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Resumen

En este trabajo se realiza investigación sobre la formación de vidrios y
compuestos cristalinos a través del estudio de diferentes combinaciones de
las proporciones del sistema ternario Cu − CdO − V2O5, para ello antes de
la fabricación se planteó un diagrama triangular que muestra las diferentes
combinaciones posibles del sistema ternario, de ah́ı se eligen las proporciones.
El diagrama se divide en tres regiones y a través de un análisis es posible
reconocer el área de formación de vidrio (GFA).
La Región I se denominó la zona con mayor contenido de CdO, la Región II
es la zona donde la concentración de V2O5 (formador de vidrio) es mayor y
como complemento la Región III es para las muestras con mayor contenido
de Cu.
Después de la fabricación de las muestras en la Región I se encontraron
dos tipos de materiales. Dentro de la GFA se obtuvieron materiales amor-
fos mientras que en el peŕımetro se encontraron compuestos cristalinos como
Cd2V2O7 y las mezcla de las fases de CuCd(V O4), Cu2O y CdO.
En cuanto a la Región II se identificó una mezcla de compuestos de vanadio
tales como CdV2O6, Cu4V2O5, Cu.216(V2O5) y Cd.73Cu.27(V2O6). Finalmen-
te, en la Región III se obtuvieron soluciones sólidas que inclúıan compuestos
como Cu2O, CuO, CuCd(V O4) y Cu3V O4.
El estado cristalino para cada muestra sintetizada fue determinado por di-
fracción de Rayos X y corroborada por espectroscoṕıa Raman.
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Objetivo

Explorar la formación de vidrios y compuestos cristalinos en el sistema
ternario Cu− CdO − V2O5.

Objetivos particulares

1. Fabricar muestras con el sistema ternario Cu−CdO− V2O5 usando el
método de fundido con enfriamiento rápido.

2. Analizar las muestras preparadas con diferentes técnicas de caracteri-
zación tales como: Difracción de Rayos X y Espectroscoṕıa Raman.

3. Localizar la zona de formación de materiales amorfos.

4. Proponer una hipótesis en la transición entre materiales amorfos y cris-
talinos.
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Caṕıtulo 1

Introducción

Desde hace tiempo, la investigación sobre materiales v́ıtreos a partir de
compuestos de vanadio ha sido de gran interés debido a las ventajas que ofrece
para la generación de diferentes grupos estructurales y sus capacidades para
alojar diferentes iones metálicos lo cual provee amplia versatilidad en sus
propiedades ópticas y eléctricas [1, 6]. Algunas de estas propiedades han sido
empleadas para la manufactura de sistemas como bateŕıas electroqúımicas y
memorias tipo switch [7, 8]. Por otro lado, se ha demostrado que a partir del
óxido de vanadio es posible obtener nanoestructuras tales como nanotubos
y nanoalambres [9, 11] aśı como también se han obtenido vidrios con conte-
nido de CuO y V2O5 los cuales son de gran interés debido a sus propiedades
eléctricas y magnéticas [12, 13]. En el mismo contexto, el sistema binario
V2O5 − CdO ha sido investigado en combinación con otros reactivos como
son el Fe2O3, TeO2 e In2O3 [14, 19] debido a la amplia gama de compuestos
de vanadio que pueden generarse. Recientemente, preparaciones de nuevos
vidrios basados en el sistema ternario ZnO−CdO−V2O5 con caracteŕısticas
novedosas han sido encontradas, además cuando el mismo tipo de vidrios fue-
ron dopados con erbio se encontraron propiedades luminiscentes interesantes
[20, 26]. Entonces, como continuación a la investigación relacionada a estos
compuestos de vanadatos, en esta tesis se hace un análisis completo de este
sistema ternario.

El objetivo principal en este trabajo, es determinar el área de formación de
vidrio (GFA por sus siglas en inglés) para ello es usado el triángulo de Gibbs,
este triángulo es un diagrama de las diferentes combinaciones que pueden
realizarse con los tres compuestos donde cada uno de éstos se ubica en una
esquina que corresponde al cien por ciento del compuesto, el desplazamiento
hacia otra de las esquina es proporcional al cambio de concentración. La
estructura amorfa fue encontrada en la esquina inferior derecha del triángulo
donde la proporción nominal en peso de Cu es mayor que la proporción para
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CAṔıTULO 1 INTRODUCCIÓN

el V2O5 que es considerado como el formador de vidrio. Por el contrario, para
concentraciones mayores de V2O5 se esperaba obtener materiales en estado
amorfo sin embargo se obtuvieron materiales en fase cristalina al igual que
las muestras fabricadas con alto contenido de Cu.

Para la descripción de estos resultados en esta tesis se presenta en el
caṕıtulo 2 el desarrollo experimental, donde se describe la forma en la que se
elaboran las muestras, en el caṕıtulo 3 se muestran los resultados se discute la
construcción del triángulo de Gibbs y se presentan los espectros de difracción
de Rayos X que nos proporcionan información sobre la estructura, aśı como
también se presentan espectros Raman, al mismo tiempo se discuten los
resultados. Finalmente en el caṕıtulo 4 se dan las conclusiones. Cabe señalar
que los resultados aqúı obtenidos han dado origen a dos publicaciones [21, 22].
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Caṕıtulo 2

Detalles experimentales

En este caṕıtulo se hará una descripción de la forma y criterios que se
utilizan para la śıntesis de las muestras, se inicia el caṕıtulo con un resumen
de las técnicas de caracterización usadas, como es la espectroscoṕıa Raman
y los espectros de Rayos X, se describe el triángulo de Gibbs, se ilustra
algunas muestras y finalmente se presenta una tabla que describe las muestras
realizadas con los respectivos porcentajes de cada uno de los compuestos.

2.1. Triángulo de Gibbs

Para representar gráficamente las diferentes combinaciones en proporción
(moles o masa) en una mezcla ternaria, se puede emplear un diagrama trian-
gular. En éste tipo de gráficos, se emplea la propiedad de que la suma de las
distancias de un punto interior a los tres lados es constante e igual al 100 %
[23]:

N1 +N2 +N3 = 100 (2.1)

De esta manera se pueden representar cualquier mezcla en el interior
de un triángulo ABC (ver Figura 2.1) en el cual los 3 lados del triángulo
corresponden a los porcentajes de cada componente indicado en los vértices
como reactivos puros y aumentando como se indica en la Figura 2.1 donde
también puede observarse que el punto de intersección abc determina una
mezcla dada.

Éstos diagramas son ampliamente utilizados en qúımica f́ısica, petroloǵıa,
mineraloǵıa u otras ciencias para mostrar las composiciones de sistemas com-
puestos por tres reactivos diferentes, comúnmente se le denomina triángulo
de Gibbs o un diagrama de Finetti.
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.2. DIFRACCIÓN DE RAYOS-X

Figura 2.1: Representación de un sistema ternario (Triángulo de Gibbs).

2.2. Difracción de Rayos-X

La técnica de difracción de Rayos-X es una de las más importantes pa-
ra la caracterizacón de materiales cristalinos tales como metales, cerámicos,
poĺımeros, intermetálicos, minerales u otros compuestos orgánicos e inorgáni-
cos. Es una técnica no destructiva y que ha sido empleada desde 1912 cuando
Von Laue predijo que los átomos de un monocristal difractaŕıan un haz de
rayos X dando lugar a la creación de haces difractados con intensidades y
direcciones propias de la estructura y composición qúımica del cristal. Ésta
predicción fue corroborada años más tarde por Friedich y Knipang.

Puede emplearse con diferentes objetivos como son identificar la estructu-
ra reticular y composición qúımica del cristal, de acuerdo a las intensidades
y localización de los picos en el patrón de difracción obtenido a partir de
los haces difractados por la muestra [24]. Algunas de las limitantes en esta
espectroscoṕıa pueden ser la resolución del instrumento empleado para la
medición o las condiciones f́ısicas y qúımicas de la muestras. Permite carac-
terizar muestras de diferentes tipos tales como:

Muestras en polvo: Deberá tener un tamaño de part́ıcula no mayor
de 0.1 mm y con la mayor uniformidad posible.

Muestras sólidas, caso de un metal ó algunos minerales:
podrá ser analizado siempre y cuando presente una superficie plana,
de preferencia pulida metalograficamente de la cara que se caracteri-
zará.

Peĺıculas delgadas: las muestras deberán ser completamente planas.
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.3. LEY DE BRAGG

Figura 2.2: Reflexión de Bragg.

