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—N) esperaba _yo menos de la

gran magnificencia vuestra, sefior mio
—respondis Don Quijote, y asi os digo
que el don que os he pedido y de vuestra
liberalidad me ha sido otorgado es que
mafiana en aquel dia me habéis de
armar caballero, y esta noche en la
capilla deste vuestro castillo velaré las
armas, y manana, como tengo dicho, se
cumplird lo que tanto deseo, para poder
como se debe ir por todas las cuatro
partes  del  mundo  buscando  las
aventuras, en pro de los menesterosos,
como estd a cargo de la caballeria y de
los caballeros andantes, como yo soy,
cuyo deseo a semejantes fazafas es
inclinado.

Capitulo ITI: Donde se cuenta la graciosa manera
que tuvo Don Quijote en armarse Caballero.

El Ingenioso Hidalgo Don Quijote de la Mancha,
Miguel de Cervantes y Saavedra (1547 — 1616)
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Resumen
Introduccion

La utilizacién de la radiaciéon microondas como fuente de calentamiento
es una alternativa prometedora en la sintesis de materiales inorganicos. Al
emplear este tipo de sintesis se produce una reduccion considerable de la
temperatura de reaccion y del tiempo de procesado, lo que provoca un "efecto
secundario" positivo ya que, generalmente, se reduce de manera eficiente el
crecimiento de las particulas durante la reacciéon y el tamafio de dichas
particulas. Esto no sélo es interesante en aplicaciones potenciales de materiales
nanométricos debido a sus nuevas funcionalidades, sino que también facilita el
estudio de los aspectos fundamentales de la fisica de la materia condensada en
la nano-escala. Por lo general no se encuentran desventajas cualitativas
significativas en los materiales sintetizados por microondas, en términos de
cristalinidad y propiedades fisicas. En algunos casos incluso se producen
mejoras cuantitativas en las propiedades de los materiales e interesantes

morfologias de las particulas.

La sintesis asistida por microondas puede considerarse un método de
“Fast Chemistry” (“Quimica rapida”). Por otra parte, teniendo en cuenta los
requisitos de bajo consumo de energia, la técnica es compatible con la mayoria
de los principios de la “Green Chemistry” o “Quimica Verde”:! utiliza reactivos
y disolventes que no son téxicos ni peligrosos, proporciona una alta eficiencia
en términos de consumo de energia frente al rendimiento del proceso, y se
puede llevar a cabo una monitorizaciéon facil del proceso para prevenir la

contaminacion.

La preparacion de 6xidos mediante sintesis asistida por microondas en el
estado sélido estd normalmente limitada a la obtencion de composiciones
“simples” (hasta 6xidos ternarios), pero la posibilidad de combinar las
microondas con otros métodos tales como la sintesis hidrotermal , el método

sol- gel, o la combustién permite un mejor control estequiométrico de fases mas



complejas. En particular, la combinacién del calentamiento por microondas con
la sintesis solvotermal puede dar lugar a fases metaestables y nuevas
morfologias. La sintesis de microondas - monomodal empleando una cavidad
TE10p permite la separaciéon de las componentes magnética y eléctrica de la onda
y proporciona un control preciso de la temperatura, necesitando tiempos de

procesado mucho mas cortos (minutos).
Aportaciones de la tesis

En esta tesis se analiza la interacciéon de las microondas con diferentes
tipos de materia sélida, incluyendo reactivos, disolventes y productos,
proporcionando una visién global sobre la naturaleza del calentamiento por
microondas y estableciendo las diferencias existentes con respecto a la

calefaccién convencional.

Se ha demostrado que es posible preparar una amplia gama de
materiales mediante técnicas de microondas (sintesis asistida por microondas
en estado solido, microondas monomodal con una cavidad TE10p y microondas -
hidrotermal). Los 6xidos preparados se engloban en materiales
ferromagnéticos, ferroeléctricos, dieléctricos o multiferroicos, con una gran
diversidad estructural: perovskitas, pirocloros, holanditas, fluoritas y

estructuras unidimensionales.

Sintesis asistida por microondas en estado solido

La sintesis asistida por microondas en estado sé6lido es un método eficaz
para la produccién de perovskitas y pirocloros. Mediante este método se han
preparado LaMOs (M = metal de transicién), con estructura perovskita. Estos
materiales pueden ser utilizados en diferentes aplicaciones tecnoldgicas:
componentes de pilas de combustible de 6xido sélido (SOFC), membranas de
separacion, materiales magneto-6pticos o magneto-resistentes, o como sustratos
para peliculas delgadas. > 3 Dentro de esta familia de materiales, el LaCoOs se
considera una “cobaltita modelo” en cuanto a la existencia de una transicion de

estados de spin # inducidos térmicamente. En este trabajo, se propone que hay

II



una transiciéon de spines que puede ocurrir gradualmente (bajo spin = spin
intermedio > alto spin). La competencia entre los diferentes estados de spin
serd responsable de las propiedades eléctricas y magnéticas del LaCoOs. Se han
comparado las propiedades magnéticas y dieléctricas de la muestra preparada
por microondas con una muestra preparada por el método cerdmico, de esta
manera se puede estudiar el efecto de los defectos por vacantes de oxigeno, que
va a estar relacionado con el tipo de sintesis empleada. La sintesis por el
método ceramico tiene lugar en condiciones de equilibrio térmico por difusion,

mientras que empleando radiacién microondas se esta lejos de este equilibrio.

Por otra parte, se han sintetizado perovskitas (RE)CrOs; (RE = Tierra
Rara) empleando este método de sintesis asistida por microondas en estado
s6lido. Actualmente, las cromitas son objeto de intensa investigacién, existe un
interés particular en las especies con tierras raras donde es posible que haya un
acoplamiento magneto - eléctrico.5 Se ha llegado a afirmar que algunas
cromitas de tierras raras podrian pertenecer a una nueva familia de materiales
multiferroicos (ferroeléctricos y antiferromagnéticos).® Sin embargo, en este
trabajo no se ha encontrado ninguna evidencia de grupo espacial no
centrosimétrico ni ferroelectricidad asociada a estos materiales (requisitos
fundamentales). Se puede decir que las cromitas de tierras raras sintetizadas
por microondas no pueden ser clasificadas como materiales magneto- eléctricos

o multiferroicos.

El tercer grupo de materiales producidos por esta via han sido los
pirocloros de tierras raras (RE)Ti2O7 (RE = Gd , Ho), materiales que pueden
poseer una amplia gama propiedades funcionales tales como la conductividad
i6nica, propiedades magnéticas exéticas y multiferroicidad.” Con el fin de
estudiar la presencia de defectos cationicos “anti-site” y su influencia con la
temperatura, se han realizado experimentos de difraccién de rayos X en
sincrotron.® La concentracion de defectos encontrada fue de 3.6 % para el
Gd.Ti207 y de 24 % para el Ho:Ti2O7, ambos a 1100 °C. Se observa una

disminucién de la concentracion de defectos “anti-site” con el aumento de la
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temperatura. En los pirocloros, la interaccion antiferromagnética puede
conducir a una fuerte frustracion magnética. En ambas muestras estudiadas se
observé una débil componente ferromagnética a la temperatura de 1.7 K.
Mediante espectroscopia de impedancia se ha observado que la muestra de
Gd:Ti2O7 presenta una conductividad iénica mucho mayor que en el caso de la

muestra de HoxTi2Oy.

Sintesis empleando un microondas monomodal

Se ha sintetizado la holandita Bai1.MngO1s empleando la componente
magnética de la microondas en un equipo monomodal y se han estudiado sus
propiedades termoeléctricas y magnéticas. Es bien conocido que los materiales
que contienen valencia mixta Mn3*/Mn** exhiben propiedades fisicas de interés
relacionadas con el hecho de que los diferentes estados de oxidacién de Mn
poseen diferente momento magnético.”!! El material sintetizado presenta un
comportamiento semiconductor, en consonancia con la presencia de un
intervalo de “hopping” hasta ~ 400 K. Por encima de esta temperatura, las
muestras presentan una transiciéon estructural (monoclinica - monoclinica) y el
transporte de carga sigue una conductividad linear tipo Arrhenius. El
coeficiente de Seebeck es negativo y se vuelve practicamente constante por

encima de la temperatura de la transicion.
Sintesis hidrotermal asistida por microondas

En los ultimos afios, las soluciones solidas basadas en la ceria dopada con
tierras raras Ce1-xRExO2.s han sido consideradas candidatos prometedores para
servir como electrolitos en pilas de combustible de 6xido sélido de temperatura
intermedia (IT - SOFC), ya que su conductividad de iones de oxigeno en el
rango de temperatura intermedia (500 - 800 °C) es mas elevada que la de la
circonia estabilizada con itrio (YSZ).? Un problema importante para poder
aplicar estos materiales como electrolitos SOFC es la resistencia de la frontera
de grano en la ceramica (GB), que es por lo general mayor o estd en el mismo

rango de resistencia que el grano. Esto implica que las fronteras de grano
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constituyen barreras para el transporte de la carga ioénica y de hecho, a menudo
actian como barreras Schottky.!> 1 Por lo tanto, la reduccion de la resistividad
de la barrera, es decir, la reduccién de la resistencia GB, es de vital importancia
para que estos electrolitos policristalinos se puedan aplicar en IT - SOFCs.
Mediante la sintesis de microondas - hidrotermal se han preparado:
Ceos5RE01501.925 (RE = Gd, Sm), Ceos(Gdo.1Smo.1)O19, CeosSmo.1sCan0201.9-5 y
CeOz-5. La deconvolucién de la conductividad iénica de la frontera de grano y
del grano en ceramicas sinterizadas, revela que la muestra de ceria dopada con
Sm - Ca (CeosSmo.18Ca0.02019-5) exhibe la mayor conductividad iénica de la
frontera de grano y también la mas alta conductividad iénica en el grano. Dicha
muestra se ha sinterizado empleando el equipo de microondas-monomodal.
Los valores de resistividad obtenidos para la muestra sinterizada por
microondas durante 5 minutos (1450 °C) son similares a los valores de la

muestra sinterizada por el método convencional (8h, 1450 °C).

El BiFeO; es un material multiferroico magnetoeléctrico que presenta un
gran interés en el campo de la espintrénica, ya que sus condiciones de
ferroeléctrico y antiferromagnético tienen lugar simultdneamente a temperatura
ambiente.’> 16 En este trabajo se presenta la caracterizacién estructural y
microestructural de una muestra de BiFeOs obtenida por microondas-
hidrotermal. El material, de elevada pureza y cristalinidad, presenta el grupo
espacial R3c. Las propiedades magnéticas de la muestra son similares a las
descritas en la literatura para BiFeOs obtenidos por métodos convencionales. Se
ha observado un ferromagnetismo débil debido a un posible canteo de los
espines. Mediante espectroscopia de impedancia se aprecia que la resistividad

del grano es muy elevada, lo que confirma la naturaleza aislante del material.

Los 6xidos de vanadio, con nanoestructuras unidimensionales (1D)
despiertan un gran interés debido a sus diversas propiedades fisico-quimicas.
Estos 6xidos pueden encontrarse en un gran namero de estructuras diferentes y
presentan una amplia gama de estados de oxidacién (de +2 a +5). Son

excelentes materiales como electrodos en baterias de litio recargables debido a
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su gran capacidad especifica, buena ciclabilidad y bajo coste. E1 H2V3Os es uno
de los mas atractivos debido a sus interesantes propiedades electroquimicas. En
este trabajo se ha sintetizado este material en forma de nanocintas y se ha
resuelto su estructura cristalina mediante experimentos de difraccién de rayos
X en sincrotrén y de HRTEM. Dicha estructura se caracteriza por un entramado
en dos dimensiones (capas V3Os) formado por 3 tipos de poliedros: dos
octaedros VO¢ y una pirdmide de base cuadrada distorsionada VOs. Los
primeros trabajos acerca de este material muestran la inserciéon de hasta 2.5
unidades de Li/férmula en un intervalo de 4 - 1.5 V, proporcionando una
capacidad especifica de 240 mAh g'l. Respecto a la muestra preparada por
microondas-hidrotermal, en las condiciones de medida C/20, se obtiene una
capacidad inicial de = 400 mAhg! en el intervalo de 3.75 - 1.5 V. Hay una
pérdida significativa de capacidad en el primer ciclo, pero después se mantiene
constante en 300 mAhg-!. Ademas, se ha mostrado la reduccién completa a V3*
en la descarga de la bateria bajando hasta 1 V por primera vez; se consigue asi
un aumento significativo de la capacidad (498 mAh g7). Todos estos valores
obtenidos en el material sintetizado por microondas son mucho mas altos que
los valores que aparecen en la literatura. Es un claro ejemplo de la mejora de
una propiedad de un nanomaterial sintetizado mediante radiacion de

microondas.
Conclusiones

Se han sintetizado numerosos materiales inorganicos mediante el uso de
las diferentes técnicas de microondas, dichos materiales abarcan un amplio
rango en cuanto a su composicién, estructuras o propiedades. Ademas, la
extensa variedad de posibles combinaciones de técnicas de microondas abre
nuevas oportunidades para la preparacion de nanoparticulas inorganicas y
nanoestructuras. Este hecho va a permitir el ajuste de las propiedades fisicas y
quimicas de los materiales a un nivel nanométrico, a través de la variacién del

tamafio de particula y de su morfologia.
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Abstract
Introduction

The use of microwave irradiation is a promising alternative heat source
for the synthesis of inorganic materials. The considerable reduction in reaction
temperature and time involved with this recent innovative synthesis technique
has the interesting effect that the particle growth during reaction and the
resulting particle size of the synthesized products are usually reduced
efficiently. This is not only interesting for potential new applications of nano-
sized materials due to novel functionalities, but also facilitates studying
fundamental aspects of the physics of condensed matter at the nano-scale.
Significant qualitative drawbacks in microwave synthesized materials in terms
of crystal quality and physical properties are usually not encountered. In some
cases even quantitative improvements, novel crystal arrangements and

interesting particle shapes can be achieved.

The technique can be regarded a “Fast Chemistry” method. Furthermore,
taking into account the low energy requirements, the technique is also
consistent with most of the “Green Chemistry” principles:! use of non-
hazardous reactants and solvents, high efficiency in terms of energy

consumption vs. yield, and easy monitoring to prevent pollution.

In order to further minimize the heat exposure and particle growth
during synthesis, the microwave method can be combined with other
techniques such as hydrothermal, sol-gel or combustion synthesis. Furthermore,
single-mode microwave synthesis (using a TE10p cavity) is an interesting field of
study, because it allows separating the magnetic and electric components of the
microwave and provides an accurate control of the temperature together with

much shorter reaction and processing times.
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Contributions of this thesis

In this thesis the interaction of microwaves with different types of solid
matter including reactants, solvents and final product materials is discussed,
providing a comprehensive overview over the nature of microwave heating and

the differences to conventional heating.

The synthesis of a wide range of oxide materials is shown to be feasible
by various microwave techniques: solid-state microwave synthesis, single-
mode microwave using a TE1op cavity and microwave-hydrothermal synthesis.
The materials synthesized include ferromagnetic, ferroelectric, dielectric and
multiferroic systems, but also a plethora of structure-types: perovskite,

pyrochlore, hollandite, fluorite and one-dimensional structures.

Solid - state microwave synthesis

It is well-known that solid state - microwave assisted synthesis is an
effective method for the production of perovskites and pyrochlores. LaMOs
(M= transition metal) perovskite can be easily prepared by this method. These
materials can be used in different technological applications such as
components for solid oxide fuel cells (SOFCs), separation membranes, magneto-
optical or magnetoresistance materials and substrates for thin films.> 3 Among
the LaMOs family, LaCoOs may be particularly interesting, because it is a model
compound for many cobaltites in terms of the thermally induced spin-state
transition.* In this work it has been argued that there is a spin transition that
may occur gradually, involving spin - state coexistence (low spin ->
intermediate spin = high spin). This leads to a competition between the
different spin - states that will be responsible for the electrical and magnetic
properties of LaCoO; materials. The magnetic and dielectric properties were
compared to conventionally synthesized LaCoOs, which allows studying the
effect of oxygen vacancy defects. The oxygen vacancy defect concentration is
naturally different in different types of synthesis, where conventional synthesis
occurs in thermal equilibrium by diffusion and in microwaves it occurs far from

equilibrium conditions.



Furthermore, (RE)CrO; (RE = Rare Earth) materials have been
synthesized by the solid-state microwave method. Chromites in general are
under intense investigation nowadays, where the particular interest into the RE
species is debited to potential magneto-electric coupling.® Initial studies had
claimed that certain rare-earth chromites belong to a new family of ferroelectric
and antiferromagnetic multiferroics.® However, no indications for a non-
centrosymmetric space-group and associated ferroelectricity were detected
from XRD pattern, Raman spectroscopy and temperature dependent dielectric
permittivity data. Microwave synthesized (RE)CrOs chromites may therefore

not be classified as magneto-electric or multiferroic materials.

(RE)2Ti207 pyrochlore oxide compounds are materials that can possess a
wide range functional properties such as ionic conductivity, exotic magnetic
properties and multiferroic behaviour.” (RE).Ti2O7 (RE = Gd, Ho) were
prepared by solid-state microwave synthesis. Synchrotron X-ray diffraction
experiments were carried out in order to study cation anti-site defects in
pyrochlore (RE).Ti2O7 (RE = Gd, Ho) and the temperature influence of this
effect.? An antisite defect concentration of 3.6 % for Gd2TiO7 and 2.4 % for
Ho,TixO7 at 1100 °C were obtained, where the antisite defect concentration
decreases with the increase of temperature. In pyrochlores, antiferromagnetic
interaction can lead to a strong magnetic frustration. In both studied samples, a
weak ferromagnetic component was observed at 1.7 K. Impedance spectroscopy
reveals that Gd.Ti2O; shows higher ionic conductivity as compared to

Ho2Ti20:7.
Single - mode microwave synthesis

Bai12MngO16 hollandite rods have been directly prepared in a few
minutes by using the magnetic component of the microwave in a novel single-
mode microwave set-up. Thermoelectric and magnetic properties of this
material have been studied in this work. It is well-known that mixed-valence
Mn3*/Mn** materials exhibit interesting physical properties related to the fact

that different oxidation states of Mn possess different magnetic moments.%-!1
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The single-mode microwave synthesized Bai2MnsOis hollandite presents
semiconducting behaviour and resistance vs temperature trends consistent with
one-dimensional variable-range hopping up to ~ 400 K. Above this
temperature, samples undergo a structural transition (monoclinic - monoclinic)
and charge transport is now by linear Arrhenius activated conduction. The
Seebeck coefficient is negative and has a plateau above the transition

temperature.

Microwave - hydrothermal synthesis

Ceria-based solid solutions have been regarded promising candidates to
serve as electrolytes in intermediate temperature SOFCs (IT - SOFC) since their
oxygen ion conductivities are higher than that of yttria stabilized zirconia YSZ
in the intermediate temperature range (500 - 800 °C).1> One major problem for
the application of polycrystalline oxygen ionic conductors as SOFC electrolytes
is the ceramic grain boundary (GB) resistance, which is usually larger than or in
the same range as the bulk resistance although GB areas are expected to be thin.
This implies that GBs constitute barriers for ionic charge transport and they
indeed often act as Schottky barriers.!3 14 Therefore, the reduction of the barrier
height, i.e. the reduction of the GB resistance, is of uppermost importance to
facilitate application of polycrystalline electrolytes. Microwave-hydrothermal
synthesis of CeossRE01501925 (RE = Gd, Sm), Ceos(Gdo1Smo1)Onry,
Ce085mo.18Ca0.0201.9.5 and CeO2s nanopowders was performed. Deconvolution
of GB and intrinsic bulk ionic conductivity in sintered ceramics revealed that
the Sm - Ca doped ceria CepsSmo.1sCa0.0201.95 exhibits the highest GB ionic
conductivity. The highest intrinsic bulk ionic conductivity was detected for the
CeosSmo.18Ca0.020195 ceramic as well. Single mode microwave sintering was
performed for CeosSmo.1sCa020195 and the obtained results for 5 minutes
microwave sintered sample reveals similar resistivity values as the

conventionally sintered samples.

BiFeOs; is an interesting magnetoelectric multiferroic because its

ferroelectric and antiferromagnetic orderings take place concurrently at room
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temperature.’> 1¢ The structural and microstructural characterization of
hydrothermal - microwave synthesized BiFeO; is presented. The sample
showed phase purity and crystallizes in the expected R3c space group.
Magnetic properties of the sample are similar to reports in the literature for
samples obtained by conventional methods, including the occurrence of a weak
ferromagnetism possibly due to the spin - canting. Impedance spectroscopy
demonstrates that the bulk resistance of the sample is high confirming

insulating nature of the material.

Vanadium oxides, with one-dimensional (1D) nanostructures have
attracted great attention due to their diverse physicochemical properties. These
oxides present a large number of different structures and exist in a range of
single and mixed vanadium oxidation states (from +2 to +5). They are excellent
electrode materials for rechargeable lithium batteries, due to their large specific
capacity, good cyclability and low cost. H2V3Os is one of the most attractive
vanadium oxide hidrates due to its interesting electrochemical properties. Early
works reported the insertion of up to 2.5 Li/formula unit in the 4 - 1.5 V range
corresponding to a specific capacity of 240 mAh g!. Nanobelts H2V30s have
been obtained by the microwave-hydrothermal method. The crystallographic
structure of the phase, obtained in this work by synchrotron X-ray diffraction
experiments and HRTEM, is characterized as a nearly two-dimensional
framework (V3Os layers) comprised of 3 kinds of polyhedra: 2 VOs octahedra
and a VOs distorted square based pyramid. At C/20 rate an initial capacity of ~
400 mAh g1 is developed in the 3.75 - 1.5 V range. After a significant capacity
loss in the first cycle, a capacity of ~ 300 mAh g is maintained upon cycling.
Full reduction to V3* has been observed for the first time by discharging Li cells
down to 1 V with H2V30s serving as a cathode material; a significant increase of
reversible capacity to 498 mAh g is thereby obtained. All these obtained values
for microwave synthesized nanobelts are much higher that the literature values.
This is a clear example of an improved property after synthesizing a material

using microwave irradiation.
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Conclusions

The preparation of inorganic oxide materials by using the different
microwave techniques is promising, from the compositional, structural or
physical aspect. Furthermore, the broad variety of possible combinations of
microwave techniques opens up new opportunities for the preparation of
inorganic nanoparticles and nanostructures. This allows the possibility to tune
the physical and chemical properties of nanoscale materials through varying

the crystal sizes and shapes by varying the microwave synthesis conditions.
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® INTRODUCTION

1.1. General Aspects.

The well-established “ceramic method” is the usual procedure for the
preparation of most non molecular inorganic materials. The method is
especially well-suited for oxides since reactions are carried out in air at ambient
pressure. The procedure consists in the homogeneous mixing of the
stoichiometric amounts of solid reactants followed by heating them in an
appropriate atmosphere at elevated temperatures for long periods of time
(often from 1000 °C to 1600 °C and several hours or days). This process needs to
be repeated as many times as needed in order to get a pure phase. There is no
doubt about the usefulness and easiness of this universal method of synthesis
which works in thermodynamic equilibrium conditions, but there are some
intrinsic drawbacks such as the need for high temperatures to accelerate
diffusion -which prevents metastable phases to appear-, the volatility of some
reactants, the need of regrinding several times and the high energy and time

consumptions.!2

On these grounds, there is a permanent stimulus for searching
alternative routes such as the so-called “Soft Chemistry” methods, pioneered by
Rouxel and Livage in the 70’s, where the reactions are performed at moderate
temperature, preferably at room temperature but always below 500 °C.3 The
term “Soft Chemistry” has historically been used to describe several types of
low-temperature  solid-solid = transformations such as intercalation/

deintercalation, ion exchange, hydrolysis and redox reactions. A common
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feature of soft chemical reactions is the possibility to produce metastable

compounds. 4°

Another class of alternative synthesis methods for inorganic solids are
the so-called “Fast Chemistry” techniques, which enhance the diffusion rate of
the ceramic precursors by several orders of magnitude, reaction time is
shortened -and often lower reaction temperatures are feasible. Such techniques
include combustion synthesis, sonochemistry, spark plasma sintering and the
procedures that are the object of this thesis: microwave-assisted methods of
synthesis. It will be shown that with the latter techniques combined with the
hydrothermal synthesis technique it is possible to induce interesting changes in

particle morphology and sizes.

Some of the “Fast Chemistry” processes, mainly microwave-assisted
techniques, are understood to be more environmentally friendly, i.e. requiring
less energy than conventional processes. Taking into account the energy
requirements of the process and finding ways to minimize the energy are
important considerations in “Green chemistry” or “sustainable chemistry”. This
is considered a new philosophy of chemical research and engineering that
encourages the utilization of a set of principles that reduces or eliminates the
use or generation of hazardous substances in the design, manufacture, and
application of chemical products.® 78 In 2002, The American Chemical Society
monograph on Green Chemistry recommended to “use methods that minimize
the energy required for a reaction to take place. For example, some reactions
can be accelerated by using catalysts or microwave radiation and concomitantly

much less energy is needed in the overall process”.’

From a more general aspect, green chemistry offers an opportunity to
improve public perception of nanoscience, as this approach is relatively easy to
explain and can be used to convey a responsible attitude toward the
development of this new technology. Therefore, green chemistry can play a
prominent role in guiding the development of nanotechnology to provide the

maximum benefit for society and the environment.1?
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1.2. History: Electromagnetic Radiation and Microwaves.

Although the first thorough scientific discussion of electricity and
magnetism by William Gilbert (1544-1603) dates back to the year 1600, the
connection between the two was developed only much later in the
comprehensive theory of electromagnetism by Scottish physicist James Clerk
Maxwell (1831-1879).11.12 This theory paved the way for the discovery of radio-
waves (frequencies from 300 GHz to as low as 3 kHz) and micro-waves

(frequencies between 300 MHz - 300 GHz).

During the 1860s James Clerk Maxwell devoted several years to the
problem of electromagnetism, and published his results in their complete form
in 1873.13 At the time few physicists could understand Maxwell’s work, but in
the following years scientists around the world recognized that Maxwell had
written down the essential laws of electrodynamics and the principles of how
the electromagnetic force operates.’> Today Maxwell’s discovery is usually
expressed in four short equations called Maxwell’s Equations. These equations
permit the existence of invisible electromagnetic waves of any wavelength. In a
series of experiments beginning in 1886, the German physicist Heinrich Hertz
(1857-1894) succeeded to create electromagnetic waves with an electric spark,
transmitted to the other end of his laboratory, and made them produce another
smaller spark at a receiver.* In the following, throughout the 1920-30s,
scientists and engineers began experiments with what they called “ultra-short

waves” or “micro-waves.”

The first simple magnetron was developed in 1920 by Albert Hull at
General Electric's Research Laboratories (Schenectady, New York) during his
working on the magnetic control of vacuum tubes.’® In 1924, Czech physicist
August Zacek (1886-1961) and German physicist Erich Habann (1892-1968)
independently discovered that the magnetron could generate waves of 100
megahertz to 1 gigahertz.1 17 Since there were no commercial applications of
these waves, they were used mostly in the laboratory until the beginning of

World War II (1939-1945). The 'resonant' cavity magnetron variant of the earlier
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magnetron tube was invented by John Randall and Harry Boot in 1940 at the
University of Birmingham, England. The high power of pulses from the cavity
magnetron made centimeter-band radar practical, with shorter wavelength
radars allowing detection of smaller objects.’® The compact cavity magnetron
tube drastically reduced the size of radar sets so that they could be installed in

anti-submarine aircraft and escort ships.

Six years later, Percy LeBaron Spencer, an American engineer working
on magnetrons for the Raytheon Company, accidentally discovered the rapid
effect of microwaves on heating a chocolate bar and after some proofs being
made with other kinds of food it was realized that microwave cooking was
feasible and the path for a new kind of domestic furnaces (Figure 1.1),

nowadays of general use, was opened.?”

METHOO OF TREATING FOODSTUFFS
Filed Oct. 8, 1945

Jan. 24, 1950 P. L. SPENCER 2,495,429 “
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Figure 1.1. a) Original Microwave Oven Patent, b) Spencer in front of early microwave
equipment. (Pictures taken from http://www.smecc.org/microwave_oven.htm, the material
available through this site may be freely used for attributed noncommercial educational
purposes only)

Investigation into the industrial applications for microwave energy
began in the 1950s and has continued to the present. It was not until 1975 that
the heating effect of microwaves on ceramic materials was observed, described

and studied.?’ The effects on microwave irradiation in organic synthesis were

not explored until the mid of 1980s, the two first papers were published in 1986
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and many organic chemist have since discovered the benefits of using
microwave energy to drive synthetic reactions.?’ 2> Microwave-assisted
synthesis flourished firstly in organic and pharmaceutics industry but in solid
state chemistry and materials science it is still in its beginnings; there are many
questions to be solved, yet, such as mechanisms and kinetic aspects of the
reactions involved which turns the method into a trial and error one at the

current state of knowledge.? 24

1.3. Initial objectives of the work presented.

Objective 1. To discuss the interaction of microwaves with different types
of solid matter including reactants, solvents and final product materials,
providing a comprehensive overview over the nature of microwave heating and
the differences to conventional heating. This summarizes the materials, tools
and knowledge necessary to effectively apply microwave energy to the

synthetic routes presented later for a large range of different materials.

Objective 2. To study and evaluate different types of microwave-assisted
techniques for the synthesis of solids: solid-state, single-mode and solvothermal

routes. For each method it is necessary to use a different set up and procedure.

Objective 3. To demonstrate that microwave assisted synthesis is a fast
and efficient method to produce solids, in some cases in the nanometric scale,
with potential application in different areas: energy materials (components for
solid oxide fuel cells SOFC’s, lithium batteries), magnetic, ferroelectric or
multiferroic materials. It is demonstrated that such materials synthesized by
microwaves possess the typical structural and physical properties, in some
cases the physical properties are shown to be superior as compared to materials

synthesized conventionally.
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1.4. Outline.

This thesis is structured in 7 chapters. Chapter 1 and 2 give an
introduction to the field. Chapter 3 describes the different experimental
techniques that have been employed. The most relevant results are discussed in
Chapter 4, 5 and 6, and Chapter 7 constitutes the general conclusions. In each
chapter an introduction and conclusion specific to the chapter’s topic is

presented.

Chapter 1. A brief introduction of general aspects and some comments
about the historical evolution of the field studied have been presented above.

Furthermore, the motivation of this work was discussed.

Chapter 2. This chapter concerns the fundamentals of microwave
irradiation, taking into account the microwave - material interactions and the
difference between microwave and conventional heating. Furthermore, it
describes the different experimental set-ups that have been employed for the

synthesis of materials of potential technological importance.

Chapter 3. The different experimental techniques employed for structural
and microstructural characterization of microwave-synthesized materials are
described briefly (X-ray diffraction, scanning and transmission electron
diffraction techniques). Furthermore, magnetic property measurements,
impedance spectroscopy, charge transport and thermal property measurements

are described.

Chapter 4. The solid state - microwave synthesis of different Rare Earth
perovskites and pyrochlores using a domestic microwave oven is presented.
The characterization of structural and physical properties of each one material

is presented and discussed.

Chapter 5. The single-mode microwave synthesis of a Ba12MnsOie
hollandite phase by using the magnetic part of the microwave is described, as
well as the main results obtained from the characterization of magnetic and

transport properties for thermoelectric applications.
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Chapter 6. The microwave-hydrothermal synthesis and characterization
of three different groups of materials is presented: Rare Earth doped ceria for
SOFCs electrolyte, the multiferroic BiFeOs; and the intercalation chemistry of

H>V30s for lithium batteries.

Chapter 7. This chapter contains the general conclusions of this thesis.
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® MICROWAVE & MATTER

2.1. Microwaves in the electromagnetic spectrum.

Electromagnetic radiation is a kind of pure energy radiated in the form of
a wave travelling at the speed of light. An electromagnetic wave is formed by
both electric and magnetic fields that oscillate at right angles to each other in

the direction of propagation (Figure 2.1).1

Figure 2.1. Schematic representation of an electromagnetic wave.

The energy in an electromagnetic wave is tied up in the electric and
magnetic fields. In general, the energy per unit volume in an alternating electric
field (Uelec) propagating in vacuum is given by:

1 e
'Ua!ac = 5 "ER E [21]

Where &, corresponds to the dielectric permittivity of vacuum and E is
the amplitude of the alternating electric field.

11
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In an alternating magnetic field in vacuum, the energy per unit volume

is:
U..=;-B [2.2]

Ko is the magnetic permittivity in vacuum and B is the amplitude of the

alternating magnetic field.2

For an electromagnetic wave, the energy associated with the electric field
is equal to the energy associated with the magnetic field, so the energy density

can be written in terms of just one or the other:

1 1 1
U=.-g,E=5—"B [2.3]

This also implies that the E and B fields are proportional. Rearranging, it

is possible to obtain equation 2.4.

E= —— 5 [2.4]

The constant factor

corresponds to the speed of light in vacuum (c),

oMo
hence:

E=c-B [2.5]

A more common way to handle the energy is to look at how much
energy is carried by the wave from one place to another. A good measure of this
is the intensity of the wave (S), which is the power that passes perpendicularly
through an area divided by the size of this area. The intensity, S, and the energy

density are related by a factor of c:

= . 52} [2.6]

2 2pg

12
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In the electromagnetic spectrum, the microwave region is located
between infrared and radiowave radiation (Figure 2.2). Microwaves have
wavelength of 1 m - 1 mm, corresponding to wave frequencies between 0.3 and

300 GHz respectively.

Telecommunication and microwave radar equipment occupy many of
the band frequencies in this region. The wavelength at which industrial and
domestic microwave apparati operate is standardized to 12.25 cm (2.45 GHz),

but other frequency allocations do exist.

Radio Microwave IR Visible uv X-ray y-ray

A(m) 103 102 _10° 10® 10%® 1010 10?2

Size of /\/\/\/\/\/\/\/\/\/\/\/\/VV\’
o ~
B P e
& ) p s 3 : S
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Mountain Man Insect Pin Bacteria Molecule Atom Nucleus
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10° 108 1012 105 10 10  10%°

Figure 2.2. Electromagnetic spectrum. Microwave frequencies range between 0.3 and
300 GHz.

The choice of this particular frequency is motivated by several
requirements. First of all, any interference with telecommunication, wireless
networks or cellular phones has to be avoided. Second, 2.45 GHz is adequate for
kitchen microwaves because the associated 12.25 cm wavelength is smaller than
the cooking chamber.? However, this frequency is not optimized for the heating
of water, because liquid water has a higher resonance frequency of 18 GHz, and
therefore the most effective conversion of microwave energy into thermal

energy in water containing food products would occur at 18 GHz.3 4

The difference between microwave energy and others forms of radiation,
for example X-ray or y-ray, is that microwave energy is non-ionizing - it does
not carry enough energy per quantum to ionize atoms or molecules, that is, to
completely remove an electron from an atom or molecule, and therefore it

provides only thermal activation.> At a first glance, microwave heating effects

13
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are quite surprising since radiation ranges in the low-energy zone of the
electromagnetic spectrum. As it is shown in Table 2.1, a microwave frequency
of 2.45 GHz is equivalent to 0.00001 eV, which is far below the energy

corresponding to a weak bond energy such as the hydrogen bonding of 0.21 eV
(Table 2.2.).6

The microwave heating effect can have up to five different contributions,
as described in more detail in section 2.2, where the most important contribution
may be the dipoles in the material following the alternate electromagnetic field
associated to the microwave, i. e. dipolar molecules such as water do rotate, the
very fast changing electric field occurs 2.4 x 10? times per second and the

resistance to that movement generates a considerable amount of heat.”

Table 2.1. Energy of common radiation.¢

Typical frequency (MHz) | Quantum energy (eV)

Y rays 3.0 x 104 1.24 x 100

X-rays 3.0 x 103 1.24 x 105
uv 1.0 x 10° 41
Visible 6.0 x 108 2.5

IR 3.0 x 106 1.2x102

Microwaves 2450 1.0x10°

Radio 1 4 x10°

Table 2.2. Energy of common chemical bonds.

Chemical bond energy (eV)
H - OH 52
H - CH;3 4.5
H - NHCH3 4.0
H3C - CH; 3.8
PhCH; - COOH 24
Hydrogen bonding 0.21

14
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In order to understand the mechanism underlying the microwave
heating process, it is necessary to comprehend the different mechanisms of

interaction between microwaves and matter.8-10

2.2. Condensed Matter Interacting With Microwaves.

There are at least five different contributions that can be part of the

heating effect by interactions between microwave and matter:

e Dielectric Polarization

e Dielectric losses (conduction currents)
e Magnetic heating

e Magnetic losses (induction currents)

e Second Order effects

The existence of 5 possible contributions may explain the great efficiency
of microwave heating, when in fact several effects may contribute to the heating
at the same time. On the other hand, it makes controlled reactions difficult,
because it is usually not straight forward to identify to which extent each

mechanism contributes to the heating.

2.2.1 Dielectric Polarization Mechanism.

The microwave heating process of polar materials critically depends on
both the dielectric permittivity and the dielectric losses. The dielectric
permittivity describes the “polarizability” of the material, which reflects the
magnitude of the electric dipoles which can rotate with the applied electric
field. The overall polarization is termed (), which includes several
accumulative components (equation 2.7.): electronic polarization (ae.), atomic
polarization (aa), dipolar polarization (ap), ionic polarization (aion) and

interfacial polarization (aif):

15
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a1 = de + da + dp + dion + dif [2.7]

e FElectronic polarization ae: when the atom is subjected to an external
electric field, redistribution of the charges occurs and the atomic electron
cloud shifts away from the equilibrium position with respect to the
positive nucleus resulting in an induced dipole moment. This effect
occurs in all solid matter containing localized electrons.

e Atomic polarization aa: This is equivalent to the electronic polarization,
except that it accounts for the shift of the positively charged atomic cores
as a response to the applied electric field. It is usually small as compared
to de.

e Dipolar polarization ap: In thermal equilibrium, electric dipoles in the
material will be randomly oriented and thus carry no net polarization.
An external field can align these dipoles to some extent and thus induces
a net polarization to the material. This contribution only exists in polar
materials such as dielectrics or polar liquids with a strong ionic character
of the chemical bonds.

¢ Jonic polarization (or ionic displacement) dion: This occurs due to relative
displacements of positive and negative ions from their equilibrium lattice
sites. The positively and negatively charged ions in the crystals are
displaced spontaneously and the centers of negative and positive charge
within one unit cell do not coincide. This constitutes a net dipole
moment, which can be switched by high applied electric fields. This
effect only occurs in piezo- and ferroelectrics.

e Interfacial polarization air: Surfaces, grain boundaries, interphase
boundaries (including the surface of precipitates) may be polarized, i.e.
they contain dipoles which may become oriented to some degree in an
external field and thus contribute to the total polarization of the material.
Such effects can occur in all kind of condensed matter, but the
quantitative contribution to the total polarization is usually small due to

the generally small volume fraction of interfaces in bulk material.

