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RESUMEN

Resumen

Los materiales en forma de pequenas particulas son uno de los principales
ingredientes en diversos procesos y aplicaciones industriales. Generalmente, estos
materiales estan clasificados en funcién de su tamailo y sus funcionalidades:
mientras que las particulas en tamafio milimétrico son usadas principalmente en la
industria alimentaria, farmacéutica y en sectores de limpieza y construccion,
aquellas de tamailo micrométrico y nanométrico son generalmente empleadas en

aplicaciones de almacenamiento de energia, catalisis o electronica.

Las investigaciones pioneras han centrado su atencién en particulas de tamafio
micrométrico y nanométrico, debido a sus propiedades relevantes con relacién a su
pequefio tamano y su gran area superficial. La funcionalizacién de dichas
particulas podria mejorar considerablemente su comportamiento y otorgarles valor
anadido. Entre los muchos métodos de funcionalizacién, cabe destacar la
generacion de particulas “core-shell”, ya sea encapsulando las particulas con un
recubrimiento, o bien depositando pequefias “islas” de un determinado material en
su superficie, protegiéndolas, activandolas quimicamente, o modificando su
comportamiento inicial. En la actualidad, existen diversas técnicas de
recubrimiento, las cuales puedes clasificarse principalmente en dos grupos: técnicas
de recubrimiento en seco y técnicas de recubrimiento en hiimedo. Los métodos de
recubrimiento en humedo se caracterizan principalmente por emplear disolventes
durante el proceso de revestimiento. Aunque su aplicacion es sencilla, no muchos
procesos industriales hacen uso de esta tecnologia debido a varios inconvenientes.
Entre ellos, destaca el proceso de secado de los disolventes residuales, que requiere
largos tiempos de procesado, genera una gran cantidad de residuos y consume

mucha energia. Es por ello que en los tdltimos afios, los métodos de recubrimiento
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en seco han atraido mucho interés a la hora de depositar peliculas delgadas. Su
ventaja principal reside en el control preciso del espesor del recubrimiento
generado, incluso a escala nanométrica. Una de las tecnologias mas conocidas en
este campo es la deposicién quimica de fase vapor (Chemical Vapor Deposition, o
CVD), aunque posteriormente se desarrollé una técnica derivada del CVD
conocida como deposicién de capa atémica (Atomic Layer Deposition, o ALD),
que permite una mayor precisiéon en el control del espesor y en la composiciéon de

la pelicula depositada.

La aplicacién de ALD en diferentes campos, incluyendo microelectrénica, sistemas
de almacenamiento de energia y aplicaciones bioldgicas, ha adaptado esta
tecnologia a substratos con una gran variedad de formas geométricas; desde
substratos planos hasta materiales en forma de particulas. A la hora de recubrir
particulas mediante ALD se pueden encontrar dos tipos de reactores en funcién de
cdémo se manipulen las particulas: los reactores de particulas estaticas y los
reactores de lecho fluidizado. Los reactores de particulas estaticas se utilizan para
recubrir pequetias cantidades. No son adecuados para grandes cantidades, ya que
las particulas quedarian menos recubiertas a medida que aumenta la profundidad
del lecho. Por otro lado, los reactores de lecho fluidizado mantienen las particulas
en constante movimiento durante el proceso de recubrimiento, y por tanto son
aptos para procesar mayores cantidades de particulas. En este tipo de reactor se
introduce un gas inerte por su parte inferior provocando un movimiento del lecho
de particulas similar al de un fluido, manteniéndolas en suspensiéon y
recubriéndolas homogéneamente. Fste tipo de reactor permite recubrir grandes
cantidades de particulas mediante ALD, y puede ser escalado para su uso en

aplicaciones industriales.

La aplicacién de la tecnologia ALD para la fabricacién y/o recubrimiento de
componentes de sistemas de almacenamiento de energia se ha investigado
intensamente en los ultimos afios, ofreciendo grandes avances tecnoldgicos. Las
formas mas convencionales de produccién de energia, principalmente mediante el
uso de combustibles fésiles, estan siendo sustituidas por tecnologias de produccién
de energias renovables, que requieren sistemas de almacenamiento de energia

eficientes y fiables. Las baterias son uno de los sistemas de almacenamiento de
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energia mas importantes, gracias a su excelente densidad de energia y tasa de
liberacién de la misma. Las baterias de iones de litio (Lithium-Ion Batteries, LIB)
son actualmente el tipo de baterfa mas comin en una amplia variedad de
aplicaciones. Estas baterfas dominan el mercado de la electrénica portatil y la
electrificacion del transporte, proporcionando una excelente ciclabilidad, una larga
vida 1til y una alta estabilidad de la densidad de energia, llegando a una densidad
de energia de 300 Wh - kg'. Sin embargo, su capacidad especifica limitada y los
materiales catédicos empleados han llevado a los investigadores a buscar otros

tipos de sistemas de baterias alternativas.

