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Summary

Due to their unique properties, functional oxides are currently attracting much attention.
Advanced oxides are used in electronics, spintronics and superoncductors, just to mention a
few important applications. Chemical methods based on solutions or sol-gel are preferred over
physical methods as they are more versatile and easily scalable for large batch production.
Physical methods usually allow a better control of the final properties but the use of high
vacuum significantly increases the cost and complicates large-scale use, thus, dramatically
reducing its viability in industry. Among the chemical methods, chemical solution deposition
(CSD) is one of the most promising low-cost routes for the preparation of advanced oxide films
due to its simplicity, versatility and relative low cost. In the case of powders, a wide range of
chemical methods that do not use vacuum systems exist, which we could classify in three
categories: solid state reactions, synthesis from liquid solutions and vapour-phase reactions.

The method we will deal with here, combustion synthesis (CS), belongs to the first category.

At present, combustion synthesis is a widespread method for the synthesis of advanced oxides
from powders at low temperature while in the synthesis of films its use is at best scarce.
Combustion synthesis is often referred as a low thermal budget method because the heat
emanating from the precursors is used to produce advanced oxides at low temperatures. In
fact, the heat evolved from the reaction can locally raise the temperature of the precursors
many hundreds of degrees while keeping the system at a low temperature. This local
overheating facilitates product formation and sintering in relatively short time periods with the
advantage that energy consumption is minimal and no high temperature equipment is
necessary. A self-sustained reaction supplies most of the power so the contribution of external
heat sources is minimised. Depending on the ignition mode, it is worth distinguishing between
self-propagating high-temperature synthesis (SHS) and volumetric combustion synthesis (VCS).
In the former, a solid sample is locally ignited while in the latter the sample is heated uniformly
until combustion occurs. Depending on the state of the reactants, we can also differentiate
between solid state combustion (SSC), solution combustion (SC) and gas phase combustion
(GC). This last one will not be analysed in this work. While both ignition modes are possible in
SSC, in SC synthesis (SCS) only VCS is possible. SCS has recently attracted considerable interest
in the synthesis of thin films due to the apparent possibility of fabricating electronic devices on

flexible plastic substrates.
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The aim of this work is to analyse chemical methods as a route to synthesise advanced oxides
at low cost and low temperatures. In particular, we have successfully explored the combustion
synthesis via SHS of a catalytic perovskite-type oxide from a heteronuclear cyano complex
precursor presented in the form of powder. Heteronuclear cyano complex precursors were
selected due to their structural similarity with perovskite-type oxides. The oxides obtained
have surface areas that are up to two orders of magnitude greater than those of others similar

perovskites produced using the same technique but obtained from other types of precursors.

We have also explored the possibility of synthesising thin films by SCS and spin coating has
been used for CSD of the precursor candidates. In addition, we have examined low
temperature synthesis of advanced oxides in the form of thin films through chemical methods.
In particular, we have explored heat transfer to synthesise films via precursor combustion and
concluded that thin films will hardly experience combustion. However, thin films can be
obtained at lower temperatures than powders because of the enhanced gas transport

mechanism that usually limits the decomposition rate.

Two main approaches have been used. On the one hand, we have studied the heat transfer in
films and powders that are submitted to a controlled temperature program both analytically
and numerically. In the case of systems undergoing an exothermic reaction two mechanisms
control the system’s temperature: the heat released by the reaction that tends to increase the
temperature, and the heat transport to the crucible wall or film substrate that tends to reduce
the temperature. Overheating occurs when heat generation dominates heat dissipation. We
have focused the analysis on the conditions needed for a thermal explosion to occur in a solid
sample reacting without any gas exchange with its surroundings. A minor correction allowed
us to extend the Frank-Kamenetskii relationship to continuous heating systems and to
cylindrical reactors without limiting its dimensions whilst at the same time significantly

improving its accuracy.

On the other hand, chemical methods involve two heat treatments: pyrolysis to remove the
organic compounds and annealing to grow the crystal oxide. Characterisation of the first
process is essential to enhance chemical methods and to explore the viability of combustion as
well as to explore low temperature synthesis of films. To this end, we have used thermal
analysis methods (TA) since they permit the evolution of the process to be monitored for a
specific temperature program under controlled ambient conditions (pressure and atmosphere
composition). In particular we have used differential scanning calorimetry (DSC),

thermogravimetry (TG) and Evolved Gas Analysis (EGA) methods. DSC also allowed us to
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calculate system parameters such as heat capacity, activation energy, enthalpy and thermal
conductivity. We have developed a new method to measure this last parameter since none of
the already existing DSC's methods for measuring thermal conductivity is suitable when
samples are in the form of uncompressed powders. The determination of these parameters
allowed us to predict through numerical and analytical methods the occurrence of combustion
and the evolution of the system under a set of given conditions. Furthermore, the numerical
results may be compared to TA measurements so providing a way to check the validity of the

theoretical models and numerical methods used in this work.

Finally, overheating depends on heat dissipation and, consequently, on sample thickness and
mass. We have developed two analytical relationships that relate sample mass with the
temperature gradient within the sample that provide a straightforward criterion for checking

the reliability of the sample temperature in TA experiments.

XViii



Resum

Degut a les seves propietats Uniques, avui en dia els Oxids funcionals estan despertant un gran
interes. Tan sols per citar alguna de les seves aplicacions més rellevants, es fan servir en el
camp de l'electronica, de l'espintronica i dels superconductors. Per a produir-los, es
prefereixen els métodes quimics basats en solucions o sol-gels davant dels métodes fisics atés
que son més versatils i facilment escalables. Tot i que els métodes fisics proporcionen un millor
control de les propietats finals, fan servir sistemes de buit que encareix el procés i redueixen
drasticament la viabilitat d'implementar-los a la industria. Entre els metodes quimics, el diposit
de solucions quimiques (CSD) és una de les rutes de baix cost més prometedores per a la
preparacid de capes perque es simple, versatil i té un cost relativament baix. Pel que fa a la
produccié de pdlvores d'oxids avancats, hi ha un ampli ventall de métodes quimics adients,
que es podrien classificar en tres categories: les reaccions en fase solida, la sintesi a partir de
solucions liquides i les reaccions en estat vapor. La sintesi per combustié, que pertany a la

primera categoria, ha estat el metode que s'ha tractat en aquest treball.

A l'actualitat, la sintesi per combustié és un métode ampliament utilitzat per a la produccié de
polvores d'Oxids avancats a baixa temperatura. Per contra, esta poc estés per a la sintesi de
capes. A la sintesi per combustié se la qualifica com una técnica de baix cost termic perque
aprofita la calor que prové dels precursors per a produir els oOxids avancats a baixa
temperatura. De fet, la calor despresa per la reaccié pot elevar localment la temperatura dels
precursors forces centenars de graus mentre el sistema es manté a temperatures baixes.
Aquest sobreescalfament local facilita la formacio i sinteritzacié del producte en un temps
relativament curt amb I'avantatge de que el consum d'energia es minim i no es necessari
disposar d'equipament per a altes temperatures. Una reaccié autosostinguda proporciona gran
part de la poténcia de forma que es minimitza la contribucié de recursos de calor externs.
Depenent del mode d'ignicid, és important distingir entre la self-propagating high-temperature
synthesis (SHS) i la volumetric combustion synthesis (VCS). Mentre que en el primer es provoca
localment la ignicié6 d'una mostra solida, en el segon la mostra sencera es escalfada
uniformement fins a desencadenar una reaccié de combustié. Depenent també de I'estat
inicial dels reactius, podem diferenciar entre la combustid en estat solid (SSC), la combustié de
solucions (SC) i la combustié en fase gas (GC). Aquesta ultima no sera analitzada en aquest
treball. A diferéncia de la SCS que només pot fer servir la VCS com a mode d'ignicid, a la SSC és

possible fer servir tant la SHS com la VCS. Recentment, I'SCS ha despertat molt d'interes en la

XiX



sintesi de capes primes degut a la possibilitat aparent de fabricar aparells electronics sobre

substrats de plastic.

L'objectiu d'aquest treball és analitzar métodes quimics com a ruta per a sintetitzar Oxids
avancats a baix cost i baixa temperatura. En particular, hem explorat la sintesi per combustio
mitjangant I'SHS d'un oxid catalitzador amb estructura perovskita fent servir pdlvores de
precursors ciano complexes heteronuclears. Es van triar aquests precursors degut a que tenen
una estructura similar a la perovskita. Els 0xids que vam obtenir tenen unes arees de superficie
de fins a dos ordres de magnitud més grans que d'altres perovskites similars produides amb la

mateixa tecnica pero fent servir uns altres tipus de precursor.

També hem explorat la possibilitat de sintetitzar capes primes fent servir I'SCS i vam fer servir
un spin coater per a dipositar els precursors que considerarem com a candidats. A més, hem
examinat el per qué de les baixes temperatures de sintesi d'0xids avangats quan es dipositen
fent servir métodes quimics en forma de capes. En particular, hem explorat el transport de
calor per a sintetitzar capes a través de la combustié de precursors concloent que les capes
primes rarament experimentaran una combustid. Tanmateix, les capes primes poden ser
obtingudes a temperatures més baixes que les pélvores perque es millora el mecanisme de

transport de gas que normalment limita la velocitat de descomposicio.

Vam enfocar I'estudi del transport de calor tenint en compte dos punts de vista. Per una
banda, hem estudiat analitica i numéricament la transferéncia de calor en capes i pdlvores
sotmeses a un programa de temperatura controlat. En el cas dels sistemes que experimenten
reaccions exotermiques, dos sén els mecanismes que controlen la temperatura del sistema: la
calor despresa per la reaccid que tendeix a augmentar la temperatura i el transport de calor
cap a les parets del gresol o el substrat de les capes que tendeix a reduir la temperatura. Hi ha
sobreescalfament quan la generacié de calor domina sobre la dissipacié. Nosaltres hem
enfocat I'analisi en la condicié necessaria per que tingui lloc una combustié volumeétrica en una
mostra solida que reacciona sense intercanvi de gasos amb el seu entorn. Una petita correccio
ens ha permes ampliar la relacié de Frank-Kaminetskii per a sistemes d'escalfament continu i
per a reactors cilindrics de qualsevol dimensié. Alhora, hem millorat significativament la

precisio.

Per altra banda, els metodes quimics involucren dos tractaments térmics: una pirolisi per a
eliminar els compostos organics i un tractament per a créixer els cristalls dels oxids. La
caracteritzacié del primer procés és essencial per a millorar els metodes quimics i explorar la

viabilitat de la combustié o explorar per queé la sintesi de capes succeeix a baixa temperatura.
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Es per aixd que hem fet servir meétodes d'analisi térmica (AT) atés que permeten
I'enregistrament de I'evolucié d'un procés sota un programa especific de temperatura i unes
condicions ambientals controlades (pressid i composicié atmosferica). Molt especialment, hem
fet servir la calorimetria diferencial de rastreig (CDR), la termogravimetria (TG) i I'analisi de gas
evolvent (EGA). A més, el métode DSC permet calcular parametres del sistema com la capacitat
calorifica, I'energia d'activacio, I'entalpia o la conductivitat térmica. Hem desenvolupat un nou
meétode per a mesurar aquest Ultim parametre perque cap dels metodes que existeixen
actualment sén adients per a determinar-ho en pélvores sense premsar. La determinacio
d'aquests parametres et permet predir l'ocurréncia de la combustio i I'evolucié del sistema
donades unes condicions. A part, els resultats numeérics poden ser comparats a les mesures de
TA, proporcionant aixi una manera de validar els models teorics i els métodes numerics que

hem fet servir en aquest treball.

Finalment, el sobreescalfament depen de la dissipacié de calor i conseqlientment depén del
gruix de la mostra i de la seva massa. Hem desenvolupat dos relacions analitiques que
relacionen la massa de la mostra amb el gradient de temperatura al llarg de la mostra i que
proporciona un criteri directe per a comprovar la fiabilitat de la temperatura de la mostra als

experiments de TA.
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Resumen

Debido a sus propiedades Unicas, hoy en dia los 6xidos funcionales estdn despertando un gran
interés. Tan solo por citar alguna de sus aplicaciones mas relevantes, se usan en los campos de
la electrdnica, la espintronica y de los superconductores. Para producirlos, se prefieren los
métodos quimicos basados en soluciones o "sol-gels" frente a los métodos fisicos pues son
mas versatiles y facilmente escalables. Pese a que los métodos fisicos proporcionan un mejor
control de las propiedades finales, usan sistemas de vacio que encarecen el proceso y reducen
drasticamente la viabilidad de implementarlos en la industria. De entre todos los métodos
quimicos, el Depdsito de soluciones quimicas (DSQ) es una de las rutas de bajo coste mas
prometedoras para la preparacion de capas porqué es simple, versatil y tiene un coste
relativamente bajo. Por lo que concierne a la produccion de polvo de dxidos avanzados, hay un
amplio abanico de métodos quimicos adecuados y se pueden clasificar en tres categorias: las
reacciones en fase sdlida, la sintesis a partir de soluciones liquidas o las reacciones en estado
vapor. La sintesis por combustidn, que pertenece a la primera categoria, ha sido el método con

el que hemos tratado en este trabajo.

Actualmente, la sintesis por combustion es un método ampliamente utilizado para la
produccién de polvo de dxidos avanzados a baja temperatura. En cambio, esta poco extendido
para sintetizar capas. A la sintesis por combustidn se la califica como una técnica de bajo coste
térmico porqué aprovecha el calor que proviene de los precursores para producir los éxidos
avanzados a baja temperatura. De hecho, el calor desprendido por la reaccidon puede elevar
localmente la temperatura de los precursores centenares de grados mientras el sistema se
mantiene a temperaturas bajas. Este sobrecalentamiento local facilita la formacion vy
sinterizacidn del producto en un tiempo relativamente corto con la ventaja de que el consumo
de energia es minimo y no son necesarios equipos para altas temperaturas. Una reaccién auto
sostenida proporciona gran parte de la potencia de forma que se minimiza la contribucién de
recursos de calor externos. Dependiendo del modo de ignicién, es importante distinguir entre
la self-propagating high-temperature synthesis (SHS) y la volumetric combustion synthesis
(VCS). Mientras que en el primero se provoca localmente la ignicién de una muestra sélida, en
el segundo la muestra entera se calienta uniformemente hasta desencadenar una reaccion de
combustién. Dependiendo también del estado inicial de los reactivos podemos diferenciar
entre la combustidn en estado sélido (SSC), la combustidn de soluciones (SC) i la combustidn

en fase gas (GC). Esta Ultima no sera analizada en este trabajo. A diferencia de la SCS que solo
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puede combustionar mediante VCS, en la SSC es posible utilizar tanto la SHS como la VCS.
Recientemente, la SCS ha despertado mucho interés en la sintesis de capas delgadas debido a

la aparente posibilidad de fabricar aparatos electrénicos sobre sustratos de pldstico.

El objetivo de este trabajo es analizar métodos quimicos como ruta para sintetizar oxidos
avanzados a un bajo coste y a baja temperatura. En particular, hemos explorado la sintesis por
combustién mediante la SHS de un dxido catalizador con estructura perovskita utilizando polvo
de precursores ciano complejos heteronucleares. Se escogieron estos precursores debido a
que tienen una estructura similar a la perovskita. Los éxidos que obtuvimos tienen un area de
superficie de hasta dos drdenes de magnitud mayores que otras perovskitas similares

producidas mediante la misma técnica pero usando otro tipo de precursores.

También hemos explorado la posibilidad de sintetizar capas delgadas usando la SHS y usamos
un spin coater para depositar aquellos precursores que consideramos como candidatos.
Ademads, hemos examinado porqué los dxidos avanzados sintetizan a temperaturas mas bajas
cuando sus precursores se depositan en forma de capas usando métodos quimicos. En
particular, hemos explorado el transporte de calor para sintetizar capas a través de la
combustién de precursores concluyendo que las capas delgadas raramente experimentaran
una combustion. Aun asi, las capas delgadas pueden ser obtenidas a temperaturas mas bajas
que el polvo porqué se mejora el mecanismo de transporte de gas que normalmente limita la

velocidad de descomposicion.

Para ello hemos utilizado dos enfoques distintos. Por un lado, hemos estudiado analitica y
numéricamente la transferencia de calor en capas y polvo cuando son sometidos a un
programa de temperatura controlado. En el caso de los sistemas que experimenten reacciones
exotérmicas dos son los mecanismos que controlan la temperatura del sistema: el calor
desprendido por la reaccién que tiende a aumentar la temperatura y el transporte de calor
hacia las paredes del crisol o el sustrato de las capas que tiende a reducir la temperatura. Hay
sobrecalentamiento cuando la generaciéon de calor domina sobre la disipacion. Hemos
enfocado el analisis en la condicion necesaria para que tenga lugar una combustion
volumétrica en una muestra sélida que reacciona sin intercambio de gases con su entorno.
Una pequeia correccion nos ha permitido ampliar la relacion de Frank Kaminestkii para
sistemas de calentamiento continuo y para reactores cilindricos de cualquier dimension. A su

vez, hemos mejorado significativamente la precision.

Por otro lado, los métodos quimicos involucran dos tratamientos térmicos: una pirdlisis para

eliminar los compuestos organicos y un tratamiento para crecer los cristales del éxido. La
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caracterizacion del primer proceso es esencial para mejorar los métodos quimicos y explorar la
viabilidad de la combustion o explorar porqué la sintesis de capas sucede a baja temperatura.
Es por ello que hemos utilizado métodos de analisis térmico (AT) pues permiten monitorizar la
evolucidn de un proceso que estd sometido a un programa especifico de temperatura y bajo
una atmdsfera controlada (presién y composiciéon atmosférica). En particular hemos usado la
calorimetria diferencial de barrido (DSC), la termogravimetria (TG) y el andlisis de gas
evolvente (EGA). Ademas, el método DSC permite calcular pardmetros del sistema como la
capacidad calorifica, la energia de activaciéon, la entalpia o la conductividad térmica. Hemos
desarrollado un nuevo método para medir este Ultimo pardmetro porqué ninguno de los
métodos que existen actualmente son adecuados para determinarlo en muestras que se
encuentran en forma de polvo sin prensar. La determinacién de estos parametros permite
predecir una posible combustién y la evolucion del sistema dadas unas condiciones. A parte,
los resultados numéricos pueden ser comparados a las mediciones de TA, proporcionando asi
una manera de validar los modelos tedricos y los métodos numéricos que hemos utilizado en

este trabajo.

Finalmente, el sobrecalentamiento depende de la disipacion de calor y consecuentemente
depende del grosor de la muestra y de su masa. Hemos desarrollado dos relaciones analiticas
que relacionan la masa de la muestra con el gradiente de temperatura a lo largo de la muestra
Yy que proporcionan un criterio directo para comprobar la fiabilidad de la temperatura de la

muestra en los experimentos de TA.
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I. GENERAL INTRODUCTION






Nowadays the search for new metal oxides with interesting and useful properties is attracting
much attention. The efforts being made on the research of functional oxides have already
provided important discoveries which have a wide variety of applications in diverse fields such
as electronics’, spintronics® and superconductors®. However, the high costs involved in their
synthesis are often a limitation for its commercial use. Therefore, it is important to explore the
implementation of new low cost techniques that allow a large scale industrial production. This
is why more resources are being allocated to develop chemical methods based on solutions or
sol-gel, that unlike physical methods, they do not require the use of high vacuum systems
which increases significantly the cost. The choice of the most suitable technique for the
synthesis of any advanced oxide depends on the particular final properties that we are looking
for. However, with regard to simplicity, versatility and low cost we will highlight two methods
among the rest. In the one hand, chemical solution deposition (CSD) is one of the most
promising routes for the production of films®. In the other hand, Combustion Synthesis (CS) has
proven to be an effective low cost route for the production of powders’. In addition, these two
routes share another interesting feature. Both stand out as low temperature synthesis routes.
This is interesting in terms of costs but it is also interesting to expand the possible applications

of the synthesized oxides such as using flexible plastic substrates in electronics.

Compared with traditional methods, decreased of temperature synthesis is especially
remarkable on CS techniques; we have been able to synthesize at room temperature. This
route takes advantage of the heat evolved during a self-sustained exothermic reaction so the
power required from external heat resources is minimized. Moreover, due to the quasi-
adiabatic nature of the process the sample can locally reach a temperature of hundreds of
degrees higher than the sourroundings®. This is particularly attractive for the synthesis of thin
films since the substrate would remain at low temperature during film synhesis®™. In this work
we will only deal with solid state and liquid reactants, i.e. solid state combustion (SSC) and
solution combustion (SC), and two combustion modes, i.e. the self-propagating high-
temperature synthesis (SHS) and the volumetric combustion synthesis (VCS). In SHS ignition is

induced by locally heating the sample and in the VCS the sample is homogenously heated'®*.

Our aim is to analyse chemical methods as a route to synthesize both, advanced oxides
powders and films at low cost and low temperature. Regarding the synthesis of powders we
will explore the synthesis of a catalytic perovskite-type oxide via SHS which. The novelty will be

the use of heteronuclear cyano complex precursors which have attract great interest due to



their similar structure with perovskite-type oxides. With respect to the synthesis of films we
will explore the possibility of synthesizing thin films by solution combustion synthesis (SCS)
from precursors deposited via CSD. In addition, we will examine numerically, analytically and
experimentally transport mechanisms in films since the enhanced gas transport in films with

respect powders allows to synthetize the oxides at lower temperatures.