2.3. Ley de Bragg

Para comprender mejor el fundamento f́ısico de ésta técnica consideremos
una red cristalina como se muestra en la Figura 2.2 y los planos paralelos
a ella a una distancia d. Los haces que inciden con respecto a los planos
paralelos forman un ángulo θ por lo que la diferencia en el camino óptico
(CO) es de 2dsen(θ). Esta diferencia de CO debe ser igual a múltiplos enteros
de longitud de onda por lo que:

r1 − r2 = 2dsen(θ) (2.2)

Por otro lado, para que la difracción de los haces sea constructiva se debe
cumplir:

2dsen(θ) = nλ (2.3)

con λ la longitud de onda inicial y n un número entero correspondiente al
orden de interferencia.

2.4. Espectroscoṕıa Raman

La Espectroscoṕıa Raman es una técnica que permite conocer la com-
posición qúımica y estructural de una muestra a partir de sus propiedades
vibracionales.

Consiste en incidir un haz de luz monocromática con frecuencia carac-
teŕıstica υ0 sobre una muestra produciendo aśı, un proceso de dispersión
inelástico en el que los fotones incidentes ganan o pierden enerǵıa debido a
la creación o destrucción de fonones en el material. La mayor parte de la
luz incidente que se mantiene en υ0 se denomina dispersión Rayleigh y no
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.4. ESPECTROSCOPÍA RAMAN

proporciona información sobre la muestra; por otro lado a la luz dispersada
con frecuencias distintas a la incidente (mayores o menores a υ0) se denomina
dispersión Raman y son caracteŕısticas de la naturaleza qúımica y el estado
f́ısico de la muestra. Este tipo de dispersión también se puede interpretar co-
mo un corrimiento de frecuencia de la luz dispersada que corresponde a una
pérdida o ganancia de enerǵıa (proceso Stokes o anti-Stokes respectivamente)
como se puede ver esquemáticamente en la Figura 2.3 donde cada estado de
enerǵıa se representa por medio de una ĺınea horizontal. En tal esquema se
pueden distinguir los casos siguientes:

Si el resultado de la interacción fotón-molécula es un fotón dispersado
a la misma frecuencia que el fotón incidente, se dice que el choque es
elástico ya que ni el fotón ni la molécula sufren variaciones en su estado
energético aśı, la molécula vuelve al mismo nivel de enerǵıa que teńıa
antes del choque y el fotón dispersado tiene la frecuencia υ0 incidente,
dando lugar a la dispersión Rayleigh.

Si el resultado de la interacción fotón-molécula es un fotón dispersado a
una frecuencia distinta de υ0, se dice que el choque es inelástico (existe
transferencia de enerǵıa entre la molécula y el fotón). En este caso
pueden darse dos fenómenos:

1. Si el fotón dispersado tiene una frecuencia menor a la del inciden-
te, se produce una transferencia de enerǵıa del fotón a la molécula
que después de pasar al estado de enerǵıa no permitido, vuelve a
uno permitido mayor al que teńıa inicialmente de esta forma el
fotón es dispersado con frecuencia υ0 − υp y se produce la disper-
sión Raman Stokes.

2. Si el fotón dispersado tiene una frecuencia mayor a la del inciden-
te, la transferencia de enerǵıa se da de la molécula hacia el fotón
lo cual significa que la molécula, antes del choque no se encon-
traba en su estado vibracional fundamental sino en uno de mayor
enerǵıa y después pasa a este estado. El fotón es dispersado con
frecuencia υ0 + υp y se produce la dispersión Raman anti-Stokes.

Cada material posee un conjunto de frecuencias υr propias de su estructu-
ra poliatómica a partir del tipo de enlaces que lo conforman. En un espectro
Raman estas propiedades son observadas a partir de los cambios en la in-
tensidad óptica dispersada en función del número de onda normalizado con
υ0.

Como se puede observar en la Figura 2.3 un espectro Raman se conforma
por una banda principal (Rayleigh) y dos conjuntos de bandas secundarias
(Raman Stokes y Raman Anti-Stokes).
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.5. SÍNTESIS DE LAS MUESTRAS

Figura 2.3: Bandas Rayleigh, Raman Stokes y Raman Anti-Stokes.

2.5. Śıntesis de las muestras

Para determinar las proporciones de cada reactivo se empleó el triángulo
de Gibbs mostrado en la Figura 3.1, donde también pueden apreciarse la
distinción entre las regiones analizadas.

Dado que es complicado mostrar el estudio de las 36 muestras del sistema
ternario Cu−CdO− V2O5 se eligió un número espećıfico de cada región ob-
teniendo aśı, un total de 23 muestras con proporciones diferentes empleando
reactivos en polvo.

Comenzando por CdO (Sigma-Aldrich 99.99 %), V2O5 (Sigma-Aldrich
99.60 %) y Cu (Sigma-Aldrich 99.8 %)cada uno de ellos fue pesado en una ba-
lanza anaĺıtica HR-202 que tiene un error de ±0,001gr. El proceso de fusión
para cada muestra se llevó a cabo usando el método convencional de enfria-
miento rápido el cual consistió en fundir cada mezcla de reactivos en crisoles
de porcelana en un horno Termoeléctrico modelo 4800 en una atmósfera de
aire durante 30 minutos en un rango de temperatura de 1200 a 1800◦C de-
pendiendo de la composición qúımica. Posteriormente, la muestra ĺıquida se
vaćıa rápidamente en un contenedor de acero inoxidable para obtener las
muestras sólidas posterior al enfriamiento. Este proceso puede apreciarse en
la Figura 2.4.

Las muestras obtenidas de la Región I pueden observarse en la Figura
2.5. Tales vidrios presentan diferentes coloraciones que corresponden a los
diferentes estados de oxidación del vanadio que poseen. Los vidrios de co-
lor café claro u obscuro se relacionan a grupos de V2O5, los de color negro
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.5. SÍNTESIS DE LAS MUESTRAS

Figura 2.4: Preparación de las muestras, a)Pesado de los reactivos, b)Mezcla,
c)Fusión y d)Enfriamiento rápido en molde de acero inoxidable.

brillante contienen grupos V2O3, los de tonalidad azul indican que el ion de
vanadio trabaja con valencia 4+ en la conformación del vidrio y finalmente
los de color gris poseen grupos V = O.

Las muestras se etiquetaron de acuerdo al wt.% (porcentaje en peso) de
los reactivos usados. Entonces, los números separados por guiones en cada
etiqueda corresponden al wt.%t de: Cu, CdO y V2O5 respectivamente como
se indica en la Tabla 1. Los patrones de difracción de Rayos X se obtuvieron
en un difractómetro Siemens D500 con radiación Cuα y la espectroscoṕıa Ra-
man se realizó en el espectrómetro Dilor LabRam de micro-Raman equipado
con un detector CCD y usando una ĺınea de excitación láser de Ar+ en 514.5
nm.
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CAṔıTULO 2 DETALLES EXPERIMENTALES
2.5. SÍNTESIS DE LAS MUESTRAS

Figura 2.5: Muestras obtenidas pertenecientes a la Región I.

Muestra Cu(wt.%) CdO(wt.%) V 2O5(wt%.)

S 0-90-10 0 90 10
S 0-80-20 0 80 20
S 0-70-30 0 70 30
S 0-95-5 0 95 5
S 5-85-10 5 85 10
S 5-75-20 5 75 20
S 5-65-30 5 65 30
S 5-90-5 5 90 5

S 10-60-30 10 60 30
S 10-70-20 10 70 20
S 10-80-10 10 80 10
S 10- 85-5 10 85 5
S 15-60-25 15 60 25
S 15-65-20 15 65 20
S 15-70-15 15 70 15
S 15-75-10 15 75 10
S 15 -80-5 15 80 5
S 20-10-70 20 10 70
S 10-20-70 10 20 70
S 10-10-80 10 10 80
S 80-10-10 80 10 10
S 50-30-10 50 30 20
S 50-30-20 50 20 30

Cuadro 2.1: Tabla de proporciones.
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Caṕıtulo 3

Resultados y discusión

En este caṕıtulo se presentan y discuten los resultados de las diversas
muestras obtenidas en el experimento, se presentan las caracterizaciones ob-
tenidas a través de la espectroscoṕıa Raman y de los espectros de rayos X,
el análisis se hace basándose en las tres regiones comentadas en el caṕıtulo
anterior.

Las muestras resultantes que pertenecen a la región I presentan diferentes
caracteŕısticas f́ısicas dependiendo de su composición qúımica. Por ejemplo
las superficies opacas que incuyen algunos grados de porosidad fueron ob-
servados en las muestras S 15-60-25 y S 15-65-20. La mayoŕıa de los vidrios
contenidos en la GFA son negros y brillantes mientras que los vidrios con alto
contenido de CdO son de tonalidad café oscuro. Finalmente las muestras de
la región II resultaron opacas en tanto que las muestras de la región III son
de tonalidad gris oscura.