Las baterfas de litio-azufre (Lithium-Sulfur, 1i-S) se han convertido en una
alternativa prometedora debido al facil manejo y extraordinarias propiedades del
azufre como material catédico activo. Concretamente, las baterias de litio-azufre
muestran una densidad de energia tedrica de 2600 Wh - kg (mucho més alta que
la de las baterias de ion litio convencionales). Ademaés, el azufre es ecoldgico y uno
de los elementos méas abundantes en el mundo. Sin embargo, las baterias Li-S
presentan varios inconvenientes, entre los que destacan la naturaleza aislante del
azufre, el efecto de cambio de volumen del catodo entre la carga y la descarga, el
‘shuttle effect’ de los polisulfuros y el peligro de seguridad asociado al anodo de
litio. Todos estos inconvenientes han impedido la implantacién de esta tecnologia,
y conducen a los investigadores a encontrar soluciones emergentes para el
desarrollo de baterias de Li-S con alta densidad de energia, ciclabilidad y
estabilidad a largo plazo. La aplicacién de ALD en sistemas de almacenamiento de
energia ha demostrado aportar muchas mejoras hasta el momento. De hecho, la
deposicidon de ciertos materiales a escala nanométrica sobre los distintos
componentes de una baterfa se ha erigido como una linea de investigacién

relevante en la mejora de la densidad de potencia y reversibilidad de las baterias
de Li-S.

El objetivo de esta tesis se basa en el estudio y la comprensién de la generacion de
recubrimientos mediante ALD en materiales en forma de particulas, prestando
especial atencién a materiales aptos para dispositivos de almacenamiento de

energia. Para ello, se han recubierto particulas de tamafo micrométrico y
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nanométrico con 6xidos metélicos, mostrando resultados prometedores y nuevas

funcionalidades que no se habian observado con anterioridad.

En la primera parte de la tesis se realiza un estudio inicial de recubrimiento de
particulas mediante ALD en un reactor de particulas estdticas. Para ello se
recubren particulas de 6xido de hierro (4Fe.Os) con diéxido de titanio (TiOs),
generando particulas “core-shell” de FeO.TiO;. Este estudio demuestra que
mediante la aplicacién de ALD no solo se consigue recubrir las particulas, sino
que, dependiendo de los reactivos (precursores) utilizados, también se pueden
reducir quimicamente para formar nanoparticulas ‘core-shell’ de tipo FesOus-TiOs.
Este estudio demuestra que la eleccién del ligando apropiado del precursor de
metal puede conducir a un enfoque novedoso de recubrimiento y reduccién
quimica de las particulas. En este caso, el ligando del precursor organometalico
aplicado, (CH3):N", desencadena la reduccién del Fe*" presente en el substrato (&
Fe;0s), mientras se oxida y se recombina formando tetrametilhidrazina como
subproducto de la reaccion tal y como se muestra en la Figura I. Ademés, el
catiéon del precursor también desempefia un papel importante, ya que cuanto
mayor es su electronegatividad, mas energia se requiere para liberar los ligandos,
lo cual es condicionante para la recombinacién de estos ultimos. Por lo tanto, el
disenio apropiado de precursores y la seleccién de substratos adecuados allanardn
el camino para la formacién de nuevos compuestos, mientras que el proceso ALD
empleado permitird un facil escalado a nivel industrial de grandes cantidades de

particulas, recubiertas y reducidas quimicamente al mismo tiempo.

v
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Figura I. Esquema del proceso de ALD desencadenado sobre las particulas de

Oxido de hierro.

En la segunda parte de la tesis se lleva a cabo el estudio de recubrimientos ALD
en dispositivos de almacenamiento de energia, especificamente, en baterias de
litio-azufre. Para ello, se realiza la modificacibon mediante ALD del material
catédico de las baterias de Li-S haciendo uso de un reactor de ALD convencional
(de particulas estaticas). Como parte del trabajo, se evalian los pardmetros
optimos de aplicacion de la pelicula delgada depositada por ALD sobre los
electrodos de azufre. Los procesos de ALD se realizan a baja temperatura y se
analiza el efecto del material depositado sobre el material catoédico tras varios
ciclos de deposicién. Durante el proceso ALD se deposita 6xido de aluminio o
alimina (Al,O;) sobre catodos prefabricados (Figura II), mejorando la capacidad
de los sistemas, principalmente a elevadas intensidades de corriente, es decir, a
cortos tiempo de carga y descarga. Como resultado, se determina que aplicando
inicamente dos ciclos de ALD a 85 °C, la capacidad de las baterfas Li-S aumenta
en un 13 % a bajas densidades de corriente (C/5), y en un 50 % a altas

densidades de corriente (>1C).
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Figura II. Ilustracién esquemaética de la fabricacién del catodo de azufre y la

posterior deposicién de alimina mediante el proceso ALD.

