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Titre: Etude et développement de nouveaux matériaux pour des
applications de stockage thermique compact a haute température

Résumé

Les composés péritectiques ont été étudiés récemment en tant que matériaux prometteurs de
stockage de I’énergie thermique a hautes températures. Dans une transformation péritectique,
une phase liquide réagit avec au moins une phase solide, a une température bien définie, pour
former une nouvelle phase solide. Les réactions péritectiques conduisant a la formation des
composés péritectiques fournissent des densités énergétiques théoriques exceptionnelles. Les
processus de charge et décharge du composé péritectique s’operent a température constante et
pression atmosphérique a travers la réaction péritectique réversible, résultant en un simple
system de stockage thermique offrant une densité énergétique plus élevée que celle des MCPs
actuellement utilisés et comparable a celle des meilleurs réactions gaz-solide en cours de
développement.

Cette theése vise a développer de nouveaux matériaux a base du composé péritectique
Li4(OH)3Br, a hautes performances en terme de densité énergétique, compacité, stabilité, et
rentabilité, pour le stockage compact de 1’énergie thermique dans des applications d’énergie
solaire. Le choix du Lis(OH);Br en tant que matériau de stockage thermique a été basé sur de
sa haute densité énergétique théorique (800 J/g a ~300 °C). La validation du choix de
Lis(OH);Br a été effectuée a travers une étude approfondie du systeme binaire LiOH-LiBr.
Cette validation est motivée par les divergences importantes observées dans la littérature
concernant les valeurs de température et d’enthalpie relatives a la réaction péritectique, ainsi
que les composés steechiométrique présents dans le diagramme de phase LiOH-LiBr. Les
résultats ont permis d’établir un nouveau diagramme de phase qui s’adapte mieux aux
résultats expérimentaux. De plus, une caractérisation complete des propriétés thermo-
physiques du Liy(OH)3Br a été effectuée. Les résultats ont permis d’élucider le mécanisme de
formation du composé Lis(OH);Br. II a été démontré que, pour se former, le composé
steechiométrique Lis(OH);Br nuclée et se développe directement de la phase liquide sans
avoir besoin de présence, ni de contact avec la phase pro-péritectique. L’effet des parametres
de synthese sur les propriétés thermique du Lis(OH);Br a été étudié, permettant de développer
et d’optimiser son processus d’élaboration. Globalement, les propriétés thermiques du
Lis(OH)3;Br sont appropriées a étre utilisés dans des centrales solaires thermiques a

Génération Directe de Vapeur (GDV) a haute pression (c.a. 100 bar). Ce matériau s’est



montré plus performant que le matériau de référence utilisé pour cette application (NaNOs3).
En outre, des composites Lis(OH)3;Br /Carbone ont été développés et étudiés dans le but
d’améliorer les propriété de stockage du sel. Une amélioration légere de la capacité de
stockage a été obtenue pour les composites a faible teneur en carbone (1%). Par ailleurs,
I’étude de la corrosion entre Li4(OH);Br et les potentiels matériaux de structure du conteneur
(Acier au carbone A516.Gr70, et I’acier inoxydable AISI 316) a été conduite dans différentes
conditions expérimentales. L’acier inoxydable 316 semble &tre une option attrayante pour étre
utilis€ comme matériau de réservoir pour Lis(OH);Br. En revanche, L’acier au carbone
semble réagir avec le sel causant la dégradation de ce dernier. Enfin, des composites a forme
stabilisée ont été développés et étudiés pour limiter le phénomene de corrosion des matériaux
de réservoir par le sel, ce qui permettra la reconsidération de I’utilisation de 1’acier au carbone
comme matériau de structure de conteneur compte tenu de son faible cout comparé a 1’acier
inoxydable. Une méthodologie a été établie et suivie afin de sélectionner les meilleurs
matériaux supports pour la stabilisation de forme du Lis(OH);Br. Elle consistait a, I’étude de
la compatibilité chimique entre le sel et les matériaux supports, 1’évaluation de la stabilité
structurale des composites, I’analyse des propriétés thermodynamiques des composites, et
I’étude de la stabilité cyclique. Le matériau céramique MgO a été sélectionnée comme le
matériau support le plus approprié pour Lis(OH);Br. MgO assure la stabilité structurale du
composite a une teneur de 50 % en poids. L’optimisation de la concentration de MgO
essentielle pour une bonne stabilité structural du composite s’avérait nécessaire. A cette fin,
différents céramiques MgO, présentant une mésoporosité et diverses propriétés texturales,
structurelles, et morphologiques, ont été synthétisés et testés comme matériaux supports pour
le sel. L’objectif était de bénéficier de la mésoporosité au niveau des particules solides du
MgO, grace aux fortes forces capillaires qu’elle fournit, pour ’amélioration de la stabilité
structurale du composite a une concentration de MgO plus faible. L’utilisation de particules
poreuses de MgO a permis de réduire la part du matériau support dans le composite par 40%.

De plus, ’homogénéité et la conductivité thermique des composites ont été améliorées.

Mots clés :

Composés péritectiques ; Stockage thermique; Composite ; Haute température; Sels

inorganiques



Titulo: Estudio y desarrollo de nuevos materiales para
aplicaciones de almacenamiento térmico compacto a alta
temperatura.

Resumen

Los compuestos peritécticos han sido recientemente investigados como materiales
prometedores para el almacenamiento de energia térmica a alta temperatura. El término
peritéctico se refiere a una reaccién en la que una fase liquida reacciona con al menos una fase
s6lida, a una temperatura definida, para formar una nueva fase sélida. Estas reacciones
muestran densidades energéticas tedricas extraordinarias, son reversibles y tienen lugar a
presion atmosférica y temperatura constante. Como resultado, se obtiene un sistema sencillo
de almacenamiento isotérmico con una densidad energética potencialmente mucho mayor que
la de los materiales de cambio de fase utilizados actualmente y comparable a la de las mejores
reacciones gas-solido en desarrollo.

Esta tesis tiene como objetivo desarrollar nuevos materiales basados en el compuesto
estequiométrico peritéctico Lis(OH);Br para el almacenamiento de energia térmica en
aplicaciones de energia solar con altas prestaciones en términos de compacidad, estabilidad y
rentabilidad. El Li4(OH)3;Br fue el candidato seleccionado como material TES en base a la
extraordinaria densidad energética tedrica (800 J/g) que presenta alrededor de los 300 °C.
Primeramente, se realiz6 una validacién experimental del Lis(OH);Br como material de
almacenamiento térmico mediante una investigacion exhaustiva del sistema binario LiOH-
LiBr. La validacién estd motivada por las grandes discrepancias observadas en literatura para
los valores de temperatura y entalpia de la reaccién peritéctica, asi como los de los
compuestos estequiométricos presentes en el diagrama de fase LiOH-LiBr. Los resultados
permitieron proponer un diagrama de fases modificado para el LiOH-LiBr que se adapta
mejor a los resultados experimentales. Ademds, se llevé a cabo una caracterizacion exhaustiva
de las propiedades termofisicas del Lis(OH);Br. Esto permitié dilucidar los mecanismos de
formacién del Lis(OH);Br. Se demostré que el Lis(OH)3;Br no necesita ni la presencia ni el
contacto con la fase pro-peritéctica para formarse. Nuclea y crece directamente a partir de la
masa fundida por lo que se consigue una microestructura final de fase pura Lis(OH);Br. Se ha
investigado también el efecto de las condiciones de sintesis sobre las propiedades de
almacenamiento, lo que ha permitido proponer un proceso de sintesis de Lis(OH);Br

optimizado. En general, las propiedades de almacenamiento térmico del Lis(OH);Br



demostraron ser adecuadas para su aplicacion en centrales termosolares de generacién directa
de vapor de alta presiéon (100 bar), mostrando mayores prestaciones que el material
actualmente empleado para esta aplicacion (NaNOj3). Ademds, se investigaron compuestos de
Lis(OH);Br/Carbono con el objetivo de mejorar las prestaciones de almacenamiento térmico
del peritéctico. Se consiguidé no sélo aumentar la conductividad térmica del material, sino que
ademds se obtuvo una mejora de la capacidad de almacenamiento con un bajo dopaje de
carbono. Por otro lado, se investigd la compatibilidad entre el Lis(OH);Br y los posibles
materiales del tanque de almacenamiento (acero al carbono A516.Gr70 y acero inoxidable
AISI 316) en diversas condiciones de corrosién. El acero inoxidable 316 parece ser una
opcidén adecuada para ser utilizado como material contenedor de Lis(OH);Br en condiciones
de atmosfera controlada. El acero al carbono, por el contrario, mostrd reaccionar con la sal
provocando su degradacion. Por dltimo, se desarrollaron compuestos de forma estabilizada a
base de Lis(OH);Br para mitigar las limitaciones de corrosién de los materiales contenedores
por la sal. Se estableci6é una metodologia para seleccionar los materiales de soporte adecuados
para la estabilizacion de la forma del Lis(OH);Br, que incluia el estudio de la compatibilidad
quimica entre la sal y los materiales de soporte, la evaluacién del rendimiento antifugas, el
andlisis de las propiedades estructurales y termodindmicas del compuesto y el estudio de la
estabilidad al ciclado. Se seleccionaron nanoparticulas de polvo cerdmico de MgO como el
estabilizador de forma mds conveniente para el Lis(OH);Br. Esta cerdmica garantiza la
estabilizacién de la forma con una carga de 6xido del 50%. Para disminuir la carga en MgO
del material final, se sintetizaron y probaron diferentes materiales mesoporosos de MgO que
presentaban diversas propiedades texturales, estructurales y morfolégicas como
estabilizadores de forma. El objetivo era aprovechar la mesoporosidad de las particulas
s6lidas de MgO para mejorar la eficacia antifugas del composite a menor carga de 6xido
gracias a las fuertes fuerzas capilares que proporciona. La carga de MgO se redujo en un 40%
al utilizar particulas de MgO porosas. Ademds, se mejord la homogeneidad general y la

conductividad térmica del composite.

Palabras clave:

Compuestos peritécticos; almacenamiento térmico; Compuestos; alta temperatura; sales
inorgdnicas.



Title: Development and study of new materials for high
temperature compact thermal storage applications

Abstract

Peritectic compounds have been investigated recently as promising HT-TES materials.
Peritectic refers to a reaction in which a liquid phase reacts with at least one solid phase, at a
defined temperature, to form one new solid phase. These reactions show to afford outstanding
theoretical energy densities. The charge/discharge processes of the peritectic compounds take
place at constant temperature and atmospheric pressure through the reversible peritectic
reaction. As a result, a simple thermal storage system is provided with, potentially, much
higher energy density than that of currently used phase change materials and comparable to
that of best gas-solid reactions under development.

This thesis aims at developing new materials based on the stoichiometric peritectic compound
Lis(OH);Br for thermal energy storage in solar power applications with high performances in
terms of energy density, compactness, stability, and cost-effectiveness. Li4(OH);Br was
selected, as a candidate TES material, based on the outstanding theoretical energy density
(800 J/g) it displays around 300 °C. In this study, an experimental validation of the choice of
Lis(OH);Br, as thermal storage material, was carried out through an exhaustive investigation
of the LiOH-LiBr system. This validation is driven by the large discrepancies observed in the
literature related to the temperature and enthalpy values of the peritectic reaction, as well as
the stoichiometric compounds present in LiOH-LiBr phase diagram. The results allowed to
propose a modified phase diagram for LiOH-LiBr that better adapts to the experimental
results. Additionally, a comprehensive characterization of the thermo-physical properties of
Li4(OH);Br was carried out. It allowed to elucidate the mechanisms of the formation of
Lis(OH);Br. It was demonstrated that Lis(OH);Br needs neither the presence nor contact with
the pro-peritectic phase to form. It nucleates and grows directly from the melt so a pure phase
Lis(OH);Br final microstructure is achieved. The effect of the synthesis conditions on the
storage properties has been investigated, allowing to develop and optimize a suitable
synthesis process of Lis(OH)3;Br. Overall, thermal storage properties of Lis(OH);Br showed to
be suitable for application in high-pressure (c.a. 100 bar) Direct Steam Generation (DSG)
solar thermal power plants, showing higher performances over the currently employed

material for this application (NaNOs). Moreover, Lis(OH);Br/Carbon composites were



investigated with the aim of enhancing the thermal storage performances of the peritectic.
Slight storage capacity enhancement was achieved at low carbon doping. Furthermore, the
compatibility between Lis(OH);Br and potential storage tank materials (Carbon Steel
A516.Gr70 & Stainless Steel AISI 316) was investigated under various corrosion conditions.
Stainless steel 316 seems to be a very attractive option to be used as a container material for
Lis(OH);Br. Carbon steel, on the contrary, showed to react with the salt causing its
degradation. Finally, Lis(OH);Br based shape stabilized composites were developed to
mitigate the corrosion limitations of container materials by the salt, which will allow
reconsideration of the use of carbon steel as a container structure material given its low cost
compared to the stainless steel. A methodology was established to select suitable supporting
materials for shape stabilization of Lis(OH);Br. It included the study of chemical
compatibility between the salt and the supporting materials, anti-leakage performance
evaluation, structural and thermodynamic properties analysis of the composite and cycling
stability study. The ceramic MgO nanopowder was selected as the most convenient shape
stabilizer for Lis(OH);Br. This ceramic ensures the shape stabilization at 50 % oxide loading.
The optimization of MgO loading was required to improve the overall storage capacity of the
composite. For this purpose, different porous MgO materials with mesoporous pore size
exhibiting various textural, structural and morphological properties were synthesized and
tested as shape stabilizers. The objective was to benefit from the mesoporosity of solid MgO
particles in improving the antileakage efficiency of the composite at lower oxide loading
thanks to the strong capillary forces it provides. The MgO loading was decreased by 40 %
while using porous MgO particles. Besides, the overall homogeneity and thermal conductivity

of the composite was improved.
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General introduction

Resumen de tesis

El almacenamiento de energia térmica se basa en guardar la energia térmica en un medio de
almacenamiento para utilizarla posteriormente como suministro de energia. Segin el
mecanismo de almacenamiento, el almacenamiento de energia térmica se ha explotado en tres
tecnologias de almacenamiento diferentes: el almacenamiento de calor sensible (SHS)
mediante materiales solidos o liquidos, el almacenamiento de calor latente (LHS) con
materiales de cambio de fase y el almacenamiento de calor termoquimico (TCM) con
reacciones quimicas reversibles. El SHS basado en sales fundidas es la tecnologia que se
aplica actualmente a nivel comercial. El éxito de las sales fundidas radica en que son
relativamente baratas y son estables a altas temperaturas (hasta 560 °C), por lo que pueden
soportar los ciclos Rankine convencionales de vapor. Sin embargo, ofrecen una baja densidad
energética (30-70 kWh/m3 ) en comparacién con los materiales LHS y TCS. En el caso de los
LHS, las sales inorgdnicas anhidras son los materiales de cambio de fase (PCM) mds
investigados. La densidad de energia volumétrica proporcionada por los LHS suele oscilar
entre 80 kWh/m3 y 200 kWh/m3 , lo que permite un sistema de almacenamiento mds pequefio
y potencialmente més barato en comparacién con los SHS. El TCS proporciona una densidad
de energia volumétrica tedricamente sobresaliente de 200-600 kWh/m3 , cinco veces mayor
que el LHS y diez veces mayor que el SHS. Sin embargo, el TCS se encuentra todavia en una
fase muy temprana de desarrollo y presenta algunos inconvenientes que deben ser resueltos,
como la baja cinética de reaccién, la escasa capacidad de transferencia de calor y masa, la
sinterizacion de los materiales, los complejos sistemas de almacenamiento y el consiguiente

elevado coste.