De la literatura se sabe que V2O5 es un formador de vidrios sin embargo,
se esperaba que las muestras de la región II resultaran amorfas pero en lugar
de ello, se obtuvieron con estructura cristalina como se muestra más adelante.
Consecuentemente, la región I se convirtió en la más importante debido a que
la zona de formación de vidrio (GFA) se encuentra contenida en ella.

Para mostrar en las diferentes caracterizaciones un análisis detallado de
esta región, la distribución de muestras fue dividida en tres grupos. Los gru-
pos G1 y G2 están localizados en el peŕımetro de la GFA mientras que el
grupo G3 está situado dentro de la misma.

El primer grupo G1, se estableció para las muestras cuyo wt.% para V2O5

era constante en 30 wt.% mientras que para el Cu y CdO vaŕıan en el rango
de 0-10 y 60-70 wt.% respectivamente, como se puede observar en la Figura
3.1.
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CAṔıTULO 3 RESULTADOS Y DISCUSIÓN
3.1. DIFRACTOGRAMAS DE RAYOS X

Figura 3.1: Triángulo de Gibbs para el sistema ternario Cu − CdO − V2O5,
se pueden apreciar las Regiones I, II y III con sus respectivos grupos G1, G2
y G3.

El segundo grupo, G2 fue organizado para muestras cuyo wt.% de Cu se
mantuvo en 15 wt.% y para el CdO y V2O5 variaban en los intervalos 60-80
y 25-5 wt.% respectivamente.

En el resto de las muestras, el grupo G3 tuvieron un porcentaje de Cu,
CdO y V2O5 que varió en el rango de 0-10, 70-95 y 25-5 respectivamente.
Todas estas últimas muestras pueden ser propiamente consideradas como
vidrios dado que están inclúıdas en la GFA (ver Figura 3.5).

3.1. Difractogramas de Rayos X

Para la identificación de los compuestos en una muestra se emplea la base
de datos de las tarjetas de información cristalográfica ICCD por sus siglas
en inglés Integrate Circuit Card Difracction. Con respecto a los patrones de
difracción de Rayos-X el grupo G1 se muestra en la Figura 3.2; los correspon-
dientes a las muestras S 0-70-30 y S 5-65-30, sus intensidades están asociadas
predominantemente con el compuesto Cd2V2O7 (Tarjeta ICCD 00-038-0250).
Entonces, el difractograma que corresponde a las muestras S 10-60-30 ( ver
recuadro de la Figura 3.2), posee reflexiones asignadas a Cd2V2O7, junto
con los picos de difracción de CuCd(V O4) (Tarjetas ICCD 00-038-0250 y
01-085-0094) respectivamente.
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CAṔıTULO 3 RESULTADOS Y DISCUSIÓN
3.1. DIFRACTOGRAMAS DE RAYOS X

Figura 3.2: Patrones de difracción de Rayos-X para el grupo G1.

Los patrones de difracción de Rayos-X del grupo G2 se muestran en las
Figuras 3.3 y3.4. En los difractogramas de las muestras S 15-60-25 y S 15-65-
20 de las Figura 3.3, las intensidades que pertenecen a CdCd(V O4), Cd2O
y CdO fueron identificadas (Tarjetas ICCD 01-085-0094, 00-078-2076 y 00-
075-0592 respectivamente). Los difractogramas de las muestras S 15-70-15, S
15-75-10 y S 15-80-5 se muestran en la Figura 3.4 donde las intensidades que
corresponden a los compuestos Cu2O y CdO fueron encontradas (Tarjetas
ICCD 00-078-2076 y ICCD 00-075-0592)respectivamente.

Algunas caracteŕısticas para el punto máximo de estos dos grupos de
muestras son los siguientes: en las muestras cristalinas del grupo G1, con
0 wt.% de Cu, su fase cristalina está solamente asociada con el compuesto
Cd2V2O7.

Cuando este tipo de muestras tienen 10 wt.% de Cu, también se forma
CuCd(V O4) y Cd2V2O7. En el caso del conjunto de muestras cristalinas, es
decir el grupo G2, todas ellas contienen 15 wt.% de Cu y para cada muestra
en este grupo Cu2O siempre fue observado en combinación con los otros
compuestos tales como CdO y CuCd(V O4) .

En la Figura 3.5 se muestran los patrones de difracción de Rayos X del
grupo G3, esto es, los patrones correspondientes a las muestras que son con-
sideradas propiamente como vidrios: S 0-80-20, S 5-75-20, S 10-70-20, S 0-
90-10, S 5-85-10, S 10-80-10, S 0-95-5, S 5-90-5 y S 10-85-5. Como puede
observarse cada uno de estos espectros no contiene picos asociados con los
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CAṔıTULO 3 RESULTADOS Y DISCUSIÓN
3.1. DIFRACTOGRAMAS DE RAYOS X

Figura 3.3: Patrones de difracción de Rayos-X correspondientes a las mues-
tras S 15-60-25 y S 15-65-20 que pertenecen al grupo G2 de la Región I.

Figura 3.4: Patrones de difracción de Rayos-X correspondientes a las mues-
tras S 15-70-15, S 15-75-10 y S 15-80-5, que pertenecen al grupo G2 de la
Región I.
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3.1. DIFRACTOGRAMAS DE RAYOS X

Figura 3.5: Patrones de difracción de Rayos-X correspondientes a las mues-
tras del grupo G3 de la Región I.

compuestos cristalinos antes mencionados y por supuesto todos ellos están
localizados en la GFA.

En el caso de los difractogramas asociados a las muestras en la región
II, en la Figura 3.6 se presenta el patrón de la muestra S 10-20-70, los picos
que corresponden a los compuestos CdV2O6 y Cu4V2O5 fueron identificados
(Tarjeta ICCD 00-022-0134 y 00-046-0361) respectivamente. El difractogra-
ma para la muestra S 20-10-70 presenta picos relacionados a los compuestos
(Cd,73Cu,27)V2O6 y Cu4V2O5 (Tarjetas ICCD 01-085-0020 y 00-0046-0361)
respectivamente. Finalmente en el difractograma que pertenece a la mues-
tra S 10-10-80, fueron observados los picos asociados a los compuestos co-
mo Cu,216(V2O5) y Cd,73Cu,27(V2O6) (Tarjetas ICCD 01-079-0796 y 01-085-
0020). Como ya se ha mencionado, en esta región se esperaba encontrar que
las estructuras fueran amorfas sin embargo, los patrones de difracción de
Rayos-X de estas muestras presentan una estructura cristalina.

Observando los difractogramas de las muestras de la Región III de la
Figura 3.7 todas ellas tienen picos relacionados a Cu2O,CuO, CuCd(V O4)
y Cu3V O4 (Tarjetas ICCD 01-078-2076, 00-005-0661, 01-085-0094, 000-017-
0584 respectivamente). De estos difractogramas se puede observar que en
la muestra S 80-10-10 tiene los picos más definidos y esto está asociados al
Cu2O éste era un resultado esperado dado que es la muestra con mayor wt.%
de Cu.
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CAṔıTULO 3 RESULTADOS Y DISCUSIÓN
3.1. DIFRACTOGRAMAS DE RAYOS X

Figura 3.6: Patrones de difracción de Rayos-X correspondientes a las mues-
tras S 10-20-70, S 20-10-70 y S 10-10-80 de la Región I.

Figura 3.7: Patrones de difracción de Rayos-X correspondientes a las mues-
tras S 80-10-10, S 50-30-20 y S 50-20-30 que pertenecen a la Región III.
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3.2. ESPECTROS RAMAN

Figura 3.8: Espectros Raman de las muestras S 0-70-30, S 5-65-30 y S 10-60-
30 que pertenecen al grupo G1 de la Región I.

3.2. Espectros Raman

Los espectros Raman para el grupo G1 se muestran en la Figura 3.8,
esta figura corresponde a la muestra S 0-70-30, en ella se encontraron los
modos de vibración localizados en 873, 845 y 818 cm−1 y están asignados al
compuesto Cd2V2O7 [27, 28]. En el mismo espectro, vibraciones relacionadas
a modos de simetŕıa del mismo compuesto localizadas en 474, 349, 310 y 255
cm−1 fueron detectados [29]. En el espectro que corresponde a la muestra S
5-65-30, los mismos modos caracteŕısticos localizados en 873, 843, 810, 4473,
349 y 255 cm−1 de Cd2V2O7 fueron encontrados. En el caso de esta muestra,
una ligera modificación en la posición de algunos modos de Cd2V2O7 debido
a la inclusión de 5 wt.% de Cu pueden ser observadas.

