. Photograph of colored glazes obtained from mixtures of the nano-pigment
Crp15Sbo15Tip 702, without and with annealing at different temperatures, and a stan-
dard frit: a) frit without nano-pigment; b) with as-precipitated nano-pigment; c) with
nano-pigment annealed at 800 °C; d) with nano-pigment annealed at 1000 °C; e) with
nano-pigment annealed at 1200 °C.

a)

developed in situ through the glazing process. With regard to the
chromatic coordinates displayed by the glazes it is to note that
relatively high values of all the three L*. a* and b* colorimetric
parameters are developed on glazing and that even it could be
possible to use the colloidal precipitate as nano-pigment in the ink-
jet process obviously after further fine tuning.

3.5. Dispersability of Sb- and Cr-doped rutile solid solution nano-
pigments

As long-term stability of nano-pigment colloidal dispersions is
important for their further proposed ink-jet printing application it

X=0.125 X=0.15 X=0.2

Fig. 8. Photograph of the obtained nano-pigments after annealing precipitates CrySbyTi;_240, at 800, 1000 and 1200 °C for 1 h.
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Fig. 11. Chromatic coordinates of colored glazes obtained from mixtures of the nano-
pigment Crg15Sbg15Tip 70>, without and with annealing at different temperatures, and
a standard frit: a) frit without nano-pigment; b) with as-precipitated nano-pigment; c)
with nano-pigment annealed at 800 °C; d) with nano-pigment annealed at 1000 °C; e)
with nano-pigment annealed at 1200 °C.

is worthwhile to evaluate it. A common way to do so is by deter-
mining the magnitude of { potential, which is related to the surface
charge of the nanoparticles. Fig. 12 shows the pH dependence of {
potential of suspensions of pure TiO, and Crg1SbgTigpgO> nano-
particles prepared by hydrothermal aging and subsequent
annealing at 800 °C for 1 h, as an illustrative example. As can be
seen, the isoelectric points (IEP), i. e., the pH for which the surface
charge is balanced, of pure TiO, and Crg1Sbg1TiggO2 aqueous dis-
persions are 4.2 and 6.5, respectively. These values, which are in the
range of the ones previously reported in the literature [20—22],
indicate the point where the electrostatic repulsion does not
contribute to the colloidal stability. It is assumed that at highly
negative or positive values of { potential, i. e. more than 30 mV or

20

Zeta potential (mV)

pH

Fig. 12. { zeta potential and isoelectric point (IEP) of precipitates CrySbyTi;_2x02
annealed at 800 °C for 1 h. Black squares and red circles correspond to compositions
x = 0 and x = 0.1, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

less than —30 mV, nanoparticles in dispersion tend to repel each
other, hindering agglomeration and therefore contributing to the
dispersion’s stability. From our results, then, it can be assumed that
dispersions of nanoparticles with composition CryxSbyTi;_x0; with
0 <x <0.2, are stable at pH around 8, a suitable value for the ink-jet
printing decoration process.

3.6. Conclusions

A series of Cr- and Sb-containing TiO, nano-pigments were
prepared over the range of nominal compositions CrySbyTi1_2x02
(0 < x < 0.2) by the polyol-mediated via using TEG as solvent. The
poorly crystallized anatase precipitates obtained after heating at
180 °C transformed to rutile after subsequent short annealing over
the range of temperatures between 600 and 700 °C, depending on
the dopant loads. All the precipitates after annealing between 800
and 1200 °C displayed X-ray diffraction patterns attributed to a
single phase with rutile structure. The lattice volume increase and
the EDX/FESEM microanalysis variation over the series of annealed
precipitates at 800 °C with increasing the nominal amount of
dopants was consistent with the formation of a solid solution of Cr
and Sb in TiO>, rutile. The rutile-based solid solution nature of those
nano-pigments was also confirmed from IR, Raman and UV-Vis DR
spectroscopies. FESEM images proved the formation of discrete,
non-aggregated nanoparticles of Cr- and Sb-codoped rutile with
sizes below 100 nm after annealing the quasi-amorphous pre-
cursors at 800 °C. The prepared nano-pigments presented bright
orange colours in almost the whole range of prepared compositions
and tested annealing temperatures, which were preserved after the
application on glazes. The chromatic coordinates displayed by the
prepared Sb,Cr-TiO, nano-pigments after annealing at 800 °C were
similar to the commercial micrometric pigments and to the
recently reported orange nanometric pigments prepared by
microemulsion-mediated solvothermal approach. ¢ potential
measurements of aqueous dispersions of the prepared materials
indicated their suitability to be used in the ink-jet printing deco-
ration process.

From the results obtained in this specific pigmenting ceramic
system it can be confirmed that the polyol via is a synthetic
approach that allows obtaining well-defined final nano-pigments
suitable for their further detailed characterization as well as a
proper way of industrial manufacture of nano-pigments.
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Fig. 1S. EDX spectra of the prepared precipitates CrxSbxTi1-2xO2: a) x=0.05 ; b) x=0.1;

c) x=0.2.

Fig. 2S. XRD patterns of the obtained precipitates CrxSbxTi1-2xO2 with different nominal

dopant content.

Fig. 3S. IR spectra of representative precipitates CrxSbxTi1.2xO2, along the spectrum of

pure TEG.

Fig. 4S. XRD patterns of TiO> samples dried and annealed at different temperatures up

to 1200 °C. * is anatase and 4 is rutile.

Fig. 5S. XRD patterns of Cro.osSbo.osTio.0002 samples dried and annealed at different

temperatures up to 1200 °C. % is anatase and 4 is rutile.

Fig. 6S. XRD patterns of Cro.125Sho.125Tio.7s02 samples dried and annealed at different

temperatures up to 1200 °C. % is anatase and 4 is rutile

Fig. 7S. XRD patterns of Cro2Sho2TiosO2 samples dried and annealed at different

temperatures up to 1200 °C. 4 is rutile.



Fig. 8S. XRD patterns of samples CrxShxTi1-2x annealed at 800 °C for 1h. The symbol ¢

indicates rutile.

Fig. 9S. EDX spectra of doped rutile CrxShxTi1-2xO> after annealing the precipitates at

800 °C for 2h: a) x=0.05; b) x=0.1; ¢) x=0.2.

Table S1. Crystallite size along the [101] direction of precipitates with nominal

compositions CrxShxTi1-2xO2 annealed at 800 °C for 1 h.

Table S2. Lattice parameters and figure of merit of samples CrxSbxTi1-2xO2 annealed at

800 °C for 1 h.
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Fig. 1S. EDX spectra of the prepared precipitates CrxSbyTi1-2xO2: a) x=0.05 ; b) x=0.1;

c) x=0.2.
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Fig. 2S. XRD patterns of the obtained precipitates CrxSbxTil-2xO2 with different

nominal dopant content.
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Fig. 3S. IR spectra of representative precipitates CrxSbxTi1.2xO2, along the spectrum of

pure TEG.
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Fig. 6S. XRD patterns of Cro.125Sbo.125Tio.7s02 samples dried and annealed at different

temperatures up to 1200 °C. % is anatase and 4 is rutile
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temperatures up to 1200 °C. 4 is rutile
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Fig. 9S. EDX spectra of doped rutile CrxShxTi1-2xO2 after annealing the precipitates at

800 °C for 2h: a) x=0.05; b) x=0.1; c) x=0.2.



Table S1. Crystallite size along the [101] direction of precipitates with nominal

compositions CrxShxTi1-2xO2 annealed at 800 °C for 1 h.

X Size (nm)
0 114 (3)
0.0125 118 (3)
0.025 97 (3)

0.05 80 (3)
0.1 41 (2)
0.125 37 (2)
0.15 32 (2)

0.2 38 (2)




Table S2. Lattice parameters and figure of merit of samples CrxSbxTi1-2xO2 annealed at

800 °C for 1 h.

X a=b (A)  c(A) V (A% F(20)
0 4.59404(5) 2.96061(2) 62.480(1) 2434.3
0.0125 4.59460(3) 2.96325(3) 62.560(1) 2508.4
0025  4.59604(4) 2.96504(3) 62.630(1) 1625.7
005  4.60022(5) 2.97049(4) 62.860(1) 1316.4
0.1 4.6075(2) 2.9817(2)  63.300(5) 262

0.125  4.6091(4) 2.9849(4) 63.41(1) 165.4
015  4.6091(5) 2.9900(4) 63.52(1) 125

0.2 4.6229(3) 2.9991(4) 64.10(1) 189.1
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A hydrothermal-mediated via was developed to prepare discrete, non-aggregated Cr,Sb-doped rutile
nano-pigments. After annealing the Cr- and Sb-containing TiO, anatase nanocrystals obtained by hy-
drothermal aging the nano-pigments Cr,Sb-TiO, were characterized with the aid of X-ray diffraction
(XRD) including lattice parameter and crystallite size determination, Raman spectroscopy, field emission
scanning and transmission electron microscopies (FESEM and TEM, respectively) including energy-
dispersive X-ray (FESEM/EDX) spectroscopy, high resolution transmission electron microscopy
(HRTEM) including selected area electron diffraction (SAED), ultraviolet—visible diffuse reflectance (UV
—Vis DR) spectroscopy and chromatic coordinates determination. SEM and TEM micrographs of short
annealed anatase-based intermediates at 800 °C proved the formation of monocrystalline Cr,Sb-TiO,
rutile nanocrystals sized under 60 nm with well-defined morphologies. The chromatic coordinates of the
rutile-based nano-pigments, both as-prepared and after glazing, reached similar values to those dis-
played by conventional micrometrics and of those already reported non-conventional nanometric orange
pigmenting systems. Zeta ({) potential measurements of aqueous dispersions of the prepared nano-
pigments indicated good dispersability. The optimum microstructural features of the prepared nano-
pigments by the hydrothermal-mediated approach could facilitate the application of these nano-
pigments by ink-jet printing.

The results obtained in this paper confirmed the solid solution nature of this nano-pigmenting system
in the whole range of the studied compositions as well as proved the feasibility of the proposed synthetic
approach for the preparation of nano-pigments even when some structural stabilization by additional
thermal annealing is required.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Since the beginning of the present century a novel technique of
decoration has been widely sprayed around the world. This tech-

Ceramic pigments are inorganic crystalline solids with two main
properties, chemical and thermal stabilities through the processing
of the ceramic product and high tinctorial strength in the finished
product. These particulate chromophore inorganic materials are
usually constituted by micrometric particles with irregular mor-
phologies and even with a certain degree of aggregation, and have
been widely used for conventional decoration techniques. It is to
note that these conventional ceramic pigments can be structurally
classified in 14 categories, i. e. structures, being the spinel and rutile
two of the main structures from which an almost complete palette
of colors can be obtained [1].

* Corresponding author.
E-mail address: javier.alarcon@uv.es (J. Alarcon).

http://dx.doi.org/10.1016/j.dyepig.2016.12.020
0143-7208/© 2016 Elsevier Ltd. All rights reserved.

nique is based on digital decoration by ink-jet printing; as a
consequence, new ceramic pigments, so-called ceramic inks, are
required. Basically, these inks consist in stable colloidal suspension
of chromophore nano-particles. Although a small number of nano-
pigments based on different crystalline structures have been
developed, still some new or improved ink for industrial applica-
tions are necessary. The yellow color is one of the most used inks in
trichromy and quadrichromy in digital decoration by inkjet printing
systems but they are particularly sensitive to fast reaction rates
with glazes. Thus, it is difficult to get satisfactory yellow colors. One
of the yellow-orange nano-pigmenting systems nowadays used is
the one based on the rutile containing Cr and Sb.