Para las aplicaciones de alta temperatura, el desarrollo de los materiales y sistemas TES ha
sido impulsado principalmente por la energia solar concentrada (CSP). La tecnologia TES
mds implementada en la CSP es la de sales fundidas de doble tanque. Los sistemas TES
pueden contribuir eficazmente a mejorar la capacidad de suministro de las centrales solares y
a operar las centrales térmicas convencionales de manera mas flexible. Conectados a una
central eléctrica ya existente, 0 como sistema de almacenamiento auténomo, los TES también
pueden contribuir a la gestién de la red, desplazando la carga o incluso sustituyendo a las

centrales de potencia. Otra aplicacién importante es la cogeneracion, en la que los sistemas de
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almacenamiento de energia térmica permiten desacoplar la produccion y el uso de electricidad
y calor para lograr una mayor eficiencia de conversiéon. Ademads, los TES también se utilizan
para la recuperacién de calor residual. El calor residual industrial se recupera y se almacena
en un sistema TES y se utiliza posteriormente para reducir el suministro de energia primaria
para el mismo proceso industrial o se transporta, si es necesario, a otros lugares. Entre otros,
el cemento y el hormigén, la industria del papel, las fundiciones y las industrias metaldrgicas
son los principales procesos industriales que aplican los sistemas TES para la recuperacion
del calor residual. El desarrollo de los sistemas de almacenamiento de energia térmica estd
condicionado por el desarrollo de nuevos materiales de almacenamiento térmico. De hecho, el
disefio del tanque de almacenamiento y de los intercambiadores de calor depende de las
propiedades termofisicas del material de almacenamiento (capacidad calorifica especifica,
densidad energética, conductividad térmica, cambio de volumen, rango de temperatura de
funcionamiento, etc.). Por lo tanto, el desarrollo de nuevos materiales de alto rendimiento y
rentables para el almacenamiento de energia térmica (TES) a alta temperatura se estd
convirtiendo en un campo de investigaciéon muy activo. En este sentido, esta tesis presenta el
estudio de las reacciones/transiciones peritécticas para el almacenamiento compacto de
energia térmica a altas temperaturas. Se trata de una clase de reacciones novedosa y muy
prometedora que puede utilizarse para aplicaciones de almacenamiento de energia térmica.
Las reacciones peritécticas consisten en reacciones quimicas que implican la reaccién entre un
sélido y un liquido formando un nuevo sélido. En cuanto a su aplicacién, se comportarian
como un sistema de almacenamiento térmico basado en el almacenamiento de calor latente,
pero con una destacada densidad de energia efectiva tedrica (200-400 kWh/m3 de reaccion
peritéctica, y 400-650 kWh/m3 de reaccién peritéctica + fusién) muy superior a la de los
materiales de cambio de fase utilizados actualmente y comparable a las mejores reacciones
gas-s6lido en desarrollo. Ademds, en lo que respecta a su aplicacién, estos materiales
funcionan a una temperatura casi constante a presion atmosférica, lo que da lugar a sistemas
de almacenamiento de energia térmica sencillos y compactos con un coste de inversion
atractivo. Por este motivo, estas reacciones se han estudiado en detalle con el objetivo de

mejorar sus prestaciones y explotar al maximo su potencialidad.

Objetivos v alcance de la tesis

El objetivo principal de este trabajo de investigacion es desarrollar nuevos materiales basados

en reacciones peritécticas para el almacenamiento de energia térmica con altas prestaciones en

2
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términos de densidad energética, compacidad, comportamiento reversible y bajo coste. El
concepto de almacenamiento térmico peritéctico se basa en la liberacién de energia durante la
formacién de compuestos quimicos durante la reaccién/transformacién peritéctica. La energia
térmica puede almacenarse mediante dos procesos consecutivos, un proceso de fusidn-
solidificacién incongruente (formacién de la fase peritéctica) y una reaccién quimica liquido-
s6lido (formacién peritéctica). El interés en estas reacciones viene dado tanto por sus
densidades energéticas tedricas significativamente altas como, en cuanto a su aplicacién, por
la posibilidad de operar a temperatura casi constante a presién atmosférica dando lugar a
sistemas de almacenamiento de energia térmica sencillos y compactos con un coste de
inversion atractivo. En este trabajo se ha elegido el sistema de sales binarias de hidréxido de
litio y bromuro de litio (LiOH-LiBr) debido a la alta densidad energética tedrica que puede
proporcionar su reaccién/transicion peritéctica (591 kWh/m3 ) en comparaciéon con otros
sistemas de sales inorgdnicas, asi como su precio relativamente bajo en comparacién con las
aleaciones metdlicas. El compuesto peritéctico Li4(OH)3Br se investigd a fondo para evaluar
su utilidad potencial en aplicaciones de TES y optimizar sus prestaciones como material de

TES de alta temperatura.
El presente trabajo de tesis se dividi6 en seis capitulos

El Capitulo 1 presenta el estado del arte del almacenamiento de energia térmica a media y
alta temperatura, empezando por una visidn general del contexto energético y de
almacenamiento actual basado en las energias renovables, con especial atencion al calor como
fuente de energia primaria. Ademads, se describieron las diferentes tipologias de tecnologias de
almacenamiento de energia térmica junto con el material utilizado en cada concepto de
almacenamiento. Por otra parte, se dedic6 un enfoque especial a los materiales y la tecnologia
de almacenamiento térmico peritéctico, destacando los avances realizados en este nuevo e
innovador concepto de almacenamiento, las ventajas de estos materiales y la tecnologia de

almacenamiento en comparacién con las otras tecnologias, asi como los aspectos a mejorar.

El Capitulo 2 presenta los materiales utilizados en este estudio, asi como los protocolos

experimentales aplicados a:

* Lasintesis de las mezclas LiOH-LiBr utilizadas para establecer el diagrama de fases

del sistema binario LiOH-LiBr.
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* La sintesis del compuesto peritéctico Li4(OH)3Br. También se presenta la
optimizacién del protocolo de sintesis del Li4(OH)3Br con el objetivo de simplificar
el protocolo de referencia trabajando bajo atmdsfera de aire en lugar de utilizar una
atmosfera protectora de argén.

* El protocolo de sintesis de los compuestos Li4(OH)3Br/Carbono.

* Laruta sencilla de compresion en frio aplicada para la sintesis de composites de forma
estabilizada de Li4(OH)3Br

* El protocolo experimental seguido para sintetizar diferentes muestras de MgO
utilizadas como materiales de soporte con diferentes propiedades estructurales,
texturales y morfolégicas.

* El protocolo de corrosién aplicado para estudiar la compatibilidad de los materiales
del contenedor (Acero al Carbono A516.Gr70 y Acero Inoxidable AIST 316) con la sal
peritéctica Li4(OH)3Br bajo diferentes condiciones operativas.

* Por ultimo, se presentan las técnicas de caracterizacion de los materiales
(morfolégicas, estructurales y termofisicas), en particular, la descripcion de los
equipos utilizados, asi como la descripcion de las condiciones y pardmetros de
medicidn.

Capitulo 3.

En este capitulo se investigé a fondo el sistema de sales binarias LiOH-LiBr mediante
Calorimetria Diferencial de Barrido (DSC) y anélisis de rayos X. El objetivo era apoyar la
consideracion potencial del compuesto estequiométrico peritéctico Li4(OH)3Br como
material compacto de TES y dilucidar las discrepancias significativas reportadas en la
literatura con respecto a los valores de temperatura de los equilibrios de fase, las entalpias de
reaccién peritéctica (valores tedricos y experimentales), asi como los compuestos
estequiométricos presentes en el sistema. Se ha seguido un protocolo de andlisis DSC
especifico que ha dado resultados fiables y ha permitido resolver el problema sefialado en la
bibliografia sobre la fuga de PCM durante el andlisis DSC. A partir de nuestros resultados
experimentales, se propuso un diagrama de fases LiOH-LiBr modificado que da una
explicacién satisfactoria a todas las observaciones realizadas. Incluye los compuestos
estequiométricos Li2(OH)Br (meseta peritectoide a 250 °C, x< 0,666), Li3(OH)2Br (estable
entre 230 °C y 280 °C, fundiendo peritectamente para x > 0,5) y Li4(OH)3Br (meseta

peritectoide a 289 °C, x > 0,5). También muestra una transicién eutéctica a 254 °C
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aproximadamente, que se extiende por el rango de composicién x > 0 a x = 0,66-0,67, con
punto eutéctico en x = 0,40. Las discrepancias con los estudios anteriores se refieren también
a las entalpias de transicién. Cualquiera que sea la transicién considerada; las entalpias
medidas en este trabajo son mucho mds bajas que las predichas por FactSage 7.3, donde se
implementa el diagrama de fase LiOH-LiBr propuesto por Sangster en 2000. Dada la
fiabilidad de nuestras medidas de DSC y teniendo en cuenta que las reacciones peritécticas y
peritectoides identificadas se han completado (comprobadas por XRD), estas diferencias s6lo
pueden atribuirse a las probadas deficiencias del diagrama de fases de Sansgter. Ademais,
aunque es inferior al valor tedrico, el valor de calor latente alcanzado por el Li4(OH)3Br es
superior al de los materiales de la competencia considerados para aplicaciones de centrales
eléctricas DSG de alta presion (100 bar). Finalmente, el Li4(OH)3Br fue aprobado como un
material atractivo para aplicaciones compactas de TES a temperaturas cercanas a los 300 °C,

siendo una alternativa potencial al NaNO3.

Capitulo 4 En este capitulo se han investigado a fondo las propiedades térmicas y
estructurales del compuesto estequiométrico peritéctico Li4(OH)3Br. Esto abarca la
caracterizacion del Li4(OH)3Br como material de almacenamiento para aplicaciones cercanas
a 300 °C mediante la medicién de las temperaturas de transicion (280-289 °C), las entalpias
de reaccién (247 J/g), los calores especificos (c.a. 1,68 J/g/K en sélido, 2,52 J/g/K en liquido)
y la conductividad térmica (0,47 W/m/K a temperatura ambiente). Ademds, se ha observado
un subenfriamiento moderado (6-9 °C) al ensayar muestras pequefias (18 mg
aproximadamente) a altas velocidades de enfriamiento (10-50 °C/min). Por lo tanto, no se
espera que sea un problema en condiciones reales de uso, con grandes cantidades de producto
y velocidades de enfriamiento mucho menores. También se ha investigado el efecto de las
condiciones de sintesis sobre las propiedades de almacenamiento. Se concluye que ni la
velocidad de enfriamiento aplicada durante la etapa de sintesis ni el tipo de atmdsfera
utilizada (aire ambiente y atmoésfera protectora de argén) influyen en el rendimiento del
material, lo que reduciria significativamente el coste de produccién. Las pruebas de
estabilidad de ciclos térmicos del Li4(OH)3Br entre 200 °C y 350 °C mostraron una excelente
estabilidad en un gran nimero de ciclos (600 ciclos). No se han observado cambios en las
propiedades de almacenamiento (temperaturas de reaccion y entalpias). Ademads, se comprobd
que los mecanismos de formacién del Li4(OH)3Br difieren de los comtinmente observados

para las estructuras peritécticas, a saber, la reaccion peritéctica y la transformacién peritéctica.
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Se demostré que el Li4(OH)3Br se nuclea y crece directamente a partir de la masa fundida, de
modo que se alcanza el 100% de la tasa de conversion, al contrario de lo que ocurre con
muchas otras estructuras peritécticas en las que la fase properitéctica no se consume por
completo con, por tanto, un efecto perjudicial en la capacidad de almacenamiento. Ademas, el
dopaje de Li4(OH)3Br con una cantidad baja (1 % en peso) de nanoparticulas de carbono,
principalmente fullerenos C60 y MWCNT, mostré un efecto positivo aunque moderado en la
capacidad de almacenamiento térmico debido a los efectos interfaciales entre la sal y la
superficie de las nanoparticulas de carbono. El aumento del contenido de nanoparticulas (10
% en peso) tuvo un efecto perjudicial sobre la capacidad de almacenamiento, probablemente
debido a la intercalacién del Li y a la infiltracién de la sal dentro de la estructura de las
nanoparticulas. Finalmente, el Li4(OH)3Br presentd varias ventajas, sobre el material de
referencia NaNO3, como material de almacenamiento para plantas solares DSG de alta
presién. Las mds importantes son una mayor capacidad volumétrica de almacenamiento de
calor latente (+54%) y menores cambios de volumen durante las transiciones de fase (3%
frente a 11%), lo que se traducirfa en tanques de almacenamiento mds pequefios (-33%),

intercambiadores de calor de menor tamafio y una mayor vida util.

Capitulo 5

En este capitulo se realizé6 el primer estudio de corrosiéon del compuesto peritéctico
estequiométrico Li4(OH)3Br para arrojar luz sobre el comportamiento de corrosiéon de los
posibles materiales contenedores con Li4(OH)3Br. En este estudio se ensayaron CS516.Gr70
y SS316. Los ensayos de corrosion ciclica se llevaron a cabo bajo atmésfera de argén y aire a
350 °C aplicando varias duraciones de los ciclos. El acero al carbono demuestra reaccionar
con la sal, formando una fase de 6xido de hierro y litio (LiFeO2). La reaccién es menos
intensa bajo atmosfera de aire. Por lo tanto, la velocidad de corrosion resultante es menor.
Debido a la escasa adherencia de la fase LiFeO2 a los metales, se observé un desprendimiento
de la superficie del CS. Se observé que la entalpia de reaccién disminuye gradualmente a lo
largo del ciclo para el acero al carbono debido a la reaccién entre la sal y la muestra de acero.
Se registr6 una mayor pérdida de entalpia después de 600 ciclos para la muestra ensayada
bajo Argén con respecto a la atmosfera de aire, particularmente para la sal en contacto directo
con el CS. En base a estos resultados, aunque la velocidad de corrosién obtenida mostré la
capacidad de este acero para el servicio a largo plazo, deberia aplicarse un mayor tiempo de

exposicion para estudiar el efecto a largo plazo de la corrosion sobre la estabilidad de la sal y
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poder evaluar si este acero es adecuado para la exposicién a largo plazo con Li4(OH)3Br. El
acero inoxidable316 present6 una mejor resistencia a la corrosion que el CS A516.Gr70 con
Li4(OH)3Br a 350 °C. Este material parece ser una opcién muy atractiva para ser utilizado
como material contenedor de la sal Li4(OH)3Br. Los resultados preliminares de la corrosion
mostraron la capacidad de este acero para el servicio a largo plazo. Deberian realizarse mas
estudios de corrosién para el SS316 aplicando un tiempo de exposicion mds largo para definir

la velocidad de corrosion de este material y los posibles productos de corrosién a largo plazo.

El Capitulo 6 tiene como objetivo, mitigar la corrosién del Li4(OH)3Br en condiciones de

trabajo duras, asi como mejorar las prestaciones de transferencia de calor del material. En este
capitulo se desarrollaron materiales compuestos de forma estabilizada a base de Li4(OH)3Br.
En primer lugar, se establecié y aplicé una metodologia de cribado para la seleccidon del
estabilizador de forma més adecuado para el Li4(OH)3Br peritéctico entre varios materiales
de soporte de 6xidos. Los criterios de seleccion se basaron en i) La compatibilidad
termoquimica con la sal peritéctica. ii) La capacidad antifugas en funcién de la concentracién
del material de soporte y iii) La estabilidad ciclica térmica y estructural. E1 MgO cerdmico
(nanoparticulas sélidas) fue seleccionado como el estabilizador de forma mds prometedor. Se
sintetizaron, caracterizaron y probaron estructuras porosas de MgO con diversas propiedades
estructurales, texturales y morfolégicas como materiales de soporte con el objetivo de reducir
la cantidad de MgO necesaria para la estabilidad estructural, aumentando asf la capacidad de
almacenamiento global del material compuesto. La estructura porosa de las particulas sélidas
de MgO proporcionaria sitios adicionales para el confinamiento de la sal y mayores fuerzas
capilares, aumentando asi las prestaciones antifugas del material compuesto a menor carga de
6xido. Los resultados mostraron una disminucién del 40% de la carga de MgO requerida,
proporcionando un rendimiento similar en términos de eficiencia antifugas al utilizar las
estructuras porosas de MgO (PMgO) que combinan una superficie especifica apreciable y un
alto volumen de poros con poros paralelos en forma de placa en el rango de (5-28 nm). El
compuesto estabilizado en su forma presentd una buena estabilidad estructural y
homogeneidad a lo largo del ciclo, ademds de una mejora general del 33% en la
conductividad térmica del compuesto. Finalmente, a pesar de la pequefia disminucién de la
entalpia de reaccién del compuesto debido al efecto de confinamiento de la sal, el
estabilizador de forma PMgO sigue siendo digno de ser considerado para su uso, ya que

ayudé a mejorar considerablemente la capacidad de almacenamiento global del compuesto
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mediante la disminucién de la carga de material de soporte requerido. Deberian llevarse a
cabo mds investigaciones para mejorar la eficiencia de los compuestos Li4(OH)3Br/MgO
siguiendo dos puntos 1) Estudio del efecto de las dimensiones y la geometria de los poros
sobre las propiedades térmicas del compuesto para poder personalizar las primeras y limitar al
maximo el efecto de confinamiento. 2) La adicién de materiales de mejora de la
conductividad térmica para mejorar las prestaciones generales de transferencia de calor del

compuesto en forma estabilizada.
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General introduction

In the last few decades, great interest was given to the movement from a harmful and toxic
energy system based on fossil fuels toward eco-friendly, clean and sustainable energy system
based on renewable energy sources. This transition is mainly due to the fact that the
conventional energy sources cause many environmental and health issues. Particularly the
greenhouse effect responsible for the climatic change caused by the greenhouse gasses
(GHGs) (Carbon dioxide specifically).An average annual increase in CO, emission of 1.3 %
was reached over 2014 - 2019, with a decrease of 7% [1] of CO, emission in the year 2020
due to COVID19 pandemic. Additionally, the extraction of fossil fuels has very bad
environmental impacts. Nowadays, thanks to the new environmental policies promoting low-
carbon technologies, the movement toward renewable energy sources is slowly increasing.
Notably, for the power sector, according to the International Renewable Energy Agency
(IRENA), Electricity will be the primary energy carrier by 2050. Indeed, Electricity will
represent 50 % of the total final energy consumption by 2050, compared to 21 % today.
Moreover, renewable energies (solar power, wind power, geothermal, and hydropower) will
supply 90 % of the global electricity needs by 2050, compared to 25 % today. Among the
various renewable energy sources, solar energy plays an essential role as a renewable energy
sources contributing in the overall energy production. According to the International Energy
Agency (IEA), for electricity production, photovoltaic electric generation presented the major
part with 2.8 % of the global renewable electricity production in 2019. Concentrating solar
power (CSP) presented an appreciable contribution in the total final renewable electricity
production considering that is still at a very active development stage. This technology
became an attractive research field due to its cost-effectiveness compared to PV technology.
Solar energy, like all renewable energy sources, is discontinuous and fluctuates because it is
weather dependant, for this reason, the development of thermal energy storage systems is
crucial for their implementation.