In order to accomplish the above mentioned objectives we will analyse heat transfer in films
and powders that are submitted to a controlled temperature program. For that purpose we
will develop a numerical method based on finite differences. Additionally, we will use thermal
analysis (TA) techniques for monitoring and characterizing the thermal processes involved
during the heat treatments. Moreover, TA analysis will be essential for the determination of
the system parameters that allow us to numerically predict the numerical occurrence of

combustion.

I.1. Chemical solution synthesis

The synthesis of advanced oxides by chemical solution techniques has a great number of
advantages independently of their geometry. In the case of thin films, the main advantage is
associated with the production cost and the ease by which the process can be transferred to
an industrial scale. The high cost of other methods, such as the physical ones, limit their use to
the production of materials with superior properties or materials that are only available using
these routes. This, however, is not the case for bulk geometries since powder processing
methods are cheaper although these methods require high temperature and long processing
treatments. Furthermore, they usually involve milling and mixing steps which may add
impurities to the final product.” These problems can be overcome using solution routes, which
also have additional advantages such as providing precise control of the stoichiometry and

producing fully dense and homogeneous materials.

Chemical solution techniques differ from each other in the type of precursor and solvents used
and in the chemical interactions that occur between the starting reagents. Among the wide
variety of techniques, we will briefly present six of the most popular methods: the sol-gel
process, the polymeric complexing method, the co-precipitation method, the hydrothermal
method, the heteronuclear cyano complex method (abbreviated as the CN method) and the

metal organic decomposition (MOD). Solution combustion synthesis (SCS) is also a chemical



solution synthesis method. However, we will discuss this method in depth in the following

section which is devoted to combustion methods.

All the above-mentioned methods are suitable for the production of advanced oxide powders.
Moreover, sol-gel process, polymeric complexing method and MOD are suitable for the
fabrication of films by direct deposition of the initial chemical solution onto a substrate. This
synthesis approach, which is called chemical solution deposition (CSD)," is particularly suitable

for the synthesis of films due to its low cost and flexibility.

Deposition can be carried out in any of the following four ways: dropping the solution onto a
rotating substrate (spin coating), immersing a substrate in a solution bath (deep coating),

13-16

spraying the solution (spray coating) or inkjet printing deposition. A subsequent thermal

treatment completely decomposes the organic ligands and crystalizes the desired oxide.

1720 and is characterised by the

* The sol-gel process is one of the most extended methods
evolution of the liquid solution towards a gel while the solvent is eliminated. Hydrolysis and
polycondensation are the two main reactions that take place before decomposition. Some of
the advantages that make this technique so popular are the high phase purity and good
compositional homogeneity. Besides, it is possible to control the composition of the final
product by modifying the concentration of the precursors in the solution. In addition, powders
produced using sol-gel process present high surface activity, which is particularly attractive for

catalytic purposes. The use of alkoxide precursors and ethanol as a solvent is the most

common combination.

¢ The so-called polymeric complexing method is a particular case of sol-gel method where the

precursor salts are mixed with hydrocarboxylic acid to form a metal complexation or a

:21-23

polymer. The Pechini and citrate®*

processes belong to this method and are the most
popular techniques. In both processes, metal nitrates are dissolved in water and citric acid.

However, in the Pechini process a polyhydroxyalcohol, usually ethylene glycol, is also added.



¢ Metal organic decomposition routes (MOD) area simple mixture of metal organic compounds
that, unlike sol-gel routes, in which no significant condensation reactions takes place. Thus,
precursors do not react with the solvent to form gels. Both powders and films synthesised by
this route have similar properties to those obtained from a sol-gel process. Traditionally, MOD

2627 and di-neodecanoate®® as precursors. However, cracking during

has used 2-ethylhexanoate
film processing is a common problem related to the use of these precursors as a result of the
large weight loss associated to the decomposition of their long organic ligands. For this reason
short-chain carboxilates,” such as acetates,are preferred to grow films. Most precursors

employed in this work are of this kind.

¢ In the co-precipitation method, the precipitation of metal hydroxides is controlled by the
value of the pH of the solution which determines the solubility of the potential products.>*
Thus, the pH value will be set depending on the oxide that one wants to synthesise. It is
possible to use many different precursors, including hydroxides,* carbonates, oxalates,
formats, and citrates. Precipitation is caused by adding precipitating agents, such as
hexamethylenetetramine,34 diethylamine, NH,OH>*3>% or hydrazine hydrate, formic acid,

urea,*” ammonium carbonate and oxalic acid,™ to the solution. Metal hydroxide nanopowders

are collected by filtration and then thermally treated to obtain the desired oxide.

¢ Hydrothermal synthesis is also a chemical solution route based on high pressure treatments

341 The solution is sealed and heated up to a

to achieve the precipitation of ceramic powders.
few hundred degrees Celsius. Unlike the previous methods, in hydrothermal synthesis no
calcination process is necessary, however, there is usually a subsequent thermal treatment.
Crystal size and shape are controlled by mineralisers, which are additives that control the
solubility of the precursors and can enhance the growth rate. Alkaline hydroxides®**° or

alkaline carbonate solutions®® are the most common mineralisers.

¢ In 1968 Gallagher proposed a simple technique to prepare rare earth FeO;and CoO; from the
thermal decomposition of heteronuclear cyano complexes.*” Later, Sadaoka et al. explored this
chemical solution synthesis route to prepare perovskite-type oxide ABO,;, i.e. the CN

43-45
d.

metho Ciano complex precursors are especially convenient for the preparation of this

type of oxides due to their similar structure. The procedure is simple. A solution with the
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appropriate amounts of an already available cyano complex precursor and a nitrate reacts to
form a new cyano complex precursor. This new precursor precipitates in the form of
nanopowders, which are collected by filtration. Thermal decomposition of this powder then
leads to the desired perovskite-type oxide. Chapter VIl explores the possibility of synthesising

perovskite-type oxide powders via the combustion of this type of precursors.

I.2. Combustion

Ever since the days of the alchemists when the obsolete phlogiston theory was formulated,
many studies have been undertaken in an effort to understand the complex mechanisms that
control combustion. It is no longer a mystery that combustion processes are the self-sustained
exothermic reaction between a fuel and an oxidant. It is these two key properties, self-
sustenance and exothermicity, that make combustion processes so interesting in terms of
technology and innovation since it is possible to synthesise materials that would otherwise
require the contribution of external heat resources during long treatments. Beketov and
Goldschmidst, in the 19th century, are widely credited with being the first to take advantage of
self-sustained exothermic reactions in the manufacture of new products. However, it was not
until the mid-1960s when combustion made its presence felt in industry as a new route in the
production of materials. This was when the so-called solid flame phenomenon (SFP) was
discovered that allowed the development of the first solid state combustion method (SSC), i.e.

the self-propagating high temperature synthesis (SHS) introduced by Merzhanov et al.*****

SFP is characterised by the fact that all the compounds involved in the combustion process —
even the intermediate and the final products —are in the solid state. Techniques that take
advantage of SFP to synthesise materials are classified as SSC techniques. SSC has two variants
depending on the ignition mode, SHS and volumetric combustion synthesis (VCS)."* In SHS a
solid sample is locally heated until a combustion wave is set while in VCS the sample is heated
uniformly until it undergoes a thermal runaway known as thermal explosion. The VCS is more
convenient for weakly exothermic compounds as ignition occurs at higher temperatures than
in the case of SHS. Therefore, the sample achieves higher temperatures and the possibility to
synthesise the oxide increases. Despite its simplicity, the implementation of SSC is limited by
the search for new precursors. Notwithstanding, hundreds of compounds are today

synthesized by SSC.***



During the last few decades, a new combustion synthesis method — solution combustion

11,48

synthesis (SCS) — has become popular. First reported by Kingsley et al. in 1988,% this

technique involves the heating of an aqueous solution of a precursor salt and a suitable

3952 yntil volumetric combustion occurs. However, we will show

organic fuel, commonly urea,
that some metal-organic precursor salts such as yttrium trifluoroacetate, Y(CF;COO);, Y(TFA);
already contain both, the oxidiser and the fuel, and its decomposition becomes self-sustained
under specific conditions. There are two different approaches depending on the temperature
heating rate at which the solution is heated, i.e. uncontrolled or controlled thermal treatment.
In the first, the temperature of the solution is rapidly increased and a violent chemical reaction
occurs due to the huge amount of gas that evolves in a very short time. On the other hand, in
the controlled thermal treatment approach, slow heating rates are used and melting and

dehydration of the metal salts may occur before decomposition. The product properties may

be modified depending on which approach is adopted.

The practical application of CS methods requires a thorough knowledge of the mechanisms
involved in combustion processes. In particular, the conditions that make the ignition and
propagation of a combustion wave possible need to be understood. A simultaneous analysis of
the equations of heat transfer (Eq.1) and the equations of chemical kinetics (Eq. 2) led Frank
Kaminetskii to formulate a parameter named after him that includes all the essential
magnitudes for thermal ignition to occur. Kaminetskii’s model was based on the assumptions
of a purely conductive heat transfer problem and continuously distributed sources of heat.
Furthermore, he assumed that physical magnitudes did not evolve with temperature. In this
case, ignition and combustion can be described by the following set of equations. A partial
differential equation that accounts for the heat conduction and a non-linear ordinary

differential equation describing the heat generation from the chemical reaction:

oT Ja
c— = A0°T + pq—
Pt PA5 (1)
Joa _
o e @ (2)

And the boundary conditions are:

oT| _ _
aTr:O_O’ T(R) =T, (3)



For the sake of simplicity, Kaminetskii did not take into account the reagent consumption
(f(a)=1, a zero order reaction). His model was formulated for gases that were introduced in the
system from an unlimited resource. Since for highly exothermic reactions, the precursor
consumption prior to ignition is negligible, the model can be applied to solid state gasless
reactions. Otherwise, a second parameter should be added to account for the reagent
consumption. In addition, Kaminetskii assumed that the temperature rise below the explosion

limit is small:

AT =T -T,<<T,=exp - 5 =exp - E, exp - EaZAT (4)
RT RsTo ReTo

The latter approximation is equivalent to the assumption that

Ea <<]

0

Roura et. al.>® analysed the value of this parameter for most common reactions carried out
under constant heating rate conditions. Typical values of thermal decomposition of most
molecules, for ease of reference, are within the 1/8 < RgTn/E.< 1/35 range (Tm is the

temperature at which the transformation rate is maximum).

Adimensional FK model:

The parameter analysis is greatly simplified by introducing a convenient dimensionless system.

FK developed the following dimensionless system:>**°

6
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The dimensionless temperature ¢, time T and space coordinate x are defined as follows:
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0
__Ea i
Z'Ei, t, = qiEAer ReTo (9)
tr ¢ RsTo
2 Ea
XEL! XRE itR = L@eaﬂ—o (10)
Xg pC PIA E,

where T, is the initial temperature of the system, t; is an induction period of a thermal

runaway at T, and x; is a scale of the width of the zone where the reaction rate is significant.

The system behaviour depends on three parameters,

T
Y= % (11)
A
E E, AT
6, = RGi-]A-z(TAD -Ty) = KATizAD (12)
0 Iso
£ _E, R 2
A= %RG—'?Z R?Ae &l = (X—j (13)
0 R

Yis the so called Arrhenius parameter, U7 is known as the Todes parameter or the Zeldovich
number and A is the Frank-Kaminetskii parameter. After introducing FK approximations, i.e.,

=0 and f(a)=1 so the system can be reduced to:

06 _

P 0%0 + €° (14)
06

= =0, 6(/N)=8

0X| -0 ° (15)

Note that the simplified system depends only on one single parameter, the FK parameter, A.

Due to the computational limitations at that time, the numerical integration of partial
differential equations presented great difficulties. For this reason, Kaminetskii approached the

problem applying the theory of similitude using two different approximate methods: the
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stationary and non-stationary approaches. It is noteworthy that both models lead to the

formal dependence but allow different issues related to the model to be explored.

On the one hand Kaminetskii assumed that if no combustion front is set, a stationary solution
will be reached. Therefore, he deduced the conditions that make combustion possible from

determining the conditions under which the stationary model fails.

ADPT = —pg-Ae =/ R (16)
And its dimensionless counterpart is:

020 = -e° (17)

The stationary model reveals a dependence on the geometry of the vessel since the solution
depends on a Lagrangian operator. Therefore, a constant value of the Frank-Kaminetskii's
parameter, A., must be found for each particular geometry. Thus, for a given combustible
mixture and a given geometry, volumetric combustion could only be controlled by two
parameters: the furnace temperature and the vessel size. Kaminstskii solved two one-
dimensional (1D) cases: the spherical and the infinitely long cylindrical vessel. He obtained,
respectively, A.,=3.32 and A.=2.00. However, more realistic geometries such us a finite

cylinder or a parallelepiped remain unsolved.

On the other hand, the non-stationary approach is based on a similar reasoning: from
determining the conditions under which the non-stationary model fails. This model, however,
is based on a homogeneous temperature distribution within the sample if combustion does

not occur, which is a poor approximation.

oT _ hS e

c— =——(T -T,)+ pg-Ae ™'7!
P Py ( 0) yys (18)
Where h is the heat transfer coefficient, S and V are the wall surface area and the volume of
the vessel, respectively. The mathematical derivation of the non-stationary model used by

Kaminetskii is particularly interesting. A first transformation where only the dimensionless

temperature is used leads to:

29
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Each member of Equation 19 has the dimensions of a reciprocal time. Where the following

magnitudes could be considered as a yardstick of time:

-1

_[ 9 Ex L Evre
T, =| ——=-Ae ™o

1 £c RT; ] 7
L o(s)

2 coV (21)
Therefore,
00_¢ 8
ot 1, T, (22)

While t1 could be considered as a characteristic reaction time, 12 is a characteristic diffusion
time. Notice also that V/S=f(R) and t2/t1 coincides with A . By then using 11 as the yardstick of
time the model parameter dependence is reduced again to a single parameter, which is
precisely the Frank-Kaminetskii parameter. In this case, the dependence of the solution on the
geometry comes implicitly with the parameter h that accounts for the contribution of

diffusion.

From equation 22 it can be deduced that heat diffusion plays a main role in combustion
processes, as has been concluded by many other authors.®® Only sufficiently slow heat
dissipation allows the necessary local sample overheating for a combustion process to take
place. Therefore, due to its low thermal conductivity, the setting of a combustion front is
further facilitated when samples are in the form of powders. On the other hand, and as we will
see in chapter 3, the very small thickness of a thin film makes the onset of a combustion front
virtually impossible. The present computational capabilities make it possible to solve the exact
system, Eq. 1 and 2, for 1D and 2D systems in a reasonable amount of time. However, it is not
an easy task since it is a highly non-linear system and, as we already explained, combustion is

controlled by two mechanisms that have very different timescales.
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I.3. Modelling of heat transfer

Numerical methods, which all attempt to resolve the value of dependent variables at a finite
number of locations in the calculation domain, are commonly used to solve differential
equations. These locations are usually called grid points and divide the solution domains into
subdomains. There are several discretisation methods that provide an algebraic relation
between the dependent variable and the grid points. These relations are derived from the
differential equations and try to accurately describe its physical information. Therefore, all
possible discretisation equations are expected to give the same solution, which is the solution
of the differential equation, provided that the number of grid points is large enough. Since
each procedure has its advantages and disadvantages, the procedure used to discretise the
solution depends on the particular problem that is being addressed. Furthermore, the solution
techniques, which are the path followed to solve the equations, are independent from the
discretisation method. For example, and without going into detail, the variational formulation
has been commonly employed in finite-element methods (FEM) for stress analysis as it can be
easily linked to the virtual-work principle.”” However, its applicability is limited because the
principle on which it is based cannot be applied to all kinds of differential equations. Another
example is the method of weighted residuals, which is very popular in boundary-layer
analysis.”® The control-volume formulation, which can be understood as a special version of
this last one, stands out because the solution exhibits exact integral balances.” In this work,
we deal with a numerical method where its discretized equations have been derived using a
Taylor-series formulation, i.e. the finite difference method (FDM). The Taylor-series

formulation consists of discretising the differential equations as a Taylor series.

The previously mentioned numerical techniques, FEM and FDM, are the two main techniques
for solving heat transfer problems. While in the FDM, subdomains are rectangular with a
regular grid, in the FEM subdomains may be any polygon shape. Therefore, FDM is more
convenient for the discretisation of complicated shape problems. Another important
difference is that unlike FDM, the FEM solution provides interpolation functions for each
subdomain. However, FDM will be discussed here because it is used more often to solve heat
transfer problems in elemental problems since it provides a more accurate solution.® In
particular, we will discuss the Taylor-series formulation approach. However, FDM

discretization can be also derived from a control-volume approach. There are other
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discretisation approaches and numerical techniques that overcome some specific heat transfer
problems. For example, the moving particle semi-implicit method (MPS) based on a Lagrangian
approach is also used to solve multiple dimension heat transfer problems by applying a semi-
implicit prediction-correction process.’> MPS is an effective numerical method for
incompressible in viscid flows with free surfaces. However, discussion of this falls beyond the

scope of the present work as here we are concerned with solid state combustion.

In FDM there are two main schemes that are traditionally used depending on whether
preference is given to greater accuracy or to the stability of the model. However, in the
particular case of the analysis of a combustion process, this dilemma is necessarily avoided. As
we will now see, the selection of an implicit scheme is mandatory. Nevertheless, accuracy can

be preserved.

We will now describe the numerical approach used to solve the following set of equations
developed by Fort et. al. that corresponds to a dimensionless expression of equations 1 and 2

for a cylindrical geometry (Figure I-1): ®
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Where the dimensionless temperature ¢, time t and space coordinates ¢ and ¢, are defined as

follows:

E_A (26)
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The dimensionless reciprocal adiabatic temperature rise n is defined as

EA
ch (29)

n=c

Notice that unlike the FK approach, this model is not based on an approximation.

Reactant

v

Vessel walls (7= ,)

Figure I-1. Geometry analyzed. The sample is placed inside a cylindrical vessel without a cover.

First we describe the 1D models that arise when we neglect one term of the Laplacian.
Afterwards we describe the integration of the reaction kinetics. We then describe the 2D

model which will be used either for analysing powders or films.

First, we will consider the case of a semi-infinite volume with a flat surface, H/R — O(Fig.1),
so we can ignore the partial derivative with respect ¢ . The finite differences method is based

on the discretisation of space and time:

(i ={,+IA{, 1,=nAT (30)

’

where A{ is the grid spacing and AT is the time step used in the discretisation.
The finite difference 1-dimensional explicit scheme of equation 27 is: *

Hin+1 _ Hin _ lell _ Zeln + lell +1 O"n+1 -a’

AT AP n AT

(31)

where 8" =6(r,,{,), a" =a(r,,{,), i =12...N =1 and N is the number of points of the
space grid. The method is called explicit because the new value Qi”+1is given explicitly in terms

of the previous value 8":
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In 1947, Crank and Nicolson explored several methods of evaluating solutions of the same

dimensionless heat transfer equation that we have presented in the previous section (Eq. 5).**

That work was the precursor of the Von Neumann stability analysis, which is widely used to

evaluate the stability criterion of the explicit scheme of partial differential equations. In the

particular case that we are dealing with, they concluded that the numerical method will be

unstable if ZAT/AZ2 > 1. Thus, the time step range is limited by the space discretisation. We

have previously seen in the derivation of the non-stationary model of Frank-Kaminetskii,
however, that combustion deals with two competing mechanisms, heat transfer and reaction
evolution, which possess very different time scales. In the case of short characteristic reaction
time scales, we are required to use a very short length scale to maintain the stability of the
solution with the explicit scheme. A decrease in the space scale strongly increases the
computer memory and the time requirements to the point that calculations are very
cumbersome or unaffordable in most practical situations. On the other hand, this restriction

disappears for the implicit scheme:

ein+l _ Hin elr:l-l _ 26in+l + 0:;_1 1 ain+l _ ain
= 2 = (33)
AT AV4 n Ar

The implicit scheme is always numerically stable but is more numerically intensive. Unlike the
explicit scheme, Hi"+l cannot be directly calculated from the previous value of 8". Sometimes,

the implicit system of equations cannot be solved. For instance, in our case the full implicit

method has no analytical solution because of the reaction term. For example, in this work, we

ignore the dependence of @ on &, i.e., the value of a""" is determined from 8. Under

this assumption, Eq. 33 becomes a tridiagonal system that can be solved by using:
6" = AGT + A, (34)

Thus, once we know 5™, A_'L and Aiz, the values of 8" can be directly calculated from Eq.
34. 0™ is determined from the boundary conditions; 85" = @, . As for the coefficients A

and Aiz, substitution of Eq. 34 in Eq. 33 gives,
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where y=ATr/Al? and the coefficients A" and A'™ are determined from the boundary
conditions; from Egs. 25 and 34 one obtains A" =1 and A'"=0. To ensure the
convergence, the system of equations is solved iteratively using the values of Hi"+l obtained
from the previous iteration to determine ai"*l. The iterations are stopped when the difference

in the values of a""* between two successive iterations are below a certain value which is

near to the minimum value of a double precision number.

Note that for the explicit scheme, the stability criterion imposes y < 0.5. Thanks to the use of

the implicit scheme we have been able to use a value of ) as large as 10". Needless to say

that no computer is capable of performing the same calculation using the explicit scheme.