16
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Polarization of dielectric materials highly depends on the frequency of

the applied electric field as illustrated in Figure 2.3. At low frequencies all
dipoles can follow the applied field, but with increasing frequency the different
contributions to the overall polarization consecutively “relax out”, which
involves that the respective dipoles cannot follow the alternating applied
electric field anymore and do not polarize. This is reflected in a consecutive
reduction of the dielectric permittivity ¢'. Atomic and electronic contributions
show a double-peak structure in the dielectric permittivity, which occurs when
the frequency of the applied field matches the resonance frequency of the

switching dipoles. 1. 11-13

Dipolar

Interfacial (low freq.) (high freq.)

‘ Ionic or

&

I atomic

Electronic

\—ﬂ\
4

107 10 10 10° 10* 10" 10" 10" 10®  10"
Frequency (Hz)

L L X L " ha S, - =
10=* 107! 10 10° 10° 107 10° 10" 10" 10"
Frequency (Hz)

Figure 2.3. Frequency dependence of the polarization mechanisms for dielectrics at room
temperature.!
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If a substance possesses a dipole moment, heat can be generated by
irradiation with microwaves, as is the case in the water molecule.3 Under low
frequency irradiation, the molecule will rotate in phase with the oscillating
electric field. The molecule gains some energy by this rotation, but the overall
heating effect is small due to the low frequency. Alternatively, under the
influence of high frequency, the dipoles do not have enough time to respond to

the oscillating field and do not rotate and therefore no heating occurs.

If the oscillating field is in the microwave radiation region, a situation
between these two extremes occurs. The frequency is low enough so the dipoles
can follow the alternating electric field and therefore rotate. At the same time,
the frequency is high enough to create a considerable amount of heat by
relatively quick dipole rotations (245 M rotations per second at 2.45 GHz). It
should be noted though that the dipole rotations do not always follow the field
precisely but a phase difference between the orientation of the field and that of
the dipole can emerge (Figure 2.4). This phase difference causes energy to be

lost from the dipole molecular friction and collisions. 1415

Figure 2.4. Water dipolar molecule trying to align with an oscillating electric field.
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2.2.2. Dielectric losses: Conduction Mechanism.

Conduction is a mechanism normally referred to as long-range
movement of free charge carriers as a response to an applied electric field.
When an AC electric field is applied, the charge carriers will perform an
oscillating movement (Figure 2.5). Usually the charge carriers are electrons, but

in some cases the ions are mobile as well (Ionic conduction).® 10,16

t=0s/ /\t=o.1nso\ Ajns
N 7

® | fe

Electric Field
o

Figure 2.5. Conduction mechanism. Irradiation of a sample with microwaves results in
oscillating movements of the charge carriers in the electric field.3

Such conduction mechanism of the free charge carriers as a response to
an applied alternating electric field is usually referred to as the dielectric loss

(¢"), which is shown as a function of temperature for sintered alumina in figure

2.6.77

The dielectric loss heating effect is by heat dissipation due to Joule
heating of the loss currents and depends strongly on the electrical resistance of
the material. At room temperature the effect of heat dissipation by conduction
is considerable only at lower frequencies. However as temperature increases,
the effect of heat conduction increases rapidly in semiconducting materials and

eventually becomes as important as dielectric polarization.!?

In metals, a large amount of free and mobile electrons are available,
whereas in semiconductors only a small amount of electrons get thermally
activated from the valence into the conduction band. Therefore, at high
temperatures the electrons get activated into the conduction band, the materials
conductivity increases and concomitantly the contribution of dielectric losses to

the microwave heating effect increases.1”.18
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Figure 2.6.Dielectric properties of sintered alumina as a function of frequency and temperature?”

The effect of conduction heating can be demonstrated easily by heating a
beaker of distilled water and a beaker containing a water solution of sodium
chloride in a domestic microwave oven. In distilled water, heating mainly arises
through dipolar polarization; the heating rate is significantly lower than that
observed when the same volume of a dilute salt solution is heated. In the latter
case, there is an additional contribution to the heating from the conduction of

Na* and Cl- ions in the salt solution.1®

The power density per unit volume (P) of absorbed microwaves in W/m?3
by a sample due to dielectric losses may be expressed as shown in equation 2.8.

It should be noted though that P describes only the microwave energy absorbed
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by the material, which is related to but not exactly the same as the thermal

energy created within the material.

The average power (P) due to dielectric losses is given by:

P=o0c-E:_  =we "El_ = 2nfeg, "E? [2.8]

rme rme rme

Where o is the conductivity of the material, Erms is the internal electrical
field of the microwave, o= 2nf is the angular frequency of the microwave, e
corresponds to the dielectric permittivity of vacuum and &" represents the

relative dielectric losses in the material.

Polar materials with losses " < 102 are quite difficult to be heated up,
while for those with €" > 5 the surface is heated rather than the bulk. Materials
with intermediate values, 102 < ¢" < 5, are best candidates for microwave

heating. 20,21

The depth to which the microwaves will penetrate into the material is
determined by the real and imaginary parts of the dielectric permittivity (¢' and
") as shown in equation 2.9. The penetration depth (D) into the material is
defined as the depth at which the power density of microwave irradiation is
reduced to 37% of its initial value at the surface for a specific incident

wavelength (Ao). For materials with a loss tangent (tand = tan(z"/<')) lower than
unit, the penetration depth is given by:?2

D= 2o X< [2.9]

2m "

Materials with relatively high values of €" are characterized by low

values of the penetration depth.

The depth of penetration is important since it will determine the
uniformity of heating throughout the material. Small values of €' and large
values of ¢" will result in surface heating, while large values of &' and small

values of ¢" will result in more volumetric heating but with reduced efficiency.10

21




(@t oWl MICROWAVE & MATTER

One of the limitations in using microwave energy in a controlled way to
process materials is the current lack of dielectric data for the respective

materials in the microwave frequency range as a function of temperature.

2.2.3. Magnetic losses: Induction mechanism

The magnetic induction heating of materials originates from magnetic
losses. The total power loss is composed fundamentally of eddy current

losses.23-26

Eddy currents are basically induction currents, where the changing
magnetic field of the microwave induces such currents in the material. The
heating effect is based on Joule heating due to the Eddy currents and hence
depends much on the electrical resistivity of the material, equivalent to

dielectric loss heating.

Magnetic induction occurs in all kinds of materials. Eddy current Joule
heating may be regarded as a similar effect as the dielectric losses and their

corresponding electrical current Joule heating.

In a similar way as far for the electric losses, the power that is absorbed

per unit volume of a sample is given by,

5 P
r r

P= wp,uH, = 2ufu, u"H _ [2.10]

Where po is the magnetic permeability in vacuum, p" the relative
magnetic losses of the material and Hims the internal magnetic field of the

microwave.l

Moulson et al.?” claimed that for ferrite materials the magnetic losses can

be expressed in terms of three main contributions:

|-'L"]4= I"L"h+ |-1-"e+ |-'L"r [211]
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In which u"y, ", p"r are the hysteresis, eddy current and ‘residual’

losses respectively. The processes that contribute to the residual losses include

the resonance losses and at high frequencies these will often dominate.?” 28

Furthermore, it is important to remark that induction heating is well-

known for domestic applications.

2.2.4. Magnetic heating

In theory, magnetic materials may be directly heated by microwaves
coupling to the magnetic moments. The magnetic moments may follow the
magnetic field of the electromagnetic wave, as is the case for example in
electron paramagnetic resonance spectroscopy. However, such movements
have never been clearly identified to create any considerable heating and the
overall amount of heat created may be small as compared to the heating
mechanism described before. In the literature, several reports 27 2829 exist
though which suggest that certain magnetic materials can be heated more
efficiently with the magnetic part of the electromagnetic wave. This indicates
that magnetic resonance could contribute under certain circumstances, but the
role of this mechanism for microwave heating and the exact role of dielectric

loss currents and Eddy currents in the examples reported ?° are unclear.

2.2.5. Non Thermal Effects

Many research groups are currently studying a number of anomalies
involved with microwave heating that have been broadly termed “non-thermal
effects”, which include any differences of the microwave method as compared
to conventional methods which cannot be explained by differences in the
temperature and the temperature profile.3’ Today's debate focuses on
anomalous effects between the electric field and the interfaces of the particles
which possibly involves the formation of a plasma and the solid diffusion may
be increased due to such second-order effects.3! 32 These effects may in fact be

important to explain the great efficiency of microwave synthesis technique.
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The effects of dielectric polarization and dielectric/magnetic loss

currents are much better understood as compared to more exotic effects like

magnetic resonance and non-thermal effects. Therefore, most of the discussion

in the literature focuses on the more established mechanisms.

2.3. Classification of materials

An electromagnetic microwave may be mainly reflected, transmitted or

absorbed by condensed matter depending on the nature of such matter. For

non-magnetic condensed matter interacting with microwaves three different

classes of materials are commonly defined (Figure 2.8a). This classification is

related to the penetration depth of the microwave according to eq. 2.9 and to

the absorption due to dielectric polarization and losses: 33 34

Reflecting materials do not allow deeper penetration by the
electromagnetic wave, the penetration depth is low and a large part of
the intensity of the microwave is reflected. Materials with free electrons
such as certain metals behave in this way. Metals possess high electrical

conductivity which corresponds to high losses.

Transparent materials allow the wave to propagate all the way through
with low attenuation, such as Teflon and silica glass. Generally speaking,
insulators or materials with low dielectric permittivity and low losses are
concerned here. The penetration depth is high and the absorption of

microwave energy due to dielectric polarization is low.

Absorbing materials transform the electromagnetic energy efficiently
into heat. This is the case for dipolar liquids such as water and dielectric
or polar materials such as ferroelectrics with high dielectric permittivity.
Intermediate values of dielectric losses favor the absorption of the
microwave energy by the material.3®> The penetration depth is
intermediate and the absorption of microwave energy due to dielectric

polarization is high.
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Figure 2.7. a) Interaction of the electromagnetic field with different materials. b) Relationship
between the dielectric loss factor and ability to absorb microwave power for some common
solid and liquid substances. Reproduced from Thostenson et al.3¢

Materials with low dielectric losses have a large penetration depth. As a
result, little of the energy is absorbed in the material, and the material is

transparent to microwave energy. Because of this behaviour, microwaves

25




(@t oWl MICROWAVE & MATTER

transfer energy most effectively to materials that have dielectric losses
corresponding to the middle of the conductivity range (Figure 2.7b). In contrast,
conventional heating transfers heat most efficiently to materials with high

thermal conductivity.3¢

As mentioned before, in magnetic materials the magnetic component of

the electromagnetic wave can contribute to the heating effect as well (Figure

2.8).1,37,38

A recent article ¥ on ferrite materials, namely BaFei2O19, SrFei2Ox,
CuFexOy, CuZnFesO4, and NiZnFesO4, shows that the classification mentioned
before should be unaffected though by the calculated magnetic losses, at 2.45
GHz. It is found though that magnetic losses are up to approximately four

times greater than dielectric losses in the microwave heating of these ferrites.

Scattering

Magnetic materials

Figure 2.8. Interaction of the electromagnetic field with a magnetic material.

It is clear that different materials will have greatly different heating
behaviours in the electric (E) and magnetic (H) microwave fields, as it is
explained in section 2.6.2: Solid State - Single Mode Microwave. As commented,
above, these recent results have re-opened the discussion on the interaction
between microwaves and materials by incorporating considerations of the

magnetic field component of the microwave.
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2.4. Microwave Heating.

The main features which distinguish microwave heating from
conventional methods are: Faster energy transfer rate, rapid heating and
selective heating of materials. This leads to a different temperature distribution

of the material when heated in a microwave furnace.

2.4.1. Energy Transfer.

In conventional heat treatments energy is transferred to the material
through heat conduction and convection creating thermal gradients. In the case
of microwave heating, energy is directly transferred to the material through the
interaction of the electromagnetic wave and the material at the molecular level

(Figure 2.9) 40.41 as discussed in section 2.2.

It has been argued that the way of energy transfer is in fact crucial in the
synthesis of materials. The ability of microwaves to penetrate and heat the
material from within provides the possibility of rapid and volumetric heating
without overheating the surfaces.#? Bulky material can be heated more
uniformly by microwaves due to the greater depth of penetration and a
shortening of the process time, thus improving the product quality and

consistency.!

N\

-3 Temperature ——————>
—> Temperature >

Microwave Conventional

Figure 2.9. Differences in the temperature distribution in microwave and conventional
processes.*0
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2.4.2. Fast Heating.

For the purpose of chemical synthesis, microwaves massively reduce the
processing time as compared to conventional synthesis but significant
qualitative changes in the resulting material in terms of crystal structure and
physical properties are usually not encountered. In some cases even
quantitative improvements can be achieved.®3-#¢ Some authors claim that
chemical reactions, when microwave-assisted, are accelerated between 10 - 1000

times compared with conventional methods. 47-48

2.4.3. Selective Heating.

A problem with such fast heating is the possible formation of “hot
spots”, which is a thermal effect that arises as a consequence of non-
homogeneous or selective heating, resulting in the temperature in certain zones
within the sample being much greater than the average macroscopic
temperature.3? These regions are not representative of the reaction conditions as
a whole. The formation of hot spots due to local overheating effects has been
demonstrated by D. M. P. Mingos #° in the decomposition of H>S over y-AlLOs
and MoS;-y-AlOs;, where the higher decomposition rate under microwave
irradiation was attributed to the presence of hot spots. The authors estimated
the temperature in the hot spots to be about 100-200 °C higher than the bulk
temperature. They claimed that hot spots may be created by local differences in
the dielectric properties in the material, and/or by the uneven distribution of
electromagnetic field strength. Hot spots can be problematic in certain cases if
they cause the desired chemical reaction to not occur homogeneously. On the
other hand, the occurrence of selective heating can sometimes be utilized to

accelerate a reaction.

It is possible that in a composite material, depending on the
characteristics of the specific phases (dielectric properties, size and structure)
and their ability to couple to the electric and/or magnetic field of the

microwaves, heating can occur preferentially in one phase as compared to the
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others. Therefore, in case that certain materials couple poorly with the most
frequently used 2.45 GHz microwaves, a radiation susceptor (such as SiC,
graphite, activated carbon or metal powder) can be added to the precursor
mixture. In case of metallic susceptors the microwave is reflected to large parts
and absorption strongly increases. Alternatively, non-metallic radiation
susceptors may simply couple better to the microwave and therefore exhibit
increased temperature. The susceptor areas may always be regarded as artificial
or deliberate “hot spots”, which are well known to facilitate a more efficient
microwave heating process.’® However, most polar materials do couple to the
electromagnetic wave sufficiently strong to reach high temperatures, no

additives are necessary and the reaction time is often just a few minutes.5!

In Table 2.3. the highest temperatures reached without a radiation

susceptor in selected materials are summarized:

Table 2.3. Maximum temperatures reached within different materials after few minutes of
exposure to microwaves.12 20,41

T (K) | t (min) T (K) | t (min) T (K) | t (min)
B 1273 1 MnO | 386 6 Nb 631 6
C amorphous | 1556 1 MnCl; | 326 2 Nb,Os | 387 6
SiC 1384 2 Fe;O, 1531 3 MoS; | 1379 7
C graphite 1053 6 FeS; 1292 7 Mo 933 4
NaCl 356 7 Fe 1041 7 MoO; | 342 6
MgO 476 5 Fe O; | 407 7 SnCl, | 749 2
Mg 393 7 FeCl; | 314 4 Sn 570 6
Al 850 6 Co020; | 1563 3 SnO | 375 30
AlO; 351 4 Co 970 3 SnCly 322 8
Si 1272 1 NiO 1578 6 Sb 663 1
SiO; 352 7 Ni 657 1 SbCl; 497 2
S 436 6 CuO | 1285 6 La;,O; | 392 6
CaO 389 4 CuCl 892 13 CeO, | 372 30
CaCOs3 334 7 Cu 501 7 Ta 450 7
Ti 1423 1 CuO 362 7 WO; 1543 6
TiB: 1116 7 ZnCl, | 882 7 \4Y 963 6
TiO: 352 8 Zn 854 3 Hg 313 6
V>05 987 11 ZnO | 599 5 PbS 1229 7
A% 830 1 ZnS 340 5 Pb 550 7
Cr.0; 403 7 Y.0; | 388 7 PbO, | 455 7
MnO; 1560 2 Zr 735 6 Pbs;Os | 395 30
Mn,O3 1453 6 ZrO; | 336 4 PbO | 364 2
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It is important to comment that SiC has turned out to be the ideal
microwave susceptor for enhancing heating rates of non-polar reaction
mixtures.®? It strongly absorbs microwave energy and subsequently and rapidly
transfers the generated thermal energy via conduction phenomena to the
reaction mixture. Due to its high melting point (~ 2700 °C) and low thermal
expansion coefficient, SiC can be employed up to extremely high

temperatures.53 54

2.5. Microwave-Enhanced Reaction Rates.

The simplest chemical reaction can be represented by: A + B - AB. The
reaction process starts with reactants A and B that must be activated to a
higher-level energy state [A--B]?. The difference between these energy levels is
the activation energy (Ea) that is the energy that the system must absorb in
order to react. Once enough activation energy is absorbed, the reaction occurs
and leads to the product AB (Figure 2.10),” whereby parts of Ea (endothermic)

or more energy than E, (exothermic) are released.

A
[A--BJ*

E

a

A+B

Energy

AB

>
Reaction coordinate

Figure 2.10. Reaction coordinates of a typical exothermic chemical reaction.
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The reaction rate of the reaction can be described by the well-known

Arrhenius rate equation (2.12):
K = Ae Ea/RT [2.12]

Where K is the reaction rate constant, that depends on temperature, A is
a pre-exponential factor constant, which describes the molecular mobility and
depends on the frequency of vibrations of the molecules at the reaction

interface'4, R is the gas constant and T the temperature.

Some authors® 7 claim that microwave irradiation does not affect the
activation energy of the process and just provides the momentum to overcome
this barrier and complete the reaction more quickly than for a conventional
heating method. The fast energy transfer creates a non-equilibrium condition
resulting in high instantaneous temperature. However, there are some reports
that contradict this theory. C. Conner and G. A. Tompsett % claim that the
variations in the reaction activation energy E. exist because of the differences in
dielectric properties of the reactions, intermediates and products. For example,
Falamaki 5¢ reported a reaction activation energy of 12 kJ/mol for colloidal
silica growth under the influence of microwaves, which is significantly lower
than that reported for conventional synthesis (> 41 kJ/mol). This is not the only
example, Brosnan et al. 5 claimed a significant difference in E. between
microwave-sintering (85 kJ/mol) and conventional sintering (520 kJ/mol) for

alumina.

The change of E. would be a rather significant phenomenon, which may
be explained by changes in the intermediate energy states of the reactants
during synthesis to manipulate the reaction kinetics significantly without

changing the mechanism.>

This is a controversial topic, but it is clear that microwave heating is
extremely useful in otherwise slower reactions with high reaction activation

energies.
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2.6. Microwave Assisted Synthesis Techniques

Microwave assisted synthesis of inorganic oxides may be performed by

several alternative methodologies:
- Direct irradiation of a mixture of the solid precursor reactants.

- Combining microwaves with other synthetic procedures such as sol-gel,
combustion or hydrothermal synthesis. The microwave-hydrothermal method

is explained in detail in section 2.6.3.

The sol-gel process is a wet-chemical technique widely used in the
synthesis of inorganic materials, typically metal oxides. The starting point is a
chemical solution (sol) which acts as the precursor for a polymeric network
(gel) formed upon hydrolysis and polycondensation reactions. Microwave
thermal decomposition of a particular gel (usually containing high amounts of
water which couple well to the microwave), leads to the formation of the

desired phase.?8 %

Combustion reactions for the synthesis of oxide materials usually involve
the mixing of metal nitrates and a solid fuel (urea, glycine, sacharose) in
adequate quantities, where the later provides the necessary energy to ignite the
(exothermic) reaction. The ignition can be performed by providing the energy
in the form of microwaves. The high speed of the process together with the
production of large quantities of gas produce sponge-like porous materials,

yielding nano-sized particles.®0 61

2.6.1. Solid - State Microwave Synthesis

The term “Solid - State Microwave Synthesis” refers to microwave
irradiation of solid precursors. The synthetic procedure consists in mixing the
precursors and packing them into a pellet, which is then deposited in an
adequate crucible (usually porcelain, alumina or SiC) and placed in a

multimode microwave oven (a domestic one may be used). As mentioned
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before (section 2.4.3.), in some cases the presence of a radiation susceptor is

useful in order to significantly increase the reaction temperature and the

reaction rate.

A schematic picture of a typical domestic microwave apparatus used for

Solid State Microwave Synthesis is shown in Figure 2.11.12

Cooling C Masis Anode
a 5 Mode Cavity agnetron b
air-qutput o+ inputslot antenna
iy A,

L Waveguide 2 e

Cavity lamp
| Air blower

Mode straps

'. e —— t— Magnetron

L < f/ 1%
1 HT capacitor

HT transformer

Cavity

Cathode
Anode vane filament

Door latch slot
and safety lock
mechanisms

MW cavity

Figure 2.11. a) Domestic microwave oven scheme. b) Magnetron schematic illustration. 12

The most important part of a microwave oven is the magnetron, which
generates the microwave radiation and it is the main part in all the microwave-
apparatus employed in this thesis (domestic microwave, single mode

microwave, microwave-hydrothermal system).

A magnetron (Figure 2.11b) is a thermionic diode with an anode and a
cathode. Electrons are emitted from the cathode and move along a spiral path,
induced by the magnetic field, to the anode. As the electrons spiral outward,
they form space charge groups, and the anode shape forms the equivalent of a
series of resonant inductive-capacitive circuits. The microwave frequency
generated in the anode is picked up by the antenna and is transmitted into the
microwave cavity.!1 The variable power available in domestic ovens is
produced by switching the magnetron on and off according to a duty cycle. For
example a typical 800 W oven with a 30 s duty cycle can be made to deliver an

average of 400 W by switching the magnetron on and off every 15 s.12

The waveguide is usually a rectangular channel made of sheet metal. Its

reflective walls allow the transmission of microwaves from the magnetron to
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the microwave cavity or applicator. The reflective walls of the microwave cavity
are necessary to prevent leakage of radiation and to increase the efficiency of
the oven. If the energy is reflected by the walls, absorbance in the sample is
increased because the wave irradiates the sample and can be partially absorbed
on each passage. This can be particularly important if the sample is
dimensionally small. It should be noted though that the magnetron may be

damaged if too much energy is reflected back into the waveguide.l 11,12

The microwave field in oven-like multimode instruments is distributed
in a chaotic manner. Due to reflections from the cavity walls, multiple modes of
the electromagnetic waves interact with the cavity load (Figure 2.12). In these
large cavities, the field density (W/litre) is low and therefore the applied

microwave power has to be high in order to achieve short heating rates.5462

Wave-guide

\ - \\ Magnetron

Figure 2.12. Schematic display of the field distribution in a multimode oven.

Figure 2.13 shows a domestic microwave oven image with a thermal
infrared camera. With only a thin film of water present, the image illustrates the
microwave intensity distribution in a nearly empty chamber. A pronounced

horizontal mode structure also shows heterogeneous heating of the film.3
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Figure 2.13. Infrared thermal imaging inside microwave oven.3

Due to the lack of temperature control in this type of microwave oven,
the reactions are carried out at unknown temperature. However, the method
has been applied to a large range of materials during the last years. Just a few
examples are mentioned here to demonstrate the efficiency of the method for

different types of materials.

1. Core-shell structures can be obtained with inverse organization, for
example, a NiO core covered with a Ni shell can be obtained when using nickel
acetate as precursor, or particles with a Ni core covered by a NiO shell when
using nickel formate.®®* In both cases a small amount of active carbon as
microwave susceptor was used. Such core-shell structures exhibit exchange
bias in the magnetic hysteresis loops as a consequence of antiferromagnetic/

ferromagnetic interactions.

2. A wealth of perovskite structures can be formed by solid state
microwave synthesis, where a selected few ones are summarized in Table 2.4.
Vaidhyanathan et al. % showed a decade ago that the synthesis of niobates and
titanates, among them ferroelectrics, piezoelectrics and insulators, can be
performed by microwaves in minutes, reducing time and intermediate steps as

compared to conventional synthesis.
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3. It can be stated generally that the more complex the materials are the
more difficult it is to prepare them by microwave assisted synthesis, as occurs
generally with all synthesis techniques. In more complex systems better
diffusion processes are required to uniformly disperse 3 or more cations across
the sample during the synthesis. At the current stage this still poses a major
challenge for the solid state chemist. As an example, the complex perovskites
CaCusTisO12  (CCTO) can be synthesized by solid-sate microwave
techniques.®>%¢ This 1:3 A-site ordered perovskite related structure has recently
attracted much attention due to its giant dielectric permittivity, which may be
interesting for capacitors in microelectronic devices. It is quite well established
though that the giant permittivity is not intrinsic but debited to a core-shell
structure of conducting bulk and insulating grain boundaries, thus forming an
Internal barrier layer capacitor (IBLC) structure.®” ¢ It has been reported that
solid state microwave synthesis reduces the processing time and, more
importantly, the IBLC structure is preserved and even higher values of the giant
dielectric permittivity can be obtained.6> 66

Table 2.4. Synthesis conditions for some niobates and titanates produced by microwave and
conventional routes.

Material Reactants Microwave Conventional
LiNbO; | Li,COz, Nb,Os | 15 minutes 800 W | 12 h 500 °C

NaNbO; | Na,COj3, Nb,Os | 17 minutes 800 W | t>>>, grindings 1250 °C
KNbO; | KyCOs, Nb,Os | 12 minutes 800 W | 30 h 1000 °C

BaTiO; | BaCOg, TiO, 25 minutes 1000 W | t>>>, grindings 1400 °C
PbTiO; | PbNOs, TiO, 9 minutes 600 W 8 h 360 °C

4. Since many years ferrites with inverse spinel structure (AFexOs) are
used in the manufacture of inductors, transformers and other electronic devices.
Vanetsev et al.® discussed the microwave synthesis of several ferrites (NiFeOs,
CoFex04, CuFexOs) using nitrates as precursors within just 10 minutes reaction

time.

5. It is also possible to synthesize various manganites by this route, for
example lithium or nickel manganites.”? 7! Lithium transition metal oxides such

as spinel LiMn»O4 has been considered promising electrode material due to its
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low cost, high environmental acceptability and high reduction potential.”!
NiMn2Os is a material that is widely used in the industry for the manufacture of

temperature sensors (negative thermal coefficient NTC material).”?

6. Cathodic materials used as electrodes in lithium batteries such as
LiCoOg, LiCo1xGaxO2 have been produced by solid - state microwave synthesis

as well using nitrates or carbonates of the respective metals as precursors.”

Here in this work, the application of the solid - state microwave synthesis
technique is demonstrated on several well-known phases for the first time. Such
phases are (a) rare earth (RE) orthochromites (RECrOs), (b) LaMOs; (M = metal
transition) perovskites, interesting for several applications such as solid oxide
fuel cells (SOFCs) components, gas sensors, catalysis, and (c) rare earth titanates
(RE2Ti207) with pyrochlore structure exhibiting interesting magnetic properties

and ionic conduction.

2.6.2. Single-Mode Solid State Microwave Synthesis

Conventional microwave ovens constitute a multi-mode cavity
configuration, where the electric (E) and magnetic (H) components of the
microwave are randomly oriented in the cavity. Single-mode or monomode
reactors can be considered as the second generation of microwave instruments,
where the microwave utilized for heating is polarized and exhibits minima and
maxima in the amplitude. The field is well defined in space and the material to

be heated needs to be placed at a certain position in the cavity.”*

The single-mode microwave equipment used in this work is based on a
microwave generator working at the standard 2.45 GHz frequency with a
variable power up to 2 kW and a TE10p microwave cavity. The experimental set-
up includes a microwave generator, circulator (water cooled magnetron), 3-stub
tuner (impedance agreement accord) and the resonant cavity, as despicted in

Figure 2.14.
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The amplitude distributions of the electric and magnetic component of
the microwave can be utilized by carefully choosing the position of the sample

during synthesis with respect to the respective maxima and minima of E and H

(Figure 2.15a-b). 54 75

(a) Short circuit water —s»
piston
- - "5\
<
[ O Mfooo
=
TE, o, Cavity 3 stub tuner  Circulator MW generator

0

i

MW generator

3 stub tuners

-~

& TElop cavnty

Figure 2.14. a) Single-mode microwave apparatus (schematic picture). b) Comercial single
mode apparatus (SAIREM company), in CRISMAT- CNRS Caen laboratory.

—

By tuning the length of the cavity by moving a coupling iris and a short
circuit piston it is possible to work in TEip2 or TE103 resonant modes (Figure
2.15¢-d). In the TE12 mode the sample is placed at the amplitude maximum of
the magnetic field component of the microwave (H mode), whereas in the TE103

mode the sample is placed at the amplitude maximum of the E field (E mode).
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(a) Wave-guide

Magnetron

(b);

l‘ Electric field distribution

Figure 2.15. a) Schematic display of a single-mode resonant cavity. b) Amplitude distribution of
the electromagnetic field: the sample is in the amplitude maximum of the electric E field where
the magnetic field amplitude is minimum. Vice versa, the amplitude maximum of the magnetic
H field corresponds to the minimum of the electric field E. c) Schematic drawing of the
magnetic and electric field orientation of the polarized wave. d) Amplitude distribution of the
magnetic field component for the TE1p> mode. For the TE103 mode the amplitude distribution of
the electric field component is shown.

During the synthesis process the sample temperature is usually
monitored with a pyrometer, which consists in a non-contacting device that

intercepts and measures thermal radiation.

It is well established that different materials exhibit greatly different
heating behaviour in the E and H microwave fields respectively (Figure 2.16).76
77 In general, conductive samples such as metals can be much more efficiently
heated in the magnetic field. On the contrary, ceramic insulators with low
conductivity such as Al2Os and ZnO show much higher heating rates in the
electric field.”® If ceramics and metals are combined (mixed systems), sample
heating may be performed in both electric and magnetic fields.”® 77 This feature
clearly indicates that for a complete understanding of the interaction between
microwaves and matter (see section 2.2) it is necessary to consider the

interactions of the electric and magnetic parts of the microwave separately.
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Figure 2.16. Comparison of heating rates of various compacted powder samples in microwave

H and E fields. a) Fe, b) ZnO, c) Co, d) AL:O5.7

potential use of this new methodology for the synthesis but also the sintering

The following examples give a clear indication of the efficiency and

classification for a wide range of materials.! 78 7%

1. Nano-sized cubic BaTiOs; powder was prepared rapidly at 90 °C using

TiO2 and Ba(OH), precursors by a single-mode microwave-assisted synthesis

system. BaTiOs; particles of 30 to 50 nm were obtained after microwave

treatment for 5 min at 90 °C.8 Unfortunately, the microwave mode employed in

this work is not indicated.

2. D. Grossin et al.8! demonstrated single mode microwave synthesis of

LaosSro.MnOs using a microwave TE1q, cavity, where a SiC crucible was used

as a microwave susceptor to facilitate an effective synthesis process within only
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10 minutes. The properties of the microwave ceramics were equivalent to the

properties obtained conventionally. The microwave mode employed was TEi.

3. S. Marinel et al. 8 have observed fast sintering kinetics in CuO and
ZnO for both resonant modes (TE102 and TEi03), which implies that the matter
was coupling to the magnetic or electric field, and both may accelerate atomic
diffusion. The overall enhancement in densification is attributed to lowering of
activation energies of diffusion processes during exposure to microwave

heating,® or more rapid delivery of the E. necessary, as discussed before (section

2.5).

Here in this work single-mode microwave synthesis is applied for the
preparation of the Ba12MnsO16 hollandite phase for the first time. This material
has been recently studied for possible thermoelectric applications. Additionally,
this technique is established for novel sintering procedures for rare earth doped

ceria and BiFeOs ceramics.

2.6.3. Microwave - Hydrothermal Synthesis

In the early 1990s, Dr. Sridhar Komarneni at the University of
Pennsylvania launched a pioneering work by studying and comparing the
differences between hydrothermal syntheses performed with conventional
means of heating and hydrothermal syntheses performed by heating special

autoclaves with microwaves.84 8

Hydrothermal synthesis is a “wet Chemistry”, moderate-pressure
method of synthesis, which consists in an aqueous solution that is heated above
100 °C in a sealed container (autoclave) and concomitantly the pressure
increases. This results in an increase of the dispersion of the system components
which react quickly. It should be further noted that “solvothermal” synthesis

has become increasingly popular lately, where non-aqueous solvents are used.

For hydrothermal synthesis it is important to consider “subcritical” and

“supercritical” synthesis conditions, where the temperature is below or above
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the critical temperature of water (Tc = 374 °C) respectively. Above Tc the
pressure in the synthesis autoclave raises rapidly with increasing temperature,

which makes the reaction process difficult to control (Figure 2.17).86.87
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Figure 2.17. Phase diagram of water.58

The main difference between hydrothermal and solid-state reactions lies
in the reactivity which is reflected in their different reaction mechanisms. Solid
state reactions depend on the diffusion of the raw materials at their interfaces,
whereas in hydrothermal or solvothermal reactions the reactant ions and/or
molecules react in solution. The difference of reaction mechanisms may lead to
different microstructure of the products, even if the same reactants are used.8¢
Although the hydrothermal method is versatile, one of the main drawbacks is
slow kinetics of solution/crystallization at any given temperature. In order to
accelerate the kinetics of solution/crystallization, one may use microwaves for

heating the solution, due to excellent coupling of the microwave to the water
molecules in the solution.®’
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Figure 2.18. (a) Commercial Milestone Ethos One apparatus for microwave-hydrothermal
synthesis. (b) Typical profile of the reaction parameters temperature, pressure and microwave

power during a microwave-assisted hydrothermal synthesis process during 30 min at 200 °C
and 14 bar.

Besides the characteristic microwave parameters of power and time, the
method of microwave-assisted hydrothermal synthesis involves additional
parameters such as the pH of the solution, the reaction temperature and
pressure. Therefore, more advanced synthesis technology is required to control

pressure and temperature in the subcritical region of water.

Typical commercial equipment used for microwave hydro-solvothermal

processing in this work is shown in Fig. 2.18. There are several companies that
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distribute microwave-hydrothermal synthesis equipment: Milestone, CEM,

Biotage and Anton Paar.

In the work presented a Milestone ETHOS One apparatus was used,
which is equipped with advanced reaction sensors, including direct
temperature and pressure control in a single reference vessel and contact-less
temperature and pressure control in all vessels.”? Autoclaves are made out of
Teflon, in which case the temperature and pressure are limited to 250 °C and
100 bars, or out of quartz (> 250 °C, 45 bars). The Milestone system releases only
the excess pressure from the vessel: “Vent-and-reseal” vessels (US Patent
5,270,010)°1. This ensures that there is no stress to the door of the microwave

system, as it could happen in the case of a vessel bursting (Figure 2.19).

(1) NN (2) (3) EEE
& [T==_O e ()

Figure 2.19. “Vent-and-reseal” Milestone technology: The “dome-shaped” spring is temporarily
flattened in case of overpressure (1), allowing the cap to lift-up (2) slightly and release the
pressure. Once the pressure has been released, the cap closes again (3), and the microwave

program can continue.”

In contrast to domestic ovens, dedicated microwave-hydrothermal
reactors feature a built-in magnetic stirrer, which is of great importance since
without proper agitation the temperature distribution within the reaction
mixture will not be uniform and the measured temperature will be dependent
on the position of the temperature sensor, i.e., stirring helps the system to avoid

“hot spots” .54

Microwaves couple directly with the reactants and solvent mixture,

leading to a rapid rise in temperature (Figure 2.20).
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Figure 2.20. Schematic of sample heating by microwave-hydrothermal method.”

When microwave irradiation is combined with the hydrothermal
method, an important factor is the choice of solvent.”> The coupling efficiency of
a solvent to the microwave determines the outcome of the reaction. The more
efficient the solvent couples to the microwave is, the faster the temperature of
reaction mixture increases. In a non-magnetic system there are two main
dielectric parameters related to the ability of a solvent, in most cases water, to
absorb microwave energy, which is commented in section 2.2.: (1) Dielectric loss

(e") and (2) dielectric constant (¢') of the solvent.3.7

At 245 GHz, all dielectric parameters strongly depend on the
temperature. As the temperature of the solvent increases, clear changes in the
dielectric parameters can be observed, and hence, its coupling efficiency
changes. A graphical representation of the temperature dependence of &' and &"

in several standard solvents is shown in Figures 2.21 and 2.22.7
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Figure 2.22. Dielectric constant vs Temperature.”

Solvents can easily be categorized into three different groups, examining
the values of the dielectric parameters. The high microwave absorbing solvents
exhibit dielectric losses higher than 14. Medium absorbers have dielectric loss
values between 1 and 14, and low absorbing molecules have less than 1 (Table

2.5)7
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Table 2.5. Dielectric constant and dielectric loss for common solvents, measured at room
temperature and 2.45 GHz. Reproduced from reference 7.

Solvent (bp °C) CEIE&?':{ i(f:,) Solvent Egaslescgllg
Water (100) 80.4 Ethylene Glycol | 49.950
Formic Acid (100) 58.5 Formic Acid 42.237
DMSO (189) 45.0 DMSO 37.125
DMF (153) 37.7 Ethanol 22.866
Acetonitrile (82) 37.5 Methanol 21.483
Ethylene Glycol (197) 37.0 Nitrobenzene 20.497
Nitromethane (101) 36.0 1-Propanol 15.216
Nitrobenzene (202) 34.8 2-Propanol 14.622
Methanol (65) 32.6 Water 9.889
NMP (215) 32,2 1-Butanol 9.764
Ethanol (78) 24.3 NMP 8.855
Acetone (56) 20.7 Isobutanol 8.248
1-Propanol (97) 20.1 2-Butanol 7.063
MEK (80) 18.5 2-Methoxyethanol |  6.929
2-Propanol (82) 18.3 DMF 6.070
1-Butanol (118) 171 o-Dichlorobenzene 2.772
2-Methoxyethanol (124) 16.9 Acetonitrile 2.325
2-Butanol (100) 15.8 Nitromethane 2.304
Isobutanol (108) 15.8 MEK 1.462
1,2-Dichloroethane (83) 10.4 1,2-Dichloroethane 1.321
o-Dichlorobenzene (180) 9.9 Acetone 1.118
Dichloromethane (40) 9.1 Acetic Acid 1.079
THF (66) 7.4 Chloroform 0.437
Acetic Acid (113) 6.2 Dichloromethane 0.382
Ethyl Acetate (77) 6.0 Ethyl Acetate 0.354
Chloroform (61) 4.8 THF 0.348
Chlorobenzene (132) 2.6 Chlorobenzene 0.263
o-Xylene (144) 26 Toluene 0.096
| Toluene (111) 2.4 o-Xylene 0.047
Hexane (69) 1.9 Hexane 0.038

Water has the highest dielectric constant (80.4) of the list of solvents, but
dielectric loss values are medium (¢" = 9.889, at room temperature and 2.45

GHz), so it should be classified as a medium absorber.