Finalmente, en la 1ltima parte de esta tesis, se emplea la técnica ALD como
tecnologia prometedora para el recubrimiento de composites de azufre-carbono
presentes en baterias Li-S, mejorando su rendimiento. En este caso, las particulas
compuestas de azufre y carbono son encapsuladas o cubiertas con “islas” de
alimina en su superficie por medio de la técnica ALD en un reactor de lecho
fluidizado, que ofrece enormes ventajas para recubrir grandes cantidades de
particulas. De esta forma se consiguen unir las particulas antes de la fabricacion
del catodo, mejorando su cohesiéon. Los mejores resultados se obtienen después de
aplicar 5 ciclos de ALD, aumentando la capacidad del sistema un 30 % a bajas
densidades de corriente, y un 50 % a altas densidades de corriente, con respecto a
una bateria Li-S estandar. Ademas, gracias a la mejora morfolégica proporcionada
por la alimina depositada (cohesién de particulas) la cantidad de azufre en los
catodos se puede duplicar, fabricando electrodos uniformes y sin grietas con mayor
cantidad de azufre, imposibles de fabricar con el composite convencional. Estos
nuevos electrodos exceden significativamente el rendimiento de los electrodos

estandar, y aumentan la capacidad de las baterfas litio-azufre en un 60 %.
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ABSTRACT

Abstract

Powders are essential ingredients for many processes and applications. They are
usually classified with relation to their particle sizes and functionalities. While
particles in the millimeter size range are intensely used in alimentary,
pharmaceutical, cleaning and construction sectors, micrometer and nanometer
sized particles are commonly used in energy storage applications, catalysis and

electronics.

Recent research has focused its attention on micrometer and nanometer sized
particles due to the special properties arising from their high surface area to
particle size ratio. Functionalization of those particles can greatly improve their
performance. In this way, providing added value, like protecting and activating
them, or changing their performance. Among the most promising ways of
functionalization is the generation of core-shell particles through coating, or the
deposition of islands or clusters on the surface of the particles. Nowadays, a wide
variety of coating technologies are applied for this purpose. Among those coating
technologies, chemical vapor deposition (CVD) became attractive in the recent
years thanks to its great thickness control over the deposited coating. However,
more recently, atomic layer deposition (ALD) was developed, allowing for
ultimate thickness and compositional control of the deposited film in a large
variety of geometries. The application of ALD in different fields, including
microelectronics, energy storage systems or bioapplications, pushed the application
of this technology to materials with diverse geometries, among those being
particles. The need for coating powders resulted in the modification of reactors for
carrying out ALD processes on such materials. The various reactors are distinct in

the way of handling particles; namely, static particle reactors and fluidized bed

X
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reactors. While static particle reactors are used to coat small amounts of particles,
fluidized bed reactors (FBR) can be used to coat large amounts of particles,

allowing the scale-up of the technology for its use in industrial applications.

The application of ALD to fabricate or coat materials and components for energy
storage systems is intensely investigated and it is beginning to deliver
breakthroughs. Batteries belong to the most important energy storage systems
thanks to their excellent energy density and energy release rate. Lithium-ion
batteries (LIB) are currently the most common battery types for a large variety of
applications. In fact, they offer a theoretical energy density of around 300 Wh - kg
!, However, their limited specific capacity and the precious cathode materials
made researchers looking into other kinds of battery systems as alternatives.
Lithium-sulfur (Li-S) batteries became a promising alternative due to their better
handling and extraordinary properties of sulfur as cathodic material. Namely, it
shows a theoretical energy density of 2600 Wh - kg?, higher than that of Li-ion
batteries. Moreover, sulfur is environmentally friendly and one of the most
abundant elements in the world. However, Li-S batteries suffer from several
drawbacks that affect their application and have driven researchers to develop
solutions to enable the practical use of lithium-sulfur batteries and in this was
increase the energy density and long-term stability. The application of ALD in
energy storage systems has shown many improvements by now. In fact, the
deposition of certain materials at the nanometric scale has many unique benefits

for improving the behavior of Li-S batteries.

The objective of this thesis is the study and understanding of ALD coatings on
powders, paying special attention to materials that can be used for energy storage
devices. Micrometer and nanometer sized particles have been coated with metal
oxides, which showed promising alterations and functionalities of powders that

have not been observed before.