For the case of an infinitely long cylinder, H/R — 00, we can neglect the partial derivative

with respect ¢ and under the implicit scheme, Eq. 23 becomes:

o -6 :(“%i)@‘lil 200"+ 10

Ar /7 AY4

(37)

And the coefficients A'L and A'2 become for the radial integration,

N
1+ y[2 [+ %JAiHl] (38)

y(l+%l)A2+l+9n+(0'n+l a )/,7

Ao = 1+ y[2 i+ %I)Al'*l] (39

n+l

At a given iteration, the value of a; " is given by Eq. 24. Eq. 24 may be solved by finite

differences, but since the time scale of the reaction may be significantly smaller than that of
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diffusion, it is very important to determine a’i”+l

as accurately as possible to improve the
stability of the calculus. So instead of solving Eq. 24 by finite differences, in this work we

integrated Eq. 24 analytically; for ™ = 8" *

a,im-1 = G(Ziso + g(a|n)) (40)

dx

m, Ziso =/7€_1/3'nAT and G({ ) is the inverse function of g(a). The
X

where g(a) = I:

66
l.

expression of G and g for a number of reaction models is given by Farjas et al.”™ For instance,

for a first order reaction; f(a)=1-a, g(a)=-In(l-a), G(2)=1-e€* and

a't =1- (1— al )exp[—ne‘l’ AT

For 6?i”+l * Hi“, we perform a linear interpolation, i.e., we assume that the temperature

increases linearly between Hi“ and 6?i”+1 during the time interval AT . The integration of 24

gives,65
a™ = G(Zn + g(ain)) (41)
where, z, :lyﬁ[p(ﬂﬁi”ﬂ)— p(l/é’i“)] and p(X)EJ‘;%(Z_U)dU. p(x) has no

analytical solution. Since the integration of p(x) would be very time consuming, we use the

Padé expansion given in Ref. ® that is accurate enough for double precision calculations.

When dealing with multiple dimension problems in FDM, the calculation of the resulting
discretisation equations of the Taylor-series formulation has a very high and complicated
computing cost. Peaceman and Rachford developed the alternating direction implicit (ADI)
method in 1955 as a simple and cost efficient numerical method in terms of computing
power.®” The method belongs to the operator splitting method family, which means that the
differencing scheme for a given variable is split into a sum of pieces. Each of these pieces is
calculated independently. The addition of their results gives the solution of the primitive
differential scheme. In the particular case of a 2 dimensional case this approach consists of
splitting the integration into two time steps AT /2 where one of the directions is calculated
implicitly and the other explicitly.®* Therefore, the pure conductive heat transfer discrete

equation with heat generation is then rewritten as follows:

For the first step the finite differences equation is,

18



6 -6, _ (1+y2i)9i2+1v1i —207" + h %I)H'n;l' + 8 a=20"+6" 1an+l ai
A¢?

AT /2 AZ? AT 4

where

" =0(r,,6,2), o' =a(r,,¢6,{;), 1=12..N, -1, i=12...N, -1, and N,

and N, are the number of points of the radial and axial grids, respectively.

And the coefficients Ail and A'z become for the radial implicit integration,

L by
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For the second step the finite differences equation is,

(44)

o -a bk -2 -k, an-ay g aat-a)
ATI2 Ac? AZ? WRNIE (45)

And the coefficients Ail and A'z become for the axial implicit integration,

5

AT baT] o

/@ L Vol 1, -2 + - e, g @t -anin

1+ - A7

Finally, we would like to mention that it has traditionally been difficult to obtain a good spatial
accuracy in ADI methods when dealing with interface problems. For example, when a crucible
or a substrate is taken into account. Although it is not going to be discussed here, Zaho
recently developed a new ADI method for solving 2-dimension heat equations with
interfaces.®® This method maintains a good computational efficiency and, most importantly,

unconditional stability. For our part, we will analyse in this work the effect of an interface
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between sample and substrate or a crucible (depending on whether we are analysing films or
powders) where thermal parameters change in a one dimensional problem. We impose the
continuity of heat flow in the interface but the element of the grid at the interface also has a
certain volume. We assume that half of this volume belongs to the sample, so heat is
generated due to the reaction; and that the heat capacity is different at both sides of the

interface. Therefore, the finite differences equation at the interface is,

. n n n AS n_gn n+ n
6 -6 _ 36—, 0 25 f) 10ai -a, (48)
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And the coefficients A' and AzI become,

A = &
1+ y5[1+/‘%—/]% Al'“} (49)
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where I stands for the index of the element of the grid that is located at the interface, A and A

A,

are the sample and substrate conductivities respectively, 0 = P and a; is the
1+—3

Aag

substrate diffusivity (note that the dimensionless diffusivity of the sample is 1).

I.4. Thermal Analysis

Thermal analysis (TA) is a set of techniques that are especially suited to analysing the
transformations that take place when a sample is submitted to a controlled temperature
program. It is particularly convenient for the study of thermal transformations and, more
specifically, combustion processes. TA provides us with valuable information to determine
some reaction and sample key parameters such as the enthalpy of the reaction, the kinetic
parameters, the sample heat capacity and its thermal conductivity. In addition, TA allows us to

monitor the evolution of sample with the temperature under controlled atmosphere.
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Information may be enhanced if different techniques are applied simultaneously, commonly
known as simultaneous thermal analysis (STA). In particular, we will highlight in this section
differential thermal analysis (DTA), thermogravimetry (TG) and differential scanning
calorimetry (DSC) since they are the main TA techniques that we have deal with in this work.
Additionally we will refer to, although to a lesser extent, evolved gas analysis (EGA).TA has a
long history over the last century and, at present, it is still evolving. In order to obtain a global
vision of each technique we will introduce them in the chronological order in which they were

developed.

The first TA technique that was invented was DTA, which provides qualitative information of
exothermic and endothermic processes by measuring the temperature difference between a
sample and an inert reference. For example, it is useful to analyse decompositions,
evaporations, crystallisations and melting processes. Its history starts in 1887, when Le
Chatelier carried out the first DTA experiments.®® However, what we know today as DTA was
not in fact developed until 1899 with the introduction of reference materials. A typical DTA

signal for a polymer is depicted in Figure I-2.
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Figure 1-2. Typical DSC signal for a polymer.

The second thermal analysis technique appeared, thermogravimetry, appeared in 1915. This is
the measurement of mass changes under a specific thermal treatment. The operating principle
is simple: a sample is placed inside a furnace and its mass is constantly measured and recorded

by means of a microbalance. Thus, every process involving mass changes can be monitored.
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This includes either physical phenomena, for example vaporisation or sublimation processes,

or chemical phenomena such as decompositions or solid-gas reactions.”®”"2

Only 10 years later,
in 1925, a TG apparatus was used to analyse reaction kinetics for the very first time.
Nevertheless, it would be 30 years before TG stood out as a remarkable technique in the field
of solid phase transformation kinetics. Freeman and Carrol took advantage of the potential of
TG for kinetic purposes in order to study thermal decompositions.”> A common TG curve of the

decomposition of a metal-organic precursor is shown in Figure I-3.
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Figure I-3. Common TG curve of the decomposition of a metal-organic precursor.

Since 1960, it has been possible to perform precise quantitative measurements in DTA
experiments. For this purpose, the structure of the conventional DTA apparatus has been
modified. For instance, it allows the heat capacity of samples to be measured accurately. This
improved version of the DTA is known as the heat-flux differential scanning calorimeter (hf-
DSC) or quantitative DTA and nowadays is probably the most widely-spread TA apparatus. At
approximately the same time, power compensation DSC (pc-DSC) was being developed.
Although, both DSC techniques implicitly provide the same information, the way this
information is obtained differs substantially. On the one hand, a small thermal resistance
connects sample and reference in the hf-DSC and what is measured is the temperature
difference between both, which is directly linked to the heat flow between sample and

reference. According to the DSC relationship,
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. To-T
DSCsignakE Q = % (51)

where Q is the heat flow between the sample and the reference, R is the thermal resistance

between sample and reference, Ts is the sample temperature and T, is the temperature of the

inert reference.

On the other hand, in a pc-DSC, the sample and reference are located in identical but separate
furnaces. A pc-DSC measures the difference in the power supplied to the furnaces to keep the
sample and the reference at the same temperature. Both types of DSC can be compared in

Figure I-4.
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Figure 1-4. (a) power—compensation DSC; (a) Heat flux DSC. From Differential thermal analysis (DTA) and

differential scanning calorimetry (DSC) as a method of material investigation, by G. Klancnik et al., Materials and

Geoenvironment, Vol. 57, No. 1, pp. 127-142, 2010.

Thermal analysis is used in many and diverse fields concerning the study of all kinds of thermal
processes. Among these, we would particularly like to point to the synthesis of materials

through chemical methods due to its importance in this work.”*”’

More specifically, it is
important in the context of the present work to emphasise the common use of TA to
investigate the thermal decomposition of precursors used in CS techniques such as SCS or
SHS.”®®*Besides, combustion has been broadly analysed by TA techniques in a more generic
way in order to understand the mechanisms that rule the process. For example, numerous TA

studies have been carried out to investigate the susceptibility of coal to spontaneous heating.®*
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In particular, the ignition point temperature has been extensively characterised by DTA, TG

and DSC.

Despite its long history, thermal analysis still has an important role in responding to the needs
and challenges that scientific evolution raise. For example, despite the current importance of
thin films, appropriate thermal analysis techniques have not been completely developed yet.
Thin film properties cannot be generally extrapolated from bulk samples due to their very
different geometries. However, this has been usually by-passed and ignored.*The reason for
this is that TA equipment is not designed to hold samples in the form of thin films and, more
importantly, because the signal is usually proportional to the sample mass, and sample masses

in thin films are typically one order of magnitude smaller than samples in the form of powders.

On another subject, quantitative measurements in thermal analysis experiments are based on
the assumption that the temperature distribution within a sample is homogenous. This is not a
realistic assumption when dealing with low thermal conductivity materials and high sample
masses. Furthermore, it is especially incorrect in the case of combustion processes since the
reaction is not homogeneous but is confined to a combustion front. Therefore, it would be
very interesting to study the temperature gradients within a sample in order to establish a
criterion to prevent inaccuracies in TA experiments as well as to better understand combustion

processes.

1.4.1. Specific heat Capacity

Under ideal conditions, when an inert sample is heated at a constant heating rate the heat
flow measured by a conventional DSC is proportional to the sample heat capacity and to the

heating rate:
Q=c,nlp (52)
Where, C, is the sample specific heat capacity, m is the sample mass and [is the heating rate.

There are two main procedures to calculate the specific heat capacity based on this definition,

i.e. the direct and the steady state methods. The direct method simply relies on applying the

abovementioned definition. That is, it is based on measuring C, from a sample that is heated

at a constant heating rate. A more sophisticated version of the direct approach is the so—called
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enthalpic method which calculates an average heat capacity.®® First, a temperature interval is
chosen and the entire area under the DSC curve is determined. Therefore, an average heat

capacity is obtained from the quotient between the area and the temperature span.
T

ijT

c =nh (53)
P mIAT

With regard to the steady state method, C, is calculated from the shift experienced by the

signal once [ changes abruptly from a finite value to zero or from zero to a finite value, i.e.,

when changing from a constant temperature increase rate program to and isotherm program
or vice versa. Both methods require the correction of the signal using a baseline that, ideally,

must be measured under identical experimental conditions.

Alternatively, C, can be measured by a modulated DSC, which is essentially the same

p
apparatus except that it uses a sinusoidal modulation of the temperature rate. In this

particular case:
T=T,+ A +A sinat (54)
Where, A; is the amplitude of the modulation.

Rewriting equation 52 as:

T
Q= C, Dm% (55)
And, combining equations 52 and 54:
Q=c,m(B+ A wcosat) (56)
Therefore, the amplitude of the modulate heat flow signal is:

Ay =mie, LolA (57)

The main advantage of the modulated method is that c, is obtained as a continuous function

of temperature. Figure I-5 shows a comparison of the methods used to measure c;:
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Figure I-5. The four methods for measuring c, with a conventional DSC (a and b) and modulated DSC (c and d) that
we have mentioned above. From Measurement by differential scanning calorimetry of specific heat capacity
variation due to crystallization: Application to amorphous silicon by P. Roura et al., Thermochimica Acta, Vol. 522,

pp. 161-165, 2010.

1.4.2. Thermal conductivity

Although thermal conductivity (A) is usually measured using specific apparatus especially
designed for that purpose, there are several methods that provide alternative methods of
doing it using a DSC. This is particularly convenient since the DSC is widely available and, in
contrast to many traditional methods, only requires a small amount of sample. However, all
DSC methods are only suitable for low conductivity samples. None of them, though, could be
applied to uncompressed powders, which is probably the most used geometry in thermal

analysis of solid state reactions.

The first methods developed were based on modifying conventional heat flux DSCS in order to

find out the temperature on both sides of the sample. To that end, an additional temperature

87-89
d.

sensor was incorporate In so doing, A calculation is straightforward using the equation:

dQ T
—==-) DA& (58)
dt dx

Where A is the sample cross sectional area.

At present, two main approaches exist that do not require any apparatus modification. On the

90-92

one hand, there are methods using a commercial Modulated DSC. These methods
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determine A from the ratio of apparent and true heat capacities measured for a sample in the
form of a disk. The first method was developed by Marcus and Blaine.”® According to their

approach, the modulated heat flow generated by a MDSC Equation 58 can be expanded as:

dQ\? » JL- 262 cos2zL + |
) = o(zaAT
( dt ) ( o) 1+ 2% cos2ZL + e“ZL] (59)

Where:

2 _
Z°=wpc, |2 ( 60)
The e* term is significantly larger for materials of low thermal conductivity. In this case,

[1— 2e**" cosZL + e“ZL] _
[L+2e?* co2ZL +e* | (61)

Then, assuming a cylindrical geometry

8LC?

- c.md?P (62)
P

Where L, d and m are the length, diameter and mass of the sample, respectively. The period, P,

and the apparent heat capacity, C, are calculated as follows:

dQ
C= —At (63)
w[T,
2w
P=—
w (64)

Simon and McKenna detected two problems.’® The approximation used in the derivation, Eq.
58, significantly limits the thermal conductivity range. In addition, thermal resistance between

the sample and the furnace has a significant effect that is not taken into account.

Later, Merzlyakov and Schick®® developed a new method based on the same principle. Their
approach assumes that the thermal contact and the thermal conductivity led to different
frequency dependencies of apparent heat capacity. They needed to determine two
parameters in order to calculate A: specific heat capacity and effective thermal contact

between the sample and the furnace. Their model is described by the following 3 equations:
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Cp +Cy(w)
1-(jw/ K, )UC, +C,(e) (65)

Copp(@) =

Where C,is the heat capacity of the pan.
The apparent heat capacity directly measured at the surface of the sample pan is given by:

C,(a)
w! K, )T, (w) (66)

Col) T1-§

And the apparent heat capacity directly measured at the surface of the simple is given by:

C,(w) = —_i/lSatanh@'d) (67)
iw

Where,

a= a)/| X|e(i 12)arg(-i (w! x) (68)

And,

xX=Alpc, (69)

Alternatively, Hakvoort” developed a method to determine A with a non-modified
conventional DSC**This method was improved by Flynn and Levin first and Camirand

94,95

thereafter. Their method is based on the measurement of the melting slope of a reference

metal which is located on the top of a solid flat sample. The slope corresponds to the

reciprocal of all the thermal resistances located under the reference metal:

STR (70)

And we can split R as follows:

R=R+R+R (71)

Where R; is the thermal contact resistance between the sample and the sample furnace, R, the
thermal contact resistance between the sample and the reference metal and R the thermal

resistance of the sample.
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AsAs (72)

Where L, A, A; are, respectively, the height, thermal conductivity and the area of the

horizontal cross-section of the sample.

The introduction of R, into the model was the main contribution of Flynn and Levin since
Hakvoort did not take this into account. For his part, Camirand slightly modified the procedure.
At first A was calculated performing only a second DSC curve where the reference metal is
melted with the same settings of the first experiment but without sample. Sample thermal
resistance and, consequently, its thermal conductivity were deduced from the difference
between the slopes. By contrast, Camirand’s method is as follows; different DSC curves are
recorded where the reference metal is melted using the same setting but changing the sample

height. Then, A is the inverse of the slope when plotting the total thermal resistance of the

. L . . )
experiments against—>. Notice that it is assumed that thermal contact resistance does not

change when changing the sample.

In chapter 5 we introduce an alternative method which allowed us to determine thermal

conductivity of powders with a high degree of accuracy.

1.4.3. Kinetic parameters

Reaction kinetics deals with the measurement and parameterization of process rates. In this
work we will exclusively deal with parameterization of single-step reaction kinetic which is

usually described by the following equation if the dependence on the pressure is avoided:

da
E=k(r)f(a) (73)

where k(T) and f(a) represent the dependence of the process on the temperature and on the

extent of conversion respectively.

The extent of conversion increases from Oto 1 and is determined experimentally using physical
properties that evolve with the process. Since we are devoted to the study of decomposition

processes, which involve mass loss and the release of heat, the extent of conversion could be
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either evaluated as a fraction of the total mass loss or as a fraction of the total heat released

during the process.

For thermally activated processes, temperature dependence of a reaction is usually described

by the Arrhenius equation:

74
K(T) = Ag=/~T ()

Where, R is the gas constant and E, is the activation energy of the thermal barrier and the

preexponential term A is the occurrence frequency factor.

For its part, there are several reaction models that try to describe the extent of conversion
dependency for different mechanisms. However, we are not going to discuss them since, as we
shall see, the model-free methods we will deal with for determining the kinetic parameters,
i.e. the method of Kissinger and the isoconversional methods, do not, as their name suggests,
need to assume any particular form of the reaction model. In addition, we will only discuss
methods that belong to the group that use multiple temperature programs which are strongly

recommended instead of using single temperature programs.*®

e The Kissinger method is derived from the condition that at the maximum reaction rate

d?a/dt’ =0.

Therefore, assuming the Arrhenius temperature dependence and an independency of the

conversion extend dependency of the heating rate, the following equation is obtained:

E,. :ée—EA/RGTm
RT. B (75)

T, is the temperature at which the transformation rate is at its maximum.

After a few arrangements we obtain the so called Kissinger equation:

In ﬁz =In _ARI__Eq (76)
Tm EA RGTm

The assumption of the independency of the heating rate is, as will be shown in this work,
extremely inconvenient for the analysis of samples that suffer overheating, as is the case in

combustion processes.
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2

1
In the Kissinger method, In ﬁ is plotted against T_ The slope of the resulting linear
m m

dependence is the activation energy.

To deal with kinetics that are more complex than single-step reactions, isoconversional
methods have been developed that are based on the isoconversional principle, which is a
generalization of Eq.74. According to the isoconversional principle, at a constant degree of
transformation, the reaction rate is only a function of temperature and no assumption on the a

reaction model must be made:”’

din(da/d)] __E,
ar* |, R (77)

where E, is the activation energy for this degree of transformation. Integration of Eq. 1 results
in single-step transformations where the activation energy, E,, and pre-exponential factor, A,,

depend on the degree of transformation:
da .-
e e (78)

We can distinguish between two types of isoconversional methods: differential and integral

ones.

¢ Differential isoconversional methods are based on the following equation which is easily
derived from applying the isoconversional principle to Eq. 73. Friedman's * is, probably, the

most widely used.

da Eaa
(), = g )

)| a,

Where the index a denotes a given degree of transformation and index i identifies each of the

experiments. For multiple heating rate experiments Eq. 79 is usually presented as:
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In{@[‘fﬂ—fj } |n[f(a)Aa]—RGT (50

a,

E, is obtained at any given degree of transformation from the slope that results from plotting
the left term of the equation against 1/T;. A is determined from the independent term of the

resulting linear dependence.

¢ Integral isoconversional methods are based on the integral form of Eq. 73:

9(a) = Io f(a )_ J’;e[;e;]dt (81)

An analytical solution can be obtained for isothermal experiments:

a E,
Int,; = In{%} +ﬁ (82)

On the contrary, no analytical solution can be obtained from the non-isothermal expression of

the Eq. 73:

agfh

0%_

However, there are some approximations of the general form:

In{TﬁBJ =Const-C

a,i

(84)
aii

Where B and C are parameters determined for each specific approximation. In Table I-1 we
show three of the most popular approximations and the names of the researchers who
proposed them. They are ordered from top to bottom from the crudest to the most accurate

one.
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Table I-1. B and C parameters for different approximations based on Eq. 84.

B C
Doyle 0 1.052
Murray and White(Kissinger-Akahira-Sunose)’** 2 1
Starink 1.92 1.008

*Based on the Kissinger equation

. . 1
Ea can be calculated as the plot slope of representing the left term of the equation vs T_ or

1
—— depending on the type of experiment, i.e. isothermal or non-isothermal.

a,i
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The main objective of this work is to analyze chemical methods as a route to synthesize
advanced oxides at low cost and at low temperature with special focus on combustion
synthesis. Two chapters are explicitly devoted to this principal goal, Chapter 3 which is
dedicated to thin films and Chapter 7, which is dedicated to powders. Several specific

objectives are defined:

¢ In chapter 3 we aimed to analyze the possibility of synthesizing functional oxide thin films at
low temperature via combustion synthesis. In addition, we aimed to analyze the low

temperature synthesis of thin films in comparison with powders through chemical methods.

¢ The objective of chapter 7 was to explore the combustion synthesis of perovskite-type oxide

powders via SHS using heteronuclear cyano complex precursors.

Given the differences that we found between powders and films we dedicated chapter 6 to
analyze analytically and numerically the heat transfer in films and powders that are submitted
to a controlled temperature program. We focused the analysis on the condition needed for a
thermal explosion to occur in a solid sample reacting without any gas exchange with its

surroundings.