Microwave-hydrothermal synthesis has successfully been used for
materials ranging from binary metallic oxides, oxyhydroxides and ternary
oxides to more complex materials and structures such as zeolites or other

mesoporous materials. It is an effective method for producing nanoparticles
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and controlling the particle size through the nucleation and growth kinetics is

feasible. Bellow some selected examples are listed:

1. Binary metallic oxides can be synthesized in just a few minutes: ZnO,
CuO , PdO, CoO, MnO, TiO, CeOs, SnO,, HfO,, ZrO,, Nd203, In20s, T1hOs3,
Fe;Os, FesO4 and Mn3Oy4 are produced by microwave-assisted/ hydrothermal

synthesis, many of them nanometer sized.84 937

2. The synthesis of oxy-hydroxides is feasible: y-AIOOH nanoparticules,
a-FeOOH hollow spheres, or p-FeOOH architectures have been synthesized
using the microwave-hydrothermal method with close control of temperature

and pressure.” %

3. Furthermore, various ceramic perovskites have been synthesized by
this technique, for example KNbOs, ATiOs (A=Ba, Pb), NaTaO;8 100, 101 or
spinels such as ZnM>O4 (M = Al, Ga) or AFe;O4 (A=Zn, Ni, Mn, Co).102 103

4. In the last decade different structures of nanoporous materials, such as
zeolites, have been prepared by combining the hydrothermal synthesis with
microwaves. A review article published by G. A. Tompsett et al.,'% presents a
large number of these structures of aluminosilicates and aluminophosphates
synthesized by microwave-hydrothermal: MFI, Sodalite, NaY (FAU), LSX
(FAU), Analcime, Na-P1 (Gis), Ti-ZSM-5 (MFI), AIPO4, Toad, Cloverite,
MnAPO-5VAPSO-44, MnAPO-5, MCM-41, SBA-15, UDF-1, PSU-1.

The main advantage of the combination of these two technologies in
microwave-assisted hydrothermal synthesis may be the possibility to obtain

nano-particles via quick chemical reactions.

Here in this work, the technique of hydrothermal-microwave synthesis is
used for the first time to produce materials such as (a) nanosized rare-earth
doped cerias which have potential application in SOFCs, (b) BiFeO3; multiferroic

material, and (c) H2V3Os nanobelts for application in lithium batteries.
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©® EXPERIMENTAL TECHNIQUES

3.1. Introduction

Several instrumental techniques were used to characterize the
composition and crystal structure of the powder and bulk morphologies in
order to assess the powder quality and functionality of the materials
synthesized by the different microwave techniques. X-Ray diffraction (XRD)
was used for all samples in order to confirm the desired crystal structure. Other
techniques were employed according to the requirements to validate the
relevant parameters for applications. In general, the characterizations are
important to assess the usefulness of the microwave-assisted synthesis
techniques applied in terms of the possibility to obtain the correct crystal phase

and the desired physical properties relevant for potential applications.

3.2. Powder X-ray Diffraction & Rietveld Refinement

X-Ray diffraction (XRD) is a fundamental technique in solid state
chemistry. The most important use of the powder XRD method is the
qualitative identification of crystalline phases. Furthermore, a high quality XRD
pattern helps to quantify different phases presented in a sample, to refine unit
cell size, atom positions, to measure thermal coefficients and to study phase

transformations.!

Routine powder X-ray diffraction (XRD) patterns of all samples
synthesized in this work were collected on a SIEMENS D-5000 diffractometer,

using Cu Ka. The Cu source generates the X-ray beam at a wavelength of A =
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1.54056 A. The working conditions were typically 20 scanning between 5 - 90 °,
with a 0.04 ° step and a counting time of 1 s. Longer measurements were carried
out on a Philips X'Pert PRO ALPHA1 Panalytical B.V. diffractometer with Cu
Ka monochromatic radiation (A = 1.54056 A) equipped with a primary curved
Gelll primary beam monochromator and a speed X'Celerator fast detector,
operating at 45 kV and 40 mA. XRD pattern were collected in the 20 range of 5 -
120 © at room temperature with an angle step size of 0.017 ° and 8 s counting

time in order to ensure sufficient resolution for structural refinements.

Powder X-ray Thermodiffraction patterns were collected on an X'Pert
PRO MPD diffractometer with an Anton Paar HTK1200 camera, using Cu Kq
radiation. The standard working conditions were: 20 range of 10 - 120 ° with
angle step size of 0.033 ° and 25 s counting time. The diffractometers utilized are
located in the “CAI de Difraccién de Rayos X” at the Universidad Complutense
de Madrid.

High-resolution synchrotron X-ray powder diffraction patterns were
collected at the SpLine beamline (BM25A) of the Spanish CRG at the European
Synchrotron Radiation Facility (ESRF, Grenoble)? with a fixed wavelength of A
= 0.49684897A (24954.112 eV) at room temperature.

Figure 3.1. Loaded capillary stuck attached to the holder base. Zoom: 0.5 mm diameter
capillary.

60



(@ Ll GWel CXPERIMENTAL TECHNIQUES

The radiation generated is of high brightness and high intensity, many
orders of magnitude more than X-ray laboratory source. Furthermore, there is a

wide choice of wavelengths available.

Powdered samples were placed inside a 0.2 - 0.5 mm diameter capillary
(Figure 3.1.), which were rotated during exposure. Data were collected in a
continuous 20-scan mode from 3° to 30°. Fullprof software?® was employed to
carry out structural refinements from both conventional and synchrotron XRD
patterns using the Rietveld method. This method of refining powder diffraction
data was used for refining several parameters:* > Zero shift, lattice parameters,
background, peak width, shape and asymmetry, atomic positions and isotropic
temperature factors. Thompson-Cox-Hastings pseudo-Voigt functions ¢ with
convoluted axial divergence asymmetry were used to describe the peak shape.
Linear interpolation between a set of background points with refinable heights
was used to determine the background. All values were refined to improve the
agreement factors: weighted profile R-factor (Rwp), expected R factor (Rexp), R
Bragg and goodness of fit (x?). Smaller error index values indicate a better fit of

a model to the data.”

3.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) uses a focused electron probe to
extract topological and chemical information from a region of interest in the
sample. The high spatial resolution of an SEM makes it a powerful tool to
characterize a wide range of specimen at the nanometer to micrometer length
scales.® The SEM allows both, wide angle images and high resolution spot
analysis. This technique has a large depth of field, which allows a large amount

of the sample to be in focus at one time.?

Because the SEM utilizes vacuum conditions and uses electrons to form
an image, special preparations must be done to the sample. All water must be

removed from the samples so it is necessary to dry each samples at 80 °C for
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some hours. The sample surface has to be conductive and therefore all non-
conducting samples needs to be covered with a thin layer of conductive

material (gold or graphite) using a dc sputter coater using Argon gas.

It is possible to work in two different modes: (1) Secondary electron

mode and (2) Backscattered electron mode.

Secondary electron imaging is more surface sensitive and has greater
spatial resolution. The escape depth of backscattered electrons is greater than
that of secondary electrons, consequently resolution of surface topographical
characteristics may suffer. On the other hand, backscattered electrons have the
advantage that they are sensitive to the atomic mass of the nuclei they scatter
from. As a result, heavier elements which backscatter more efficiently appear
brighter than lighter elements in a backscattered electron image.'® A secondary
electron image mainly displays topological contrast, whereas a backscattered

electron image shows mainly elemental contrast.

Here in this work all samples investigated were sputter coated with Au
using a EMITECH K550 apparatus and field-emission scanning electron
microscopy (FE-SEM) was carried out by using a JEM 6335 F electron
microscope with a field-emission gun operating at 10 kV and equipped with a
LINK ISIS 300 detector for energy-dispersive analysis of X-rays (EDAX). The
microscope is located at the “ICTS Centro Nacional de Microscopia Electrénica”

(Universidad Complutense de Madrid).

3.4. Transmission Electron Microscopy (TEM)

A Transmission Electron Microscope (TEM) utilizes energetic electrons to
provide morphologic, compositional and crystallographic information from
thin samples. Electrons pass across the sample,'! some fraction of them will be
scattered to particular angles, determined by the crystal structure of the sample.

As a result, the image on the screen of the TEM will be a series of spots —the
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Selected area electron diffraction SAED pattern, where each spot corresponds to
a satisfied diffraction condition of the sample's crystal structure and indicates a
crystallographic direction.!? It is possible to perform microdiffraction where the
convergence angle is smaller (<0.01°), which provides additional information,

such as the symmetry of the lattice.

High-Resolution transmission electron microscopy (HRTEM) is a
powerful tool in imaging defects. It shows directly a two-dimensional
projection of the crystal with atomic resolution. The diffraction pattern
corresponds to the Fourier transform of the periodic potential of the electron

clouds associated to individual atoms in two dimensions.!?

Samples for TEM techniques were prepared by ultrasonic dispersion of
the powder in n-butanol. Drops of this dispersion were deposited on a carbon-
coated copper grid to form a thin layer which would be electron transparent.
JEOL 2000FX and JEOL Jem 2100, equipped with a LINK ISIS 300 analyzer have
been used for selected area electron diffraction (SAED). HRTEM was performed
using a JEOL 3000F TEM yielding a resolution limit of 1.1 A. Images were
recorded with an objective aperture of 70 um centered on a sample spot within
the diffraction pattern area. Fast Fourier Transforms (FFTs) of the HRTEM
images were carried out to reveal the periodic image contents using the Digital
Micrograph package.'# The exit wave has been reconstructed from the focal
series using the IWFR software!®. The microscopes used are located at the “ICTS

Centro Nacional de Microscopia Electrénica” (Universidad Complutense de

Madrid).

The experimental HRTEM images were also compared to simulated
images using MacTempas software.'® Such computations were performed using
information from the structural parameters obtained from the Rietveld
refinement, the microscope parameters such as microscope operating voltage
(300 kV) and spherical aberration coefficient (0.6 mm), and the specimen

parameters such as zone axis and thickness. The defocus and sample thickness
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parameters were optimized by assessing the agreement between model and

data.

3.5. Electron Energy Loss Spectroscopy (EELS)

EELS measures the changes in the energy distribution of an electron
beam transmitted through a thin electron transparent specimen. Each type of
interaction between the electron beam and the specimen produces a
characteristic change in the energy and angular distribution of scattered
electrons. The energy loss process is the primary interaction event.l” This

technique helps to determine oxidation states of atoms.

EELS studies were performed in a Philips CM200FEG electron
microscope (point resolution ~ 0.23 nm, acceleration voltage of 200 kV),
equipped with a Gatan Image Filter GIF200 spectrometer (energy resolution =
0.70 eV). All the experiments were performed at the “ICTS Centro Nacional de

Microscopia Electrénica” (Universidad Complutense de Madrid).

3.6. Thermal Analysis

Thermogravimetric Analysis (TGA) measures the amount and rate of
change in the weight of a material as a function of temperature and time in a
controlled atmosphere. Measurements are used primarily to determine the
composition of materials and to predict their thermal stability at temperatures
up to 1000 °C. The technique can characterize materials that exhibit weight loss
or gain due to decomposition, oxidation, reduction or dehydration.!®
Differential Thermal Analysis (DTA) measures the temperature difference of
the sample versus a reference, caused by thermal events in a material. It
provides similar information to differential scanning calorimetry (DSC). DTA
usually complements TGA with detailed information on phase transitions. Both

analyses were carried out in a TA Instruments apparatus (SDT Q600 model)
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located in the Departamento Quimica Inorganica I (Universidad Complutense

de Madrid).

The oxygen content of certain samples was determined by using
thermogravimetric analysis (TGA) on a Cahn D-200 electrobalance on samples
of about 50 mg in a H> (200 mbar)/He (400 mbar) atmosphere heating until
700°C at 5 °C/min ratio. The apparatus is located in the Departamento Quimica

Inorganica I (Universidad Complutense de Madrid).

Specific Heat Capacity (Cp) corresponds to the quantity of heat required
to raise the temperature of a substance. C, measurements were performed on a
thermal analyzer NETZSCH STA 449 F3 Jupiter located in the CRISMAT -
CNRS laboratories (Caen, France).

3.7. Raman Spectroscopy

Raman spectroscopy helps to determine the chemical structure of a
sample and identify different phases present by measuring molecular
vibrations, similar to Fourier Transform Infrared Spectroscopy (FTIR).
However, the Raman method yields better spatial resolution and enables the
analysis of smaller samples. Raman spectroscopy as such is based on the
inelastic scattering of monochromatic light laser when the frequency of photons
changes upon interaction with a sample. The photons of the laser light are
absorbed by the sample and subsequently reemitted. The frequency of the
reemitted photons is shifted up or down in comparison with the original
monochromatic frequency, which is known as the Raman shift. The Raman shift

provides information about vibrational and rotational energies of molecular

bonds.1?

Raman spectroscopy was carried out at room temperature on sintered
and polished pellets using a WITec Alpha-300R confocal Raman microscope

with a 532 nm laser. At least 20 measurements were done in different points of
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the samples studied to investigate the possible presence of secondary phases.
The instrument is located at the Instituto de Ceramica y Vidrio, ICV-CSIC,
Madrid.

3.8. Fourier Transform Infrared Spectroscopy (FTIR)

In FTIR analysis, a spectrum of molecular vibrations is obtained in order
to identify or characterize different materials, similar as for Raman
spectroscopy. For infrared spectroscopy, samples were analyzed by grinding
and mixing the powder sample together with potassium bromide and pressing
the mix into a disc. The choice of KBr is due to its wide spectral range. This salt

is transparent from the near ultraviolet to long-wave infrared wavelengths.

Infrared (IR) spectra of a KBr pellet (= 150 mg), containing approximately
2 mg of sample dried previously at 80 °C were recorded by using an FTIR
Thermo-Nicolet 200 spectrophotometer in the 4000-400 cm! frequency range.
This apparatus is lacoated in the Departamento Quimica Inorganica I

(Universidad Complutense de Madrid).

3.9. Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES)

Inductive Coupled Plasma (ICP) spectroscopy can quantitatively
measure the elemental content of a material from the ppt to the wt% range. The
only elements that cannot be measured by ICP methods are C, H, O, N and the
halogens. Solid samples are dissolved in a liquid, usually an acidic aqueous
solution. The sample solution is then sprayed into the core of and inductively
coupled argon plasma, which can reach temperatures of approximately 8000 °C.
At such high temperature, the species under investigation are atomized, ionized
and thermally excited, and they can then be detected and quantified with either

an optical emission spectrometer (OES).20
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An inductively coupled plasma optical emission spectrometer with axial
and radial viewing plasma configuration (ICP-OES Perkin-Elmer Model
Optima 3300 DV) operating at a 40 MHz free running ratio-frequency and
provided with a TRACYC44 autosampler (Perkin-Elmer) was utilized to
determine the vanadium content of certain samples. The ICP-OES spectrometer
is located at the “CAI de Técnicas Geolédgicas” (Universidad Complutense de

Madrid).

3.10. Specific surface area (SSA) measurements by the Brunauer,
Emmett and Teller method (BET)

SSA measures the surface area of a powder. There are several techniques
to measure it. The most common is the Brunauer, Emmett and Teller (BET)
method.?! The theoretical concept of this technique is an extension of the

Langmuir theory considering multilayered gas molecule adsorption.??

Nitrogen adsorption-desorption isotherms were recorded using a
Micromeritics ASAP 200 surface analyzer at 77 K. Prior to measurement the
powder samples were placed in a glass cell and heated in vacuum at 110 °C for
180 minutes in order to achieve the removal of water and other contaminants by
degassing, which is essential to facilitate accurate surface area determination.
The BET analysis port was cooled by immersion into a liquid nitrogen dewar in
order to maintain constant temperature of 77 K during measurement. Such low
temperature is required to ensure sufficient interaction between the gas
molecules and the surface of the sample for measurable amounts of adsorption
to occur. Nitrogen adsorption layers are formed on the particle surfaces, the
sample is removed from the nitrogen atmosphere and the release of the
adsorbed nitrogen is quantified during heating. The data collected are
displayed in the form of BET isotherms, which plot the amount of gas adsorbed

and desorbed as a function of the relative pressure. This apparatus is located in
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the Departamento Quimica Inorganica I (Universidad Complutense de

Madrid).

3.11. Magnetic properties

Magnetic properties were measured in a MPMS-SQUID (Magnetic
Properties Measurement System- Superconducting Quantum Interference
Device), Quantum Design. This instrument is based on the tunneling of
superconducting electrons across a narrow insulating gap, between two

superconductors.?

The temperature dependence of the magnetization was recorded
according to the following protocol: First the as-prepared samples were cooled
from room temperature (RT) down to 2 K with no applied field, the Zero Field
Cooled (ZFC) temperature dependent magnetization was then measured in an
applied field H = 0.1 T while increasing the temperature. Subsequently, the
samples were demagnetized at RT and cooled down again with an applied
magnetic field of 0.1 T. Finally, the Field Cooled (FC) magnetization was
recorded with an applied magnetic field H = 0.1 T. Magnetization vs magnetic
field measurements were carried out in the ZFC mode at constant temperature.
When the required temperature is stable, the magnetic field is increased until 5
T and then decreased until - 5 T. Finally, the field is returned to the initial zero

condition to close the loop.

All the magnetic measurements were performed at the “CAI de medidas
fisicas” (Universidad Complutense de Madrid), with the exception of the
Ba12MnsO1¢ samples, measured in CRISMAT - CNRS laboratories (Caen,

France).
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3.12. Thermal conductivity

Thermal conductivity (M) is an intrinsic property of a material which
relates its ability to conduct heat. A is defined as the quantity of heat transmitted
through a unit thickness in a direction normal to a surface of unit area due to a
unit temperature gradient under steady state conditions and the heat transfer

only depends on the temperature gradient.? 2

To measure the thermal conductivity it is necessary to know different

sample parameters: Thermal diffusivity (a), Specific Heat (Cp) and density (p).
AT) =a(T) - Cp(T) -p(T) [31]

For measuring the thermal diffusivity, a sintered pellet was positioned
on a LFA 447 NanoFlash NETZSCH sample robot, located in a small furnace.
This furnace is then held at a predetermined temperature. At this temperature
the sample surface is then irradiated with a programmed energy pulse (laser
flash). This energy pulse results in a homogeneous temperature rise at the
sample surface. The resulting temperature rise of the rear surface of the sample
is measured by a high speed IR detector and thermal diffusivity values are
computed from the temperature rise versus time data. This apparatus is located

in the CRISMAT - CNRS laboratories (Caen, France).

3.13. Seebeck coefficient & Electronic Conductivity

The Seebeck coefficient (S) is related to the thermoelectric effect, where a
temperature difference (AT) between two points in a conductor or

semiconductor results in a voltage difference (AV) between these two points.26-28
S=AV/AT [3.2]

The sign of the Seebeck coefficient depends on the type of charge
carriers. If the dominant carriers are electrons, S will be negative. If the

dominant carriers are holes S will be positive.
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Electrical conduction occurs by the long range migration of either
electrons as a response to an applied electric field (voltage). Furthermore, in
electrically insulating materials the possibility exits than mobile ions move
across the material as a response to the applied electric field. For any material

and charge carriers, the specific conductivity is given by:
0 =2;n;el [3.3]

where n; is the number of charge carrier of species (i), ei is their charge
and pi their mobility. For electrons and monovalent ions, e is the elementary
charge of an electron (1.6- 101° C).! Typical conductivities for a range of

materials are given in Table 3.1.

Table 3.1. Typical values of electrical conductivity?

Material o (ohm™ cm?)

Ionic crystals <1018 -104
Ionic conduction
Solid electrolytes 103 - 101

Metals 10t - 10°
Electronic conduction Semiconductors 105 - 102
Insulators <1012

The inverse of conductivity is called resistivity (p).
o=1/p [3.4]

For a given material, the resistance is inversely proportional to the cross-

sectional area.
R =p (d/A) [35]

Where R is the resistance of the material, d is the electrode distance, A is
the cross-section area of the conductor measured. The electrical resistivity of a

material is most commonly measured in ohm-centimetres (Q - cm).
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Low temperature measurements (from 125 to 320 K) of electrical Seebeck
coefficient were performed in a Physical Properties Measurements System
(PPMS Quantum Design) using an adequate probe and a bar sintered sample
(Figure 3.2a). High temperature measurements (from 330 to 625 K) of Seebeck
coefficient and electrical resistivity have been carried out with a Seebeck
Coefficient / Electric Resistance Measuring System (ZEM-3), as shown in Figure
3.2b. Both apparati are located in the CRISMAT - CNRS laboratories (Caen,

France).

(a)

sample

Figure 3.2. (a) PPMS probe for measuring Seebeck coefficient at low temperature. (b) ZEM-3
Seebeck Coefficient / Electric Resistance Measuring System.

3.14. Impedance Spectroscopy

Impedance spectroscopy (IS) is a powerful technique that enables the
many contributions to the dielectric and resistive properties of electroceramic
materials to be deconvoluted and characterized separately. The charge
transport mechanism and the macroscopic dielectric constant in polycrystalline

materials commonly consist of several contributions such as sample-electrode
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interface, grain boundary and bulk resistance/capacitance. In order to gain
precise understanding of the functionality of polycrystalline electroceramic
materials it is essential to deconvolute these contributions.?? AC impedance

measurements are typically performed over a wide range of frequencies: 10-2 to

107 Hz.

IS data are often obtained in the complex impedance notation Z* (= Z" +
iZ"), i.e. real and imaginary part of the complex impedance at each frequency
are measured separately. For data interpretation it can be useful to transform
the data into the modulus (M¥), capacitance (C*), admittance (Y*) or dielectric
(e*) notation.?” Conventionally, different dielectric relaxations in an impedance
spectrum correspond to different regions of a ceramic sample. Ideal dielectric
relaxations are usually characterized by a resistor and a capacitor in parallel, i.e.
the well-known RC - element.3? The following classification scheme (Table 3.2.)
has been proposed by Irvine, Sinclair and West3? to identify the origin of a

dielectric relaxation according to its capacitance ( C = &, €’) of the RC element.

Table 3.2. Capacitance values and their possible interpretation.3?

Specific Capacitance (F/cm) | Origin of the RC element

1012 Bulk
1011 Minor secondary phase

1011 -108 Grain boundary

10-10-10° Bulk ferroelectric

10 - 107 Surface layer

107 -105 Sample - electrode interface
104 Electrochemical reaction

The most common used model for impedance spectroscopy data analysis
is the so-called the Brick Work Layer model (Figure 3.3.), where it is assumed
that a polycrystalline sample, contacted with appropriate electrodes, consists of
several distinct regions, dominated by (1) grain boundary (GB) effects, (2)
electrode sample interface and (3) grain interior properties. In order to account
for potentially different dielectric and resistive behaviour in GBs compared to

bulk regions, it is required that all GB areas across the sample show similar

72




(@EVoliowcl EXPERIMENTAL TECHNIQUES

properties, such that they can be averaged by a single equivalent circuit
component, and that GBs show distinctively different properties compared to

grain interior regions or other contributions to allow discrimination.?’

Impedance Spectroscopy was carried out on sintered pellets with dc
sputtered Au electrodes between 150 - 550 K using a Novocontrol Alpha-A
High Performance Frequency Analyzer equipped with a liquid nitrogen cooled
sample chamber. A 100 mV amplitude alternating voltage signal was employed
and the data were recorded between 0.5 Hz - 3 MHz in terms of the real and
imaginary parts of the impedance (Z' - Z"). The analyzer is located in the
Departamento Fisica Aplicada III, Facultad de CC. Fisicas, GFMC (Universidad
Complutense de Madrid).

(a)

(b) e R1
= VM
Cc2 C1

Grain Boundary Bulk

Figure 3.3. Brick work layer model 3! (a) Ceramic grains are represented schematically by cubes
(solid lines). The bulk areas are represented by smaller grey cubes. The surrounding grain
boundary areas are colourless. (b) Idealized equivalent circuit model to account for GB and bulk
dielectric relaxation processes.

3.15. Electrochemical characterization

Electrochemical characterization of microwave - hydrothermally
synthesized H>V3Os for battery applications was performed in a CR2032 coin

cell to investigate the lithium insertion and deinsertion reactions.
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The battery performance is based on the spontaneous chemical reactions
taking place by a process of charge transfer (redox process). During battery
discharge, electrons flow from the negative electrode (anode) to the positive
electrode (cathode) and this provides energy.3? One of the most important
quantities to determine the technological use of a battery is the potential
difference between the electrodes (E) since it measures the tendency of the
system that the electrochemical process occurs. The potential is related to the

free energy change of the process (AG) through the Nernst expression (eq. 3.6):
AG=-nFE [3.6]

Where n is the number of moles of active species involved in the reaction
and F the Faraday constant (96485.3 C mol). The above equation is strictly true
only when no current flows through the cell. Another characteristic parameter
is the specific capacity of a battery (C), which gives an idea of the amount of
electrons (or power) flowing through the external circuit during the

electrochemical reaction. C is calculated by:
C=nzF/W [3.7]

Where z is the number of electrons transferred per mole of the active
species and the molecular weight W thereof. The capacitance of batteries is

usually expressed in units of mAh -g-1. 33-3%

A lithium foil was used as the negative electrode, while the prepared
material serves as the positive electrode. The material was dried at 80 °C and
manually mixed with carbon black and a binder agent (Kynarflex)ina75:20:5
weight ratio. Pellets of 8 mm diameter containing typically 11 - 14 mg of sample
were formed by uniaxial pressing. A 1M LiPF6 solution in EC:DMC (1:1) was
used as the electrolyte (commercial battery electrolyte LP30, Selectipure). Cells
were run using a MacPile II system. Galvanostatic experiments at constant
current corresponding to different C/n discharge rates (n stands for the number
of hours needed to insert 1 Li/f.u.) were carried out to characterize the response

of the electrode material. Experiments close to equilibrium were carried out
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using the potentiostatic intermittent titration technique (PITT) at 25 °C by
changing the potential in intervals of £10 mV every 12 h. All the electrochemical
experiments were carried out in the Departamento de Quimica, Facultad de

Farmacia (Universidad San Pablo CEU).
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4.1. Introduction

The synthesis of mixed-metal oxide materials is traditionally performed
in a conventional high temperature furnace following the standard ceramic
route. It is perfectly feasible though to perform the synthesis by a solid state
microwave route, as was previously explained in Chapter 2.6.1. The focus of this
chapter is on solid state microwave synthesis and characterization of different
oxide materials with two common structures, ABO; perovskites and A>B>O7

pyrochlores.

The perovskite is probably the most studied structure in materials
science. The mineral perovskite is CaTiOs, although the ideal, aristotype
structure (the highest symmetry, Pm-3m, #221 cubic form) is adopted by SrTiOs
under ambient conditions. The perovskite structure can be described as A
cations surrounded by twelve anions (oxygen in this work) in cubo-octahedral
coordination and B cations surrounded by six anions in octahedral
coordination. The anions are coordinated by two B-site cations and four A-site
cations (Figure 4.1). The large A cations and O-anions, are cubic close packed,
with the smaller B cations occupying the octahedral holes between the O-

anions.!

It is possible to have perovskites with different sets of cations: A*B5*O;
(i.e. NaNbOs), AZ*B+Os (i.e. SrTiOs) and A3*B3*Os (i.e. GdFeOs) or the special
case of A -site vacancies B®*O; (i.e. ReOs). Furthermore it is possible to have
multiple combinations of these like bronzes AxBO; (i.e. Nao23BOs) with partial

A - site vacancies or double perovskite AA’BB’Og (i.e. Sr2FeMoOg).!
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Figure 4.1. The ideal ABO; perovskite structure showing the octahedral coordination of the B-

site cation.

All the microwave-synthesized perovskite materials presented in this
chapter are included in the set of cations A3*B3*Os. The structure exhibits some
flexibility and can accommodate smaller A-site cations than might be expected
on the basis of tabulated radii: the B-O-B bond angles can be within a certain
range, giving concerted tilting patterns of the (BOs) motifs to bring oxide ions
closer to the A site.? This degree of distortion may be predicted to some extent

using simple geometric parameters, such as the Goldschmidt tolerance factor

(£):°

t=(r+ rﬂjfw,“'f[rﬂ + 15) [4.1]

where ra, 18 and ro are the ionic radii of the respective ions. The ideal
cubic structure has ¢ = 1. This is the case for SrTiOs, where ra = 1.44 A, 15 = 0.605
A and ro = 1.40 A. If the A cation is smaller than the ideal value the tolerance
factor is smaller than 1. As a result, the [BO¢] octahedral will tilt in order to fill

space. The cubic perovskite structure occurs if 0.89 < t < 1. Lower values of ¢
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will lower the symmetry of the crystal structure, for example to an
orthorhombic symmetry. On the other hand, if the value is larger than 1,

hexagonal variants of the perovskite structure are stable.4-¢

Pyrochlore materials take their name from the mineral NaCaNb,OsF
pyrochlore. This is a crystal structure type that may be understood in several
ways. One possibility is to describe it as an anion-deficient fluorite lattice, in
which 1/8 of the anions are removed in an ordered manner (Figure 4.2a), such
that one half of the cations maintain their coordination number of 8 (albeit
distorted) and the other half have a lower coordination number of 6 (regular
octahedral). The parent structure is an F-centered cubic lattice with space group
(S.G): Fd-3m (# 227) and cell parameter a = 10 A, corresponding to the double
of the fluorite parameter. A - cations are located on 16d eight-coordinated sites
while B - cations are located on 16c six-coordinated sites. The O%* anions are

located on two different sites:

1) four-coordinated 48f positions with two A - cations and two B - cations as the
nearest neighbours.
2) four-coordinated 8b sites with four A cation as nearest neighbors. The oxygen

vacancies are four-coordinated 8a sites surrounded by four B cation neighbours

(Figure 4.2b and 4.2¢).

The structure may similarly accommodate various charged combinations
of A and B site metals, with (A3*)2(B4*)207 (i.e. Gd2Zr20y7) and (A2+)2(B?*)207 (i.e.
Ni2Sb20Oy7) being the most common possibilities in oxide pyrochlores. In these
materials the two most important crystal defects are (i) cation antisite, and (ii)

anion Frenkel defects.

Cation antisite defects essentially consists in a positional exchange of an
A3 for a B** cation, whereas Frenkel anion disorder proceeds when a 48f site

oxygen ion is displaced to an 8a interstitial vacancy site, thus leaving the 48f site

emptY. 7-10
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(a) (b)

Fluorite Pyrochlore

Figure 4.2. Different views of the A;B>OsO’ pyrochlore structure showing the relationship
between (a) the fluorite and (b) the pyrochlore structures in which one octant of the pyrochlore
unit cell is shown by the dotted cube, (c) octahedral connectivity of (BOs) units with A sites and
O’ anions as “extra-framework ions”. A metals are shown as purple spheres, B metals as green
spheres, the O atoms as yellow spheres and the O’ atoms as orange spheres. The unit cell is
shown by the full line in each view. A metals are shown as purple spheres, B metals as green
spheres, the O atoms as yellow spheres and the O” atoms as orange spheres. Reproduced from
Modeshia et al.2

4.2. LaMO3 and Lai1xA’xMOs (A’ = Sr, M = Al, Cr, Mn, Fe, Co)

Lanthanum perovskites (LaMO3) containing metals of the first transition
series (M) are appealing functional materials because of their immense
technological potential: some of them are used as components for solid oxide
fuel cells (SOFCs), others are efficient catalysts, some are used as membranes
for separation processes or as gas sensors in automobiles, several show
magneto-optic or magnetoresistance properties. Moreover some of these
materials, where different properties coexist, are multifunctional.!4 In the case

of LaAlQO; it is a well-known substrate for depositing superconducting thin
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films because of its excellent lattice and thermal expansion matching with 1-2-3
superconductors.' Furthermore, LaCoOs is regarded as a model compound for
many cobaltites in terms of the thermally induced spin-state transition, which

has triggered a great deal of fundamental research into this compound.1>-1”

LaCoOs3

LaCoOs exhibits a magnetic spin-state transition due to the crystal field
splitting of the octahedral Co d-electron energy levels into tg and eg levels
where the energy gap between tog and eg levels is only marginally larger (~ 80
K) than Hund’s coupling energy. This small energy difference can be overcome
by thermal activation, and Co3* tyg electron(s) can transfer into the eg level
above Tq =~ 80 K. The compound was suggested to adopt a diamagnetic low-
spin (LS) state below Ts1 (S = 0, t2g® e¢”) and an intermediate-spin (IS) state (S=1,
t2g® egl) above. Alternatively, a high-spin (HS) state above Ts has been
suggested as well (S = 2, tag* e4?).18-20 Both, IS and HS models cannot correctly
describe the magnetic susceptibility in LaCoO; and large controversy in the

literature has arisen over the validity of the IS or HS models.?!

Co3* ; 3d°
A A A
eg K ——
,,’ A
3d
('I
t\\\ N A A A A a
2q "
’ v v Vv
LS HS IS
S=0 S=2 S=1

Figure 4.3. Electron energy levels of the LS, IS, and HS states in LaCoOs with 3d¢ Co®* electron
configuration.Reproduced from Schmidt et al.2
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All LaMOs materials are usually synthesized by the traditional solid state
method at high temperatures (>1000 °C) for extended periods (> 24 h), and by
means of other chemical methods, such as sol-gel,? 2* citrate complexation
route,?2¢ combustion,?? hydrothermal®-3! and sonochemistry3?, but their
synthesis using microwave radiation in a reproducible way is quite scarce and

just a few authors have reported partial studies.33 34

4.2.1. Synthetic aspects

In this work, the LaMOs family was synthesized starting from metal
nitrates precursor materials. The equimolar amounts of metal nitrates were
weighed according to the nominal composition of LaMOs (M = Al, Cr, Mn, Fe,
Co) and mixed with 5 % weight of carbon black, which can enhance microwave
absorption. The mixtures were mechanically homogenized and compacted in
pellets of 12 mm diameter. The pellets were placed in a porcelain crucible,

which were again placed inside another larger one stuffed with mullite.

LaCoO; and LaMnO; materials are directly obtained after 30 minutes of
irradiation. On the other hand, LaAlOs;, LaCrOs; and LaFeOs need to be
irradiated by microwaves for 30 minutes and, heated afterwards in air in a
conventional furnace for 2 hours at specific temperatures (500 °C for LaFeOs;,
800 °C for LaCrOs and 1000 °C for LaAlOs). To prepare doped materials, such
as LaosSro2FeOs; and LaosSro2FeosCoos0s, it is necessary to combine the
described microwave method with the sol-gel methodology. The sol-gel process
followed is similar to that reported by Liu et al*>. The equimolar amounts of
metal nitrates are dissolved in distilled water and a saturated polyvinyl alcohol
(PVA) (Fluka, 98%) solution is added as the complexing agent. The amount of
PVA added is such that the ratio of total number of moles of cations to that of
PVA was 1:2. Then the final solution is heated at 80 °C for 3 h to remove water
and a viscous solution (gel) is formed. This gel is irradiated by microwaves
during 30 minutes. The resulting polymeric and sponge-like-precursor is then
calcinated in air at 500 °C for 2 hours in order to decompose the organic

remnants, rendering a black powder as final product.
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The scheme of the synthesis is summarized in Figure 4.4.:

M= Mn, Co
\

La(NO,);-6H,0 + “ Mw
(a) M(NO;);-xH,0 + LaMO,
5 % black carbon "
MW CALANATION

M= Al, Cr, Fe

.
La(No;)s'GHzo + |
(b) | MINOs);xH,0 + SOL-GEL MW CALCINATION L30,85702F€0345
H,0+PVA J Lag 3Srq.2Feg sC0p 50345

-

Figure 4.4. Microwave routes followed to produce different lanthanum perovskites.

The fact that 30 minutes of microwave irradiation are sufficient to get
pure and crystalline LaMnO; and LaCoOs; materials without any additional
thermal treatment seems to be due to the metallic character of LaMnO3 and
LaCoOs. The first LaMnOs and LaCoOs clusters formed from the precursors
may act in a similar way as the black carbon added as susceptor: the first
metallic clusters produced do scatter the radiation and speed up the reaction

until completion.

The microwave heating does not proceed in the same way for LaMO:;
(M= Al, Cr, Fe), mainly due to their semiconducting character, and an
amorphous material is obtained after 30 minutes of microwave irradiation.

Figure 4.5. shows an example of the X-ray diffraction pattern evolution for

LaFeO:s.

On the other hand, for LaosSro.FeOs and LaosSro2FeosCoos03 the
microwave heating proceeds in an even more complicated way as for the other
samples, and even longer times of microwave irradiation (up to 2 hours) do not
yield crystalline materials. Obviously, this synthetic route is not successful for
doped LaMOs materials, and another intermediate step is necessary such as the

preparation of a gel.
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LaFeO, (2 h, 500 °C)

(b)

Amorphous product (30 min MW)

10 20 30 40 50 60 70 30 920

26 (%)

Figure 4.5. a) X-ray diffraction patterns of (a) Amorphous La-Fe-O product obtained after 30
min microwave irradiation (b) Crystalline LaFeOs; synthesized after calcination of the
previously amorphous powder during 2 h at 500 °C.

4.2.2. Structural characterization

The X-ray diffraction (XRD) patterns of all simple LaMO; perovskites -
shown in Figures 4.6- exhibit the basic reflections corresponding to the
perovskite structure and all the Bragg reflections of the materials can be
indexed by comparison with the respective JCPDS cards. LaCrOs;, LaMnO; and
LaFeO; all crystallize in the Pnma space group and a displacement of the main
peaks towards lower angles can be observed by comparison of the XRD
patterns. This is the expected trend, taking into account the respective high spin
ionic radii VICr®*: 0.615 A, VIMn3* I15]: 0.65 A, and VIFe3* [H5]: 0.645 A.3 LaAlO;
and LaCoO; crystallize in the R3c and R-3c (hexagonal setting) space groups,
respectively. The diffraction patterns of the doped and undoped Fe - containing
perovskites are shown in Fig. 4.6b. It can be observed that the diffraction
maxima shift to higher angles, which corresponds to smaller lattice parameters,

in contrast to the expected shift from the respective ionic radii of VI"La3* 1.18 A
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and VISr2+ 1.25 A, This can be explained by taking into account the presence of

some Fe** induced by doping. It is worth noting that the doped samples remain

nanocrystalline, as can be inferred from the width of the diffraction maxima if

compared to the undoped ferrite.

Rietveld analysis has been performed to refine the respective crystal

structures and Figure 4.7 shows the observed and calculated diffraction

patterns. The results obtained for LaMOs (M = Al, Cr, Fe and Co) concerning

cell parameters and atoms positions are in good agreement with the values

reported in the literature.3”*3 The fits all showed reasonable errors as indicated

by the R-factors which are summarized in Table 4.1a and Table 4.1b.
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Figure 4.6. a) X-ray diffraction patterns of undoped lanthanum perovskites. b) X-ray diffraction
patterns of doped - lanthanum ferrites and LaFeOs. The increased width of the reflexions in the
doped samples shows that the particle size is in the nanometric range.

Only for the lanthanum manganite the R-factors are relatively high, and
further Rietveld analysis showed the coexistence of two different phases
crystallizing in the R-3c and Pnma space groups, in agreement with the
observations made by Wold and Arnott in 1959.44 They suggested that a phase
transition takes place from orthorhombic to rombohedral structure at ~ 600 °C.
It is worth to note that the literature is plenty of data concerning lantanum
manganites, doped or not, and there is general agreement about the intrinsic
complexity of these materials where different features may exist: Mn3*/ Mn#**
mixed valence and oxygen hyperstoichiometry due to cationic vacancies and
different symmetries.*> It has been demonstrated that the common notation
“LaMnOs+5”, which would indicate an excess of interstitial oxygen in the lattice,
does not represent the correct unit cell, which should be written as La1--Mn1-:O3
(with & = 8/[3+0]), a notation which indicates a fully occupied oxygen lattice,

showing, however, cation vacancies.*> 46

o
=]

88



(@I el WS SOLID STATE - MICROWAVE SYNTHESIS

Table 4.1a. Structural parameters for rhombohedral lanthanum perovskites obtained by solid
state microwave synthesis.