Thermal energy storage is based on storing the thermal energy in a storage medium to be used
later for energy supply. Based on the storage mechanism , thermal energy storage has been
exploited into four different storage technologies, sensible heat storage (SHS) using solid or
liquid materials, latent heat storage (LHS) using phase change materials, thermochemical heat

storage (TCM) using reversible chemical reactions. SHS using molten salts is the current
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commercially implemented technology. The success of molten salts lies in the fact that they
are relatively cheap and they are stable at high temperatures (up to 560 °C) and therefore can
support conventional Rankine steam power cycles. However, they afford a low energy density
(30-70 kWh/m?) compared to LHS and TCS materials. For LHS, inorganic anhydrous salts
are the most commonly investigated Phase Change Materials (PCMs). The volumetric energy
density provided by LHS typically ranges from 80 kWh/m® to 200 kWh/m’, affording a
smaller and potentially cheaper storage system compared to SHS. TCS provides a
theoretically outstanding volumetric energy density of 200-600 kWh/m®, five times higher
than LHS and ten times that of SHS. However, TCS is still in a very early stage of
development and presents some drawbacks which need to be solved such as poor reaction
kinetic, low heat and mass transfer ability, materials sintering, complex storage systems and
consequent high cost. Peritectic heat storage is a recent innovative technology under
development. Thermal energy storage employing the different technologies mentioned above
opened a wide range of applications.

For high temperature applications, the development of TES materials and systems has mainly
been driven by Concentrated Solar Power (CSP). The most widely implemented TES
technology in CSP is the double tank molten salts. TES systems can effectively contribute to
the dispatchability of solar power plants and operate conventional thermal power plants in a
more flexible manner. Connected to an existing power plant, or as a stand-alone storage
system, TES can also contribute to the grid management by load shifting or even replacing
peaker-plants. Another significant application is cogeneration, where TES allows decoupling
electricity and heat production/use to achieve higher conversion efficiency. Moreover, TES is
also used for waste heat recovery. Industrial waste heat is recovered and stored in a TES
system and utilized later to reduce the primary energy supply for the same industrial process
or transported, if required, to other sites. Among others, cement and concrete, paper industry,
foundries, and metallurgical industries are the primary industrial processes implementing the
TES systems for waste heat recovery. The development of thermal energy storage systems is
conditioned by the development of new thermal storage materials. Indeed, the design of the
storage tank and heat exchangers depends on the thermophysical properties of the storage
material (Specific heat capacity, energy density, thermal conductivity, volume change,
operating temperature range, etc.). Therefore, the development of new and high performant
and cost-effective materials for thermal energy storage (TES) at high temperature is becoming

a very active research field.
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In this regard, this thesis work presents the study of peritectic reactions/transitions for

compact thermal energy storage at high temperatures.

These are a novel and very promising class of reactions that can be used for thermal energy
storage applications. Peritectic reactions consist of chemical reactions involving the reaction
between a solid and a liquid forming a new solid. In respect to their implementation, they
would behave like a thermal storage system based on latent heat storage but with an
outstanding theoretical effective energy density (200-400 kWh/m® peritectic reaction, and
400-650 kWh/m’® peritectic reaction + melting) much higher than the currently used phase
change materials and comparable to the best gas-solid reactions under development.
Additionally, regarding their application, these materials operate at an almost constant
temperature at atmospheric pressure leading to simple and compact thermal energy storage
systems at an attractive investment cost. For this reasons, these reactions are worth to be
studied in detail with the objective to improve their performances and exploit at maximum

their potentiality.

Thesis objectives and scope

The main objective of this research work is to develop new materials based on peritectic
reactions for thermal energy storage with high performances in terms of energy density,
compactness, reversible behaviour, and low cost. The peritectic heat storage concept is based
on the release of energy during the formation of chemical compounds during the peritectic
reaction/transformation. The thermal energy can be stored by two consecutive processes, an
incongruent melting—solidification process (pro-peritectic phase formation) and a liquid-solid
chemical reaction (peritectic formation).

The interest towards these reactions is given both to their significantly high theoretical energy
densities (200-400 kwh/m’ peritectic reaction, and 400-650 kwh/m® peritectic reaction +
melting) and, regarding their application, the possibility to operate at almost constant
temperature at atmospheric pressure leading to simple and compact thermal energy storage
systems at an attractive investment cost.

In this work, lithium hydroxide and lithium bromide binary salt system (LiOH-LiBr) has been
chosen due to the high theoretical energy density that can be provided by its peritectic

reaction/transition (591 kWh/m®) compared to other inorganic salts systems, as well as its
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relatively low price compared to metal alloys. The peritectic compound Lis(OH);Br was

thoroughly investigated to assess its potential utility for TES applications and optimize its

performances as high temperature TES material.

To reach the thesis objective, several partial objectives were defined:

1.

Investigation of the binary system LiOH-LiBr to elucidate whether the peritectic
compound Lis(OH);Br can be considered as candidate for compact TES:
determination of the phase diagram of the studied system by combining both
characterization techniques DSC and XRD. The objective was to provide reliable
information about phase transition/reaction temperatures and enthalpies and products
of the reactions or phase transitions taking place considering the large discrepancies

observed in the literature.

Study of the peritectic compound Lis(OH);Br as high temperature TES material for
concentrating solar power applications by addressing the following points: i) The
development and optimization of a suitable synthesis process of the pure peritectic
Lis(OH);Br; ii) Thoroughly characterization of Li4(OH);Br in order to elucidate the
mechanisms of formation of the peritectic phase on the one hand and to assess its
thermal storage performances (transition/reaction temperatures and enthalpies, specific

heat, thermal conductivity, and thermal cycling stability) on the other hand.

Development of Liys(OH);Br/Carbon composites with the aim of enhancing the

thermal storage performances of the studied peritectic compound.

Study the compatibility between Lis(OH);Br and potential storage tank materials
(Carbon Steel A516.Gr70 & Stainless Steel AISI 316) under various corrosion

conditions.

Elaboration and characterization of Li4(OH);Br based shape stabilized composites as
novel high temperature TES materials in order to mitigate the corrosion phenomena of

container materials by Lis(OH);Br peritectic salt.

The present thesis work is divided into six chapters

12
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Chapter 1 presents the state-of-the-art in medium and high temperature thermal energy
storage, starting with an overview of the current energetic and storage context based on
renewable energies, with a special focus on the heat as a primary energy source. In addition,
the different typologies of thermal energy storage technologies were described together with
the material used in each storage concept. Moreover, this section describes the different high
temperature thermal storage applications. Finally, a special focus was devoted to peritectic
heat storage materials and technology, highlighting the progress made in this new innovative
storage concept, the advantages of these materials and storage technology compared to the

other technologies, as well as the aspects to be improved

Chapter 2 presents the materials used in this study as well as the experimental protocols

applied for:

* The synthesis of LiOH-LiBr mixtures used to establish the phase diagram of the
binary system LiOH-LiBr

* The synthesis of the peritectic compound Lis(OH);Br. The optimisation of the
synthesis protocol of Li4(OH);Br is also presented aiming at simplifying the reference
protocol by working under air atmosphere instead of using protective argon
atmosphere.

* The synthesis protocol of Lis(OH);Br/Carbon composites.

* The simple cold-compression route applied for the synthesis of Lis(OH):;Br based
shape stabilized composites

* The experimental protocol followed for synthesizing different MgO samples used as
supporting materials with different structural, textural, and morphological properties.
Furthermore, a detailed description of the corrosion protocol applied to study the
compatibility of container materials (Carbon Steel A516.Gr70 & Stainless Steel AISI
316) with the peritectic salt Lis(OH);Br under different atmospheres.

* Finally, the materials characterization techniques (morphological, structural and
thermophysical) are presented, notably, the description of the equipment used as well
as the description of the measurement conditions and parameters.

Chapter 3 focuses on the determination of the phase diagram of the binary system LiOH-
LiBr by means of DSC and XRD experimental analysis to clarify the discrepancies observed

compared to previous existing studies relate to temperature values of phase equilibria, the
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transition/reaction enthalpy, as well as stoichiometric compounds present in the system. As a
conclusion of this chapter, a modified LiOH-LiBr phase diagram is proposed which gives
satisfactory explanation to all the disagreements with literature data. In addition, although the
enthalpies measured in this work are much lower than the theoretical ones predicted by
FactSage 7.3, the peritectic compound Lis(OH)3Br is still an attractive candidate for TES

applications around 300 °C, with an enthalpy of 247 J/g.

Chapter 4 focuses on investigating the peritectic compound Lis(OH);Br as high temperature
TES material in concentrating solar power applications. A thorough characterization of
Lis(OH);Br as storage material has been performed by measuring reaction temperatures and
enthalpies, specific heat, and thermal conductivity. The effect of the synthesis conditions on
the storage properties has been investigated as well. It is concluded that neither the cooling
rate applied during the synthesis stage nor the type of atmosphere used (ambient air and
protective argon atmosphere) has an influence on the material s performance. The stability of
the material to thermal cycling has also been analyzed, showing excellent cycling stability.
Moreover, particular attention is paid to the elucidation of mechanisms of formation of
Lis(OH);Br. It is demonstrated that Li4(OH);Br needs neither the presence nor contact with
the pro-peritectic phase to form. It nucleates and grows directly from the melt so as pure
phase Lis(OH);Br final microstructure is achieved. An attempt to enhance the storage capacity
of the material by the addition of different types of carbon nanoparticles has been carried out.
Thermal storage performances of Lis(OH);Br for high-pressure DSG solar power plants have

been evaluated through comparison with the reference material NaNOs.

Chapter 5 is devoted to the study of the corrosion behaviour of Carbon Steel A516.Gr70 &
Stainless Steel AISI 316 as potential storage tank materials with the peritectic compound
Lis(OH);Br. Taking into account that the peritectic compound behaves as a phase change
material, cycling corrosion experiments were chosen in this study. Different cycling durations
were applied, starting by 150 cycles, 300 cycles, and 600 cycles, both under air atmosphere
and under protective Argon atmosphere. In order to investigate the corrosion mechanism and
evaluate the corrosion rate of the different steel samples, a set of characterization techniques
was used, notably SEM, EDS, XRD for the steel samples, combined with DSC and XRD for

the peritectic compound.
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Chapter 6 is devoted to the study of Li4(OH);Br based shape stabilized composites as novel
high temperature thermal energy storage materials in order to overcome the corrosion
limitation of container materials by the peritectic compound. The first part presents the
methodology applied for selecting suitable supporting materials for shape stabilization. The
objective is to find proper supporting materials able to shape-stabilize Li4(OH);Br during the
formation of the melt and after its complete melting, avoiding any leakage, thus obtaining a
composite always in the solid-state during the charge and discharge processes. Micro-
nanoparticles of MgO, Fe,03, CuO, Si0O,, and Al,O3 have been tested as candidate supporting
materials. The results allowed identifying the most promising composite based on MgO
nanoparticles through a deep experimental analysis and characterization including chemical
compatibility tests, anti-leakage performance evaluation, structural and thermodynamic
properties analysis and preliminary cycling stability study. The second part is devoted to the
optimization of Lis(OH);Br/MgO shape stabilized composites. Magnesium oxide (particle
size = 100 nm) was selected in the first part as the most promising supporting material for
shape stabilization with at a minimum loading of 50 wt. %. In the aim of improving the heat
storage capacity of the composite by optimising the MgO concentration required for an
optimal structural stability of the composite, Lis(OH);:B1/MgO shape stabilized composites
were developed using different MgO samples with different structural, textural and
morphological properties.
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Chapter 1. State of the art in medium and high
temperature thermal energy storage

1.1. Energetic and storage contexts overview

The massive population growth over the years has led to a drastic increase in energy demand.
Nowadays, more than 70 % of the overall energy production is based on non-renewable
energy sources such as coal, petroleum, crude oils, and natural gas [1]. The use of
conventional energy resources is the consequence of the industrial revolution during the 19"
century, inducing a transition in the energy sources from wood to coal to oil & gas (Figure
1.1). The extraction and consumption of fossil fuels produce waste gas, waste residues,
wastewater, and greenhouse gases responsible for global warming, causing severe damages to

the environment and human health.
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Figure 1.1. Trends and forecasts of global energy consumption. [2]

In order to put an end to the devastating impact of fossil fuels and protect the ecological
system, governments and authorities around the world have established new environmental
policies and developed future energy roadmaps aiming at decarbonizing energy use in all
sectors. The 2030 climate & energy framework established by The European Council targeted
to significantly increase renewable energies share in the total energy supply in 2030 with the
objective to reduce GHGs [3]. Consequently, the future will bear witness the world's major

shift from oil & gas to renewable-based energy systems for a sustainable energy future.
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According to the International Renewable Energy Agency (IRENA), renewables (solar power,
wind power, geothermal, and hydropower, biomass) represented 11 % of the total final
energy consumption in 2018 [4] (Figure 1.2.a) compared to 9.6 % in 2013. This is considered
as a moderate increase taking into account the spread of renewable energy deployment
worldwide. The share of renewables in final energy demand varies depending on the
application sector. Indeed, the power sector represents only 17 % of the total final energy
consumption, with the highest share of renewables energies (27.3 % of total final energy

consumption (TFEC) in 2018) (Figure 1.2.b).
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Figure 1.2. (a) Estimated renewable energy share of the total final energy consumption, 2018; (b)
Estimated Renewable Energy Share of Global Electricity Production, End-2019 [4]

Solar energy is considered the largest, most abundant, clean, sustainable energy source. The
two frequently used solar energy technologies for electricity production are solar PV and
concentrated solar power (CSP). As shown in figure 1.2.b, photovoltaic electric generation

represented 2.8 % of the global renewable electricity production in 2019. Although
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concentrating solar power (CSP), geothermal, and ocean power had a marginal contribution
(0.4 %) of the total final renewable electricity production in 2019, its contribution is still
appreciable considering that CSP technology is still at a very active development stage and
needs technological breakthroughs. Indeed, this energy technology is attracting more interest
due to several advantages, namely: i) cost-effective for electricity production compared to
solar PV technology. ii) Scalability for low and high temperature applications. iii) High
efficiency. iv) Carbon-free. However, despite these advantages, the spread of CSP technology
is limited due to two main obstacles: the intermittency of solar energy and the fact that the
production sites are far from the consumption region, which requires a supplementary
investment cost for energy transportation. The first obstacle is the one to be solved urgently
because it affects the operability and limits the economic competitiveness of CSP. Different
solutions are proposed: i) the hybridization, which consist of using a back-up power (coal, oil,
natural gas) during the periods where there is no solar radiation, for instance, the stations of
Nevada Solar One Power Plant and Martin Next Generation Solar Energy Centre and in the
USA. ii) Combination of both TES systems and back-up power, for instance, Andasol I Solar
Power Plant in Spain; iii) Only TES system [5]. As shown in figure 1.3, thermal energy
storage systems are implemented in 45.5 % of the operational CSP plants worldwide,
representing 45.1 % of the installed capacity. In comparison, this share reaches 83.3 % of the
CSP plants under development. It is worthwhile to highlight the significant increase in the

integration of TES systems in this storage technology.
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Figure 1.3. Shares of CSP plants integrating TES systems worldwide [5]
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1.2. Thermal energy storage (TES)

1.2.1. Definition

Thermal energy storage consists of storing the heat or cold for later use when the energy
source is unavailable. The storage cycle consists of three steps, charge, storage, and discharge
(figure 1.4) [6]. The integration of thermal energy storage in an energy system ensures the
balance between energy demand and supply, improves the thermal reliability and performance
of the energy system, and reduces CO; emissions. Indeed, during the charging periods (energy
supply exceeds the demand), the heat is transferred to the storage media, which will then be

released during the discharging periods (no energy source available) (Figure 1.5).