As a result, several issues had to be solved:

e Chapter 4 is devoted to analyze the effect o temperature gradients within a sample in the

measurement of the temperature in TA. A

¢ In chapter 5 we aimed to obtain an alternative route to determine the thermal conductivity

of powders by DSC.
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ABSTRACT: The possibility of synthesizing functional oxide thin films at
low temperature via combustion synthesis is analyzed both experimentally
and numerically. To this aim, the decomposition of several oxide
precursors [copper and cerium acetates, yttrium trifluoroacetate, and
In,05 and Lay,SrysMnO; (LSMO) nitrate based precursors] has been
analyzed by thermal analysis techniques. It is shown that, although these
precursors decompose via combustion when they are in the form of
powders, their corresponding films show no evidence of combustion. The
reason for this different behavior is clearly revealed with numerical
simulations. Thin films will hardly experience combustion because the
precursor front extinguishes before reaching the precursor—substrate
interface leaving a “cool zone” hundreds of micrometers thick. In contrast,
it is argued that thin oxide films can be obtained at temperatures lower

combustion front —_—

100%

50%

0%

than powders because of the enhanced gas transport mechanisms that usually limit the decomposition rate.

Bl INTRODUCTION

The low-temperature fabrication of oxide thin films is attracting
much interest because of its remarkable impact on the
fabrication of electronic devices on flexible plastic substrates."”
Films can be obtained by chemical solution deposition (CSD).
A solution containing the precursor salt is spread over a
substrate, and after solvent evaporation, the precursor is
pyrolyzed to obtain the oxide film. Through control of the
spreading conditions and solution composition, the film
thickness can vary from tens of nanometers to several
micrometers. CSD is much more cost-effective than physical
deposition techniques and is easily scalable to industrial
production. It has been successfully applied to the preparation
of superconductor tapes,” magnetic oxides,* optical films,>® etc.

Reduction of the processing temperature near or below 200
°C has been achieved by either a suitable choice of the oxide
precursor' or by improving the annealing conditions. It has
been shown that the annealing temperature can be significantly
reduced in sol—gel derived films by in situ hydrolysis applied on
the surface of the ﬁlms,7 in an O,/O; atmospheric environ-
ment,® l]:(J)y microwave assisted annealing,” and by photochemical
means.

It has been recently daimed'' that a general route to
achieving low-temperature processing of films is the choice of
suitable chemical precursors that undergo a combustion
process. In the case where decomposition is highly exothermic,
the heat of reaction may increase the material temperature over
the furnace temperature by a large amount leading to thermal
runaway. The reaction is no longer homogeneous, but it is
almost confined at the combustion front that propagates

< ACS Publications  © 2013 American Chemical Society

through the material. Although the local temperature at the
front is very high (a significant fraction of the adiabatic
temperature),' if the reactive volume is small, the surrounding
material may remain at low temperature. This means that the
substrate of a thin film could remain unaffected by the high
local temperature of the film. Recently, Kim et al'' have
reported that combustion synthesis occurs in nitrate-based
precursor oxides for films well below 100 nm in thickness, and
they propose that their procedure could constitute a general
route for low-temperature synthesis of oxide films on
temperature-sensitive substrates.

In fact, combustion synthesis (CS) has been intensively
applied for more than 20 years to obtain powders and sintered
compacts of refractory materials'® and has led to an impressive
diversity of processing practices.'* Nevertheless, its application
to the synthesis of layers is essentially limited to foils of Ni—Al
and other intermetallic multilayers'® used for joining
technology. In this particular case, practice indicates that CS
is onl?' feasible when the foils are several tens of micrometers
thick."® The reason is that heat dissipation to the substrate
limits foil overheating.'” Although the reaction kinetics of these
foils (governed by atomic interdiffusion) is very different from
that of precursor decomposition (described approximately by
first order kinetics; see below), the role of the substrate on film
thermalization remains the same. Consequently, the great
expectation' arising from the claim that combustion occurs in
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submicrometric films'"'®'? demands a more thorough thermal
analysis of CS directly performed in films.

In this paper, we report on thermal analysis experiments
carried out on a number of precursors currently used in CSD of
thin films that find application in fields as diverse as nonvolatile
memories [Lay;Sro;MnO; (LSMO)],* optical films (CeO,),
nanostructured coated conductors (Y,0; Ce0,),*" electrical
contacts (Cu),”* and thin film transistors (In,O;)."" Our aim is
to show that their decomposition kinetics are very different
when they are in the form of powders rather than thin films.
These experiments suggest that combustion only takes place in
powders. In a second step, the decomposition course of one
particular precursor [Y(CF;COO),] is numerically simulated,
giving confirmation that a combustion front only develops for
powders. Finally, several general arguments are given to justify
why films tend to decompose at a temperature lower than
powders.

Before we continue, we should clarify what we mean by
“combustion”. According to several papers published 20 years
ago,”*** when the research on materials synthesis through
combustion processes began: “Combustion necessarily involves
an exothermic reaction with sufficient heat release to become
self-sustained”. This definition includes those processes where
oxidizer and fuel are already contained in the precursor
(“autocombustion”) as well as those reactions that need
transport of an oxidative gas from the surrounding atmosphere
to progress. In this paper we analyze the decomposition of
several precursors that experience combustion with or without
an internal oxidizer.

B EXPERIMENTAL SECTION

Acetate (CeAcy and CuAc,) and trifluoracetate [Y(TFA),]
precursors were used in the form of commercially available
powders. The water solution of the LSMO precursor contained
the corresponding metal nitrates plus 2% by weight polyvinyl
alcohol (PVA).>?® The In,O; precursor was synthesized
following the procedure described in ref 11. Its molar
composition was 1 In(NO;);2.85 H,0/2.8 acetylacetone/$S
NH;/1 NH,NO;. In these last two cases, powders where
obtained by evaporation of the solvent.

For the film preparation, the precursors were dissolved in the
appropriate solvents. Films of several hundreds of nanometers
were obtained by the free spreading of a microdrop containing
the precursor on glass substrates (diameter, 12 mm). Films
were dried near 100 °C in a vacuum for several minutes.
Although most solvent was evaporated, a residual amount
remained on the film, giving a characteristic mass loss step in
the thermogravimetric (TG) curves (see Figurelll-1b).The
drying step was avoided for the In,O5 precursor films because
acetylacetone, which was added to act as fuel, partially
evaporated.

Thermal analysis experiments were carried out with a Mettler
Toledo TGAS851eLF thermobalance that simultaneously
delivers the differential thermal analysis (DTA) signal. Since,
at the typical decomposition temperatures (200—400 °C), the
time response of the DTA signal is very long (tens of
seconds),”” the DTA peaks have been deconvoluted by the
apparatus time constant to obtain a DTA signal dependence on
time (or temperature) closer to reality. The heat of
decomposition was obtained through time integration of the
DTA peak after calibration with the melting peaks of In and Zn
samples. The TG/DTA curves were corrected by the apparatus
baseline that was usually measured with a second heating ramp.
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Figurelll-1. TG and DTA (or DSC) curves of the thermal
decomposition of several metal oxide precursors. (a) In,O; oxide
made from nitrate precursors and acetylacetone; (b) cerium acetate for
CeO, oxide; (c) copper acetate for CuO oxide; (d) LSMO oxides
made from nitrate precursors and PVA. For powders, the abrupt mass
loss observed in their TG curves and the sharp exothermic DTA peaks
constitute a clear signature of combustion. For films these features are
absent (DTA signal too weak to be measured). For the In,O;
precursor (upper figure) the decomposition changes from exothermic
(DTA) in powders to slightly endothermic in films (DSC signal),
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Figure |l1-1. continued

indicating a change in the decomposition mechanism. The heat of
decomposition, h, has been obtained from the area of the DTA/DSC
peaks.

Although this correction is essential for films, it can be skipped
for powders because of the large masses used (>10 mg). High
purity oxygen and synthetic air at a flow rate around 50 mL/
min were used to control the furnace atmosphere. Comple-
mentary experiments were carried out with a differential
scanning calorimeter (DSC) from TA Instruments (Q2000
apparatus).

The decomposition products were analyzed by X-ray
diffraction (XRD; D8 ADVANCE diffractometer from Bruker
AXS collecting the diffracted photons on a CCD detector). The
expected metal oxides were obtained for all the precursors with
the exception of Y(TFA);. In this case, YF; was obtained
instead.”® It must also be said that CuAc, films led to 100%
CuO, whereas, according to the literature,’ CuAc, decom-
position of powders resulted in variable amounts of CuO and
Cu,O. This means that, with the exception of CuAc,, one
would expect identical mass losses for films and powders. The
discrepandies in the TG curves(Figurelll-1) can be generally be
ascribed to (a) the small initial mass of films and (b) the
difficulty of determining the mass of the dried precursor (that is
used for normalization) because of the partial superposition of
evaporation and decomposition steps (Figure I11-1b).

B RESULTS AND DISCUSSION

Thermal Analyses on Powders and Films. Our research
on thermal decomposition of metal organic powders has
evidenced that, in general, films and powders have different
decomposition kinetics. This is especially true for highly
exothermic processes such as those occurring with the
precursors of Figures IlI-1 and 2: cerium and copper acetates,
Y(TFA),, and nitrate-based precursors of LSMO and In,0;.
The latter case, being the same precursor as in ref 11, has been
especially designed to undergo combustion through the mixing
of fuel (acetylacetone) and oxidizer (nitrate) components. The
abrupt mass loss step observed in the TG curves of powders is a
characteristic feature of a thermal runaway process. Decom-
position reaches completion within a few seconds. In addition,
DTA curves exhibit a sharp exothermic peak revealing sample
overheating. Although we have not done a systematic analysis,
we have verified that powders can experience combustion at
heating rates lower than those used (10 and 20 K/min). After
integration, this peak delivers the heat of decomposition. It
must be emphasized that the sample temperature is much
higher than the value deduced from the DTA peak due to the
finite time response of the apparatus.

In contrast, the TG curves of films are very smooth,
indicating that the decomposition rate is lower than in powders
and suggesting that combustion does not occur. The DTA
curves of films are not shown here because, typically, the heat
evolved is too low to be detected. In the particular case of
In,O; precursor films, the heat of decomposition has been
measured by DSC and an endothermic signal has been
recorded (Figures 11-1a). This unexpected result could be
attributed to evaporation of some of the precursor components
during the heating ramp before decomposition'? (for instance,
acetylacetone boiling point, 140 °C). In fact, we have verified
(Figure I11-1a) that decomposition of pure indium nitrate in airis
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Figure I11-2.(a) TG curves for the decomposition of Y(TFA), powders
when heated at 20 K/min (solid line, experiment; dashed line,
simulation). Significant stages of the decomposition course are
indicated by open symbols. (b) Geometry of the simulated sample
and crucible, and frames showing the local conversion degree inside
the powder at the corresponding points indicated in part a. Notice that
the combustion front, already visible in frame 2, propagates freely
inside the powder (frame 3) but stops at a finite distance from the
crucible walls (frames 4 and S). This “cool zone” is 90 ym thick.

endothermic and the heat exchanged (approximately 300 J/g)
is similar to that of thin films (190 J/g). Nevertheless, since
combustion is only possible for exothermic reactions, these
DSC results constitute solid proof that the decomposition
process occurring in these films is without combustion. In fact,
we have never observed the characteristic TG/DTA features
related to combustion in any film obtained from precursors that
do experience combustion when they are in the form of
powders.

Numerical Simulation Model. Combustion requires high
local overheating that, in turn, increases exponentially the
reaction rate and the velocity of the combustion front.
Consequently, the absence of an abrupt mass-loss step during
film decomposition could be taken as proof of the absence of
combustion. This qualitative argument will be substantiated
with accurate numerical simulations in this subsection.

To understand the observed differences between films and
powders, calculations have been done that simulate the spatial
evolution of the transformed fraction inside the material when
it is heated at constant rate, f, from the bottom of the crucible

dx.doi.org/10.1021/jp4049742 | J. Phys. Chem. C 2013, 117, 2013320138
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(powders) or substrate (films). We have assumed first order
decomposition kinetics, i.e.
da

ot (1)

where ko, E, and R are the preexponential constant, activation
energy of the rate constant, and the Boltzmann constant (or gas
constant), respectively, and a(x,f) is the transformed fraction
(a = 0 before decomposition, @ = 1 after decomposition).

The heat evolved per unit time and volume, g, depends on
the decomposition enthalpy per unit mass, h, and the reaction
rate according to

- koe—E/RT(l - (1)

da
- (_h hlach
t=pSh— @)
We have verified that heat conduction to the substrate or
crucible accounts for most of the heat dissipated. Therefore,
conduction through the atmosphere and radiation has been
neglected and the heat transport equation

% *T i o*T r
dyz 0z* 1

T o*T
Otz

ox* 3)
(k is the thermal conductivity; p, the mass density; c, the
specific heat) has been solved inside the material and crucible
walls or substrate. Axial symmetry has been assumed for
powders (Figure I11-2b), whereas for films the problem can be
reduced to one dimension (the distance to the substrate).
Numerical calculations have been performed by using the
dimensionless form of eq 3,* and it has been solved following
an alternating-direction implicit integration method.>® The
impﬁsed relative error between each time iteration was less than
107

We have chosen Y(TFA); for the calculations because its
decomposition kinetics and enthalpy are independent of the
furnace atmosphere (reactive or inert),"‘8 making it unnecessary
to consider any reactive gas transport process into the sample.
However, the assumption of our model that decomposition
occurs in the solid state is not completely exact even for this
particular precursor because volatile species produced during
the reaction will carry away part of the reaction heat.

In this particular case, the exothermic reaction needed for
combustion to occur is simply the decomposition of the
Y(TFA); molecule into YF;. This is to say that, according to
our general definition of combustion, the chemical reaction
must not necessarily involve an internal oxidizer (as in the
In,05 and LSMO precursors) or an oxidant atmosphere (as in
copper and cerium acetates). Our model (eqs 1—3) can be
applied with the same degree of accuracy to precursors with
internal oxidizers. However, when applied to those precursors
reacting with the surrounding atmosphere, it would predict a
range of conditions leading to combustion wider than in
experiment because gas transport into the sample could be the
rate-limiting step of the reaction and, consequently, it could
make combustion more difficult to occur. Consequently, we
can be sure that combustion will not occur if our model
predicts so.

Results of the Numerical Simulations. For Y(TFA),, the
numerical values of k; and E have been obtained through the
kinetic analysis of TG experiments®> whereas h was directly
measured by DSC.>® The value of p has been measured, ¢
comes from reasonable assumptions, and k has been left as a
fitting parameter.
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The results are plotted in Figures!l1-2 and 3 for powders and
films, respectively. For powders, decomposition is homoge-
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Figure I11-3. TG curves of thedecomposition of a Y(TFA);250 nm film.
In this case, frames of the conversion degree are not shown because
decomposition is completely homogeneous.

neous, until the slope of the TG curve increases abruptly
(Figure 111-2a). In other words, in this initial step, @ does not
depend on the position and can be calculated as

a(t) =

m;, — m(t)

m; — my

4)

where the masses on the right-hand side are taken from the TG
curve.This behavior is confirmedby the first frame of Figurelll-2b
where we see that the transformed fraction is the same at any
point of the sample. Then decomposition accelerates because a
combustion front appears (second frame of Figure I11-2b) that
propagates through the powder (third frame) at 1.0 mm/s. The
local transformed fraction of a given region changes abruptly
from a small value to 1 when the front sweeps it. Since the local
overheating at the combustion front is high (230 K, near the
adiabatic overheating temperature of 260 K), decomposition is
completed in less than 0.2 s. When the front approaches the
crucible wall, it stops and extinguishes itself, leaving a “cool
zone” 90 um thick (frames 4 and S) that does not experience
any significant overheating. This means that this zone
decomposes at a much lower rate, which is given by eq 1
with T equal to the furnace temperature. Consequently, the TG
curve becomes smooth again and exhibits a last step extending
over 40 °C (Figurelll-2a).

Good agreement between the calculated and experimental
TG curves of Y(TFA); has been achieved with a realistic value
of k (about 1/4 of the value for a dense film), giving us
confidence in the process description obtained from the
theoretical simulation. In particular, the existence of a “cool
zone” near the crucible walls is especially important. Although
less pronounced, the characteristic step is observed in the
experimental curve (Figure |11-2a).The experimental TG curves in
Figure I1I-1 reveal that this zone also appears during the
decomposition of the In,O; and LSMO precursors (Figure
I1l-1a,d), suggesting that it is a general feature of CS of oxide
precursor powders. The case of the copper acetate is clearly
different. The mass gain observed after the abrupt mass loss is

dx.doi.org/10.1021/jp4049742 | J. Phys. Chem. C 2013, 117, 20133-20138
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due to the oxidation of Cu and Cu,O to CuO*® and hides the
probable existence of a cool zone. A similar effect can occur
with cerium acetate.

After the success of the simulations with powders, we can
apply the same procedure to films. For films, calculations show
that decomposition is always homogeneous through their
whole thickness (i.e., at any time the transformed fraction « is
essentially the same irrespective of the distance to the
substrate—variations are below 1077) and, consequently, the
calculated TG curve lacks the characteristic sharp step of
combustion (Figure 111-3). Again, like powders, the agreement
between the simulated and experimental TG curves is very
good. In view of the results obtained with powders, the lack of
combustion in films can be easily understood. For combustion
to occur, the film should be thicker than a “cool zone” similar to
that identified in the case of powders.

We have undertaken a thorough numerical and analytical
study of the conditions needed for combustion to occur in
films, based on eqs 1-3, that generalizes the results obtained
for Y(TFA); films. From this study we have concluded that,
within realistic values of the heating rate and the kinetic and
thermal constants, CS of metal oxides is very unlikely (or
impossible) to occur for submicrometric films.

Low-Temperature Decomposition of Films. The good
news is that, for many precursors, films decompose at a lower
temperature than powders (see Figure IlI-la—c and notice also
that the preexponential constant, ko, is much higher for the
Y(TFA); film than for powders—Figures 111-2a and 3). This
general property is related to the nature of the decomposition
reactions, because they involve gas transport into or out of the
sample and, owing to their higher surface to volume ratio,
transport is easier in films, and, consequently, decomposition is
faster. This property should allow oxide films to be synthesized
at low temperature, even without combustion. We have verified
this prediction with the particular precursor of In,O; used in ref
11. The XRD curves of Figurelll-4 correspond to the product of
powders and a 450 nm thick film heated to 250 and 200 °C for
1 h, respectively. Peak width analysis with Scherrer’s formula
indicates that, due to combustion, powders have larger
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Figure I11-4. XRD curves of In,O; synthesized from precursor powders
and from a 450 nm thin film annealed at 250 and 200 °C, respectively.
It is shown that, either with (powders) or without (film) combustion,
the product obtained at low temperature is highly crystalline (the peak
width of the powder curve is the instrumental line width).

20137

49

crystallites (>13 nm) than the film (4.5 + 0.3 nm). This last
size is actually similar to that obtained in ref 11 at 200—250 °C
(around 6 nm) in films tens of nanometers thick, giving
additional proof that high crystallinity is obtained in films at
rather low temperatures without combustion.

While the present results clearly contradict the claim that CS
could be a general route for thin film production, it must be
emphasized that, owing to their higher surface to volume ratio,
thin films tend to decompose at a lower temperature than
powders do (in addition to the examples given here, look at ref
33), with this effect being more pronounced for very thin films.
This property has allowed us to obtain ceria thin films from
cerium propionate at a temperature as low as 160 °C,** and it
also applies to the In,O; precursors analyzed here. Remarkably,
the decomposition temperature during constant heating at 10
K/min of the 300 nm thick film was 30 °C lower than that of
the 490 nm film (Figure I11-la).

Finally, we wish to stress that our work elicits that, as a
general rule, thermal analyses carried out on precursor powders
cannot be simply extrapolated to predict the behavior of thin
films and that thermal analysis measurements on films are
required to elucidate the actual decomposition mechanism and
to explore the possibility to obtain oxide films at a lower
synthesis temperature.*® Although thermal analyses on films are
harder to conduct, the extra effort is worthwhile.

H CONCLUSION

In conclusion, thermal analysis experiments done on metal
oxide precursors reveals that, when their decomposition is
moderately or highly exothermic, powders often decompose via
combustion. In contrast, no evidence of combustion is observed
in films. In fact, numerical simulations show that the
combustion front extinguishes before reaching the precursor—
substrate interface and leaves a “cool zone” where heat
dissipation is so efficient that no overheating occurs and,
consequently, decomposition proceeds much more slowly.
Since films are thinner than the typical thickness of this “cool
zone” (hundreds of micrometers), combustion of submicro-
metric precursor films is very improbable if not impossible.
Although these experiments and simulations leave the question
open as to why precursor solutions containing oxidizer/fuel
pairs are suitable for oxide thin film synthesis at low
temperature, it has been argued that many oxide precursors
decompose at a much lower temperature when they are in the
form of films due to the transport enhancement of volatiles
during the course of solid—gas reactions.
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1. Introduction

Thermal analysis techniques, such as differential scanning
calorimetry (DSC) and thermogravimetry (TG), are routinely used
to analyze the evolution of solid-state transformations. Thermal
analysis instruments are designed to monitor a given temperature
dependent property as a function of time or temperature when a
sample is submitted to a controlled temperature program, usually
a constant temperature (isothermal) ora constant temperature rise
(constant heatingrate).In these apparatus, the sample temperature
sensor does not have perfect thermal contact with the sample, i.e.,
samples are placed inside a crucible which, in turn, is placed over
a sample holder which is in thermal contact with the temperature
sensor. Moreover, in general the temperature program is controlled
by measuring the temperature in the furnace. Under proper cali-
bration, a reference temperature is determined from the furnace
temperature which ideally would correspond to the sample tem-
perature provided that there is no temperature delay between the
sample and its holder.