LaAlOs LaCoOs LagsSro2Feg5C00503
a=b(A) 5.36116(6) 5.44315(2) 5. 4818(1)
¢ (A) 13.13391(8) 13.09436(6) 13.2751(3)
La position 6a 2a 2a (La/Sr)
M position 6b Al 2b Co 2b (Fe/Co)
O position 18e be 6e
x 0.5276(3) 0.549(1) 0.547(1)
x> 1.82 3.71 2.10
Rwp / Rexp (% / %) 6.51 / 4.83 429 /223 3.81/ 2.63
RBragg 2.20 2.51 478
Space Group R3c (#161): 6a (0 0 Ya), R-3c (#167): 2a (0 0 4), 2b (0 0 0),
6b (00 0), 18e (x 0 a) 6e (x 0 %)

Table 4.1b. Structural parameters for orthorhombic lanthanum perovskites obtained by solid
state microwave synthesis.

LaFeOs3 LaMnOs * LaCrOs LaosSro2FeOs
a (A) 5.56304(4) 5.4858(2) 5.4790(1) 5.5511(1)
b (A) 7.85346(4) 7.7907(2) 7.7616(2) 7.8223(1)
c (A) 5.55623(4) 5.5390(4) 5.5164(1) 5.5263(1)
La position 4c
X 0.0281(5) 0.5179(5) 0.0178(2) 0.0121(3)
z 0.0019(3) 0.0182(4) -0.0035(5) -0.0033(4)
M position 4b
O(1) position 4c
X 0.488(6) -0.008(1) 0.496(4) 0.448(3)
z 0.091(4) -0.004(2) 0.064(4) 0.093(2)
O(2) position 8d
X 0.291(4) 0.289(3) 0.280(2) 0.261(3)
y 0.029(4) -0.001(2) 0.033(1) 0.025(6)
z -0.297(1) 0.797(2) -0.271(3) -0.294(3)
x?2 1.05 4.69 1.28 1.09
Rwp/ Rexp (% / %) | 4.60 /436 @ 691/7.22 470 / 4.15 458 / 4.20
RBragg 4.67 8.90 4.29 4.43
Space Group Pnma (#62) : 4c (x Y4 z), 4b (0 0 2), 8d (xyz)

* LaMnOs secondary phase. R-3c: a= b = 5.5311(2)A , c =13.4858(1) A
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Figure 4.7. Rietveld refinement of XRD patterns: observed (red dotted lines), refined (black solid
lines), and their difference (blue bottom line). Green vertical bars indicate the X-ray reflection

positions.
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4.2.3. Microstructural characterization

SEM micrographs and EDS analysis results from all LaMO3 materials are
shown in Figure 4.8 and Table 4.2, respectively. The micrographs clearly
indicate the agglomeration of polyhedral particles of submicronic or nanometric
size, with the exception of LaCoOs showing much larger crystals. These features
are important for processing at higher temperatures in order to fabricate
devices. To give two representative examples, LaMnOs; and LaCoOs ceramics
sintered in air at 1300 °C are shown: compact, void-free and, consequently, high
density pellets can be produced. Regarding the chemical EDS analysis, the
metallic proportions as detected from EDS are sufficiently close to the nominal
ones to postulate correct stoichiometry. Furthermore, the distribution of

elements in the bulk materials was found to be rather homogeneous.

Figure 4.8. SEM micrographs of lanthanum perovskites. (a) to (g): as prepared polycrystalline
powders; (h) and (i): pellets sintered at 1300 °C.
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Table 4.2. EDS analysis of metallic contents (atomic %) for lanthanum perovskites powders.
Ideal values are 50% both in the A or the B perovskite position.

ABO3 LaAlO3 LaCoO3 LaCrO3 LaMnO3 LaFeO3 Lao,85r0,2F603 La0488r0,2F60,5C00,503
A 50.5 52.9 51.7 51.2 50.9 La: 36.0 La: 40.4
Sr:12.3 Sr:12.0
B 49.5 471 48.3 48.8 49.1 51.7 Fe: 239
Co: 23.7

TEM images obtained for selected doped and undoped LaMOs powders
show highly agglomerated particles (Figure 4.9). The particle sizes are clearly in
the nanometric range. The corresponding SAED patterns (insets of Figure 4.9)

show the diffraction rings commonly observed in polycrystalline materials.

Figure 4.9. TEM micrographs and SAED patterns of different Lanthanum perovskites
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In order to evaluate the structural modifications in the LaCoOs, HRTEM
images along the [-2201] and [12-32] zone axes are displayed in Figure 4.10. The
parameters from the refined structures were used to calculate the theoretical
HRTEM images which show excellent agreement to the experimentally
observed structure (Fig.4.10). This confirms that the refined structure may be a
valid reflection of the actual crystal structure. The experimental HRTEM images
were recorded at the defocus value of -35 nm, near to the optimum Scherzer
defocus. The contrast of the black dots corresponds to the atomic columns from
the ionic La and Co sublattices, showing a long range ordering without any

defects.

[12-32]

Figure 4.10. Experimental HRTEM micrographs along the [-2201] and [12-32] zone axis for
LaCoOs. No streaking or extra spots are evident (see the FFT images in the figure insets). A
good match between experimental and simulated images (rectangle marked with yellow dots)
is demonstrated. Structural pictures of the LaCoO; are shown inside the micrographs.

4.2.4. Oxygen contents

The oxygen contents have been determined by thermogravimetric
analysis in a hydrogen atmosphere. Table 4.3 shows the analysis of the
reduction products and the weight loss together with the cationic stoichiometry

data for all perovskites synthesized.
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Table 4.3. TGA results for the reduction of lanthanum perovskites in H» (200 mbar)/He (400
mbar) atmosphere performed at 700 °C.

LaMO3:s Intermediate Final % Weight Composition
products products loss

Cr e LaCrOs; 0.20 LaCrOs.00)

Mn LaMnO; LaxOs + 4.06 LaMnOs.12(1)
MnO

Fe La;O3+ FeO  La)Os+ Fe 9.60 LaFeO2.97(3)

Co La;O3+ CoO = LaOs+ Co 9.69 LaCo0O2.99(2)

Sr, Fe LacOs;+SrO +  LaxOs+ SrO 12.55 LaosSro2FeOs.213)
FeO + Fe
Sr, Fe, Co | LaxO3+SrO + | LaxOs+ SrO 12.52 LaosSro.2Feo5C00503.23(1)
FeO + CoO + Fe + Co

As an example, the thermogravimetric reduction plots for “LaMnO312”

and LaCoOs are presented in Figure 4.11. Two different steps in the reduction

processes are apparent. The correct formula with a fully occupied oxygen lattice

for “LaMnQOs;12” can be expressed as La3*0.962(Mn3*076Mn**0.24)0.96203. By heating

between 300 and 550 °C, manganites with different oxygen contents can be

isolated. Above this temperature, the perovskite starts to decompose into La>Os

and MnO. In the case of LaCoO;3, the first step in the TGA plots corresponds to
the reduction to La;Os and CoO between 300 °C to 450 °C. At higher

temperatures, the CoO decomposes to metallic Co.
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Figure 4.11. TGA plots corresponding to the H>/Hereduction of “LaMnO;1,”and LaCoOs.
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There is no weight loss in the case of stoichiometry LaCrOs in the

measurement range up to 700 °C. In the case of LaosSro2FeOs and
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Lao.sSro2FeosCo00503 different reduction steps to LaxOs;, SrO and metallic Fe

and/or Co have been observed.

4.2.5. Relation between magnetic and dielectric properties in LaCoO3

A comparative study of impedance spectroscopy (IS) and magnetisation
measurements on microwave (MW) and conventionally synthesized ceramics
was performed. By comparison of LaCoOs synthesised from different routes, it
is possible to ensure that the observed effects are intrinsic and inherent to the
material. More importantly, such comparison allows studying the effect of
magnetic oxygen vacancy defects, which naturally possess different
concentrations and properties for different chemical synthesis routes. The
difference in the concentration of oxygen vacancy defects may be related to the
different thermodynamic conditions: conventional synthesis is performed in
thermodynamic equilibrium, whereas the chemical reaction in MW synthesis

occurs far away from such equilibrium.

In Figure 4.12 temperature dependent impedance spectroscopy data for
the MW synthesized LaCoOs ceramic sample is presented as the real part of the
complex dielectric permittivity (¢') plotted vs frequency (f) on a double
logarithmic scale. Two &' permittivity plateaus (bulk and GB) can be seen at T =
60 K, which suggests an inhomogeneous electronic structure due to two
different relaxation processes. Such double permittivity plateaus are typical for
ceramics containing two dielectric relaxation processes. At the specific
temperature and frequency ranges displayed the two relaxations may well
reflect the intrinsic bulk and a GB contribution.?> 47 The bulk dielectric
permittivity & in MW synthesised LaCoOs was found to be about 17 including a
small correction for the contribution from the GB capacitance. This is in close
agreement with conventional LaCoOs, and no significant effects on the intrinsic
bulk permittivity & due to the different synthesis methods are indicated. At the
low frequency ends of the 120 K and 140 K curves in Fig. 4.12 typical signs of an
electrode sample interface effect (labelled “Electrode”) are displayed. At
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temperatures above the thermally induced spin-state transition Ts1 > 80 K an
additional dielectric relaxation at intermediate frequency appears which
directly points towards a coupling of the magnetic and dielectric properties. In
strongly correlated electron systems it is common that magnetic and dielectric
properties are coupled via the lattice due to the localised character of electrons
and the concomitant strong electron lattice interactions. Therefore, changes in
magnetisation due to varying electron-spin configurations may well be

reflected in the dielectric permittivity and/or the charge transport properties.

Dielectric permittivity &'

Frequency f [Hz]

Figure 4.12. Dielectric permittivity & vs frequency of MW synthesised LaCoOs;. An additional
relaxation appears at T = 80 K. Black solid lines represent GB and bulk plateaus. Inset:
Comparison of Conventionally (Convent.) and MW synthesised LaCoO; at 120 K.

In conventionally (Convent.) synthesized LaCoOs the additional “extra”
dielectric relaxation above Ta cannot be observed in plots of &' vs f as
demonstrated in the inset of Fig.4.12 although it does clearly exist??> as
confirmed in the inset Fig. 4.13. The coexistence of this additional dielectric

relaxation with the normal GB and bulk contributions is a sign of phase -
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coexistence, where LS and IS/HS may coexist above Ts1. The additional “extra”

relaxation may represent sample areas that have adopted a IS/HS state.

Plots of the imaginary parts of the impedance -Z" vs frequency f for the
MW samples are shown in Figure 4.13 and again demonstrate the dielectric
phase separation at Ta1 = 80 K. Comparative -Z" vs f plots for MW and
conventional LaCoO; are shown in the inset of Figure 4.13. The “extra”
dielectric relaxation can be identified clearly in form of an additional peak
(labelled with an arrow) and appears at Ts1 now for both types of LaCoOs. Clear
differences are indicated though in the relaxation peak frequency (see both
black vertical arrows). Nevertheless, the appearance of the “extra” relaxation is
independent of the synthesis route and the apparent dielectric phase separation

at Ts1 constitutes an intrinsic property of LaCoOs.
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Figure 4.13. Imaginary impedance -Z " vs frequency f of MW synthesized LaCoOs. At T 2 80 K
an additional relaxation peak appears. Inset: Comparison of Conventionally (Convent.) and
MW LaCoOs at 120 K.

Note that the “extra” dielectric relaxation process cannot be attributed to

secondary material phase such as Co3O4 or La2Os, because the resistance and
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capacitance values may be unrealistic and the appearance of this relaxation is
clearly correlated to the spin state transition temperature. The occurrence of this
“extra” relaxation implies that the dc resistance can contain 2 (GB & bulk for T
< 80 K) or 3 components (additional “extra relaxation” for T > 80 K), and T is

reflected in distinct changes in the dc activation energy.

The combined plots of Z " vs fand M " vs f for MW and conventional
LaCoOs in Figure 4.14 show the dielectric relaxation peaks of the GB and bulk
dielectric relaxations respectively at T = 60 K below Ts1 (no “extra” phase). The
GB and bulk relaxations exhibit strong overlap in both type of LaCoOs, because
they cannot be resolved as separated semicircles in complex plane plots of -Z "

vs Z 'in the inset of Figure 4.14.
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Figure 4.14. Imaginary impedance Z ", and modulus M " vs frequency at 60 K; GB and bulk can
be resolved. Inset: Z " vs Z '; overlap of GB and bulk semicircles prevents resolution of both
relaxations.

Possible differences in defect properties or concentration in MW and
conventional LaCoOs; were confirmed from magnetization vs temperature
measurements from pellet fragments as shown in Fig.4.15. The sharp upturn in

magnetization in a Curie-Tail fashion below 30 K in Fig.4.15 is a manifestation
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of the magnetic defect structure which is related to oxygen vacancy defects.48 49
The Curie Weiss plots of x ! vs T in the main Figure 4.15 for MW and
conventionally synthesized LaCoO3; show 2 approximately linear regimes (solid

lines) as expected from the Curie-Weiss law.
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= I 2 0.10] % 0.02]
S 0.5- . 8 % il ]
c - le H': | 0.00 %@& o ]
C | 2 ad o °<>\o/(}\ N
g 041 T < 0.007 W%’WW&%% 011 <>°o/ ]
c : 0 300 100 200 300l
-8 0.3 Temperature [K] .
© H4x10’
N |
40—5 i 7
e M PP
@ \H\Q\D\H‘DMQ _2X107 p—
= 0.1 -
41x10’
0.0 T T T T T T T T T T T T T 0
0 50 100 150 200 250 300

Temperature [K]

Figure 4.15. Field cooled (10 kOe) mass magnetization M and reciprocal magnetic susceptibility
x 1 vs T for MW and conventionally synthesized LaCoOs. Inset: Fractional difference of

reciprocal magnetic susceptibility Ay ™ vs T. Ay ™" = (x Tevt. = % ™ mw)/( % Tevtymmw).

The slope of the Curie-Weiss plot in Fig.4.15 for the low temperature
defect magnetism (T < 30 K) is larger by a factor of about 10 as compared to the
regular magnetism (T > 130 K). This highlights the different origin and the
different properties of the magnetic defect phase. In this context it is interesting
to note that the extrapolated @ values from the Curie Weiss plots vary for MW
and conventional LaCoOs. Both @ values are negative indicating anti-
ferromagnetism, but for MW synthesized LaCoO; the value changes by a factor

of ~ 0.7 and is closer to zero. The varied defect properties in MW synthesized
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LaCoOs may drive the LaCoO; defect magnetism closer to a ferromagnetic

state, where ®would become positive.

The magnetization is slightly higher for the MW synthesized sample by a
factor of ~ 1.16 at the end of the Curie-tail, which implies that the properties of
the magnetic defect structure may be different in the two samples. On the other
hand, the regular magnetic structure at T > 50 K shows little changes with the
different synthesis routes. The difference in magnetisation between MW and
conventional LaCoOQ:s is illustrated in the two insets of Fig.4.15 in terms of the
magnetic susceptibility y "t Ay ™ = [ (#levt. - 2 Tmw)/( ¥ leviymw)] is plotted vs T as
a fraction of the conventional (Ay ™ > 0) or the MW (Ay "< 0) susceptibility.
Whereas the defect magnetism is clearly reflected at T <30 K in the Ay " vs T
data only a rather weak peak structure is visible around Ts. It is interesting to
note that these features resemble the magnetisation vs T curve in the main
figure. This is not expected by any means and it implies that the difference
between the 2 curves is not constant nor can it be accounted for by a constant
factor. Therefore, an experimental artefact as the origin of Ay ™ can safely be
ruled out. Clear differences in the defect magnetism are indicated by large Ay *
values within the Curie-tail temperature region. The small peak in Ay * near T
may suggest the following model: magnetic oxygen vacancy defects act as
nucleation centres for IS/HS state regions and differences in the magnetic
defect structure may be reflected in slightly different nucleation behaviour near

T« leading to differences in magnetisation.

Significant diamagnetic contributions to Ay ™ in the LS state of the two
different LaCoOs samples are unlikely, because Ay ™ reduces to basically zero at
60 K although diamagnetic contributions should increase when large parts of
the material adopt the diamagnetic LS state. It should be pointed out that the
minimum in Ay " at 60 K does not coincide with the minimum in y at 30 K,

which again rules out an experimental artefact as the main contribution to Ay ™.

Magnetisation was measured as a macroscopic average over the full

sample, whereas dielectric spectroscopy is capable of deconvoluting and
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separately displaying different relaxation processes even if the respective areas
are microscopically small in real space such as thin GB layers and possibly the
“extra” phase. The dielectric and magnetic differences between MW and
conventional LaCoOs; may be small in a macroscopic sense, but dielectric
spectroscopy may exhibit a superior resolution power at microscopic level as

compared to magnetisation measurements, a feature which is in fact well

established.

4.3. (RE)CrOs (RE = Rare Earth)

Rare-earth (RE) orthochromites (RE)CrOs with distorted perovskite
structure are currently attracting research interest due to their potential
application as multifunctional materials.’? Chromites in general are under
intense investigation nowadays,’! where the particular interest into the RE
species is debited to potential magneto-electric coupling. Initial studies had
claimed that certain rare-earth chromites belong to a new family of ferroelectric
and antiferromagnetic multiferroics.>?> Such claims are somewhat surprising
though, because (RE)CrOs chromites adopt a centrosymmetric orthorhombic
structure with space group Pnma (#62). Ferroelectricity in centrosymmetric
space groups is unusual and it was attempted recently to explain this by Cr off-
centering with a local character and a small value of displacement leading to

weak polarization.?

The magnetic properties of the (RE)CrO; series contain a rich variety of
different magnetic spin interactions, where 3 different types may occur: (1) Cr3*-
Cr3*, (2) Cr3*-(RE)**, and (3) RE3**-RE3*, with isotropic, symmetric, and
antisymmetric anisotropic exchange interactions, respectively.®* > A weak
ferrimagnetic moment in some of the species was claimed to arise from
Dzyaloshinskii-Moriya (D-M) interactions between Cr3* spins.5¢57 The

antiferromagnetic Néel temperature Tni1 for Cr3*-Cr3* ordering increases with
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the RE ionic radius,%® which is associated with diminishing lattice distortions
and the increasing Cr3*-O>-Cr3* bond angles approaching the ideal 180 °.5 The
charge transport properties in (RE)CrOs materials have been claimed to involve
p-type semiconductivity with sensitivity towards humidity, methanol, ethanol,
and several gases, which is useful for potential sensor applications.t 61
Furthermore, LaCrO; and its doped variants are candidates for application as
interconnecting materials in solid oxide fuel cells®> and as catalysts for

hydrocarbon oxidation.®

4.3.1. Synthetic aspects

The synthetic procedure is the same as is described above for LaCrOs (see
Section 4.2.1). The resulting powders for the full (RE)CrO; series plus the Y-
specie were all compacted into pellets in a 1 ton die press for 5 minutes and

densification sintering was performed in air at 1300 °C for 15 hours.

The reaction pathway for (RE)CrOs; formation from nitrate precursors
can be described by a 3-step process as indicated by the XRD patterns in
Fig.4.16:

(a) Formation of an amorphous phase after 10 min microwave irradiation.
(b) Formation of polycrystalline (RE)CrOs at 500 °C (2h).
(c) Formation of (RE)CrOs at 800 °C (2 h).

Perovskite

10 min MW, 800 W E : 1
oy ’ 1 Monazite
M o LaCrO, | L LaCrQ, |

\ Zircon + Monazite
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Fig.4.16: (a) Powder XRD pattern of the MW as-synthesized PrCrOx powder (amorphous), (b)
XRD pattern of the 500 °C annealed powders showing monazite (LaCrO;), mixed monazite and
zircon (PrCrQO,), and pure zircon (YCrOy) structure, (c) XRD pattern of the 800 °C annealed
powders all showing pure perovskite phase (LaCrOs, PrCrOs, YCrOs).
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Notably, most of the intermediate (RE)CrO4 phases show the zircon-type
structure with tetragonal symmetry, S.G. [41/amd (# 141), except in the case of
LaCrOs and PrCrOs. For LaCrO4 the monazite-type structure with monoclinic
symmetry, S.G. P2;/n (# 14), is obtained due to the large La3* ionic radius,
whereas in PrCrOs zircon and monazite phases coexist. Another point of
interest is the unusual Cr>* oxidation state in these intermediate phases. The
(RE)CrOs final products adopt a distorted perovskite structure and
orthorhombic symmetry, S.G. Pnma (# 62) upon heating at 800 °C as expected

with the more common Cr3* oxidation state.

4.3.2. Structural characterization

All microwave synthesized (RE)CrOs; and YCrOs; powders are single-
phase as confirmed by XRD. Figure 4.17 shows the powder X-ray diffraction
(XRD) patterns of the (RE)CrOs series. It is clear that the increasing diffraction
angles with decreasing RE ionic radius lead to a decrease in unit cell size. Tables
4.4a and 4.4b summarize all structural parameters obtained from Rietveld
refinements of the XRD pattern. Tables 4.5a and 4.5b summarize additional

parameters such as bonding angles and bonding distances.
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Figure 4.17: XRD patterns of (RE)CrO; powders
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Table 4.4a: Structural parameters for (RE)CrO; from refining XRD data

LaCrO; PrCrOs NdCrOs SmCrOs; EuCrO; GdCrOs TbCrOs

a (A) 5.4790(1) 5.47986(7) 5.48649(3) 5.48848(6) 5.51039(9) 5.52582(7) 5.51909(5)
b(A) 7.7616(2) | 7.7154(1) | 7.69419(5) @ 7.62627(8) = 7.6255(1) | 7.60635(9) | 7.57856(7)
c(A) 55164(1) 5.45034(7) 5.42108(3) 5.35381(6) 5.34191(8) 5.31376(7) 5.29434(5)

RE position 4c

x 0.01782)  0.0354(1) = 0.0419(1) = 0.0505(1) =~ 0.0541(2)  0.0585(2)  0.0604(2)
z -0.0035(5) | -0.0074(4) | -0.0087(2) = -0.0103(3) | -0.0119(5)  -0.0131 (4) = -0.0144(3)
U*100 (A2) 0.19(2) 0.15(2) 0.27(3) 0.09(2) 0.10(3) 0.28(6) 0.17(3)
Cr position 4b
U*100 (A?) 0.11(2) 0.12(2) 0.17(3) 0.26(3) 0.13(2) 0.13(3) 0.14(2)

O(1) position 4c

x 0.496(4) 04832  0480(1)  0480(1)  0463(2)  04682)  0.465()

z 0.064(4) | 0.081(2) = 0.089(1) & 0.08 (1) = 0.0952) | 0.098(2) | 0.100(2)

Occ 1.00(1) 1.00(1) 1.00(2) 1.00(1) 1.00(2) 1.00(2) 1.00(1)
U*100 (A?) 0.24(5) 0.11(3) 0.07(2) 0.10(2) 0.24(3) 0.14(3) 0.17(2)

O(2) position 8d

x 0.280(2) | 0.290@2) | 0285(1) = 0285(2) | 0.2822) | 0292(2) | 0.29 (2)
y 0.033(1)  0.033(1) = 0.0403(7) 0.0434(9)  0.048(1)  0.048(1)  0.0500(9)
z 0.2713) | -0.287(2) | -0.287(1) | -0.290(1) | -0.289(2) & -0.294(2) & -0.298(1)
Occ 1.01(1) 1.00(1) 1.00(1) 1.00(2) 1.00(1) 1.00(2) 1.01(2)
U*100 (A?) 0.24(5) 0.11(3) 0.07(2) 0.10(2) 0.24(3) 0.14(3) 0.17(2)
22 1.28 0.93 1.14 2.02 1.41 0.92 0.97

Ruwp/ Rexp(%/%) | 4.70 / 415 | 452/ 4.69 | 453 /425 1.77 /124 3.04/270 2.68/2.78 319/ 3.24

RBragg 4.29 3.07 3.89 4.02 4.58 4.68 2.27
S.G. Pnma: 4c (x Va z), 4b (0 0 12), 84 (xyz)
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Table 4.4b: Structural parameters for (RE)CrOs from refining XRD data

S.G. Pnma: 4c (x Yaz), 4b (0 0 %), 8d (xyz)

DyCrO; YCrOs HoCrOs ErCrOs TmCrOs YbCrO; LuCrOs
a(A) 5.50805(5) @ 5.52267(6) 5.50728(5)  5.50289(4) = 5.50850(6) @ 5.48912(5) 5.50150(7)
b(A) 7.53767(7) | 7.53555(8) | 7.52026(6) = 7.50370(6) | 7.50506(8) | 7.47059(7) | 7.4811(1)
c(A) 5.25436(5) | 5.24376(5) 5.23164(4) 5.21377(4) = 5.21114(6) 5.18258(5) 5.17911(7)
RE position 4c
X 0.0635(1) | 0.0666(1) = 0.06509(9)  0.06698(7) = 0.06766(8) @ 0.06912(9)  0.0704(1)
V4 -0.0159(2) = -0.0170(2) @ -0.0172(1) | -0.0179(1) -0.0182(1) = -0.0184(1) @ -0.0187(2)
U*100 (A2) 0.11(2) 0.30(4) 0.14(4) 0.04(1) 0.21(1) 0.14(4) 0.08(2)
Cr position 4b
U*100 (A2) 0.18(2) 0.29(3) 0.06(2) 0.05(1) 0.18(3) 0.10(4) 0.07(2)
O(1) position 4c
X 0.467(1) = 0.4652 (8) = 0.4686(9) 0.4647(7) 0.453 (1) 0.464(1) 0.466(1)
Z 0.101 (1) | 0.1044(8) | 0.0990(9) 0.1081(7) 0.1136(9) 0.108(1) 0.110(1)
Occ 1.00(1) 1.01(2) 1.01(2) 1.00(1) 1.00(1) 1.01(2) 1.00(2)
U*100 (A2) 0.31(3) 0.18(3) 0.10(2) 0.13(3) 0.14(5) 0.08(3) 0.11(3)
O(2) position 8d
X 0.297(1) | 0.3023(6) | 0.2991(8) 0.3022(6) 0.3019(8) | 0.3072(8) | 0.303(1)
Y 0.0520 (6)  0.0538(4) 0.0492 (5)  0.05195(4) 0.0562(5) = 0.0538(5) = 0.0539(7)
Z -0.3016(9) | -0.3073(6) | -0.3030(8) | -0.3060(6) -0.3092(7) | -0.3115(8) | -0.307(1)
Occ 1.00(1) 1.01(1) 1.01(2) 1.00(1) 1.00(1) 1.00(1) 1.00(1)
U*100 (A2) 0.31(3) 0.18(3) 0.10(2) 0.13(3) 0.14(5) 0.08(3) 0.11(3)
x2 2.03 1.07 5.05 3.88 1.37 6.32 3.06
Rwp / Rexp (%/ %) 1.62 / 520/ 4.06 / 3.43/174 | 519/ 4.25 4.59 / 8.15 / 4.66
1.13 5.03 1.81 1.82
Reragg (%) el 2.46 3.20 2.33 1.68 4.40 5.71

105




(@Bl SOLID STATE - MICROWAVE SYNTHESIS

Table 4.5a. Selected structural information for (RE)CrOs; obtained from XRD data. Angles are given in

o

degrees and distances in [A]

LaCrO, PrCrO; NdCrO; SmCrO; EuCrO; GdCrO; ThCrOs

tollggigrce 092338 0091006 = 0.90431  0.89315  0.88883  0.88415 = 0.87984
2 Tilt angle @ 9.4 115 129 12.9 13.4 14.4 15.2
b Tilt angle ¢ 9.4 115 127 12.9 13.4 14.4 15.2
°Tiltangle z | 10.3 7.7 14.4 14.2 16.0 16.1 165

Cr-O()x2 | 1.9722) 1.981(2) 1.986(2) 1.967(2)  1.968(1) 1.980(3)  1.976(2)
Cr-o@x2 | 1.942) | 196(1) @ 1967(6) @ 1.955(8) @ 1.970(3) | 1.974(9) & 1.970(8)
Cr-oQ2yx2 | 2002)  1981)  1.977(6) 1.978(8)  1.985(4)  1.984(9) = 1.992(8)

Average B>-O | 1.971(6) | 1.975(4) = 1.977(2) = 1.966(3) @ 1.974(1) | 1.9793) | 1.980(3)

For S.G. Pnma only a B-site exists with co-ordination: B’-O(1) x 2, B’-O(2) x 2 and B’-O(2)’ x 2
For S.G. Pnma the tilting scheme in Glazer’s notation (a'ac’) implies that 0 = ¢

&With [101] for Pnma

®With [10-1] for Pnma

“With [010] for Pnma
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Table 4.5b. Selected structural information for (RE)CrO; obtained from XRD data. Angles are given in

o

degrees and distances in [A]

DyCrO; YCrO, HoCrO; ErCrO; TmCrOs YbCrOs LuCrOs

tof'ggigrce 0.87552  0.87264 0.87156  0.86796  0.86436 0.86076 = 0.85716
2 Tilt angle @ 15.9 17.00 15.8 16.6 17.4 17.7 17.0
b Tilt angle ¢ 15.9 17.00 15.8 16.6 17.4 17.7 17.0
© Tilt angle u 16.6 17.1 16.2 17.6 19.0 17.6 178

Cr-O(l)x2 | 1.966(2) 1.971(1)  1.958(1) = 1.968(1)  1.984(2)  1.960(2)  1.965(2)
Cr-O(2)x2 | 1.979(5) & 1.988(4) @ 1968(4) = 1970(3) & 1.983(4) = 1.972(5) = 1.968(6)
Cr-0@2yx2 | 19795) 1.993(3)  1.978(4)  1.985@4)  1.991(4)  1.990(5) = 1.984(6)

Average B>-O | 1.975(2) | 1.984(1) | 1.968(2) | 1.974(1) | 1.986(1) | 1.974@22) = 1.972(2)

For S.G. Pnma only a B-site exists with co-ordination: B’-O(1) x 2, B’-O(2) x 2 and B’-O(2)’ x 2
For S.G. Pnma the tilting scheme in Glazer’s notation (aac’) implies that 0 = ¢

&With [101] for Pnma

®With [10-1] for Pnma

“With [010] for Pnma

Fig. 4.17 shows representative examples of the Rietveld refinement fits for RE = La,
Nd, Sm, Tb, Tm and.Lu. The distorted perovskite structure with orthorhombic symmetry
(S.G. Pnma, #62) was confirmed in all RE-chromites, in agreement with previous work.%4 6
The unit cell vectors can be represented by V2a, x 2a, x V2a, where aj, refers to the simple
cubic perovskite cell. The perovskite tolerance factors for (RE)CrOs are t = 0.85 - 0.93,
which is within the reported limits of ¢ = 0.8 - 1 for perovskite structures of cubic (f = 1) or

lower symmetry (f <1).1
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Figure 4.17. Rietveld refinement of XRD patterns: Observed (red dotted lines), refined (black
solid lines), and their difference (blue bottom line). Green vertical bars indicate the X-ray

reflection positions.
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The cell parameters a, b and c for the RE family are given in Fig. 4.18 as a
function of the RE ionic radius (IOR) and the tolerance factor t. IOR values were
taken from Shannon's tables,3® where the coordination number 9 was
considered for all RE cations consistently. Fig. 4.18 shows approximately

constant cell parameter a, whereas b and ¢ increase with increasing IOR.

Tolerance Factor t

0.84 0.86 0.88 0.90 0.92 0.94
7.8 T T T T T T T T T

a-axis
b-axis
c-axis

m )<

2561

1.00 1.05 1.10 1.15 1.20 1.25
RE ionic radius IOR (A)

Figure 4.18. Lattice parameters a, b and ¢ vs the RE ionic radius IOR and the perovskite
tolerance factor for the (RE)CrOs series. An approximately linear increase of b and ¢ with IOR
implies an increasing unit cell size.

It is well known that X-ray diffraction is not the optimum technique to
deal with structural features related to light atoms such as oxygen, however,
some useful structural information can be extracted from the XRD data being
consistent along the full series (Table 4.5). The Cr3*-O? bonding distances were
determined with relatively low resolution, but all these distances appear to be
similar (~1.97 A) and close to the expected value (1.9805 A)é. The main effect of

the RE size is observed in the octahedral tilting of the perovskite cell. 8, @, and u
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represent the tilting angles of the BOgs octahedra along the three main directions

of the ideal ABOs-cubic perovskite structure, which implies that the larger these
angles are, the more distorted the structure.* All angles decrease quite
consistently away from the ideal 180° with decreasing IOR and increasing RE
atomic number, because the rigid CrOs octahedra accommodate A-site RE
cations of decreasing size by decreasing unit cell size and increasing degrees of

octahedral tilting.

4.3.3. Microstructural characterization

As a representative example, the SEM micrographs of ErCrOs; powder
and the ErCrOs sintered pellet are shown in Fig. 4.18a & b, respectively. In
powder form the ErCrOs particles form a brain-shaped structure and exhibit
intra-granular fractures (Figure 4.19a). These fractures were healed out during

sintering, and the sintered pellet displays no significant porosity.

Figure 4.19. Scanning electron micrograph of (a) ErCrO; powder as prepared. (b) ErCrO; pellet
after densification sintering at 1300 ° C for 15 hours.

A full set of SEM micrographs for (RE)CrO; powders is presented in
Figure 4.20 where clear evidence for agglomeration of sub-micrometer particles
is presented. EDS analysis yielded an average ratio (RE):Cr of ~ 1:1 which

corresponds to the nominal stoichiometry.
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Figure 4.20. SEM micrographs of (RE)CrO; powder
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HRTEM images for (RE)CrO; (RE = La, Nd, Y and Lu) are displayed in
Fig. 4.21. The experimental images taken along the [001] zone axis show
excellent agreement with the calculated images depicted within the rectangles
marked with (yellow) asterisks. In all images the black dots are the projections
of the atomic columns from the cationic RE and Cr sublattices, showing a well
ordered crystal without the formation of superstructures or defects such as
dislocations and stacking faults. This is evidenced by a regular contrast across
the HRTEM images and the absence of extra spots or streaking lines in the FFTs
(Fig. 4.21 insets).

Figure 4.21. Experimental HRTEM micrograph along the [001] zone axis. No streaking or extra
spots are evident (see the FFT images in the figure insets). A good match between experimental
and simulated images (rectangles marked by yellow asterisks) is demonstrated.

112




(@EVoliow' s SOLID STATE - MICROWAVE SYNTHESIS

An enlargement of the HRTEM images with the projected model from
each material set on top of the experimental image is displayed in Fig. 4.22
showing good agreement. By carefully analyzing the contrast of the images it
can be noticed that the darker dots (RE) and the less darker ones (Cr columns)
are oriented in zigzag fashion along the [010] direction with increasing
amplitude from LaCrOs; < NdCrOs < YCrOs < LuCrO:s. This feature is related to
increasing octahedral tilting to accommodate RE cations of decreasing size into

the octahedral framework.

Figure 4.22. Magnified HRTEM micrograph along the [010] zone axis. The increasing octahedral
tilting with decreasing IOR is evidenced by stronger zig-zag orientation of the atoms along the
[010] direction.

Although HRTEM shows generally a well ordered structure in most of
the crystals in all studied samples, in few cases it reveals the presence of local
dislocation defects, (Figure 4.23) responsible for the extra diffuse spots along a*
observed in the Fast Fourier Transform (FFT) pattern (Inset Figure 4.23) for
ErCrOs. The local dislocation here appears as a distinct area of a locally
dislocated lattice of the width of five unit cells (see white arrows). The contrast
in the image in Figure 4.23 corresponds to a defect of width ~ 28 A (5 x a)
displayed in the image centre shifted %2 along c. This defect can, therefore, be
explained by a structural displacement of 2 along ¢ which is stabilized by
sharing the edges of consecutive octahedra as it can be observed in the

schematic structural sketch inserted into the experimental image. This lattice
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displacement defect was found to be the dominant type of defect within these

samples.

Figure 4.23. HRTEM micrograph from a crystal of ErCrOs along [010] zone axis, where a
dislocation defect of ~ 28 A (5 x a) is clearly identified. See the FFT in the inset where the extra
spots observed along a* confirm the presence of this defect.

Figure 4.24 shows the microdiffraction patterns for the ErCrO; sample,
which revealed the presence of glide lanes and screw axes of the specimen in
the particular sample. The ideal symmetry of the Zero Order Laue Zone (ZOLZ)
for the [010] and [110] zone axes patterns (Figure 4.24) are 2mm indicating that
the crystal system must present orthorhombic symmetry, in agreement with the
Pnma space group. In addition, when looking carefully at the rows of the k00
and 001 reflections in the [010] zone axis (Figure 4.24a), dark lines crossing the
reflections with k = 2n+1 and 1 = 2n+1 are obvious, which are forbidden

reflections for the Pnma space group. These lines of dynamic absence, known as
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Gjonnes-Moodie lines,®” indicate that these reflections are cinematically
forbidden, here in this particular case due to the presence of 21 screw axes

parallel to a and ¢, but appear here due to multiple diffraction.

Figure 4.24. Microdiffraction patterns of orthorhombic ErCrO; along [010] and [110] showing
(2mm) ideal symmetry. The characteristic Gjennes-Moodie lines crossing the odd k00 and 001
reflections in the [010] zone axis, indicate forbidden reflections appearing due to multiple
diffraction.

4.3.4. Raman spectroscopy

Fig. 4.25 shows the Raman spectra of all chromite pellets. No secondary
phases could be found on any of the samples, indicating a high degree of
material homogeneity. Altogether 24 Raman modes are predicted by group
theory for the orthorhombic and centro-symmetric Pnma structure with 4
formula units per unit cell.®® Only 9 of those Raman modes are easily observed
in all the samples (these modes are labeled in Fig. 4.25) due to the measurement
range used in this work. Additional symmetrically forbidden Raman modes
characteristic for a potential (local) non-centrosymmetry were not encountered
and the observed spectra are in good agreement with a previous study® and

references therein.
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The lower energy modes (100 - 200 cm) are quite stable across the full
series, with the exception of YCrOs. Since these modes are mainly related to the
vibrations of the A cations they are independent of structural changes but

highly sensitive to the mass of the cation.

700

977 Byy(2) Ay(4) A4(6)

600 y fg‘f’) B1y(2) ! Bsy(3)

500

400

300

Intensity [Arb. units]

200

100

100 200 300 400 500 600

Wave number [cm™]
Figure 4.25. Raman spectra collected at room temperature for the (RE)CrOs series. Colored
arrows indicate different Raman modes and how they develop through the series.