To the best of our knowledge the Sb- and Cr-containing rutile
has been prepared as nano-pigment by the polyol approach [2—5].
Thus, during last years some papers reported results on the
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preparation of yellow (Ti,Cr,Sb)O; by the so-called CERCOL method
[2—4]. In fact these nano-pigments were prepared in an organic
medium by means of a modified polyol procedure as suspensions
for ink-jet printing. Very recently, we have reported new results
with the long chain polyol triethylenglycol proving that the prep-
aration of nano-pigments for suitable inks is possible [5]. In all
those Cr,Sb-containing rutile-based nano-pigments, the obtained
nanoparticles displayed poor crystallization, making it necessary to
anneal at temperatures in the range of 600—800 °C to get well-
crystallized nanoparticles with the rutile structure. Of course
these nano-pigments can be prepared as stable dispersions in water
or some organic media as inks for ink-jet printing. Nevertheless, the
resulting nano-particles, i. e. nano-pigments, prepared by the pol-
yol method after annealing poorly crystallized precursors did not
present well-defined morphologies and suffered of some degree of
agglomeration.

The hydrothermal/solvothermal synthesis of discrete and
morphologically well-defined nanoparticles is a very used
approach in which nano crystalline products are obtained from a
solution of reactants, often metal salts, oxides, hydroxides or even
metals in water or other organic solvent. That solution or dispersion
is heated at a relatively low temperature, usually 100—200 °C, in a
sealed reactor. In general, the subsequent high temperature treat-
ment of the nanoparticulate solid is not necessary, since it can lead
to the increase of grain size. However, some further annealing could
be carried out if some phase transformation to a more stable
crystalline form should occur, as long as no significant size increase
or morphological lost takes place.

In the last decade a number of pigments were prepared by hy-
drothermal approaches, sometimes including either ultra-
sonication or microwave irradiation [6—10]. For instance, CoAl;04
nano-pigment has been prepared from a solution of aluminum and
cobalt salts at pH 8.5 hydrothermally aged for 24—48 h in the range
of temperature between 210 °C and 245 °C [6]. More recently, Obata
et al. claimed the preparation of CoAl,04 nano-particles with
morphology of regular octahedrons, measuring around 70 nm, also
from a solution containing both metallic salts at pH 12 subjected to
a microwave-hydrothermal process at 200 °C for 2 h [7]. Also Kim
et al. reported the preparation of this nano-pigment using similar
reactants and pH but using an ultrasonic-hydrothermal method [8].

Though the Sb,Cr-containing TiO, nano-pigment as afore-
mentioned can be prepared by the polyol approach it seems
interesting to search the structural, morphological and chromatic
characteristics of these nano-pigments prepared by a
hydrothermal-mediated technique. Although the hydrothermal
approach has been used rarely for preparing rutile-based nano-
pigments, it has been recently reported the preparation of Cr and Sb
doped TiO, by microemulsion-mediated solvothermal via [9]. In
this paper, Jovani et al. synthesize Crg15Sbg.015Tig.9702 solid solu-
tion using a surfactant and co-surfactant, and cyclohexane as oil
phase. Single phase anatase or rutile spheres, with sizes around
600 nm, were obtained as a function of the synthesis conditions. As
far as we know, there are no reported results on the preparation of
rutile-based nano-pigments by a hydrothermal-mediated approach
where at least two dopant cations (Sb and Cr) take place in the
process of formation of the final nano-pigment. The use of water as
solvent in the process could ease the whole process. It is known
that the hydrothermal preparation of TiO,-based nanoparticles
usually produces nanometric anatase whereas the nano-pigment
should display the more stable rutile structure. Thus, an addi-
tional thermal processing as in the polyol approach is required to
stabilize the rutile structure.

The main purpose, therefore, in the present paper is the prep-
aration of CrySbyTi12x0, with 0 < x < 0.2, nano-pigments by
combining a hydrothermal technique yielding a crystalline

precursor with a subsequent annealing to improve their thermal
stability. The structural, microstructural and chromatic parameters
of the prepared nano-pigments will be compared with those re-
ported for similar nano-pigments prepared by the polyol and
microemulsion-mediated solvothermal techniques. The results
obtained also will allow to confirm the mechanism of formation of
the Cr,Sb-TiO, nano-pigments. Finally, the stability of these hy-
drothermally prepared nano-pigments in a conventional glaze will
be checked.

2. Experimental procedure
2.1. Preparation of Sb- and Cr-containing rutile nano-pigments

A series of rutile-based nano-pigments with nominal stoichi-
ometry CrxSbyTi1.2x02, over the range 0 < x < 0.2, were prepared by
a hydrothermally-mediated approach. The overall processing
leading to the nano-pigments encompass two steps, hydrothermal
aging and annealing. The experimental conditions in the hydro-
thermal process are similar to the ones previously reported in the
literature [11] and can be summarized as follows. The required
amount of tetraisopropyl orthotitanate (C12H,g04Ti, TiP) was added
to an aqueous solution containing triethanolamine (TEOA) as
complexing agent. The TiP/TEOA molar ratio in the water solution
was 1:2. To that solution the stoichiometric amounts of
Sb(CH3C03)3 and Cr(CsH70,); were subsequently added. The con-
centration reached in the final solution, referred to (Cr,Sb,Ti)O, was
around 0.25 M. The solution containing all the reagents was poured
into a PTFE-lined stainless steel autoclave and aged at 100 °C for
24 h followed by a second step at 140 °C for 72 h. The obtained
precipitate was separated by centrifugation, washed three times
with ethanol and dried. In order to develop rutile crystalline form
as the only phase in the Cr- and Sb-containing TiO, samples, the as-
obtained dried precipitates were annealed at different tempera-
tures in the range between 800 and 1200 °C for 1 h.

2.2. Techniques of characterization

Chemical, structural and microstructural changes over the
whole process leading to Sb- and Cr-containing TiO> solid solution
nano-pigments were carried out by different techniques.

XRD analysis of powder samples were performed in a Bruker D-
8 Advance diffractometer, using Cu K, radiation, with 1 and 3 mm
divergence and antiscattering slits respectively and a 3° 26 range
Lynxeye linear detector. The X-ray powder diffraction patterns were
run from 20 to 100° 26 with a step size of 0.02° 20 and an accu-
mulated counting time of 2 s. The crystallite size of the prepared
materials was determined through the analysis of XRD data by
Scherrer's method, using LaBg to evaluate the instrumental XRD
line broadening.

Raman spectra of annealed samples were obtained by means of
a Raman spectrometer (Model XploRA, Horiba) with 638 nm laser.
The samples were measured in backscattering geometry at room
temperature. A 100x microscope objective was used to focus the
excitation laser on the sample and collect the scattered light to the
spectrometer. More than 3 different areas were analyzed per
sample, to obtain representative results. Exposure time was 10 s
and number of acquisitions was 5. Data acquisition was carried out
with the LabSpec 6 software packages from Horiba Scientific.

UV—vis DR spectra of the specimens (Model V-670, Jasco) were
obtained in the range of 200—2500 nm. L*a*b* parameters of
representative specimens were measured using the above Jasco
spectrophotometer with a standard lighting C, following the CIE-
L*a*b* colorimetric method recommended by the CIE (Commision
Internationale de 1 Eclairage). In this color system, L* is the color
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lightness (L* = 0 for black and 100 for white), a* is the green (—)/red
(+) axis, and b* is blue (—)/yellow (+) axis.

The size and shape of the final nanoparticles were observed by
FESEM using a Hitachi 4800 (Hitachi Ltd. Tokyo, Japan) at
20—30 kV. Samples were prepared by dispersing as-produced
powders in water and setting a drop of the suspensions on the
surface of an aluminium holder. Before the examination, specimens
were coated with Au-Pd in an ion beam coater. EDX of samples was
also obtained by the same microscope working at 20 kV.

TEM observations were performed at 100 kV in a Jeol 1010
electron microscope (Tokyo, Japan). Samples were prepared by
dispersing the dry powders in water with ultrasonication (150 W,
10 min) and setting a drop of the suspensions on copper grids that
had previously been coated with a holey thin carbon film.

HRTEM images and SAED were collected using a Tecnai G2 F20
field emission electron microscope equipped with a Gatan CCD
camera. Data treatment was performed with Digital Micrograph
software. The samples were prepared in a similar way to the ones
for TEM.

The ¢ potential of the suspensions prepared by dispersion in
water of the obtained powders was measured in a Zetasizer Nano
ZS (Malvern Instruments) equipment. Stable, suitable for mea-
surement 0.1 g/L aqueous dispersions of nanocrystals were ob-
tained by sonication (10 s, 150 W) and subsequent adjustment to
the different pH values with NaOH and HCl. The measurements
were replicated three times.

Similarly to our previous study in which the polyol synthetic
approach was studied [5], the stability and chromatic coordinates
of a chosen nano-pigment prepared by the hydrothermal-mediated
approach was evaluated in a commercial frit. The nano-pigments at
different development stage, i. e. as-precipitated and after
annealing at 800, 1000 and 1200 °C were mixed with an industrial
Ca0-Zn0-SiO;, frit (5 wt % of the nano-pigment) and after drying
the samples were fired at 1050 °C for 5 min. Chromatic coordinates
of the resulting colored glazes were also measured using a Chroma
meter (Model CR-400, Konica Minolta).

3. Results and discussion
3.1. Preparation of Sb- and Cr-codoped TiO, nano-pigments

Figs. 1S—3S show the XRD patterns of the samples with nominal
COITIpOSitiOIlS Cr0_035b0.03Ti0.9402, CI'OJ Sbo_]Tio_gOz and
Cro2Sbg2Tip 02, as illustrative examples, after hydrothermal pro-
cessing at 140 °C for 72 h and after subsequent annealing at
different temperatures for 1 h. All peaks in samples before
annealing can be attributed to a phase with anatase structure (ICDD
00-021-1272). However, it is to note that for samples with high
amount of dopants a series of very weak peaks at 27.4, 36.0, 39.2,
41.2, 44.0, 54.3, 56.6, 62.8 and 64.1 (20°) appeared that can be
attributed to a phase with rutile structure (ICDD 00-021-1276).