* Corresponding author. Tel.: +34 972418490; fax: +34 972418098.
E-mail addresses: jordi.farjas@udg.cat, farjas@gmail.com,
jordi.farjas@gmail.com (J. Farjas).
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Although isothermal experiments may be easier to interpret
[1], constant heating rate measurements are preferred [2] because
they not only allow for a larger temperature range to be analyzed,
but they are faster, and they avoid the problem of non-zero ini-
tial degree of transformation [3]. However, in constant heating
rate measurements, the separation between the sample and the
temperature sensors results in noticeable deviations in the sam-
ple and reference temperatures from the programed temperature
[4-9]. Deviations of the reference temperature with the heating
rate are approximately proportional to an apparatus characteristic
time called “tau lag” [10-12]. Most calibration procedures allow
a tau lag correction, so that, commercial apparatus are able to
deliver an accurate and almost heating rate-independent reference
temperature.

In addition, there is also a temperature delay for the sample
temperature called “sample thermallag”, which depends on sample
and crucible properties and results in the formation of temperature
gradients within the material, meaning it cannot be systematically
corrected with an apparatus calibration.

Two different effects contribute to deviations of the actual sam-
ple temperature with the sample temperature determined from
the sample holder or furnace sensor [9,13,14]: the thermal gradi-
ents related to heat transport through the sample [4,15-18] and
heat evolved due to endothermic or exothermic reactions of the
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sample. Temperature gradients are known to increase with heat-
ing rate and sample mass. Excessive sample masses may result in
a sample temperature shift to higher temperatures [19]. As a rule
of thumb, for DSC a mass of around 1 mg is recommended, while
for TG masses between 1 to 10 mg are commonly used. In fact, to
confirm that sample temperature is sufficiently accurate, a check of
itsindependence on the sample mass has been proposed [ 3,20}, i.e.,
the sample mass needs to be reduced until no dependence of the
evolution of the transformation on the sample mass is observed.

As for the second cause, heat evolved during transformation
may result in noticeable deviations of the sample's temperature
due to either self-heating or self-cooling as the reaction develops
[14,20-22]. These deviations are more noticeable for larger sam-
ple masses and high enthalpy transformations [23]. As a rule of
thumb, it has been proposed that the rate of heat generation must
not exceed 8mW [4].

The effect of heat transfer within the sample has been thor-
oughly analyzed and modeled [12,18,24,25]|. The thermal inertia
of the sample is responsible for a temperature delay between the
sample and the sample temperature sensor, as well as a thermal
gradient occurring within the sample. However, no analytical rela-
tionship between the temperature difference within the sample
and the sample mass has been reported. In addition, few works
are devoted to analyzing the effect of the heat evolved. Neft et al.
[20], have developed a numerical model that accounts for heat and
gas transport within the sample. This model is successfully applied
to the analysis of soot oxidation. Merzhanov et al. [2] shows that
non-isothermal kinetic methods can fail in the case of exothermic
reactions. Finally, Holba et al. [ 18] analyze the temperature profile
in a sample that exhibits a first order-phase transition. However,
as far as we know, a general description of the effect of the heat
evolved during exothermic reactions on the measurement is still
lacking.

In this paper we numerically and experimentally analyze the
artifacts induced by heat transport and the heat released by
exothermic reactions. In Section 2 we provide the experiment
details. In Section 3 we introduce the numerical model used in the
simulations. In Section 4 we analyze the effect of the heat transport
through the sample, while in Section 5 we study the effect of the
heat released during the transformation. Finally, in Section 6 we
analyze the effect of local overheating on the kinetic analysis of the
reaction.

2. Experimental

The synthesis of barium trifluoroacetate Ba(CF3C00),
(Ba(TFA),) and yttrium trifluoroacetate Y(CF3CO0); (Y(TFA)3)
powders is described in refs. [26] and [27]. The preparation of
Ba(TFA), and Y(TFA); films is described in refs. [28] and [29].
TG analysis was performed with a Mettler Toledo TG model
TG851e. Simultaneous TG and DTA analysis was performed with
a Setaram model SETSYS Evolution 16 thermobalance. TG curves
were corrected by subtracting a consecutive identical second
measurement and by measuring the final sample mass at room
temperature. Powders were placed inside alumina crucibles.
To facilitate gas exchange between the sample and the furnace
atmosphere crucible lids were not used. Gas flow was controlled
by mass flow meters. High purity gases at a flow rate of around
50 ml/min were used to control the furnace atmosphere. Water-
saturated gases were obtained by bubbling the carrier gas in water
at standard temperature and pressure (25°C, 1 atm). DSC analysis
was performed with a Mettler Toledo DSC model 822. Powders
were placed inside aluminum crucibles and perforated lids were
used to facilitate the gas exchange.

Table IV-1
Physical parameters of the two metalorganic powders analyzed.
Ba(TFA)3 Y(TFA)3

Thermal conductivity, 4, W/(mK) 0.08 0.06
Specific heat capacity, ¢, ] (kg K) 2230 875
Density, p, kg/m? 1463 1114
Thermal diffusivity, m?/s 245x 1078 6.15x10°%
Specific heat of reaction, g, ] kg 1.0 x 106 2.75x10°
Activation energy, Ex, J/mol 1.77 x 10° 1.70 x 10°
Pre-exponential constant, A, s™' 45x 10" 3.4 x10"
Dimensionless 7 475 65.0

The parameters used to simulate the thermal evolution of
Y(TFA); and Ba(TFA), were determined experimentally and are
summarized in Table 1V-1. Density is determined from the sample
weight when it is placed in a container with well-known volume.
Heat capacity, thermal conductivity and the heat of the reaction
were measured by DSC. The heat of the reaction is given in refs.
[26,27], heat capacity was measured at 150°C using the method
described in [30] and thermal conductivity was determined at the
indium melting point (156 °C) by adapting the method described
in ref. [31] to powders. Finally, determining the activation energy
and pre-exponential constant is described in detail in Section 6.

3. Numerical model

Our numerical model is based on the heat conduction through
the sample and crucible. Thermal losses by radiation or convection
are neglected. We assume that the sample holder acts as a heat sink
whose temperature is fully controlled by the temperature program
and we neglect any contact resistance between the holder and the
crucible. In general, crucibles are hollow cylinders, therefore, due
to their symmetry (see Fig. IV-1),the temperature evolution may be
described by a two-dimensional (2D) model [2,20,32].

ar_ (19 91 &1 da
Ky =*\tar'artaz ) "%

where p is the density, c is the specific heat capacity, T is the tem-
perature, t is the time, A is the thermal conductivity, r and z are
the radial and axial coordinates (see Fig.1V-1), q is the specific heat
of reaction (positive for exothermic reactions) and «(r, z, t) is the
degree of transformation (« = 0 untransformed, @ =1 totally trans-
formed). We also assume that the reaction kinetics is governed
by a single mechanism (single-step reaction [33]) and that it is
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Fig.IV-1. Schematic representation of the geometry analyzed, Eq.(1).
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thermally activated (the reaction rate follows an Arrhenius tem-
perature dependence):

ot Ep/ReT
T =Ae A7 f(a), (2)

where Ais the pre-exponential constant, E, is the activationenergy,
R¢ is the universal gas constant and f{er) the function describ-
ing the reaction mechanism. For the sake of simplicity, in the
numerical simulations we assume a first-order reaction kinetics,
ie,fla)=1-q.

The boundary conditions for T(r,z) are:

JaT JaT
— =0, T(R,2)=Tr, —— =0, T(r,0)=Ts
|, 0z
= z=h
and Ty =Ty +bt (3)

where R is the inner crucible radius, h is the sample thickness (see
Fig.1V-1), Ty is the furnace temperature, Tyg is the initial furnace tem-
perature and b the programed constant temperature rise.

The model analysis is significantly simplified after rewriting Eqs.
(1),(2)and (3)in a dimensionless form [34]:

% = lig% + @ e ]_8_“ (4)

dtr \Sdc dc da2) nat

g_“ =ne /%1 -a) (5)
T

a0 a0

o =0, &&,8)=6, = =0, 0(5,0)=0

il =0 a -
and 6 =00 + Bt (6)

The dimensionless temperature 0, time 7 and space coordinates
¢ and ¢, are defined as follows:

_ R

0= TE (7)
_ RGqA

T=t s (8)

_ RcqAp . RcqAp
S=M\E ' =%\ 2R )

The dimensionless reciprocal adiabatic temperature rise 7 is
defined as,
Eq

nN=E=C—

R (10)

The same temperature, time and length scale factors of Egs.
(7)-(9) have been used to calculate the dimensionless inner cru-
cible radius &, sample height §, furnace temperature 0y and heating
rate B. The dimensionless model is fully described by four param-
eters, namely 7, &, § and B. An alternating-direction semi-implicit
integration method has been used to solve of Eqs.(4)-(6) [35]. The
numerical code has been written in visual C++,

Finally, it is worth recalling that all the parameters used in the
simulations have been determined experimentally (Section 2), thus
no free parameters are left to adjust the numerical results to the
observed evolutions. Therefore, the agreement between numerical
simulations and measured evolutions is a test of the goodness of
the model.
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4. Temperature delay related to heat conduction within the
sample

In this section we will analyze the temperature gradient within
the sample due to heat conduction as the furnace temperature is
raised ata constant rate, b = dT/dt. We will consider an inert sample,
i.e., there is no heat evolution, (q=0 and 1 =cc). After a transient
period, any point in the sample will achieve the same heating rate b
(see Appendix). Under these circumstances Eq. (1) transforms into:

b=a (l 2rﬂ -+ E)Z_T)

ror or  0z2 )’
where a is the thermal diffusivity (a = 2/ pc). In general, the thermal
diffusivity of powders is much smaller than that of the crucible
material; therefore, one can assume that the crucible temperature
is nearly homogeneous and that the temperature delay takes place
exclusively within the sample.

In the limit case h > R (according to some authors [32], h should
be atleast three times R), the partial derivative with respectzcan be
neglected in Eq.(11), so the system s reduced to a one dimensional
(1D) model. Under this simplification, the stabilized temperature
profile within the sample has been analytically calculated [2,18]
and the temperature difference through the sample is given by:

(11)

1b
AT =T(R)-T(0) = —~ —R%. (12)
4a
Similarly, when R > h the partial derivative with respect r can
be neglected and the temperature difference through the sample is
given by:

AT =T(0) - T(h) = %ghz.

(13)

Note that in Egs. (12) and (13), the temperature difference is
defined in such a way that it is positive, i.e., the temperature is at
its maximum next to the crucible walls and steadily diminishes as
we approach the top center region of the sample.

Unfortunately, in practical situations h and R are similar and so
none of the above approximations are realistic. From Eq. (11) it is
clear that the temperature gradient is proportional to b/a. Besides,
Eq. (11) contains two space yardstick, h and R, consequently the
temperature can be described as a function of a dimensionless
position and one dimensionless parameter h/R. This parameter h/R
accounts for the aspect ratio of the sample, i.e., for thinfilmsh/R — 0
while an infinite length cylinder corresponds to h/R— oc. Finally, if
the length used to normalize the space coordinates in Eq. (11) is
the volume to the 1/3 power, V'3, (V=7R2h), then the temperature
difference is described by,

b

_v2/3
a s

AT =T(R,0)-T(0,h)=C (14)
where C is a parameter that depends on the ratio h/R. From Egs.

(12) and (13) it is immediate that C=1/4((1/7)(R/h))*? and C =

1/2((1/7)Xh/R*" for the limiting cases h/R— oo and h/R— 0,
respectively.

InFig. IV-2 we have plotted the value of parameter C determined
from the numerical integration of Eqs. (4) and (6) and for different
values of the ratio h/R, together with the values of the limiting cases
h/R— 0andh/R— oc. When his larger thanthree times R the relative
error in the calculation of AT from Eq. 12 is below 3%, and when R
is larger than three times h the relative error in the calculation of
AT from Eq. (13)is below 5%. However, when R and h are similar,
Eqs.(12)and (13) provide a poor determination of AT, for instance
when h/R=0.71 the relative error of Eqs. (12) and (13) coincides
and is equal to 64%, therefore, with the closest approximation, the
inaccuracies related to the 1D model are below 64%.
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Fig.IV-2. Squares: parameter ((h/R), Eq. (14), calculated from the numerical integra-
tion of Eqs. (4) and (6). The solid line corresponds to the analytical solution,Eq.(15).
Dotted and dashed lines are the limit cases when h/R tends to 0 and o, respectively.

AT can be more accurately approximated by (see solid line in
Fig IV-2):

_1( (h/RY? )2’3 5
"~ 2\ 7 +27v2(h/R)?

2
The discrepancies between Eq. (15) and the numerical results
are below 3%.
Once we know AT (Egs. (14) and (15)), we can establish a crite-
rion for the maximum sample mass, mg;,, to prevent a significant
temperature gradient within the sample:

3/2
1a ) (16)

Mcrie = P ( Ch AT
Thermocouples and thermistors have accuracies well below 1K,
but temperature calibration methods, thermal contacts and tau lag
corrections result in typical apparatus inaccuracies of around 1K
when determining the temperature. Therefore, for practical pur-
poses, it is of no use to look for inaccuracies below 1K, so in all our
determinations we have chosen as a reference value AT=1K.

To get a feeling for the numbers given by Eq.( 16), we have calcu-
lated mc; for the two metalorganic precursors analyzed, Ba(TFA),
and Y(TFA); (see Table IV-1), two metals, indium and aluminum,
whose melting point iscommonly used in temperature calibrations
and alumina which, together with aluminum, are typical materials
for crucibles (see Table IV-2). As for b, we have taken a typical value of
10 K/minand for C we have taken the average value, 0.078, between
h/R=1/3 and 3.

In the case of Ba(TFA), and Y(TFA); in the form of powders, the
critical masses are 3.8 and 11.5 mg, respectively. These are in a fair
agreement with the general criterion that sample masses should
be below 10mg [19]. In contrast, the critical masses for indium,
aluminum and alumina are 1.5, 1.7 and 0.12kg. Such huge dif-
ferences between powders and bulk materials are mainly related
to the differences in the thermal conductivity, i.e., for most solids
pc~3x10%]/m3Ksoa=~A/(3 x 108)[36].The thermal conductivity

Table IV-2
Thermal parameters of different substrates.
In Al Al 03
Thermal conductivity, 4, W/(m K) 82 237 39
Specific heat capacity, c, ] (kg K) 243 917 775
Density, p, kg/m? 7310 2700 3980
Thermal diffusivity, m2/s 46 x10-° 96 x10-° 1.3x10-5

of Ba(TFA), and Y(TFA); is about three orders of magnitude lower
than that of indium, aluminum and alumina. This is because of
the lower conductivity of metalorganic precursors but, much more
importantly, because of the presence of voids between particles.
The critical mass, Eq. (16), can vary significantly from sample to
sample because of its dependency on thermal conductivity. Accord-
ingly, the rule of thumb that the mass should be below 10 mg is too
crude to be taken as a general criterion.

From the different thermal behavior of powders and bulk mate-
rials, it is clear that the temperature delay through the crucible is
negligible when samples are in the form of powders. One may also
conclude that there is no need to be concerned about thermaliza-
tion in the case of bulk samples. However, the latter conclusion is
not always correct. In our calculation we have assumed a perfect
thermal contact between sample and crucible. This holds approx-
imately in the case of powders but, in general, is unrealistic in the
case of bulk materials. For instance, before calibration, metals are
usually melted to ensure good thermal contact.

Finally, unlike tau lag, the thermal lag related to heat conduction
through the sample cannot be corrected. The reason being that a
temperature gradient inside the sample is formed, i.e., the sample
temperature is ill defined with an uncertainty equal to AT. This
thermal lag results in an apparent shift to higher temperatures
of the peak temperature (the temperature at which the transfor-
mation rate is maximum) as the sample mass is increased, i.e.,
the temperature interval at which the transformation takes place
is artificially enlarged. This is because the temperature steadily
diminishes as we move away from the crucible walls, so the evo-
lution of the transformation is delayed in time. This time delay
is translated into an apparent shift to higher temperatures of the
sample temperature.

5. Temperature delay related to heat evolved from the
sample

In this section we will analyze the sample thermal lag related
to the heat evolved in an exothermic transformation, thus ¢>0
(n>0). In this case, due to the heat released by the transforma-
tion, the actual sample temperature is higher than the measured
sample temperature. Therefore, the process shifts to an apparent
lower temperature and the duration of the process is reduced as
the sample mass is increased. This evolution of the sample mass is
quite the opposite of what we have just described in the previous
section. This odd behavior is apparently in contradiction with com-
mon experience thatis based on the earlier described temperature
shift related to heat conduction.

The shift to lower temperatures when the mass is increased
has been reported for two exothermic reactions: combustion of
soot [20] and thermal degradation of Ba(TFA), [26]. The temper-
ature rise, due to the exothermic reaction, may eventually induce
a runaway process provided that the sample thickness is beyond
a critical value [23]. In this case, a combustion front is formed and
the transformation happens in a very short time interval which
results in a characteristic sharp and abrupt evolution [20,23,37].
Conversely, in the case of endothermic process the behavior is just
the opposite, the reaction shifts to higher temperatures when the
sample mass is increased [22].

The particular behavior of exothermic reactions is shown in
Fig. V-3 wherewe have plottedthe experimental evolution together
with the numerical simulation, Eqs. (4)-(6), (parameters indicated
in Table IV-1) of thermal decomposition of Ba(TFA), into BaF, for dif-
ferent sample masses. One can observe that the numerical model
fails to provide an accurate description of the evolution because in
Eq. (5) we assumed that the process is controlled by a first-order
reaction, whereas it is shown that the kinetics is controlled by two
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Fig.IV-3. Evolution of the thermal decomposition of Ba(TFA), for different sample
masses; solid (red) lines correspond to experimental data while dashed (black) lines
are the numerical solution of Eqs (4)-(6). Samples were placed inside an alumina
crucible of an internal and external radius of 2 and 2.5 mm, respectively. The sample
and crucible thermal parametersare detailed inTable IV-1and 2. Thereaction kinetics
depends on the oxygen partial pressure |26}, to simulate the case of a p(0; )=80%
we have taken E4 =1.75 x 10° Jjmol and A=3.0 x 10'* s~ (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

competing mechanisms [26]. Moreover, all simulation parameters
have been determined experimentally, thus inaccuracies in their
determination may result also in noticeable deviations. Neverthe-
less, the numerical model correctly describes the shift to lower
temperatures as the sample mass is increased. In addition, for the
largest mass both experimental and numerical data show anabrupt
evolution related to the formation of a combustion front [23].

In Movie 1 we show the evolution of the temperature as a
function of space and time for the sample of 3.7 mgin Fig. V-3 (the
evolution of the degree of transformation as well as two cases
undergoing combustion are given in the supplementary material).
Initially, due to heat transport, the temperature next to the crucible
is higher than that of the center of the sample, but as the reaction
rate increases the temperature gradient flips over and the hottest
part is located at the top center of the sample. So, it is clear that
after a while the reaction progresses faster at the top center of the
sample. The reason being the crucible walls are a thermal sink that
allowsrapid heat dissipation thus preventinglocal overheatingand,
consequently, the maximum temperature is at the top center of the
sample while the minimum is next to the crucible walls. Since the
reaction is thermally activated, the farther from the crucible walls
a given location is, the sooner the reaction is completed.

To establish a relationship between the AT within the sample
and the system parameters we will consider the 1D model, this
assumption greatly simplifies the analysis. In fact, near the station-
ary solution, Eq. (11), the 1D and 2D models qualitatively exhibit
the same behavior, their significant difference being the quanti-
tative value of AT. This discrepancy may be corrected by taking
advantage of the analysis of the coefficient C (introduced in the
previous section), so that we are able to determine the equivalent
sample thickness for a 1D system that quantitatively exhibits the
same behavior as a given 2D system and vice versa (the procedure
is described in the following). To check this assumption, in Fig. V-4
we plotted the 2D numerical simulations of Fig. V-3 together with
the equivalent 1D simulations. We also added a 2D case where
h/R=0.71, in this instance the larger deviations between the 1D
and 2D modelsare tobeexpected (seeFig. IV-2).For h/R=0.71and the
lowest mass (m = 3.7 mg), we observe a perfect quantitative agree-
ment between the 1D and 2D simulations. In the first case there is
no local overheating while for m=3.7 mg, the local overheating is
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Fig.IV-4.Comparative between 2D model (lines) and the equivalent 1D model (sym-
bols)forthe simulations thatare shown inFig. IV-3andfor a case whereh/R= 0.71. For
the latter, we have taken g=0 to simulate the stationary case and no substrate is
considered.

relatively low (AT < 2.7K). Therefore, this assumption holds when
we approach the stationary case, in our case this is not a limitation
because we are looking for a criterion to avoid overheating so that,
as described in the previous section, we are going to consider that
AT < 1K. However, for m=7.3 mg, the local overheating reaches a
maximum value of 6.3 K and one can observe a slight deviation of
the 1D model from the 2D model. Conversely, our assumption fails
in the occurrence of a significant overheating or a thermal runaway,
in thelatter case, the dynamicbehaviorofthe 2D case is much more
complex than that of the 1D model. For instance, for m=9.2 mg the
1D simulation undergoes a thermal runaway while the 2D simu-
lation exhibits a significant overheating but no thermal runaway
takes place.

The system is ruled by two timescales related to heat dissipation
through conduction and heat evolved from the exothermic reac-
tion. For the 1D case, the diffusion time scale, tp, is related to sample
thickness, h, for a plane sheet (h < <R) or the radius R for an infinite
length cylinder, (h > R) and thermal diffusivity, a,

(1D) 1R?