Charging Storing Discharging

Figure 1.4. Thermal energy storage cycle [6]

Thermal energy storage could be used in multiple applications over a wide range of
temperatures. For low temperature applications, the main application is in buildings (domestic
water heating, space heating, and cooling). For high temperature applications, TES is used in
concentrated solar power for electricity generation from solar energy and for industrial waste
heat recovery from heat dissipated from industrial processes. Moreover, thermal energy
storage is not only used to tackle the mismatch between the energy supply and demand in
CSP plants but also to provide them with greater operational flexibility. In addition, it is also
expected that HT-TES provides second life to coal-fired plants, which are being closed for
environmental reasons, and that participates as well in the emergence of stand-alone energy
storage plants in the grid, where it has a cost advantage over other technologies. In the

industrial sector, in addition to the already known uses of recovery and valorization of waste
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heat and improvement of the overall efficiency of cogeneration systems or steam boilers, the
use of HT-TES is associated with increasing solarization and/or electrification of heat and

cold production will be added.
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Figure 1.5. Energy storage and usage peaks during 24 hours [7]

1.2.2. Thermal energy storage applications

1.2.2.1. Concentrated solar power plants

CSP is a solar energy technology used for indirect conversion of solar energy to electricity
(Rankine cycle) or as a thermal energy source for industrial processes. As shown in figure 1.6,
the CSP system is composed mainly of i) solar field, which consists of parallelly aligned
receivers (mirrors) through which passes heat collectors (pipes); ii) the Heat transfer fluid
(mostly thermal oils such as Therminol VP-1, or molten nitrate salts); iii) tracking device used
to track the sun radiation; iv) power block; v) And thermal energy storage system in many
CSP plants. Electricity is generated as follows: the heat transfer fluid (HTF) circulating in the
pipes is heated by concentrated solar radiation. It is then pumped through the heat exchangers
in the power block in order to generate superheated steam, which in turn will generate
electricity through a steam turbine generator. Nowadays, CSP is considered a very attractive
technology for industrial exploitation owing to the efficient thermal storage system this
technology implements, unlike PV, which uses electric storage that is difficult for

implementation at a high power level [8].
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Figure 1.6. Operation principle of CSP a CSP plant [5]

Among several CSP technologies, there are four types of mature CSP plants. They differ from
each other based on how the solar radiations are concentrated (type and position of the
collector, the shape of the mirror, etc.) [9]-[12]: 1) Parabolic trough collectors (PTC); 2)
Solar power tower (SPT); 3) Linear Fresnel reflectors (LFR); 4) And parabolic dish collectors
(PDC). PTC and LFR are considered as line focusing collectors because they are equipped
with a linear receiver. For this reason, they are relatively less efficient in terms of
concentration ratio (300-1000). On the other hand, SPT and PDC are considered as point
focusing collectors [13]. For this reason, they are more efficient (concentration ratio 1000-
3000) [14]. The most widespread technology is the PCT. As shown in figure 1.7, this
technology had the advantages of a high state of maturity, thus lower technical risks and cost-
effectiveness [5], [15]. SPT is the second most implemented technology, whereas LFR and

PDC are the less implemented technologies.
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1.2.2. Thermal energy storage technologies

TES materials
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Figure 1.8. TES materials based on the different TES technologies, highlighting the category of the
peritectic compounds through a combination of a melting/solidification and liquid/solid chemical
reaction storage processes [16].
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Thermal energy storage technologies are classified into four different types with different
levels of technology maturity: sensible heat storage (SHS), latent heat storage (LHS), and
thermochemical heat storage (TCM) [6].
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Figure 1.9. lllustration of thermal energy storage technologies: (a) sensible heat storage; (b) latent heat
storage; thermochemical heat storage.
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1.2.3.1. Sensible heat storage (SHS)

Sensible heat storage consists of storing the heat in a storage media (Solid, liquid, or gaseous)
while increasing its temperature and releasing it while decreasing the temperature. The

amount of heat stored is calculated according to the following equation (Eq. 1):
Q= ftt.fme dt=m -Cp - AT (eq. 1)

Where Q is the amount of heat stored in (J), m is the mass of the storage material (kg), C, is
the specific heat of the storage material (J/Kg.K), and AT is the temperature variation during
the charging and discharging processes. The storage media could be solid such as sand, rock,
concrete, metal alloys, and ceramics; a liquid such as water, molten salts, and thermal oils; or
gas such as steam and compressed air storage. The amount of heat stored directly depends on
the mass of the storage material, its specific heat, and the temperature range. The selection
criteria of a suitable SHS material for a particular application are the specific heat of the
material, the operational tempe rature range, the density, the thermal conductivity and
diffusivity, the thermochemical cycling stability, the vapor pressure, the compatibility with
container materials, the heat transfer properties, safety aspects, and the cost.

For high temperature thermal storage, molten salts in double tank configuration are, by far,
the most implemented liquid SHS materials in CSP plants. They are characterized by a large
density, a high specific heat capacity, a high boiling point, good thermal stability at high
temperature, low vapor pressure, low viscosity, non-toxicity, non-flammability, and low cost.
Additionally, molten salts can be used both as TES material and heat transfer fluid. Despite
the advantages mentioned above, these materials suffer from several drawbacks, such as the
comparatively low thermal conductivity and the high melting temperature, which requires the
use of antifreeze protection in order to prevent the solidification of the salts in the pipes,
which in turn increases the cost. Molten salts are classified mainly as nitrate, chloride,
fluoride, and carbonate-based materials. Nitrate-based salts and their eutectics (Solar salt,
Hitec, Hitec XL, LiNaKNO3, LiNaKCaNO3, LiNaKNO3NO?2, etc.) are the most widely used
materials [17]-[19]. They are characterized by a relatively low decomposition temperature (<
600 °C) adequate for use in parabolic trough collectors (PTC) and linear Fresnel reflectors
(LFR) CSP plants. Whereas, the chloride (KMgCl, NaKMgCl, NaMgCaCl, NaKZnCl,
KMgZnCl, etc.) [20], fluoride (LiNaKF, NaBF, KBF, KZrF, etc.) [20], [21] and carbonate-
based (LiNaKCO3, etc.) [22]salts which have higher decomposition temperature (> 700 °C)
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allow reaching higher operating temperature, they are more adequate for use in solar power

tower (SPT) plants.
1.2.3.2. Latent heat storage (LHS)

Latent heat storage consists of storing heat energy during the phase transition of a phase
change material at isothermal or quasi-isothermal conditions. In a reversible process, for
instance, in the case of solid-liquid transformation, thermal energy is stored during the phase
transition from solid to liquid (endothermic transformation). It is then released during the
phase transition from liquid to solid (exothermic transformation)(see figure 1.9.b). The
advantage of LHS over SHS is the high storage density since the latent heat is excessively
higher than the specific heat. For instance, the latent heat of sodium nitrate salt is about 175
kJ/kg, whereas its specific heat is 1.7 kJ/kg K. Additionally, considering the isothermal nature
of the phase transition, the heat is stored/released at a constant temperature. The phase
transition could be solid < solid, solid « liquid, liquid <> gas, or solid <> gas. In addition to
the sensible energy stored in the solid and liquid phases, the latent heat stored/released during
the phase change of the material also contributes to store the heat. For a solid-liquid LHS
material, the amount of thermal energy stored/release depends mainly on the mass and the
enthalpy of phase transition of the material, as well as the temperature variation. It is

calculated according to the following equation (eq. 2):

Q=["mCpdl +m.8.AHm+ [}/ mCpdT  (eq.2)

Where m (Kg) is the mass of the PCM, Cp (kl/kg.K) is the specific heat capacity
(solid/liquid), 6 is the melted fraction of PCM, AHm (kJ/kg ) is the latent heat of fusion, and
Ti, Tm, Tf is the initial, melting, and final temperatures respectively.

Solid-solid transition consists of a structural transition that occurs due to modification in the
material's crystalline structure. Although this phase transition presents a low volume change
during the phase change, it shows a significantly low latent heat compared to other phase
transition mechanisms. This drawback limits its use as LHS material. Liquid-gas
(Evaporation-Condensation) and solid-gas (Vaporisation- Liquefaction) phase changes have
higher latent heat than solid-liquid transitions. However, the considerable volume change they
undergo during the phase change complicates the design of LHS system and its

implementation in real applications. Solid-liquid (melting-solidification) is the most widely
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used phase change process in LHS. This phase transition undergoes a relatively low volume
change and possesses a large latent heat, making it very attractive for LHS applications.

The selection of a suitable PCM for a specific application is based on the following criteria:
besides the standards requirements requested for any storage material, the PCM material
should have a high phase change enthalpy, a low volume change during the phase change, a
reversible phase transition, a transition temperature in the range of the working temperature of
the TES system both on heating and cooling processes, a good thermal conductivity, a limited
and/or controlled phenomena of subcooling, superheating and thermal hysteresis, no/or

limited corrosivity.v
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Figure 1.10. Classification of latent heat storage materials

As shown in figure 1.10, solid-liquid PCMs are classified as organic, inorganic, and eutectics.
Eutectics are mixtures of organic-organic, inorganic—inorganic or organic—inorganic. Organic
PCMs, Mainly paraffin, fatty acids, ester, and sugar alcohols, are adequate for utilization in
low to medium temperature applications (< 250 °C) due to their low melting temperature.
Whereas inorganics are used for high temperature TES applications (up to 1000 °C). The
volumetric energy density of inorganics (250-400 kg/dm3) is two times higher than that of
organic compounds (128-200 kg/dm3). This category includes i) Metals (Zn, Mg, Al, etc.)

[23]-[25], metal alloys such as Aluminium alloys and Zinc alloys, mixtures of metal
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carbonates and alkali halides among which Li,CO3/K,, CO3/NayCOs;, LixCO3/K,COs,
Li,CO3/Nay,CO;3, as well as MgCl,/NaCl, NaCl/CaCl,, LiF/NaF/KF [26]-[30]. We can also
notice some recent investigations on silicon/boron alloys oriented toward ultra-high
temperature TES (>1200 °C) for modern thermophotovoltaic conversion. Although less
attractive because of higher cost, metal alloys, have been investigated as well and proven to
have quite high latent heat of fusion. ii) Inorganic salts (nitrates, carbonates, chlorides,
fluorides, and sulfates), salt mixtures (NaNO3-KNO3;, KNO3-KCl, KF-KCI, NaF-CaF,-MgF,
LiF-NaF, NaF-MgF,, NaF-MgF,-KF, KCI-NaF-K,CO;, KCI-KF, KCI-KF- K,COs, NaF-
MgF,, Na,COs- K,COs3, etc.) [31], [32].

1.2.3.3. Thermochemical heat storage (TcHS)

Thermochemical energy storage consists of storing the thermal energy employing reversible
chemical reactions between different materials or sorption processes. In the case of TcHS
using chemical reactions, the energy is stored upon the endothermic reaction where a
compound AB is dissociated into A and B using the heat energy (AB + heat Energy < A +
B). The two reaction products are stored separately, to be combined later to release the heat
when it is required (exothermic reaction) [33], [34] (see figure 1.9.c). In case of TcHS using
sorption processes, the heat is stored/released through desorption and adsorption/absorption
processes. The thermal energy stored/released through the endothermic/exothermic reactions
is directly proportional to the mass of the reactive material and reaction enthalpy according to

the following equation (eq. 3):

Q =m . AHeaction (eq 3)

Where m is the mass of the storage material (limiting reactant) (kg) and AHiesction 1S the
reaction enthalpy (kJ/Kg). Although TcHS technology is still at a fundamental laboratory
scale and no proven design or material is demonstrated at commercial scale [35], [36], this
technology is being intensively investigated owing to the advantages it presents over LHS and
SHS technologies. Among these advantages we mention, first, the theoretical energy density
in thermochemical heat storage is much higher than in LHS and SHS, which allows smaller
storage units volume [37]-[42]. Additionally, the discharging process takes place only when
combining the products components regardless of the temperature [43], [44]. This allows long
storage durations (e.g., seasonal storage) at ambient temperature and prevents heat loss, thus

no need to use expensive thermal insulation systems as in the case of LHS and SHS. Despite
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all the above-mentioned advantages, this technology suffers from some drawbacks which
limit its exploitation at an industrial scale, such as finding a low cost reaction system with
good cyclability, long-term reaction reversibility, and convenient for a specific application in
terms of operating temperature and pressure ranges, as well as the complexity of designing
reactors and heat exchangers taking into account the mass and heat transfer properties of the
reaction. Gas-solid is the most promising thermochemical heat storage reaction [45]. It is
based on the chemical reaction between gaseous and solid reactants to store/release thermal
energy. They are characterized by the easiness of the separation of the gas released during
heat absorption [46]. In addition, adjusting the pressure of the system allows obtaining
different charge and/or discharge temperatures because solid-gas reactions take place at
constant temperature for a given pressure, and the pressure has an important effect on the
reaction temperature [47].

Several gas-solid reaction systems have been explored:

* Hydroxide systems (250-800 °C): this category works on the principle of
storing/releasing heat energy through hydration/dehydration reactions. Several
reaction couples were investigated in literature, such as CaCly; SrBr, [48]; MgSO4
[49]; MgCl, [50]. The most appropriate ones are Ca(OH),/CaO [51] and
MgO/Mg(OH), thanks to their availability and low cost [52]-[54]. Packed-bed
reactors are the most studied configuration for these systems [55], [56].

* Redox systems (600-1000 °C): some examples of these reactions are Co304/CoO [57];
Fe304/FeO [58]; Mn,03/Mn304 [59], [60]; MgO/Mg [58]; BaO,/BaO [45]; ZnO/Zn
[58]; CuO/Cu,O [45]; GeO2/GeO and SnO2/son [58]. For large scale high
temperature applications, redox systems based on metal oxide are considered as the
most promising TcHS systems thanks to the fact that: i) they possess high energy
density; ii) they achieve high reduction/oxidation temperatures (up to 1100 °C); iii)
they provide long storage periods at ambient temperature; 1iv) air is used both as the
HTF and the reactant [61]-[63]. Mixed metal oxides are used because of their
improved thermochemical properties compared to pure metal oxides. As for the
reactors, these materials are adequate for direct-type reactors [64]. The most attractive
system in this category is the cobalt oxide Co304/CoO owing to its high reaction
enthalpy (844 kJ/kg) [61], its good cycling stability [65]. As well as Manganese oxide
Mn,03/Mn304 [63], [66]. The high reaction temperature of these materials (above 900

°C) can be exploited for the new generation of CSP plants, which use volumetric
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receivers at atmospheric pressure. However, it can be considered as a limitation for
their implementation in current CPS plants working at relatively lower temperatures.
Therefore, special focus is being devoted to develop new redox systems with lower
redox temperatures, such as doped mixed oxides, perovskite oxides [67], [68], and
spinel mixed oxides, for instance Co03-xNixO4 with lower red-ox temperatures
compared to pure Co304 [69].