According to the literature the preparation of titanium dioxide
based nanoparticles by a hydrothermal approach leads to different
crystalline forms as well as size and morphology of the TiO»
resulting particles, depending on the experimental reaction pa-
rameters, i. e nature and concentration of the titanium source, pH,
temperature and time of reaction and presence of stabilizers as
complexing agents [11—15]. Ichinose et al. prepared anatase crys-
tals of less than 20 nm in diameter by hydrothermal aging peroxo
titanic acid solution (PTA) at a temperature above 100 °C for 6 h.
The PTA solution was previously obtained by mixing titanic acid gel
and hydroxide peroxide solution [12]. Rutile, which is the ther-
modynamically stable phase of titanium dioxide is commonly ob-
tained by thermolysis or hydrothermal treatment of acidic
solutions of TiClg [13,14], usually in the form of rod-shaped

particles. According to Li et al., nanocrystalline rutile with average
crystal size of 6.9—10.5 nm and high surface areas can be prepared
by liquid hydrolysis of aqueous solution of TiCl4 at low temperature.
These authors state that the presence of nano rutile as crystal seed
makes the formation of rutile more kinetically favorable [13].
Likewise, Yin et al. claim the preparation of nanosized rutile by
autoclaving amorphous TiO, in the presence of citric and nitric
acids [14]. In this report the rutile nanocrystal size is readily
controlled by changing the pH of the reaction solution, the auto-
claving time and the temperature. Also the results obtained by
Zheng et al. indicate that brookite crystalline form can be prepared
by hydrothermal treatment of titanium (IV) salt solutions, but often
as large micrometric particles [15]. The authors indicate that the
formation of pure brookite is favored by aging the gel obtained from
titanium sulfate solution precipitated by NaOH. Furthermore, very
recently the use of the microwave-hydrothermal reactions to pre-
pare aqueous dispersions of TiO, particles for ink-jet printing was
reported [16,17]. The reported ink-jet printing approach was suit-
able for the deposition of photocatalytically active, transparent ti-
tanium oxide from an aqueous, colloidal suspension. In this work
the authors control the hydrolysis reaction of a titanium alkoxide
precursor by adding complexing agents as citric acid and TEOA. It
seems obvious that the main crystalline phase of a ceramic nano-
pigment must be the stable crystalline form in the actual process-
ing conditions of ceramic materials. It is known that the rutile
crystalline form is the most stable form of titanium dioxide over a
wide range of experimental conditions. Thus, our prepared samples
after the hydrothermal process displaying anatase structure should
be annealed at different temperatures in order to produce the
phase transition to the rutile crystalline form. Figs. 1S—3S show the
evolution of the XRD patterns of samples with nominal composi-
tions Cr0.035b0.03Ti0.9402, CI‘OJSbo.]Tio,gOz and Cro.zsbo.zTi0.602 as
representatives of the trend of the series. As it can be seen, the
phase transition for these doped samples took place in the range of
temperatures between 600 and 800 °C. At 800 °C, once the phase
transition was completed, the only crystalline phase present over
the whole range of doped compositions displayed the structure of
rutile. However, in the undoped composition the completeness of
the phase transformation to rutile was only reached by annealing at
1000 °C. It is to note that on increasing the annealing temperature
up to 1200 °C the rutile phase is also the only one detected. The
corresponding XRD patterns after annealing at 1200 °C are dis-
played in Fig. 4S. From the results, some differences in the devel-
opment of the target rutile crystalline phase can be pointed when
compared with the polyol via [5]. While by the polyol approach the
obtained precipitate after the chemical process is amorphous, a
well-crystallized anatase is the product of the hydrothermal aging.
High stability of the anatase phase with amounts of dopant was
observed in hydrothermal samples in contrast with the corre-
sponding samples prepared by the polyol via in which it seems that
there is a straight crystallization of rutile from the amorphous
precursor at around 600 °C [5]. The lower annealing temperature
needed for the full development of the rutile crystalline form from
the precipitates obtained by the polyol via can be attributed to their
amorphous nature. Some differences are also clearly evidenced on
comparing our crystallization path results toward the doped rutile
and the ones previously reported by microemulsion-mediated
solvothermal synthesis [9]. Thus, Jovany et al. reported the forma-
tion of anatase or rutile depending on the pH, i. e. urea amount, and
temperature and time of the solvothermal aging of the micro-
emulsion. At high pH the rutile phase crystallized whereas al lower
pH the crystalline form was anatase. In our preparation after the
hydrothermal aging well-developed anatase nanocrystals appeared
and this phase seemed to be stabilized both, with the presence of
TEOA and with dopants, at pH around 8 to 9. However, a main
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purpose of our synthetic procedure is to control the microstructure
of the final doped rutile nano-pigments in the series of samples
with increasing contents of dopants, which will be discussed later.

It seems worthwhile at this point to evaluate the structural,
microstructural and chromatic characteristics of the prepared
rutile-based nano-powders samples in order to fulfill all the re-
quirements to be used as ceramic nano-pigments.

3.2. Structural and microstructural characterization of Sb- and Cr-
doped rutile nano-pigments

Fig. 1 shows the XRD patterns of all samples with nominal
composition CrxSbyTi1.2x02, over the range 0 < x < 0.2, after
annealing at 800 °C, except the undoped sample, i. e. with x = 0,
annealed at 1000 °C. As it can be seen no secondary phases were
detected so that it can be assumed that the crystalline nano-
powders were made up by rutile single-phase. A closer look to
the XRD patterns also evidenced both, a shift to lower angles and
increasing broadness of peaks with the increase of nominal content
of Sb and Cr dopants. Fig. 5S shows this shift at low and high angle.
These facts have already been observed in samples prepared by the
polyol approach in the same range of nominal compositions [5].
These results can be related to the formation of solid solutions
based on the rutile structure containing increasing contents of Sb
and Cr dopants, on the one side, and with the decrease of the
crystallite size of the final nanopowders with higher contents of
dopants, on the other side.

The Raman spectra of these samples also indicated the
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Fig. 1. XRD patterns of samples CrySbxTi;-2x02, with 0 < x < 0.2, prepared by hydro-
thermal aging followed by annealing the doped at 800 °C for 1 h and the undoped at
1000 °C for 1 h. All peaks are associated with rutile.

formation of crystalline phases with rutile structure after heating at
800 °C. Fig. 2 displays the Raman spectra of the hydrothermally
prepared nanoparticles after subsequent heating at 800 °C for 1 h.
Bands at around 230, 440 and 610 cm™! are present in all the
samples, which can be associated respectively with Eg second-
order effect and A;g vibrational modes of rutile [18]. It is to be
noticed that on increasing the nominal amount of dopant both an
increased peak asymmetry and a reduction of the intensity/peak
width ratio occurs. According with the literature, this fact can be
associated with a decrease in crystallite size [19]. This statement
can be confirmed by the determination of the crystallite size from
the XRD patterns by the Scherrer equation. In this method the size
of crystallites is determined as the size of the coherently diffracting
crystalline domains. After having into account the instrumental
broadness correction by using the LaBg as standard, the crystallite
size variation along the series of samples annealed at 800 °C on
increasing the amount of dopants in the [101] direction is shown in
Fig. 6S and Table 1S. As it can be seen a clear trend of crystallite size
lowering occurred when increasing the nominal dopant content. A
similar trend was obtained for similar samples prepared by the
polyol via [5]. That behavior of the crystallize size in samples pre-
pared by the two different approaches over the same range of
compositions suggest the increasing stabilization of the doped host
lattice on increasing the amount of dopants up to x = 0.2. From the
above results it has been proved the formation of single phase
products with rutile structure in the complete range of studied
compositions. Since our target is to prepare nano-pigments, the
next step is to examine the microstructural characteristics of the
obtained particles. FESEM micrographs of samples with nominal
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Fig. 2. Raman spectra of samples CrySbyTi; 24O, prepared by hydrothermal aging
followed by annealing at 800 °C for 1 h, with 0 < x < 0.2.
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composition CrySbyTi1-2x02, with x = 0.1 and 0.15 annealed at
800 °C for 1 h, as representative examples of the series of samples,
are shown in Fig. 3. As can be seen after annealing the nanoparticles
were still below 100 nm, and they remained disaggregated. It is also
to note that on increasing the amount of dopant a bimodal size
distribution became more evident. Moreover, after annealing those
samples at 1000 and 1200 °C for 1 h the nanoparticles did not
experience a large growth and remained discrete as it is illustrated
in Fig. 7S. Fig. 4 displays TEM micrographs of samples with nominal
compositions Crg1SbgTip.g02, and Crg15Sbg15Tip70,. The images
confirm the formation of discrete nanoparticles with well-defined
morphologies after annealing at 800 °C for 1 h. Remarkable dif-
ferences in size, morphology and degree of agglomeration of the
nanocrystals obtained by the present synthetic approach compared
to others previously reported, i. e. polyol and microemulsion-
mediated solvothermal via, were observed [5,9]. Thus, while our
hydrothermally prepared doped anatase precursors annealed at
800 °C developed discrete nanocrystals sized below 100 nm and
well-defined morphologies over the whole range of compositions,
the polyol technique give rise to agglomerated nanocrystals
without defined morphologies. In contrast, the microemulsion-
mediated solvothermal via provided spheres, with particle size of
600 nm for the sample with nominal composition
Cro.0155b0.015Tip.9702, i. e. with a relatively small amount of dopant.

In order to evidence that after annealing at relatively low tem-
perature, the series of the obtained rutile-based nanoparticles
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Fig. 3. FESEM micrographs of samples CrySbyTi;24x0, prepared by hydrothermal aging
followed by annealing at 800 °C for 1 h: a) x = 0.1; b) x = 0.15.
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Fig. 4. TEM micrographs of samples CrySbyTi;.2x0> prepared by hydrothermal aging
followed by annealing at 800 °C for 1 h: a) x = 0.1; b) x = 0.15.

contained amounts of dopants on increasing their nominal amount,
EDX spectra of the series of samples after annealing at 800 °C for 1 h
were performed. Fig. 8S displays the EDX spectra of samples with
nominal CO]’l‘lpOSitiOHS Crx0,055b0,05Ti0,902, CI‘X0.15Sb(].15TiQ.702 and
Crg2Sbg 2 Tig g0 after annealing. The relative increase of the Cr and
Sb dopants in the nanoparticles displaying the rutile phase is
clearly proved by the rise of the relative intensities of K, and L, lines
corresponding to Cr and Sb, at 5.41 and 3.60 keV, respectively.
These results contrast with the ones obtained for the series of
samples prepared by the polyol approach over the same range of
compositions [5]. We found that the intensity of the line corre-
sponding to Sb increased along the series whereas the intensity of
the Cr K, line remained almost constant along the same series of
compositions. From these qualitative results it can be assumed that
in the samples prepared by the hydrothermal-mediated via the
incorporation of Cr and Sb increased along the series of samples on
increasing the nominal amount of dopants whereas the ones pre-
pared via polyol incorporate larger amounts of Sb than Cr.

The aforementioned shift of the diffraction lines in the XRD
patterns of samples annealed at 800 °C qualitatively evidenced that
the amount of dopants in the rutile lattice increased on raising the
nominal amount of Cr and Sb in the starting mixtures. However, it
seems worthwhile to calculate the lattice parameter variation on
increasing the nominal amount of dopants in order to check this
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trend. The lattice parameters of the series of the hydrothermally
prepared samples after annealing at 800 °C for 1 h are shown in
Table 2S and Fig. 5. It can be seen that both a and b parameters and
the lattice volume increased with the increase of nominal dopant
content, which can be understood by the replacement of a struc-
tural cation by a larger one in the available structural sites. Taking
into account the radii of Ti**, Cr*>* and Sb>* in an oxide octahedral
environment, which are 0.605, 0.615 and 0.61, respectively [20], the
lattice volume variation trend seems consistent with a substitu-
tional mechanism written down as 2 Ti** — Cr>* + Sb>*, in which
the electroneutrality is kept. The almost linear variation of the
lattice volume with the nominal amount of dopants is in agreement
with the one previously obtained for the polyol synthetic approach
[5] and confirm the solid solution nature of the Cr,Sb-TiO, rutile
nano-pigmenting system.