In the first part of the thesis, an initial study of coating particles by ALD is done.
For this aim, iron oxide nanoparticles (g-Fe;Os) are coated with titanium dioxide

(Ti0O,), generating FeO,-TiO, core-shell nanoparticles. This study shows that the
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application of ALD not only coats the particles, but also, depending on the
reactants (precursors) used, can also reduce them to form core-shell nanoparticles
of Fe;0,-TiO,. This study demonstrates that choosing an appropriate ligand of the
metal source can unveil a novel approach to concertedly coat and reduce g-Fe,O;
nanoparticles. Moreover, it is found that the more electronegative the cation of
the precursor is, the more energy is necessary to release the ligands, which is
conditional for their recombination. Thus, the appropriate design of precursors
and selection of substrates will pave the way for numerous new compositions with

more and improved functionalities.

In the second part of the thesis, the study of ALD on energy storage devices,
specifically on lithium-sulfur batteries, is carried out. The modification of the
cathode material of lithium-sulfur batteries is done by ALD in a conventional
static ALD reactor. The optimal parameters for the ALD application to sulfur-
based electrodes are evaluated. Aluminum oxide (ALO;) is deposited on
prefabricated cathodes, improving the capacity of the systems. In fact, applying
only 2 ALD cycles at 85 °C increases the capacity of a lithium-sulfur battery by

13 % for low current densities and by 50 % for high current densities.

Finally, a promising powder coating technology is applied in order to coat sulfur-
carbon composite powders of cathodes of lithium-sulfur batteries by ALD and in
this way considerably improving the performance of those batteries. For this aim,
a fluidized bed reactor was constructed. The best results are obtained after
applying 5 ALD cycles of Al,O;, sufficient to increase the capacity of the system
by 30 % at low current densities and by 50 % at high current densities, with
respect to a standard battery system. Besides, the sulfur loading in the cathodes
can be doubled thanks to the morphological improvement provided by the
aluminum oxide. After coating, uniform and crack-free electrodes can be
fabricated, which significantly exceed the performance of standard electrodes

increasing the capacity of lithium-sulfur batteries by 60 %.
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INTRODUCTION

Chapter 1

Introduction

This chapter gives an introduction to the main topics studied in this thesis,
namely, particle technology and energy storage devices. The most relevant works

developed so far are highlighted and its contribution to this thesis is explained.
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1.1. Particle Technology

1.1.1. Background

Since the industrial revolution, powders have been essential parts of processes.
Over 75 % of raw materials and around 50 % of products from the chemical
industry fall into the category of particles.[1] Powders are very useful in a wide
range of applications and processes. They are usually classified according to their
particle size and functionality. Particles in the millimeter range are typically
found in alimentary and pharmaceutical sectors, cleaning and construction. In
contrast, micrometer- and nanometer-sized particles are more commonly used in
energy storage systems, catalysis or electronics.[2], [3] Given the continuous need
for improved materials for emerging applications, the research and development of

powders for industrial use is growing considerably.

Recent research focuses on micrometer and nanometer scale particle-based
technologies due to the special properties associated to the particle size and their
large specific surface areas. Powders are intensely investigated for the production
of drugs, food, electronics, catalysts and energy storage devices.[4]-[7] In many of
those applications, functionalization of particles can greatly improve their
performance. One of the most promising ways for improving the performance of
particles is the application of a coating around them, forming core-shell
nanoparticles as shown in Figure 1,[8] or even the deposition of islands or clusters
of further materials on their surface, which brings additional functionalities to the

powder, protecting them, activating or changing their performance.

For instance, a facile way to enhance the performance of catalysts was developed
by Goulas et al., who deposited platinum (Pt) clusters on TiO, particles to
increase the active surface area of the Pt catalyst.[9] In another case, for energy
storage applications, Beetstra and coworkers deposited a thin film of alumina on
the cathode material of Li-ion batteries (LiMnO, nanoparticles). The film
prevented the dissolution of the cathode material into the electrolyte, thus
reducing the aging of the battery.[10]-[12] For various applications, SiO,

nanopowders have been coated with TiO, to obtain core-shell nanoparticles.
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Thanks to the synthesis of the core-shell structure with its increased surface area,
the performance of the TiO, is enhanced, and therefore, its photocatalytic and
optical properties.[13], [14] All those examples demonstrate that modifying
properties of a material at nanometric or micrometric scales can result in
macroscopic effects, improving the performance of the material for its final

application.

Figure 1. Core-shell particle structure with functional groups on a particle

surface.

1.1.2. Coating Technologies

Coating of powders is a straightforward pathway to obtain functional particles.
Indeed, in pharmaceutical, biological, food, energy or chemical industries, new
materials are achieved by altering the surface properties and/or functionalities of
fine particles.[15] Such surface modifications not only enhance the performance of

particles, but also lead to the design of advanced and novel materials.