* Carbonate systems (100-950 °C): two calcination/carbonation reactions were reported
in the literature. The cerrusite StCO3/SrO shows good thermal energy storage density
and reaction reversibility [54], [70], [71]. The calcite CaCO3/CaO [72], [73] or the
calcite doped with titanium oxide CaTiO; to improve the reaction reversibility [74].
The storage capacity of this system is limited by the particle size of CaO powder
which ensures the maximum CO, absorption capacity for particle size below 40 pm.

* Metallic hydrides systems (80-400 °C): These materials are characterized by good
reaction reversibility and good cyclability at high temperatures leading to efficient
long term storage systems. Several types of reactions were reported in literature, such
as NaMgHs/NaH+M [75]; LiH/Li [45], [76], [77]; Mg,FeHs/Mg+Fe [78]; CaH,/Ca
[64], [79], [80]. The Magnesium Hydride System (MgH,/Mg) [64], [81]-[84] is a very
promising material thanks to its high energy density ( 75 kJ/mol H; in a temperature
range of 200-500 °C) [78]. Furthermore, CaAl, shows to have excellent thermal
conductivity and the lowest cost compared to other metal hydrides, which makes it
attractive for high temperature TES applications (above 600 °C) [85]. Moreover,
Naz;AlH¢/Mg,FeHg couple system has been recently numerically investigated, showing
good performances and efficiency (up to 96 % thermal energy recovery) for steam
CSP plants [86]. Metallic hydride systems suffer from high operating pressures and

flammability, which limit their development at an industrial scale.

1.2.3.4. Peritectic heat storage (materials and technology)

Peritectic heat storage consists of using the chemical reactions leading to the
decomposition/formation of the stoichiometric peritectic compounds to store/deliver the
thermal energy. The peritectic reactions are reversible reactions that take place at a constant
temperature, in which a liquid phase (L) reacts with a solid phase (A) to form a new solid
phase (B). The new formed phase (B) can be a solid solution of one of the components, or a

new stoichiometric compound. [87]. The idea of using peritectic compounds for TES was
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proposed recently, for the first time by Achchaq and Palomo [87]. The heat charge/discharge
processes using these materials are described (figure 1.11.b) as follow [87]: Assuming the
thermodynamic equilibrium conditions, upon the charging process, at the peritectic
temperature (Tp), the solid stoichiometric compound (B) decomposes into the pro-peritectic
phase () and a liquid phase. The phase (o) melts gradually until reaching the liquidus at (Ty).
Upon the discharging process at T, the pro-peritectic phase starts to nucleate. The latter
continues to grow with the decrease of temperature. Then, when reaching the peritectic
temperature, the properitectic phase reacts with the liquid to form the stoichiometric peritectic
compound (B) (L + o <> B). Therefore, the thermal energy is consequently stored/delivered
following two consecutive processes: 1) A melting solidification process (incongruent
melting). 2) A solid/liquid chemical reaction (peritectic reaction). According to these two
storage processes, the peritectic compounds combine both the energies from the latent heat
and the reversible chemical reaction (figure 1.8) which gives them the particularity of the
outstanding theoretical energy density compared to other materials from the different TES

technologies.
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Figurel.11. (a) Mechanism of formation of a stoichiometric peritectic compound on cooling; (b) phase
diagram highlighting the peritectic composition. [87]

Figure 1.11.a describes the mechanism of formation of a peritectic compound. As it can be
seen, on cooling, the peritectic reaction (L + a <> ) occurs at Tp. The reaction is very fast and

it is followed by the peritectic thickening which consists of the growth of the peritectic phase.
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The thickening is a sluggish process because it takes place by long-term atomic diffusion
(slow solid/solid siffusion rate) of the properitectic phase (o) through the formed the peritectic
layer to reacts with the liquid phase (L) leading to the formation/growth of the peritectic
phase at the interface peritectic/liquid. The process ends when the properitectic phase is
completely consumed, which is practically not feasible, leading to the formation of an out of
equilibrium peritectic structure. For this reason, lower peritectic reaction enthalpy is expected

to be achieved experimentally compared to the theoretical estimated values [87].

Table 1.1. Salt based and mettalic alloys peritectic binary stystems and their corresponding thermal
storage properties (peritectic temperature (Tp); peritectic reaction enthalpy AH; peritectic energy
density (Ep); melting/transition temperature range (AT —p); and the energy density corresponding to
the formation of both peritectic and pro-peritectic phases [87]

Binary system A/B | TP (°C) | AH (J.g") | E, (kWh.m™) [AT._p(°C) |Er_p(kWh.m™)
LiBr/LiOH 303.90 | 803 434 76 591
KOH/LiOH 314.82 | 535 238 24 283
Lil/LiOH 334.93 | 308 182 34 253
CsOH/LiOH 373.63 | 354 214 55 388
Cr/Zn 483.12 | 118 234 483 679
Mg/Ag 491.94 |332 286 6 304
Li/Zn 510.02 | 304 372 5 565
Mn/Ni 587.35 |297 637 493 1642
Ce/Mg 625.22 | 368 235 4 239
Ca/Zn 642.05 | 201 224 5 232
Sr/Zn 649.97 | 167 206 83 349
Li/Si 690.57 | 1136 377 20 467
CaCl,/CaF2 734.94 | 438 290 98 402

The study carried out by Achchaq et palomo, based on computational thermodynamic, [87]
reported several promising peritectic compound of metallic and salt based binary systems
with a peritectic temperature in the range of 300 °C to 700 °C, and an outstanding theoretical
energy density that can reach 600 kWh/m® while considering both the enthalpies related to the
peritectic reaction and the melting (properitectic phase). The results are presented in table 1.1.

The peritectic compound subject of the present study is highlighted in bold.

Table 1.2. Comparison of different thermal storage technologies [88]

SHS LHS TcHS
Mechanism Temperature gradient Isothermal phase Reversible chemical
transition reactions
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Volumetric Small ~50 kWh/m’ Medium ~100 High (up to 500
energy density kWh/m’ KWh/m?)
Gravimetric Small ~0.02-0.03 Medium ~0.05-0.1 High (0.5-1 kWh/kg)
density kWh/kg kWh/kg
Storage period Limited due to thermal | Limited due to Theoretically
losses thermal losses unlimited
Storage charging Temperature | charging Temperature | Surrounding
temperature (More than TcHS) (More than TcHS) temperature (Less
than SHS & LHS)
TRL Industrial-scale prototypes Laboratory
Technology Simple Medium Complex
Feedback Large experimental and | Less experimental and | No feedback
commercial feedback no commercial
feedback
Flexibility Less time to switch Less time to switch Switch between
between charging and between charging and | charge and discharge
discharging discharging takes a medium time

Table 1.2 presents a comparison between the three TES technologies. Each TES technology
has its advantages and limitations as described in previous sections. Sensible heat storage is
the most implemented TES technology in commercial CSP plants owing to its attractive
efficiency-cost ratio [89]. TcHS systems allow achieving higher thermal storage densities due
to their higher reaction enthalpies than LHS, which in turn achieves higher storage densities
compared to the SHS storage systems. In addition, the TcHS reactions store heat at an
ambient temperature which prevents the thermal losses during the storage period allowing
these systems to store thermal energy for more extended periods. This makes TcHS the only
technology that enables seasonal storage. As for the technology maturity, unlike SHS and
LHS which has a considerable level of maturity, TcHS is still at the fundamental research
scale with no experience feedback. The advantages of the peritectic compounds over other
materials from the different TES technologies are several. In particular, the outstanding
volumetric energy density competing with the ones of gas-solid reactions (compact storage).
The simplicity of the storage system where the heat storage/delivering processes takes place
at atmospheric pressure similarly to the case of the sensible heat storage technology, and
contrary to gas-solid reactions where the reactant have to be separated involving more
complex storage systems (Simple technology). Relatively lower investment cost considering

the simplicity of the technology and the compactness of the storage (cost-effectiveness TES
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solution). These advantages make the peritectic compounds very promising to develop

efficient simple cost-effective TES solutions for high temperature applications.
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2.1. Materials

2.1.1. Materials and synthesis of LiOH-LiBr mixtures

In order to have a good overview of the LiOH-LiBr phase diagram, 13 compositions were
selected and studied within the range of composition from 19 to 84 % mol LiOH. Each
composition was analyzed by differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) analysis. The materials used in this study are high purity anhydrous Lithium
Hydroxide (CAS 1310-65 -2, purity 98%) and Lithium Bromide (CAS7550-35-8, purity 99+
%), provided by Acros Organics. The preparation of the samples and all the handlings were
performed inside a glove box (Brown) under a protective argon atmosphere (0.1 ppm for O,
and H;O) to avoid air contamination. A powder mixture of 5 g was prepared for each
composition by weighing a specific weight fraction of each component (LiOH and LiBr)
using a Sartorius balance (+ 0.1 mg). The mixtures were then homogenized by ball milling for
15 minutes using a Spex mixer mill (875 RPM) using stainless-steel vials and stainless-steel
balls (3 balls of 3 mm BPR = 0.5) under mild conditions. After the intermixing by ball
milling, the powder mixtures were compacted in the form of pellets using a hydraulic press
applying a pressure of 3 tons for 1 minute. Using compacted powders helped handle the
sample and allowed placing a higher amount of material into the small synthesis crucibles.
The synthesis was carried out in a furnace using a hermetically sealed Aluminum DSC
crucible (40 pl) charged with a similar amount of material for each composition (~18 mg). In
order to improve the corrosion resistance of the crucibles and avoid leakage of the salt during
synthesis, by preventing the creeping phenomena, the crucibles were coated with a low
surface energy material (gold) using a sputter coater which deposits a thin film of pure gold
(0.4 um) onto their inner surface in order to increase the wetting contact angle [1]. For the
synthesis, the following temperature program was used: i) a heating ramp at 10 K/min from
ambient temperature up to 30 degrees above the melting temperature of the composition
under investigation; ii) an isothermal step of 1 hour; iii) a cooling step up to room temperature
with a cooling rate of 1.8 K/min. The cooling rate inside the furnace was measured by placing
a thermocouple close to the surface of the samples. Each sample was weighed after synthesis

in order to detect any weight loss due to leakage during synthesis. For all the compositions
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reported in this study, no weight loss was observed, and no leakage of salt outside the crucible
occurred. This preparation method avoids any possible deviation from the correct
composition, ensuring reliable and accurate results when performing the further

characterization of the samples.
2.1.2. Synthesis of peritectic compound Li,(OH);Br — Reference protocol

The preparation of the samples and all the handlings were performed inside a glove box
(Brown) under a protective argon atmosphere (0.1 ppm for O, and H,O) to avoid air
contamination. Powder mixtures of 2 g were prepared by weighing the proper weight fraction
of each component (0.75 molar fraction of LiOH and 0.25 molar fraction of LiBr) using a
Sartorius balance (£ 0,1 mg). The mixtures were then homogenized by ball milling for 15
minutes using a Spex mixer mill (875 RPM) using stainless-steel vials and stainless-steel balls
(3 balls of 3 mm BPR = 0.5) under mild conditions. After the intermixing by ball milling, the
powder mixtures were poured inside corundum crucibles and placed inside Stainless Steel
reactor then sealed under Argon atmosphere. The synthesis was carried out in a muffle
furnace according to the following temperature program: i) Heating step at 10 °C/min from
ambient temperature up to 30 °C above the melting temperature of Lis(OH);Br; ii) an
isothermal step of 1 hour; iii) a free cooling inside the furnace up to room temperature (~ 1.8

°C/min).

2.1.3. Synthesis of peritectic compound Lis(OH);Br-Modified reference
protocol

With the aim to investigate the influence of the cooling rate on the final TES performance of
Lis(OH);Br, different samples were prepared by changing the cooling rate of the samples
during the synthesis process. The cooling rates tested were 0.5, 1, 1.8 and 50 °C/min.
Moreover, the possibility of simplifying the synthesis protocol by working under air
atmosphere instead of using a protective argon atmosphere was also investigated. Therefore, a
sample (2 g approx.) was prepared to modify the reference protocol to this respect. Powder
mixture homogenization by ball milling, pellet preparation, and thermal treatment in the oven
were carried out under air. Only the first step in which LiOH and LiBr are weighted and
mixed in the right proportion was performed inside the glove box under argon atmosphere to

avoid LiBr hydration and, therefore, errors in the weighting process.
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2.1.4. Synthesis of Li;(OH);Br/Carbon composites

Three different types of carbon nanoparticles, already used to enhance thermophysical
properties of high-temperature phase change materials [2]-[7], were chosen for this study.
They are i) reduced graphene oxide (rGO) provided by Graphenea (CAS 7782-42-5,
S.ABET:422-499 mZ/g), ii) fullerenes C60 provided by Sigma Aldrich (CAS 99685-96-8,
purity 98%), and iii) multi-walled carbon nanotubes (MWCNTSs) provided by Alfa Aesar
(CAS 308068-56-6, length 0.5-2 um, outer diameter < 8nm, and inner diameter 2-5 nm).
Lis(OH);Br/carbon composites were prepared by incorporating carbon nanoparticles in the
Lis(OH);Br in powder form at different loadings (1 wt. % and 10 wt. % of carbon
nanoparticles). The mixture is then physically shacked to ensure homogeneity and melted at

350 °C in an inert atmosphere.

2.1.5. Synthesis of Li;(OH);Br based shape stabilized composites
2.1.5.1. Supporting materials for shape stabilization

As supporting material for shape stabilization, several commercial oxides have been tested
with different particle size (Nano/Micro-particles). General information about the tested

materials are presented in table 2.1.

Table 2.1. General information about the tested oxides.

Material MgO Fe203 CuO SiOz A1203
Supplier Alfa Aesar  Sigma Aldrich  Alfa Aesar  Sigma Aldrich Sigma Aldrich
CAS number  1309-48-4 1309-37-1 1317-38-0 7631-86-9 1344-28-1

Purity (%) 99+ % >99 % 99.7 % > 95%
Particle size 100 nm <5um <74 ym 12 nm 13 nm
p (g/cm’) 3.58 5.12 6.315 2.2-2.6 3.95

Particles size and morphology of the oxide supporting materials (MgO, Fe,0O3, CuO, ALOs,
and Si0,) were studied by analyzing SEM images of the samples using ImageJ] 2.0 software
[8]. As can be seen in Figure 2.1, Al,O3 and SiO, nanopowders formed spherical clusters with
well-distributed cluster sizes (Figures 2.1d and 2.1e, respectively); the particle size provided
by the supplier was considered in the study. In the case of MgO nanopowder, Figure 2.1a
shows crystal agglomerates of MgO with crystal size less than 1 pum. Fe,O; presented

spherical powder with uniform distribution of the particle size (<13 um).
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(d)

42



Chapter 2. Materials and characterization techniques

Figure 2.1. SEM images of the tested oxides: (a) MgO; (b) Fe,Os; (c) CuO; (d) Al,Os; (e) SiO..
2.1.5.2. Synthesis of MgO supporting material

Three different Magnesium oxide samples with different structural, textural and
morphological properties were tested as supporting materials. The samples were synthesized
following different synthesis routes:

* Porous MgO, named PMgO, was synthesized by combustion using Magnesium nitrate
(CAS 13446-18-9, ALDRICH), ethylene glycol (CAS 107-21-1, purity 99.8%,
SIGMA ALDRICH), and deionized water. 1.28 g of Mg(NOs3), was mixed with 4 mL
solution of ethylene glycol and deionized water with a volume ratio of 1:1. The
solution was then stirred for 30 min and calcined in a muffle furnace at 600 °C for
2 hours following a heating rate of 2 K/min [9].

« MgO-BMC was synthesized by calcination [10] of basic magnesium carbonate
(MgCOs3, CAS 39409-82-0, Sigma-Aldrich) at 400 °C for 2 hours following a heating
rate of 2 K/min.