The DR spectra of hydrothermal and subsequent annealing of
samples at 800 °C shown in Fig. 6 confirm the above described
assumption on the presence of chromium as Cr>*. As it can be seen
a strong band appeared at energies over 400 nm in undoped rutile
that can be attributed to the 02~ — Ti** charge transfer process [21].
The spectra of all doped samples bore a resemblance, showing two
main bands. The first one as extension of the aforementioned ox-
ide-Ti** charge bands is centred at around 450 nm and the second
one appears at around 720 nm. According to the literature the Cr3*
cation in octahedral oxide coordination, as it is in Cr,03, displays
two bands at around 460 and 600 nm being associated on the basis
of the Tanabe-Sugano diagram with #Ayg— 4T>4 and Az — T4 (F)
spin-allowed transitions [22]. As can be seen the second band
appearing at 720 nm in our Cr,Sb-codoped TiO, samples was
slightly shifted to lower energies with respect to that showed in
Cr,03. With regard to the band at around 450 nm is to note that it
has also been attributed to the Cr>* — Ti** charge transfer [23]. The
DR spectra of the series of samples shown in Fig. 6 were very similar
to the ones reported for the same series of samples prepared via
polyol [5]. With regard to the reported spectrum displayed by the
sample prepared through microemulsion-mediated solvothermal
approach [9] the main difference with the DR spectra of the sam-
ples with the same nominal composition prepared both by the
polyol and the hydrothermal-mediated approach was the intensity
of the band appeared at 720 nm associated with the *Ayg— “T1 (F)
transitions of Cr>* in octahedral coordination. These differences
could be attributed to different amounts of Cr3* incorporated into
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Fig. 6. UV—Vis DR of nano-pigments CrySbyTi;_2x0, annealed at 800 °C for 1 h.

the rutile host lattice.

In order to get a more complete picture on the structural and
nanostructural characteristics of the solid solution nano-pigment,
samples prepared annealing at 800 °C for 1 h the hydrothermally
prepared Cr- and Sb anatase nanoparticles, were studied by
HRTEM. The main purpose for this complementary study was to
prove the single crystal nature of the final nanoparticles. Fig. 7a
displays the HRTEM image of the sample with nominal composi-
tion Crg1Sbg1Tipg0O, annealed at 800 °C for 1 h, as an illustrative
example. The image confirms the presence of well-dispersed and
well-defined morphologically nanoparticles. The SAED pattern
showed in Fig. 7b confirms the high crystallinity degree of the
nanoparticles in sample. All rings in the pattern can be unambig-
uously assigned to a crystalline phase with rutile structure. The
HRTEM image of a single-crystal nanoparticle is shown in Fig. 8a.
This image clearly shows ordered fringes corresponding to the
crystalline planes. The spacing of the lattice fringes shown in Fig. 8b
of 0.34 nm can be assigned to the (110) plane of a unit cell with
lattice parameter a = b = 4.59 A in agreement with the XRD data of
Cro1Sbg1Tipg02. SAED pattern of the single nanoparticle is also
shown in Fig. 8c. The pattern clearly demonstrated the single-
crystal nature of the nanoparticles and was indexed in accor-
dance with the tetragonal Crg1Sbg1TiggO> unit cell.

3.3. Colorimetric parameters of the Cr- and Sh-codoped nano-
pigments

The chromatic coordinates of the nano-pigments CrySbyTi1-2x02,
over the range 0 < x < 0.2, prepared by hydrothermal aging and
further annealing at 800 °C are shown in Fig. 9. In general, the lu-
minosity (L*) remained almost constant with increasing the dopant
amounts whereas the chromatic parameters a* and b* decrease on
raising the amount of Cr- and Sb co-dopants in the rutile host lat-
tice. However, the chromatic parameters in the range of composi-
tions up to x = 0.1 were acceptable for industrial application. In
order to evaluate the thermal stability of the nano-pigments over
the whole range of the prepared compositions, the colors of the
nano-pigments annealed at 800, 1000 and 1200 °C are shown in
Fig.10. As can be seen the codoped nano-pigments showed brilliant
orange to yellow colors as the dopant content increased, being
stable even at 1200 °C.

At this point it seems worthwhile to test the stability of the
prepared nano-pigments after glazing. Thus, mixtures of a chosen
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Fig. 7. a) HRTEM micrograph of sample with nominal composition Crg1SbgTipgO> prepared by hydrothermal aging followed by annealing at 800 °C for 1 h; b) SAED pattern of the
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Fig. 8. HRTEM image of a nanocrystal of nominal composition Crg3Sbg1TiggO2prepared by hydrothermal aging followed by annealing at 800 °C for 1 h; b) HRTEM image of a single

Cro1Sbg1Tigg02; €) SAED pattern from the same nanocrystal.

nano-pigment, without and with different thermal annealing,
together with a frit were subjected to a thermal cycle at 1050 °C for
5 min. Fig. 11 displays the color of glazes obtained for the nano-
pigment with nominal composition Crgg3Sbgo3Tig9402 without
further annealing, i. e. after the hydrothermal aging, and after
annealing at 800, 1000 and 1200 °C. Also the colorimetric param-
eters of these four colored glazes and the reference containing only
frit are shown in Fig. 12. As can be seen good thermal and chemical
stability into the frit was obtained in all samples and the nano-
pigments acquired orange color after glazing, even that without
additional annealing after the hydrothermal aging.

3.4. Stability of Sb- and Cr-doped rutile solid solution nano-
pigments in aqueous medium

In order to be suitable for industrial application the prepared
oxidic nano-pigments should form stable dispersions. In general,
the stabilization of colloidal dispersions of oxidic nanopowders can
be achieved by electrostatic, steric or electro-steric interactions. A
common way to evaluate the stability of colloidal dispersions is by

the so-called isoelectric point (IEP) and the magnitude of the ¢
potential. Fig. 13 shows the IEP and { potential of two nano-
pigments with nominal stoichiometry CrySbyTi1.2x02, with
x = 0.05 and 0.1, after annealing at 800 °C for 1 h. As can be seen the
[EP was around pH 6 and 7 for nominal nano-pigments
Cro.05Sbo.05Tigg02 and Crg1Sbg1Tipg0,, respectively. It is well-
known that in dispersions where the { potential is close to zero
the nano-particles tend to agglomerate. With regard to the stability
of the nano-pigment dispersions in water it is assumed that for ¢
potential higher than +30 mV and lower than —30 mV agglomer-
ation is hindered by the electrostatic repulsion. Fig. 13 shows that
the used hydrothermal-thermal annealing approach produced
nano-pigments with non-aggregated, stable aqueous dispersions at
pH > 8. It is to note, that the pH values required for getting stable
colloidal dispersions of Cr- and Sb-codoped rutile nanoparticles
were slightly higher than those of the materials prepared by the
polyol approach. Anyway, the ¢ potential values for stable colloidal
dispersions of nano-pigments prepared by the hydrothermal-
thermal annealing approach were comparable to those reported
in the literature [24—26]. However, the industrial application
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Fig. 9. Chromatic coordinates of nano-pigments CrySbyTi;o40, after annealing at
800 °C for 1 h.

usually involves a dispersant such as glycol, so important properties
as surface tension, density or viscosity of the ink should be opti-
mized [9,27].

3.5. Conclusions

Structurally and morphologically improved orange Cr- and Sb-

X=0 X=0.03 X=0.05

800 °C

1000 °C

1200 °C

J.M. Calatayud et al. / Dyes and Pigments 139 (2017) 33—41

Colorimetric parameters values
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Fig. 12. Colorimetric parameters of glaze without nano-pigment a); and, with as-
prepared hydrothermally nano-pigment b); with nano-pigment annealed at 800 °C
¢); with nano-pigment annealed at 1000 °C d); and with nano-pigment annealed at
1200 °C e).

containing TiO, nano-pigments based on the rutile structure
were prepared by a hydrothermal-mediated approach. By hydro-
thermal aging of stoichiometric mixtures of reagents Cr- and Sb-
containing anatase nanocrystals were precipitated. The anatase to
rutile phase transformation of doped anatase nanocrystals
occurred in the range of temperature 600—800 °C. Discrete, no-
agglomerated Cr- and Sb-containing rutile solid solution nano-

X=0.1 X=0.125 X=0.15 X=0.2

Fig. 10. Photograph of nano-pigments CrySbyTi;.ox0, after annealing at 800, 1000 and 1200 °C for 1 h.

b)

a)

c)

d)

Fig. 11. Photograph after glazing with the nano-pigment with nominal composition Crgg3Sbg3Tig940, without and with annealing at different temperatures: a) frit; b) with
pigment as-obtained hydrothermally; c) with pigment annealed at 800 °C; d) with pigment annealed at 1000 °C; and e) with pigment annealed at 1200 °C.
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e x=0.1
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Fig. 13. { potential and IEP of precipitates CrySbyTi;_2x0, annealed at 800 °C for 1 h.
Black squares and red circles correspond to compositions x = 0.05 and x = 0.1,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

pigments sized below 60 nm and with well-defined morphologies
were obtained after short annealing of the anatase solid solution
precursors at 800 °C. The pigmenting nanoparticles showed a well-
defined morphology. Interestingly, it seems that by this synthetic
approach a higher content of chromium entered into the rutile
structure in contrast with other previously used synthetic pro-
cedures. The chromatic coordinates of both the prepared nano-
pigments and the corresponding glazed materials reached similar
values to those displayed by conventional micrometric and un-
conventional nanometric orange pigments. The favorable micro-
structural characteristics and the zeta ({) potential values of
aqueous dispersions of the prepared nano-pigments pointed them
out as good candidates for ink-jet printing. From the fundamental
view, the obtained structural and compositional results allowed
confirming that this nano-pigmenting system is in fact a solid so-
lution of Cr and Sb in the TiO; rutile structure over the whole range
of studied compositions.

Finally, it is emphasized that the annealing at relatively low
temperature of the products prepared by a hydrothermal-approach
can be a synthetic procedure suitable to produce inorganic pig-
menting systems with the high-quality required to be used in the
ink-jet printing industrial process.
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Figure 1S. XRD patterns of sample Cro.03Sho.0sTi0.0402 after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and 4 rutile.

Figure 2S. XRD patterns of sample Cro1Sbo1TiosO: after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and 4 rutile.

Figure 3S. XRD patterns of sample Cro2Sbo2TiosO2 after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and 4 rutile.

Figure 4S. XRD patterns of sample CrxSbxTi12xO2, over the range 0<x<0.2, after

hydrothermal aging and subsequent annealing at 1200 °C for 1h. 4 rutile.

Figure 5S. XRD patterns at low and high 26° angle of compositions CrxShxTi1-2xO> after

hydrothermal aging and annealing at 800 °C for 1h.

Figure 6S. Crystallite size along the [101] direction of samples CrxShxTi1.2xO2 annealed

at 800 °C for 1 h.

Fig. 7S. FESEM micrographs of samples CrxShxTi1-2xO2 prepared by hydrothermal

aging followed by annealing at 1000 and 1200 °C for 1h: a) x=0.1 at 1000 °C (bar=1



um); b) x=0.1 at 1200 °C (bar= 4 um); ¢) x=0.15 at 1000 °C (bar=1 um); d) x=0.15 at

1200 °C (bar= 4 um).

Figure 8S. EDX spectra of samples CrxSbxTi12xO2 prepared by hydrothermal aging

followed by annealing at 800 °C for 1h: a) x=0.05; b) x=0.15 and c) x=0.2.

Table 1S. Crystallite size along the [101] direction of precipitates with nominal

compositions CrxShxTi1-2xO2 annealed at 800 °C for 1h.

Table 2S. Lattice parameters and figures of merit of CrShyTi1-2xO> rutile-based nano-

pigments prepared after annealing at 800 °C for 1 h.
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Figure 1S. XRD patterns of sample Cro.03Sho.0sTi0.0402 after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and # rutile.
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Figure 2S. XRD patterns of sample Cro1Sbo1TiosO: after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and 4 rutile.
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Figure 3S. XRD patterns of sample Cro2Sbo2TiosO2 after hydrothermal aging and

subsequent annealing at different temperatures for 1h. % anatase and # rutile.
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Figure 4S. XRD patterns of sample CrxSbxTi12xO2, over the range 0<x<0.2, after

hydrothermal aging and subsequent annealing at 1200 °C for 1h. 4 rutile.
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Figure 5S. XRD patterns at low and high 26° angle of compositions CrxShxTi1-2xO> after

hydrothermal aging and annealing at 800 °C for 1h.
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Table 1S. Crystallite size along the [101] direction of precipitates with nominal

compositions CrxSbxTi1-2xO2 annealed at 800 °C for 1h.