(1D) —
a ' "Dradial T ) q

D,axial — g

h? pc
=h 17
. (17)
The reaction time, tg, can be defined as the full width at half
maximum (FWHM) of the transformation rate peak [ 1]. When there
are no significant temperature gradients, the evolutionis controlled
by the reaction kinetics, Eq. (2), and t is given by [1,38]:

CR

= Ae—Ea/RcTrax (18)

R
where Ty, is the temperature at which the reaction rate is max-
imum and cg is a constant that depends on the reaction model.
For instance, for a first-order reaction cg =2.44639 (values of cg for
various reaction models are given in [1]). It is worth recalling that
Eq. (18) holds for any reaction model provided that the reaction
rate may be described by a single-step reaction with a rate con-
stant that follows an Arrhenius temperature dependence [38]. In
addition, Ty is given by Kissinger's relationship [39]:

Ea  _ A, Er/ReTyax (19)
Rchw b
Twmax can easily be calculated with high accuracy by iteratively
applying the analytical approximate solution given in ref. [40].
When tg > tp, heat removal is faster than heat generation, and
therefore no significant AT is to be expected. So, thermal gradients
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Fig. IV-5. Symbols: rate of the diffusion and reaction times at which themaximum
temperature difference within the sample related to the heat of the exothermic
reaction is equal to 1 K. The solid line is a linear fit.

may occur when tg is similar to tp. InFig. 1V-5,and fordifferent val-
ues of the parameters n and B, we have numerically determined the
value of the dimensionless sample thickness § that results in a tem-
perature difference AT=1K. Once we know the value of § we are
able to calculate tp (7p= 82 according to Eq. 17 and using the space
and time scales from Egs. (8) and (9)). From the FWHM of the reac-
tion rate peak, we determine 7y so that we can calculate the ratio
tp/tg which is 7p/tr. Therefore, we have plotted the ratio tp/tg at
which AT=1K as a function of all system free parameters, namely
nand B.Fig. IV-5covers most practicalsituations; taking the parame-
tersof Ba(TFA), powders as reference (see Table IV-1), b ranges from
1 to 40K/min and the enthalpy g goes from 1 x 10° to 1 x 107 J/kg
(n from 500 to 5). As we will see in the following, higher values
of g typically result in critical masses well below 1 mg, thus local
overheating is virtually impossible to prevent in a TA apparatus.
Conversely, for lower values of g, temperature gradients related to
the heat of the reaction are, in general, much smaller than those
related to heat diffusion, so the criterion provided in the previous
section prevails.

FromFig. IV-5itis worth noting that the criterion is independent
of the dimensionless heating rate and that it is simply propor-
tional to coefficient 7. This result indicates that the ratio between a
fixed ATand the maximum possible overheating is equal to a fixed
ratio between the diffusion and reaction times (as the maximum
overheating is the adiabatic temperature rise, which in turn is the
reciprocal of coefficient 7, we obtain a time ratio which is propor-
tional to ) forafixed AT). Now, from the linear fitting of Fig. IV-5and
by combining Eqs. (10) and (18), the diffusion time is given by,

CE,4 CR

— As SR 4
to = g EaRcr * 107 (20)

For the 1D case the diffusion time is given by Eq. (17). To deal
with the general 2D case, the diffusion time should be corrected
according to ouranalysis of heat conduction in the previous section,

2C
57 = V23, (21)

Note that the equivalent thickness for a 1D model is simply
obtained by equating Eqs. (17) and (21).

Finally, by combining Eqs. (20) and (21) we can establish a crite-
rion for the maximum sample mass, mc;, to prevent a temperature
gradient larger than 1K within the sample:

3/2
5x10 5 caEy CR
L= e, & 22
Mcrit p( G R;q Ae Ea/RcThmax (22)

This criterion not only depends explicitly on the thermal param-
eters of the system (c, a, q), the reaction model (cg) and the kinetic
parameters in the rate constant (A, E, )butitalso depends implicitly
on the heating rate, b, through Ty (Eq. (19)).

We have analyzed the critical masses for the cases of Ba(TFA),
and Y(TFA)3 for a heating rate of 20 K/min, assuming a first order
reaction (cg = 2.44639) and taking for C an average value of 0.078,
and we have obtained 0.041 and 0.020 mg, respectively. In other
words, due to the heatreleased by the reaction for these two precur-
sors at 20 K/min, itis virtually impossible to prevent the formation
of a significant temperature gradient within the sample.

From Eq. (22), it is clear that the kinetic parameters (i.e., the
reaction time) play a key role in the criterion. For instance, if we
reduce the heating rate from 20 to 1 K/min the critical masses for
Ba(TFA), and Y(TFA); become 3.0 and 14 mg, respectively; so at this
heating rate local overheating may be prevented. Also a relevant
parameter is the reaction enthalpy, the larger the enthalpy is, the
lower the critical mass is. For instance, if we increase the enthalpy
by a factor 10, the critical mass is reduced by a factor 30.

Besides, the average heat flow released during the reaction can
be calculated as,

(m(dg/dt)) ~ (q x m)
(cr/Ae~Ea/RcTmax) = (q/tr)m

where m is the sample mass. By substituting mc. in Eq. (23) we can
estimate the maximum heat flow allowed to prevent overheating.
Using the results of Ba(TFA); and Y(TFA)3 for b=1K/min we obtain
maximum heat flows of 1.4and 1.8 mW, respectively. These results
are fairly consistent with the unproved criterion that heat genera-
tion must not exceed 8 mW [4]. However, if we combine Eqs. (22)
and (23), the critical heat flow is given by,

nda\  _ (5x10 5 cak, \ cr H2 (24)
< dt >Cn’l a C  Rg qAeEa/RcThax

From this equation it is clear that the critical heat flow is not
nearly constant at all. For instance the critical heat flow for Ba(TFA),
and Y(TFA)3 when b=20K/min is 0.33 and 0.44 mW, respectively.
Thus, the maximum value of 8 mW (4] is too rough a criterion to be
considered seriously.

Another relevant parameter is the geometrical aspect ratio h/R.
InFig. V-2, note that the parameter C exhibits a strong dependence
on h/R. In the case of films, h/R is very small so the critical mass
may be significantly larger. For instance, we analyzed the thermal
degradation of Ba(TFA), films of thicknesses of the order of 8 pm
deposited on circular substrates of radius 12mm [28]. The mass
of such films is 1.32 mg, so when heated at 20K/min they are well
above the previous value of the critical mass, but for these films the
coefficient Cis 3.42 x 105, thus the critical mass becomes signifi-
cantly larger, mgi;=6.3 x 103 mg, i.e., the radius to thickness ratio
in films ensures a near perfect thermalization through the substrate
that prevents local overheating [3741].

In Fig. IV-6 we have plotted the evolution of thethermal degrada-
tion of Ba(TFA); in the form of powders and films and at different
heating rates. One can observe that. due to overheating, at the
beginning of the decomposition (Fig. IV-6b) the transformation rate
ishigher in powders than in films. Finally, to exclude any overheat-
ing in films, we numerically simulated the thermal decomposition
of Y(TFA); [37]. We obtained perfect agreement with the experi-
ment, and simulation shows that temperature differences within
the sample are negligible (below 102 K).

(23)

6. Kinetic analysis

As we mentioned above, thermal gradients within the sam-
ple alter the expected reaction course. This effect affects the
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Fig IV-6. Evolution of the thermal decomposition of Ba(TFA), in the form of powders
(solid lines) and films (dashed lines) obtained from TG experiments performed at
different heating rates. Initial masses for powders are 10.0 mg while four films with
an initial total mass between 1.0 and 1.5mg where heated simultaneously to have
a good TG signal.

determination of the activation energy. In the case of thermal
gradients induced by the heat of the reaction, this effect is even
more dramatic because the temperature gradients change during
the reaction course. Taking a constant sample mass to prevent
this artifact is pointless because the temperature gradients also
depend on the heating rate (Eqs. (19) and (22)) and in the case of
a non-isothermal kinetic analysis it is compulsory to measure the
evolution at different heating rates [3,42].

In Fig. V-7 we have plotted the simulated evolution of Ba(TFA),
for a fixed mass and for different heating rates together with the
expected evolution in thecase of perfect thermalization.From Fig. 1V-7
it is apparent that the heat released by the reaction results in a
diminution of the reaction time, whereas in the transformation
rate plot (Fig. IV-7b) the peaks are narrower and sharper. As we have
discussed in the previous section, the higher the transformation
rate, the more pronounced the effect is, e.g., for a heating rate of
1 K/min the critical mass is 3 mg, so the thermal gradient is still
relatively small and the simulated and thermalized curves are very
similar; conversely, for a heating rate of 20 K/min the critical mass
is 0.041 mg and large deviations are observed. The more dramatic
case corresponds to a heating rate of 40K/min where a thermal
runaway takes place (Fig. IV-7b).

The artifact induced by the local overheating also affects
quantitatively and qualitatively the determination of the kinetic
parameters. InFig. V-8 we have determined the activation energy of
curvesin Fig.1V-7 using the modified Ortega’sisoconversional method
[43-45]. One can observe that we obtain an apparent activation
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Fig. IV-7. Solid line: 2D simulations of the evolution of thermal decomposition of
Ba(TFA), for a fixed mass of 7.3 mg and inner crucible radius of 2mm, and for
different heating rates. The dotted lines correspond to the expected evolution if
thermalization were perfect, i.e., no thermal gradients occur within the sample.

energy which depends on the degree of transformation; which may
be interpreted in terms of a complex reaction kinetics [33,46-48|
despite the fact that a single first order reaction model was used in
the simulations. Accordingly, in the occurrence of local overheating
it seems impossible to derive the kinetic parameters. However, at
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Fig.IV8. Determination of the activation energy of the simulations shown in
Fig. IV-7 using the modified Ortega's isoconversional method [44]. The solid line
corresponds to the value of the activation energy and pre-exponential term used in
the simulations.
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The particular case of combustion, which corresponds to the
decomposition of Y(TFA); in the form of powders shown in
Fig.IV-10 and 11, is interesting in itself. In the case of powders, the
masses are so large that thermal runaway takes place resulting in
anabrupt masschange(Fig. IV-11a)and inasharp peakin thetransfor-
mation rate plot (Fig. IV-11b),whereas no combustion takes place in
films (no abrupt evolution is observed). When a combustion front
appears,itrapidly propagates.FromFig.IV-11onecanobservethatthe

o Powders

2004 ° = Films .

150 4
]
E

g 100

<

w

50

- o
) @ 1
0 T T T T T
0.0 0.2 04 0.6 0.8 1.0

a

Fig.IV10. Experimental activation energy of the thermal decomposition of Y(TFA);
determined with the modified Ortega’s isoconversional method [44). The evolution
atdifferent heating rates used in the determination of the activation energy forfilms
(squares) and powders (circles) are shown in Fig. IV-11.

Fig.IV-11. Evolution of the thermal degradation of Y(TFA); in the form of powders
(solid lines) and films (dashed lines) obtained from TG experiments performed at
different heating rates. Initial masses for powders range from 17.6 mg (1K/min) to
2.4mg (40 K/min), while four films were measured simultaneously which resulted
in an initial total mass of between 2.1 and 2.7 mg.

speed of the propagation of the combustion front is nearly indepen-
dent of the sample mass and heating rate (i.e., the reaction time
is nearly constant). Therefore, the kinetics is basically controlled
by the onset of the reaction which is governed by the activation
energy. Thus, the kineticanalysis results in a nearly constant activa-
tion energy that coincides with the actual activation energy of the
reaction (see Fig.1V-10). The position of the maximum is even gov-
erned by the activation energy, so that the Kissinger method can
be applied to determine the activation energy. In fact, we applied
the Kissinger method (not shown) and we obtained activation
energy of 165 kJ/mol, which is consistent with the isoconversional
analysis shown in Fig.1V-10. Besides, contrary to Ba(TFA),, Y(TFA)3,
decomposition is governed by a single mechanisms [29], thus the
isoconversional analysisof thin films, showninFig.1V-10, alsodeliv-
ers a rather constant value of the activation energy. As a result
in the case of Y(TFA)3, the activation energy obtained from films
is very similar to that of powders (Fig.1V-10) despite the fact that
the actual kinetics is quite different: in films the decomposition is
smooth while powders exhibit an abrupt evolution (Fig.1V-11).Thus,
the occurrence of combustion does not allow the reaction mecha-
nism to be obtained because the peak shape is totally distorted, but
itdoes provide arather constant activation energy that corresponds
to the actual activation energy for single-step reactions. Finally,
in Fig. IV-12 we have simulated the experimental cases of powders
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Fig.IvV12. Comparison betweenthe experimentalresults plotted inFig. IV-11(squares
correspond to powders and circles to films) and the related numerical simulations
(solid lines correspond to powders and dashed lines to films). For powders the sam-
ple andcruciblethermal parametersare detailed in Table IV-1and 2. For films we have
takena thickness of 1 um and a glass substrate 0.5 mm thick. All thermal and kinetic
parameters for film coincide with those of powders except for 4 =0.2 W/(mK) and
A=50x10"%s"",

and films shown in Fig. IV-11. We wish to confirm thatthe different
behavior is not related to the kinetic parameters but to the differ-
ent geometry of powders and films. The fair agreement between
numerical and experimental results supports the latter statement.

7. Conclusions

We have determined two relationships, related to heat propa-
gation and to heat released by an exothermic reaction, that provide
a criterion to establish the conditions required to prevent the for-
mation of significant temperature gradients within a sample.

Our analysis allows a critical mass that depends on the system
parameters (thermal parameters, kinetic parameters and aspect
ratio) to be calculated. When the sample mass exceeds this crit-
ical mass, a temperature difference larger than 1K appears within
the sample.

Our analysis takes into account the aspect ratio; in the case of
films, it is shown that the critical sample mass is several orders
of magnitude larger due to the very small thickness to surface
size ratio. This result evidences the fact that heat in films is very
efficiently dissipated through the substrate.

We have analyzed the effect of the heat released by the reaction
of the observed kinetics. We have shown that, when the sample
mass exceeds the critical mass, the kinetic analysis may lead to
quantitatively and qualitatively incorrect results and interpreta-
tions. However, the activationenergy and pre-exponential term can
still be determined at the early stages of the reaction (e.g., @ <0.1).

Finally, in the particular case of combustion and for single-step
reactions, a nearly constant activation energy and pre-exponential
term are obtained from the kinetic analysis. In this case both
isoconversional and Kissinger methods deliver reliable kinetic
parameters.
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Appendix: Conditions for heating a sample at constant rate
from its surface.

Consider a sample limited by an external surface:

S =S|'so +Sad~ (A.1)

where subscripts “iso” and “ad” mean isothermal and adiabatic
boundary conditions:
T(F,t)=Tis at Siso

" . (A.2)
VT(#,t) =0 at Sy

The sample itself is characterized by a distribution of mass den-
sity, p(7), specific heat, ¢(r), and thermal conductivity, A(7). We will
show that, when S, is heated at constant rate, b:

Tio=To+b-t, (A.3)

after a transient period, the whole system will acquire the same
heating rate, i.e.:
T(7,t) =Ty + b[t — ©(F)], (A.4)

where 7(r)is the time constant (tau lag) that quantifies the thermal
lag between the surface and point r. The temperature distribution,
T(r, t), will be real only if it satisfies the transport equation:

8_T
ot’
and the boundary conditions, Eq. (2). The boundary may be rewrite
in terms of the tau lag:

T(P)=0 at S,

Vi(7)=0 at Sy

V2T +diva - VT = pc (A.5)

(A.6)

After substitution of Eq. (4) in Eq. (5), and with little calculus,
we obtain the equation that 7(7) must fulfill:

—(AV27 +divA - V1) = pc (A7)

The existence of a field of thermal lag values characterized by
function 7(7) independent of time (and temperature and b) is only
ensured if: (a) the thermal constants are temperature independent
and (b) S,y is really an adiabatic surface. If this surface is the free
surface of the sample contained in a metallic crucible, the latter
condition means that heat transport through the gas or by radiation
must be zero. If this surface were not adiabatic, then it would not
be possible to establish a time independent boundary condition at

Sad-
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.tca.2014.05.001.
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Abstract We have developed a new method to measure
the thermal conductivity of powders by differential scanning
calorimetry that works with masses in amounts as low as
tens of mg. The method is based on that used by Camirand
to determine the thermal conductivity of materials in the
form of thin sheets but introducing a hemispherical pan to
contain powders in such a way that the issue of heat transfer
is reduced to a one-dimensional problem. The modification
of the method was successfully validated on obtaining
identical results in determining the thermal conductivity of a
commercial silicone with both Camirand’s method and the
modified method. We have also tested our method with
materials that, in bulk, cover a wide range of thermal con-
ductivities and have performed the experiments with several
atmospheres and reference metals. The results are consistent
with already published general trends in that they confirm
that thermal conductivity of powders is mainly governed by
thermal conduction through the surrounding gas.

Keywords Thermal conductivity - Powders - DSC

Introduction

At present, the thermal conductivity of powders is commonly
determined from measurements of their thermal diffusivity
with the modified transient plane source method (MTPS) [1]
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where powders are bound inside a cylinder and heated by an
axial heat source. This method, used in commercial appara-
tuses, requires an independent measurement of the material’s
heat capacity and works with a large number of powders.

Differential scanning calorimetry (DSC) is probably the
most widely used thermoanalytical technique. Among many
other applications, it is used for the measurement of the heat
capacity of solid or liquid substances [2] and the thermal
conductivity of solids. There are various established meth-
ods to measure thermal conductivity with DSC using either
the modulated temperature mode [3, 4] or the standard mode
[5-8], but none are suitable when the sample is in the form of
uncompressed powders.

Camirand [5] and, before him, Flynn and Levin [6] devel-
oped a simple method to measure the thermal conductivity of
flat materials with conventional DSC, which, in this paper, we
will show can be modified to measure the thermal conductivity
of powders. Our method (and Camirand’s method), unlike the
one based on the modulated temperature mode, determines the
thermal conductivity at discrete temperature values that can
only correspond to the melting points of the reference metals.
On the other hand, there are no limitations on the temperature
range beyond those of the DSC apparatus itself, although an
upper limit could be set by the crucible. Our contribution is to
use a crucible containing powders in such a way that heat
transfer is reduced to a one-dimensional problem. In so doing,
we are able to obtain the thermal resistance of powders, using
just tens of milligrams of a sample, by melting a reference
metal as Camirand does with sheet materials.

Experimental

All thermal conductivity experiments were performed with
a Mettler ToledoDSC822 and high purity spherical

@ Springer
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reference metals (radii in the 1-2 mm range) were used. A
non-commercial cylindrical aluminum crucible with a
hemispherical cavity (Fig.V-1) with an inner radius of
2.5 mm was made by plastic deformation. The outer radius
and height were reduced by machining until the diameter
was equal to that of a standard crucible in order to avoid
thermal bridges between the crucible and the apparatus. No
reference pan was used. The gas flow rate was set at
40 mL min~', and nitrogen, argon and helium, all of high
purity, were selected because of their differences in ther-
mal conductivity. A constant heating rate of 10 °C min ™'
was maintained for the systematic experiments although
we modified the heating rate from 5 to 20 °C min~ ' for
method validations. The DSC signal was calibrated for the
three gases by measuring the area of the melting peaks.
High purity (above 99 %) commercially available alumina,
iron, tin oxide and Ba trifluoroacetate powders were used.
Particles morphology and size were very different as shown in
the scanning electrons micrographs (SEM) of Fig.V-2.The
thermal conductivity of these materials in bulk form is set out in
Table V-1. The powders were gently pressed inside the crucible.

Method description

The hemispherical crucible was completely filled with the
powder being tested, and a small reference metal sphere
was sunk inside the powder until its center was concentric
to the crucible cavity (Fig.V-1).The filled crucible was
heated in the DSC apparatus at a constant heating rate until
the metal melted. The slope of the melting peak, depicted
in Fig. V-3, corresponds to the following formula:

1

PV S !
PER+R+R, (1)

where R, R. and R, are the sensor resistance, the contact
resistance between the crucible and the DSC sensor disk

Reference metal

Fig. V-1 Geometric appearance of the hemispherical pan placed on the
sensor disk. The thermal resistances of the system are indicated (R:
sensor, R.: contact resistance, R,,: powder)
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Fig. V-2 From top to bottom: SEM micrographs of the alumina, iron,
tin oxide and Ba(TFA)> powders studied in this paper

and the powder’s resistance, (see
“Appendix”).

A second DSC curve was then recorded at the same
heating rate without the powder in the crucible. The metal
was flattened on the bottom of the crucible cavity to opti-

mize the thermal contact between the metal and the

respectively
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Table V-1 Thermal conductivity of the powders measured in this paper
at the melting point of In (156.6 °C) in N>

Material Thermal conductivity/W °C~' m~!
Bulk Powders

AlLO5 30 0.126

Fe 80.4 0.1

SnO, 40 0.059

Ba(CF3CO»)3 0.3 0.08

The bulk conductivities (at 25 °C) are taken from public sources

ENDO

Without powders

With powders

Temperature

Fig.V-3 Typical DSC melting curves with and without powders. The
thermal resistance of the powders is obtained from the S. and S,
slopes

crucible. Similarly to the previous case, the slope of the
melting peak (S.) (Fig.V-3) corresponds to the formula:
S = 1

°* R+4+R.

(2)

Equations (1) and (2) allow the powder’s thermal
resistance to be obtained and the spherical symmetry
makes it possible to calculate the thermal conductivity:

1 11
h—anp'(E—r—c)» (3)

where r; is the radius of the reference metal sphere and r, is
the radius of the hemispherical cavity.