* Nanocrystalline MgO named MgO-BM obtained by the ball-milling process of
commercial MgO (CAS 1309-48-4, purity 95 %, particle size [44-105 pum], Alfa
Aesar). MgO was subjected to mechanical ball milling for specific time periods (4h,
8h, 16h, 32h, 64h). Spex mixer mill (875 RPM) was used for ball milling using a
stainless steel vial and one stainless steel ball of 14 mm diameter with a ball to powder
ratio (BPR) of 2:1.

All chemicals used for the synthesis of MgO samples were used as received without further

purification.

2.1.5.3. Preparation of Lis(OH);Br based shape stabilized composites

Lis(OH);Br based ss-composites were prepared by uniaxial cold compression route. The

storage material Li4(OH);Br was initially grounded and sifted by a 200 um sieve. Then it was
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mixed with the oxide according to specific mass ratios to obtain a total mass of 1 g of
composite. The powder mixture was then physically mixed for 20 minutes, using a ball
milling (Spex mixer mill 875 RPM) without balls. The purpose of the physical mixing is to
ensure the homogeneity of the mixture oxide/salt. Finally, a pellet of 13 mm diameter was
made by cold compression of the powder mixture under a pressure of 5 tons for 1 minute. The
pellet was then placed in a corundum crucible inside a closed stainless steel reactor under Ar
atmosphere and sintered in a muffle furnace over the melting temperature of the salt
according to the following temperature program: a first heating step at 10 K/min up to 350 °C,
followed by an isothermal step at 350 °C for 1 hour and finally the sample was cooled down
to room temperature at around 2 K/min cooling rate. Figure 2.2 demonstrates the preparation

steps of Lis(OH);Br -based shape stabilized composites

Li;(OH);Br Oxide powder _ - ! @ @ S—
- &0
000+ gty [ ol Ry |
R & ':" (e = d
OO O b ‘*___!_—-
P Physical shaking Cold compression Sintering
Mixed inside glove box For 20 min 5 Tons for 1 min at 350 °C for 1h

Figure 2.2 Schematic represents the preparation process of shape stabilized composite.
2.1.6. Corrosion test protocol

Table 2.1. Chemical composition of the studied steel samples.

Wt. %
Material
Fe C Mn P S Cr Ni Mo | Si
Carbon steel | 98.28 | 0.31 |0.97 |0.04 |0.04 |- - - 0.36
A516.Gr70
Stainless steel | 68.41 0.08 [ 0.65 |0.05 |0.03 |17.56 1045 |24 |0.37
AISI 316

Cycling corrosion tests were carried out in order to evaluate the corrosion resistance of
potential container materials used in CSP plants in contact with the studied peritectic
compound (Lis(OH);Br). Two different steel samples were tested in this study, carbon steel
AS516.Gr70 and stainless steel 316 with dimensions 20 mm X 10 mm X 3 mm. The chemical

composition of the tested materials is presented in table 2.2. Steel samples were polished prior

44



Chapter 2. Materials and characterization techniques

to the corrosion test in order to remove any oxide layer or impurities present in the surfaces
(abrasive paper of 400; 600; 800; 1200; 2500). They were then cleaned in an ultrasonic bath

with acetone, ethanol, and distilled water.

Steel + 15 g of —
samples Li,(OH);Br Al L
\ 7/ | 1
¥ P—
=
. — =
A ————
ﬂr C | ..1
150, 300, 600 corrosion
cycles

Figure 2.3. Schematic represents the corrosion test protocol

For each steel type, two samples of the same steel were places inside a corundum crucible and
separated by a piece of alumina to avoid their contact. The crucible was then completely filled
with Li4(OH);Br salt (15 g) in order to ensure the total immersion of the samples. In order to
study the effect of the atmosphere on the corrosion behavior of the steel and the stability of
the salt, cycling corrosion tests were carried out under two different atmospheres, Air and Ar.
In case of the corrosion tests carried out under Argon atmosphere, the Corundum crucible,
containing the steel samples, were places inside stainless steel reactors and sealed under Ar
inside the glove box. Corrosion tests were conducted for three different cycle numbers (150
cycles, 300 cycles, and 600 cycles) in order to investigate the evolution of the corrosion upon
thermal cycling. The applied corrosion protocol is depicted in figure 2.3. The tests were
conducted inside the furnace following the temperature protocol depicted in figure 2.4. The
cycling was performed between 250 °C and 350 °C. After the test, steel samples were
extracted from the salt (in solid-state) and then washed carefully with distilled water to

remove any residue of salt.

350° C, 10 min

v

2 Kimin 2 Kimin

250° C, 10 min

Figure 2.4. Temperature program applied for cycling corrosion test
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In order to estimate the corrosion rate, the weight of the steel samples was measured prior to
and after the corrosion, test using a Mettler Toledo high precision balance (£ 0.001 mg). For
Cross-section analysis using SEM + EDS, the samples were prepared as explained in figure
2.5. The resin used is a mixture of 1 ml Aka-Resin and 0.1 ml of Aka-Cure catalyst. The
sample embedded inside the resin was cut and polished (abrasive paper of 400; 600; 800;
1200; 2500). This preparation method helps avoid the deterioration or detachment of the
corrosion layer from the steel samples giving a more accurate estimation of the thickness of

the corrosion layer.

Resin coating Cutting polishing for
(,sm_(,-oa ing ( f SEM + EDS analysis

g =

Figure 2.5. Sample preparation for SEM+EDS cross-section analysis

2.2. Characterization techniques

This section is divided into two parts. The first part presents the morphological and structural
characterization techniques used in this work, including XRD, SEM, EDS, TEM, gas
pycnometer, and BET. The second part presents the thermophysical characterization
techniques including DSC and Transient hot disk. The acronyms will be spelled out in the

following sections.

2.2.1. Morphological and structural characterization

2.2.1.1. X-ray powder diffraction (XRD)

XRD is the most widely used technique for identifying crystalline phases and cell parameters
of crystalline materials. Diffraction patterns are generated from the interaction between the
electromagnetic radiations (i.e., X-ray) and the atoms of the crystalline materials.

The X-ray diffractometer functions as follows; first, the X-ray radiations are generated by the
X-ray tube. Monochromatic X-rays required for diffraction analysis are then obtained by the
monochromator filter. The most used monochromatic radiation in modern powder X-ray
diffractometers is Cu Ko, with a wavelength of 1.5418 A. The radiation is then concentrated

and targeted toward the sample by collimation [11]. Through the rotation of the sample
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holder, the incident radiations are diffracted and reflected by the sample. They are then
recorded by a detector and presented in form of diffraction peaks if they satisfy the Bragg law
(nA= 2d sinB), where n is a positive integer determined by the diffraction order, A is the
wavelength of the X-ray radiation, 0 is the incidence angle, and d is the interplanar distance
[12]. The diffraction pattern shows the intensity of the generated peaks vs. 20 (°) providing
qualitative and quantitative information of the structure-phase and its crystallinity, among

other parameters.

In this thesis, XRD measurements were performed by means of a Bruker D8 Discover X-ray
diffractometer equipped with a LYNXEYE detector with monochromatic Cu Kal radiation of
A = 1.54056 A. Patterns were recorded at room temperature, in a 20 angular range (10 - 120°),
with a step size of 0.02° and a step time of 2 s. A special sample holder was used for
powdered air sensitive samples. The structural evolution upon heating was studied by in-situ
XRD measurements by using a Bruker Advance D8 instrument with cobalt radiation (ACoal
= 1.78886 A / ACoo2 = 1.79277 A). The equipment operated in Bragg-Brentano theta-theta
geometry and with an operating power of 30 kV and 50 mA. The samples were placed in a
nickel coated high-vacuum chamber designed for use in the range from room temperature up
to 1200 °C (HTK 1200N) under a high vacuum, inert and reactive atmosphere. The sample
was mounted on an alumina sample holder in contact with the temperature sensor. The
measurements were carried out under a controlled atmosphere. The obtained diffractograms
were analyzed using EVA software to determine the phase compositions and structures of the
materials. Additionally, information about the phases formed and their relative percentages,
the crystallite sizes, and the microstrain level were obtained by refinement of the diffraction

patterns using a full profile fitting procedure [13], [14] based on the Rietveld method [15].

2.2.1.2. Scanning electron microscopy (SEM)

SEM is a characterization technique that allows obtaining microstructural and morphological
characteristics of a material. High resolution images are obtained by scanning the sample's
surface with a focused beam of accelerated electrons. The interaction of the primary electron
beam with the sample surface result in the emission of photons or electrons which are
collected by specialized detectors. The collected signals provide information about the

morphology, topography, and chemical composition of the sample.
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Figure 2.6. Scheme of the core component of SEM microscope. [16]

As shown in Figure 2.6, the electron beam is generated by the electron source (most
commonly tungsten filament). It is then focused by the condenser lenses (spot size diameter
0.4-5 nm). The focused beam is deflected by the objective lens in x and y directions. Finally,
the deflected beam scans the sample surface in a rectangular zone to produce high resolution
images. The electron column serves to prevent contamination and external noises, which
increases the resolution of the image. The interaction between the electron beam and the
sample results in the emission of secondary electrons (SE) through an inelastic scattering. The
latter are produced by energy transmission from the electron to the nucleus of a surface atom
allowing this one to jump out of the structure. SE provides topographical information of the
sample at very high resolution (less than 1 nm). Excess energy is emitted in form of X-ray
characteristic of each element when a SE is diffracted, and a deeper electron jumps to fill its
gap. These X-rays can be used for elemental analysis by means of EDS. Back-scattered
electrons (BSE) are high energy electrons reflected from the sample by elastic scattering
through collisions between the electrons and the atom nucleus. The resolution achieved by
BSE (5-10 nm) is low compared to SE because the electrons are extracted from deeper

locations than SE. Moreover, the intensity of the BSE is proportional to the atomic number of
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the material; consequently, they provide different contrast pattern depends on the composition

as well as information about the distribution of different elements in the sample.

In this thesis, the morphology of the materials was studied by a Field Emission Gun Quantum
200 (FEI) SEM operated in high vacuaum mode at 30 kV. The micrographs were obtained
using the back-scattered electron detector (BSE) and secondary electron detector (ETD). The
voltage of the electron beam in this microscope range from 0.2-40 kV, and the maximum

resolution is 1-5 nm.

2.2.1.3. Energy dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDX or EDS) is a characterization technique that
enables the identification and quantification of the chemical composition of a material, as well
as the elemental composition mapping. The interaction between the electron beam results in
the emission of SE. Consequently, electrons jump from a higher energy state to a lower
energy state in order to fill the resulting electron vacancies releasing the difference in energy
as an X-ray characteristic of its atom of origin. This allows the identification of the chemical
composition of a sample. Same settings as in the SEM were used for the data acquisition in

this work.

2.2.1.4. Transmission electron microscopy (TEM)

TEM is a microscopy technique that allows obtaining high resolutions images in the
nanoscale range. This technique provides information about the morphology of the sample,
crystallization, chemical composition, and even magnetic domains. TEM functions following
the basic principle of an optical microscope. However, instead of using visible light, high
energy electrons are used. As shown in Figure 2.7, a high energy electron beam (accelerate at
~300 kV) is generated by the electron source (most commonly tungsten filament or lanthanum
hexaboride LaB6) [17]. It is then focused on the sample by condenser lenses. The image
acquisition is achieved in a phosphorescent screen or charge-coupled device (CCD) camera
with the aid of the objective lens and projector lenses, which helps to focus the electron beam

through the sample. The magnification of TEM varies from 100X to more than 1000.000X.
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Figure 2.7. Scheme of the core component of TEM microscope. [16]

In this thesis, TEM analysis was performed on Field Emission Gun (FEG) high resolution
TEM/STEM, FEI - Tecnai G2 F20 S-TWIN. The used acceleration voltage during image
acquisition was 200 kV, and a spot size value of 3 was chosen. Energy Dispersive X-Ray
Spectroscopy (EDS) was used for elemental analysis. For sample preparation, solid grid

deposition was performed onto a holey carbon film copper grid.

2.2.1.5. Brunauer-Emmett-Teller Analysis (BET)

Gas adsorption/desorption is a widely used characterization technique that enables to
determine the specific surface area (SSA) and pore size distribution (PSD) from the
adsorption-desorption isotherms [18], [19]. The most widely used gas is Nitrogen adsorption
at -195.8°C thanks to its weak interaction with most solids. Thus, it can cover a wide range of
pore sizes. However, when the pore size is lower than 1nm, CO, should be used as absorbed
gas instead of N, because it has a smaller molecules size (2.8 A) compared to N, (4 A) [20].
The SSA is calculated by the physisorption of the gas molecules on the surface of the
material. In this thesis, all the samples were characterized by N, adsorption/desorption using
a Micromeritics ASAP 2460 automated gas adsorption instrument. Nitrogen sorption

isotherms of the samples were measured after outgassing of the samples at 250 °C under
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vacuum for 12 hours. The adsorption isotherm is transformed to a BET plot following the

BET equation:

p/p° 1 c-1 .
wipro = e T e (P/P°) (eq-2-1)

The BET surface area is then calculated from the monolayer capacity following the equation:

as (BET) = nmLom/m (eq. 2.2)

n is the specific amount adsorbed at the relative pressure p/p°
ny, is the specific monolayer capacity

C is a parameter related to the energy of monolayer adsorption.
L is the Avogadro number

m is the adsorbent (sample) mass.

om 1s the molecular cross-sectional area occupied by the adsorbate molecule in the monolayer

The Non-Local Density Functional Theory (NLDFT) is a widely implemented model in
commercial software that allows having more accurate measurements of the PDS and the SSA
by the correlation of an experimental adsorption isotherm with the core of a theoretical
adsorption or desorption isotherms. In this thesis, 2D-NLDFT model developed by Jacek
Jagiello was used to calculate the SSA and PSD of the samples from the adsorption isotherms

using the data reduction software SAIEUS [21].

2.2.1.7. Gas pycnometry

Gas pycnometry technique allows measuring the density and volume of materials based on
the Boyle’s law, by displacement of gas molecules by a known mass of a sample [22]. An
inert gas (Helium / Nitrogen) is used as a displacement medium. Initially, the sealed chamber
of the apparatus containing the sample is filled with the inert gas, which will be expanded into

a secondary chamber. The density is calculated following the equation:
p1.Vi=p2.Vz (eq.2.3)

p1and V; are the pressure and the gas volume respectively in the measurement chamber
containing the sample. pz and V; are the pressure and the volume of the secondary chamber,

respectively.
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In this thesis, The skeletal density of the peritectic salt Lis(OH):Br was measured at room
temperature using helium pycnometer AccuPyc II 1340 instrument from Micromeritics. For
the accuracy of the results, 10 measurements for a cylindrical pellet of about 0.25 cm® were
carried out in a 3 cm® cell volume consecutively. The average value was considered as the

final density.

2.2.2. Thermophysical characterization
2.2.2.1. Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a characterization technique that enables to measure the
thermal and thermodynamic properties of a material during the phase changes it undergoes,
such as the transition temperature, the transition enthalpy, and the specific heat capacity. In a
heat-flux DSC, the differential heat flow of the material and the reference is measured
following the equation:

AT Rr — Rs dTs dAT

= ——+ATo——— —Cs)—— — Cr— 2.4
q Rr+ 0 B Rs + (Cr —Cs) 1t Cr 2t (eq 2.4)

AT and AT are the temperature difference between the sample and the reference and between
the sensor and the sample, respectively.

ATy is the temperature control of the sensor. R; and C; are the sensor thermal resistance and
the sensor heat capacity of the reference, respectively. Ry and C; are the sensor thermal

resistance and the sensor heat capacity of the sample, respectively.

In this thesis, the temperature and enthalpy of the phase transitions or reactions during heating
and cooling of the studied materials were determined using a DSC 2500 model. The
temperature and enthalpy were calibrated using Sapphire and Indium standards. Argon was
used as a purge gas (50mL/min). The accuracy is estimated to be + 1 K for the transition
temperatures and + 3 J/g for the enthalpies. The sample weight was approximately 18-20 mg.
The temperature protocol applying for DSC analysis is the following: i) a heating step of 1
°C/min up to 30 °C above the melting point of the sample; ii) an isothermal step of 10
minutes; iii) a cooling step at 10 °C/min up to room temperature. Sapphire was measured to
validate the accuracy before each measurement (error < 2 %). Due to the corrosive nature of
the mixture and to avoid any risk of salt leakage during the analysis, only one heating/cooling
cycle was applied. It is noteworthy that the good contact between the sample and the crucible
was already ensured by a heating/cooling cycle applied in the furnace prior to the DSC

analysis. To check the repeatability of the results, three different samples are tested each time.
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The phase transition temperatures of isothermal processes were considered as the onset
temperature of corresponding endothermic peaks, whereas endset temperatures were used to
estimate the temperatures of the liquidus. The enthalpies corresponding to the different
transitions were calculated by peaks integration in the heating run.