X Size (nm)

0 185 (1)
0.03 104 (2)
0.05 80 (2)
0.1 56 (2)
0.125 61 (2)
0.15 57 (2)
0.2 45 (3)
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Table 2S. Lattice parameters and figures of merit of CrxShyTi1-2xO> rutile-based nano-

pigments prepared after annealing at 800 °C for 1 h.

Sample  a=b (A) c(A) V (A%  F(20)
0  45933(1) 209591(1) 62430(2) 356
003 45946(1) 2.9639(1) 62.570(2) 612
005 4.5960(1) 2.9671(1) 62.680(2) 397
0.1  45971(2) 29739(2) 62.850(4) 125
0125 4.5965(1) 2.9765(1) 62.890(2) 244
015 45969(1) 2.9802(2) 62.980(3) 146
02  45983(2) 2.9858(3) 63.130(5) 151
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Abstract

We report on the synthesis, characterization and visible-light-driven photocatalytic
activity of mesocrystalline Cr- and Sb-codoped anatase nanoparticles. Discrete and
morphologically well-defined assemblies of anatase nanoparticles sized below 100 nm x
50 nm were prepared by hydrothermal aging of aqueous solutions containing titanium

alkoxide, chromium acetylacetonate, antimony acetate and triethanolamine as stabilizer.

The as-prepared and TEOA-free doped nanoparticles showed similar crystallographic
parameters and spectroscopic features. The incorporation of Cr and Sb dopant cations
into the anatase nanoparticles was evaluated by Rietveld refinement of X-ray diffraction
patterns and several spectroscopic characterization techniques. Interestingly, the
morphology of the final particles was strongly dependent on the dopant amount. On
increasing the nominal dopant load the spheroidal cross section changed to ellipsoidal
(elongated) and the nanoparticles exhibited large pore volume and high surface area
values. Transmission and scanning electron microscopies, TEM and SEM, respectively
also revealed that the hydrothermally prepared nanoparticles were built of smaller

primary nanoparticles sized around 4 nm.

The results on the photocatalytic activity of the prepared photocatalyst nanoparticles
made of discrete assemblies of very small nanoparticles of Cr- and Sbh-codoped TiO>
anatase proved their high efficiency in the degradation of MO dye under visible light

irradiation.



1. Introduction

A large number of studies concerning the use of photocatalyst with different purposes
have been reported during the last two decades. Many of these reports were addressed to
provide potential solutions to great challenges such as the degradation of organic
pollutants in water, air purification in large cities and industrial areas, and hydrogen

production by water splitting.°

An intense search on different types of semiconductors with a variety of microstructural
characteristics and architectures has been made to find improved photocatalysts to reach
high efficiencies in the pollutant degradation process. Unfortunately, the main progress
in the past decade has been mainly using ultraviolet light and taking into account the
disadvantage of its abundance in the sunlight, the development of visible light

photocatalysts is still nowadays a main topic in photocatalysis research.

Titanium dioxide based materials have been attracted great interest because of both their
chemical and physical properties and promising results in many photocatalyst
processes.!*** However, the main drawback for titanium-based solar-driven
photocatalyst is its limited solar efficiency since TiO- is a wide gap semiconductor with
values over the range 3.0-3.2 eV and it is well known that the UV light account for less
than 5% of the total solar irradiation. Thus different strategies have been developed to
improve photocatalytic activity, such as coupling with other phases or compounds and
doping with different chemical species.’>? In the case of mixed phases the enhanced
activity has been attributed to the formation of heterojunction between them, which can
efficiently separate the spatial charges and therefore improve the quantum efficiency.
The other alternative to improve the photocatalytic yield is to extent the visible light
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response of TiO2 by doping with transition metals such as V, Cr, Fe, Mn, Ni and Mo,
and nonmetals as S, N, C and B. More recently, co-doping of nonmetals and transition
metals has become a rapidly growing field of interest and has met expectations both
theoretically and experimentally. In general, the doping of a foreign element into active
photocatalysts with wide band gap as TiO2 makes a donor or an acceptor level in the
forbidden band, which allows photons with some lower energy to excite the

photocatalyst and thus exhibit visible light activity.

So far, some results have been reported on the liquid-phase photocatalytic activity of
Cr-doped and Cr- and Sb-codoped TiO2 nanoparticles and nanostructures prepared by
different methods.®212* In general, in all those papers the photocatalytic activity is
evaluated by photodegradation of organic compounds usually considered as models.
Thus, Zhu et al. reported the preparation of Cr-doped TiO; photocatalyst by
hydrothermal way and its improved photocatalytic activity under both UV and visible
light irradiation.?! Gracia et al. prepared Cr-doped TiO; thin films by ion-beam induced
CVD and found that the incorporation of Cr produces a progressive shift of the
absorption threshold toward the visible.?? Similar findings were found by Peng et al. for
nanocrystals films of Cr-doped TiO. prepared by a sol-gel dip-coating process.?®
Regarding photocatalysts of TiO> codoped with Sb and Cr, Kato and Kudo prepared a
series of compositions by conventional solid state reaction, which showed intense
absorption bands in the visible light region.?* These authors claimed that the activity of
co-doped TiO, was remarkably higher than that of TiO. with only Cr and this result was

associated with the charge balance reached by Cr*- and Sh*>*-codoping TiO-.

On the other hand, it has been recently proved that anatase TiO> mesocrystals, made up
of nanocrystals building units with a mutual orientation, could be favourable to enhance

charge separation under irradiation giving rise to long-lived charges and as consequence
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improving photocatalytic activity.?® Therefore, it seem interesting to intend the
development of that nanoparticle superstructures as well as to dope the anatase host
lattice to tune the band structure, in order to get high degrees of degradation by the

visible-light-driven photocatalytic process.

The main purpose of this research is to develop new active visible light photocatalysts
based on titanium dioxide for degradation of contaminant organic molecules, utilizing
the advantageous properties of titania-based materials. To this aim, on this work we
prepare Cr- and Sh-doped anatase by a hydrothermal approach, which allow obtaining
discrete, size-controlled and well-defined morphologically nanoparticles. This method
of preparation of mesocrystalline nanoparticles is highly reproducible, being easy to
scale up to industrial level. Moreover, these mesocrystal nanoparticles exhibits high
efficiency results for the degradation of contaminant organic molecules, herein used the
methyl orange (MO) as model. The above is addressed for a much promised use of

these nanoparticulated photocatalyst in environmental remediation tasks.

Experimental procedure

Preparation of samples

Samples with nominal stoichiometry CrxShxTi12x, with x=0, 0.03, 0.05 and 0.1, were
prepared by a modified hydrothermal approach already reported in the literature.?® The
starting materials were tetraisopropyl orthotitanate (C12H2804Ti), antimonium acetate
(Sb(CH3CO2)3), chromium acetylacetonate (Cr(CsH702)3), and triethanolamine
(CsHsNOs; TEOA) which was used as complexing agent. The nominal concentration of

CrxShxTi1-2x in the PTFE stainless steel autoclave was 0.25 M. The synthetic procedure



can be described as follows. First, an amount of TEOA was solved in doubly distilled
water to reach a titanium alkoxide/TEOA molar ratio of 1/2. To this solution, the
required amounts of titanium, antimonium and chromium precursors to reach the
desired stoichiometry were added. The hydrothermal process took place in two steps,
first a gel was formed after heating at 100 °C for 24 h followed by the heating at 140 °C
for 72 h. After the hydrothermal aging, the resulting samples were centrifuged and
washed three times with water. The products were finally dried overnight in a drying
oven at 100 °C. To remove the nanoparticle stabilizer the anatase nanocrystals were
annealed at 350 °C for 30 min. The TEOA-containing samples, i. e. as-synthesized
without any further thermal annealing, were named TEOA-AX, while samples annealed
at 350 °C were labelled Ax, with A and x refereeing to the anatase crystalline phase and

the amount of dopants in both series of samples.

Techniques of characterization

Chemical, structural and microstructural characteristics of the amine-containing and
amine free Cr- and Sb-containing -TiO2 nanoparticles were monitored by different

experimental techniques.

Inductively coupled plasma atomic emission spectroscopy (IPC-AES) analysis was
carried out in a spectrometer. The analytical procedure for the quantitative
determination of titanium, antimonium and chromium was based on the acid extraction

of the samples and was performed in duplicate.

X-ray diffraction analysis (model D-8 Advance, Bruker) was performed using CuK,

radiation. The diffractometer had 1 and 3 mm divergence and antiscattering slits



respectively, and a 3° 20 range Lynxeye lincar detector. For the identification of
products the diffractograms were run with a step size of 0.02 26° and a counting time of
0.2 s. Crystalline structures were refined with the Rietveld technique, by using FulProf
software, on diffractograms acquired from 5 to 120° 28 with a step size of 0.02° 26 and
an accumulated counting time of 2s. The refinement of anatase phase was started using
the 141/amd space group and structure parameters derived by Li et al.?” The starting
crystallographic parameters for refining rutile with P42/mnm space group, were taken
from Seki et al.? The crystallite size of the as-prepared and annealed at 350 °C for 30
min (TEOA-AX and Ax, respectively) materials was determined through the analysis of
XRD data by Scherrer’s method, using LaBs to evaluate the instrumental XRD line

broadening.

Raman spectra of annealed samples were obtained by means of a Raman spectrometer
(Model XploRA, Horiba) and a laser at 785 nm. The samples were measured in
backscattering geometry at room temperature. A 100x microscope objective was used to
focus the excitation laser on the sample and collect the scattered light to the
spectrometer. More than 3 different areas were analysed per sample, to obtain
representative results. Exposure time was 20 s and number of acquisitions was 5. Data
acquisition was carried out with the LabSpec 6 software packages from Horiba

Scientific.

UV-Vis diffuse reflectance (DR) spectra of the specimens (Model V-670, Jasco) were
obtained using the diffuse reflectance technique in the range over 200 to 2500 nm. The
band gaps of the specimens were determined from the diffuse reflectance spectra using
the Kubelka-Munk function F(R)=(1-R)?/2R, where F (R) is equivalent to the absorption
coefficient. The average band gap transition energies were estimated by extrapolating

the linear portion of the plot [F (R)- (h * v)]? versus (h * v) to the X-axis.



X-ray photoelectron spectra (XPS) were recorded using non-monochromatic MgK
radiation (hv= 1253.6 ¢V) and a hemi-spherical analyser operating at a constant pass
energy of 29.35 eV (Physical Electronics PHI 5700 spectrometer) with the X-ray
generator operating at 15 kV and 300 W. The pressure in the analysis chamber was
about 107" Pa. Binding energies were corrected against that for C 1s peak of
adventitious carbon fixed at 284.8 eV. The 3d and 4d peaks of Sb were curve-fitted by
the software MultiPak version 9.3 using a convolution of independent Gaussian and
Lorentzian contributions (the so-called Voigt profile).

The microstructure of the hydrothermally treated samples was examined by field
emission scanning electron microscopy (FESEM) at 20 kV (Model S-4800, Hitachi
Ltd., Tokyo, Japan). The samples were prepared by dropping a dispersion of the
powders in water directly onto the holder sample. Before the examination all specimens
were coated with gold/palladium in an ion beam coater. Elemental analysis using
energy-dispersive X-ray spectroscopy (EDX) of the synthesized powder was also

obtained by the same microscope working at 20 kV.