Coatings of particles are typically performed in either of the two ways, wet or dry.
The wet particle coating technology, also known as liquid coating, involves
solvents in the coating process. The coating agent is dissolved or suspended in a

solvent and the resulting liquid is then progressively applied to the particles to be
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coated. Once the solvent is evaporated, it leaves behind a solidified coat on the
particles. Not many industrial coating processes rely on the liquid coating
technology, since the drying stage of solvent evaporation involves long processing
times, generates large amounts of waste and considerably consumes energy.[16],
[17] Besides, it is difficult to control the thickness of the deposited layers
accurately and to assure that they are pinhole-free. Nowadays, the most
prominent liquid coating techniques include spray drying,[18] sol-gel coating,[19]

or fluid bed coating.[20]

As an alternative, gas-phase processes, also known as dry particle coating, have
been developed for coating particles. In this case, the coating agent is dispersed in
a gas and added to the system in form of solid particles. The adhesion of the
particles to the substrate is achieved by van-der-Waals or electrostatic forces. The
particle size of the coating agent is small enough to allow adhesive forces to

generate thinner coatings with high accuracy.

A promising technology among the gas phase techniques is the chemical vapor
deposition (CVD).[21], [22] This deposition technique is based on the simultaneous
injection of two or more vaporized molecular reactants (precursors) into a reaction
chamber, which will react with the surface of a substrate. Thus, a coating with a
precise control over its thickness, even down to hundreds of nanometers, is
deposited. During the 1960s, some initial experiments were done by Russian and
Finnish researchers modifying CVD towards ultimate growth control, which
marked the beginning of the era of atomic layer deposition (ALD), originally

called atomic layer epitaxy (ALE).[23]

1.1.3. Atomic Layer Deposition

Atomic layer deposition (ALD) was intensely investigated and developed during
the 1970s by Suntola et al. in order to produce high quality ZnS films for thin film
electroluminescent (TFEL) flat panel displays.[24] In the early development stage
it was called Atomic Layer Epitaxy (ALE), but it was soon realized that the films
rarely show epitaxial growth, but were rather amorphous or polycrystalline.

Therefore, this new deposition method was renamed to Atomic Layer Deposition
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(ALD). The interest in this technology increased in 1990s, especially for
microelectronic devices, but it was not wuntil 2000s, when its use grew
exponentially, triggered by the need of mass production of thin conformal coatings

on high aspect ratio structures.[25]

Atomic layer deposition is a vapor phase thin film deposition technique to create
conformal, pinhole free and homogeneous coatings. Similar to CVD, the process is
based on the reaction between two or more gaseous precursors, whose surface

chemical reaction results in the desired coating material.[26], [27]

In ALD processes one of the precursors, typically an organometallic, metal organic
or metal halide molecule, acts as the metal source for the final coat. The other
reactant is a counter precursor, like water, ozone, ammonia, hydrogen, or similar,
which defines the nature of the deposited material; a pure element, an oxide or a
nitride, etc. In ALD processes, the substrate is exposed to each precursor
separately, which stands in contrast to CVD, where all precursors are supplied
simultaneously to the reaction chamber. Consequently, ALD precursors do not
react with each other in the gas phase, but the reaction takes place exclusively at
the solid-gas interface. The high precision and controllability of the film growth of
ALD is based on the self-terminating nature of the chemical reactions in each
cycle. Once the surface is saturated with one precursor, no more reactions take
place, even if excess precursor is available in the reaction chamber. The supply of
the counter precursor will consequently react with only one layer of the bound
primary precursor, thus assuring that a maximum of one monolayer of precursor

is formed on the surface in each cycle.[26], [28]-[30]

Aluminum oxide or alumina (AlOs), deposited using trimethylalumininum
(TMA), Al(CHs)s, and water, H,O, is one of the most studied ALD systems
mainly for the following three reasons: (1) alumina can be deposited in a wide
range of temperatures and pressures given by the high reactivity of TMA, (2) the
deposition of alumina shows the typical linear layer-by-layer growth mechanism of
ALD, and (3) it is a facile and economic process if compared to other ALD
processes. Figure 2 illustrates the aluminum oxide (Al,O3) ALD deposition step by
step, described as follows: (1) TMA pulse into the chamber. TMA molecules are
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supplied to the reaction chamber by an inert carrier gas, in this case, nitrogen.
The molecules react with available functional groups on the surface of the
substrate, usually hydroxyl groups (-OH), until surface saturation is reached.
(2) Purging of the excess precursor and byproducts (methane, CHy) out of the
reaction chamber by an inert gas. Nitrogen gas is used to remove the excess of
TMA and methane molecules. (3) Water vapor supply to the reaction chamber.
Using nitrogen as carrier gas, water vapor molecules react with the chemisorbed
TMA molecules on the substrate surface, generating the first layer of alumina.
(4) Purging of the excess second precursor and the reaction byproduct, methane.
This purging step completes an ALD cycle, eliminating the excess of water and
methane from the reaction chamber. In each cycle, one alumina layer is deposited;
enabling the control of the final thickness of the coating with the number of the

applied ALD cycles.
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Figure 2. Schematic of the ALD deposition of Al,O3 using trimethylaluminium