The specific heat of the peritectic compound Lis(OH);Br was measured using the Differential
Scanning Calorimetry (TA DSC 2500 model) in direct mode (one single scan measurement)
with a heating rate of 1 K/min in the temperature range from 200 °C to 320 °C. Samples of
approximately 20 mg were prepared under Argon atmosphere using hermetically sealed
Aluminium DSC pans. Before each measurement, the DSC was calibrated using sapphire
(according to DIN 51007) in the same temperature range. The uncertainty in specific heat

measurements is estimated to be less than 4 %.

2.2.2.2. Transient Plane Source (TPS) Hot Disk technique

The transient hot disk method [29] was used to measure the thermal conductivity of
Lis(OH);Br at room temperature on a cylindrical-shaped sample (diameter: ca. 13 mm,
thickness: ca. 3 mm). The sample was prepared by pressing the peritectic powders in a
hydraulic press at 5 tons for 30 seconds. To avoid hydration of the sample, the measurements
were carried out in a chamber with a constant flow of nitrogen. A TPS 2500 S instrument
equipped with a Kapton sensor of 2 mm in diameter (sensor type 7577) was employed for the
measurements. According to the recommendations of Rides et al. [30] and ISO 22007-2:2015
[31], the power applied to the sample was 20 mW during 5 s. To check the reproducibility and
quality of the results, several tests have been performed on the same sample using different
measuring times (5 to 10 s) and time frames for parameters estimation. The recorded data

were processed using the Hot Disk Software (version 7.4.0.10).
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3.1. Introduction

FactSage software [1] was used by Achchaq et al. [2] for an extensive search and selection of
stoichiometric peritectic structures providing energy density above 200 kWh/m” in the range
of temperatures from 300 °C to 700 °C. Out of 635 binary systems analyzed, 145 have shown

at least one peritectic structure satisfying those requirements.

At around 300 °C, the peritectic structure Lis(OH)3;Br appearing in the LiOH-LiBr binary
system stands out. According to the calculations carried out, Li4(OH);Br forms at 304 °C, and
the theoretical transition enthalpy is as high as 804 J/g (425 kWh/m?) for the stoichiometric
composition (0.75 molar fraction of LiOH). These features make Lis(OH);Br a very appealing
candidate for TES applications, more specifically for Direct Steam Generation CSP
technology working at c.a. 100 bar [3], [4]. It is worth noting that the reference phase change
material used for this application is NaNO3 which melts at 306 °C with an enthalpy of melting
of 177 J/g [5]-[7], meaning that Lis(OH);Br has potentially the capacity of reducing the
storage volume by almost 5 times. However, in recent experimental work of Achchaq et al.
[8], the measured enthalpy of transition for a LiOH-LiBr mixture at 0.75 molar fraction of
LiOH is only 170 J/g instead of 804 J/g. There are three different reasons that could explain

this significant difference.

1. Achchaq et al. indicate that significant leakage has been observed during Differential
Scanning Calorimetry tests, which could partly explain the low value of enthalpy

reported.

2. The second reason relates to the mechanism of formation of peritectic structures,
where two steps, named peritectic reaction and peritectic transformation, can be
distinguished. On cooling, during the peritectic reaction step, the peritectic phase
Lis(OH);Br nucleates on the surface of the pro-peritectic phase LiOH(s) and grows
through the reaction LiOH(s)+Liquid — Lis(OH);Br forming a peritectic layer that
isolates the pro-peritectic phase from the liquid. This step is very fast and takes place

at constant temperature. During the so-called peritectic transformation, the growing of
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the peritectic layer occurs at the interfaces pro-peritectic/peritectic. This step is
characterized by the migration (diffusion) of the atoms from the liquid phase through
the peritectic layer up to reach the unreacted LiOH, which is usually a sluggish
process that can result in the incomplete conversion of the reactants into the final

reaction product Li4(OH);Br.

3. Last but not least, the reliability of FactSage calculations can be questioned. Indeed,
the LiOH-LiBr phase diagram implemented in FactSage is the one proposed by
Sangster [9] using the experimental data of Scarpa [10] and Hartwig et al. [12]. As
discussed later, there are significant differences between both sets of experimental
data regarding not only transition temperature values but also the number of phases
present in the LiOH-LiBr system. According to Sangster, the uncertainty in the

proposed phase diagram is about 20 °C, which is very high.

This chapter aims to elucidate whether Lis(OH);Br can be considered as a candidate for
compact TES. To this end, Differential Scanning Calorimetry (DSC) and X-ray analysis are
employed to establish the LiOH-LiBr phase diagram while providing reliable information
about enthalpy and products of the reactions or phase transitions taking place. The results
obtained show significant discrepancies with Sangster’s proposal, and a modified phase
diagram for the LiOH-LiBr system is depicted in accordance with our observations. It is also
shown that, whatever the transition considered, measured enthalpies are much lower than
those calculated with FactSage software. Contrary to the case of Achchaq et al., no leakage
was observed during DSC tests so as the confidence in enthalpy measurements is high.

Moreover, X-ray analysis indicates that an almost complete conversion of LiOH(s)+Liquid
into Lis(OH);Br is achieved. All this let us think that the phase diagram proposed by Sangster
and, therefore, the calculations carried out with FactSage, are likely incorrect. Nevertheless,
as shown later, the enthalpy of formation/decomposition of the stoichiometric compound
Lis(OH)3Br, though less than initially predicted, is sufficient to make this compound an

attractive alternative to NaNOs; in TES applications.

3.2. State of the art in LIOH/LiBr phase diagram

The phase diagram of LiOH-LiBr system was investigated for the first time by Giuseppe

Scarpa [10] in 1915. The thermal analysis carried out indicated the presence of an eutectic
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transition taking place at 275 C and extending from composition x = 0 to x = 0.65 (x = molar
fraction of LiOH). For x > 0.65, a second isothermal transition was observed at 310 'C
approx., whose duration is maximum at x = 0.75 and that corresponds to the formation of
Lis(OH);Br stoichiometric compound. In 1953, Reshetnikov et al. [11] reported a eutectic
transition at 250-278 "C with eutectic composition between x = 0.52 and x = 0.725. They also
pointed out the existence of the intermediate compound Li3(OH),Br, which seems to melt
congruently. The phase equilibria of LiOH-LiBr system were examined again by Hartwig et
al. [12] in 1981. Differential thermal analysis (DTA) and X-ray investigations were employed
to establish the phase diagram. Besides a eutectic transition at 243 °C (0 < x < 0.5), they
identify two intermediate compounds, Li,(OH)Br and Lis(OH);Br, both of which melt
peritectically according to the authors. The formation of Li4(OH);Br was detected at 291 C
for x > 0.59, whereas Li,(OH)Br appears at 245 'C within the composition range from x > 0.4
to x = 0.75. Similar results have been reported recently by Achchaq et al. [8] (Table 3.1).
However, this latter study was conducted by DSC only, and the authors point out significant

leakage problems that could compromise the reliability of the results.

Table 3.1. Phase equilibria in LiOH-LiBr system according to currently available experimental data.

Phase Transition Range of Methods Information
transitions temperature existence (molar provided
(eutectic, (°O) fraction of LiOH)
peritectic,
peritectoid)
Scarpa [10] Eutectic 275 x<0.70 Thermal Table including
(eutectic point at analysis tested
x =0.45) compositions (18)
Li,(OH)Br Not reported Not reported and corresponding
Li4(OH);Br 310 x> 0.65 transition
temperatures
Hartwig et al. Eutectic 243 x<0.50 DSC & X-ray Graphical
[12] (eutectic point at diffraction information
x =0.40) including proposed
Li,(OH)Br 245 0.42<x<0.75 phase diagram
Li4(OH);Br 291 x>0.59 with experimental
points (13
compositions)
Achchagq et al. Eutectic 253 Not reported DSC Composition (13)
[8] — Transition
Li,(OH)Br 254 Not reported temperatures map
Li4y(OH);Br 290 Not reported

Despite the significant discrepancies in available experimental data as well as in their

interpretation (summarized in Table 3.1), a theoretical phase diagram for LiOH-LiBr system
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was proposed by Sangster [9] in 2000. Through careful analysis of all available liquidus data
at that time [10], [12], Sangster concludes that the reported “eutectic” at 243 or 250 Cis
actually the subsolidus transition temperature of Li(OH)Br compound. For the calculation of
the phase diagram, the existence of intermediate compounds Lis(OH);Br (melting
peritectically) and Li,(OH)Br (decomposing in the subsolidus) was assumed. On the contrary,
Sangster considers that there is no independent evidence for the Liz(OH),Br compound
existence and, therefore, it was not included in the calculation of the phase diagram. As can be
seen in Figure 3.1, the phase diagram shows a calculated eutectic at 267 C (eutectic
composition, x = 0.423), the peritectic reaction of Lis(OH);Br at 304 ‘C (x = 0.625), and
Li,(OH)Br compound with a transition temperature at 244 C. According to Sangster, an
uncertainty of + 20 'C may be assigned to the calculated diagram, which is very high. This is

the phase diagram currently implemented in FactSage 7.3 [1].

550 g S|
A Experimental data [12 |
500
477 °C
§ 450
@
% 400
(]
£
o 390
[
300
i
250 oo e o LS
244 °C = m
w e
L 4
200 1 1 1 1 = 1 1 L 1
o0 o1 02 03 04 05 06 07 08 09 10

Molar fraction of LiOH

Figure 3.1. LiOH-LiBr phase diagram proposed by Sangster [1] based on the experimental data
obtained by Scarpa [10] (black circles) and Hartwig et al. [12] (blue triangles).
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3.3. Experimental estimation of the phase diagram of the binary
system LiOH-LiBr

The experimental investigation of the LiOH-LiBr system has been carried out through
Differential Scanning Calorimetry (DSC) and X-ray diffraction. Thirteen LiOH-LiBr mixtures

with LiOH molar fraction ranging from x = 0.19 to x = 0.84 have been investigated.

3.3.1. Thermal Characterization of LiOH-LiBr mixtures

The DSC thermograms obtained upon heating are displayed in Figure 3.2, whereas the
transition temperature values are reported in Table 3.2. We remind that prior to DSC tests, the
samples were already subjected to a first heating/cooling run in an oven (section 2.2.2.1).
Also, at least three samples for each composition have been prepared and tested to check the
repeatability of the results. Figure 3.2 and Table 3.2 show a first endothermic event that
occurs at 230 °C approx. In the range of composition from 0.56 to 0.84 molar fraction of
LiOH. This solid-state transition (named T}) is not predicted in the phase diagrams known so
far [9], [10], [12] and will be discussed furtherly later. The second and third endothermic
events occur between 243 - 250 °C and 246 - 254 °C, respectively. According to Hartwig et
al. [12], the endothermic event observed at 243 - 250 °C corresponds to a eutectic transition
line, whereas that appearing at 246 - 254 °C relates to the formation of the stoichiometric
phase Li(OH)Br, which melts peritectically. On the contrary, Sangster [9] states that
Li,(OH)Br results from a peritectoid reaction and that the event observed at 243 - 250 °C is
actually the subsolidus decomposing temperature of such compound. A zoom of DSC
thermograms for compositions x = 0.19 to x = 0.62 between 240-260 °C is provided in Figure
3.3. Firstly, it can be seen that both endothermic peaks are visible throughout the range of
tested compositions from 0.19 to 0.62 mole fraction of LiOH, which means that Li,(OH)Br
cannot be a peritectic compound as it extends beyond any reasonable value of possible
peritectic composition. According to Hartwig's postulates, the intersection of the peritectic
line with the liquidus line (peritectic composition) occurs at about x = 0.42 so that the
endothermic peak corresponding to the formation of Lix(OH)Br should disappear for
compositions with lower LiOH content (x < 0.42), which is not the case. It can also be seen
that the intensity of the endothermic event at the lowest temperature (c.a. 250 oC) increases
with the LiOH content of the mixture up to x = 0.50, where the intermediate compound
Li,(OH)Br is placed, and a maximum intensity value is observed. Together with the previous

observation, this likely indicates that Li,(OH)Br forms through a peritectoid reaction at 250

60



Chapter 3. Study of the binary system LiOH-LiBr

'C approx. Regarding the endothermic event at the highest temperature (c.a. 254 "C), it shows
the maximum intensity at x = 0.48 which is compatible with the existence of a eutectic
transition with eutectic point close to x = 0.43 as reported by Hartwig et al. [12] (eutectic
point at x = 0.40). Moreover, no endothermic events have been observed at the temperature of
the eutectic transition proposed by Sangster [9] (267 ‘C), while the liquidus line indicates the
existence of such type transition. According to our experimental results, neither Hartwig nor
Sangster 's conclusions seem to be correct. What we observe fits better with the formation of
compound Li,(OH)Br at 250 'C through a peritectoid transformation and the existence of a
eutectic transition at 254 'C approx., both extending over the compositional range from x = 0

to x = 0.62 approx.

_ w . 2 —— 19 mol% LiOH
| 29 mol% LiOH

‘-1[ — 43 mol% LiOH
50 mol% LiOH

56 mol% LiOH

— 62 mol% LiOH

B 67 mol% LiOH
! ——— 71 mol% LiOH
— 75 mol% LiOH

—— 78 mol% LiOH

Heat Flow, W/g

==

A
~ l 80 mol% LiOH
V W — 82 mol% LiOH

= | ——— 84 mol% LiOH
i 1 i 1 i 1 i
200 250 300 350 400
Temperature (°C)

Figure 3.2. DSC thermograms upon heating (heating rate = 1 K/min) of LiOH-LiBr samples with
different compositions from 0.19 to 0.84 molar fraction of LiOH.
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Table 3.2. Phase transition temperatures of LiOH-LiBr mixtures obtained from DSC analysis.

Transition temperatures (°C)

Composition T, Peritectoid  Eutectic T, Peritectic Liquidus
(%mol LiOH) line Line

84 231 - - 278 287 403
82 231 - - 280 288 389
80 232 - - 280 289 372
78 230 - - 280 289 378
75 Liys(OH);Br 231 - - 279 289 321
71 233 - - 280 284

67 232 - - 274 283

62 233 245 247 273 -

56 232 243 246 - - Not
50 Lio(OH)Br - 246 251 - ; detectable
43 - 249 251 - -

29 - 250 254 - -

19 - 250 254 - -

Coming back to Figure 3.2 and Table 3.2, another endothermic event is observed at c.a. 289
'C for molar fractions of LiOH greater or equal to x = 0.62, which is preceded by a less
energetic transition at 280 'C approx. (named T,). As shown in Table 3.3 and Figure 3.4, the
maximum value of the reaction enthalpy associated to those endothermic peaks is reached at x
= 0.75, where the peritectic compound Lis(OH);Br is located. Again, our experimental results
are in good agreement with those of Hartwig et al. [12], showing a peritectic
transition/reaction at 289 C approx. which is very close to the value proposed by Hartwig
(291 oC) and 15 °C below the value calculated by Sangster [9] (304 oC). The transition T,
preceding the peritectic reaction has not been reported before and will be discussed later.
Regarding the liquidus line, it is hardly visible for compositions below x = 0.75, whereas the
values of liquidus temperature observed beyond x = 0.75 are in very good agreement with

those reported by Scarpa [10] and are 10-20 'C below those proposed by Hartwig et al. [12].
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Figure 3.3. Zoom on DSC thermograms for LIOH-LiBr samples with composition within 0.19 and

0.67 molar fraction of LiOH.

Table 3.3. Enthalpies of phase transition of LiOH-LiBr mixtures obtained from DSC analysis.

Enthalpy of phase transition (J/g)

Composition T, Eutectic transition + T, transition + Melting
(% mol LiOH) Peritectoid reaction Peritectic reaction

84 9 195 175
82 17 195 159
80 21 206 131
78 19 233 117
75 Liy(OH);Br 29 247 50
71 61 202

67 107 128

62 80 52 62
56 40 138

50 Li,(OH)Br 156

43 126

29 77

19 32
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Figure 3.4. Measured enthalpies for transition T (blue line), eutectic + peritectoid reaction (orange
line) and peritectic reaction (grey line).