En el siguiente espectro de este grupo, correspondiente a la muestra S
10-60-30, fueron detectadas bandas en 809, 405 y 330 cm−1. Como se ha
mencionado antes, se observó en esta muestra a través de la difracción de
Rayos-X el compuesto CuCd(V O4 más una pequeña proporción de Cd2V2O7.
en el caso del compuesto CuCdV O4 no están reportados sus modos Raman.
En esta situación puede asumirse que los iones de Cu y de Cd están localiza-
dos entre capas de unidades de V O4; como se ha aceptado para los átomos de
Cu que están entre capas de V2O5 por esta razón, las bandas en 809, 405 y 330
cm−1 pueden relacionarse con modos de V O4 que pertenecen a CuCdV O4,
como los modos de compuestos cuyo contenido de este tipo de unidades han

16
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Figura 3.9: Espectros Raman de las muestras S 15-60-25, S 15-65-20, S 15-
70-15, S 15-75-10 y S 15-80-5, que pertenecen al grupo G2 de la Región I.

sido observados alrededor de estos valores [30, 31]. Adicionalmente, en la
formación de la banda centrada en 809 cm−1, una pequeña contribución de
modos mayores de vibración de Cd2V2O7 deben ser incluidos dado que están
contenidos en el dominio de dicha banda.

Los espectros Raman del grupo G2 se ilustran en la Figura 3.9. Dado que
estas muestras son parcialmente cristalinas en el espectro para las muestras
S 15-60-25 y S 15-65-20, algunas fases amorfas fueron exhibidas aśı como
bandas centradas en 818,415 y 336 cm−1. La banda centrada en 818 cm−1

puede ser originada por una contribución de Cu2O localizada en 820 cm−1 y
también por el modo en 809 cm−1 de CuCd(V O4). La banda situada en 425
cm−1 puede ser relacionada con los modos de Cu2O aśı como los modos de
unidades de V O4 los cuales han sido detectados en 425 y 404 cm−1, respecti-
vamente [31, 33], como ya se ha mencionado. Adicionalmente la banda en 336
cm−1 podŕıa ser relacionada con vibraciones de unidades de V O4 los cuales
son parte del compuesto CuCd(V O4). En los espectros que pertenecen a las
muestras S 15-70-15, S 15-75-10 y S 15-80-5 es posible apreciar la contribu-
ción de la fase amorfa. Debido a esto se encontró la banda centrada alrededor
de 834 cm−1 en cada espectro. El origen de esta banda podŕıa relacionarse
al desorden cristalino en el compuesto CdCuV O4.

Con respecto a las bandas centradas alrededor de 635, 420 y 218 cm−1

éstas están relacionadas al mismo compuesto Cu2O [32, 33]. Cabe mencionar
que a pesar de que los patrones de Rayos X indican la presencia de CdO en
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Figura 3.10: Espectros Raman de las muestras S 0-80-20, S 5-75-20, S 10-70-
20 que pertenecen al grupo G3 de la Región I.

Figura 3.11: Espectros Raman de las muestras S 0-90-10, S 5-85-10, S 10-80-
10 que pertenecen al grupo G3 de la Región I.
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3.2. ESPECTROS RAMAN

Figura 3.12: Espectros Raman de las muestras S 0-95-5, S 5-90-5 y S 10-85-5
que pertenecen al grupo G3 de la Región I.

Figura 3.13: Espectros Raman de las muestras S 10-10-80, S 20-10-70 y S
10-20-70 que corresponden a la Región II.
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CAṔıTULO 3 RESULTADOS Y DISCUSIÓN
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Figura 3.14: Espectros Raman de las muestras S 80-10-10, S 50-30-20 y S
50-20-30 de la Región III.

fase cristalina, los modos de vibración principales han sido localizados en 395
y 265 cm−1 para las muestras con mayor calidad. Sin embargo, en este caso
sus modos de vibración no aparecen en sus espectros.

El espectro para el grupo G3 se muestra de la Figura 3.10 a la Figura
3.12; en ellas se presentan los espectros asignados a los vidrios S0-80-20, S
5-75-20 S 10-70-20, S 0-90-10, S 5-85-10, S 10-80-10, S 0-95-5, S 5-90-5 y
S10-85-5.

Todos estos espectros poseen anchos de banda propios de estructuras
amorfas lo cual corrobora la naturaleza amorfa de estas muestras observadas
en los patrones de difracción de Rayos X (Ver Figura 3.5). En el caso de
los vidrios S 0-80-20, S 0-90-10 y S 0-95-5 los cuales están fabricados con el
sistema binario CdO − V2O5, se ha comprobado que hay una transición a la
fase cristalina Cd2V2O7 de materiales amorfos [34, 35].

El último tipo de materiales surge en aquellas muestras donde el contenido
de CdO es mayor dentro del sistema binario CdO − V2O5.

En concreto, se logra pasar de la estructura cristalina a la amorfa cuando
las unidades V O3 vinculados a través de los puentes V −O−V en los aniones
[V2O7]

4− de Cd2V2O7 son liberados debido a que el puente V −O−V se rompe.
La ruptura en tales puentes se logra mediante la inserción excesiva de iones
Cd2+. En consecuencia, se observan los modos vibracionales asociados al
compuesto cristalino Cd2V2O7 situados a frecuencias más altas, los modos en
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820 cm−1 relacionadas con el puente V −O−V desaparece y sólo se observan
los modos asignados a las vibraciones de estiramiento de los grupos V O3 que
se localizan alrededor de 850 cm-1 . Recientemente, la misma explicación
se ha utilizado en la generación de análisis de vibración de las muestras
amorfas en el sistema ternario de ZnO − CdO − V2O5 [36, 38]. Además de
esto, una śıntesis similar ha sido sugerida para obtener muestras amorfas en
los sistemas Ga2O3 y V2O5 −MoO3 − ZnO [39].
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Caṕıtulo 4

Conclusión

La contribución original en este trabajo es el reporte de una amplia e
inusual GFA en el sistema ternario Cu−CdO−V2O5, ésta se encuentra loca-
lizada dentro de la Región I (Figura 3.1). En el peŕımetro de la GFA, fueron
identificadas combinaciones de compuestos de vanadio tales como Cd2V2O7,
CuCd(V O4), Cu2O y CdO.

La transición hacia muestras amorfas, en el caso de las muestras sinteti-
zadas del sistema binario CdO − V2O5 fueron atribuidas a la ruptura de los
puentes V −O−V en los aniones [V2O7]

4− de Cd2V2O7 por inserción excesiva
de iones de Cd2+ en las muestras con alto contenido de CdO.

Con respecto a las muestras amorfas con contenido entre 5 y 10 wt.%
de Cu, se puede suponer que están constituidas en su mayoŕıa por una red
desordenada que incluye unidades de V O3 y V O4 los cuales son componentes
básicos de los compuestos Cd2V2O7 y CdCu(V O4) respectivamente.

Dado que el compuesto que es formador de vidrio es el V2O5 y tiene
una mayor presencia en la Región II, se observaron materiales cristalinos
constituidos por una mezcla de compuestos de vanadio tales como CdV2O6;
Cu4V2O5; Cu.216(V2O5) y Cd.73Cu.27(V2O6). Adicionalmente, en la Región
III de este sistema ternario, se observaron mezclas de compuestos como son
el Cu2O, CuCd(V O4) y Cu3V O4.
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Apéndice A

Art́ıculos publicados

1. Analysis of vanadate compounds and glasses from the Cu−
CdO − V2O5 ternary system
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By examining different compositions in the Cu–CdO–V2O5 ternary system, a glass formation area along with a
distinct type of vanadate compounds was found. Before fabrication of samples, depending on the proportion in
weight of the used reactants the diagram of compositions was divided in three regions. Region I was established
for samples with higher CdO content, region II was organized for samples whose glass former (V2O5) content is
the highest. As complement, region III was planned for samples with the highest Cu content. After fabrication of
samples in region I, two types ofmaterials were found, that is, within this region only amorphousmaterials were
observed. Meanwhile, on the perimeter that surrounds such glass formation area, crystalline compounds like
Cd2V2O7, and mixtures of phases of CuCd(VO4), Cu2O, and CdO, were found.
As regards to region II, a mixture of vanadate compounds such as CdV2O6; Cu.4V2O5; Cu.216(V2O5); and
Cd.73Cu.27(V2O6) was identified. Additionally, in region III, solid solutions that involve compounds like Cu2O,
CuO, CuCd(VO4), and Cu3VO4 for each sample were registered. The crystalline state for each synthesized sample
was determined by X-ray diffraction and corroborated by Raman spectroscopy.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since some time, the research of glassy materials of vanadates has
been of great interest due to the advantages for generating different
structural groups, and their capability as host of different metallic ions,
providing wide versatility of structural, optical and electrical properties
in the resulting materials [1–6]. Some of these properties have been
used for the manufacture of devices like electrochemical batteries and
memory switching devices [7,8]. Furthermore, from vanadium oxide it
has been demonstrated that it is possible to obtain nanostructures
such as nanotubes, nanorods and nanospikes [9–11]. It is also even pos-
sible to fabricate glasses containing CuO and V2O5 which are of large
interest due to their electrical and magnetic properties [12,13]. In the
same context, the binary systemV2O5–CdO has been investigated either
by combining with other compounds such as Fe2O3, TeO2, and In2O3

[14–17], or by itself [18,19] because of their wide gamut of vanadate
compounds that can be generated.