Results
Method validation

Several experiments have been performed to check the cor-
rectness and reproducibility of the method. In Table V-2, we
summarize the heating rates and indium sphere radii used to
validate the method on tin oxide powders. We observe, as
expected, that all of these experiments gave thermal con-
ductivity values that were almost identical when the exper-
imental conditions were identical except for the heating rate.
The 10 % deviation observed when a larger radius was tes-
ted, can be explained by an increase in the density of the
powder used. Despite the independence of the heating rate,
low heating rates are preferred as DSC curves usually have
better defined melting slopes in these conditions.

Finally, the thermal conductivity of acommercial silicone
that can be cast from a viscous state and cured at a moderate
temperature of 80 °C was measured. Once cured, this sili-
cone remained stable beyond the melting point of indium and
so was suitable to validate our method through comparison
with Camirand’s. A 2-mm-thick and 5-mm-diameter flat
disk was made for that purpose. Within experimental accu-
racy, which was essentially limited by the thickness mea-
surement (£0.05 mm), we obtained the same thermal
conductivity for the two methods (0.103 W °C ' m ). Itis
also worth noting that the conductivity of the silicone was
similar to that of the powders (see “Conductivity of pow-
ders” section). This means that we have validated our
method just at the conductivity values of interest.

Conductivity of powders

The thermal conductivity of several powders was measured
in N, at the melting point of In (156.6 °C), and the results

Table V-2 Parameters and results of experiments carried out with powders in N, at the melting point of In(f is the heating rate)

B/°C min~! Metal sphere Melting Thermal conductivity/ Relative

radius/mm slope/mW °C~! W eCc!m™! density/%
SnO, 5 1.19 0.9 0.06 9
SnO, 10 1.19 0.89 0.059 9
SnO, 20 1.19 0.89 0.059 9
SnO, 10 1.75 2.34 0.066 12.5
AlLO5 10 1.21 1.85 0.126 29.5
Fe 10 1.04 0.71 0.1 50.1
Ba(CF;CO,)3 10 1.04 0.8 0.08 42°
* Assuming a theoretical density of 3.5 g/em?
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Fig.V-4 Temperature dependence of the thermal conductivity of
alumina powders in several gases (points). The thermal conductivity
of He, N, and Ar are shown for comparison (/ines)

are summarized in Table V-1. It is worth noting that, in
contrast with their bulk counterparts, powders have very
similar conductivities (£30 % variation between powders)
and that these are much lower than in bulk (values at
25 °C).

In Fig. V-4, we have plotted the thermal conductivity of
alumina powders for three different atmospheres at the
melting points of indium, tin, lead and zinc and have also
plotted the thermal conductivity of nitrogen, argon and
helium for purposes of comparison. A relative density
value was maintained between 27 and 30 % for all
experiments. It is important to highlight, as is seen in the
figure, that there is a clear and direct relationship between
the thermal conductivity of the alumina powders and the
surrounding gas. The conductivity of powders increases
with increased gas conductivity and temperature. In addi-
tion, the absolute values of powders are higher but similar
to those of the surrounding atmosphere.

Finally, it is interesting to note that there are significant
differences in the melting temperature when the reference
metal is melted with and without powders contained in the
crucible (Fig. V-3).The relationship between this delay and
the thermal conductivity of the powders will be studied in
future work.

Discussion
Since Klemensiewicz [9] reported the unexpectedly low

thermal conductivities of powders, this surprising behavior
has been confirmed by many other authors [10-13]. All

@ Springer

68

these authors have found thermal conductivities of powders
that are similar to those of the surrounding gas, irrespec-
tively of their bulk conductivity. These general trends
agree with our own results as presented in Fig. V.4 and
Table v-2.

In view of the very low thermal conductivity of powders
when compared to their values in bulk (Table V-1), one must
conclude that the network of solid particles is very ineffi-
cient for heat transport. In the absence of any gas, the
thermal resistance between particles at the points of contact
must be very high. So, heat transport through the gas in the
interstices between the particles is essential to understand
the measured values. We can take the ratio kgas/k to
qualitatively evaluate the gas contribution to heat transport.
At any temperature, this ratio reaches its maximum value
for He (Fig.V-4) as expected because its conductivity is the
highest among the gases we have tested.

Conclusions

It has been demonstrated that it is possible to determine the
thermal conductivity of all kinds of powders with a DSC
apparatus by modifying Camirand’s method. In our
method, a reference metal sphere is sunk up to its equator
in a hemispherical crucible completely filled with the
desired powders. This method is particularly attractive as
DSC is widely available and has the advantage of only
requiring a small amount of mass.

We have tested our method with materials that, in bulk,
cover a wide range of thermal conductivities and have
performed the experiments with several gases and refer-
ence metals to evaluate the contribution of the gas. The
results are consistent with the general trends already pub-
lished in the literature in that they confirm that the thermal
conductivity of powders is mainly governed by thermal
conduction through the surrounding gas.
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Appendix: Slope of the DSC signal during melting

During melting, the metal reference remains at the melting
temperature, Ty, whereas the DSC furnace is heated at a
constant heating rate, f. Let us first demonstrate that any
point r of the powder contained in the hemispherical holder
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(Fig.Vv-1) will experience a constant heating rate according
to the formula:

Be

T(r,t) =f(R) +R‘

R1, (4)
where 7 is time, f is a time-independent function and R is
the thermal resistance of the powder inside the radius r,

ie.

| 1 1
Re—oI(=-=
27U<(n r)’

where « is the powder thermal conductivity. Notice that the
heating rate of the powder varies from zero at r; to its
maximum value f3. at r..

We must simply verify that 7(r,7) of Eq. (4) satisfies the
heat transport equation that, given the spherical symmetry
of the system, can be written as:

20T | &T pcdT

(5)

ror o T ko (6)
or, substituting r by R in the partial derivatives:

I or
Sl Sl TS St 7
mrore P (7)

where p and ¢ are the density and specific heat of the powder,
respectively. This verification is straightforward after the
introduction of Eq. (4) into (7), and is left for the reader.
Once demonstrated that the powder in contact with the
pan (at r = r,) is heated at a constant rate, the value of f. will
be calculated with the assumption that we can neglect both
the pan resistance and its contact resistance with the DSC
sensor (i.e. Ts = T.—see Fig.V-1).We must simply impose a
power measured by the DSC, Qw equal to the heat that
enters into the powder through the pan’s inner surface, O..

0, can be easily calculated through the formula:
Tgep — T

=, 3)

Opsc =

where R is the thermal resistance of the DSC sensor, Trgr
is the reference temperature that changes at the pro-
grammed heating rate:

Tger = To + fit, 9)
and T, is given by Eq. (4) at r = r.. We obtain:

" /} - ﬁc

QDSC=A+T’a (10)

where A is time-independent. On the other hand, Q'c is
proportional to the temperature gradient at r,:
. oT
"
Q. = 2mrx—

or

re

Introduction of Egs. (4) and (5) into Eq. (11) gives:

(11)
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. Be
Qc =B+/_"’1

<

(12)

where B is time-independent. Now, the condition Qpgc =
Q. delivers the value of f.:

B. = ke
R+ R,

B. (13)

And, finally, the slope of the DSC signal can be obtained
after the substitution of f§. in Eq. (10):

dQpsc _ dQpsc _ I
dTger d(pr)  Rpsc +Re’

(14)

If the contact resistance between the pan and the DSC
sensor were not negligible, the result would be 1/
R + R. + R..
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Thermal explosion: When is a solid-state self-sustained reaction front formed?

The Frank-Kamenetskii criterion revisited.

D. Sanchez-Rodriguez, J. Farjas*, P. Roura.

GRMT, Department of Physics, University of Girona, Campus Montilivi, Edif.Pll, E17071 Girona,

Catalonia, Spain

VI.1. Abstract

Knowing the conditions for a system to experience combustion is of utmost importance for
several applications. We analyzed the condition needed for a thermal explosion to occur in a
solid sample reacting without any gas exchange with its surroundings. We have developed a
simple modification that allows us to extend the Frank-Kamenetskii relationship to include
continuous heating systems and cylindrical reactors without limiting its dimensions and at the
same time significantly improving its accuracy. This modification consists on replacing the
Frank-Kamenetskii constant parameter by a parameter that depends on the enthalpy,
temperature program and geometrical aspect ratio. This new analytical solution is validated
with numerical simulations and experiments. The parameter range explored numerically
covers most practical situations. The relationship obtained provides a straightforward
calculation of the critical mass for a thermal explosion to occur as a function of the system
parameters: density, thermal diffusivity, activation energy, temperature and geometry. Finally,
in the supplementary material we include a description of the source code and the numerical

method developed.
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Self-propagating high-temperature synthesis of LaMO;perovskite-type oxide

using heteronuclearcyano metal complex precursors.

Daniel Sénchez—Rodrl’guez,l* Hiroki Wada,’Syuhei Yamaguchi,Jordi Farjas,'and Hidenori
Yahiro®

IGRMT, Department of Physics, University of Girona, Campus Montilivi, Edif.PIl, E17071 Girona,
Catalonia, Spain

’Department of Materials Science and Biotechnology, Graduate School of Science and

Engineering, Ehime University, Matsuyama 790-8577, Japan

VIIL.1. Abstract

The decomposition of La[Fe(CN)g] and La[Co(CN)g] under different atmospheres has been
analyzed by thermogravimetry (TG) and differential thermal analysis (DTA). In addition, the
decomposition temperature at different sample locations was monitored for sample masses
around 2 g of La[Fe(CN)g] and La[Co(CN)¢], when they were calcined for 1 h at temperatures
ranging from 200 to 400 2C in a controlled gas-flow system. Results showed that, for sample
large enough of these cyano complex precursors undergo combustion when are decomposed
under oxygen atmosphere. X-ray diffraction revealed that perovskite-type oxides crystallize
due to the overheating of the process. As a result, it has been possible to produce LaFeO; and
LaCoO;perovskite-type oxide powders by SHS under oxygen atmosphere using La[Fe(CN)¢] and
La[Co(CN)e] as a precursor. The effect of the ignition temperature has been investigated. The
specific surface area of the perovskite-typeoxides produced via SHS using heteronuclearcyano
metal complex as a precursor is up to 2 orders of magnitude higher than that of other LaMO;
produced using the same technique but obtained from other type of precursors.

Keywords: Combustion synthesis, SHS, heteronuclearcyano complex precursor, Perovskite-type

oxide, LaMO;
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VIIL.2. Introduction

Perovskite-type oxide, ABO;, has attracted much attention in the environmental-friendly
catalytic systems. Up to date, the perovskite-type oxides have been reported to exhibit high
catalytic activity for oxidations of hydrocarbon™? and chlorinated volatile organic compounds?,
and decomposition of NO*®. In addition, the perovskite-type oxides have been widely

investigated to be employed as electrode materials’*® and sensing materials'* 2.

The preparation method of perovskite-type oxide catalyst has been progressively improved.
Traditionally, perovskite-type oxides were prepared by solid state reaction of oxides and/or

carbonates**?*

. However, such a traditional method possesses the disadvantages of long
processing time, low surface area, large particle size, and limited degree of chemical
homogeneity. In 1967, Merzhanov et al.”® reported the self-propagating high temperature
synthesis (SHS) method which takes advantage of a combustion reaction in order to synthesize
advanced materials. Most of the heat required for the synthesis is provided by the reaction
itself. Therefore, its treatment temperature and the processing time are significantly lower
than those of conventional preparation routes. One can also expect to produce very fine and

26-28
d

crystalline perovskite-type oxide powders by using this SHS metho . Other combustion

2930 Among them, the solution

techniques are widely used to synthesize solid catalyst
combustion synthesis (SCS) method is used to synthesize perovskite-type oxides’. In this
technique, the liquid solution of a metal salt with a solvent as a fuel is heated until combustion
occurs. Additionally, it is pertinent to remark that the SHS method differs substantially from
the SCS method including the use of an ignition mechanism which heats locally the sample

instead of heating the sample uniformly until volumetric combustion occurs®.

The thermal decomposition of heteronuclear cyano metal complex (CN method) is also used
to prepare perovskite-type oxides because of their similar structure. It was introduced in 1968
by Gallager but it must be emphasized the extensive study carried out by Sadaoka and co-

workers in the 1990s'%**%°

. In these papers, the preparation of perovskite-type oxides LaFeO;
and LaCoO; from coordination polymer precursors, La[Fe(CN)¢]'5H,0,and La[Co(CN)s]'5H,0
calcined in a gas-flow system at several conditions, such as temperature, time, and
atmosphere, has been investigated. These studies revealed that under oxygen atmosphere,
both precursors decompose by a combustion process in which a solid-state self-sustained

reaction transforms progressively the sample into the desired perovskite-type oxide. Reaction

is not homogenous over the sample but it is confined in a combustion front. This result opens
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the door to the decomposition of heteronuclearcyano metal complex for the synthesis of

perovskite-type oxides via SHS.

In this paper we analyze the synthesis of LaFeO; and LaCoOsperovskite-typeoxides via SHS
using heteronuclear cyano metal complex as a precursor. Results will be compared with those
of similar perovskite-type oxides obtained via SHS using a mixture of different powders as a

precursor?®?.

VIL.3. Experimental details

Commercial compounds, La(NO;);:6H,0 (Wako, 99.5%), Ks;[Fe(CN)g¢](Hayashi, 99%) and
K3[Co(CN)g](Sigma-Aldrich, 99%), were used without further purification. La[Fe(CN)g]-5H,0 as a
precursor of perovskite-type oxide, LaFeOs;was precipitated immediately after mixing the
appropriate amounts of La(NO3)s:6H,0 and KsFe(CN)g aqueous solution at room temperature
under continuous stirring. By a similar way, La[Co(CN)s]-5H,0 precursor was obtained from
La(NOs);-6H,0 and K;Co(CN)¢ mixed solutions. According to the method previously reported by
Traversa et al.”’, the resulting precipitates were collected by suction filtration, washed with

deionized water, ethanol and diethyl ether, and then finally dried in air at 502C.

For systematic analysis, cyano complex precursors were calcined for 1 h at several
treatment temperatures ranging from 200 to 400 2C in a gas-flow system using an electric
furnace and alumina pipe (Fig. 1a); the samples were exposed to several gas atmospheres such

as oxygen, air and nitrogen atmospheres. The flow rate of each gas was set at 50 mL-min™.

Perovskite-type oxides were obtained by SHS after preheating the prepared cyano complex
precursor at several treatment temperatures from room temperature up to 150 2C using the
same gas-flow system. The schematic view of the system is depicted in Fig.1b. A nichrome
wire connected to a voltage slider was placed on the top of one of the extremes of the samples
as combustion ignitor. After the samples were heated to desired temperature, 10 V was
applied to ignitor for several seconds until a combustion front was set. In this experiments,

oxygen was introduced with 50 mL-min™ of gas flow rate.

Thermogravimetric (TG) and differential thermal analysis (DTA) experiments were
performed simultaneously with a Shimadzu DTG-60E. Powder XRD patterns were obtained by a

RigakuMiniFlex Il diffractometer using CuK o« radiation. BET analysis (Belsorp-mini, BEL JAPAN)
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was performed to determine the specific surface area by measuring the adsorption-desorption

capacity using N, adsorbent at -1962C.

a) _
Alumina

gas pipe
B l electric furnace
|

I
|
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Sample Pyrex glass

b)
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g—— B

N Z
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Figure VII-1. The apparatus of gas-flow system (a) and thelocations of thermocouple detectors at on the sample,
such as entrance (i), middle (ii), and exit sites(iii) (b).

VIL.4. Results and discussion

VII.4.1.Thermal analysis of the decomposition of La[Fe(CN)¢] and La]JCo(CN)e]

Figure VII-2 and Figure VII-3 show TG curves of La[Fe(CN)g] and La[Co(CN)g] with different
sample masses, respectively. These TG experiments were carried out in flowing oxygen (a), air
(b), and nitrogen (c). The decomposition process of La[Fe(CN)s] and La[Co(CN)¢] was faster
when the sample mass was increased under oxidant atmosphere (see Figure VII-2(a,b) and
Figure VII-2(a,b), respectively). Later on it is shown that this behavior is associated to a sample
overheating due to an exothermic reaction for oxidation of cyano groups in samples. A similar
behavior has been reported before in the decompositions of other metalorganic powders***'.
In the particular case of pure oxygen atmosphere, the extremely abrupt decomposition curve

associated with higher sample masses is due to the sample local overheating leads to a

thermal runaway, as it will be shown in the following. In the presence of oxygen, all
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La[Co(CN)e] samples but with the lowest mass (0.72 mg) exhibit the abrupt mass loss

characteristic of the occurrence of a thermal runaway. This behavior is related to the fact that

the critical mass for combustion is lower in the case of La[Co(CN)¢] and it is too small to be

accurately analyzed with our TG. Besides, although the reaction is also exothermic under

nitrogen atmosphere, no overheating is possible because heat removal through diffusion

prevails over the heat evolved from the reaction. By increasing the thickness of sample

powder, heat removal is slowed down. Although extremely large, theoretically** it must be a

critical mass in which thermal explosion is possible even in the case of nitrogen atmosphere.
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Figure VII-2. Evolution of the thermal decomposition of La[Fe(CN)gJunder O, (a), air (b) and N, (c) for different
sample masses. Plot (d) shows a comparison of the characteristic thermal decomposition for high sample masses
under different atmospheres. Horizontal dotted line indicates the mass of pure LaFeOs.
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Figure VII-3.Evolution of the thermal decomposition of La[Co(CN)¢] under O, (a), air (b) and N, (c) for different
sample masses. Plot (d) shows a comparison of the characteristic thermal decomposition for high sample masses
under different atmospheres including DTA measurement. Horizontal dotted line indicates the mass of pure LaCoOs.

Significantly larger samples of La[Fe(CN)¢] and La[Co(CN)e] precursors (~ 2 g) were treated
during 1h in a gas-flow system composed by an electric furnace and alumina tube under
several atmospheres and treatment temperatures (See Table VII-1). The evolution of the
temperature during the most characteristic thermal treatments at different locations of the
samples has been plotted for La[Fe(CN)sJand for La[Co(CN)glin Figure VII-4 and Figure VII-5,
respectively. When the furnace temperature is high enough, i.e., 2502C for La[Fe(CN)sland
3509C for La[Co(CN)s], a local overheating is clearly observed for both, oxygen and air
atmospheres, although, it is significantly larger in the case of oxygen. Even so, TG curves
showed that under air atmosphere reaction is slightly delayed (Figure VII-2 and Figure VII-3)
with respect to oxygen. Therefore, we have plotted the temperature at different locations of a
sample decomposed under air atmosphere for a treatment temperature 502C higher, i.e. 300
oC for La[Fe(CN)¢] and 4009C for La[Co(CN)g]. We have observed no significant difference under
these temperatures with respect to experiments performed at 502C less. While under air
atmosphere the overheating is of the order of tens of degree, under oxygen thermocouples
register a rise of hundreds. As expected, when nitrogen was used as the surrounding gas, the
sample temperature closely followed the furnace temperature during the whole treatment. In

addition, under oxygen atmosphere, we observed a local overheating that propagates through
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the sample, i.e., a combustion front is set. Moreover, if the furnace power is turned off when
the thermal runaway starts, the reaction is self-sustained, i.e., further heating is not necessary
for the reaction to progress (Figure VIl-4c and Figure VII-5c). Therefore, one can assume that
La[Fe(CN)¢] and La[Co(CN)s] under oxygen atmosphere decompose via combustion provided
that the sample is large enough. The minimum thickness above which these precursors
decompose via combustion process is determined by several experimental settings such as the
sample geometry, the thermal conductivity or the ignition mode. Thus, critical thickness of the
experiments carried out in the gas flow system cannot be directly extrapolated from the TG
curves. The whole decomposition process of both heteronuclear cyano complex precursors
lasted about 20 min. Taking into account that the sample was 5 cm long, it means that the
front propagates at a velocity of 2.5 mm-min™, which is an extremely slow speed for a

combustion process®.
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Figure VII-4. Evolution of the temperature at different positions of the sample: the extreme closer to the gas
entrance(i), in the middle (ii) and at the extreme opposite to the gas entrance(iii). La[Fe(CN)e] treated under
different atmospheres and during different times: (a) N,-3002C-1h, (b) Air-3002C-1h (c) 0,-2509C. The furnace is
powered off after combustion starts (approximately 40min. at 2502C).
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Figure VII-5. Evolution of the temperature at different positions of the sample: the extreme closer to the gas
entrance (i), in the middle (ii) and at the extreme opposite to the gas entrance(iii). La[Co(CN)e] treated under
different atmospheres and during different times: (a) N,-4002C-1h , (b) Air-4002C-1h, (c) 0,-3502C. The furnace is
powered off after combustion starts (approximately 2 min. at 3502C).