The morphology of pure and chromium and antimonium codoped titania particles was
also examined using transmission electron microscopy (Model 1010, Jeol Ltd., Tokyo,
Japan) at an accelerating voltage of 100 kV. Samples were dispersed in doubly distilled
water and drops of the dispersion were transferred to a specimen copper grid carrying a
lacey carbon film. Image J software was used for the size measurements performed on the
micrographs and the subsequent data analysis, including the generation of size

distributions.

Nitrogen absorption isotherms were obtained at 77.4 K on an ASAP 2020 instrument

from Micromeritics. Specific surface areas were calculated from N> sorption isotherms,



using the multipoint Brunauer—Emmett-Teller (BET) method and microporosity and

size distributions were estimated using the t-plot, Barret-Joyner-Halenda (BJH).

The photocatalytic activity of the synthesized materials, either as-prepared and after
annealing at 350 °C for 30 min to remove total or partially the TEOA, was estimated by
measuring the photocatalytic degradation of MO under the UV and visible light
irradiation. MO is usually used as model compound to monitor the photocatalytic
activity of TiO.-based photocatalysts. The photocatalytic reaction was carried out in a
self-made reactor, consisting of a cylindrical glass vessel immersed into a water-cooling
bath with a continuous flow. In a typical experiment 0.075 g of the prepared
photocatalyst was added into 50 mL of MO solution. The concentration of MO solution
was 0.01 g/L (10 ppm). Before experiments started, the resulting solution was left in a
dark environment for 10 min to achieve adsorption/desorption equilibrium. Under
ambient conditions and with continuous stirring the solutions were exposed to visible
and UV light irradiation. UV source (Philips TUV lamp T5 16W/G16 emitting radiation
of UV-C of 253.7 nm wavelength) was used and metal halogen lamp (240 W) with UV-
cut off filter (\>400 nm) was used as the visible light source. The lamp was placed at
the top of the reactor with the spacing between the light bulb and the surface of solution
being 25 cm for visible light and 10 cm for the UV source. The evolution of MO
degradation was followed by recording the dye solution spectrum using a Shimadzu
UV-2400PC UV-vis spectrophotometer. Thus, at different periods of light irradiation 3
mL of the solution was extracted. Before its analysis, once the photocalyst was removed
by centrifugation, the solution was filtered. The photocatalytic degradation efficiency of
MO was expressed as C/Co, being Co the initial concentration of MO and C the

concentration of MO measured at different periods of reaction. In order to evaluate the



photocatalyst activity, the same experiments were also done in the presence of the

reference Aeroxide® TiO2 P25 (Evonik) photocatalyst.

3. Results and Discussion

3.1. Preparation and characterization of samples

The use of TEOA stabilizer for the hydrothermal preparation of anatase-based
nanoparticles will lead to obtain samples, named TEOA-AXx series, for which the
presence of remaining TEOA molecules joint to anatase particles is detected. These
organic molecules could mask the active sites of photocatalyst and the heterogeneous
catalytic process be hindered. On this sense, the first step in this section will be give
experimental evidences of TEOA taking out from the hydrothermally as-prepared
samples. Thus, TEOA-Ax samples were subjected to a thermal annealing at relatively
low temperature, i. e. 350 °C for 30 min, the Ax samples. In that following, we are
going to refer to the composition, structure and nanostructure of the annealed series of
samples Ax, being the differences found as consequence of the annealing process, if

any, discussed.

In order to determine the chemical composition of samples prepared by hydrothermal
aging, ICP analysis was performed to the set of TEOA-Ax samples. The obtained ICP
analytical results are given in Table 1S. As can be seen the Ti/Sb/Cr atomic ratio in the
synthesized samples is very similar to the nominal ratio in the proposed stoichiometric
compositions. It seems reasonable that these atomic ratios will be kept in the series of

annealed samples Ax.
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The XRD patterns of samples Ax are shown in Figure 1. Peaks at around 25.3, 36.9,
37.7, 38.5, 48.0, 53.84, 55.1 and 62.7 (26°) are detected in all samples, which can be
attributed to a crystalline phase with anatase structure (PDF 00-021-1272). It is to note
that for the sample AO0.1 with the higher nominal content of dopant, i. e.
Cro.1Sho.1Tio8O2, peaks appear at around 27.4, 36.0 and, 41.2 (26°), which are associated
to a crystalline phase with rutile structure (PDF 00-021-1276). Figure 1S shows the shift
of the anatase more intense peak at around 25.3 (26°) to lower angles on increasing the
nominal amount of chromium and antimonium in the series of samples. That shift is
even greater for higher angle peaks, as it is also shown in Figure 1S for the diffraction
peak appearing at around 62.7 (26°). This fact indicates the formation of solid solutions

over the whole range of the studied nominal compositions.

In order to get crystallographic parameters of crystalline phases in the series of the
prepared samples, the corresponding XRD patterns were refined by the Rietveld
method. Table 1 shows the crystallographic data and details of the Rietveld refinement
of the series of samples Ax with nominal compositions CrxSbxTi1-2xO2 (0 < x < 0.1).
The results of lattice parameters through the series of samples Ax on increasing the
amount of dopants indicate an increase of parameters a, b and ¢ on increasing the
amount of dopants. Likewise, as a result the unit cell volume increases on raising the
content of dopants over the series of prepared compositions. The trend of the lattice
parameters is in accordance with the formation of CryxSbxTi1.xO2 solid solution with the
structure of anatase, in which Cr and Sb cations replace to the structural cation Ti%".
Assuming that the chemical states of Sb and Cr are +5 and +3, and that the
corresponding cationic radii in oxide octahedral coordination are respectively 0.61 and
0.615 A, and the one for Ti** is 0.605 A,?° it seems consistent that on increasing the

amount of dopants into the host lattice the averaged cationic radius raises too and
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therefore the cell volume increases. From Table 1 it is interesting to note that the cation
occupancy obtained through the refinement is quite close to their nominal content in the
several studied compositions. The amount of rutile for the sample with the higher
nominal content of dopants is 25% wt. A look to the Rwp and Rexp reliability factors
shown in Table 1, indicates that the values obtained are in the range considered as good
refinements. The final Rietveld plot for the AO0.33 solid solution, with nominal
composition Cro.03Sbo.03Tio9402, shown as representative, is displayed in Figure 2S, in
which the comparison of the observed and the calculated pattern for the sample
represented in the trace at the bottom indicate very good agreement over the range of
diffraction angles between 10 and 120°. Crystallite sizes of samples Ax are displayed in
Table 1. As can be seen there is a small decrease in sizes with the increase of dopant

amount in the series of samples.

Raman spectra of samples Ax are shown in Figure 2. Bands at around 142, 195, 389,
510 and 635 cm™ are detected, which can be associated to the presence of a phase with
anatase structure.®® The strongest band at 142 cm™ arising from the external vibrations
of the anatase structure is well resolved, which indicates that the formed anatase
nanocrystals presented long-range order. Two weak bands at around 450 cm™ and a
shoulder at 610 cm™ are depicted in sample with the higher amount of dopants, A0.1,
which confirm the presence of a small amount of rutile phase. From the set of spectra of
the series of samples can be appreciated a small shift of bands to higher energies and an
increase of the full-width-at-half-maximum (FWHM) on increasing the dopant amount.
These facts has been attributed to the formation of Sh- and Cr-codoped anatase solid
solutions, in which the dopant cations occupy structural sites in the anatase structure,

and other features such as crystallite size and defects.®
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The previously assumed valence states of antimony and chromium dopant cations were
investigated by XPS. Parts (a) and (b) of Figure 3 shows the Ti2p and Cr3p XPS regions
of samples with nominal compositions A0.03 and A0.05, labelled 1 and 2, respectively.
The binding energies at 458.8 eV and 577 eV can be attributed to Ti** 2ps2 and Cr¥*
3pss2 spin-orbital splitting photoelectrons.®? Part (c) in Figure 3 shows the Sh3d XPS
spectra of the aforementioned samples 1 and 2. Since the Sh3ds peak overlaps in
binding energy with the most intense photoemission associated with the O1ls peak, in
order to unambiguously identify the oxidation number of Sh, the peak appearing at
around 531.5 eV was deconvoluted assuming the same FWHM and Sb3ds/2/Sh3ds/, peak
intensity ratio of 1.5 (Sb3das, at 540 eV). The results showed in Part (d) of Figure 3
gives a binding energy of 531 eV for the Sb3s, peak as it is expected for Sh>*. An
additional evidence on the oxidation number of Sb was obtained by deconvolution of
the Sb4d XPS region, in which appears a peak associated with Sb°* at 35 eV
overlapping with the Ti3p peak from TiO; at 37 eV.*® From these XPS results it can be
drawn that the oxidation numbers of antimony and chromium codoped into TiO; are 3+

and 5+, respectively

UV-Vis DR spectra of samples are shown in Figure 4, in which the one from the P25,
which contains undoped anatase together with a small amount of rutile phase, is also
included for comparison. The first observation in Figure 4 is the strong absorption
extended over the UV and a narrow range of visible radiation up to around 400 nm for
the reference sample P25, whereas for longer wavelengths the absorption is neglected.
The undoped anatase AO also absorbed strongly in the UV range but strikingly a weak
light absorption is extended almost along the entire range of visible radiation. It is to
note that an additional absorption is detected for the Sb and Cr codoped samples. Broad

bands at around 450 and 720 nm are associated with electronic transitions of dopants.
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The strong absorption encompassing the UV and the narrow range of Vis radiation can
be assigned to the O>*—Ti*" charge transfer and the bands at 450 and 700 nm to d-d
transitions of Cr3* in octahedral coordination of oxide anions.?* It is well known, that
the Cr*3 cation, because its 3d® electronic configuration, tends to be stabilized in
octahedral coordination. For instance, the Cr.Os spectrum, in which the Cr®* is in an
octahedral oxide surrounding, contains bands centered at around 460 and 600 nm,
which according to the Tanabe-Sugano diagram these bands can be attributed to
4Pog—*T2g and *Azg—*T1g (F) spin-allowed transitions.* Thus, the two bands appeared
in the visible range of the spectrum are associated to Cr®* in the anatase structure.
Moreover, the absorption at 450 nm has also been assigned to the Cr¥*—Ti*" charge
transfer.?! With respect to the weak absorption in the visible light region for the anatase
crystalline form of undoped and doped titanium dioxide it has been associated to both
interstitial and molecularly chemisorbed N in N-doped TiO2 or oxygen vacancies in the

anatase structure.®

The band gap of the series of annealed samples is shown in Table 2. Plots of [F (R)- (h

- v)]? versus photon energy are shown in Figure 3S. As can be seen the values

calculated of band gap are lower for doped samples. The value for the undoped sample
is very similar to the sample P25. It is also to be noted that the band gaps obtained for
the prepared doped samples are also very close to the ones reported by Kato and Kudo
for samples of TiO, codoped with chromium and antimony prepared by heating metal

oxide mixtures at 1150 °C for 10 h.*

The chemical, structure and electronic characteristics of TEOA-AX samples were so
similar to those just commented for the annealed samples. Thus, no appreciable
differences in the XRD patterns were observed for the same set of the hydrothermally

as-prepared samples in Figure 4S. On the same manner, from the XRD patterns Rietveld
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refinement, the crystallographic parameters of crystalline phases were similar, Table 2S
and Figure 5S. The Raman spectra of samples TEOA-AX, shown in Figure 6S, bears a

great resemblance to the ones of the unheated samples.