Recently, preparations of new glasses based on ZnO–CdO–V2O5 ter-
nary system with novel characteristics have been found. In addition,
when the same type of glasses was doped with Erbium, interesting
luminescent properties were found [20,21]. Thus, as a continuation
related to those vanadate compounds, a complete analysis of vanadate
compounds that appear in this ternary system is reported in this
work. The main goal was the determination of the glass formation
area (GFA). It was found in a corner of the Gibb's composition triangle,
where the nominal proportion in weight (wt.%) for CdO was higher
than the wt.% for V2O5. This last compound is considered the glass
former. On the contrary, for compositions localized where the wt.% of
V2O5 is the highest, where amorphous materials would been expected,
samples with crystalline phase were observed. In addition, fabricated
samples with the highest wt.% of Cu were also related to crystalline
materials.

2. Experimental

The regionswhichwere analyzed are exhibitedwithin theGibbs's tri-
angle in Fig. 1. It is difficult to include the studies of 36 combinations of
the Cd–Cu–V2O5 ternary system. For this reason, only a specific number
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of samples for each region were chosen in the analysis presented here.
As a result, a batch of 23 compositions were prepared starting from
CdO (Sigma-Aldrich 99.99%), V2O5 (Sigma-Aldrich 99.60%) and Cu pow-
ders (Fermont 99.80%). Themelting process for each sample was carried
out by using a conventional melt-quenching method in porcelain cruci-
bles in the 800–1200 °C range dependingon their chemical composition.
The melting procedure was carried out in a Thermolyne® electric
furnace 4800 model, in an air atmosphere during 30 min, and then, as
quickly as possible poured into an appropriate container. The samples
were tagged in concordance to the wt.% of the used reactants. Thus,
the numbers separated by dashes in the tag, for each glass, correspond
to wt.% of: Cu, CdO, and V2O5 respectively, as it is indicated in Table 1.
X-ray diffraction (XRD) patterns were recorded in a Siemens D500
diffractometer with the Cu Kα radiation. Raman spectroscopy (RS) was
carried out in a Dilor LabRam micro-Raman spectrometer equipped
with a CCD detector and by using Ar+ laser emitting at 514.5 nm as
excitation line.

3. Results and discussion

The resultant samples that belong to region I presented differ-
ent types of physical characteristics depending on their chemical

composition. For instance, opaque surfaces including some degree of
porosity was observed for samples S 15–60–25 and S 15–65–20. Then,
most of the glasses contained in the GFA are black and completely
shiny. Meanwhile, the glasses with the highest CdO content are dark
brown. Finally, the physical aspect for the fabricated samples that be-
long to regions II and III is opaque and dark-gray, respectively.

It is well known that V2O5 is a network former, therefore it was ex-
pected that the samples of the region IIwould have resulted amorphous,
but instead, samples of this region resulted with crystalline structure
such as it is shown below. Consequently, region I becomes themost im-
portant because the GFA is contained here. Therefore, in order to show,
in the different characterizations, a detailed analysis of this region,
the distribution of samples was divided in three groups. The G1-group
and G2-group are located on the perimeter of the GFA, meanwhile the
G3-group is situatedwithin the GFA. The first group, G1, was established
for sampleswhosewt.% of V2O5was constant at 30%, and thewt.% for Cu
and CdO was ranging in the 0–10 and 60–70 wt.%, respectively, see
Fig. 1. The second group, G2, was organized for samples whose wt.% of
Cu was kept at 15%, and the wt.% for CdO and V2O5 was in the 60–80
and 25–5 wt.% intervals, respectively, see Fig. 1.

In the rest of the samples, G3-group, their respective wt.% for the Cu,
CdO, and V2O5 was varied in the 0–10, 70–95, and 25–5 ranges, respec-
tively. All these last samples may be properly considered as glasses,
since they are included within the GFA, Fig. 1.

The X-ray diffraction patterns of the G1-group are shown in Fig. 2.
About the diffractograms of the samples S 0–70–30 and S 5–65–30,
their intensities are associated predominantly with the Cd2V2O7

compound (card ICCD 00-038-0250). Then, the diffractogram that
corresponds to sample S 10–60–30 (see inset of Fig. 2), possesses reflec-
tions assigned to Cd2V2O7, together with the diffraction peaks of
CuCd(VO4) (cards ICCD 00-038-0250 and 01-085-0094, respectively).

X-ray diffraction patterns of the G2-group are shown in Fig. 3a and b.
In the diffractograms of samples S 15–60–25 and S 15–65–20, in Fig. 3a,
intensities that belong to CuCd(VO4), Cu2O, and CdO compounds were
identified (cards ICCD 01-085-0094, 00-078-2076 and 00-075-0592,
respectively). The diffractograms of the samples S 15–70–15, S 15–75–
10 and S 15–80–5, were displayed in Fig. 3b; intensities that correspond
to Cu2O and CdO compounds were found (cards ICCD 00-078-2076 and
ICCD 00-075-0592, respectively). Some features to highlight for these
two groups of samples are the following: in the crystalline samples
of G1-group, samples with 0 wt.% of Cu, their crystalline phase is only
associated with Cd2V2O7 compound. When this type of samples have
10 wt.% of Cu, CuCd(VO4) is also formed in addition to Cd2V2O7. In the

Fig. 1. Regions I, II, and III for Cu–CdO–V2O5 ternary system, localized within the Gibb's
triangle. For region I, the G1, G2, and G3 groups are indicated.

Table 1
Original batch Cu–CdO–V2O5 (wt.%) compositions.

Sample Cu CdO V2O5

S 0–90–10 0 90 10
S 0–80–20 0 80 20
S 0–70–30 0 70 30
S 0–95–5 0 95 5
S 5–85–10 5 85 10
S 5–75–20 5 75 20
S 5–65–30 5 65 30
S 5–90–5 5 90 5
S 10–60–30 10 60 30
S 10–70–20 10 70 20
S 10–80–10 10 80 10
S 10–85–5 10 85 5
S 15–60–25 15 60 25
S 15–65–20 15 65 20
S 15–70–15 15 70 15
S 15–75–10 15 75 10
S 15–80–5 15 80 5
S 20–10–70 20 10 70
S 10–20–70 10 20 70
S 10–10–80 10 10 80
S 80–10–10 80 10 10
S 50–30–10 50 30 20
S 50–30–20 50 20 30
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Fig. 2. X-ray diffraction patterns for the G1-group, samples S 0–70–30, S 5–65–30, and
S 10–60–30 (inset). These samples correspond to region I.

11R. Lozada-Morales et al. / Journal of Non-Crystalline Solids 398–399 (2014) 10–15



case of the partly crystalline samples, G2-group, all of them contain
15wt.% of Cu and for each sample of this group, Cu2O is always observed
in combination with other compounds such as CdO and CuCd(VO4).

In Fig. 4, X-ray diffraction patterns of G3-group are shown, that is,
the patterns that correspond to samples which are properly considered

as glasses: S 0–80–20, S 5–75–20, S 10–70–20, S 0–90–10, S 5–85–10,
S 10–80–10, S 0–95–5, S 5–90–5 and S 10–85–5. As can be observed
each one of those spectra has no peaks associated with the aforemen-
tioned crystalline compounds and, of course, all of them are localized
within the GFA.

In the case of diffractograms associatedwith the samples of region II,
which are shown in Fig. 5, in the pattern of the sample S 10–20–70,
peaks that correspond to CdV2O6 and Cu.4V2O5 compoundswere identi-
fied (cards ICCD 00-022-0134 and 00-046-0361 respectively). The
diffractogram for sample S 20–10–70 exhibits peaks related to com-
pounds (Cd.73Cu.27) V2O6 and Cu.4 V2O5 (cards ICCD 01-085-0020
and 00-046-0361, respectively). Finally, in the diffractogram that
belongs to sample S 10–10–80, peaks associated to compounds such
as Cu.216(V2O5), and Cd.73Cu.27(V2O6), (cards ICCD 01-079-0796, and
01-085-0020) were observed. As it was already mentioned, in this
region, amorphous samples were expected; however, the X-ray pat-
terns of these samples were associated to crystalline samples.