Most of the remaining Raman modes show a continuous tendency of
decreasing mode position with increasing ionic radius (IOR) as it is shown in
Figure 4.26 (see also Table 4.6), which can be associated with the increase of the
unit cell volume. Certain Raman modes display a higher dependence on IOR,
for example the mode Ag(3),which changes from 291 cm in LuCrO; to 154 cm'?
in LaCrOs or the mode Ag(5), which changes from 454 cm in LuCrOs to 278
cm in LaCrOs;. Furthermore, a modes crossing can be observed between Ag-(5)

and Big(2) for samples with IOR between 1.107 A (Gd) and 1.12 A (Eu), where
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both modes are almost indistinguishable. The Ag(5) mode has been previously
associated with the [101] rotation of the CrOe¢ octahedra and is therefore
strongly dependent on the different octahedral tilting angles. A plot of the Ag(5)
mode position vs the octahedral tilt angle obtained from Rietveld refinement (6-
angle in Tables 4.5a and 4.5b) is shown in Figure 4.27, displaying a linear
dependence for all samples (including YCrOs) with a slope of ~21 cm-/ degree.
This value is near to, but slightly smaller than that previously reported.?” The
Ag(3) Raman mode position also exhibits a linear tendency with the tilting angle

with a slope of 16 cm-1/deg.

Table 4.6. Wave numbers of selected Raman modes for (RE)CrOs

(RE)CrOs Raman mode wave numbers (cm1)

Ag(2) Ag3) Ag(d) Ag(d) Ag(6) Big(2) Bog(l) Bag(3)

LaCrOs 120 154 254 278 442 353 135 594
PrCrOs3 133 196 281 324 454 371 152 583
NdCrOs 130 192 278 320 451 367 144 579

SmCrOs3 140 235 312 368 470 387 155 572

EuCrOs3 135 235 306 372 460 149 557
GdCrOs 143 257 328 394 482 162 574
TbCrOs 139 259 329 395 478 154 561

DyCrOs 145 269 344 415 492 405 164 572
YCrOs; (189) 284 345 429 495 412 (221) 569
HoCrOs3 144 278 344 423 500 409 163 571
ErCrOs 149 282 353 442 (520) | (395) 168 575
TmCrOs 144 282 353 442 506 414 163 571
YbCrOs 144 282 358 451 511 418 168 580

LuCrOs 138 291 356 454 515 417 162

117




(@I el WS SOLID STATE - MICROWAVE SYNTHESIS

600 ’

BSQ{S} . * ¥y ¥ * v - hd + +*

—— 500 |

Tﬁ

)

g 400

£

g

=

= 300 -

v

é

. 200 - w-w“wmﬂ*ﬂ-- |
100 I I I I

1 1.05 1.1 1.15 1.2 1.25
RE Ionic Radius IOR (A)

Figure 4.26. Wave number of selected Raman modes in (RE)CrO; vs IOR
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Figure 4.27. Wave number vs octahedral tilt angle 6. Solid lines are guide to the eyes.
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4.3.5. Magnetic properties

(RE)CrOs orthochromites are paramagnetic at room temperature and
undergo several magnetic transitions upon cooling. The chromium Cr3*-Cr3*
sublattice is first to order at the Néel temperature Tni, which increases
monotonically with IOR from 109 K in LuCrOs to 288 K in LaCrOs as

demonstrated in Fig. 4.28.

Tolerance Factor t

0.84 0.86 0.88 0.90 0.92 0.94
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< ®
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E s TBa® V.G I -4 -
Tm Tb
v T T T T T L I >
1.00 1.05 1.10 1.15 1.20 1.25
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Figure 4.28. Neel temperature for the Cr3*-Cr3* ordering (Tn1) and RE3* ordering (Tn2) vs the RE
ionic radius IOR and the perovskite tolerance factor. The increasing Tni with IOR reflects a
decreasing tilting angle approaching the ideal 180° Cr3+-O2-Cr3* angle.

Upon further cooling, RE3*-Cr3* interactions appear for certain RE
cations, which leads to unusual ZFC-FC magnetic susceptibility (y) vs
temperature (T) characteristics below Tni in the range of ~ 50 - 100 K as
demonstrated in Fig.4.29. The RE**-RE3* sublattice orders last at very low
temperature (Tn2) in the range of ~ 2 - 15 K for certain species, where the
variation of Tn2 does not appear to be correlated with IOR (see Fig. 4.28). The y
vs T curves recorded at 1 kOe fall into two different classes according to the

magnitude of the magnetic susceptibility y below Tni. The samples with
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relatively low y include RE =Y, La, Nd, Sm, Eu, Tm, Yb and Lu, whereas yis
higher for RE = Pr, Gd, Tb, Dy, Ho and Er. Fig.4.29 shows the temperature
dependence of y for three representative powders each from the low (Fig. 4.29a)

and the high y (Fig. 4.29b) species.
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Figure 4.29. Magnetic susceptibility y (emu/mol) vs temperature T. The data fall into a low and
a high y regime. (a) 3 representative examples for the low y regime. Inset: Inverse magnetic
susceptibility 1/ y vs T. Solid lines indicate the Curie-Weiss plots for determining the effective

magnetic susceptibility pesr. (b) 3 representative examples for the high y regime. Lower inset:
Inverse magnetic susceptibility 1/ vs T. Solid lines indicate the Curie-Weiss plots.
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In Fig. 4.29a the low y representative samples EuCrOs;, YbCrOs, and
LuCrOs exhibit ferrimagnetic moments below Tn1 as is indicated by clear
differences between ZFC and FC curves. Such moments are attributed to a
small canting angle of the antiferromagnetic Cr3* spins.”? In the case of EuCrOs
and LuCrOs; the RE magnetic ground state is diamagnetic and, therefore, the
low T magnetic properties are dominated by the Cr3* spin system. The YCrO;,
LaCrOs; and SmCrO; species (data not shown for simplifying the figure) exhibit
features in y vs T equivalent to EuCrOs, taking into account the variation of
Néel temperature Tni as demonstrated in Fig. 4.28. The ZFC magnetic
susceptibility curve for YbCrOs exhibits a maximum at 66 K and crosses the
ZFC curve at 16 K. This behaviour seems unusual, since it may suggest that the
applied magnetic field during cooling (FC) supports the suppression of the low
T magnetism. This finding is in agreement though with previous reports,>* and
has been attributed to an antiparallel coupling between the moments of the RE
= Yb®** and the weak ferrimagnetic component of the Cr3 spins.”! This
behaviour could also be involved with a magnetic memory effect. At 4 K, the
magnetic susceptibility in FC mode increases modestly, which indicates the

onset of antiferromagnetic ordering of Yb3* spins (Tng).

The main panel of Fig. 4.29b shows the magnetic properties of GdCrOs,
ErCrOs and PrCrOs as representative members of the high y species. GACrOs;
and ErCrOs; show no significant differences between ZFC and FC susceptibility
curves and Cr3* ferrimagnetic ordering is not indicated. Contrarily, the PrCrOs
sample does show differences between ZFC and FC curves appearing below
Tni =239 K and Cr3* ferrimagnetism is indicated. The RE ordering temperature
Tn2 can be identified by a peak-like structure in the y vs T curves at Tz =~ 2 K.72
Tn2 can be identified more clearly in the ErCrOs; sample (T2 ~ 14 K) as is the
case in TbCrOs; and DyCrOs (data not shown for simplifying the figure),
whereas the GACrOs sample does not reach the Tne peak at low T.
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The lower insets in Fig. 4.29a and Fig. 4.29b show the temperature
dependence of the reciprocal magnetic susceptibility 1/y for the respective
samples. Above Tni, the paramagnetic state follows the Curie-Weiss law. The
Curie-Weiss fits are indicated by the solid lines. In Table 4.7 all fitted
parameters are summarized and compared to the theoretical values for pesr from
Landolt-Bornstein tables,”> and generally good agreement is encountered. The
© - values obtained from the fits are all negative, which indicates

predominantly antiferromagnetic exchange interactions.

Table 4.7. Magnetic parameters for (RE)CrOs obtained from magnetization measurements.

T Cr** (K) Tne RE* (K) C | oK) Total g (1s)
(ms)

(RE)CrO; | Experim. Literature Experim Literature® ™ Experim. = Theoretical
LaCrO; 288 282 - - - - - 3.87
PrCrO; 239 239 2 2 33 -160 5.15 5.21
NdCrO; 226 224 11 10 3.8 | -189 5.54 5.29
SmCrO; 191 193 - - 34 -314 5.21 5.46
EuCrO; 185 181 = = 34 | -198 5.23 5.15
GdCrO; 171 170 3 4 73 -29 7.65 8.83
TbCrOs 159 158 4.5 4 129 | -26 10.17 10.46
DyCrO; 149 146 2 2 15.7  -24 11.21 11.33
YCrO; 141 140 - - 251 | -408 4.48 3.87
HoCrO; 142 141 - 12 157 -21 11.22 11.28
ErCrOs 136 133 14 17 128 | -24 10.12 10.33

TmCrO; 125 124 3 4 86  -32 8.30 8.49
YbCrO, 120 118 4 3 44 | -99 5.92 5.97
LuCrOg; 109 112 - - 24 -174 4.42 3.87
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The effective magnetic moments pes, originating from the Cr3* cations

were calculated from the Curie constants C according to equation 4.2.

Peff? = 8C [4.2]

The theoretical value for pest was regarded a combination of Cr3* and

(RE)3*, where er(Cr3*) = 3.87 1B, obtained from the equation [4.3]

Hett = 2[S(S+1)]1/2 [4.3]

with the multiplicity S =3/2.

For (RE)3*:

Pef = gL[J(J+1)]1/2 [4.4]

where gi is the Lande g-factor (gL = (3/2)+[(S5(5+1)-L(L-1))/2J(J+1)]), J is
the total angular momentum and L corresponds to the maximum orbital
angular momentum. All pes values are displayed in Figure 4.30, together with
theoretical values in agreement with Landolt-Bornstein tables. For the LaCrOs;

sample Tn1 is high and no sufficient 1/x vs T data points were available at high

T to perform a Curie-Weiss fit.

Tolerance Factor t

0.84 0.86 0.88 0.90 0.92 0.94
T T T T T T T T T
12 o
Yy
Hc:’_._a —e— Experimental values
Erg 8T o Theoretical values |
10 - ,.
f'llll Illllu

— f II". o
£ 4 Tmg \ Gd ]

u— °

‘S | \

=3 Y
61  Ybg Nd i
/ \ S — 8~
9—e— ° e
/ . Eu Pr
]
4 Lu, o Y Loa _
T T T T T T T T T
1.00 1.05 1.10 1.15 1.20 1.25

RE lonic Radius IOR (A)

Figure 4.30. Effective magnetic moment pe for the (RE)CrO; series as determined from the

respective Curie-Weiss fits and plotted vs IOR. Theoretical values were taken from Landolt-
Bornstein tables.”

123




(@I el WS SOLID STATE - MICROWAVE SYNTHESIS

Fig. 4.31 presents the magnetization vs applied field plots at 10 K for
DyCrOs, HoCrOs; and TmCrOs, which all show weak ferrimagnetic hysteresis as

a result of Cr3* spin canting.

6 | I ' I
1 —«—pvCcro . |
: : 3 e
* HoCrO, ’
| e
S Tmcroa ) /./ | i r
| e A |
m §
: g _
E ~ A/‘“"’f:/. .:
S o als .
1 W —
-4 | 7 . B y —
1 7./// 10 K -
-6 . | l I I

-40000 -20000 0 20000 40000
H (Oe)

Figure 4.31. Magnetization (ps) vs applied magnetic field H (Oe) curves at 10 K for 3
representative species from the (RE)CrO; series.

In previous studies such weak ferromagnetic moment of the Cr3* spins

has been explained with Dzialoshinski-Moriya (D-M) interactions.5¢ 57

4.3.6. Dielectric properties

Impedance spectroscopy data for the (RE)CrOs series were collected from
sintered pellets. Selected impedance spectra are shown in Fig. 4.32 in terms of
the complex impedance plane plot of -Z" vs Z'. The spectra for the Ho-, Gd-, Pr-
and Y-containing samples are normalized and shifted up the Z" y-axes by
increasing amounts for demonstration purposes. For the different compositions
two or three semicircles are displayed in -Z" vs Z', which is consistent with 2 or

3 conventional dielectric relaxation processes in series.*” ¢4 Not all semicircles
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are fully developed and considerable overlap occurs, which is highlighted in
the spectrum for TmCrOs by the dotted semicircles. All semi-circles in Fig. 4.32
are slightly suppressed in a way such that the semicircle center seems to be
slightly suppressed below the Z' x-axis. This indicates a certain degree of non-
ideality of the relaxation process, which can be associated with a broadening of

the distribution of dielectric relaxation times .74 75
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Figure 4.32. Plots of the imaginary vs real part of the impedance (-Z" vs Z') at 200 K for 5
representative examples from the (RE)CrO;s series. YCrO; data is shown for 300 K. The Ho, Gd,
Pr and Y containing samples were shifted up the y -axis for demonstration purposes. The
overlapping of several semicircles is highlighted by the dotted lines in the TmCrO; spectrum,
where each semicircle can be associated with a bulk (B), grain boundary (GB) or electrode -
sample interface (IF) effect.

The two semicircles at high and intermediate frequency are associated
with intrinsic bulk (B) and extrinsic grain boundary (GB) relaxation processes

respectively. In the case of the Tm-, Ho- and Pr-containing samples a third
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semicircle at low frequency is associated with an electrode-sample interface
effect (IF), which also occurs in the, Nd-, Sm-, Dy-, Er-,”¢ Yb and Lu-containing
species. To extract the resistivity p and relative dielectric permittivity ¢ values
for the bulk and GB relaxations from impedance spectroscopy data for each
(RE)CrOs sample, equivalent circuit fitting”® was attempted but did not succeed
for all samples. Therefore, bulk and GB p and & values were extracted from the
respective impedance spectra by a manual procedure to be identical for all
samples to render the extracted parameters comparable to each other. The bulk
and GB relaxations were approximated by an equivalent circuit consisting of
two ideal RC elements connected in series (see Inset in Fig.4.33), where the non-
ideality was neglected. R1 and C1 describe the intrinsic bulk resistivity p1 and
bulk permittivity & respectively, whereas R2 and C2 describe the extrinsic GB

resistivity p, and GB permittivity & respectively.

Fig. 4.33 shows the comparison of modulus and impedance spectroscopy
for 5 representative examples from the (RE)CrOs series. The bulk dielectric
relaxation peaks dominate the M" vs f curves, whereas the GB peaks are
strongly pronounced in the -Z" vs f curves. The approximate conditions for a
bulk or GB relaxation peak maximum to occur are shown in equation 4.5 for
both notations, M" vs f and -Z" vs f, using the framework of the brick work
layer and RC element model for ideal relaxations. The approximate peak
ordinates are distinctively different for M"(fmax) and -Z'"(fmax) (equation 4.6),
which guarantees that in the M" vs f notation the smallest capacitance (bulk)
and in the -Z" vs f notation the largest resistance (GB) are most strongly

pronounced.

The curves of Fig 4.33 for the Ho-, Gd-, Pr-, and Y-containing samples are
shifted up the M' and -Z'' y-axes by increasing amounts for demonstration
purposes. The -Z" vs f curves were normalized to render the peak heights
comparable to enable equivalent resolution for all samples within the same
graph. The approximate conditions for a bulk or GB relaxation peak maximum

to occur are shown in equation 4.5 for both notations, M'' vs f and -Z'' vs f,
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using the framework of the brick work layer model for ideal relaxations. The
approximate peak ordinates are distinctively different for M''(fmax) and -
Z' (fmax) (eq. 4.6), which guarantees that in the M" vs f notation the smallest
capacitance (bulk) and in the -Z'' vs f notation the largest resistance (GB) are
most strongly pronounced in form of a relaxation peak. This is clearly evident
in Fig.4.33, where the main bulk peaks in M" vs f clearly dominate over the
secondary GB peaks, whereas the main GB peaks in -Z" vs f clearly dominate
over the secondary bulk peaks. In fact, some of the secondary peaks cannot be

resolved at all in the respective notation.
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Figure 4.33. Comparison of modulus and impedance spectroscopy for 5 representative
examples from the (RE)CrO; series. The bulk dielectric relaxation peaks dominate the M" vs f
curves, whereas the GB peaks are strongly pronounced in the -Z" vs f curves.
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The bulk and GB resistivity values p1 and p» obtained from the
impedance spectra at the respective temperature are plotted on Arrhenius axes,

showing good linearity for all (RE)CrOs; samples (see Figures 4.34 and 4.35).
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Figure 4.34.a-b Bulk resistivity p 1 plotted vs reciprocal temperature 1/T. Solid lines are guide to
the eyes, indicating good linearity and Arrhenius behaviour.
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Figure 4.35.a-b Grain boundary GB resistivity p, plotted vs reciprocal temperature 1/T. Solid
lines are guide to the eyes, indicating good linearity and Arrhenius behaviour.

From the slopes of such graphs the bulk and GB activation energies Ea
can be determined and are plotted vs IOR in Fig.4.36 (upper curves). Although
the absolute p1 and p» values at 200 K and other example temperatures do not
show any clear trends with IOR (see Table 4.8), the Ea values are quite

consistent. Especially the intrinsic bulk Ea trend seems to show a slight decrease

129




(@I el WS SOLID STATE - MICROWAVE SYNTHESIS

with increasing IOR above the Gd sample, whereas for lower IOR the bulk Ea
trend appears approximately constant. A similar trend is observed in the
intrinsic dielectric permittivity &1 vs IOR (lower curve in Fig. 4.36), where again

the trend seems to change near the Gd sample.

The YCrOs; sample on the other hand falls out of all the p and ¢ trends
presented in Fig. 4.36, which is consistent with the trends in effective
magnetization perr. The RE electron configuration seems to play a major role
here in determining the electronic charge transfer rate (resistivity) and the

electron cloud polarizability (permittivity) in (RE)CrOs chromites.
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Figure 4.36. Bulk and GB charge transport activation energies En and bulk dielectric
permittivity e; plotted vs IOR and the perovskite tolerance factor.

Most importantly, the permittivity 1 values are all relatively low and the
electron cloud polarizability may well be the only contribution to the overall

measurable polarizability in the (RE)CrO; series. Furthermore, the &1 values
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determined did not show any clear temperature dependence (see Table 4.8).
Therefore, a contribution from an ionic displacement to the overall
polarisability, typical for ferroelectricity, is unlikely and previous reports on
ferroelectricity in these materials cannot be confirmed. The absence of
ferroelectricity may be consistent though with the centro-symmetric space-
group used for Rietveld refinements of XRD patterns and the Raman spectra
presented here. None of the trends of the magnetic parameters (Tn1, TN2, Hetf) VS
IOR are correlated with any of the trends of the dielectric parameters (Ea, €1) vs

IOR, and obvious magneto-electric coupling effects are not indicated.

Table 4.8. Dielectric parameter for (RE)CrO; obtained from impedance spectroscopy

(RE)CrOs3 Activation Energy Ea Dielectric Resistivity at 200 K in
(eV) permittivity (Q cm)
Bulk GB Bulk ¢, GB ¢, Bulk p, GB p,
LaCrO; 0.22 0.29 15.6 2520 3.92 x 106 4.45x10°
PrCrO3 0.21 17.2 407 411 x10° 8.89 x 105
NdCrOs 0.23 0.3 15.8 258 5.17 x 104 1.96 x 107
SmCrO;3 0.22 0.26 23.7 90.2
EuCrOs 0.26 0.29 18.7 283 1.70 x 105 6.93 x 106
GdCrO; 0.27 0.31 27.1 177 1.96 x 105 1.93 x 106
TbCrOs 0.30 12.5 318 1.05 x 107 8.40 x 106
DyCrOs 0.27 0.28 17.3 47 .4 5.40 x 10° 1.15 x 107
YCrOs 0.32 0.33 21.7 1740 8.00 x 107 5.04 x 108
HoCrO3 0.26 0.28 12.9 76.8 4.27 x 10° 5.62 x 10¢
ErCrO3 0.27 0.29 14.1 181 4.27 x 105 2.42 x 106
TmCrOs 0.25 0.29 14.4 102 3.93 x 10° 4.66 x 10°
YbCrOs 0.28 19.6 164 1.97 x 106 1.14 x 1010
LuCrOs 0.28 0.27 20.0 97.4 1.28 x 106 3.11 x 107
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4.4. (RE):Ti.07 (RE = Gd, Ho)

RE:Ti207 pyrochlore oxide compounds are materials’” that can possess a
wide range functional properties such as ionic conductivity, exotic magnetic
properties and multiferroic behaviour.”881 Furthermore, due to their high
chemical stability and the flexibility to form solid solutions with many cations
they have been proposed as a host matrix for immobilizing toxic nuclear

wastes.82

The crystal structure (see section 4.1.) may be regarded a superstructure
of oxygen deficient fluorite (REo5Tio50175) with ordered RE3* and Ti** cations,
where an amount of 0.25 of the anions would be missing which allows ionic
oxygen vacancy conduction to occur. Traditionally, (RE)2Ti207 compounds are
prepared by solid state reaction, which requires long firing times (> 1 day) with
temperatures higher than 1400 °C and intermediate grinding to achieve single
phase material. In the last decades several alternative routes have been
proposed such as co-precipitation of hydroxides, sol-gel, citrate based method
and mechanical milling, reducing significantly the time and temperature
requirements. However, for all such methods, a second firing step in a
conventional furnace is necessary to obtain the phase pure materials and total
reaction time increases.83-8> in the following, the solid state microwave synthesis
of the two representative species Gd>Ti»O7 and Ho>Ti2O7 and their structural

and physical property characterizations are presented.

4.4.1. Synthetic aspects

The synthetic procedure is basically the route described in section 4.2.1.
Here in this case, after 20 minutes of microwave irradiation a second firing step
was necessary, in a conventional furnace during 2 h at 1100 °C (Fig. 4.37). For
sintering, the samples were ground again and pressed into 5 mm pellets and
fired for 4 h at 1400 °C with a ramp of 2 °C/min. The density in both samples,
GdoTi207 and Ho,Ti:07, was =~ 95%.
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Figure 4.37. Microwave-assisted route followed to produce RE>Ti>O7 (RE = Gd, Ho).

4.4.2. Structural characterization

Figure 4.38 presents the results relating to the Gd-sample second reaction
procedure after microwave irradiation. First treatment at 800 °C was performed
in order to remove all possible residual carbon and complete the reaction. From
the XRD data, it is observed that the reaction is not complete and a mixture of
low-temperature fluorite-like and pyrochlore structures coexists. Then a new
batch was treated at 1000 °C during 2 h. The XRD data reveals single-phase
pyrochlore-like structure but is still not very crystalline. The best result was

obtained after firing at 1100 °C for 2 h producing a single phase.
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Figure 4.38. Temperature dependence of X-ray diffraction patterns of microwave-assisted

Gd»Ti20;.
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The calcinated powders (2 hours, 1100 °C) are single phases and show
highly crystalline XRD pattern with the pyrochlore-like structure characteristic
reflections. Rietveld refinements of synchrotron X-ray diffraction data collected
at the SPLINE beamline in ESRF Grenoble were carried out for the RE>Ti>O7 (RE
= Gd, Ho) samples at different temperatures (from 1100 °C to 1400 °C) in order
to study the temperature dependence of the anti-site defects. The results of the
Rietveld refinements are summarized on Table 4.9. The good agreement factors
confirm the model, and the results are in good agreement with the ICSD
database® for both Gd2Ti.O; and Ho:Ti,O7 samples. Figure 4.39 shows the
observed and calculated patterns with Miller planes indexed on top for
Ho:Ti20O7 at 1100 °C and 1200 °C, and Figure 4.39 shows the same for Gd.Ti2O7
at 1300 °C and 1400 °C.

A - B antisite defects are commonly observed in pyrochlore structure,
especially when the A and B - site ionic radii are similar. Here in this case, the
ionic radii are in fact quite different:878 Gd** (ryi = 1.107 A), Ho*" (ryii= 1.015 A)
and Ti*" (rii=0.74 A). Nevertheless, the anti-site defect percentages obtained are
relatively high: 3.6 % for Gd2Ti»O7 and 2.4 % for Ho,Ti2O7 at 1100 °C, which is a
remarkable result. The anti-site defects may be responsible for the distortions in
the lattice detected, which became higher when the more defects are present. In
a previous study, the anti-site defects have also been linked with changes in the

ionic conduction of these compounds.#

When increasing the temperature, the main difference between the Ho
and Gd 1100 °C synthesized samples is the anti-site defects extension and an
obvious narrowing of peak widths. A clear reduction of anti-site defects is
observed with increasing temperature as reported by A. Fuentes et al®. This
may be related with the low temperature fluorite structure, which can be
regarded as a disordered pyrochlore structure. By increasing the temperature
and moving away from the phase transition, the structural order may still
improve and anti-site defects disappear. It should be noted though that another

irreversible phase transition from a pyrochlore to a high temperature fluorite
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type structure occurs at 1600 °C.%° The detected anti-site defects may be
responsible for the expansion of the unit cell due to the distortions induced by

the difference in size of the A and B cations.
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Figure 4.39. Rietveld refinement of synchrotron XRD patterns of Ho,TisO; at different
temperatures: a) 1100 °C, b) 1200 °C. Observed (red dotted lines), refined (black solid lines), and
their difference (blue bottom line). Green vertical bars indicate the X-ray reflection positions.
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Figure 4.40. Rietveld refinement of synchrotron XRD patterns of Gd,TisO; at different
temperatures: a) 1300 °C, b) 1400 °C. Observed (red dotted lines), refined (black solid lines), and
their difference (blue bottom line). Green vertical bars indicate the X-ray reflection positions.
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As it will be discussed below (section 4.4.5), Gd2Ti2O7 shows higher ionic

conductivity while Ho:Ti2O7 is significantly more insulating. From the

structural point of view, the pyrochlore structure is not a compact one and

presents empty oxygen sites (8a) surrounded by 4 B cations which can be

occupied by mobile O? anions. In Gd2Ti20O7 and Ho:Ti2O7, the B cation is the

same (Ti**) but the larger Gd3* cation, expands the lattice and thus enhances the

mobility of the O through the empty 8a sites.”®

Table 4.9. Structural parameters for RE,Ti;O7 (RE = Gd, Ho) obtained by using synchrotron X-
ray diffraction Rietveld refinements. Data was taken for samples at different temperatures in

order to study the anti-site defects.

Ho,Ti,07 Gd,Ti,O7
1100°C  1200°C  1400°C | 1100°C  1200°C  1300°C  1400°C
2 (A) | 1010004 1009852 | 10.09528 | 10.18126 | 1018407 | 1018496 | 1018507
(6) () (€)) 8) () ©) (6)
A 16d 16d
position
U*100
Gy | 0720 | 074Q) | 038Q) [ 0841) | 062) | 056()  0450)
Occ | 1952/ 1952/ 2000/ | 1929/ 1952/ 1976/  2.000/
RE/Ti | 0048 0048 0000 | 0071 0048  0.024 0.000
].3. 16c 16c
position
U*100
Gy | LO16)  103G) 0390) [ 1220) 0831) 0657 095
Occ | 1952/ | 1952/ | 2000/ | 1929/ 1952/ | 1976/ & 1976/
TYRE | 0048 = 0048 | 0000 | 0071 = 0048 = 0.024 0.024
o@) 48f 48f
position
x| 0.4229(4) | 0.4232(4) | 0.4227(4) | 0.4239(4) | 0.4244(3) | 0.4253(3) | 0.42877(5)
U(EZ‘;O 0712) 071@2) 042(1) | 0.823) 1131) 0882)  0.93(1)
O.(2.) 8b 8b
position
U001 5092)  0.024)  051(3) | 0.092) 016(3) 0012)  0.23(3
(A2) 09(2) 02(4) 51(3) 09(2) 16(3) 01(2) 23(3)
2 424 443 4.60 4.78 4.74 3.57 6.21
I;WP/ 963/ 913/ 936/ | 107/ 923/ 759/ 123/
exp
oy | 467 434 436 4.92 4.24 4.02 3.94
Rpugs | 2.42 2.35 2.83 2.40 2.16 1.90 5.50
Space
Fd-3m (#227): 16d (% Y2 %), 16¢ (0 0 0), 48F (x % %), 4b (% % %)
group
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4.4.3. Microstructural characterization

Figures 4.41a and 4.41b show the SEM micrographs of the pyrochlore
powder in backscattered-electron mode, obtained after the first 20 minutes of
microwave treatment and 2 hours at 1100°C in air. Powders are composed by
agglomerations of submicron and nanometric spherical particles, with high
homogeneity and a sponge-like texture. This morphology is probably due to the
big amount of gases produced during the synthesis from the decomposition of
the starting nitrates and oxidation of the carbon microwave susceptor to COx.
The small particle size may be adequate for processing ceramic materials with
high sintering activity. After the sintering process, materials show high density
and strongly increased particle size due to the high sintering activity of the

initial powders as revealed in Fig. 4.41c and 4.41d.

(a).Gd,Ti30; (b) HosTi; 04

(d) HOzTi207 (sintered)

Figure 4.41. SEM micrographs of the RE;Ti,O7 samples. (a) and (b) corresponds to GdsTi>xO7 and
Ho,TixO7 powder sample, respectively. (c) and (d) corresponds to pellets sintered at 1400 °C
during 4 h.
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Chemical analyses were carried out by EDS. In both samples, the cations
distributions are in good agreement with the expected ones (RE 50% and Ti
50%). Furthermore, the metal elements are distributed well all over the samples

confirming a good degree of homogeneity.

4.4.4. Magnetic properties

In RE2Ti207 (RE = Gd, Ho) pyrochlores the RE cations are located in a
tetrahedral arrangement (4 RE cations form a tetrahedron) and (RE)3*-(RE)3*
antiferromagnetic interaction can lead to strong magnetic frustration. As the
RE3* cations, in both compounds, have a large moment the superexchange
interaction is significant.”! In the case of Ho,Ti2O7 the spins are correlated but a
spin ice ground state may occur, which involves that a “two spins in, two spins

out” configuration is satisfied on every tetrahedra.®>

Figure 4.42 shows the temperature dependence of the magnetic
susceptibility for both samples. There are no significant differences between
ZFC (solid marks) and FC (hollow marks) susceptibility curves. The insets in
Fig. 4.42 show the temperature dependence of the reciprocal magnetic
susceptibility 1/y for the respective samples at low temperature, indicating a
deviation from the Curie-Weiss law below 10 K in the two different samples.
Above this temperature, the paramagnetic states do follow the Curie-Weiss
law.

The Curie-Weiss fits are indicated by the black solid lines. In the case of
Gd.Ti20y, a linear regression of 1/x vs T yields petr of 5.7 pp /Gd3*. The Weiss
constant was calculated to ® = -9.8 K, where the negative value suggests
predominantly antiferromagnetic interactions. For Ho,Ti2O7, pets = 7.3 pp/Ho%",
and ® = + 0.2, consequently, the material may exhibit a slight ferromagnetic
character. In both samples the extracted magnetic moments are smaller than the
theoretical, pett = 7.9 ps for the free ion 857, ground state of Gd3* and 10.6 for 5Is

Ho3* ground state.
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Figure 4.42. Temperature dependence of the magnetic susceptibilities y of Gd2TiO7 (red circles)
and Ho,Ti:07 (blue squares) at 1 kOe. Solid symbols represents ZFC measurements and hollow

simbols are FC data. Insets: Inverse susceptibility 1/y. The black line represents the fit of the
data to the Curie-Weiss law and their desviation below 10 K.
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Figure 4.43. Magnetic hysteresis loop at 1.7 K in the magnetic field range of -50 to 50 kOe.
Inset: Magnification of the hysteresis loop for (a) Gd»Ti.O7 and (b) Ho Ti>Oy.
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Figure 4.43 presents the magnetization vs applied field plots at 1.7 K for

Gd:Ti2O7 and Ho:Ti2O7, where a magnetic hysteresis loop is observed,
indicating that a weak ferromagnetic component also contributes to the

magnetic behaviour of the samples.

4.4.5. Dielectric properties

Impedance Spectroscopy (IS) data collected for Gd.Ti.O7 at 570 K and for
HoTi2O7 at 560 K are shown in Fig. 4.44 in terms of the complex impedance
plane plots of -Z" vs Z'. For the Gd2Ti2O7 sample (Fig. 4.44a) two regular
semicircles are displayed, which are consistent with a series connection of two
conventional dielectric relaxation processes. The data can therefore be modeled
by a series of two parallel resistor-capacitor (RC) elements where the resistance
R corresponds to the respective semicircle diameter. The high frequency
semicircle can be ascribed to an intrinsic bulk contribution, whereas the
intermediate frequency semi-circle is interpreted as a GB response. It should be
noted though that the semi-circles in Fig. 4.44a are slightly suppressed in such a
way that the semicircle center seems to be slightly suppressed below the Z' x-
axis. This indicates a certain degree of non-ideality of the relaxation process,
which can be accounted for by replacing the ideal capacitor in the RC element

with a constant phase element (CPE).
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Figure 4.44. Complex impedance plane plots of Z" vs Z' for (a) Gd,Ti,O; and (b) Ho,Ti,O;. The
equivalent circuits used for fitting the data are depicted in the figure insets.
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The resulting equivalent circuit used for data fitting is displayed in the
inset of Fig. 4.44a and a good fit to the data can be obtained in the high and
intermediate frequency range where the GB and bulk relaxations are dominant.
The CPE behaviour is usually explained in the framework of a broadening of
the distribution of relaxation times 7 across the macroscopic sample, where 7=
R-C, with R being the resistance and C the capacitance of an ideal RC element.
At the low frequency end the data points in -Z" vs Z' (Fig. 4.44) align linearly in
a “pike”-like fashion, which is inconsistent with the conventional RC element
model and is commonly interpreted as a blocking effect of the electrode sample
interface (IF). This constitutes clear evidence for ionic charge transport where
the blocking effect of the interface occurs as a result of the different types of
dominating charge carriers in the Au electrodes (electrons) and in the ceramics
(ions). Therefore, ionic conductivity in the Gd.Ti2O7 sample is indicated most
likely due to oxygen vacancy conduction, and electronic contributions are not
evident. The charge transport across blocking electrode interfaces is usually by
diffusion, which was not accounted for in the equivalent circuit model here,
because rather complex circuit components such as Warburg elements are

needed to describe diffusion processes.”

In the case of the Ho,Ti2O7 only one semicircle is evident from Fig. 4.44b.
Although the pike-like interface contribution suggests ionic type charge
transport, only one semicircle can be resolved. This is rather unusual, because
ionic charge transport is usually understood to be inhibited by Schottky-type
charge transport barriers at the GB regions, and both bulk and GB contributions
are expected to appear in form of a semicircle in -Z" vs Z' plots. The single
semicircle in Ho2Ti2Oy7 is interpreted as a bulk response due to the associated
capacitance (more details are given below). The reasons for the disappearance
of the GB contribution in Ho2Ti2O7 ceramics are not entirely clear but the GB
Schottky model possibly may be not valid here. The data was modelled with an
unconventional ideal RC element with a CPE in parallel, which has been shown
previously to be appropriate to model bulk ceramic relaxations in oxide ion

conductors.?
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The ionic conductivity in the Gd:Ti.O7 sample appears to be much larger
as compared to Ho:Ti2O7, which is obvious from the increased semicircle
diameter (the difference is almost a factor of 20). This effect can be interpreted
as a result of the larger RE ionic size of Gd3* (1.10 A) as compared to Ho®* (1.01
A), which leads to a slightly larger Gd»Ti>O7 unit cell size. This may open up
conduction pathways for the oxygen anions to move across the Gd2Ti2O7

sample more easily, whereas in Ho2Ti207 oxygen anion transport may be

inhibited due to a denser packing of the oxygen anions in a smaller unit cell.
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Figure 4.45. Arrhenius plots using the resistivity values for the bulk and GB contributions of
GdoTix07 and Ho,Ti>O7 obtained from the equivalent circuit fits. The respective charge transport
activation energies are indicated.

The difference in RE ionic radius is small though and the massive effect
on the oxygen ion conduction is rather surprising. This massive difference in
resistivity is illustrated clearly in Figure 4.45, where plots of logarithmic
resistivity vs reciprocal temperature are depicted. The resistivity represents the
values obtained from the resistors in the equivalent circuits depicted in the

insets of Fig. 4.44a-b.
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4.5. Conclusions

Solid state microwave synthesis is an effective method for the
preparation of different oxide materials featuring the ABO; perovskite and
A2B20O7 pyrochlore structures. Despite the simplicity of this method, pure
materials, sometimes nanosized, either in a single step or after a further
annealing can be synthesized. The crystal quality of the powder samples

obtained is high and permits the Rietveld refinement of the structure.

- For LaMO; and La1xA’xMOs (A" = Sr, M = Al, Cr, Mn, Fe, Co) materials,
different synthetic procedures have been established: LaCoO3 and LaMnOs are
directly obtained after microwave irradiation while a second calcination step is
necessary for LaAlO;, LaCrOs and LaFeOs. On the other hand, to obtain doped
more complex materials it is crucial to combine sol-gel methodology with

microwaves.

LaCoO; ceramics contain oxygen vacancy defects, which vary in
concentration or in the physical properties with the synthesis route
(conventional vs. solid - state microwave). Such defects may act as nucleation
centres for the gradual population of eg levels above T« across the thermally
induced spin state transition. Such gradual population of higher spin areas is
reflected by the appearance of an additional dielectric relaxation at the
transition Ts1, which indicates dielectric and magnetic phase separation, and
coupling of dielectric and magnetic properties via the lattice. The use of
different synthesis techniques implies that such observations constitute an
intrinsic material property of LaCoOs. The dielectric and, to a lesser extent, the
magnetic properties in LaCoOs are influenced perceptibly by the magnetic

defect structure.

- A comprehensive characterization in terms of the structural and
physical properties was performed for the perovskite (RE)CrOs series. The b
and c unit cell parameters showed a consistent increase with increasing IOR of

the RE cation. The concomitant increase in octahedral tilt-angle approaching
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180° resulted in a consistent increase of the Cr3*-Cr3* antiferromagnetic ordering
temperature Tni. The magnetic susceptibility y vs temperature characteristics
revealed a rich variety of different spin interactions. The intrinsic bulk charge
transport activation energy and bulk dielectric permittivity in sintered ceramics
showed a change in the trend with IOR near the Gd-containing sample. No
clear correlations of the magnetic and dielectric properties were found, and
major magneto-electric coupling effects could not be detected. A summary
picture is presented in Figure 4.46 where it is possible to observe the structural,

magnetic and dielectric correlation depending on the (RE)3* cation.
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Figure 4.46. Structural, magnetic and dielectric properties summary picture

No indications for a non-centrosymmetric space-group and associated
ferroelectricity were detected from XRD pattern, Raman spectroscopy and
temperature dependent dielectric permittivity data. Microwave synthesized
(RE)CrOs chromites may therefore not to be classified as magneto-electric or

multiferroic materials.
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- Synchrotron X-ray diffraction experiments were carried out in order to
study cation anti-site defects in pyrochlore (RE).Ti.O7 (RE = Gd, Ho) and the
temperature influence of this effect. Antisite defect concentration of 3.6 % for
Gd,Ti2O7 and 2.4 % for Ho2Ti2O7 at 1100 °C were observed, where the antisite
defect concentration decreases with the increasing of temperature. In
pyrochlores, antiferromagnetic interactions can lead to strong magnetic
frustration. In both studied samples a weak ferromagnetic component was
observed at 1.7 K. Impedance spectroscopy reveals that Gd.Ti2O7 ceramics

shows higher ionic conductivity as compared to Ho,Ti>Oy.
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5.1. Introduction

In this chapter the preparation of Ba12MnsOs hollandite rods using only
the magnetic component of a microwave in a novel single-mode microwave

synthesis set-up is described.