The XRD patterns related to the experiments listed in Table VII-1 are plotted in Figure VII-6 and
Figure VII-7. It can be noted that only in those experiments that undergo a combustion process
the desired perovskite oxide crystallizes. This is consistent with the TG experiments. XRD
patterns b and c of Figure 7 reveals the presence of carbonates and/or nitrates derived from
oxidation of cyano group when La[Co(CN)¢] is decomposed at 3509C, i.e. under volumetric
combustion. Therefore, combustion does not guarantee the complete removal of carbon
and/or nitrogen. As can be seen in Figure VII-3a, sample mass lost during decomposition
corresponds with the expected one if reaction product is pure LaCoOs;. This means either
carbonate or nitrate species is formed. This contradiction could be explained by the
assumption that by increasing the thickness, the oxygen diffusion through the sample is
reduced. This makes more difficult to remove the carbon and the nitrogen of the precursor.
Then, it is logical to expect that the amounts of carbonates and nitrates could be controlled by
controlling the oxygen diffusion. As the other possibility, the amounts of carbonates and
nitrates may be affected by the thickness, particle size or gas flux rate. Under nitrogen
atmosphere, La[Fe(CN)gsJand La[Co(CN)g] precursors are not completely decomposed even at

300 and 4002C, respectively. Under air, LaCoOs starts to crystallize at 4002C. However, sample
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temperature is too low so that it would be necessary to make the treatment duration
significantly longer to achieve a product as crystalline as the obtained under oxygen

atmosphere at 3509C.
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Figure VII-6. XRD patterns of La[Fe(CN)g]-5H,Otreated under different atmospheres and during different times: (a)
0,-2002C-1h , (b) 0,-2502C-1h (c) O,-2502C-Furnace powered off once combustion starts (approximately 40 min at

2502C), (d) N,-3002C-1h,(e) Air-3002C-1h. 4: LaFeOs, A: La[Fe(CN)g].
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Figure VII-7. XRD patterns of La[Co(CN)g]-5H,Otreated under different atmospheres and during different times: (a)
0,-3002C-1h , (b) 0,-3502C-1h (c) 0,-3502C-Furnace powered off once combustion starts (approximately 2 min. at

3502C), (d) N,-4002C-1h,(e) Air-4002C-1h. 4:LaCo0s, @: La,COs, A: La[Co(CN)g].
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Table VII-1. Experiments performed with the gas flow system.

Precursor Atmosphere Treatment Treatment duration (h)
temperature (2C)

La[Fe(CN)e] 0, 200 1

La[Fe(CN)q] 0, 250 1

La[Fe(CN)g] 0, 250 Furnace power off once
combustion starts

La[Fe(CN)g] Air 250 1

La[Fe(CN)e] Air 300 1

La[Fe(CN)e] N, 250 1

La[Fe(CN)q] N, 300 1

La[Co(CN)e] 0, 300 1

La[Co(CN)] 0, 350 1

La[Co(CN)e] 0, 350 Furnace power off once
combustion starts

La[Co(CN)e] Air 350 1

La[Co(CN)e] Air 400 1

La[Co(CN)s] N, 350 1

La[Co(CN)] N, 400 1

VII.4.2. Production of LaFeO3 and LaCoO; perovskite-type oxides via. SHS

In view of the previous results, the possibility of producing LaMO; perovskite oxides by SHS has
been considered. In this section, we report the effect of preheating the sample up to a specific

temperature before the combustion front is set by ignition.

In Figure VII-8 and Figure VII-9, XRD patterns of La[Fe(CN)s] and La[Co(CN)s] decomposed by
solid state combustion via electric ignition are shown. It can be seen that perovskite-type
oxides are formed even at room temperature. In addition, it should be noted in Figure VII-9
that the XRD peaks corresponding to La,COs carbonate were observed after the combustion of
La[Co(CN)¢], although the amount of carbonate seems to decrease when the sample is
preheated at higher temperatures. A low intensity peak appears at 18.72 in the La[Fe(CN)g]

sample preheated at 502C and in the La[Fe(CN)g] sample preheated at 1002C, indicating that in
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some cases the small amounts of precursor left unreacted. The high concentration of defects
such as unreacted precursor or intermediate compounds is characteristic of this technique and
usually improve the catalytic activity of the final product by increasing the specific surface

area.
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Figure VII-8. XRD patterns of LaFeO; produced by SHS. Electric ignition at room temperature (a), 502C (b), 1002C(c),
and 1502C (d). 4:LaFeO;.
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Figure VII-9. XRD patterns of LaCoO3 produced by SHS. Electric ignition at room temperature (a), 502C (b), 1002C(c),
and 150°C (d).®: La,COs, #:LaCo0s.
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Figure VII-10 shows the photographs of La[Fe(CN)s] and La[Co(CN)es] samples and their
corresponding perovskite-type oxides produced after the SHS treatment. It is clearly observed
that those samples are not homogeneous. The product obtained by the decomposition of
La[Fe(CN)¢] presents different shades with brown color. Although the product of decomposing
La[Co(CN)e] is all black, some white unreacted precursors remain in the vicinity of the
supporting glass tube. It is important to emphasize that these precursors do not decompose by
an explosive reaction but by a slow combustion process. This is particularly suited to the
synthesis of films because all the reacted sample remains on the support. Independently of the
preheating temperature, particle morphology and size are very similar as shown in the
scanning electrons micrographs (SEM) of Figure VII-11 and Figure VII-12.The intensity peaks of

X-ray diffraction appear to be higher when the sample is preheated at a higher temperature.

Figure VII-10. Photographs of LaFeO; (a) and LaCoOs;(b)samples and its respectively perovskite-type oxides
produced by SHS.

The specific surface areas (SSA)of the previous samples are summarized in Table VII-2. The SSA
of LaFeO; produced by the decomposition of La[Fe(CN)¢] via solid state combustion decreased
with increasing preheating temperature: 30 mz-g‘1 at 502C of preheating temperature and 15
m?-gat 1502C. The LaCoO; counterparts range from 12 to 8m>g™. It could be expected that

the combustion front temperature will increase by increasing the preheating furnace
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temperature. Consequently the crystallinity of the sample will also increase. However, there is
a low correlation between SSA and the ignition temperature. This is probably related to the
variations in the combustion front temperature while crossing the sample (Figure VIl-4c and
Figure VII-5c). Therefore, it is difficult to obtain a homogeneous product (Figure VII-10).
However, it is significant that the SSAs of LaFeO; and LaCoOj; synthesized by the present
method are much larger than those of LaMO; perovskite oxides synthesized by SHS (0.116-
0758 m?*/g)**%’.

Table VII-2. Specific surface area of perovskite-type oxides obtained by SHS

Precursor Ignition temperature (2C) SSA (m?g™)
La[Fe(CN)g] Room temperature 17.8
La[Fe(CN)e] 50 25.6
La[Fe(CN)e] 100 28.6
La[Fe(CN)e] 150 17.2
La[Co(CN)g] Room temperature 11.3
La[Co(CN)e] 50 10.2
La[Co(CN)e] 100 12.3
La[Co(CN)e] 150 8.4

122



(I S T T e R T e A

5.0kV x2.00k SE 20.0um

5.0kV x2.00k SE

5.0kV x2.00k SE 20.0um

LI e B s e I B
5.0kV x2.00k SE 20.0um

Figure VII-11. From top to bottom: SEM micrographs of LaFeO; produced by SHS at an ignition temperature of
1509C, 1009C, 509C, and room temperature.
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Figure VII-12. From top to bottom: SEM micrographs of LaCoO; produced by SHS at an ignition temperature of
1509C, 1009C, 509C, and room temperature.
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VIL.5. Conclusions

(1) La[Fe(CN)g] and La[Co(CN)s] decompose via a combustion process under oxygen
atmosphere when sample is large enough. This fact allows the synthesis of perovskite-type
oxides at temperatures that otherwise would be significantly higher.

(2) LaFeO; and LaCoO; perovskite-type oxide were successfully produced by the SHS method
even at room temperature. However, we have not been able to obtain carbon free
LaCoOseven if the cyano complex precursor is preheated up to 1502C.

(3) The specific surface area of LaFeOs;and LaCoO; perovskite-type oxides produced via SHS
using heteronuclearcyano metal complex as precursors was higher than that of LaMO;

obtained with the same technique but using other precursors.
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With the aim of obtaining advanced oxide thin films at low temperatures, we have investigated
the decomposition kinetics of metal-organic precursors. In particular, our objective was to
characterise the transformation rate limiting mechanisms with a view to their optimisation,
possibly lowering the temperature at which decomposition takes place. In addition, we also
sought the conditions in which combustion occurs, since a combustion front significantly
lowers the synthesis temperature. The decomposition evolution was monitored by TG analysis
of the precursors in the form of powders and films and for different gas and temperature
conditions. Our research shows that films and powders generally exhibit dissimilar
decomposition kinetics (see Figure Ill-1). In the TG curves of powders, we observe a
characteristic abrupt mass loss step, which is a feature of a thermal runaway process. In
contrast, the TG curves of films of the same precursors show a smooth evolution, indicating
that the decomposition rate is much lower than in powders and suggesting that combustion
does not occur in films. In addition, we have observed that decomposition begins at lower

temperatures.

We have performed calculations in an attempt to simulate the evolution of these reactions in
films and powders. The simulations consider heat transport by diffusion through the sample as
well as local heat generation resulting from the decomposition reaction. We tested both
constant temperature rises and constant temperatures. We developed a numerical procedure
to solve the PDE-ODE model described by Eq. 1,2 and 3 (Section I-3) based on an implicit finite

difference scheme.

We checked the model’s ability to describe real processes by analysing the decomposition of
two metalorganic precursors, yttrium trifluoroacetate, Y(CF;COO);, Y(TFA);, and barium
trifluoroacetate, Ba(CF;COO0),, (Ba(TFA),), in the form of powders and films. Figure VI-2
confirms that the numerical model successfully describes the evolution of the Y(TFA);
decomposition. Unlike Y(TFA);, the reaction of Ba(TFA),depends on the composition of the
surrounding atmosphere and, in the particular case of Ba(TFA),, the reaction is enhanced by
the presence of O,. Moreover, this transformation is governed by the superposition of two
different mechanisms and so the working hypothesis of the involvement of a first order
reaction is not accurate. Therefore, our numerical model provides a rather poor prediction of
the evolution of the Ba(TFA), transformation — in Figure VI-12 it can be seen how our model
fails to provide an accurate prediction of the whole evolution of Ba(TFA),— but does provide a
good description of the first stages of the reaction and so permits the analysis of the necessary

conditions for a thermal runaway.
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Note that the results presented here indicate that thermal analysis may be used to monitor
combustion processes in powders, permitting the exploration of the possibility of using

combustion to synthesise advanced oxides at low temperatures.

Temperature gradients cannot be formed in thin films since, as is confirmed by our
calculations, heat is efficiently dissipated in these samples towards the substrate by means of
conduction. In addition to the slight thickness of the samples, their conductivity, which is high
in comparison with powders, is also a hindrance in thin films. While films are composed of a
single solid block that facilitates heat transport, the network of solid particles that powders
form is extremely inefficient. Conductivity is such an important parameter in our model that it
must be experimentally determined in order to give consistency to our results. To this end we
have developed a new method to determine the thermal conductivity of powders by DSC
based on Camiran.' Our results confirm that the thermal conductivity of powders is similar to

that of the surrounding gas,’ irrespective of the conductivity of the bulk counterparts.

This key feature makes it possible to apply the SHS combustion synthesis technique in
powders. Powders produced by combustion synthesis have a high concentration of defects,’
such as remnants of the initial precursor or intermediate compounds. This is especially
interesting for catalytic purposes since it increases the surface area of the desired oxides.
Taking advantage of this, we successfully synthesized perovskite-type oxides, which are widely
used in environmental-friendly catalytic systems, by SHS from heteronuclear cyano metal
complex precursor powders. Furthermore, the oxide powders obtained from cyano complex
precursors were up to two orders of magnitude higher than those of other LaMO; produced

using the same technique using other precursors.*”

Although in some instances it is assumed that the occurrence of a thermal runaway is linked to
highly exothermic processes, our research, as well as a revision of the literature, lead us to
conclude that local overheating can occur in relatively low enthalpy reactions, e.g., such as
those of the decomposition of metal-organic precursors analysed in this work. Therefore, in
order to analyse the critical condition for combustion to occur, we revisited Frank
Kaminestkii’'s model.® The FK parameter has some limitations associated with the assumptions

of its derivation. First, the reactant consumption is neglected and it is assumed that
R.T,/E, <<1. In addition, the FK model also assumes that the furnace temperature is kept

constant (isothermal treatment). Furthermore, the FK analytical solution is restricted to
idealised geometries that allow the system to be reduced to a one-dimensional model. In

order to make the model applicable to more realistic cases, we have modified the FK
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parameter, improving its accuracy by including continuous heating temperature programs and

taking into account the dependence on the aspect ratio in cylindrical geometries.

Although the FK model provides an accurate prediction for highly exothermic reactions and
low furnace temperatures, there are significant inaccuracies for less exothermic reactions and
high furnace temperatures as the FK model neglects the reactant consumption during the
induction period. Figure VI-6 shows that the FK model becomes inaccurate when the

consumption of the reactant before thermal explosion approaches 0.1.

Deviations from the FK model have been solved by means of a first order correction based on
the initial reactant consumption, o,y and numerical simulations show that the value of the FK

parameter follows a lineal dependence on a,.g:
(D) — D)
/\cr 1s0,0 C0 X (1+ 10'9:I'alnd,lso) (1)

Once the FK parameter has been determined, it is straightforward to determine the critical

sample thickness below which thermal explosion is not possible:

a
dcr = cr (2)
AE ATAD RTo J

Thus, a decrease in the activation energy or an increase in the furnace temperature will
facilitate the thermal explosion. This conclusion agrees with the qualitative criterion that

combustion occurs when reaction rates are strongly temperature dependent.’

As mentioned above, we have also extended the FK model to describe the critical condition for

combustion when a furnace is submitted to a constant temperature rise: T, =T, + bt .

Our approach starts from the fact that the reaction time is as functionally dependent on
temperature in non-isothermal conditions as it is in isothermal conditions but we replace T,
with the temperature at which the reaction rate is at its maximum, Ty,,., Which is expressed by
Kissinger’s formula. This temperature can easily be calculated analytically.®® Following the
same approach that we used for the isothermal case, the FK parameter is described by a linear

dependence on the initial reactant consumption:

Ao =C8 x 45x (1+ 580, 4 cur) 3)
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However, the isothermal case is not achieved when b — Odue to the differences in the initial
furnace temperature in the two thermal treatments. Note that the FK parameter is greater in
non-isothermal conditions than in isothermal conditions. This means that combustion can be

achieved at a lower critical temperature under isothermal conditions.

In the case of films, the effect that the substrate has on combustion has also been analysed. It
is found that the substrate makes two opposing contributions to the critical thickness. On the
one hand, low substrate conductivity hinders the transport of heat from the sample to the
substrate, lowers the heat dissipation through the substrate, and enhances combustion (i.e.
the critical thickness is reduced). On the other hand, low substrate diffusivity and large
substrate thickness results in a temperature gradient along the substrate that slows the
transfer of heat from the furnace to the sample thus making combustion more difficult (i.e. the
critical thickness increases).Therefore, the minimum critical thickness is related to the

opposing effects of thermal conductivity and thermal diffusivity.

It should be noted that in the case of films, it is virtually impossible to achieve thermal

explosion for thicknesses below 1 um, even in the case of highly exothermic reactions.

The FK parameter coincides with the ratio of the reaction time versus the diffusion time. Since
diffusion depends on the geometry, we have reformulated the diffusion time to adapt the FK

parameter for two-dimensional problems:

(20) )
{20 = 1 (d ) . (4)
ct® a
where ¢?? is a constant that depends on the geometry and d®®) =35 the characteristic

length of the system

2 2/3 2/3
c@D = CélD) H(Rj + CSD) [ITH} (5)
H R

In this case it is more convenient to determine critical mass rather than critical thickness:

2 3/2
mcr Iso — P /\(czrDIQOE& TISO ex EA (6)
' ’ A EA ATAD I:QGTISO
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Testing our model with real TG experiments, we have observed that the samples that are

subjected to combustion have masses that agree reasonably with our theoretical predictions.

The removal of heat from the sample becomes more difficult as thickness is increased.
Therefore, overheating will occur above a certain sample mass value given that this is the
result of relatively low heat dissipation. Thus, the endset temperature shifts to an apparently
lower value and the duration of the process is reduced as the sample mass is increased. This
odd behaviour has been experimentally reported for BaTFA powders (Figure 1V-3) as well as for
the cyano complex precursors that we used for the synthesis of perovskite-type oxides via SHS

(Figure VII-2Figure VII-3.a).

The accuracy when determining the sample temperature in TA experiments is called into
guestion by the occurrence of overheating above a critical sample mass. This also applies to
kinetic parameters since the reaction kinetic is also altered. Therefore, we have established a
criterion to determine the maximum sample mass in TA experiments. In addition, we have

checked the validity of non-isothermal kinetic analysis.

First, we have analysed two different effects that contribute to deviations when determining
the sample temperature: the thermal gradients related to heat transport through the sample

and heat evolved due to endothermic or exothermic reactions of the sample.

Following the same approach used in the formulation of the two-dimensional expression of

the diffusion time (Eq.4), we have related the temperature delay to heat conduction:
b
AT =T(R,0) = T(0,h) = CEV2/3 (8)

Where C is a shape factor that accounts for the particular geometry and depends exclusively

on the h/Rratio. C has been determined numerically.

(9)

1 ( (h/R)? )2/3
~ 2\m + 2nv2(h/R)3

This allowed us to calculate a critical sample mass related to heat transport assuming a

maximum uncertainty of 1K which is within the typical range of apparatus limitations.
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1 a) (10)

Merie = P (EE
Assuming a value of C for a typical crucible, we observed that critical masses would be 3.8 and
11.5mg for Ba(TFA):and Y(TFA)s in the form of powders. These values broadly agree with the
general criterion that sample masses should be <10mg.’® In contrast, the critical masses for
indium, aluminium and alumina are 1.5, 1.7 and 0.12kg. Such huge differences between
powders and bulk materials can mainly be explained by the already mentioned differences in

the thermal conductivity.

With regards to overheating due to chemical reactions, we have numerically determined the
value of the sample thickness that results in a temperature difference of 1K. This result
indicates that the ratio between a fixed AT and the maximum possible overheating is equal to
a fixed ratio between the diffusion and reaction times. Therefore, using the same two-
dimensional expression of the diffusion time that we used in Eq. 4 we could adapt the one-

dimensional case to a two-dimensional situation.

t[(,ZD) — %VZB (11)

Taking into account that C has the same shape factor that we used in Equation 9:

(12)

_ (5-107% caE, CR 3/2
Mcerit = P C RGq Ae_EA/RGTMax

Furthermore, we also developed an expression for the maximum heat flow allowed to prevent

overheating:

dq 5-107°caE, 32 Cr 1/2
(M—)crie =P (13)
dt C R; qu_EA/RGTMax

Finally, we checked the effect of overheating on the determination of the activation energy. In
Fig. IV-8 we showed that the application of isoconversional methods fails when sample is
overheated. However, we observed that, at the very early stages of the reaction, the values of
the activation energy determined coincides either the sample is overheated or thermalizes.
Moreover, we have shown an example in Fig. IV-10 that when single step reactions evolve in a
combustion process the kinetic analysis results in a nearly constant activation energy and both,
isoconversional method and the Kissinger method provide an approximation for the activation

energy.
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The main contributions of the present work are:

- Combustion in thin films is virtually impossible due to the high surface-area-to-volume ratio
that enhances the efficiency of heat dissipation through the substrate. On the other hand, this
high surface-area-to-volume ratio also enhances gas transport and exchange allowing

advanced oxides to be synthesised at lower temperatures.

- Powders are more likely to undergo combustion than bulk materials on account of their low

thermal conductivity, which is similar to that of the surrounding gas.

- Under oxygen atmosphere LaFeO; and LaCoO; perovskite-type powders can be obtained
from heteronuclear cyano complex precursors by means of combustion synthesis. The surface
area of LaFeO; and LaCoO; synthesised via SHS from heteronuclear cyano complex precursors
is up to two orders of magnitude greater than that of similar perovskite-type oxides obtained

from other precursors.

- A numerical procedure has been developed to analyse exothermic solid state chemical
reactions taking into account conductive heat transfer through the sample. Simulations
satisfactorily describe the main features of the evolution of TG curves for single-step reactions.
On the other hand, numerical simulations fail in other situations such as those where gas
transport is relevant. Notwithstanding, the combustion threshold is always well predicted with

sufficient accuracy.

- We have revisited the Frank-Kamenetskii criterion taking into account reactant combustion.
In addition, its applicability has been extended to cylindrical reactors and continuous heating
rate temperature programs. In all cases our approach provides an accurate prediction for a
wide range of parameters that cover many practical situations. Our criterion allows the

minimum sample mass or sample size for combustion to occur to be established.

- The substrate or vessel walls have a negligible effect when substrate conductivity is much
higher than the sample conductivity or when the sample thickness is greater than the
substrate thickness, which is the usual condition for chemical reactors. Conversely, in the case
of low thermal diffusivity and thick substrates, combustion is more difficult. However, the
formation of a temperature gradient is slightly enhanced only in the case of relatively thin
substrates with lower conductivity, in other cases the presence of a substrate hinders the

formation of temperature gradients.
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- We have developed a method based on Camirand’s method that allows the thermal
conductivity of powders to be determined using a DSC apparatus by melting a reference metal
sphere that is sunk up to its equator in a hemispherical crucible completely filled with the

desired powder.

- We have determined two relationships related to heat propagation and to heat released by
an exothermic reaction that provide a criterion for the maximum mass to prevent the
formation of temperature gradients larger than 1K within a sample in TA experiments. The

aspect ratio of the sample has been taken into account.

- Although it has been shown that the kinetic analysis may lead to significant inaccuracies
when the critical mass is exceeded, the activation energy and pre-exponential term can still be
determined at the very earliest stages of the reaction. Moreover, in the particular case of a
single-step reaction where overheating turns to a thermal runaway, isoconversional methods

or the method of Kissinger provide trustworthy results.
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