(TMA) and water as precursors.
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ALD has been dominantly used to functionalize microelectronic devices, mainly in
order to deposit homogeneous and pinhole free high-k dielectric coatings to
prevent current leaks through the gate oxide.[31]-[33] More recently, its use was
extended to many other applications, such as improved photovoltaic devices [34]
or energy storage systems with increased electrochemical performance.[35], [36]
The spread of ALD into different fields also brings about the evolution and
adaptation of this technology towards substrates with a large variety of

geometries, ranging from flat substrates to fine particles.[37]—[39]

The application of ALD to particles, being it continuous or semi-continuous, is
increasingly attracting attention thanks to the high surface area of particles and
thus their enhanced functionality in comparison to flat substrates. Meanwhile, a
variety of reactors have been developed which are suitable for a deposition of

nanometer-scaled layers on particles.[40]

1.1.4. ALD reactors for coating particles

The reactors for coating individual particles by means of ALD can be classified as
a function of powder particle motion; namely, as static particle reactors and as

agitated or fluidized particle reactors.

ALD on static particles

The first experiments for coating powders by ALD were conducted as early as
1992 by Suntola and coworkers in a flow-type ALD reactor, with the goal to
obtain active catalyst materials. They used a top-flow reactor with static particles
as substrates. The precursor gases were fed from the top of the reactor and then
diffused through the bed of particles, before their excess and byproducts were
purged through the pumping system connected to the bottom of the reactor.[41]
Another experiment was carried out by Ferguson et al. in a pump-type ALD
reactor at the University of Colorado in the early 2000s. Successful deposition of
ALO; and SiO, on boron nitride (BN) particles for thermal applications was

obtained using a sample holder as support for the particles.[42]
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ALD reactors, where the deposition is carried out on static particles, have shown
very good results for a wide range of coatings. However, experiments performed
with such configuration are only applicable to small amounts of powders. Figure
3a schematizes such a process, where for small amounts of powders individual
particles are coated by ALD, since the precursors reach each particle easily.
However, if the amount of particles is large, only the upper fraction of the powder
will be completely coated (Figure 3b), since those are rapidly exposed to the
precursor gases, similar to a planar substrate. With increasing depth of the
powder bed, the coating thickness will decrease, eventually leaving particles in the
bulk of the bed uncoated. This effect can be attributed to two factors, namely 1)
the limited diffusion of the precursor into the bulk of the bed due to more
tortuous diffusion paths and therefore longer exposure times required, and ii) the
higher consumption of the precursor due to the much larger surface area of the
particles if compared to flat substrates. Additionally, if the number of deposited
ALD cycles is high, the lack of mobility of the particles will generate continuous
and thick coatings, specially on the surface of the bulk, that act as a glue
connecting and agglomerating particles to each other. Therefore, conformal
coatings are successfully deposited on individual particles by ALD using this

technique, but the nature of the set-up is not suitable for up-scaling.[43]

a) b)

Figure 3. Schematic of static particles coated in a pump-type ALD reactor. The
intensity of the coloration indicates the efficiency of the coatings. Image adapted
from D. Longrie et al., Journal of Vacuum Science & Technology A: Vacuum,

Surfaces and Films, 32, 1 (2014).
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In order to uniformly coat large amounts of particles, homogeneous agitation or
fluidization of the particles is needed to improve gas and precursors diffusion and
reduce the necessary exposure times. One of the most efficient and well-known
techniques for this aim is the fluidized bed reactor (FBR), where particles behave
like a fluid. More recently, McCormick et al. developed also rotatory reactors for
ALD.[44] In this case, thanks to the agitation of the particles due to the rotatory
movement of the reactor chamber, particles are also coated in a homogeneous
manner. While fluidized bed reactors are commonly used for coating microsized or
larger particles, rotatory reactors are mostly used for coating nanoparticles with
very high surface area, which require very large quantities of precursors.
Moreover, depending on the porosity and the tortuous paths for the diffusion of
the precursors along the nanoparticles to be coated, much longer residence times
are needed to saturate the sample surface.[40] For this reason, a cost effective way
for coating nanomaterials with high surface areas and without wasting too much

precursor is the use of ALD rotatory reactors.

Given the nature of the materials to be coated in this thesis, the study is

performed in a fluidized bed reactor.