The hollandite family has drawn growing interest in recent years as they
are appealing functional materials for potential technological applications such
as cathodes for lithium batteries,® ion sieving sorption # > and catalysis.® 7 The
hollandite structure was reported for the first time by Bystrom and Bystrom?® in
1950 for oxides which have a composition of AxMsO1s (A = Ba, K, Sr, Li, or Bi; M
= Mn, V, Ru, Rh, Cr, Ti, or Mo) and a crystal structure which is made up of
double chains (zigzag chains) formed by edge-sharing MOs octahedra. Such
double chains are interconnected through common corners to form an MsO1e
framework with tunnels® (Figure 5.1). The structure is closely related to the
structure of rutile MO,, except that the single chains in rutile are replaced by

double chains.10.11

The hollandite symmetry can be tetragonal I4/m (#87) or monoclinic 12/m
(#12), p =90 - 91.5°.12 The monoclinic symmetry results from a deformation and
rotation of the MOg octahedra. The deformation can be described as a coupled
rotation of the double chains. The square channel is deformed into a slightly
smaller, lozenge-shaped one. The dimensional characteristics of the channels
are thus controlled by the octahedral deformations which in turn depend on the

channel cations.13 14
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Hollandites are wusually synthesized by the traditional solid state
method! 1015 or alternative routes, for example by the molten salts method,'® by
hydrothermal synthesis!” and high pressure techniques.'® There is no previous

work of hollandite phases prepared by any microwave-assisted method.

9 9

V<
020

a AQ ‘

PAYAY
Os 9 Q

Figure 5.1. Hollandite-type oxide represented by the chemical formula A>2MsOse, (a) the crystal

9

M()6"

o

structure in the c-direction and (b) the double (zig-zag) chain made up fo edge-sharing MOs
octahedra. The MsO16 framework is constructed from double chains and has rectangular tunnels
surrounded by four double chains. A-cations occupy sites within each rectangular tunnel.10

Transition-metal oxides for thermoelectric devices have been extensively
investigated since the discovery of large thermopower in NaxCoO..1% 20 It has
been found that the presence of mixed-valent cations M*/M®*D* with spin
values Sn and Sn+1 plays a crucial role in the large thermopower.?! Furthermore,
thermoelectric oxides containing mixed-valence Mn3*/Mn*" also exhibit
interesting physical properties related to the fact that different oxidation states
of Mn possess different magnetic moments (Mn?*, Mn3*, Mn** with S =5/2, 2,
3/2, respectively). 1017, 21,22 Thus, Cao.97Lao.0sMnOs with the perovskite structure

has been used in thermoelectric generators with the highest figure of merit (ZT=
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0.3 at 1000 K) for such manganites. It is well known that oxides with empty
electronic bands which can be partially filled by doping are the best candidates

as n-type legs.!

5.2. Ba1.2MnsO16 hollandite

Ba12MnsOs¢ hollandite is a naturally occurring mineral, which can also
be synthesized in the laboratory by the ceramic route. Table 5.1 shows a
summary of the results obtained for the lattice parameters of Bai2MnsOie

synthesized in the laboratory and for the mineral species.

Table 5.1. Literature data summary of Ba;2MnsOi6 hollandite.

Synthesis method / (A o s
Mineral

Solid state reaction,

decomposition of

Barbato et al, 12 2001 9979 2864 9.754 90.59

carbonates and oxides
in air

Solid state reaction,
Ishiwata et al., 1> 2006 obtained using KCl 10.052 | 2.8579 | 9.7627  89.96

mineralizer
Bystrom,® 1950 Mineral 10.00 2879 9.72 91.10
Miura et al.,” 1986 Mineral 10.006 = 2.866 | 9.746 K 91.17
Nistor et al., 3 1993 Mineral 10.00 2.87 9.73  91.00

In this chapter the structural and microstructural characterization, and
magnetic and charge transport transport properties have been performed for
Ba12MnsOi6 hollandite rods produced by single mode microwave. Such
properties have been compared with the ceramic route material obtained by

using Ishiwata et al. procedure.’®
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5.2.1. Synthetic aspects

A mixture of Ba(NOs)2, Mn2Os and KCl used as mineralizer (Sigma-
Aldrich) in a molar ratio of 1.2 : 4 : 12 was ground during 15 minutes in an agate
mortar and pressed into pellets. KCl is added to the metal precursors as a
mineralizer to avoid the formation of the perovskite phase BaMnOs, which in

fact more stable than the hollandite phase.

The pellet was placed into a SiC crucible. Different times of synthesis
were performed from 5 to 20 minutes in a single-mode microwave apparatus
where the radiation was guided along a commercial TE10p, microwave cavity.
The length of the microwave cavity was tuned to excite the TE102 mode and the
temperature was measured using a pyrometer focused on the sample surface.
The thermal cycle included a ramp of ~ 300 °C/min and a dwell time of 5 - 20
minutes at 900 °C by adjusting both 3 stub tuners and the incident power. The
incident power required to reach = 900 °C is roughly 200 W. After the specific
holding time at high temperature (900 °C), the power was switched off and the
sample cooled down to room temperature with a cooling ramp of ~ 300 °C/min
The full ramp is displayed in Fig. 5.2 a. The powder obtained was washed in
distilled water to dissolve KCl and is dried afterwards in an oven at 80 °C. This
route is easier than the conventional procedure described by S. Ishiwata et al 12:
They heated the pellet in an alumina crucible up to 850 °C (100 °C/h), the
holding time at 850 °C was 72 h, which was followed by another 900 °C

treatment for 48 h in air after an intermediate grinding.

The sintering procedure consisted in heating a pellet at 900 °C for 24 h

(100 °C/h) in a conventional furnace in air.

The temperature of the sample was measured during microwave
synthesis by using an infra-red pyrometer and was automatically recorded
through a computer. Figure 5.2a shows the temperature profiles (T/t) used for

different Ba12MnsO16 samples synthesized through microwave heating.
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Figure 5.2. a) Temperature control of Ba;oMnsO1s microwave experiments: 5 minutes (blue), 10

minutes (green) and 20 minutes (red) microwave irradiation. b) Sequence pictures of the 5

minutes microwave synthesis experiment.

Worth to be noted, the heating starts from the sample surface before

propagating in few seconds to the whole sample (see the sequence in Figure

5.2b). This heat propagation mechanism reminds to the auto-propagation front

movement that occurs in combustion methods.
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5.2.2. Structural characterization.

The addition of KCl as a mineralizer leads to the phase pure hollandite

phase, which is demonstrated in the X-ray diffraction patterns (XRD) presented

in Figure 5.3
g [Ba(NO;),] : [Mn,0;] : [KCI] |
C 1.2:4:3
" 1.2:4:12 ]
-* BaMnO, | ! :
25 30 35 40 45

26 (°)

Figure 5.3. XRD pattern of Ba12MnsgOis obtained after 5 minutes microwave irradiation using
different concentrations of KCl. The secondary phase BaMnOj is marked with an asterisk.

At 900 °C, KCl is molten and works as a flux,?>?> dissolving the rest of the
components and keeping the product free of atmospheric oxygen, which makes
the hollandite phase to be preferentially formed. On the other hand it is
interesting to recall that microwaves strongly affect the ion movements and
therefore it would much improve the capability of the molten salt to act as a

solvent.

The phase structure and purity of the material were examined by X-ray
diffraction (XRD) for the sample prepared by conventional method and for
samples prepared by microwave heating during 5, 10 and 20 minutes of

microwave irradiation. All diffraction peaks could be indexed according to the
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monoclinic phase BaMnsO1¢ I2/m (#12), Joint Committee on Powder Diffraction

Standards (JCPDS) file number 38-0476 (Figure 5.4).26

*_
g_
N= b
L |

20 minutes MW

10 minutes MW

W

5 minutes MW

Conventional route 7]

20 30 40 50 60 70
26 (%)

Figure 5.4. X-ray diffraction patterns of Ba12MnsOi¢ synthesized by single-mode microwave
route and by conventional ceramic route.

Rietveld refinements of a 5 minutes microwave-sample and one control
sample synthesized by the conventional ceramic route are shown in Figure 5.5.
Cell parameters, atomic positions, thermal B factors and agreement factors of all

the refined samples are summarized in Table 5.2.

The thermal parameters (U) are high for the Ba 4g site, possibly due to
the diffusion of Ba ions in the hollandite tunnels. It should be noted that large
thermal parameter in this position were also reported in the literature for this

material 15 and for other hollandites such as KoCrsO1g or Ko VgO16.18 27

An X-ray thermo-diffraction study was performed from room
temperature up to 300 °C to detect possible phase transitions in the material. A

clear difference between the data collected above and below 140 °C is observed.
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This phenomenon occurs in all samples (microwave and ceramic route
synthesized) and is completely reversible as evidenced by the XRD data

obtained at room temperature after the high-temperature treatment (blue curve

at the top of Figure 5.6).
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Figure 5.5. Rietveld refinement of powder X-ray diffraction patterns Ba;sMnsOi¢ from (a) 5
minutes microwave irradiation and (b) the conventional ceramic route: observed (red dotted
lines), refined (black solid lines), and their difference (blue bottom line). Green vertical bars
indicate the X-ray reflection positions.
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Table 5.2. Cell parameters and atomic positions of Ba1,MnsOis obtained by Rietveld refinement.

5 minutes 10 minutes 20 minutes Ceramic
synthesis synthesis synthesis route
a(A) 10.0576(3) 10.0454(6) 10.0567(7) 10.0523(8)
b (A) 2.86094(9) 2.8580(2) 2.8584(3) 2.8578(3)
c (A) 9.7659(3) 9.7697(6) 9.7700(7) 9.7565(7)
BC) 90.020(4) 89.960(7) 89.986(6) 90.013(8)
Ba position 4g
y 0.379(3) 0.414(4) 0.420(5) 0.401(3)
U*100 (A?) 2.9(1) 2.7(2) 2.8(3) 1.19(6)
Mn(1) position
4i
X 0.1634(8) 0.165(1) 0.164(1) 0.160(1)
z 0.3536(7) 0.351(1) 0.354(1) 0.3512(9)
U*100 (A?) 0.418(2) 0.47(3) 0.49(1) 0.35(2)
Mn(2) position
4i
X 0.3500(9) 0.351(1) 0.351(1) 0.346(1)
z 0.8317(8) 0.838(1) 0.834(1) 0.836(1)
U*100 (A?%) 0.403(2) 0.425(3) 0.403(4) 0.33(3)
O(1) position
4i
X 0.191(1) 0.175(3) 0.191(2) 0.198(2)
z 0.151(2) 0.169(3) 0.161(3) 0.145(2)
U*100 (A% 0.2 0.2 0.2 0.2
O(2) position
4
X 0.163(2) 0.158(3) 0.159(3) 0.164(3)
z 0.807(1) 0.814(2) 0.796(2) 0.794(2)
U*100 (A% 0.2 0.2 0.2 0.2
O(3) position
4
X 0.166(2) 0.1821(2) 0.197(2) 0.158(2)
z 0.525(1) 0.544(3) 0.552(3) 0.522(2)
U*100 (A% 0.2 0.2 0.2 0.2
O(4) position
4
X 0.548(2) 0.541(2) 0.543(3) 0.546(2)
y 0.802(1) 0.800(2) 0.796(2) 0.805(2)
U*100 (A% 0.2 0.2 0.2 0.2
x2 1.78 1.49 1.77 1.54
Ruwp/ Rexp 2.1/1.57 1.85/1.52 2.00/1.50 2.21/1.78
(%o / %)
Rbragg 6.35 7.46 5.58 5.43
S.G.12/m:4g (0yO0), 4i (x02)
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Figure 5.6. X-ray thermodiffraction patterns of 5 minutes single-mode microwave synthesized
Ba1,2MnsOse.

Figure 5.7 shows the Rietveld refinements at room temperature and at
300 °C of the 5 minutes single-mode microwave sample. The same symmetry

I2/m (#12) was used for both refinements.

Figure 5.8 evidences the existence of a transition to a different monoclinic
structure occurring at ~ 140 °C. At this temperature, there is a discontinuity in
all lattice parameters, indicating a reversible first-order monoclinic-monoclinic
transition. This unusual behaviour is similar as described by T. Kuwabara et al.

for the KiMnsOs6 hollandite phase.1?
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Figure 5.7. Rietveld refinement of powder X-ray diffraction patterns of 5 minutes single-mode
microwave irradiation Bai12MnsOi6 sample: a) at room temperature (RT) and b) at 300 °C.
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Figure 5.8. Temperature dependence of lattice parameters and unit cell volume. All the values
were obtained from Rietveld refinement data. Solid lines are guide to the eyes.

Table 5.3. summarizes Mn-O distances and Mn-O-Mn bond angles for
the microwave sample (structure in Figure 5.9) both at room temperature and
300 °C. It is clear that in both cases the MnO¢ octahedra are distorted. The

differences between the structure at room temperature and at 300 °C, may be
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related to the Mn2 bond angles, which in turn could be related to the existence

of different kinds of oxidation states for Mn ions in the double chains.
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Figure 5.9. Crystal structure of Ba,MngO1s

Table 5.3. Selected Mn-O-Mn bond angles and Mn-O bond lengths for 5 minutes single-mode
MW Bai2MngOi6 sample at room temperature (RT) and 300 °C, and the differences between
both values.

Bond angle (°) Bond length (A)

RT 300°C A RT 300°C| A
Mn1-O1-Mnl1 | 98.88 | 97.05 | 1.83 | Mn1-O1 | 2.02 1.89 | 0.13
Mn1-O1'-Mn1 8273 8295 -022] Mn1-O1" 205 204 001
Mn1-O4-Mnl1 @ 99.01 | 99.15 | -0.14 | Mn1-O3 | 1.69 | 1.93 | -0.24
Mn2-O2-Mn2  99.09 98.75 @ 0.34 | Mn1-O4 1.88 | 1.89 | -0.01
Mn2-O2’-Mn2 | 80.34 | 84.67 -433| Mn2-O2 | 1.88| 1.89 |-0.01
Mn2-O3-Mn2 9143 | 99.69 -8.26 | Mn2-O2" | 1.91 | 206 @ -0.15
Mn1-O3-Mn2 | 134.16 | 129.93 | 423 | Mn2-O3 | 1.99 | 1.88 | 0.11
Mn1-O4-Mn2 124.48 129.19 -4.71 | Mn2-O4 2.03 193 @ 01
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5.2.3. Microstructural characterization.

SEM

Figure 5.10 shows SEM images in backscattered electron (BSE) modes
collected on Ba12MngO16 powders. A rod morphology is obvious with a width
of the particles on the submicron scale. EDS analysis was performed in different
areas of some rods and the atomic composition resulted in good agreement

with the nominal composition of Ba12MngOx.

A
T W SO

Solid state

DR\,
WK

Figure 5.10. SEM micrograph of Ba12MnsO1s rods obtained by: a) 5 minutes , b) 10 minutes, c) 20
minutes microwave synthesis and d) ceramic route.

Average grain sizes were determined by averaging the size of some
randomly selected grains. This analysis yielded a moderate grain growth with
increasing microwave irradiation time. Figure 5.11 illustrates this behaviour: (a)
width and (b) length increase of the particles when increasing microwave
irradiation time. The average grain size trend is approximately linear (Figure

5.11c).
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Figure 5.11. Grain size distribution for Bai2MnsOis powder obtained at different microwave
irradiation times. a) Width particle distribution, b) Length particle distribution, c) Average
grain size vs microwave irradiation time.

SAED

Electron diffraction patterns along the [001] zone axe are shown in Figure
5.12 for the 5 minutes microwave - sample a) at Room Temperature and b) at
573 K. The reciprocal lattice presented is consistent with the monoclinic body-

centered lattice found by XRD.

Diffuse lines are present perpendicular to the a* direction, which
correspond to an interatomic separation of 2 b. These lines are more evident at
high temperature than at room temperature, indicating diffuse scattering,
directly related to the state of order of the different sublattices,'> ¢ and

probably due to the disorder configuration of the Ba ions along the channels.
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Figure 5.12. SAED micrographs of the [001] zone axis taken at different temperatures for a 5
minutes single-mode microwave sample: a) room temperature, b) 573 K.

5.2.4. Magnetic properties

Figure 5.13 shows the temperature dependence of the magnetic
susceptibility curves for the Bai2MnsOis powder obtained by 5 minutes
microwave synthesis and the control sample from the conventional ceramic
route, in zero-field-cooled (ZFC) and field-cooled (FC) modes with an applied
field of 1 kOe. The sharp change in the ZFC and FC magnetizations observed in
both samples a) microwave: T = 42 K and b) solid state: T ~ 45 K, can be
attributed to the canted antiferromagnetic state in Ba12MnsO16 reported for bulk

(Tn ~ 40 K).15

The susceptibility values for the microwave sample are much higher than
those for the conventional sample as is shown in Figure 5.13. However, the
susceptibility signal for the microwave sample observed here is quite similar to
the susceptibility reported by Yu et al.?8 for a molten-salt method synthesized
sample. Yu et al.?8 found that the coexistence of a weak ferromagnetic phase
may be responsible for the high magnetic susceptibility. Nevertheless, it seems
possible that small amounts of Mn3Os secondary phase in the 5 minutes
microwave sample, not detected by X-ray diffraction, could be responsible for

these magnetic differences, taking into account that bulk Mn3;Os present a
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ferromagnetic transition at 42 K that is similar to the temperature transition in
Bai12MngO1e. The upper inset in Figure 5.13 shows the temperature dependence
of the inverse of susceptibility (1/x) of the conventionally synthesized sample.
The 1/ x versus T curve in the paramagnetic state follows the Curie-Weiss law:
X = C/(T-0). Linear fitting was carried out, which is indicated by a solid line in
the Figure inset. The fitting procedure yielded the following values: C = 19.33
emu K/mol and 0 = - 461K. The estimated effective moment per Mn mol is 4.3
P, close to the expected 4.2 ps, taking into account the high spin state for Mn3*

and Mn** with an average valence state of +3.7.
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Figure 5.13. Temperature dependence of the magnetic susceptibilities of Bai2MngOis a) 5
minutes microwave (blue) and b) ceramic synthesis (black), at 1000 Oe. ZFC and FC curves are
indicated by solid markers and hollow markers respectively. Upper-Inset: Inverse susceptibility
1/x for a sample prepared by the ceramic route. The black solid line represents the fit of the
data to the Curie-Weiss law. Bottom-inset: Magnetization vs applied magnetic field hysteresis
loop of samples at 5 K for both commented samples.

Strong antiferromagnetic interactions are indicated by the large negative

Weiss constant. Furthermore, the canted antiferromagnetic transition

temperature at Tn = 40 - 45 K is much lower than the absolute value of the

Weiss temperature (461 K). The rather low Tn compared to the Weiss
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temperature could be attributed to the geometrical frustration of the hollandite
(see structure in Fig. 5.1), since the Mn-Mn network forms a triangular lattice
(zigzag chains in the hollandite structure)'? that, supposing all interactions are

antiferromagnetic, should suppress the ordering.15

The bottom inset shows the hysteresis loops of both samples. In the
microwave sample there is a small ferromagnetic component that is less evident

in the sample prepared by the conventional route.

5.2.5. Charge transport properties

For the manganese cations a Mn*"/Mn3* mixed-valance is expected,
giving rise to high electrical conductivity. The temperature dependence of the
electrical dc resistivity of the hollandite sintered pellets is shown in Fig. 5.14.
The electrical resistivity decreases when increasing temperature in all samples.
At room temperature, the resistivity value is roughly 3 € - cm, and corresponds
to a semiconductor-type behaviour. However, it is evident (see logarithmic
plot of resistivity vs the inverse of temperature in Figure 5.14) that there is a
transition temperature at ~ 400 K, consistent with the first-order structural
temperature transition mention before, which was ascribed previously to a
one-dimensional variable range hopping (VRH) conduction mechanism.!5 2°
Ishiwata et al.1> have attributed the one-dimensional electronic character to a
short - ranged incommensurate ordering of Ba ions since such incommensurate
structures are often found in hollandite oxides.?® Above the transition
temperature, the sample no longer obeys the VRH law, but shows good
linearity on Arrhenius axes. This could be attributed to a breach of the short

ranged incommensurate ordering of Ba ions along the tunnels of Ba12MnsOss.

The activation energy (Ea) of each sample above the observed transition
temperature is obtained from the Arrhenius plot. Activation energy values in

meV are presented in Table 5.4.
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Table 5.4. Activation energy (E.) of the differently prepared samples from the linear fits of the

data in Figure 5.14., above the structural and charge transport transition temperature (linear
Arrhenius regime).

Activation energy (Ea)

5 minutes MW 143 meV

10 minutes MW 158 meV

20 minutes MW 150 meV

Ceramic route 155 meV
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Figure 5.14. Resistivity (Q2-cm) Vs 1/Temperature (K1) behaviour of the different samples.

The temperature dependence of the Seebeck coefficients for each sample

are presented in Figure 5.15. All Seebeck coefficients are negative, indicative of

p-type hole conduction.

The Seebeck value is = -90 pV/K at 650 K and the temperature
dependence is almost flat down to 400 K. The curve drops sharply below 400 K,
showing a minimum at ~ -160 pV/K at 225 K.
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Figure 5.15. Temperature dependence of Seebeck coefficient S for different Ba; 2MnsO1s samples.

Considering the flat temperature dependence of Seebeck coefficient at

the higher temperature range, the extended Heikes formula (equation 5.1) can

be used.3!

S(T) = —%111[3—; ﬁ,] [5.1]

Where ga and ggp are the degeneracy of the electron configuration on the

A and B ions, and p the concentration of the B ion.

According to equation 5.1, it is possible to calculate a theoretical value S
for Mn3*:Mn#* = 3:7 (p = 0.7). The Mn3* and Mn** ions are in the high-spin state,
where Mn?* has an electron configuration of (fzg)3(e;)! (Figure 5.16). In this
model, the Jahn-Teller distortion of the high spin state is important, because it
causes a split of the eg orbital and changes the electronic degeneracy g (Mn3*)
from 10 to 5 (see Table 5.5). Since the spin degeneracy g of the Mn** ions in the
(t24)3 levels has no orbital degeneracy, ¢ (Mn**) is equal to 4 owing to the spin S

=3/2.32
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Mn3": 3d?

HS Jahn-Teller

Figure 5.16. Electron energy levels of the high spin Mn? with 34* electron configuration, taking
into account the Jahn-Teller distortion.

Table 5.5. Electronic (g), spin (gspin) and orbital (gomit) degeneracy for high spin Mn»* (n = 2,3,
4) cations in tetrahedral (T) octahedral (O) and Jahn - Teller distorted octahedral (DO) crystal
fields (CF).32

Cation dn CF Espin Zorbital g
T 6 1 6

2+ 5}
Mn el 0 6 3 18
T 5 3 15
Mn3+ d4 0 5 2 10
DO 5 1 5
T 4 3 12

4+ 3
Mn el 0 4 1 4

Spin degeneracy g can be calculated with the commonly used formula
gspin = 25 + 1. The total orbital degeneracies for each orbital type is calculated

from eq. 5.2:
Sorbital = H [(norbital)!/ (norbital - ne)! ne!] [52]

where norvital is the number of orbitals of one type and ne denotes the

number of unpaired electrons in this specific orbital type.32
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The theoretical Seebeck coefficient values can be evaluated for structures
without Jahn-Teller distortions and with Jahn-Teller distortions, using eq. 5.1.

S(r) = —%E1n |2 2]
g gﬂ-fi"l.‘d"" 0.3

No Jahn-Teller distortion: S(T)= — KTBIn [14—& - E] = —170 uV/K

Jahn-Teller distortion: S(T)=— KT‘gln E - E] = —90 uV/K

The experimental Seebeck value of ~ -90 pV/K from 650 to 400 K can
account for the Jahn-Teller distortion of Mn3*, indicating that the eg orbitals are
split at this temperature range. However, at lower temperatures this distortion
is not significant, because the number of carriers is no longer constant, and
decreases due to electron localization below 400 K. This electron localization

may relate to the charge and/or orbital ordering of Mn3* and Mn** ions.

Thermal conductivity and specific heat of the 5 minutes microwave
sample are shown in Figure 5.17. In this case, a peak at the transition
temperature in the thermal conductivity (A) and in the specific heat (Cp) are

observed.

The value of the thermal conductivity (1) reaches a maximum of 1.3
W/m K at 400 K. Specific heat ranges from ~ 450 J/mol K in the flat zone to 760

J/mol K at the maximum at the transition temperature.

Therefore, it seems clear that close relationship between the transport
properties and the first order structural transition observed by X-ray diffraction

exists.
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Figure 5.17. Temperature dependence of thermal conductivity A and specific heat (Cp) of the 5
minutes single-mode microwave sample.

5.3. Conclusions

Pollycrystalline Bai2MngO1¢ hollandite rods have been synthesized
through the new, time and energy efficient single-mode microwave route. This
is the first time that microwave synthesis has been employed for preparing a
hollandite phase. For the single-mode microwave synthesis, the use of KCl as a

flux is crucial and helps the hollandite phase to form.

Structure, magnetism and transport properties have been studied. All of
the diffraction peaks can be indexed to the monoclinic phase BaMngO1 12/m. X-
ray thermodiffraction shows a reversible first order monoclinic - monoclinic
transition at = 400 K. Magnetic susceptibility measurements indicate a canted
antiferromagnetic state below 42 K. In the microwave sample there is a small

ferromagnetic component which is less evident in the ceramic route sample.

The Ba12MnsOis hollandite exhibits a semiconducting behaviour,

consistent with one-dimensional variable range hopping up to ~ 400 K. Above
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this temperature, samples undergo a structural transition and the carriers
follow a linear Arrhenius law. The Seebeck coefficient is negative and has a

plateau above the transition temperature.
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HYDROTHERMAL SYNTHESIS

6.1. Introduction

Hydrothermal synthesis is an important branch of inorganic synthesis.
The use of microwaves combined with the efficiency of the hydrothermal
method has facilitated the preparation of a wide variety of technological
important materials, as it was previously described in Chapter 2.6.3. Synthesis
and characterization of nano-sized rare earth doped ceria with fluorite structure
for SOFC electrolyte applications, BiFeOs; perovskite with multiferroic
properties and H>V30s with one-dimensional (1D) nanostructure for lithium

battery technology are presented in this chapter.

Fluorite and perovskite structures were briefly described in Chapter 4.1
(Figures 4.1 and 4.2). The structure of H2V3Os is evaluated in this chapter
(section 6.4.2) according to the structural resolution by synchrotron X-ray

diffraction analysis.

6.2. Rare Earth Doped Ceria

Ceria-based solid solutions have been regarded promising candidates to
serve as electrolytes in IT - SOFCs since their oxygen ion conductivities are
higher than that of yttria stabilized =zirconia YSZ in the intermediate
temperature range (500 - 800 °C). 2 Gadolinium and samarium-doped ceria
have been extensively studied due to their high ionic oxygen conductivity.?
This increased ionic conductivity is a direct result of chemically doping the

parent compound Ce*'O> with the trivalent RE cations Gd3* and Sm3*. The
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charge compensation mechanism for such alio-valent doping is by formation of
oxygen vacancies (Ce**1.xRE3*xO2.x/2), which leads to strongly increased ionic
oxygen vacancy conduction.

One major problem for the application of polycrystalline oxygen ionic
conductors as SOFC electrolytes is the ceramic grain boundary (GB) resistance,
which is usually larger than or in the same range as the bulk resistance
although GB areas are expected to be thin. This implies that GBs constitute
barriers for ionic charge transport and they indeed often act as Schottky
barriers.5” Therefore, the reduction of the barrier height, i.e. the reduction of the
GB resistance, is of uppermost importance to facilitate application of
polycrystalline electrolytes. In two recent publications®® it had been
demonstrated that the optimum ionic conductivity may be encountered in
lightly Ca doped Ceo7sCa0.02Smo20185 and CepsSmo1sCao.02019-5 Ceramics.
Furthermore, several attempts have been made to increase the sinter activity of
as-prepared ceria powders by decreasing the grain size to the nanometer range,
and the ionic conductivity has been reported to be significantly enhanced in
ceramics made from such powders with increased sinter activity, as compared
to powders made from conventional methods.1% 11 Accordingly, preparation of
ultrafine ceria powders has been intensively investigated. Several techniques
that include hydrothermal synthesis,'>1* urea-based homogeneous
precipitation,’® co-precipitation,'® the flux method! and mechanical mixing!®
have been developed for the synthesis of cation-doped and undoped ceria

nano-sized particles.

Nanosized ceria powders have been prepared before under microwave -
hydrothermal conditions in a two-step process: (1) MW irradiation of the
precursor solution forming Ce(OH)COs;, and (2) crystallization of the fluorite
structure by heat treatment.’ An improvement of such synthesis technique
using a one-step microwave-hydrothermal synthesis has been demonstrated on

rare-earth Pr doped ceria,’® but the method has not been developed successfully
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to Sm and Gd doped ceria before. Furthermore, there are no previous studies of

microwave sintering of these materials.

In this chapter section one-step microwave-hydrothermal synthesis of
Ceo085RE0.1501.925 (RE = Gd, Sm), Ceo.s(Gdo1Smo.1)O1.9, CeosSmo1sCa0.0201.95 and
CeO25 nano-powders is presented. The structural and microstructural
characterization of each material and a comprehensive study of the ionic

conductivities in sintered ceramics are discussed.

6.2.1. Synthetic aspects

Nano-sized particle powders can be synthesized by microwave-assisted
hydrothermal synthesis at low reaction temperature (200 °C), where particle
growth is minimized. The main process parameters to be controlled are the
chemical reaction of the precursor solution, the pH of the solution, reaction
temperature and pressure. Such parameters determine the particle nucleation
mechanism and growth kinetics, ideally leading to the desired morphology of
the crystallites.?0?! Cerium (III) nitrate hexahydrate Ce(NOs)s-6H20, = 99%
(Sigma-Aldrich), Samarium (III) nitrate hexahydrate Sm(NOs3)3-6H20, 99.9%
(Sigma-Aldrich), Gadolinium (III) nitrate hexahydrate Gd(NO3)3-6H20, 99.9%
(Sigma-Aldrich), Calcium (II) nitrate tetrahydrate Ca(NOs)2-4H2O, = 99%
(Sigma-Aldrich) and Potassium hydroxide KOH flakes, 90% (Sigma-Aldrich)
were used as starting chemicals (the hydrate grade of the nitrates was
determined by TGA). The aqueous solutions of each composition were
prepared by dissolving the nitrate salt to the desired concentrations in distilled
water and dilution in 1.2 M KOH under constant stirring. The solution was
ultrasonically dispersed for 2 min and the reactions were carried out in double-
walled vessels consisting of an inner Teflon sealed autoclave and an outer shell
high strength polymer. The double-walled vessels were placed in a commercial
Milestone ETHOS 1 microwave system, which was operated at 2.45 GHz. The
heating ramp up to 200 °C was set to ~ 12 °C/min, the holding time at 200 °C
was 30 min, which was followed by switching off the microwave power to

furnace cool to room temperature at = 5 °C/min. The reaction vessels were
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connected to a pressure transducer in order to monitor the autogenous
pressure, which was found to amount to ~ 16 bars during the 30 minutes
holding time at 200 °C. The crystallized powders obtained were decanted 3
times, rinsed with distilled water to eliminate the remaining impurities and

dried at 80 °C.

Two different sintering procedures have been employed. In both cases
synthesized powders were compacted into pellets in a uni-axial 2 ton die press

for 5 min.

(1) In the first case densification sintering was carried out at 1450 °C in a

conventional furnace for 4 - 8 hours followed by slow cooling at 1.5 °C/min.

(2) The pellet was introduced into a SiC crucible. This material absorbs
microwaves strongly and works as secondary heater -hybrid. Different times of
sintering were performed from 5 to 20 minutes in a single-mode microwave
applicator working at 2.45 GHz (SAIREM Company). The radiation was guided
along a commercial TE10, waveguide equipped with two circulators that absorb
the reflected power and therefore protect the generator. The length of the
microwave cavity was tuned to excite the magnetic TEij2 mode. The
temperature was measured using a pyrometer (modline 5 from IRCON - from
350 °C to 2000 °C) focused on the sample surface. The thermal cycle
systematically included a ramp at = 300 °C/min and a dwell at 1450 °C in
adjusting both 3 stub tuners and the incident power. The incident power
required to achieve ~ 1450 °C was roughly 300 W. After a specified amount of
time spent at high temperature (from 5 minutes to 1 hour at 1450°C), the power

was switched off and the sample was cooled down to room temperature.

In both sintering procedures (1) & (2), the density of the obtained pellets

was found to be = 95%.
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6.2.2. Structural characterization

Phase purity and the fluorite CeO; crystal structure of each sample were
confirmed from the powder XRD pattern shown in Fig.6.1. The nanometric size
of the synthesized powders was evident by perceptible diffraction line
broadening. The average crystallite sizes were calculated from the full width
half maximum of the (220) reflection line by using the Debye - Scherrer formula.
The particle sizes obtained are 9 nm for CeO2;, 10 nm for CepsGdo1Smo.101.9, 12
nm for CepssGdo1501.925, 14 nm for CepssSmo150195 and 15 nm for

Ce0.85mo.18Ca0.0201.95.
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Figure 6.1. X-ray diffraction patterns of ceria and rare earth doped cerias. The high width of the

o
=l

reflexions in the patterns showed that particle size is in the nanometric range.

Structural Rietveld refinements yielded satisfactory fits by using the
cubic #225 Fm-3m space group (Figure 6.2). Table 6.1 shows the results of the
performed structural analysis. Numbers in parentheses represent standard
deviations. The lattice parameters obtained after data refinement are in good

agreement with data reported in the literature?> 23. All atom positions are fixed
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by the symmetry of the Fm-3m space group and were not refined. Rare earth

cations are situated at the 4a site with the atomic coordinate (0, 0, 0) and oxygen

is at the 8c site corresponding to the (%4, %4, %) position.
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Figure 6.2. Rietveld refinement of XRD patterns: observed (red dotted lines), refined (black solid
lines), and their difference (blue bottom line). Green vertical bars indicate the X-ray reflection

positions.

Table 6.1. Unit cell parameters and agreement factors, obtained through Rietveld analysis of the

Powder X-Ray diffraction patterns.

Space group: Fm-3m (#225)
a (A) Agreement factors
CeOns 54211 (1) A Ry=3.65 ; Rup=4.87 ; Rexp=2.75 ; y2=3.14
Ceo85Gdo.1501.925 5.4297 (1) A Ry=3.24 ; Ryp=451 ; Rexp=2.48 ; 2=3.31
Ce.855m0.1501.925 5.4345 (1) A Ry=3.69 ; Ryp=5.30 ; Rexp=2.58 ; y2= 4.24
Ceo.8Smo.18Ca0.0201.9-5 5.4372(1) A Rp=2.38 ; Rup=3.31 ; Rexp=2.69 ; y2=1.52
CepsGdo1Smo101.9 5.4259 (2) A Rp=3.28 ; Ryp=431 ; Rexp=2.72 ; y2=2.51
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6.2.3. Microstructural characterization

TEM images of the synthesized ceria powders show agglomerated
particles (Figure 6.3) with nanometric size. The corresponding SAED patterns
(insets of Figure 6.3) show the diffraction rings commonly observed in
polycrystalline materials. The mean particle sizes determined from TEM images
are consistent with the XRD particle size calculation using the Debye-Scherrer
formula as described before. The radii of the rings are inversely proportional to

the interplanar spacings dx of lattice planes of crystals.

Figure 6.3. TEM micrographs of rare earth doped cerias and in the top corners the SAED
patterns.
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Figure 6.4 shows a higher magnification micrograph of
CeosSmo18Ca0.020195 powder, where it is clear that the particles are less

agglomerated than those in the samples presented in Figure 6.3.

Figure 6.4. TEM micrograph of CeosSmy.1sCan0201.95 and in the top corners the SAED patterns.

In Figure 6.5 SEM micrographs of undoped and doped ceria sintered
pellets, 4 h at 1450 °C in air in a conventional furnace, indicate uniform particle
size and a dense microstructure. As a result of the densification sintering,
perceptible grain growth was detected by increased grain sizes as compared to
those from the synthesized powders. The rather efficient grain growth

mechanism may be associated with the high sinter activity of nano-powders.
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In the case of CepsSmo15Ca0.0201.95 ceramics, different times of sintering
in the conventional furnace (4 - 8 h at 1450 °C) were employed in order to
improve the pellet density. Furthermore, single mode microwave sintered
pellets were prepared at different microwave irradiation time in order to
establish a relationship between grain size, density and microwave irradiation

time.

(b) Ce; g5Gdy 1501 925

Figure 6.5. SEM micrographs of sintered pellets at 1450 °C for 4 h.

Figure 6.6 shows the micrographs of sintered CeosSmo.18Ca0.0201.9-5 using
different sintering conditions (conventional sintering, microwave sintering and

different heating times).

In all cases the pellets are well sintered. Continuous grain growth by
increased grain sizes was detected when increasing microwave irradiation time

as indicated in Figure 6.6.
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8 h, 1450 ° C conventional 4 h, 1450 ° C conventional

< 10

Distribution (

Figure 6.6. SEM micrographs of sintered CepsSmo.1s8Can0201.95 pellets and grain size distribution
for microwave sintered samples.

6.2.4. BET surface area analysis

N2 adsorption-desorption isotherms of powders are presented in Figure
6.7. The plots show the amount of gas adsorbed (cm3/g) versus the relative
pressure (P/Po), where P is the equilibrium pressure of the adsorbed vapor and
Po is the saturated vapor pressure at the temperature of the experiment (77 K).
These isotherms exhibit a hysteresis loop, where the lower branch represents
measurements obtained by progressive addition of gas to the adsorbent, and
the upper branch by progressive withdrawal. Such hysteresis is usually
associated with the filling and emptying of meso-pores by capillary
condensation.?* 2> The lower limit of hysteresis is thus dependent on the
adsorptive and the operational temperature. The lower hysteresis closure point
is found at a relative pressure P/Po of ~ 0.4, which is within the expected range

according to the literature.3¢

The surface area determination using the BET technique yielded values
of 57.4(1) m?/g for Cep.sSmo.18Ca0.0201.9-5, 62.2(4) m?/ g for CeOz5, 86.6(2) m?/ g for
Ceo.55mo.1501.925, 89.2(4) m?/g for Ceos5Gdo1501.925 and 97.6(5) m?/g for
CesGdo.1Smo101.9.
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Figure 6.7. BET N, adsorption-desorption isotherms at 77 K for the CeO.; and doped-ceria
powder samples synthesized by the microwave-hydrothermal method. The amount of gas
adsorbed and desorbed (cm?3/g) is plotted vs the relative pressure (P/Po).

Apparently, alio-valent chemical doping increases the ceria surface area.
This trend is somewhat different to the crystallite sizes determined by XRD and
TEM, which may be explained by differences in the particle agglomeration
behaviour. Generally, the surface area values obtained for the system were
rather high considering the fact that the synthetic route is template free.
Previous reports all suggested lower surface area values for materials
synthesized by the hydrothermal method (37-80 m?/g),? sol-gel (73 m?2/g)% or
a surfactant-free emulsion methods (43 m?/g).? It is clear that the microwave-
hydrothermal method is an effective route for the synthesis of materials with

relatively large surface areas.