On the other hand, UV-Vis spectra of the as-prepared undoped and doped samples
TEOA-AX, are somewhat different to those of the annealed samples, as it is shown in
Figure 7S. In general, the whole set of as-prepared samples presented stronger
absorption in the visible range than the annealed samples. This fact was due to the
presence of residual TEOA attached to anatase nanoparticles.>® Moreover, in the spectra
of doped samples the two bands associated to Cr®* cation in octahedral surrounding

were also shown.

An experimental evidence for absence of TEOA in the set of samples Ax, i. e. after
annealing at 350 °C, comes from result obtained by TG/DTA analyses of samples
TEOA-AX, i. e. the set of as-prepared hydrothermally samples. Figure 8S (parts a to d)
display the loss of weight from thermal analysis experiments of the several as-
synthesized samples, encompassing the undoped (TEOA-AQ) to the one containing the
higher amount of dopant (TEOA-0.1). The strong weight loss and the simultaneous
exothermic event occurred for all samples over the range between around 100 and 350
°C can be associated with the massive loss of TEOA and the subsequent weight loss up
to around 550 °C could be associated to the releasing of some residual gas retained in
the sample. In this sense it is worthwhile to take into account that the boiling point of
TEOA is around 335 °C. The above statement can be evidenced by the IR spectra of
both series of samples Ax and TEOA-AX. Figure 9S displays the IR traces of both series
of samples as well as the one corresponding to pure TEOA. As can be seen in the as-
prepared samples TEOA-AXx bands over the two ranges 3000-2800 and 1500-900 cm*

associated to the presence of TEOA are clearly distinguished whereas disappear in the
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series of samples Ax. On the contrary, a set of new bands at 2340, 1545 and 1348 cm™
appeared in the annealed Ax. The first one at 2340 cm™ decreases its intensity with
increasing the amount of dopants and could be associated with the presence of CO;
adsorbed on TiO; surface®” and the other two with the formation of carbonate species by
the presence of reactive (basic) surface hydroxyls groups on TiO2 surface.®® In fact, as
can be seen in Figure 9S a band at around 1630 cm™ associated with O-H stretching and
bending vibrations are shown in both set of samples Ax and TEOA-AX, being stronger

in the set of the hydrothermally as-prepared TEOA-Ax samples.®

Because the performance of the heterogeneous photochemical processes accounted on
catalyst are highly related with its morphology and microstructure on surface, we put
attention to analyse the existence of physical changes in the prepared titania
nanoparticles caused by both the dopant loads and the annealing process. TEM
micrographs of the series of samples Ax are displayed in Figure 5. As can be seen in
Fig. 5a, the undoped sample contains non-aggregated particles sized around 20 nm and
regular morphology. For the doped samples the microstructure changes given rise to
more irregular shapes, as it is shown in Figures 5b to 5d. This feature is more
pronounced on increasing the amount of dopants. It is to note that the particles of the
doped samples are more elongated and their size is dependent on the amount of dopants.
Moreover, in all samples the nanoparticles are smaller than 100 nm x 50 nm. It can be
drawn that the dopants change the morphology of the hydrothermally as-prepared
particles from spherical to ellipsoidal cross section. SEM micrographs of samples Ax
displayed in Figure 10S, provide similar features to the ones observed by TEM,
suggesting the large-scale formation of particles with morphologies dependant on the
amount of dopants and with relatively narrow particle size distributions (see inset of

Figure 10S). Interestingly, the SEM images of samples Ax reveal that the surface of
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these particles is rather rough, which imply that they are made up of very small primary
nanoparticles. This fact can already be detected in the images from TEM in Figure 5. As
a qualitative evidence of the increase of the dopant amount in the series of prepared
samples with increasing the nominal content of dopants, EDS spectra in SEM have been
performed and the results are displayed in Figure 11S. As can be seen on increasing the
nominal dopant contents along the series of prepared samples the relative intensity of
the K, line of titanium decrease whereas the ones of the K, and L, lines corresponding

to Cr and Sh, respectively, increases.

Before the thermal annealing, i. e. for the hydrothermally as-prepared samples TEOA-
AX, the microstructure of samples is very similar to the ones annealed at 350 °C. Figure
12S display TEM micrographs of samples TEOA-AX. As can be seen from the undoped
sample neither changes the shape nor increases the size of nanoparticles. For doped
samples the morphology is clearly ellipsoidal and the presence of very small primary

particles in these samples can be clearly distinguished.

From the aforementioned TEM and SEM micrographs can be drawn that the spherical
and ellipsoidal particles, i. e. secondary nanoparticles, are built of very small primary
nanoparticles, with smaller sizes than 4 nm, after assembly. These assemblages in which
the primary nanoparticles are border on each other could also form nanopores inside the
secondary nanoparticles. It is in progress the evaluation of the at this point the
evaluation of the mesocrystalline nature of the prepared secondary nanoparticles by

HRTEM images and SAED patterns.

As expected from the observed changes in morphology caused by the dopant content,
significant changes in the particle microstructure were found in the samples series.

Figure 6 shows the corresponding N2 adsorption-desorption isotherm of TEOA-AX and
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Ax samples. Type IV isotherms were obtained, from which the area, pore volume and
the pore size values of the samples were estimated, Table 3. The hysteresis loop of
adsorption-desorption branches is indicative for the presence of mesopores (2 — 50 nm).
Interestingly, by consequence of the morphological changes originated on titania
nanoparticles by the presence of Cr and Sh, the hysteresis loop progressively changes
from H1 type of sample TiO> — agglomerates or spherical particles arranged in a fairly
uniform way — to H4 for Cro.1Sbo.1Tio.sO2 sample — narrow slit-like pores, particles with
internal voids of irregular shape and broad size distribution—. Thus, as the nanoparticles
are enlarged the particle microstructure changes exhibiting large pore volume and
higher surface area values as dopant content increases, Table 3. In similar manner the
curves of the pore size distribution, evaluated from desorption data using the BJH
model, change with the dopant content (Figure 6 insets). For TiO, and
Cro.03Sho.03Ti0.9402 samples a narrower pore size distribution ranging from 1-60 nm
is observed, accordingly to the H1 hysteresis type. On the contrary, the slightly
sloping of hysteresis loops indicate a wide range of pores rather than a narrow pore size
distribution in samples of Cro.05Sbo.05Ti0.902 and Cro1Sbo1TiogO2 . For this last sample,
x = 0.1, the step increase in N2 adsorption with increasing relative pressure, P/Po,
with an amount 40 cm® g™ of N2 adsorbed at P/Po = 0.1 suggests the presence of
an appreciable number of micropores.*® It's worthwhile to mention that, in
comparison with undoped sample, the BET surface area values is nearly doubled for x >
0.05. Scarce differences were observed on microstructure before and after annealing
process, only in the case of Cro1Sho1TiosO2 sample a significant decrease of pore

volume was observed.
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3.2. Evaluation of photocatalytic activity

MO dye in aqueous solution was chosen as a model pollutant dye to evaluate the
photocatalytic effectiveness of the Cr- and Sb-doped TiO, anatase prepared by a
hydrothermal approach.*! The experiments were performed under Visible and UV light
irradiation and, in the absence of photocatalyst, negligible MO degradation was found,
Figure 7. As expected, under Visible or UV light irradiation, the MO photocatalytic
degradation originated by the unheated doped amine-containing samples TEOA-A0.03,
TEOA-AO0.05 and TEOA-AO0.1 is very low, as can be seen in Figure 13S, being lower
than 10 % for sample TEOA-A0.05. Even though the UV-Vis spectra of samples
TEOA-AX exhibit high resemblance to that of samples Ax, both exhibit a rather
different photochemical behaviour. Therefore, the remaining molecules of the amine
stabilizer on TEOA-Ax samples seem to mask, on particle surface, the TiO; actives sites
towards the photochemical reaction. Thus, once the amine stabilizer was removed after
heating at 350 °C, a high MO degradation yields were found for Ax samples. After 90
min of Visible light irradiation, Figure 8a, undoped anatase AO and the reference P25
did not show photocatalytic activity. However, it can be remarked the high
photocatalytic activity of all Cr- and Sh-codoped anatase in the range of prepared
compositions, being the degradation almost complete for CroosShoosTios and
Cro.1Sho.1Tioe samples, i. e. A0.05 and A0.1, respectively. The photocatalyst with low
load of dopants, Cro.03Sbo.o3Tio.4, i. €. A0.03, reached a degradation degree around 80
%. Under UV light irradiation the doped titania samples also exhibit better degradation
efficiency of MO, Figure 8b. While the degradation reached when using undoped and
low doped samples are comparable to the one attained for the P25, around 65% vyield,
the highest efficiencies were obtained by increasing the dopant content with a yield of

80 % for the Cro.0sSbo.0s Tio.9O2 nominal stoichiometry.
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The aforementioned results proved that these prepared photocatalyst made of discrete
nanoparticles of Cr- and Sb-codoped TiO> anatase were very efficient in the degradation
of MO dye under visible light irradiation. It seems worthwhile to note that considering
the differences in microstructural parameters such as surface area, pore volume and pore
size in the series of free-amine and amine-containing doped photocatalysts and the
obtained degradation efficiencies for both series of samples, the high effectivity in the
degradation of MO could be due to the mesocrystalline nature of doped samples after
removing the most of the amine. It was reported that mesocrystals, which are
superstructures composed of crystalline nanoparticles with a mutual orientation between
the nanocrystals building units, could strongly enhance charge separation under the
visible light irradiation.®® This fact would give rise to long-lived charges and
consequently higher photo conductivities and photocatalytic activities. So far some
results on the photocatalytic efficiency of TiO. based materials for degradation of MO
were reported. Peng et al. claimed the preparation of Cr-doped titanium dioxide
nanocrystal films by a sol-gel dip-coating process.?®> Their results indicated that
appropriate Cr doping could greatly improve the photocatalytic activity of TiOg,
reaching the complete degradation after 5 h. Recently, it was stated by Liu et al. the
preparation, characterization and photocatalytic performance in the degradation of MO,
of Bi,0s/F-TiOz-composites.*? The results showed that this composites exhibit a
maximum degradation rate of 95% under visible light irradiation for 180 min, being this
enhanced activity ascribed to the increase in light absorption and the reduction in
electron-hole pair recombination. The nitrogen-doped TiO> has been also tested for the
decomposition of aqueous solutions MO dyes under visible light.**** He and He stated
the preparation of N-doped TiO2 nanorods and nanotubes by a solvothermal process

from a solution containing titanium sulphate, urea and dichloroethane.® Interestingly,
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both the synthesized nanorods and nanotubes showed higher degradation efficiency to
methyl orange in water than the commercial TiO> although their specific surface areas
are smaller. Substitutional and interstitial N-doped TiO. prepared by a microwave
approach were reported by Peng et al.** Although both kind of nitrogen can enhance the
photoactivity of TiO2 in the degradation of MO, the authors conclude the higher visible

light activity of interstitial N-doped TiO- than of substitutional.

Figure 8 shows the reusability of sample A0.05 as an illustrative example for methyl
orange decomposition under visible light irradiation. It seems evident that no loss of
activity is observed for at least ten runs. Thus, the Cr- and Sb-codoped anatase can be

used as a recyclable photocatalyst for the degradation of MO under visible light.