ALD on fluidized particles

The fluidization of particles is obtained with a gas introduced upwards with an
appropriate flow into the reactor. This process is characterized by a good gas-solid
mixing that shows an efficient mass and heat transfer.[40] Fluidized bed reactors
(FBR) were studied first by Wank et al. for processing large amounts of powders,

specifically for coating fine nickel particles with alumina by ALD.[45]

FBRs are well established in industrial applications whenever there is a need for
modifying particles, even though those conventionally do not use ALD, but other
chemical coating processes like chemical vapor deposition (CVD). The amount of
powder which can be processed in an FBR is significantly higher than in static-
type ALD reactors. Appropriate design for an ALD process ensures a scale-up of

ALD-type of powder coatings for industrial applications.
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However, the fluidization behavior of the particles is dependent on their size and
density. The Geldart diagram, shown in Figure 4, describes four main groups of
particles. (1) Type A particles are characterized by uniform fluidization. A typical
example would be cracking catalysts. (2) Type B particles have larger sizes than
type A particles. As soon as the fluidization starts, bubbling occurs. Sand is the
most prominent example of this class of particles. (3) Type C particles are very
fine, at the nanometer scale, which tend to fluidize in a homogeneous manner.
Usually, agglomerates are generated due to the small particle size and the
resulting stronger cohesion forces. (4) Type D particles are the largest particles
among this classification, with high densities, like grains or beans. Strong gas
flows are required to fluidize this type of particles and usually, spouting occurs

during the fluidization process.|[46]
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Figure 4. Geldart diagram of the particle fluidization behavior as a function of
particle size and density. Figure adapted from H.A. Khawaja, International

Journal of Multiphysics 9, 4 (2015).

During the fluidization process agglomerates may be formed, which occurs due to
van-der-Waals interactions, liquid or humidity bridging, or electrostatic forces.
Thus, the coating process may result in a poor fluidization behavior, in which the

particle bed is not homogeneously mixed, and therefore, channels and dead zones,

10
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that decrease the fluidization of particles, can appear.[47] As solution to overcome
this issue, additional assistive methods are attached to the reactor, which should
help to break agglomerates during the process, thus improving the fluidization
efficiency. The most efficient techniques are mechanical stirring,[48] mechanical
vibration[49] and ultrasound.[50] In such cases, particle fluidization happens
dynamically, ensuring that agglomerates break and recombine continuously as a
result of agglomerate-agglomerate and agglomerate-wall collisions.[46] In this way,

a proper coating (continuous or semi-continuous) of each particle is ensured.

The good processing properties of fluidized bed reactors, and its versatility and
precise control over the film thickness, make ALD-FBR an interesting approach
for powder coatings, not only for research purposes, but also for scale-up and
industrial production. The application of this technology to fabricate materials for
energy storage systems is intensely investigated and it is beginning to deliver

breakthroughs in a large variety of battery systems.

11
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1.2. Energy storage

1.2.1. Background

Combustion of fossil fuels has been for many years, the main source of energy, a
process that releases greenhouse gasses (CO,;, CO or CHy4) as byproduct to our
atmosphere. This effect leads to abnormal overheating of the planet and the
currently discussed climate change.[51], [52] Renewable energy generation
technologies can be a solution to satisfy the growing energy requirements of our
society. Solar, wind, hydropower and geothermal technologies, among others, can
effectively substitute the conventional methods for energy generation without
emission of further greenhouse gases.[53] However, these renewable energy
technologies often require specific locations of the plants or do not generate
electricity continuously, requiring efficient and reliable energy storage and

transport methods.

Energy storage (ES) systems constitute an essential element in the development of
sustainable energy technologies, providing great potential to overcome our energy
needs in a sustainable way.[54] By now, there is a broad range of developed ES
systems that can be classified in mechanical, thermal, chemical, electrochemical

and electrical energy storage devices.[55]

The electrochemical energy storage is the most versatile ES system, with
applications ranging from stationary plants to small electronic devices. Nowadays,
four general types of electrochemical energy storage systems are in use, as shown
in Figure 5. Those include capacitors, supercapacitors, batteries and fuel cells.[56],
[57] Each system has its own characteristics regarding the storage capacity or

energy density, and energy release rate (power density).

Batteries offer an excellent energy storage technology for a better integration of
renewable energies into our society. As schematically shown in Figure 6, a battery
cell consists of two electrodes, separated by a separator and an electrolyte
between the electrodes. Both electrodes are connected through an external circuit.
During the discharge, the negative electrode (anode) is oxidized, thereby releasing

cations into the electrolyte. Simultaneously, the positive electrode (cathode) is

12
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reduced by binding those ions from the electrolyte. During this process the
electrons travel from the anode to the cathode through the external circuit,
generating the electrical current.[58] In other words, a battery or voltaic cell is a
concept of two half cells bridged with each other to permit the ion transfer. It is
based on two half reactions; oxidation in one half cell (electrode) and reduction in
the other, resulting in a final redox reaction where energy is converted from

chemical to electrical.
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Figure 5. Classification of electrochemical storage systems by energy density vs
power density (Ragone plot). Figure adapted from B. K. Kim et al.,
Electrochemical Supercapacitors for Energy Storage and Conversion. Handbook of

Clean Energy Systems, (2015).