Regarding the diffractograms of samples of region III, Fig. 6, all
of them have peaks related to Cu2O, CuO, CuCd(VO4), and Cu3VO4

(cards ICCD 01-078-2076, 00-005-0661, 01-085-0094, 00-017-0584
respectively). From these diffractograms it can be observed howabetter
definition in the peaks associated to Cu2O was obtained in the sample
S 80–10–10, this is an expected result since this is the sample with the
highest wt.% of Cu.

As it was previously indicated in the X-ray diffraction characteriza-
tion, region I is the most important for glass formation. A detailed
analysis of the Raman spectra of the same three defined groups of
this region was carried out.

The Raman spectra of the G1-group are displayed in Fig. 7. In the
spectrum of sample S 0–70–30, vibrations considered as stretching
modes located at 873, 845, and 818 cm−1 and assigned to Cd2V2O7 com-
poundswere registered [22,23]. In the same spectrum, vibrationswhich
are related to symmetry modes of the same Cd2V2O7 compound placed
at 474, 349, 310 and 255 cm−1 were detected [23]. In the spectrum
that corresponds to sample S 5–65–30, the same characteristic modes
situated at 873, 843, 810, 473, 349 and 255 cm−1 of Cd2V2O7 compound
were found. In the case of this sample, a slight modification in the
position of some modes of Cd2V2O7 due to the inclusion of 5 wt.% of
Cu can be observed. In the next spectrum of this group, corresponding
to sample S 10–60–30, bands at 809, 405 and 330 cm−1 were detected.
As it was already mentioned for this sample, in X-ray diffraction, the
CuCd(VO4) compound plus a small proportion of Cd2V2O7 were ob-
served. In the case of the CuCd(VO4) there are no reported Raman
modes of this compound so far. In spite of this situation, it could be as-
sumed that the Cu and Cd ions are placed in the interlayers of the VO4

units, as it has been accepted, in Cu atoms that reside in the interlayer
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space between V2O5 layers [24]. For this reason, the bands at 809, 405
and 330 cm−1 could be related with modes of VO4 units that belong
to CuCd(VO4), since modes of compounds which contain this type of
units have been observed around of these values [23,25]. Additionally,
in the formation of the band centered at 809 cm−1, a small contribution
of the higher frequencymodes of Cd2V2O7must be included, since these
modes are contained in the dominion of this band.

The Raman spectra of the G2-group are shown in Fig. 8. Since these
samples are partly crystallized in the spectra for the samples S 15–60–
25 and S 15–65–20, some amorphous phase was exhibited. Even
so, narrow bands centered at 818, 415 and 336 cm−1 were found. The
band at 818 cm−1 could be originated by a weak contribution of mode
of Cu2O placed at 820 cm−1, and also by the mode at 809 cm−1 of
CuCd(VO4). The band situated at 415 cm−1 could be related with the
Cu2O modes of, as well as to modes of VO4 units which have been de-
tected at 415 and 404 cm−1, respectively [25–28], as it was already
mentioned. Additionally, the band at 336 cm−1 might be related with
vibrations of VO4 units that are being part of the compound CuCd(VO4)
[23]. In the spectra which belong to the samples S 15–70–15, S 15–75–
10, and S 15–80–5, it is noticeable that the contribution of the amor-
phous phase was augmented. Due to this a wide band centered around
834 cm−1 in each spectrumwas found. The origin of this band could be
related to crystalline disorder in theCdCuVO4 compound. Consequently,

its main mode was broadened. With regard to the bands centered
around 635, 420, and 218 cm−1, they have been related with the
same Cu2O compound [26–28]. It must be mentioned, that even though
the X-ray diffraction patterns of these samples indicate the presence
of crystalline CdO, their highest frequency modes have been localized
at 395 and 265 cm−1 for high-quality samples [29]. However, in this
case such vibrational modes do not appear in the spectra of these
samples.

The spectra for the G3-group are shown in the Fig. 9a–c. In these
figures the spectra assigned to the glasses S 0–80–20, S 5–75–20,
S 10–70–20, S 0–90–10, S 5–85–10, S 10–80–10, S 0–95–5, S 5–90–5
and S 10–85–5 are displayed. As it was already mentioned, all of them
are localized within the GFA. All those spectra possess characteristic
wide bands which are typical of amorphous structures. This fact corrob-
orates the amorphous nature of these samples observed by X-ray dif-
fraction (see Fig. 4). However, in spite of their amorphous structure
for each sample in this group, the origin of the amorphous network
for this group of samples should be different, as it is discussed below.

In the case of the glasses S 0–80–20, S 0–90–10 and S 0–95–5, those
fabricated from the CdO–V2O5 binary system, it has been proved that
there is a transition from crystalline Cd2V2O7 to amorphous materials
[30,31]. The latter kind of materials arises when the CdO content, in
the synthesized samples based on CdO–V2O5 binary system, is higher.
Specifically, passing from crystalline towards amorphous materials
is achieved when VO3 units, linked through bridges V–O–V in the
[V2O7]4− anions of Cd2V2O7, are released because the bridge V–O–V is
broken. The rupture in such bridges is achieved by excessive insertion
of Cd2+ ions. Consequently for the vibrationalmodes associated to crys-
talline Cd2V2O7 situated at higher frequencies, the modes at 820 cm−1

related to V–O–V disappear, and only the modes assigned to stretching
vibrations of VO3 groups, around 850 cm−1, are observed [22]. Recently,
the same explanation has been used in the vibrational analysis of amor-
phous samples in the ZnO–CdO–V2O5 ternary system [32]. Furthermore,
a similar hypothesis has been suggested in obtaining amorphous sam-
ples in the Ga2O3, and V2O5–MoO3–ZnO systems [2,33].

About the Raman spectra for the rest of amorphous samples, whose
Cu content is in the 5–10 wt.% interval, their maximum is always con-
fined between 840 and 812 cm−1, depending on the reactant content.
Maybe this type of samples is mainly formed by a combination of a
disordered network that mainly includes VO3 and VO4 units. Whereas,
as it was previously assumed, Raman scattering for the VO3 units occurs
at 850 cm−1, and the highest frequency for the VO4 units is localized at
809 cm−1. Recalling that, VO3 unitswere released from [V2O7]4− anions
of Cd2V2O7 compound. In the same sense, VO4 units could be also re-
leased mainly from CuCd(VO4).
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Concerning region II, there are two problemswith the assignation of
the vibrational modes that appear in their spectra, that is, the spectra
for the samples S 10–10–80, S 20–10–70, and S 10–20–70, which are
displayed in Fig. 10. The first of them is that reported Raman modes
for this kind of vanadate compounds do not exist. The second one is
that there is nopreciseway to relate the Ramanmodes of each spectrum
with their respective compound, since each sample contains different

vanadate compounds. However, the well defined Raman modes for
each spectrum of these samples allow corroborating the observed by
X-ray diffraction, that is, the fact that these spectra correspond to crys-
talline materials. This is an important and unexpected result, because
in this region the wt.% of V2O5 is the highest, and amorphous materials
would been expected.

The Raman spectra for the samples that belong to region III
are displayed in Fig. 11. In the spectrum for the sample S 50–20–30, a
vibrational mode placed at 820 cm−1 was detected. As it was argued
in the discussion of the Raman spectra for samples S 15–60–25 and
S 15–65–20, this vibrational mode could be assigned to VO4 units of
CdCuVO4. Although in this case, this kind of units is also being part of
the Cu3VO4 compound, and there are no reports about vibrational
modes of Cu3VO4.

In the next spectrum associated to sample S 50–30–20, vibrational
modes localized at 635, 299, 416, 305, and 221 cm−1, mostly related to
Cu2O [28], were registered. The slight signal that appears at 820 cm−1

could be related to the presence of CdCuVO4. About the spectrum of
the sample S 80–10–10, strong modes that belong to Cu2O compound
[28] placed at 635, 499, 305, and 221 cm−1 were observed. Although
in this last group of samples, peaks related to CuO were observed by
X-ray diffraction, their strongest modes with frequencies at 290, and
340 cm−1 [34], were not observed. A possible explanation is that this
compound is too diluted in the obtained materials.
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4. Conclusions

The original contribution of thiswork is to report awide and unusual
GFA in the Cu–CdO–V2O5 ternary system. Such GFA is localized within
region I, Fig. 1. In the perimeter of the GFA, combinations of vanadate
compounds such as Cd2V2O7, CuCd(VO4), Cu2O, and CdO, were identi-
fied. The transition towards amorphous samples, in the case of samples
synthesized from the CdO–V2O5 binary system, was achieved when
the bridges V–O–V, in the [V2O7]4− anions of Cd2V2O7, are broken by
excessive insertion of Cd2+ ions, in samples with higher CdO content.
Concerning to amorphous samples which contain between 5 and
10 wt.% of Cu, it could be assumed that this type of samples is consti-
tuted mostly by a disordered network that includes VO3 and VO4 units,
which are the basic components of the compounds Cd2V2O7 and
CdCu(VO4), respectively.