4. Conclusion

Mesocrytalline Cr- and Sb-codoped anatase nanoparticles were synthesized by
hydrothermal aging of aqueous solution containing titanium alkoxide, chromium
acetylacetonate, antimony acetate and triethanolamine as stabilizer. The solid solution
nature of the prepared Cr- and Sh-containing crystalline nanoparticles was demonstrated
by Rietveld refinement of XRD patterns and techniques such as Raman, XPS and UV-
Vis spectroscopies. TEM and SEM micrographs proved that the morphology of the
nanoparticles changed for doped samples to most elongated particles. Also, it was
clearly evidenced that the prepared nanoparticles sized below 100 nm x 50 nm were
built by a set of smaller primary nanoparticles sized below 4 nm in an ordered
arrangement giving rise to a mesocrystalline structure. It was also evidenced that
microstructural parameters such as pore volume and high surface area increased with
the rise of dopant contents.
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The visible-light-driven photocatalytic activity of the prepared Sb- and Cr-codoped
mesocrystalline nanoparticles was high against MO degradation. It can be thought that
the good photocatalyst behavior can be due to the mesocrystalline nature of the

nanoparticles and their mesoporosity developed by the presence of the dopant cations.
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Caption of figures

Figure 1. XRD patterns of the series of samples Ax (0 <x <0.1). 4 is anatase and X is

rutile.

Figure 2. Raman spectra of the series of samples Ax (0 < x < 0.1). 4 is anatase X is

rutile.

Figure 3. XPS of as-prepared hydrothermally TEOA-A0.03 and TEOA-AO0.05. labelled
1 and 2, respectively:(a) Ti2p region; (b) Cr3p region; (c) Sb3d region; and (d) binding

energy of 531 eV for the Sb3s/> peak.

Figure 4. UV-Vis DRS of the series of samples Ax (0 < x < 0.1). The spectrum of

sample P25 is also included.
Figure 5. TEM micrograph of samples Ax: a) x=0, b) x=0.03, c) x=0.05 and d) x=0.1.
Figure 6. N2 adsorption-desorption isotherm of samples TEOA-AX (black) and Ax (red).

Figure 7. Photocatalytic degradation of MO by Ax photocalysts under (a) visible and (b)

UV light irradiation.

Figure 8. Reusability of A0.05 for methyl orange (MO) photocatalytic decomposition
under visible light irradiation. MO initial concentration of 0.01 g/L (10 ppm); catalyst

concentration of 0.075 g per 50 mL; and reaction time 180 min.

27



Intensity (arb. units)

A0.1 ,)

(110)(101)

* (111)
Jw BN A M
A0.05
A0.03 |

{L o m e
(101)
A0 . (004)  (200) (211)
® . 0(105) (204)
(103)4 ( ) ¢
J J\ J\/L N

15 20 25 30 35 40 45 50 55 60 65

20 (degree)

Figure 1. XRD patterns of the series of samples Ax (0 <x <0.1). 4 is anatase and X is

rutile.
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Figure 2. Raman spectra of the series of samples Ax (0 < x < 0.1). 4 is anatase X is

rutile.
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Figure 3. XPS of as-prepared hydrothermally A0.03 and AO0.05, labelled 1 and 2,
respectively: (a) Ti2p region; (b) Cr3p region; (c) Sb3d region; and (d) binding energy

of 531 eV for the Sh3s/; peak.
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Figure 4. UV-Vis DRS of the series of samples Ax (0 < x < 0.1). The spectrum of

sample P25 is also included.
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Figure 5. TEM micrograph of samples Ax: a) x=0, b) x=0.03, c) x=0.05 and d) x=0.1.
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Figure 6. N2 adsorption-desorption isotherm of samples TEOA-AX (black) and Ax (red).
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Figure 8. Reusability of A0.05 for methyl orange (MO) photocatalytic decomposition
under visible light irradiation. MO initial concentration of 0.01 g/L (10 ppm); catalyst

concentration of 0.075 g per 50 mL; and reaction time 180 min.
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Table 1. Crystallographic data, details of Rietveld refinement and crystallite size of the

series of samples Ax (0 <x <0.1)

Sample A0 A0.03 A0.05 A0.1
Anatase (%) 100 100 100 75
Rutile (%) 0 0 0 25
a=b (A) 3.7844 (1) 3.7908 (1)  3.7947 (1) 3.7984 (1)
c(A) 9.5000 (2) 9.5016 (2)  9.5075 (2) 9.5111 (3)
Volume (A% 136.054 (4) 136.540 (4) 136.908 (5) 137.228 (7)
Ti (%) 1 0.928 0.88 0.72

Sb (%) 0 0.032 0.048 0.104
Cr (%) 0 0.032 0.048 0.096
Rwp 8.82 9.06 7.15 6.89
Rexp 5.78 551 5.52 5.6
Chi2 2.33 2.7 1.67 151
Crystallite

size (nm) 26(2) 29(3) 27(3) 22(3)
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Table 2. Band gap of the series of prepared samples TEOA-AX and Ax

Bandgap (eV)
P25 TEOA-A0 TEOA-A0.03 TEOA-A0.05 TEOA-AO0.1
3.3 3.24 2.2 2.03 2.09

P25 A0 A0.03 A0.05 A0.1
3.3 3.3 2.2 2.23 2.13




Table 3. Surface area and porosity parameters for CrxSbyTi1-2xO2 samples.

Samples CrxSbxTi1-2xO2

TEOA-AX AX
x=0.00 x=0.03 x=0.05 x=0.1|x=0.00 x=0.03 x=0.05 x=0.1
BET Surface Area (m%gl)  74.85  86.89  112.05 181.01 63.56 7357 101.51 146.16
Pore Volume (cm3g'%) 0.23 0.29 0.35 0.37 0.22 0.29 0.36 0.40
Pore Size (nm) 12.4 13.7 12.6 8.3 13.8 16.2 14.3 11.1

Series
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Enhanced visible light photocatalytic degradation of methyl
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Figure 1S. Relative shifting of the XRD peaks of samples Ax (0 <x <0.1) at low and

high 20 angle.

Figure 2S. Final Rietveld plot of as-prepared sample A0.03 (Cro.03Sbo.03Ti0.9402) by
hydrothermal aging. Small vertical bars indicate the positions of allowed h k |
reflections. The difference between the observed and the calculated profiles is the lower

trace plotted below the diffraction pattern.

Figure 3S. Plot of [F (R)-(h * v)]? versus h « v for the prepared samples TEOA-AXx and

AX.



Figure 4S. XRD patterns of samples TEOA-Ax (0 < x < 0.1), i. e. the hydrothermally

as-prepared precipitates. 4 is anatase and X is rutile

Figure 5S. Final Rietveld plot of annealed sample TEOA-A0.03 (Cr0.03Sb0.03Ti0.9402) by
hydrothermal aging. Small vertical bars indicate the positions of allowed h k |
reflections. The difference between the observed and the calculated profiles is the lower

trace plotted below the diffraction pattern.

Figure 6S. Raman spectra of samples TEOA-Ax (0 < x <0.1), i. e. the hydrothermally

as-prepared precipitates. 4 is anatase and X is rutile.

Figure 7S. UV-Vis DRS of samples TEOA-Ax (0 <x <0.1), i. e. the hydrothermally as-

prepared precipitates. The spectrum of P25 is also included.

Figure 8S. TG/DTA of samples TEOA-Ax (0 < x < 0.1), i. e. the hydrothermally as-
prepared precipitates: a) TEOA-AO, b) TEOA-A0.03, ¢c) TEOA-A0.05 and d) TEOA-

AO0.1.

Figure 9S. IR spectra of both series of samples Ax and TEOA-AXx as well as the one

corresponding to pure TEOA.Figure.
Figure 10S. SEM micrograph of samples Ax: a) x=0, b) x=0.03, c) x=0.05 and d) x=0.1.
Figure 11S. EDS spectra of samples Ax: a) x=0, b) x=0.03, ¢) x=0.05 and d) x=0.1.

Figure 12S. TEM micrograph of samples TEOA-AX: a) x=0, b) x=0.03, c¢) x=0.05 and

d) x=0.1.

Figure 13S. Photocatalytic degradation of MO by samples TEOA-AX under (a) visible,

and (b) UV light irradiation.
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Figure 2S. Final Rietveld plot of the annealed sample A0.03 (Cr0.03Sb0.03Ti0.9402). Small

vertical bars indicate the positions of allowed h k I reflections. The difference between

the observed and the calculated profiles is the lower trace plotted below the diffraction

pattern.
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Figure 3S. Plot of [F (R)-(h * v)]? versus h = v for the prepared samples TEOA-AX and

AX.
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Figure 4S. XRD patterns of samples TEOA-Ax (0 <x <0.1), i. e. the hydrothermally

as-prepared precipitates.  is anatase and X is rutile.
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Figure 5S. Final Rietveld plot of as-prepared sample TEOA-A0.03 (Cro.03Sbo.03Ti0.9402)
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trace plotted below the diffraction pattern.
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Figure 6S. Raman spectra of samples TEOA-Ax (0 <x <0.1), i. e. the hydrothermally

as-prepared precipitates. 4 is anatase and X is rutile.
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Figure 7S. UV-Vis DRS of samples TEOA-Ax (0 <x <0.1), i. e. the hydrothermally as-

prepared precipitates. The spectrum of P25 is also included.
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Figure 8S. TG/DTA of samples TEOA-Ax (0 < x < 0.1), i. e. the hydrothermally as-
prepared precipitates: a) TEOA-A0, b) TEOA-A0.03, ¢c) TEOA-A0.05 and d) TEOA-

A0.1.
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Figure 9S. IR spectra of both series of samples Ax and TEOA-AXx as well as the one
correspondind to pure TEOA. Acorresponds to TEOA; m corresponds to CO2; e

corresponds to O-H bonds and Yare carbonate



Figure. 10S. SEM micrograph of samples Ax: a) x=0, b) x=0.03, c¢) x=0.05 and d)

x=0.1. Bars on inset are 50 nm.
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Figure. 11S. EDS micrograph of samples Ax: a) x=0, b) x=0.03, c) x=0.05 and d) x=0.1.



Figure 12S. TEM micrograph of samples TEOA-Ax with a) x=0, b) x=0.03, ¢) x=0.05

and d) x=0.1.
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Figure 13S. Photocatalytic degradation of MO by samples TEOA-AXx under (a) visible,

and (b) ultraviolet light irradiation.



Table 1S. ICP analytical results for the as-prepared hydrothermally samples TEOA-AX.

Sample Ti Sb cr -rll-(l)/r?]li)rllglr atomic
atomic % atomic % atomic % .
ratio
TEOA-A0.03  0.9483 0.0245 0.0278 0.94/0.03/0.03
TEOA-A0.05 0.8935 0.0537 0.0523 0.90/0.05/0.05
TEOA-AO0.1 0.8077 0.0947 0.0985 0.80/0.1/0.1




Table 2S. Crystallographic data, details of Rietveld refinement and crystallite size of

samples TEOA-AX (CrxShxTi1.xO2), i. e. the hydrothermal as-prepared precipitates

Sample TEOA-A0 TEOA-A0.03 TEOA-A0.05 TEOA-A0.1
Anatase% 100 100 100 80
Rutile (%) 0 0 0 20

a=b (A) 3.7934 (1) 3.79981 (8) 3.8006 (1) 3.7998 (2)
¢ (A) 9.5072 (2) 9.4950 (2) 9.4925 (3) 9.4839 (5)
Volume (A% 136.812 (4)  137.094 (5)  137.117 (7) 136.930 (1)
Ti (%) 1 0.936 0.888 0.784
Sb (%) 0 0.032 0.048 0.104
Cr (%) 0 0.032 0.048 0.104
Rwp 8.76 9.42 7.77 7.18
Rexp 5.40 5.50 5.29 5.40
Chi2 2.63 2.94 2.16 1.77
Crystallite

size (nm) 27 (2) 27 (3) 23 (2) 21 (3)
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