Considering the reversibility of the redox processes, batteries can be divided into
two categories. On the one hand, there are primary batteries, such as zinc-carbon,
silver-zinc or lithium primary batteries, where the electrochemical reaction is not
reversible. These batteries are not rechargeable and are for a single use only. They
provide high energy densities at a low production cost.[59] On the other hand,
there are secondary or rechargeable batteries, where the discharge process can be
reversed by passing an equivalent current in the opposite direction. The most
common rechargeable batteries are lead-acid and nickel-cadmium batteries. More

recently, the development of nickel-metal hydride and li-ion batteries has allowed

13
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the revolution of portable electronics (smart phones, laptops, electric cars, etc.).
Those battery systems are more compact and have a high energy density along

with long cycle life.[60]
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Figure 6. Schematic of the basic constituents of a rechargeable battery in its

charge-discharge processes, marked red and blue, respectively.

Lithium-ion batteries (LIB) are currently the most used batteries for portable
applications. Their naming indicates their mechanism. Namely, lithium ions are
exchanged between the typically graphitic anode and the cathode, usually a
ternary lithium-transition metal oxide, like LiCoO,.[61]-[63] With a theoretical
energy density of around 300 Wh - kg, this kind of batteries provides excellent
cycling stability, long cycle life and a high C-rate stability.[64] Nowadays, LIBs
dominate the market of portable electronics and transport electrification.
However, they also suffer from several drawbacks. Firstly, the electrode materials
have a limited specific capacity, limiting the energy density of the battery.
Secondly, the cathode materials are composed of rare metals, which have impact

on the large-scale usability and, consequently, the price in future applications.
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These limitations are a driving force to develop further battery technologies,

suitable to replace the currently implanted LIB technology.

Lithium has excellent properties, including low density (0,59 g-cm™), high
theoretical specific capacity (3860 mAh-g'), and a sufficiently negative redox
potential (-3,04 V), which made the researchers focusing on alternative lithium
metal based batteries.[65] In recent years, lithium-air (Li-O,) and lithium-sulfur
(Li-S) batteries have become promising solutions for the next generation of energy
storage systems.[66], [67] Although Li-O, exhibits higher theoretical energy density
than Li-S, the latter one is closer to the real market. This is attributed to the
better handling and the exciting properties of sulfur as cathode material in energy

storage systems.

1.2.2. Lithium-Sulfur batteries

Sulfur shows an outstanding theoretical specific capacity of 1672 mAh - g', and a
theoretical energy density of 2600 Wh - kg'. Moreover, sulfur is environmentally
friendly and one of the most abundant elements on earth, which considerably
lowers its price compared to the cathode materials in lithium-ion battery

systerns. [68]

A conventional lithium-sulfur battery comprises a sulfur-based cathode, a lithium
metal anode and a separator soaked in electrolyte as it is shown in Figure 7. The
cathode is the most complex part of the battery. It is composed of the active
material (here, sulfur), conductive additives (conductive carbon), and a binder. In
contrast, as anode a metallic lithium foil is commonly used. A porous polymer is
usually used as separator. The electrolyte is a mixture of ether based solvents,
namely, 1,3-dioxolane (DOL) and dimethoxyethane (DME) with lithium
bis(trifluorosulfonyl imide) (LiTFSI) salt dissolved in it.[69], [70]

During the discharge of the cell, the oxidation happens at the anode, where
lithium is oxidized and lithium ions (Li") are released to the electrolyte, and the

electrons are released into the external circuit (Reaction 1).[71]

15



CHAPTER 1

Discharge

b

- +
Charger

Figure 7. Schematic representation of a lithium-sulfur cell. Figure adapted from
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Both, lithium ions and electrons travel to the cathode where the reduction of
elemental sulfur occurs (Reaction 2). Following the half reactions (oxidation (1)

and reduction (2)) the redox reaction of the whole process is shown in Reaction 3:

Li- Lit+e E=0V (vs Li/Li") (1)
S+2e - S% E=2,2 V (vs Li/Li") (2)
S+2LiT +2e - Li,S E=22V (vs Li/Li") (3)

The most stable form of elemental sulfur in nature is the octasulfur ring, Ss.

Considering this, the redox Reaction 3, can be adjusted as follows (Reaction 4):

Sg+16Li T +16e” - 8Li,S  E=22V (vs Li/Li*) (4)
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