6.2.5. Ionic conductivity measurements by impedance spectroscopy

Various data representations and equivalent circuit fitting
Impedance Spectroscopy (IS) data collected for the 8 h conventionally

sintered CepsSmo.18Ca00201.9-5 sample at 480 K is shown in Fig. 6.8 in terms of
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the complex impedance plane plot of —Z" vs. Z'. Two regular semicircles are
displayed, which are consistent with a series connection of two conventional
dielectric relaxation processes and can, therefore, be modelled by a series of two
parallel resistor-capacitor (RC) elements.? The high frequency semicircle can be
ascribed to an intrinsic bulk contribution, whereas the intermediate frequency
semi-circle is interpreted as a GB response.?” 30 It should be noted though that
the semi-circles in Fig. 6.8 are slightly suppressed in a way such that the
semicircle centre seems to be slightly suppressed below the Z' x-axis. This
indicates a certain degree of non-ideality of the relaxation process, which can be
accounted for by replacing the ideal capacitor in the RC element with a constant
phase element (CPE).3! Fig. 6.8 shows an equivalent circuit consisting of a series
of such two non-ideal R-CPE elements and an almost ideal fit was obtained at
intermediate and high frequencies. The CPE behaviour is usually explained in
the framework of a jump-relaxation model,®? or in simpler terms by a
broadening of the distribution of relaxation times 1 across the macroscopic
sample,®® where T = RC, with R being the resistance and C the capacitance of an

ideal RC element.

At the low frequency end the data points in —Z" vs. Z' (Fig. 6.8) align
linearly in a “pike”-like fashion, which is inconsistent with the conventional RC
element model and is commonly interpreted as a blocking effect of the electrode
sample interface. This is typical for ionic charge transport,3* where the blocking
effect of the interface occurs as a result of the different types of dominating
charge carriers in the Au electrodes (electrons) and in the ceramics (oxygen
vacancies). Therefore, ionic conductivity in the CepsSmo.1sCa0.0201.9-5 sample is
evident, electronic contributions may be small, a potential mixed valence
Ce3*/Ce** electronic hopping conduction is not visible and, consequently, the
Ceos**Smo183*Ca0.022"O1.9> sample may be close to the ideal stoichiometry. The
charge transport across blocking electrode interfaces is usually by diffusion,
which was not accounted for in the equivalent circuit model here, because
rather complex circuit components such as Warburg elements are needed to

describe diffusion processes, as it was comment in section 4.4.5. for Gd2Ti2O7.%
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Figure 6.8. Complex impedance plot of =Z" vs. Z' for CesSmo.18Ca0.02019-5 (8 h. sintered sample)
at 480 K, demonstrating bulk, GB and interface relaxations. Open symbols (¢) represent
measured data, squares (m) and solid lines represent equivalent circuit fits at intermediate/high
frequency using the model presented in the figure.

Fig. 6.9 displays plots of only the imaginary parts of the impedance —Z"
vs. frequency f for the CeosSmo.18Ca0.0201.9-5 sample on double-logarithmic axes
in order to display the curves for all measured temperatures as indicated. Two
dielectric relaxation peaks for the bulk and GB contribution are evident,
consistent with the two bulk and GB semi-circles in Fig. 6.8. The low frequency
interface relaxation shows clearly different trends with f, again inconsistent
with the standard RC element model and confirming the above interpretation
of an electrode blocking effect. The height of the bulk and GB relaxation peaks

are proportional to the resistance of the respective contribution and the thermal

activation of GB and bulk ionic charge transport is indicated by solid lines in
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Fig. 6.9. The fits using the model in Fig. 6.8 are also shown at lower frequencies
but for demonstration purposes only. The actual fitting procedure itself was
restricted to intermediate and high frequencies where the GB and bulk

relaxations would be dominant (see also Fig. 6.8).
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Figure 6.9. Imaginary part of the impedance (-Z") plotted vs frequency for CepsSmo.18Ca0.0201.9-5.
Two relaxation peaks are displayed, for the GB and bulk contributions. Both peaks exhibit
thermal activation of the ionic charge transport (indicated by solid lines). Open symbols (0)
represent measured data, squares (m) and solid lines represent equivalent circuit fits using the
model presented in Figure 6.8.

The impedance data was additionally converted into the real part of
dielectric permittivity &' in order to obtain further confirmation of the electrode
blocking effect and the ionic charge transport (Fig. 6.10): the &' vs. f spectra for
the CeosSmo.18Ca0.0201.95 sample show 3 distinct regimes, where the bulk and
GB contributions are manifested by approximately frequency independent &
plateaus each (as indicated in the graph), whereas the electrode interface

contribution shows a uniform and linear increase of & with decreasing f. The
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bulk and GB plateaus are consistent with standard dielectric theory, whereas

the interface again shows the typical signs for an electrode blocking effect.
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Figure 6.10. Relative dielectric permittivity & vs f for CepsSmo1sCa0020195 The dielectric
response at intermediate and high temperature is well represented by a series connection of two
non-ideal RC elements, one for GB and one for the bulk dielectric relaxations.

The trends of —Z" vs. Z', =Z" vs. fand ¢ vs. f shown in Fig. 6.8, Fig. 6.9
and Fig. 6.10 were equivalent for the CeossGdo1501.925, Ceo.855mo.1501.925 and
Ce.s5mo.1Gdo101.9 samples, all of them sintered during 4 h at 1450 °C using a
conventional furnace, and for CepsSmo1sCao020195 samples sintered using
conventional heating and microwave sintering. lonic conductivity was

indicated consistently.

Resistivity vs. temperature trends
The GB and bulk resistivity values p obtained from data fitting were

plotted on a logarithmic scale vs. reciprocal temperature 1/T in Fig. 6.11 and
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Fig. 6.12, including the activation energies (Ea) determined from the slopes of
the corresponding Arrhenius plots of In(p) vs. 1/T. Fig. 6.11 shows that all GB
activation energies were in the range of 1 eV, typical for ionic charge transport.
The GB resistivity values were considerably higher than all bulk values and
confirm the notion that GBs constitute barriers for the ionic charge transport.
The lowest GB resistivity was found for the Ce.sSmo.18Cao.0201.9-5 sample, which
may, therefore, be regarded preferential for IT-SOFC applications. Such
preferential GB resistivity cannot be associated with the relatively small
variations in grain size and may well be an inherent property of the ionic
dopant. In fact, the average grain size in the Sm doped sample is the lowest,
emphasizing further the low GB resistivity. Such findings are confirmed by the
bulk resistivity, showing optimum ionic conductivity for the Sm - Ca doped
sample (Fig. 6.12). The ionic charge transport is known to be determined by the
defect association energy and the local defect structure,® 3¢ which appear to be

optimal in Sm - Ca doped ceria.

The GB activation energy for the preferential CepsSmo.1sCa0.0201.9-5
sample was 1.02 eV, which is a slightly higher value from that obtained for
CeosSmo202-5 (0.96 eV). Both values are comparable with previous work on
Ce0.sSmo202-5 samples synthesized by the sol-gel method (0.97 eV).3” The
overall GB resistivity at 500 K is decreased though in the work presented here
by a factor of ~ 100 as compared to such sol-gel samples3®> and by a factor of =
400 as compared to more recent CeosSmo201.9 sol-gel samples.® Microwave -
assisted hydrothermal synthesis appears to be an effective way of synthesizing

highly ionically conducting ceria ceramics.

Recently, Moure et al.? have claimed though that the GB resistivity
encountered here can be further decreased by another factor of 8 using
mechanosynthesis of ceria powders. Such samples had composition of
Ce0sSmo2019. The origin of this factor 8 may partially be debited to the higher
ac amplitude of the impedance measurement signal of 500 mV used by Moure

and co-workers, as compared to the 100 mV amplitude applied here. The GB
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resistivity in ionic conductors is commonly influenced by the ac amplitude,
because GBs act as Schottky barriers resulting in a non-ohmic (non-linear) GB
resistance.> In fact, the intrinsic bulk ionic resistivity in the work by Moure et
al.? was lower than in the sample presented here by a factor of only 2, which is a
realistic decrease as a result of the higher Sm doping level. Bulk ionic charge
transport is usually ohmic (linear)® and, therefore, the ac test signal amplitude is

irrelevant and the bulk resistivity values can be compared unambiguously.
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Figure 6.11. Fitted GB resistivity (p) values obtained from the resistor R2 in the equivalent
circuit plotted vs. reciprocal temperature 1/T. The GB activation energies (Ea) are given in
electron volts (eV) obtained from the respective In(p) vs. 1/T plots.

The bulk Ea values here were all in the range of 0.85 eV as shown in Fig.
6.12, except for the CeO»-5 curve where both the bulk p and Ea values are rather

low for ionic charge transport.
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Figure 6.12. Fitted bulk resistivity (p) values obtained from the resistor R1 in the equivalent
circuit plotted vs. reciprocal temperature 1/T. The GB activation energies (Ea) are given in
electron volts (eV) obtained from the respective In(p) vs. 1/T plots.

Dielectric properties of single — mode microwave sintered samples

The trends of the temperature dependence of GB and bulk resistivity at
different sintering conditions are presented in Figure 6.13a and Figure 6.13b,
respectively. It is shown that there are no remarkable differences between using

conventional sintering and single - mode microwave sintering.

The strongly improved sintering activity of nano-sized powders is
shown to lead to exceptionally high ionic conductivities in Ceo.sSmo.18Ca.0201.9-5

ceramics.
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Figure 6.13. a) Fitted GB resistivity (p) values obtained from the resistor R2 in the equivalent
circuit plotted vs. reciprocal temperature 1/ T b) Fitted bulk resistivity (p) values obtained from
the resistor R1 in the equivalent circuit plotted vs. reciprocal temperature 1/T. In both cases the
data are from samples sintered by conventional route and by single - mode microwave using
different irradiation times.
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DC bias IS measurements in 5 minutes single-mode microwave sintered pellets

The impedance spectroscopy spectra for a 5 minutes microwave sintered
ceramic with a super-imposed dc bias of 0 - 20 V are shown in Fig. 6.14. The GB
resistance decreases with the increase of the dc bias voltage, while the grain
resistance is almost constant. This behaviour is common for ionic conductors
and the GB Schottky blocking behaviour can be confirmed by using a Mott-
Schottky plot, which is shown in the inset of Figure 6.14. In this plot 1/C? is
represented as a function of the DC voltage, V, where C is the capacitance. A
linear tendency is evident and the obtained value found at the intersection of
the 1/C2 line with the horizontal axis corresponds to - 1.61 V. This value is an
estimate for the potential that each oxygen vacancy charge carrier needs to

overcome in order to move across a GB from one grain to the next.
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Figure 6.14. Complex impedance plot of —Z" vs. Z' for Cep.8Smo.18Ca0.0201.9-5 at 475 K, using
different dc voltages from 0 to 20 V. Inset: Plot of 1/C2 where C is the capacitance as a function
of applied DC bias.
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Undoped CeOx-5

The charge transport properties in CeO25 show the signs of a significant
electronic contribution, as is evident from the &' vs. f curve for CeO2-s shown in
Fig. 6.15. The curve does not show the typical behaviour of ionic conductors at
low f mentioned above (Fig. 6.10). Fig. 6.15 shows that the interface dielectric
permittivity approaches another &' plateau at the low frequency end, consistent

with the behaviour of a conventional dielectric relaxation as described by an RC

element.
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Figure 6.15. Relative dielectric permittivity & vs. f for CeO,-5. Open symbols (¢) represent
measured data, squares (m) and solid lines represent equivalent circuit fits using the model
presented in Fig. 6.8, (*) represent fits to the model in Fig. 6.16. Insets: complex impedance plots
of —-Z" vs. Z' on different resistivity scales exhibiting interface (low f), GB (intermediate f) and
bulk (high f) semicircles.

The first figure inset demonstrates that the GB semicircle in —=Z" vs. Z'
plots is overlaid by a conventional interface (IF) semicircle. Such semicircle

overlap occurs, because the IF and GB time constants 7 are similar. In the & vs. f
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notation the IF and GB relaxations are clearly separated though, and two
equivalent circuit fits were performed: one with a circuit containing a series of 2
R-CPE elements for the bulk and GB relaxations at high/intermediate f (m), and
another fit with 3 series R-CPE elements for the bulk, GB and interface (IF)
relaxations over the full frequency range. Without an interface “pike” structure
in the —Z" vs. Z' plot and the interface response being consistent with a
conventional RC element, the signs of a blocking electrode are missing in
CeOz-5. Ionic charge transport is not indicated and an electronic contribution

appears to be dominant.

The second Fig. 6.15 inset shows the same data as in the first inset but is
magnified at the high frequency end. The CeO»-s; bulk semicircle can be seen
clearly, whereas the GB semicircle appears to be much larger in size, which
indicates a large difference between bulk and GB resistivity. This confirms the
findings of Fig. 6.11 and Fig. 6.12 and is illustrated in plots of —Z" vs. f depicted
in Fig. 6.16: two peaks can be seen, which are largely separated in magnitude on
both the —Z" y-axis and the frequency x-axis. It has to be noted though that the
high resistivity peak at low frequency is in fact a double peak, consisting of the

GB and IF contributions (as indicated).

The low CeOs-5 bulk resistivity is believed to be a result of incomplete
oxygenation and the formation of oxygen vacancies (9). Such vacancies would
be compensated by partial reduction of Ce*" to Ce?*, leading to electronic
hopping conductivity.3® Fully oxygenated CeO: is expected to be insulating,
and the formation of oxygen vacancies may be the only plausible mechanism to

induce perceptible conductivity into undoped cerium oxide.

The high GB resistivity in CeO»-s (Fig. 6.11) suggests that the GB areas
showed significantly higher levels of oxygenation as the bulk, which is a
common feature in electroceramic materials. Generally, the MW synthesized
CeOz-5 sample seems little suitable for ionic conductor applications in contrast

to the rare-earth doped specimen. The equivalent circuit for CeO»-5 with a series
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of 3 R-CPEs is shown in Fig. 6.16, giving an imperfect match between data and
model at low frequencies due to the strong overlap of GB and IF relaxations

(see also Fig. 6.15).

11

10

Frequency [HZ]

Figure 6.16. Imaginary part of the impedance (—Z") plotted vs. frequency for CeO,-5. Two
relaxation peaks are displayed, one double peak structure for the GB and the interface (IF) and
one for the bulk dielectric relaxation. Open symbols (©) represent measured data, stars (*) and
solid lines represent equivalent circuit fits using the model presented in the figure.

6.3. BiFeOs3

BiFeOs; is one of the most intensively studied multiferroic materials,
because its ferroelectric and antiferromagnetic ordering occurs concurrently at
room temperature.?® BiFeOs; is a rhombohedrally distorted ferroelectric
perovskite (Tc ~ 1100 K) with G-type canted antiferromagnetism up to 643 K
(Tn), where all neighboring magnetic spins are oriented antiparallel to each

other.#0 This antiferromagnetism is caused by superexchange interaction via the
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oxygen atoms connecting Fe3* cations. The antiparallel alignment of the Fe
spins is not perfect because the Dzyaloshinskii-Moriya interaction produces a
slight canting of the magnetic moments and thus, weak ferromagnetism
appears.*! The average-bulk magnetism tends to zero because their resultant
magnetic moments generate an incommensurable cycloid with a zero net
magnetization. Ferroelectricity in BiFeOs is well established to be driven by the

Bi3* lone pair electrons (Figure 6.17).4245

0) Iron (d) .
O Oxygen
&

' ¢
Sprrel direction r

=640 A

Figure 6.17. a) Crystal structure of bulk BiFeOs.4! b) The part of the BiFeO; lattice with only iron
and oxygen ions is shown. The arrows indicate the direction of the Fe3* magnetic moment.* c)
Incommensurate cycloidal distribution of resultant magnetic dipoles.#> d) In BiFeOs; the
ordering of lone pairs (yellow part) of Bi3* cations, contributes to the polarization (green
arrow).*3

BiFeOs synthesis is often performed by the high temperature ceramic
method which has several drawbacks. For synthesizing BiFeOs, the kinetics of
phase formation in the Bi»Os-Fe;Os system can easily lead to the appearance of
secondary phases such as Bi2O;, mullite-type BixFesOy, and sillenite-type
BixsFeOs0.46 47 Furthermore, the high volatility of Bi makes high temperature

processing troublesome.

Besides the solid state route, several alternative techniques have been

used to prepare this material: wet chemical routes, rapid sintering process,
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hydrothermal methods.*8>5 In order to obtain a pure phase, the temperature

and time of the heat treatment are critical. For instance, more than one hour
treatment at 600 °C induces decomposition of the compound. BiFeO; is a

metastable phase at this temperature and decomposes according to the reaction:
49 BiFeOs; —12 Bi2Fe4Og + BixsFeOs,

So one must take care to avoid long heat treatments.>® According to all versions
of published binary phase diagrams (Figure 6.18),5 58 these phases are not

thermodynamically compatible.

1100 —

1000 |- _
8 1
< 90 l
o
B 4
5 800 q
g
= o a

700 1% e

3 ' *
600 2 @ 1 M 1 Q0 1 Q N i

0 20 40 60 80 100

Bi203 Mole % FeQO3 Fe203

Figure 6.18. Phase diagram of the Bi;Os-Fe;Os system. The a,  and y phases are rhombohedral,
orthorhombic and cubic, respectively. Reproduced from Palai et al.58

Moreover, at higher temperatures phase transitions take place: a

transition to a GdFeOs-type orthorhombic phase (B-polymorph) has been
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reported to occur above 825 °C (close to, or associated to the ferroelectric
transition) and a third cubic polymorph (“y-phase”) has been claimed.> Taking
all of this into account it is clear that a low temperature synthesis method for

BiFeQOsis more convenient.

Further problems in BiFeOs high temperature synthesis are related to
ionic valences and oxygen stoichiometry because Fe?* can be easily formed if
accompanied by oxygen vacancies to keep the charge balance, with a

concomitant change of the magnetic and electric properties.®°

The BiFeOs crystal lattice is generally accepted to possess a trigonal
symmetry, with space group R3c (# 161),°' but a distorted tetragonal phase
(P4mm) has been identified also in thin films under strain.®> Besides, chemical
doping of BiFeOs can stabilize more structure types. For example, it has been
recently reported that the solid solution 0.8BiFeO3-0.2BaTiOs processed by high

energy ball milling yields a monoclinic phase Cm (# 8).63

Furthermore, the sintering is another critical problem: with increasing
temperature, Bi®* tends to evaporate, causing stoichiometric variations as
mentioned above.®* For the study of electric properties and actual applications
of BiFeOs; ceramics, it is necessary to synthesize high resistivity samples,
achieving sintered densities above 90% of the theoretical density, which is a
difficult task using the conventional sintering procedures. In this work single-
mode microwave sintering is demonstrated to yield high density pellets using

moderate temperatures.

Thus, the aim of this section is to ascertain the space group and analyse
the microstructure of BiFeOs; powder prepared as a single phase by a new, low
temperature and fully reproducible method. Furthermore magnetic and

dielectric properties have been investigated.

210




(@Bl CWN MICROWAVE - ASSISTED HYDROTHERMAL SYNTHESIS

6.3.1. Synthetic aspects

Initial reactants were 10% excess Bi(NOs)3- 5H20O (Merck, 98%) and
Fe(NO:s)s - 9H20 (Merck, 98%) in different KOH concentrations (2 M, 4 M, 8 M).
The heating ramp up to 200 °C was set to = 12 °C/min, and the reaction was
carried out at 200 °C in a teflon vessel during 15 min and 30 min under 13 bar
pressure and with power limited to 500 W in the Milestone Ethos One
microwave. Finally, the products were decanted and leached with HNO3 2 M,
water rinsed to eliminate remaining impurities, and dried at 80 °C in a
conventional oven. To complete oxidation of the iron atoms from Fe?* to Fe3*,

the sample was heat treated at 300 °C during 3 hours in flowing oxygen.

A possible multistep formation mechanism is suggested as follows. First,
BiONOs is formed by hydrolyzation of Bi(NOs);- 5H2O. Next, Fe(OH); may
form from the reaction between Fe(NOs)s - 9H2O and KOH. Subquently, they
nucleate to form BiFeOs; and Bi>Os; because of the excess of Bi(NOs)s- S5H2O.
HNO; 2 M eliminates this secondary phase (Figure 6.19).

C_ 2
\ \
Bl( NQWS )3 KOH ‘ Bl(jN(73 MW BiF 903 HNO, ‘
(Fe(thg )3 Fe(C)H )3 B12C)3 \ | B]FGC)B
v l v o B ¥
DL o ..- P h. @
= S @

Figure 6.19. Sequence picture of the BiFeO; synthesis

The reactions involved during this process are as follows®?:

BiONO; + HyO < Bi**3g + 20H + NO5
Fe®* + 30H" > Fe(OH); <> FeOy*5q +3H"
Bi**sq + Fe03> 5y > BiFeO;

Furthermore, the concentration of KOH is essential for the morphology

of the sample, as explained in section 6.3.3. Microstructural characterization.
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Single-mode microwave sintering has been employed after the
synthesized powders were compacted into pellets in a uni-axial 2 ton die press
for 5 min. The sintering procedure is similar to that previously described for
Ce0sSmo.18Ca0.0201.95. The pellet was introduced into a SiC crucible and 5
minutes of single - mode microwave irradiation proved to be sufficient to
obtain a high density pellet (93 %) in the TEiz mode. The temperature
measured by the pyrometer focused on the sample surface was 750 °C and

power was limited to 120 W.

6.3.2. Structural characterization

The generally accepted trigonal space group R3c (# 161),40 61,6 as well as
the recently suggested monoclinic symmetry [Cm (# 8) and Cc (#9)],°2 were
tested in the search for the best Rietveld refinement fit in the BiFeOs powder

sample, prepared using KOH 4M during 30 minutes microwave irradiation.

The best fit was obtained with the trigonal R3c model (see Fig. 6.20a).
Table 6.2 shows the results of the performed structural analysis. The
coordinates of bismuth atoms, which are located at high-symmetry sites, were
taken as a reference. The oxygen temperature factor did not show stability and
it was fixed during the refinement. The final reliability factors were: R, = 4.62,
Rwp = 6.26, Rexp = 3.52 and y? = 3.16. Refinement results using a monoclinic Cc
model led to similar reliability factors, specifically Rp = 4.34, Rwp = 6.09, Rexp =
3.12 and ¥? = 3.81 so the difference is not large enough to fully discriminate any

symmetry by this method (Figure 6.20b).

Correction of intensities to counterbalance the influence of possible
preferred crystallize orientation is necessary. Preferred orientations can be
easily recognized by powder diffraction using the (012) reflection for R3c or the
(200) for Cc (Figure 6.20a and 6.20b). Electron microscopy has been used, as
described in section 6.3.3, as a powerful and complementary structural tool to
unambiguously determine the symmetry. There is no evidence of texture in the

oxygenated sample (Figure 6.21).

212



(@Bl CWN MICROWAVE - ASSISTED HYDROTHERMAL SYNTHESIS

—
=
N—

v T T T T T T T T

R3c

(012)-
(110) -

N
(104)

N
(=)

[y
(=)

I I I I I e

fi

- (024)

~{202)
(116)

L

Intensity (a.u.) x 103
R
-=(300)

=

(IO N (0 W VA S0 O W L W MY T O O v A O TN O

1 1 O I

L L UL |
do bl

.
s

U

10 20 30 40 50 60 70 80 90 100 110
(b) 26 (°)
o2 8 {3 Go :
X 20F 5 .
S _F ]
316: 3
12t =8 s :
e f 3= 8 .
(D] 8— w0 ' _
H - S =
e F ;
= 4F 7]

:

L0 | | [ Y A (BTN

lr *l*—-—f—% B e ;

10 20 30 40 50 60 70 80 90 100 110
26 (°)
Figure 6.20. Rietveld refinement: Observed and calculated diffraction patterns of BiFeO;

prepared by microwave hydrothermal method during 30 minutes using KOH 4M a) R3c space
group b) Cc space group.
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Figure 6.21. Rietveld refinement: Observed and calculated diffraction patterns of oxygenated
BiFeOs prepared by microwave hydrothermal method during 30 minutes using KOH 4M using
R3c space group. (Rp =4.51, Rup = 6.60, Rexp = 3.12 and 2 =4.47)

Table 6.2. Cell and atomic parameters of BiFeOs prepared by the microwave hydrothermal
method during 30 minutes using KOH 4M obtained from Rietveld refinement.

BiFeOs BiFeOs
(oxygenated)
=b(A) |5.58068(5) 5.5790(1)
c(A)  [13.8725(1)  13.8674(3)
Bi position 6a
U*100 (A% | 0.48(1) 0.97(2)
Fe position 6b
z 0.7210(1) = 0.7212(3)
U*100 (A% | 0.77(7) 0.70(1)
O position 18b
x 0.909(1)  0.9191(2)
y 0.204(1) 0.224(2)
z 0.6204(4)  0.6595(8)
U*100 (A% 0.20 0.20

214




(@Bl CWN MICROWAVE - ASSISTED HYDROTHERMAL SYNTHESIS

6.3.3. Microstructural characterization

Due to the ambiguity of the X-ray diffraction patterns to distinguish
between both crystal systems, a transmission electron microscopy study has
been performed. The SAED (Selected Area Electron Diffraction) study of the
reciprocal space (Figure 6.22) shows that the reflection conditions are consistent
either with trigonal space group R3c (hexagonal unit cell 4, = b, = 5.58 A and ¢,
=13.87 A) or with monoclinic Cc (2 =9.80 A b =557 A, c =5.62 A and f = 125).
The semi-quantitative EDS analysis of the metal composition over 10 crystals
yields an average composition of BioosuFeooss), in good agreement with the

nominal one.

Choosing between a trigonal cell and a monoclinic one is actually just a
convention, because both cells are equivalent. R3¢ is a minimal non isomorphic
supergroup of index 3 of the Cc space group®” and SAED cannot distinguish
between both cases, because the same reflections would be present, with the
same spacing, changing only the nomenclature of the hkl indices, e.g., the 001
monoclinic cell reflection would be equivalent to the -1102 trigonal cell

reflection (see Figure 6.22)

[0001], - (o1, § 1102k oo [111], @ F101, ., [40],

-21-105/0-20,,

/ 11-204/-11-1,, 11-20,/20-2,,

» »
- -1102,/001,,

11-20,/-111,,

Figure 6.22. SAED patterns along the zone axes [0001]x/[-101]m, [-110-2]x/[111]y, [-1101]/[110]y Of
30 minutes microwave irradiated BiFeOz; sample. The subscripts R and m define trigonal and monoclinic
symmetry respectively.

In order to distinguish R3¢ and Cc a micro-diffraction analysis is

required. Micro-diffraction patterns allow obtaining the crystal symmetry by
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employing the “net” symmetry, which is that of a lattice created from the
reflections in the pattern. Since the “net” symmetry of the reciprocal lattice
depends on the crystal system, the “net” symmetries of the micro-diffraction

patterns are directly connected with the crystal system.®

In Figure 6.23, the micro-diffraction pattern from the [0001]r or [-101]m is
displayed. The zero order Laue zone (ZOLZ) net symmetry for a trigonal R3c
system along [0001] is 6mm whereas it must be 2mm along [uOw] in the
monoclinic Cc case (see Table 6.3). The ZOLZ symmetry observed in the
experimental pattern is 6mm indicating that the true crystal symmetry is

trigonal in the R3¢ space group.

Table 6.3. Relations between the “net” symmetry and the crystal systems.68

Net Symmetry in ZOLZ
Space Group [0001] (101]
R3c (6mm)
Cc (2mm)

[0001],

Figure 6.23. Microdiffraction pattern along [0001]r/[-101]x zone axis showing net symmetry
(6mm) in the ZOLZ.
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The absence of extra reflections or streaking in SAED patterns indicates a
well-ordered structure. In order to confirm the degree of ordering of this

material, an HREM study was carried out.

Figure 6.24. a) Conventional HRTEM image from a thin crystal of BiFeO; along [-220-1] showing
the cation arrangement, and the good agreement with the calculated cell (see the inset within
the yellow markers). b) Phase of the reconstructed exit wave function from a focal series of a
different area of the same specimen with all the cations and anions resolved. c) Enlargement of
the squared yellow area of b) with the projected atomic model overlapped.

A conventional HRTEM image along the [-220-1] zone axis with the
restored exit wave phase along the same zone axis is presented in Fig. 6.24a. It
is remarkable that in the HRTEM image taken near the Scherzer defocus (notice
the good matching of the calculated image, squared in yellow, for a defocus
value Af =—400 A and a thickness ¢ = 30 A) only the heavy Bi and Fe atoms are
visible as dark blobs, however the phase image shows an improvement in

resolution details and both cations and the light oxygen anions are clearly
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imaged with the contrast inverted. Figure 6.24c shows further detail extracted
from an enlarged area of Figure 6.24b, together with the projected structural
model. This structural image confirms the absence of any distortion yielding the

trigonal symmetry as it has been observed in thin films.6?

All the TEM characterization has been carried out for 30 minutes
microwave irradiated samples which have been synthesized with KOH 4M.
Furthermore, the influence of the KOH concentration was studied by SEM. It
was found that the shape of the particles is strongly influenced by KOH. When
the KOH concentration is in the range of 2 - 4 M polyhedral particles are
evident, some of them present hexagonal faces and sizes up to 2 pm. When the
KOH concentration is increased to 8 M, microcubes are gradually formed

(Figure 6.25).

Figure 6.25. SEM micrograph of the BiFeO; samples after 30 minutes MW irradiation using
different concentration of KOH a) 4 M b) 8 M.

It is interesting to remark that it is possible to obtain pure and crystalline
BiFeOs just programming a heating ramp, without maintaining the solution for
minutes at the maximum temperature, in the microwave-hydrothermal
apparatus. Figure 6.26 shows the sequence of SEM pictures obtained by using
different microwave irradiation time using KOH 8 M. It is possible to observe
that in all the cases microcubes are present and the rough surface of the cubes

could be associated with the effect of KOH.
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Figure 6.26. SEM micrograph of the BiFeOs; samples using KOH 8 M at different microwave
irradiation times. (a) Just the 15 min heating ramp, without maintaining the solution at the
maximum temperature. After the heating ramp, the program was dwell for (b) 15 minutes and
(c) 30 minutes.
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6.3.4. DTA analysis

Figure 6.27 shows the DTA curve for BiFeO; (30 min MW - KOH 4 M,
pristine sample) in the 400 °C to 1000 °C interval, where three endothermic
peaks are observed. The first peak appears at 821 °C and has been reported as
the ferroelectric phase transition. The peak at 915 °C may correspond to the
incongruent melting temperature of BiFeOs, and the endothermic peak at 957 °C
corresponds to the incongruent melting point of BizFesOoy, which is formed at
high temperature. Nevertheless, the reported antiferromagnetic - paramagnetic
transition at =~ 370 °C does not appear in this plot, probably due to the small
amount of energy involved. The electric transitions are in good agreement with

reported data.®®

1.5 ,
| Incongruent melting o
temperature of BiFeO; /[ °
/,/f”"-..‘
{.0 1'0‘ Ferroelectric
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Q
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Figure 6.27. DTA curve for BiFeO; measured from 400 - 1000 °C
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6.3.5. Magnetic properties

The observed magnetic behaviour for the as prepared microwave-
hydrothermal BiFeOs (30 min MW, KOH 4M) (Fig. 6.28) is similar to that
reported by S. Basu et al.70 for samples synthesized with the standard
hydrothermal method without microwaves. The inset in Fig.6.28 shows the
temperature dependence of the inverse of susceptibility (1/x). The 1/y versus T

curve in the paramagnetic state follows the Curie-Weiss law.
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Figure 6.28. Temperature dependence of the magnetic susceptibility (y) of BiFeOs at 1000 Oe.
ZFC and FC curves are indicated by green triangles and red circles respectively. Inset: Inverse
susceptibility 1/y. The black solid line represents the fit of the data to the Curie-Weiss law.

Data fitting was carried out, as is indicated by a solid line in the inset of
Fig. 6.28. The fitting procedure yielded: C =1.9 and ¢ = —181 K corresponding to

a magnetic moment of 3.9 ps.
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Plots of magnetization vs applied field collected at different
temperatures confirm that these samples show a spontaneous magnetization
which does not reach saturation indicating a small ferromagnetic moment.”! 72
Weak ferromagnetism due to possible antiferromagnetism spin - canting has

been suggested by earlier magnetic measurements.”3-7>
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Figure 6.29. Isothermal magnetic measurements performed at three temperatures; 2, 100, and
300 K. Note the hysteresis, indicative of coercive field and characteristic of a ferromagnetic
ordering.

In order to see if additional magnetic effects exist as competing processes

in the surface and bulk, the coercive field is plotted as a function of temperature
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in Fig. 6.30, from 2 to 300 K. Clearly, a small but distinct exchange bias is
observed. This behaviour illustrates that two different magnetic orders exist in

the sample: ferromagnetism and antiferromagnetism.
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Figure 6.30. Coercive field, Hc, as function of temperature, both panels show the positive (red)
and negative parts (blue). It is important to note the small but distinctive size in both the
positive and negative parts. This is a clear indicating that a small exchange bias exists, probably
due to ferromagnetic and antiferromagnetic orders.

6.3.6. Impedance spectroscopy

Figure 6.31 shows complex plane plots of Z” vs. Z' at 530 K. Three
different semicircles are displayed, which implies that the equivalent circuit
displayed in the inset of Figure 6.31 would contain three RC elements in series
to describe three series dielectric relaxations (bulk, GB and interface electrode).
An unconventional ideal RC element with a CPE in parallel has been proposed
to adequately fit the bulk relaxation. Such non - ideal, non-Debye-like

behaviour of bulk electroceramics is well-documented and can often be
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successfully modelled using a parallel combination of R, C and CPE

components.”®
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Figure 6.31. Plots of the imaginary vs real part of the impedance (-Z” vs Z’) at 530 K for BiFeOs
sample (30 minutes MW, KOH 4 M). The equivalent circuit used for the fitting is depicted in the
figure inset.

Resistivity values extracted from the data fits are illustrated in Fig. 6.32
on plots of logarithmic resistivity vs reciprocal temperature. The bulk resistance
of the sample is relatively high confirming the insulating nature of the material.
This suggests that the Fe cation is predominantly Fe3* and there is no
perceptible electronic conductivity due to the presence of Fe?*. As it is shown in
Figure 6.32 the activation energy (Ea) values of the sample, calculated using the
Arrhenius relation, are high. These relatively high values of activation energy as
compared with the literature value (0.65 - 0.86),3% 77 indicate a more

pronounced insulating behaviour of this sample.
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Figure 6.32. Resistivity plotted vs reciprocal temperature 1/T for BiFeOs sample (30 minutes
MW, KOH 4 M) for the different relaxations. Solid lines are guides to the eyes, indicating good
linearity and Arrhenius behaviour.
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Figure 6.33. Relative dielectric permittivity & vs f for BiFeOs; sample (30 minutes MW, KOH 4
M). The dielectric response is well represented by the equivalent circuit presented in Figure

6.31. Open symbols (0) represent measured data, squares (m) and solid lines represent
equivalent circuit fits using the model.
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The impedance was also converted into the real parts of dielectric
permittivity & (Fig. 6.33): the &' vs. f spectra for the sample show 3 distinct
regimes, where the bulk, GB and interface contributions are manifested by
approximately frequency independent &' plateaus each (as indicated in the
graph). The dielectric response is well represented by the proposed equivalent

circuit (Figure 6.31).

Figure 6.34 shows the temperature dependence of the dielectric
permittivity at selected frequencies. An unexpected transition about 430 K
appears. The magnetic properties at this temperature should be studied in
future work to check if there is any relationship between the magnetism and the

dielectric behaviour.
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Figure 6.34. Relative dielectric permittivity & vs Temperature for BiFeO; sample (30 minutes

MW, KOH 4 M).
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6.4. H2V30Os

Vanadium oxides, oxyhydroxides and hydrated oxides with one-
dimensional (1D) nanostructures, such as nanobelts, nanoribbons or nanorods,
have attracted great attention due to their diverse physiochemical properties.
These oxides present a large number of different structures and exist in a range
of single and mixed metal oxidation states (from +2 to +5).78 They are excellent
electrode materials for rechargeable lithium batteries due to their large specific

capacity, good cyclability and low cost.

Controlling the growth, size and shape of nanosized objects are
important research areas in materials science. In fact, the physical properties
depend not only on the composition but also on the particle size and shape. The
electrochemical behaviour of these materials strongly depends on these factors
and usually, the smaller the particle size is, the lower the cell polarization and

the higher the cell capacity become.”-81

H>V30s is one of the most attractive vanadium oxide hydrates due to its
interesting electrochemical properties. Early works reported the insertion of up
to 2.5 Li per formula unit (Li/f.u. hereafter) in the 4 - 1.5 V range corresponding
to a specific capacity of 240 mAh g1.7% 82 Interestingly, simultaneous oxidation
and partial exchange of H by alkali metals produce superior performances. For
example, NaooHo1V30s allows inserting 2.9 Li/f.u and shows 260 mAh g
specific capacity, due to the larger extent of the proton exchange and the better

order within the structure.82 8

The synthesis of H2V30s was first reported by Théobald and Cabala
using a hydrothermal treatment.84 The crystal structure presents orthorhombic
symmetry Pnam (#62). The structure was first described as a nearly layered
arrangement of V3Os,% where two different VOx polyhedra are present: VOe
octahedra and VOs trigonal bipyramids with vanadium oxidation states of +4,

+5 in the former and +5 in the latter.
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The more common hydrothermal treatment implies the use of sealed
Pyrex ampoules containing aqueous VOSO; or solutions with different reduced
vanadium compounds, which are heated at 180 - 220 °C for several hours up to
several days.” 828586 Alternatively, H2V30s can be prepared from V>O5 xerogel
to avoid using a precursor containing V4+.8” However, this route is energy costly
because the xerogel has to be prepared previously at high temperatures of up to

800 °C.

Due to the technological interest of H2V30s, a big effort is being made in
order to improve its synthesis and electrochemical performance connected to
low production costs. Therefore, recent reports on the synthesis of H2V30s
describe the preparation from the cheapest and more available vanadium oxide,
V205.88 Regarding electrochemical performances, the highest specific capacity
reported up to now is 409 mAh g corresponding to the insertion of 4.32 Li/f.u
in the 4 - 1.5 V voltage range.3¢ The material was prepared before in the form of
crystal nanobelts through a hydrothermal route at 180 °C for 7 days from a
mixture of V2,03 and V20s.

In this section it is shown that H>V30s nanobelts can be produced by
microwave - hydrothermal synthesis. The characterisation of the prepared
materials, as well as their intercalation chemistry, is presented. The study
includes the evolution of the vanadium oxidation state from mixed 2 V3+ + 1 V#+

to 3 V3+,

High capacities, even at high current densities, have been found in this
study showing that microwave-hydrothermal synthesis is a promising synthetic
procedure to prepare electrode materials in a fast and environmental friendly
way. Interestingly, a preprint has been made recently available describing the
application of a similar procedure to the preparation of compounds of general
formula VOx - nH>O with application in aqueous-based Li-ion supercapacitors.?’
Due to the lack of structural characterisation the true nature of those VOx - nH>O

was not unveiled though.
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6.4.1. Synthetic aspects

The reaction was carried out in a quartz pressure vessel (45 ml with 40
bars and 250 °C as maximum pressure and temperature values, respectively for
this kind of vessel) instead of the Teflon autoclaves used in the other
procedures described in this Chapter. The convenience of using a quartz vessel
is due to high melting point of quartz material which will not being damaged
by localized superheating of any material inside the vessel. In the case of
H>V30s and vanadium oxides, the possible formation of conducting phases can
produce “hot spots” easily around the walls and the effect with Teflon vessel

would be catastrophic (see Figure 6.35).