In spite of the fact that the content of the glass former (V2O5) in the
region II is the highest, crystalline materials constituted by mixture
of vanadate compounds such as CdV2O6; Cu.4V2O5; Cu.216(V2O5); and
Cd.73Cu.27(V2O6) were observed. Additionally, in the last region of this
ternary system, region III, mixtures of compounds such as Cu2O, CuO,
CuCd(VO4), and Cu3VO4 were found.
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a b s t r a c t

A group of samples from the CdO–V2O5 binary system, particularly with high V2O5 content, doped with
Er3þ were prepared. The set of samples was fabricated using the conventional melt-quenching method.
Depending on the proportion of the used reactants, the existence of V2O5 and of CdV2O6 was identified
from X-ray diffraction measurements and Raman spectroscopy. Depending on the relative concentra-
tions of CdO and V2O5, different types of morphologies for each sample were found in a scanning
electron microscope. Their chemical composition was measured from energy dispersive spectroscopy in
the same instrument. An effective Er-doping of the order of 1.070.35 at% was found for each sample.
From optical absorption data, the composition dependent optical band gap was determined with values
between 1.94 and 2.29 eV. Finally, photoluminescence experiments showed, in the samples with the
highest V2O5 content, wide bands associated to oxygen vacancies. For the rest of the samples emissions
from electronic transitions of Er3þ ions were detected.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The family of vanadate compounds has attracted the attention
because structures of different dimensions and shapes can be
generated with this type of compounds. These include nanocol-
umns, nanowires, nanotubes and nanorods [1–7]. As regards to
their possible technological applications, physical and chemical
properties of these materials have been exploited in the develop-
ment of chemical sensors, cathode materials in batteries, switching
devices, thermoelectric catalytic materials, among others [8–12].
Beside stoichiometric and crystalline vanadate compounds, glasses
based on the CdO–V2O5 binary system have also been studied
because of their interesting optical and electrical properties [13,14].
There is a wide range of potential technological applications around
these types of layered materials in which the insertion of distinct
metallic ions within the layered structure allows tailoring their
physical properties.

In this work, two types of luminescent effects were observed.
One of them due to oxygen vacancies, ascribed to samples that
contain mostly Er-doped V2O5. The second type was emission due
to electronic transitions between levels of Er3þ ions immersed in
the crystalline network of CdV2O6.

2. Experimental

By mixing different proportions in weight (wt% ) of CdO
(Sigma-Aldrich 99.9%) and V2O5 (Sigma-Aldrich 99.6%) reactants,
a batch of 7 samples was prepared. The synthesis for each sample
was carried out by using the conventional melt-quenching method
in porcelain crucibles in the 800–1200 1C range, depending on
their chemical composition. The melting was poured in a stainless
steel container in which a thermal shock was produced. The
samples were labeled in concordance to the wt% of used reactants,
that is, the V2O5 wt%, followed by the CdO wt%. Thus, the labels of
the samples are: M1-(100–0%); M2-(95–5%); M3-(90–10%);
M4-(80–20%), M5-(75–25%); M6-(70–30%); M7-(65–35%).
Additionally, of the total composition, for all samples 5 wt% of
Er(NO3)3 �5H2O (powder Sigma-Aldrich) was aggregated to the
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V2O5–CdO mixture, prior to melting, as source of Er3þ ions. In this
case, the interval of wt% of the starting reactants was not varied
beyond the above mentioned values because in a previous work,
the photoluminescent properties in Er-doped samples with high
CdO content in the same CdO–V2O5 system was reported [15].

X-Ray diffraction patterns were obtained in a DRX D8 Discover
Bruker diffractometer. Raman and Photoluminescence (PL) data

were acquired at room temperature in a Dilor LabRam micro-
spectrometer coupled to a Si CCD detector and using the 480 nm
line of an Arþ laser as the excitation source. Scanning electron
microscopy (SEM) images and energy dispersive spectroscopy
(EDS) analyses were recorded in a Jeol LSM-6610LV scanning
electron microscope. The optical absorption (OA) spectra were
acquired in a Cary 100 Varian spectrometer.

Fig. 1. (a) SEM image of sample M1, where stacks of lamellar plates of V2O5 were found. (b) SEM image of sample M2. In this micrograph a random distribution of microrods
is observed. (c) SEM image of sample M3. In this micrograph random distributions of microrods and lamellar plates are shown. (d–f) SEM images of the samples M4–M6, in
this group of micrographs fractures and borders of crystalline blocks were recorder. (g) SEM image of sample M7, in this micrograph profiles of lamellar plates are exhibited.
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3. Results and discussion

Even though the melt-quenching method was used to synthe-
size the studied samples, and taking into account that V2O5 is a
glass former, the resultant samples were crystalline. However, the
morphology of these crystalline samples was different in each
case. Thus, for comparison purposes, the SEM micrographs for all
samples are displayed in Fig. 1a–g. In the micrograph of Fig. 1a,
corresponding to sample M1, characteristic lamellar plates of V2O5

can be observed. With respect to micrograph of Fig. 1b, related to
sample M2, it can be observed that this sample is mainly
constituted by microrods. As regards to the micrograph of sample
M3, presented in Fig. 1c, a mixture of irregular microrods and
lamellar plates can be observed. For samples M4–M6, other kind of
smoother morphology can be seen in their micrographs. In the
three micrographs, Fig. 1d–f, fractures and borders of crystalline
blocks are shown. In the micrograph of sample M7, Fig. 1g, profiles
of lamellar plates larger than those in M1 are distinguished.

By EDS 10 different zones of each sample was analyzed, each
zone with an area of 100�100 μm2. As a result, an average doping
of the order of 1.070.35 at% was determined for each sample.
The X-ray diffraction patterns for the whole set of samples was
divided in two parts and presented in Fig. 2a–b. Fig. 2a) is related
to diffractograms of samples M1–M3. In the diffractogram of
sample M1, only peaks related to crystalline V2O5 (ICCD # 01-
086-2248) were detected. About the diffractogram of samples M2
and M3, peaks related to V2O5 (ICCD # 01-086-2248) were
dominant, with small amounts of CdV2O6 (ICCD # 00-022-0133).

In the case of samples M4–M7, their diffractograms are exhib-
ited in Fig. 2b. In the pattern of sample M4 a mixture of the V2O5

(ICCD # 01-086-2248) and CdV2O6 (ICCD # 00-022-0133) com-
pounds was observed. The diffractogram of sample M5 presents
similar characteristics as M4, i.e. a mixture of V2O5 and CdV2O6. As
regards to the diffractograms of samples M6 and M7, the number
and intensity of peaks belonging to V2O5 is lower, which means
that these samples are predominantly constituted by CdV2O6.

It is important to mention that, because of the random presence
of Cd2þ and Er3þ ions in the samples, the lattice parameters
underwent modifications caused by the different ionic radii of the
two ions. Indeed, a shift in the interplanar distance of Er-doped
V2O5 and Er-doped CdV2O6 compounds was found. In the specific
case of Er-doped CdV2O6 a slight shift (�3.0%) in the interplanar
distances (shorter), was registered. Taking into account that the
ionic radius of Er3þ and of Cd2þ are 1.03 Å and 1.09 Å respectively, a
reduction in the lattice parameter was expected. Under this scheme,
it can be considered that Er3þ is incorporated in a substitutional
way in Cd2þ sites of the CdV2O6 crystalline lattice.

The Raman spectra of the samples are presented in two groups.
The first set of spectra, corresponding to samples M1–M3, is
shown in Fig. 3a. In these spectra vibrational modes at 994, 701,
526, 481, 404, 300, 280, 200, and 147 cm�1, attributed to V2O5

were detected [16]. In particular, the Raman spectrum of Er-doped
V2O5 (the dominant compound) presents a better definition of the
vibrational modes than the acquired for Nd-doped V2O5, synthe-
sized by using the same melt-quenching method [17]. Possibly the
insertion of Er3þ in the network of V2O5 improves its crystallinity,
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to samples M4–M7.
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as it has been found in other kind of materials [18,19]. In the case
of samples M2 and M3, even though traces of CdV2O6 were found
by X-ray diffraction, their Raman modes were not detected.
Conceivably, this compound was too diluted and, since the spot
of the laser beam is of the order of 2.0 μm, it was difficult to reach
inclusions of this compound under such experimental conditions.

The Raman spectra of samples M4–M7 are displayed in Fig. 3b.
In the spectra corresponding to samples M4 and M5 vibrational
modes at 995, 695, 527, 285, and 143 cm�1, were ascribed to V2O5

[16]. For the same samples, vibrational modes with frequencies at
892, 787, 695, 439, 342, 318, 242, and 165 cm�1 are in good
agreement with those reported for CdV2O6 [20]. These spectra are,
thus, in concordance with the X-ray diffraction data in that these
samples are a mixture of V2O5 and CdV2O6. The Raman spectra of
the samples M6 and M7, exhibit vibrational modes at 892, 787,
695, 439, 342, 318, 242, 203, 165, and 141 cm�1, which are also
close to those found in CdV2O6 [20]. These spectra are also in
agreement with their X-ray patterns in the sense that these
samples are predominantly constituted by CdV2O6. In this case a
better definition of the CdV2O6 vibrational modes was obtained
compared to the reported ones for the same compound in
Ref. [20]. Again, it is likely that the insertion of Er3þ ions improves
the crystallinity of CdV2O6, as it occurred in the case of Er-doped
Cd2V2O7 [19].

The OA spectra for the same group of samples are shown in
Fig. 4. By using Tauc's relation (hνα)n vs (hν – Eg) the optical band
gap (Eg) for each sample was determined [21]. In this relation, α is
the absorption coefficient, h is Planck's constant, ν is the frequency
of the incident light, and n¼2 for crystalline materials. For
undoped V2O5, two types of band gaps have been accepted, a
direct band gap of 2.3 eV, and an indirect band gap of 1.9 eV [23].
In the present case, only in the spectrum for sample M1 (Er-doped
V2O5), showed two band gaps, a direct band gap at 2.16 eV and the
indirect band gap at around 1.93 eV. In the case of samples M2,
M3, their direct band gaps are moved to lower energies, 1.94 and
1.95 eV respectively. In this group of sample the shift in Eg values
to lower energies should be caused by doping effects. As can be
seen, the calculated Eg for this group of samples are within the
reported for V2O5 which lies in 1.85–2.66 eV range [13,22].

Similarly, from the OA spectra of samples M4–M5, formed by a
mixture of Er-doped V2O5 and CdV2O6, the optical band gap was
obtained (inset Fig. 4). Consequently, an Eg for each compound in

the same plot could be expected. Instead, only the direct band gap
attributed to Er-doped V2O5, Eg¼1.97 eV and Eg¼2.05 eV respec-
tively, were observed. Finally, Eg¼2.25 eV for M6 and Eg¼2.29 eV
for M7 could be determined (inset Fig. 4). In both cases the value
of Eg must be assigned to Er-doped CdV2O6, since the two samples
are mainly formed by this compound. Usually, in this binary
system, Eg increases when the CdO content is also augmented
[13], in agreement with this study. Moreover, samples with higher
CdO content exhibit larger Eg values [15].

The PL measurements for this series of samples are displayed
in the 500–900 nm range in Fig. 5a–d. In the spectra of samples
M1–M3, a maximum in their PL is situated between 640 and
650 nm, as shown in Fig. 5a for sample M1, and in the inset, for
samples M2 and M3. The line shape of these spectra has a notice-
able asymmetry towards higher wavelengths, which suggests the
existence of two signals, therefore, a curve-fitting was made for
each spectrum. The deconvolution was carried out through two
Gaussian line shapes, centered at �650 nm (1.90 eV), and 730 nm
(1.69 eV). Since Eg for these samples is in the 1.94–2.05 eV range, it
can be seen that these levels, assigned to oxygen vacancies (OV),
have a lower energy than Eg, as it has been previously reported
[7,8]. Furthermore, the observed bands have been also detected
when V2O5 presents nanorods in its morphology [7,8]. In our case
only in sample M2 was observed a morphology similar to that of
microrods which produces this type of PL. However, it could be
assumed that in the three samples, their PL is also originated by
OV, since these types of samples were produced in air atmosphere:
during formation of the lamellar plates and microrods OV may be
created.

In relation to sample M4, whose spectrum is presented in
Fig. 5b, its PL spectrum, already attributed to OV, was relatively
weaker than the observed for samples M1–M3. Probably, the
significant presence of CdV2O6, as compared with its proportion
in the former samples, causes a decrease in the PL caused by OV in
V2O5. In the PL spectra of samples M5–M7, different electronic
transitions of the Er3þ ions in the 510–900 nm range were
identified, dependent on the starting chemical compositions. Some
weak emissions were magnified and included in the insets of
Fig. 5b–d. The identification was made in agreement with Ref.
[24,25]. In regard with the spectrum of sample M5, which is
exhibited in Fig. 5b, the OV emission of V2O5 disappears. Only the
PL of the electronic transition 4S3/2-4I15/2, was found. A magnifica-
tion of this transition in the inset close to its corresponding
spectrum, was made (see Fig. 5b). The PL spectrum of sample M6
is displayed in Fig. 5c showing electronic transitions {2H11/2, 4S3/2}
-4I15/2. An amplification of these transitions is shown in the inset
of this figure. In the case of sample M7 a distribution of electronic
transitions such as {2H11/2, 4S3/2, 4F9/2, 4I9/2}-4I15/2, and 4S3/2-4I13/2,
presented in Fig. 5d, were detected; the latter three transitions were
amplified and placed in the inset of this figure.

An explanation about the behavior of the PL spectra in the
produced samples could be the following. The V2O5 and CdV2O6

vanadate compounds are a kind of layered materials. However, the
doping with Er3þ might be different for each material, and its
effects different too. In the case of Er-doped V2O5, it has been
reported that some type of ions are trapped between layers of
V2O5 [17]. This means that almost all the Er3þ ions are not
distributed homogeneously into the V2O5 lattice, but between
the layers surface. In this case, the PL signal associated to
electronic transitions in the Er3þ does not appear, but solely PL
of OV in V2O5. On the other hand, in the case of Er-doped CdV2O6,
as shown by X-rays diffraction, the ions Er3þ are incorporated
substituting for Cd2þ in the CdV2O6 network. The electronic
transitions for each sample that contains Er-doped CdV2O6, exhibit
sharp emissions and splittings for each transition. The splittings in
their different electronic transitions are produced by the Stark
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effect, in which the local electric field arising from the crystalline
arrangements of CdV2O6 lifts the levels degeneracy.

In summary, the analyses about the origin of the PL for each
sample indicates that the existence of one type or another of PL
emission is basically associated to the proportions of V2O5 (Er-doped
in our case) and Er-doped CdV2O6 in the fabricated samples. For
instance, for samples with high V2O5 contents, the proportion of Er-
doped V2O5 is also larger, and the emission of PL bands is caused by
OV. In the same case, there are no emissions attributed to Er3þ ,
because the Er3þ immersed in this network is not able to emit light.
On the contrary, when the V2O5 contents decrease due to an
increment in the CdO content, the presence Er-doped CdV2O6 is
increased. Consequently, various Er3þ electronic transitions emerge
and the intensity of the weaker electronic transitions becomes more
intense. Therefore, the number of such electronic transitions is also
augmented. Simultaneously, the PL of the OV is reduced.

Concerning about why Er3þ emits PL signal while immersed in
Er-doped CdV2O6, and immersed in Er-doped V2O5 does not achieve
the same effect. This fact could be associated to the nature of the
band gap for each material, since it is known that when Er3þ is
incorporated in materials with wide band gaps, its luminescence
properties are more efficient [26–28]. As can be seen in the OA
analyses, the Eg for CdV2O6 is higher than that of V2O5. Then, because
of this fact and since the majority of Er3þ ions are not located into
V2O5 lattice sites, the PL of Er3þ electronic transitions in CdV2O6 is
observed to be more efficient.

4. Conclusions

By the melt quenching method a batch of samples based on the
V2O5–CdO binary system was synthetized and doped with Er3þ ions.
In the selected range of wt% of starting reactants, Er-doped V2O5,
Er-doped CdV2O6, and a mixture of them were produced. This was
verified by X-ray diffraction and Raman spectroscopy. By optical
absorption, Eg values in the 1.94–2.29 eV interval for this series of
samples were found. For samples that are predominantly formed by
Er-doped V2O5, bands of PL associated to OV located at 650 and
730 nm were observed. On the other hand, for samples particularly
including Er-doped CdV2O6, PL associated to distinct electronic transi-
tions of Er3þ was dominant. Some of those electronic transitions
present sharp and narrow emissions, and their number is augmented
when the CdV2O6 content in the samples is larger. In this way, it has
been shown that CdV2O6 is an efficient host matrix for luminescent
Er3þ ions. Finally, it was also found that samples with lamellar plates
microstructure emit PL associated to oxygen vacancies in V2O5.
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