Figure 6.35. Catastrophic failure of a teflon vessel due to an uncontrolled formation of hot spots
in the vessel walls during the synthesis of H>V30s

The reactants V205 (0.5 mmol, Aldrich, 98%) and ethanol (5 ml, Scharlau,
synthesis grade) are mixed in 20 ml distilled water as solvent and placed and
stirred in the vessel. The following optimized heating program was used: a
heating ramp of 12 °/min up to 200 °C, then 2 h holding time at 200 "C followed
by switching off the microwave. The microwave power was limited to 500 W.
The product obtained was washed with distilled water and dried at 80 °C. This

product can be observed by eye to form an entangled green sheet (Figure 6.36).
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Figure 6.36. Entangled green sheet of H,V3Os obtained after 2 hours microwave irradiation.

6.4.2. Structural characterization

The synchrotron XRD pattern of the green powder obtained by
microwave-hydrothermal treatment is shown in Figure 6.37. Diffraction peaks
can be indexed, using Rietveld refinement, to the Pnam (#62) orthorhombic
system with lattice constants which are similar to the values previously
reported in the literature for H>V3:Os (ICDD 04-011-3466).8¢ The refined

parameters are summarized in Table 6.5.
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Figure 6.37. Rietveld refinement of H>V3Os synchrotron XRD pattern: observed (red dotted
lines), refined (black solid lines), and their difference (blue bottom line). Green vertical bars
indicate the X-ray reflection positions.
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Table 6.5. Structural parameters for orthorhombic Pnam H>V3;Os obtained by microwave -
hydrothermal synthesis.

H>V30s
a (A) 16.8600(4) | O position
b (A) 9.3325(2) x 0.1310 (1)
c(A) 3.63388(8) y 0.1311(9)
U*100 (A2) 0.20(9)
V(1) position 4c 0@) Izzsmon
x 0.0458(3) x 0.9384(9)
y 0.1231(4) y 0.217(1)
U*100 (A2) 0.73(4) U*100 (A2) 0.20(9)
V(2) position 4c 006) [;(;Sltlon
x 0.8509(3) x 0.7798(7)
y 0.0765(5) y 0.187(1)
U*100 (A?) 0.73(4) U*100 (A?) 0.20(9)
V(3) position 4c 0() [;(:smon
x 0.4474(2) x 0.7789(7)
y 0.0905(4) y 0.898(1)
U*100 (A2) 0.73(4) U*100 (A?) 0.20(9)
O(1) position 4c 0@) [;(;Sltlon
x 0.9594(9) x 0.5164(7)
y 0.931(1) y 0.927(1)
U*100 (A2) 0.20(9) U*100 (A?) 0.20(9)
O(2) position 4c 0®) I;(:Sltlon
x 0.0955(8) x 0.355(1)
y 0.277(1) y 0.035(1)
U*100 (A2) 0.20(9) U*100 (A?) 0.20(9)
X2 5.29
Rwp/ Rexp (Yo /
%) 4.45 / 2.57
RBragg 5.67
Space Group Pnam (#62) : 4c (x y ¥4 )

After the refinement, a Bond-Valence Sum (BVS) model calculation % 1
was performed in order to assign the oxidation state of the 3 different

vanadium cations. The values obtained are: V(1) = 4.74, V(2) = 4.29, V(3) =4.82.
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These numbers are close to those reported in the literature 2 V5* + 1 V4+ 848

Taking into account all the structural information, the H2V3Os structure

was drawn in Figure 6.38.

Figure 6.38. Crystal structure of H>V30s viewed along the (a) c-axis, (b) b-axis. V(1) in
green, V(2) in dark red and V(3) in blue.

The structure is characterized as a nearly two-dimensional framework
(V3Os layers) comprised of 3 kinds of polyhedra: 2 VOs octahedra and a VOs
distorted square based pyramid. This description is different to Oka et al,®> who
claim that VOs contains a trigonal bypiramid. As shown in Figure 6.39 this is
not totally correct, a trigonal bipyramid is a polyhedron formed by joining a
trigonal pyramid and its mirror image base to base and in this case the presence

of two inverted and distorted square based pyramids sharing an edge is clear.
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Figure 6.39. Framework of V>Os polyhedra in the structure of H>V3Os.

The stoichiometry of the H2V3Os sample was confirmed by ICP - OES.
This analysis reveals a vanadium content of 51(2) %, in reasonable agreement

with the theoretical value (54%).

The structure was confirmed at the local level by IR spectroscopy. Figure
6.40 shows the IR spectrum of a sample heated at 80 °C in order to remove
absorbed water. The spectral features could be assigned to the previously

reported values for H>V3Os with good agreement.88 92
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Figure 6.40. FTIR spectrum of H>V30s prepared by microwave-hydrothermal route.
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The broad band at 3416 cm! originates from the OH group vibrations,
whereas a narrow band at 1637 cm is ascribed to the H>O bending mode.
Both vibrations indicate the presence of coordinated water in agreement with
the structure proposed by Oka et al.85. The bands at 1021 cm and 975 cm!
correspond to the symmetric stretching of the (V5*= O) and (V4*= O) bonds,

respectively, showing the presence of mixed valence state for vanadium.

6.4.3. Microstructural characterization

SEM

The SEM image displayed in Figure 6.41 shows the morphology of

H>V30s nanobelts obtained using the microwave-hydrothermal route. They

exhibit a width close to 100 nm and a length of several tens of micrometres.

Figure 6.41. Nanobelt morphology typical of HyV3Os prepared by 2 h microwave -
hydrothermal route.
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HRTEM

A structural HRTEM image along the [100] zone axis (see Fig. 6.42a)
shows a regular stacking with periodicity of 0.36 and 0.93 nm, which
corresponds to the c and b cell parameters, respectively. The simulated image,
using the structural model described above, a defocus value of f = - 30 nm
and a thickness of t = 5 nm was found to be in good agreement with the
experimental image, which is demonstrated in the inset of the right part of
Figure 6.42a (delimited with yellow asterisks). At this optimum defocus, the
vanadium positions correspond to the dark dots and in the magnified area of
the image displayed in Figure 6.42b, the arrangement of the vanadium

network perfectly fits with the dark dots.

A similar situation is found in the HRTEM image recorded along the
[010] zone axis (see Figure 6.42c). In this case, due to the presence of
amorphous material in the surface of the nanobelts, a part of the image was
filtered yielding a complex arrangement of dots, where a periodicity in the
image contrast with values of 0.36 and 1.69 nm can be detected, which
corresponds to the lattice parameters a and ¢ of the orthorhombic unit cell

(Figure 6.42d).

Note again the excellent matching between the calculated image
delimited by yellow asterisks (defocus value of f=-40 nm and a thickness of t
= 6 nm) and the experimental one (Figure 6.42d). The dark dots of the image
represent the arrangement in layers of the vanadium atoms along the a

direction (see the projected model inserted in the image).
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Figure 6.42. a) HRTEM image of a H»V3Os crystal along the [100] zone axis and its
corresponding optical diffraction pattern; the calculated image is delimited by yellow asterisks;
b) High magnification of (a) where the dark dots are clearly identified with the vanadium
cations of the projected crystal structure; ¢) HRTEM image of the nanobelts along the [010] zone
axis and d) the corresponding filtered image showing the arrangement of the vanadium sheets
(see the projected structure inserted) along the a axis and the excellent agreement with the
calculated image delimited by yellow asterisks.

6.4.4. TGA analysis

H>V30s powder was analysed using TGA in a H>/He atmosphere in
order to determine if hydration water is present in the as-prepared sample
(Figure 6.43). A small weight loss (~ 0.5%) below 100 °C is observed and

attributed to adsorbed species on the surface of the sample, such as ethanol
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and water, and an evident plateau appears corresponding to the stability
range of pure H2V30s sample. A second weight loss of 6.5% occurs around
200 °C and is ascribed to the loss of water yielding V3O; Finally, as
temperature increases under the reducing conditions another weight loss
(13.6%) is observed around 500 °C accounting for the reduction to V20s. The
total weight loss between 75 and 500 °C is 20.1%. This is the expected weight

loss for the overall reaction:

2 HoV30s + 5 Ho 2 3 V203 + 7 HO

T T T T 600

- 500

-400

- 300

% weight
3

-200

(D o) @injesadwa |

- 100
80 A V20,

, , . , .
0 5000 10000 15000
time (s)

Fig. 6.43. Weight loss and temperature of a H>V30s sample as a function of time under an
atmosphere of H> (200 mbar)/He (400 mbar). Heating rate: 5 °C min-.

The XRD analysis of the product obtained after heating at 500 °C
confirms the formation of V203 in accordance with the above proposed
equation. Taking these results into account, the presence of a significant amount
of intercalated water or ethanol is discarded. Nevertheless, prior to the
electrochemical characterisation, the as-prepared H2V3Os has been dried at T =

80 °C to avoid the presence of small amounts of absorbed substances.
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6.4.5. BET surface area analysis

Electrochemical properties of H2V3Os have been found to be highly
dependent on the preparation method, because different capacities have been
reported. The early report by Legagneur et al.82 described the electrochemical
behaviour of samples with low specific surface area (2 - 3 m?g1) that develop a
capacity of 240 mAh g in the 4 - 1.5 V voltage range. Their H2V3Os sample
showed an increase of capacity upon cycling that was interpreted as a result of
decreasing particle size by electrochemical grinding. Higher capacities ranging
from 300 to 400 mAh g and above have been achieved in H>V3Os nanobelts
with lengths larger than 10 mm and widths of several tens of nanometres.8¢- 87,92
% Unfortunately, these reports do not give information on the specific surface
area. Based on the results of Chine et al.,8 who prepared nanobelts of similar
size and reported a specific surface area of 13 m? g, it was assumed that a
specific surface area of that order of magnitude is needed to enhance lithium

insertion thus yielding high performances.

Specific surface area (SSA) of the sample here was measured by
physiosorption of nitrogen using the Brunauer, Emmett and Teller (BET)
method.”* The N adsorption - desorption isotherm of H>V3O s powder is
presented in Figure 6.44. This isotherm exhibits a hysteresis loop, similar to that
described in section 6.2.4 for rare earth doped ceria. The isotherm is again
identified as type IV, typical for mesoporous materials.?> The surface area
determination using the BET technique yields a value of 11.92(2) m? g ! for this
material. A Barrett -Joyner - Halenda (BJH) type pore size distribution is shown
in the inset of Figure 6.44. From the distribution curve it is suggested that a
wide distribution of pores with small pore volume (=~ 10 4 cm3 g! nm™) and
diameters mainly in the mesopore range (2 - 50 nm) occurs. It is possible to
observe two peaks, the first narrow one corresponds to 2.6 nm pores, while the
second peak shows a broad contribution with a maximum at about 24 nm pore

size, probably due to the packing of the nanobelts.
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Fig. 6.44. N, adsorption-desorption isotherm of H>V3Os nanobelts showing the amount of gas
adsorbed versus the relative pressure. Inset: BJH pore size distribution derived from the

adsorption branch of the isotherm

6.4.6. Electrochemical properties

Figure 6.45 shows the electrochemical behaviour of H2V30s nanobelts
produced by the microwave - hydrothermal method at C/20 rate, which means
that 20 h are necessary to insert 1 Li/f.u. The lower cut off voltage is set to 1.5 V.
This is the common value used in recent studies reporting electro-chemical
performances of H>V3Os nanobelts produced by hydrothermal synthesis.” 82 A
high capacity of 400 mAh g' is achieved. Hydrogen evolution due to H*
reduction upon lithium reaction, does not seem to take place in this case since
discharge and charge curves have the same voltage profile even for deep
discharges as is shown below (see Figure 6.47a). This behaviour of H2V50s is
remarkable, because protonated systems tend to be unstable as it was observed

recently for H>TicO13.% The absence of hydrogen displacement during lithium
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insertion in H>V30s indicates that not all protonated systems must be discarded

as prospective electrode materials.
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Fig. 6.45. Variation of voltage versus composition and corresponding specific capacity of
H>V30g discharged down to 1.5V at a C/20 discharge rate. The inset shows the discharge
capacity of the cell upon cycling.

On the other hand, the cycling behaviour, shown in the inset of 6.45,
reveals that a significant drop of capacity is observed after the first cycle,
although still a high capacity (=300 mAh g) is kept afterwards. Note that the
loss of capacity after the first cycle seems to be a characteristic of H2V30Os
nanobelts when cycled in the 4 - 1.5 V range as deduced from previously
reported data.8¢ 8 % In order to shed some light on this capacity loss, the
solubility of H2V30s in the electrolyte (1M LiPFe solution in EC:DMC (1:1), more
details in Chapter 3.15) and the structural stability of H2V30s were investigated.
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The vanadium content of the electrolyte was analysed by ICP in both
cells cycled 5 times and in the solution obtained after stirring H2V3Os with the
electrolyte for 24 h. In both cases only small amounts (1.6 + 0.2 ppm and 10.4 +
0.5 ppm, respectively) of vanadium were detected. The X-ray diffraction pattern
of the electrode after a discharge down to 1.5 V show that the main reflections
of H2V30s were maintained as expected for a topotactic reaction. However,
some intensity changes and peak shifts were detected. A more detailed study of
X-ray diffraction using synchrotron radiation to determine the structure of
lithiated phases is shown below (section 6.4.8). Therefore, it is conclude that the
capacity loss after the first cycle is more likely to be related to processing or
morphology issues of the electrode rather than to the reversibility of the

insertion reaction or dissolution of the active material.

The discharge behaviour of H2V3Os at different current rates varying
from C/20 to 1C and down to 1 V is shown in Figure 6.46. The horizontal line
indicates the lower cut off voltage that has been normally used when
researching this material (1.5 V). Up to date, the highest capacity reported for
H>V30s, 409 mAh g-1, corresponds to the insertion of 4.32 Li/f.u. at a current
rate of 20 mA g1.8¢ Although a simple comparison with the data depicted in
Figure 6.46 is difficult due to differences in electrode processing and fabrication
(type of current collector, electrode surface, nature and quantity of carbon
black, binder, etc.), it can be seen that capacity data in the 3.75 - 1.5 V range
(limited by the horizontal dashed line in Figure 6.46) vary from 4.48 Li/f.u. (425
mAh g1) for C/20 (4.7 mA g7) to 3.2 Li/f.u (300 mAh g71) for 1C (87 mA g7).
Therefore, it can be concluded that good electrochemical performances are
reached for the H>V30s samples prepared following the proposed fast, cost-
effective and green chemistry procedure and being comparable to those
prepared by other means.”? Figure 6.46 also shows that the polarisation increase
at high current rate seems to become more significant beyond intercalation of 2
Li/f.u. (see shaded areas in Fig. 6.46), likely due to a slower Li diffusion and

more severe structural stress.
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Fig. 6.46. Voltage variation versus composition and corresponding specific capacity of H2V3Os
at different current rates (C/n). Note that n stands for the hours needed to insert 1 Li/f.u.

As it was shown in Figure 6.45, the discharge down to 1.5 V corresponds
to the insertion of ~ 4.2 Li/f.u. Thus at this voltage a mixed V4*/3* state is
expected. In order to test if H>V3Os inserts more lithium in a reversible way,
some cells were discharged to a lower voltage and charged back to 3.75 V. A
full discharge - charge cycle in the 3.75 - 1.0 V voltage range of a lithium cell
bearing the H2V30s material as the positive electrode material is presented in
Figure 6.47a. The cycling experiment in the 3.75 - 1.0 V range shows a reversible
insertion of a lithium quantity that corresponds to the complete reduction of 2
V3t and 1 V4 to 3 V3+, this is 5 Li/f.u. Therefore, the reversible insertion of 5
Li/f.u. unveils that this material develops a large reversible capacity of =~ 498

mAh g1 which is much higher than previously reported values,8 87 92, 93
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because it allows a deeper discharge. However, from data shown in Figure 6.46
note that the extra capacity obtained at low voltage (below 1.8 V) is very
sensitive to the current rate, since from the moment when the current rate
increases from C/20 to C/13 a large drop of energy occurs involving mainly the
energy developed at low voltage, below 1.8 V (see shaded area below 1.5 V in
Figure 6.46). For practical uses only the capacity obtained down to 1.5V, in the
order of 400 mAh g-! may be relevant.
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Fig. 6.47. a) Variation of voltage versus composition and corresponding specific capacity of
H>V30s discharged down to 1V at a C/20 discharge rate and b) PITT quasi-equilibrium
measurement on a Li/H,V30s cell at £10 mV for 12 h down to 1.0 V.

Several features of the voltage-composition profile are clearly seen in
Figure 6.47a allowing the identification of the solid solution and two-phase
regions (continuous variation and plateaus of voltage, respectively). The nature
of the mentioned regions is more clearly seen in Figure 6.47b, where the
relaxation of current with time during a potentiostatic discharge is shown in the
whole intercalation range. Thus it can be seen that for reaction time t ~ 175 h
and 675 h, current relaxation follows an anomalous behaviour far from a ¢ -1/2
law indicating that lithium diffusion is not ruling the intercalation reaction.
Those two regions are then assigned to biphasic regions. In all other regions the

expected relaxation trend indicates that a single phase of variable composition

243




(@Bl CWN MICROWAVE - ASSISTED HYDROTHERMAL SYNTHESIS

is being formed. However, in spite of the long time the system was allowed to
relax, limited kinetics are observed throughout the whole intercalation regions,
and the current does not relax to zero. As expected, the effect of limited kinetics
is more evident in the two-phase regions, where lithium diffusion through the

interphase shows a delayed reaction.

6.4.7. EELS spectroscopy

In order to determine the changes in vanadium oxidation states, several
samples in the 0 < x <5 compositional range were isolated by discharging
different cells down to 2.65, 1.85 and 1.0 V. The corresponding compositions
LixH2V30s (x = 1.5, 4.0 and 5.0), located on the discharge - charge curve shown
in Figure 6.47a as I, Il and III, were further characterised by EELS. Of particular
interest is the last one, since it represents the maximum lithium quantity that

H>V30s can incorporate reversibly.

It is well known that the white lines (L2 and L3 absorption edges) in the
3d transition metals are sensitive to valence changes and the position and total
intensity or Ls/L> ratio of these lines can be used to extract this information.%
Another method that was shown to give good results is to measure the
difference in energy onset between the oxygen K edge and the transition metal
L2 edge.”” Here, in this case the V L3 edge and the O K edge overlap, and
therefore a modification of the last method and in the approximation the shift of
the V Ly for different reference compounds is compared, the pristine H2V30s
nanobelts and the Li intercalated materials with respect to the C K edge used as
reference for energy calibration. Note that the latter materials are mixed with
carbon black due to the preparation route (see details in the experimental
techniques section 3.15). According to this, V203 (V3*), VO2 (V4*), H2V30s (V467+)
and V205 (V5*) samples mixed with carbon were used as valence standard.
Linear fitting of the vanadium L3 energy maximum (Ers) and the vanadium
oxidation state (Vv) shows a relation following Ei3 = a + b- Vy with a =

514.05(27) and b = 1.27(6) (Figure 6.48a).
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If the V L2s edge of LixH2V30s with x = 0, 1.5, 4.0 and 5.0 is represented
together with the reference compounds (Figure 6.48b), it can be observed that
for low lithium content the V Ls; edge is close to those of V205 and VO..
However, it shifts towards VO and V20s for higher lithium content and finally
is similar to that of V203 for x = 5.0. The average oxidation state of vanadium for
LixH2V30s with x = 1.5, 4.0 and 5.0 can be estimated from the linear relationship
plotted in Figure 6.48a to be +4.1(1), +3.8(1) and +3.1(1). These results fairly
agree with the expected variation of average oxidation states (+4.2, +3.4, +3.0)
accordingly to their composition. Interestingly, full reduction to V3* is

confirmed for the first time in this electrode material.
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Fig. 6.48. a) Graph showing the linear increase of the V L3 maximum position with vanadium

oxidation state (R factor of 0.993); b) ELNES of vanadium L»; edges from the oxides used in the
calibration and the lithiated materials Li,H>V30s with x = 1.5, 4.0 and 5.0, sorted by their

oxidation state.
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6.4.8. Synchrotron X-ray diffraction of Li.H>V30s

Chemical lithiation of H2V30s was done with n-butyl lithium 1.6 M in
hexane (Aldrich, d = 0.68 g/mL) in order to study if there is any structural
change between the samples with lithium and the initial H2V3Os. Three
different stoichiometric ratios were used to obtain three lithiated compounds,

nominally Li,H2V30s , x = 0.94, 2.85, 4.5.

The diffraction patterns of preliminary synchrotron X-ray diffraction

analysis of LixH2V30s, x =0, 0.94, 2.85, 4.5 are depicted in Fig. 6.49. Li,H>V30s, x

= 0.94, 2.85, 4.5 crystallize in the orthorhombic system with space group Pnam
(#62), as is the case for H2V3Os (see section 6.4.3).
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Fig. 6.49. Synchrotron X-ray diffraction patterns of Li,H>V30s , x = 0, 0.94, 2.85, 4.5
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summarized all the structural

Rietveld refinements of X-ray synchrotron data of all the prepared

samples LixH2V3O0s , x = 0, 0.94, 2.85, 4.5 were performed (Figure 6.50). Table 6.6

information obtained from the Rietveld

refinement of each sample. It is important to comment that the lithium cation

positions were not refined due to the scarce information about the

crystallographic position of lithium in these phases. For future work it is

suggested to carry out additional neutron experiments in order to localize the

lithium. However, vanadium is a strong scatterer of X-rays, but its nucleus

hardly scatters any neutrons, which is a problem for characterizing the samples

by neutron diffraction.
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Figure 6.50. Rietveld refinement of synchrotron XRD patterns of Li.H>V3Os (x = 0, 0.94, 2.85,
4.5): observed (red dotted lines), refined (black solid lines), and their difference (blue bottom
line). Green vertical bars indicate the X-ray reflection positions.
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Table 6.6a Structural parameters for orthorhombic Pnam Lig.ssH>V3Os

Lio.9sH2V308
a (A) 16.552(1) | O(3) position 4c
b (A) 9.3469(9) x 0.148(2)
c (A) 3.6684(3) y 0.986(3)
U*100 (A?) 0.22(7)
V(1) position 4c O(4) position 4c
X 0.0424(6) x 0.922(1)
y 0.124(1) y 0.218(4)
U*100 (A?) 0.73(3) U*100 (A2 0.22(7)
V(2) position 4c O(5) position 4c
X 0.8526(7) x 0.756(2)
y 0.066(1) y 0.167(3)
U*100 (A2) 0.73(3) U*100 (A2 | 0.22(7)
V(3) position 4c O(6) position 4c
X 0.4400(6) x 0.774(2)
y 0.089(1) y 0.893(3)
U*100 (A2) 0.73(3) U*100 (A2 | 0.22(7)
O(1) position 4c O(7) position 4c
X 0.961(2) x 0.510(2)
y 0.933(3) y 0.936(4)
U*100 (A?) 0.22(7) U*100 (A2 0.22(7)
O(2) position 4c O(8) position 4c
X 0.108(2) X 0.361(3)
y 0.263(1) y 0.014(3)
U*100 (A2) 0.22(7) U*100 (A2 | 0.22(7)
x2 13.8
Rwp/ Rexp (%0 / %) 9.48 / 2.55
RBragg 9.07
Space Group Pnam (#62) : 4c (x y V4)
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Table 6.6b Structural parameters for orthorhombic Pnam LizssH2V30s

Liz.ssH2V30s
a (A) 16.5002(9) | O(3) position 4c
b (A) 9.3060(5) x 0.134(1)
c (A) 3.8674(1) y 0.967(2)
U*100 (A?) 0.48(3)
V(1) position 4c O(4) position 4c
X 0.0477(5) X 0.922(1)
y 0.1115(7) y 0.228(2)
U*100 (A?) 0.27(5) U*100 (A?) 0.48(3)
V(2) position 4c O(5) position 4c
x 0.8477(5) X 0.770(1)
y 0.0726(7) y 0.191(2)
U*100 (A2) 0.27(5) U*100 (A2 | 0.48(3)
V(3) position 4c O(6) position 4c
x 0.4406(4) X 0.783(1)
y 0.0752(7) y 0.889(2)
U*100 (A2) 0.27(5) U*100 (A2 | 0.48(3)
O(1) position 4c O(7) position 4c
x 0.956(1) X 0.531(1)
y 0.932(2) y 0.919(2)
U*100 (A2) 0.48(3) U*100 (A2 | 0.48(3)
O(2) position 4c O(8) position 4c
x 0.102(1) X 0.347(3)
y 0.246(2) y 0.005(2)
U*100 (A2) 0.48(3) U*100 (A2 | 0.48(3)
2 8.16
Rwp/ Rexp (%o / %) 6.86 / 2.40
Rgragg 6.58
Space Group Pnam (#62) : 4c (x y V4)
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Table 6.6¢ Structural parameters for orthorhombic Prnam LissH>V3Os

Lis5sH2V30s
a (A) 16.424(1) | O(3) position 4c
b (A) 9.278(1) x 0.164(2)
c (A) 4.0034(3) y 0.031(1)
U*100 (A?) 0.49(4)
V(1) position 4c O(4) position 4c
x 0.0241(8) x 0.933(2)
y 0.080(1) y 0.250(1)
U*100 (A?) 0.26(6) U*100 (A?) 0.49(4)
V(2) position 4c O(5) position 4c
x 0.856(7) x 0.754(1)
y 0.033(1) y 0.120(3)
U*100 (A2) 0.26(6) U*100 (A2 | 0.49(4)
V(3) position 4c O(6) position 4c
x 0.4650(9) x 0.759(2)
y 0.119(1) y 0.940(2)
U*100 (A2) 0.26(6) U*100 (A2 | 0.49(4)
O(1) position 4c O(7) position 4c
x 0.961(2) x 0.513(3)
y 0.853(1) y 0.903(2)
U*100 (A2) 0.49(4) U*100 (A2 | 0.49(4)
O(2) position 4c O(8) position 4c
x 0.135(2) x 0.358(3)
y 0.260(1) y 0.021(4)
U*100 (A2) 0.49(4) U*100 (A2 | 0.49(4)
X2 17.5
Rup/ Rexp (%o / %) 10.0 / 2.41
RBragg 20.07
Space Group Pnam (#62) : 4c (x y V4)

The cell parameters show certain variations as is shown in Figure 6.51.
The a parameter decreases (= 2.6 % from x = 0 to x = 4.5), b slightly decreases
(=- 0.6 % from x = 0 to x = 4.5) and c increases (~ 9.3 % from x = 0 to x = 4.5). The
total unit cell volume clearly increases along with lithium content (= 6.3 % from
x =0 to x = 4.5). These changes could give a rough idea of the lithium position.
The considerable increase of ¢ could be a signal of lithium entering into the

structure along the c direction. During the initial stage of the electrochemical
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reduction of HoV30s, lithium diffusion into the interior of H>V3Os occurs. It was
shown by EELS (section 6.4.7) that reduction of V5* to V3* occurs. It is well
known that the ionic radius (IOR) of V3* decreases with oxidation state up to
V5* which may explain the decrease of a and b parameters. Furthermore, the
attractive electrostatic forces between the bound anions (possible existence of
OH") and the lithium could make the a and b parameters to decrease (see

structure in Figure 6.32).
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Figure 6.51. Evolution of the unit cell parameters and total volume as a function of x in
LixH2V30s.

A similar behaviour for LixV20s was reported in the literature,®®190 where
an increased packing of the layers is revealed by the decrease in the a parameter
(a =11.51 A for V205 to a = 11.40 A for LiocV>Os). However, b is almost constant
(b = 3.56 A). The increase of the number of inserted lithium ions between the
layers is responsible for the increase in the ¢ parameter (c = 4.37 A for V,0s to ¢

=4.53 A for Lio6V20s5).%8
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6.5. Conclusions

Microwave - hydrothermal synthesis can be carried out for a wide
variety of combinations of aqueous systems. The coupling efficiency of the

solvent with the microwave is crucial for the outcome of the reaction.

This simple method yields pure materials, where in most of the cases the
particles are nano-sized, and it is possible to obtain metastable phases.
Compared to hydrothermal procedures, the method is faster, less expensive and
more environmentally friendly. The synthesis and characterization of nano-
sized rare earth doped ceria with fluorite structure, BiFeOs perovskite and
H>V30s oxide with one-dimensional (1D) nanostructure has been presented in

this chapter.

- Concerning rare-earth (RE) doped ceria (Ce1-«xRExO2-), samarium and
calcium doped (CepsSmo1sCa0.020195) and undoped ceria, the structural and
microstructural characterization of a pure samples were presented. Impedance
spectroscopy measurements confirmed ionic conductivity in all the doped
materials, whereas the undoped CeO»s parent compound exhibited signs of
electronic conduction, most likely due to mixed valent Ce3*/Ce** electron
hopping. Deconvolution of GB and intrinsic bulk ionic conductivity revealed
that GBs constitute barriers for ionic charge transport, with the Sm - Ca doped
ceria Ceo.sSmo18Cao 020195 exhibiting the highest GB ionic conductivity. The
highest intrinsic bulk ionic conductivity was detected for the

Ceo.85myo 18Cap.0201.9-5 ceramic as well.

Single mode  microwave sintering was  performed  for
Ce08S5mo.18Ca0.0201.9.5 and the obtained ionic conductivities for samples sintered

after 5 minutes reveals similar values as these of conventionally sintered

samples (4 - 8 h).

- The structural and microstructural characterization of a pure sample of
BiFeOs was presented. The X-ray data can be refined in two symmetries (R3c or

Cc) with similar reliability factors. TEM and associated techniques have been
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employed as fundamental tools to corroborate that the R3c space group is
superior. The microstructure of the material has been studied by HRTEM
showing a well ordered material free of extended defects. This order is also
detected in the oxygen sub-lattice imaged in the phase of the reconstructed exit
wave. Magnetic properties of the sample are similar to those reported in
literature for samples obtained by conventional methods. Weak ferromagnetism
has been suggested. Impedance spectroscopy shows the that bulk resistance of

the sample is high, thus confirming the insulating nature of the material.

- Concercing cathode materials for lithium rechargeable batteries,
H>V30s nanobelts of about 100 nm width and several micrometres length have
been obtained. Synchrotron X-ray diffraction was performed in order to
determine the structure of the H>V30s phase. The structure is characterized as a
framework of V30s layers comprised of 3 kinds of polyhedra: 2 VO¢ octahedra
and a VOs distorted square - based pyramid. Only V20s, water and ethanol are
used to prepare the electrode material in just 2 h. The electrochemical
characterisation performed confirmed the production of H>V3Os with the
adequate morphology to exhibit high electrochemical performances. At C/20 an
initial capacity of ~ 400 mAh g1 is observed in the 3.75 - 1.5 V range. After a
significant capacity loss in the first cycle, a capacity of ~ 300 mAh g1 is
maintained upon cycling. Full reduction to V3* was detected by discharging Li
cells with H2V30s as a cathode material down to 1 V; a significant increase of
reversible capacity to 498 mAh g is thereby obtained. However, this extra
capacity is more readily lost at high current rate than capacity developed above

2 V. For practical use only the capacity obtained down to 1.5 V may be relevant.

Furthermore, the similarity of discharge and charge curves points to the
absence of hydrogen displacement during lithium insertion in H2V3Os. Not all
protonated systems must be necessarily discarded as prospective electrode

materials.
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® CONCLUSIONS

The main purpose of the present work was to show that the use of
microwave irradiation is a promising alternative heat source for the synthesis of
inorganic materials. It has been demonstrated that the method offers massive

energy and time savings as compared to the traditional ceramic method.

The basic principles of the microwave heating mechanism based on
interactions between dipoles in the material and the electromagnetic microwave
radiation have been reviewed. It is clear that both the magnetic and the electric
part of the microwave are important for the heating mechanism, not only the

electric part as previously described in the literature.

The preparation of inorganic materials by using different microwave
techniques was shown to be fruitful from the compositional, structural,

properties and applications points of view:

- A wide range of different structure-types have been prepared:
perovskite, pyrochlore, hollandite, fluorite and one-dimensional

structures.

- The prepared materials show a wide range of functional properties:
ferromagnetism, ferroelectricity, —multiferroicity, thermoelectricity,

lithium and oxygen ion conductivity.

- The materials synthesized may have application in a wide range of
different technologies: information technology, telecommunication,

thermoelectric applications, solid oxide fuel cells and batteries.
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The broad variety of different microwave or microwave-assisted
synthesis techniques opens up opportunities for the preparation of inorganic
nanoparticles and nanostructures. This allows the possibility to tune the

morphology, and the physical and chemical properties of nanoscale materials.

Various microwave synthesis techniques have been employed: solid-
state microwaves, single-mode microwaves using a TEip cavity and

microwave-assisted hydrothermal synthesis.

At the end of each experimental chapter in this thesis some conclusions

had been drawn already, which are again summarized here:

Chapter 4: Solid - State Microwave Synthesis

Synthesis was performed by using a domestic microwave. The efficiency
of the procedure using this fast and cheap apparatus is remarkable. The main

problem of this method is the lack of temperature control.

- The LaMOs and La1.xA’xMOs3 (A” = Str, M = Al, Cr, Mn, Fe, Co), family
was synthesized successfully, whereby different synthesis routes had to be

established for different species.

- LaCoOs ceramics showed a different level of oxygen vacancy defects
when synthesized with microwaves as compared to conventional synthesis.
This allows studying the influence of defects on the physical and magnetic

properties of LaCoO:.

- A comprehensive characterization in terms of the structural and
physical properties was performed for the microwave synthesized perovskite
(RE)CrOs series. No clear correlations of the magnetic and dielectric properties
were found in these materials, and major magneto-electric coupling effects
could not be detected. No indications for a non-centrosymmetric space-group
and associated ferroelectricity were detected from XRD pattern, Raman

spectroscopy and temperature dependent dielectric permittivity data.
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Microwave synthesized (RE)CrOs; chromites may therefore not be classified as

magneto-electric or multiferroic materials.

- Synchrotron X-ray diffraction experiments in (RE)2Ti.O7 (RE = Gd, Ho)
showed an antisite defect concentration of 3.6 % for Gd2Ti2O7 and 2.4 % for
Ho:Ti2O7 at 1100 °C. A reduction of antisite defect concentration with the
increasing temperature treatment was observed using synchrotron X-ray
radiation. In both studied samples a weak ferromagnetic component was
observed at 1.7 K. Impedance spectroscopy reveals that Gd.Ti2O; shows
considerably higher ionic oxygen vacancy conductivity as compared to

Ho,Ti20y.

Chapter 5: Single - Mode Microwave Synthesis

By using a TE1op cavity the electromagnetic field is well defined in space
and the material can be heated in different resonant modes using either the
electric or magnetic component of the microwave. The synthesis temperature

was monitored easily using a pyrometer.

Structure, magnetism and transport properties have been studied for
single-mode microwave prepared hollandite structure Bai2MnsOi. A
reversible first order monoclinic - monoclinic transition was found at ~ 400 K.
Magnetic susceptibility measurements indicate a canted antiferromagnetic
state at 42 K. The Ba12MnsO16 hollandite exhibits semiconducting electronic
conduction, consistent with one-dimensional variable range hopping up to ~
400 K. Above this temperature, samples undergo a structural transition and the
the charge transport mechanism is modified. The Seebeck coefficient is

negative and has a plateau above the transition temperature.
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Chapter 6: Microwave - Hydrothermal Synthesis

The combination of two rapid and “green chemistry” synthesis
techniques, hydrothermal synthesis and microwave synthesis, is promising to
minimize heat exposure and reaction times for chemical synthesis. The particle

sizes and shapes of the product can be tuned by the synthesis parameters.

- Concerning rare-earth (RE) doped ceria (Ce1xRExOz2-5), samarium and
calcium doped (CeosSmoi1sCa0020195) and undoped ceria, impedance
spectroscopy measurements confirmed ionic conductivity in all doped
materials, whereas the undoped CeO»; parent compound exhibited signs of
electronic conduction. Deconvolution of GB and intrinsic bulk ionic
conductivity revealed that GBs constitute barriers for ionic charge transport,
with the Sm - Ca doped ceria CepsSmo18Ca0.02019-5 exhibiting the highest GB
ionic conductivity. The highest intrinsic bulk ionic conductivity was detected

for the CepsSmo.18Cao 020195 ceramic as well.

The GB resistance of microwave - hydrothermal synthesized rare-earth
(RE) doped ceria is lower than previously described in the literature for samples
prepared by other synthetic methods. The nano-sized particles and the high
sintering activity of the samples help to obtain highly compacted pellets, which
is ideal for applications and here in this study for reliable impedance

spectroscopy measurements.

Single mode microwave sintering was performed for microwave -
hydrothermal synthesized CegsSmo1sCao.0201.9.5 nanopowder in just 5 minutes.
The ionic conductivity obtained reveals comparable values as the

conventionally sintered ceramics (4 - 8 h).

- The structural and microstructural characterization of a phase pure
BiFeOj3 sample was presented. The R3¢ space group has been confirmed and the
material was shown to be highly insulating using impedance spectroscopy.
Large Bi-loss does not seem to be a problem using the microwave-hydrothermal

synthesis technique. The magnetic properties are similar to the ones reported in
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the literature for BiFeOs obtained by conventional methods. Weak

ferromagnetism was indicated.

- H2V30s nanobelts with approximately 100 nm wide and several
micrometres long particles have been obtained. The structure of the phase was
revealed by synchrotron X-ray diffraction experiments and HRTEM, and can be
characterized as a nearly two-dimensional framework (V3Os layers) comprised
of 3 kinds of polyhedra: 2 VO¢ octahedra and a VOs distorted square based
pyramid. The characterization performed confirmed the production of H2V30s
nanobelts with the adequate morphology to exhibit high electrochemical
performances. At C/20 rate an initial capacity of =400 mAh g1 is developed in
the 3.75 - 1.5 V range. After a significant capacity loss in the first cycle, a
capacity of ca. 300 mAh g is maintained upon cycling. Full reduction to V3*
has been observed for the first time by discharging Li cells down to 1 V using
H>V30s as a cathode material. A large reversible capacity of 498 mAh g1 was
obtained. Furthermore, the similarity of discharge and charge curves point
towards the absence of hydrogen displacement during lithium insertion in
HoV30s. This in turn suggests that not all protonated systems must be

necessarily discarded as prospective electrode materials.

Final remark

During this thesis a huge number of different technologically important
materials have been prepared by using microwaves. It is clear that changing the
conventional methodologies of inorganic synthesis to more environmental-
friendly and cost effective methods, may help the development of a sustainable
chemistry contributing to the preservation of the natural environment. The
development of microwave synthesis for inorganic materials on a small scale in
the laboratory has been demonstrated, but such techniques should also be

further extended to industrial large scale production processes.
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