The composition-transition temperature data from our DSC analysis have been reported on
the phase diagram proposed by Hartwig et al. [12] together with their experimental results
(Figure 3.5). Except for the transitions T; and T, (not reported before) and interpretation
about Li,(OH)Br formation mechanism (peritectoid vs. peritectic), Figure 3.5 shows a quite
good agreement between our experimental results and Hartwig’s phase diagram. They are also
in good agreement with the transition temperatures proposed by Achchaq et al. [8] for the
eutectic line and the plateaux where intermediate compounds Li(OH)Br and Lis(OH)sBr
form. Al this leads us to think that the phase diagram proposed by Sangster [9] and
implemented in FactSage 7.3, as well as Scarpa's data [10], is probably incorrect. The
transition enthalpies observed also point in this direction. Whatever the transition considered
(Figure 3.4, Table 3.3), the measured phase change enthalpies are much lower than those
predicted by FactSage 7.3. For instance, the measured enthalpies corresponding to the eutectic
transition are approximately one-third lower than those calculated with FactSage. The same
applies to the peritectic transformation leading to the formation of the compound Lis(OH);Br.
FactSage predicts an enthalpy of 804 J/g, while the measured enthalpy is only 247 J/g. Even
considering that the transformation can be produced outside the thermodynamic equilibrium,

following for example a Scheil-Gulliver scheme, FactSage’s prediction (450 J/g) remains

64



Chapter 3. Study of the binary system LiOH-LiBr

quite above what is actually observed. In a recent paper by Legros et al. [13], the authors
suggest that the structure form close to 290 °C with related enthalpy of phase transition of 250
J/g approx. is a potential Lis(OH);Br polymorph that is systematically obtained because
thermodynamically more stable than the Lis(OH)3;Br described by Honnerscheid et al. [14].

-A— Experimental data [12]
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Figure 3.5. LiOH-LiBr phase diagram proposed by Hartwig et al. [12] and experimental data obtained
by DSC in this work (red symbols) and by Hartwig (blue symbols).

3.3.2. Structural characterization of LiOH-LiBr mixtures
3.3.2.1. X-ray diffraction analysis of LiOH-LiBr mixtures

In Figure 3.6, the X-ray diffraction patterns at room temperature for some selected
compositions are shown. For the compositions studied, the reaction products correspond to
those predicted in the phase diagrams proposed so far [9], [10], [12]. In samples with LiOH
molar fraction below 0.5, the phases identified are LiBr and Li(OH)Br. In the compositional
range from 0.5 to 0.75, they are Li,(OH)Br and Lis(OH);Br. Beyond x = 0.75, only
Lis(OH);Br and LiOH are present. Moreover, the quantitative analysis carried out (see Table
3.4) also indicates a quite good agreement between experimental observations and
calculations carried out with FactSage 7.3. based on Sangster’s phase diagram. It is worth to

note too that 100% Lix(OH)Br and 100% Lis(OH);Br are obtained for samples with
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compositions x = 0.5 and x = 0.75, respectively, meaning that both the peritectoid and

peritectic reactions seems have been completed.
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Figure 3.6. XRD results for some LiOH-LiBr selected compositions

Table 3.4. XRD quantitative analysis results — Experimental data have been obtained by fitting x-ray
diffraction profiles by Rietveld method. Calculations have been performed using FactSage 7.3 based
on the phase diagram proposed by Sangster [9].

Composition Experimental data Calculations (wt. %)
(mol. %) (wt. %)
78LiOH-22LiBr 87 Liy(OH);Br 91 Li4s(OH);Br

13 LiOH 9 LiOH
75LiOH-25LiBr 100 Liy(OH);Br 100 Lis(OH);Br
71LiOH-29LiBr 82 Li4(OH);Br 78 Lis(OH);Br

18 Li,(OH)Br 22 Li,(OH)Br
62LiOH-38LiBr 46 Lis(OH);Br 42 Lis(OH);Br

54 Li»(OH)Br 58 Li,(OH)Br
50LiOH-50LiBr 100 Li,(OH)Br 100 Li,(OH)Br

3.3.2.2. In-situ XRD analysis for investigation of novel phase transition

To investigate the nature of transitions T; and T,, several quenching and in-situ XRD

experiments were carried out at the composition showing the maximum energy related to the

transition T; (67 mol% LiOH). The quenching experiments were carried out in a homemade

small cylindrical oven (internal diameter 15 mm; depth 10 mm). A similar sample holder as
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the one used for the DSC measurements was used for the experiments. The sample holder was
suspended in the oven thanks to the two wires of a type K thermocouple. In this configuration,
the junction between the two wires is insured by the metallic sample holder itself (separated
contact thermocouple configuration), allowing a better control of the holder temperature. The
oven was coupled to the thermocouple through a data acquisition card and a relay system to
regulate the temperature of the sample. Thus, the sample was heated to the targeted
temperature, held at that temperature for 10 minutes, and then quenched in liquid Nitrogen.
Figure 3.7 shows the XRD patterns after quenching at 240 °C and 260 °C (both after T;). In
both cases, the XRD patterns show the presence of a new crystalline phase (labeled as N in

the graph) as well as less than 5% of a second unknown phase (labeled as U).
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Figure 3.7. XRD patterns after quenchlng a sample of composition 67 mol. % LiOH at 240 °C and
260 °C.
Due to the corrosive nature of the salt and to avoid possible damage to the in-situ cell, the in-
situ XRD measurements were performed only up to 240 °C. In this case, the sample (67 mol%
LiOH) was heated from room temperature up to 230 °C and 240 °C respectively, then cooled
down at 230 °C and finally at room temperature with a heating rate of 10 K/min. In this
experiment, the XRD patterns were registered, at the selected temperature, after a stabilization
time of 30 minutes to ensure stable conditions with no temperature fluctuation during the
measurements. In order to help in the comparison of the XRD results, it should be kept in

mind that the XRD analysis of the quenched samples was performed using Copper radiation
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(Acu ka1 = 1.54056 A). In contrast, the in-situ analyses were performed using Cobalt radiation

(Acoa1 = 1.78886 A/ Acow = 1.79277 A). The XRD patterns obtained are shown in Figure 3.8.
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Figure 3.8. In-situ XRD results of the sample 67mol. % LiOH after synthesis.

As expected, the room temperature pattern in Figure 3.8 shows the presence of the peritectic
phase Lis(OH);Br and the peritectoid phase Li,(OH)Br. The results at temperatures 230 °C
and 240 °C substantially confirm what was observed in the DSC experiments. At 230 °C there
is a solid-state transformation with the formation of a new crystalline phase (labeled N) for
the moment unknown. This transformation is completed at 240 °C and is reversible, as shown
in the XRD after cooling at 25 °C (upper part in the figure following the direction of the
arrow). The formation of this new phase N corresponds to the disappearance of the peritectic
phase from the pattern, while the peritectoid phase is still well visible. For this last phase, at
high temperature, the Rietveld refinement shows cell parameter higher than the one relevant
to the room temperature phase (a = 0.409 nm versus 0.406 nm) due to the volume expansion
upon heating. It is worth noting that upon heating, the second unknown phase identified
(labeled as Un) in the pattern at room temperature (at 26 around 30°) also disappears and
appears again after cooling. This suggests that this peak also belongs to the peritectic
crystalline phase. It is worth noting that the new phase N detected in the in-situ experiments
doesn’t show the same reflections of the phases identified after the quenching experiment.
This difference is probably due to the non-equilibrium conditions of the samples subjected to

quenching not allowing reaching the more stable structure.
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3.3.3. Proposition of new phase diagram for LiOH-LiBr binary system

Although further studies are necessary to clarify the nature of phase transitions Ty and T, the
in-situ XRD results, together with enthalpy measurements (Fig. 4) and observations from
[26], give some hints about them. According to DSC measurements, the solid-state transition
T, takes place at 230 °C, which is the temperature at which the new crystalline phase N
appears in in-situ XRD spectra and the peritectic compound Lis(OH);Br disappears
completely. On the other hand, Figure 3. 4 shows that the enthalpy linked to phase transition
T; reaches its maximum value at composition x = 0.67, which approximately coincides with
the 1:2 molar composition corresponding to the stoichiometric compound Liz(OH),Br
mentioned by Reshetnikov at al. [11]. Therefore, we could assume that the transition T
represents a reversible reaction on heating between solids Lis(OH)3;Br and Li,(OH)Br with
Liz(OH),Br as reaction product (Lis(OH);Br + Li,(OH)Br — 2 Li3(OH),Br). Accordingly, the
transition T,, appearing just before the peritectic reaction, should correspond to the
decomposition (on heating) of the stoichiometric compound Li;(OH),Br into Lis(OH);Br and
a liquid phase with 0.5 molar fraction of LiOH (2 Li3(OH),Br — Lis(OH)3;Br + LiOH(l) +
LiBr (1)).

550

AN
o |\ /

400 \ /

S}
2 .
a
£ 350 . /q'_
300 l/
\ /./’ AW
[ ] L ]
¢ (2)
250 ] (3)
(1) T
200

0 10 20 30 40 50 60 70 8 90 100
% mol LiOH

Figure 3.9. Sketch of possible LiOH-LiBr phase diagram according to the experimental analysis
carried out, showing two peritectic compounds (2 — Li;(OH),Br & 3 — Liy(OH);Br), one peritectoid (1
— Li,(OH)Br) and eutectic transition at 254 °C.
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Considering the set of experimental results obtained, as well as the analyses made of them,
the phase diagram of the LiOH-LiBr system could probably be the one drawn by hand in

Figure 3.9. It encompasses three stoichiometric compounds:

1. Li(OH)Br, which forms through a peritectoid reaction at 250 °C approx. over the
compositional range x < 0.66-0.67;

2. Liz(OH),Br, which is the product of the reaction between solids Lis(OH);Br and
Li(OH)Br at 230 °C and melts peritectically at 280 °C approx., with peritectic point at
x =0.5;

3. iii) Lis(OH);Br, which from through a peritectic reaction at 289 °C approx. at
compositions x > 0.62. The eutectic transition occurs at 254 °C approx. and extends

over the composition range x > 0 to x = 0.66-0.67, with eutectic point at x = 0.40.

3.4. Conclusion

In this chapter, LiIOH-LiBr binary system was thoroughly investigated by means of DSC and
XRD experimental analysis. Significant discrepancies compared to previous existing studies
were observed. They relate to temperature values of phase equilibria as well as stoichiometric
compounds present in the system. From our experimental results, a modified LiOH-LiBr
phase diagram was proposed which gives satisfactory explanation to all observations carried
out. It includes stoichiometric compounds Li,(OH)Br (peritectoid plateau at 250 °C, x<
0.666), Liz(OH),Br (stable between 230 °C and 280 °C, melting peritectically for x > (0.5) and
Lis(OH)3Br (peritectic plateau at 289 °C, x > (0.5). It also displays a eutectic transition at
254 °C approx., which extends over the composition range x > 0 to x = 0.66-0.67, with

eutectic point at x = 0.40.

The disagreements with previous studies also concern the enthalpies of transition. Whatever
the transition considered; the enthalpies measured in this work are much lower than those
predicted by FactSage 7.3, where LiOH-LiBr phase diagram proposed by Sangster in 2000 is
implemented. Given the reliability of our DSC measures and taking into account that the
identified peritectic and peritectoid reactions are completed (checked by XRD), these
differences can only be attributed to the proven shortcomings of the Sansgter’s phase

diagram.
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In spite of much lower energy density than a priori expected, the peritectic compound
Lis(OH);Br is still an attractive candidate for TES applications around 300 °C. With a
reaction enthalpy of 247 J/g at 289 °C, it can compete with phase change material NaNOs3,
that melts at 306 °C with 175 J/g of latent heat, which is the reference material for TES
applied to high pressure (100 bar) DSG technology. Full characterization of the thermo-
physical properties of Lis(OH);Br (transition temperature, reaction enthalpy, thermal
conductivity, specific heat capacity), as well as thermal cycling stability analysis and

corrosion studies will be discussed in the next chapters.
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Chapter 4: Study of the peritectic compound
Lis(OH);Br as high temperature TES material in
concentrating solar power applications

4.1. Introduction

In this chapter, the thermal and structural properties of Lis(OH)3;Br are thoroughly
investigated. The synthesis method and experimental techniques employed are described in
sections 2.1 and 2.2. The characterization of Li4(OH);Br as storage material is conducted by
measuring transition temperatures and enthalpies, specific heats, and thermal conductivity.
The effect of the synthesis conditions (i.e., thermal treatment, atmosphere used) on the storage
properties, as well as the stability of the material to thermal cycling. Moreover, particular
attention is paid to the study of subcooling phenomena and elucidation of mechanisms of
formation of Li4(OH);Br by combining DSC (Differential Scanning Calorimetry) with X-ray
diffraction and TEM (Transmission Electron Microscopy). The study also includes a first
attempt to enhance the performance of the storage material by addition of different types of
carbon nanoparticles, such as fullerene Cep, reduced graphene oxide and multi-walled carbon
nanotubes. At last, the performance of Li4(OH);Br for TES in DSG solar power application is
discussed and compared to that of commonly used phase change storage material sodium

nitrate.

4.2. Mechanism of formation of the peritectic compound
Li4(OH)3BI'

The term peritectic usually refers to reactions in which a liquid phase reacts with at least one
solid phase at a defined temperature, T, (peritectic temperature), to form one new solid phase.
According to the phase diagram in Figure 3.9, the peritectic reaction leading to the
intermediate compound Li4(OH)3Br takes place at T, = 289 °C and writes as: LiOH(s) + liquid
— Lis(OH);Br. Under thermodynamic equilibrium conditions, the pro-peritectic phase
LiOH(s) nucleates on cooling at the liquidus temperature then grows until the peritectic
temperature is reached. At this point, the liquid composition is that of the so called peritectic
point (x = 0.62 according to Figure 3.9), and the liquid reacts with LiOH(s) to give
Lis(OH);Br. The conversion into Lis(OH)3;Br is 100% for composition x = 0.75 that we are

going to investigate, which corresponds to that of stoichiometric compound Lis(OH);Br.
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Peritectic structures usually form by means of at least three mechanisms [1]—[3]:

» Peritectic reaction. The reaction starts with the nucleation of the peritectic phase at the
pro-peritectic/liquid interface. Then, lateral growth of the peritectic phase around the
pro-peritectic phase takes place at the triple junction (pro-peritectic, peritectic, and
liquid), readily forming a layer that isolates the pro-peritectic phase from the liquid.
The peritectic reaction ends once the pro-peritectic phase is enwrapped by the
peritectic phase. This mechanism occurs through short-range diffusion so as the
reaction is usually fast and isothermal.

* Peritectic transformation. In contrast to peritectic reaction, the peritectic
transformation occurs through a long-range diffusion mechanism, where atoms
migrate through the peritectic layer to form peritectic solid at the pro-
peritectic/peritectic and peritectic/liquid interfaces. The diffusion process through the
peritectic layer depends on the atoms diffusion rate, the shape of the phase diagram
and the cooling rate. In case of systems where the peritectic phase has a limited
composition (c.f. stoichiometric peritectic compounds as Lis(OH);Br), the mechanism
of peritectic transformation is highly unlikely.

* Direct precipitation. Direct precipitation of the peritectic phase from the melt (or from
the pro-peritectic phase) can occur when a peritectic reaction or peritectic
transformation is sluggish, as is often the case, and enough undercooling below the
peritectic temperature (T,) occurs.

Due to the sluggishness of long-range solid-state diffusion, peritectic transformation could not
proceed completely, leading to the existence of pro-peritectic phase in the final microstructure
after peritectic solidification. However, although less common, the peritectic reaction can also
occur by a mechanism different from that described above. In fact, due to surface tension
conditions [2], the peritectic phase can nucleate and grow in the liquid without contact with
the pro-peritectic phase, which will gradually dissolve. In such a case, as observed in Al-Mn
[4] and Ni-Zn [5] systems, nearly phase-pure peritectic phase is achieved after the
solidification process. Moreover, almost 100% pure peritectic-phase has also been reported
during the solidification of highly undercooled peritectic alloys [6]—[8]. It is shown that, in
such conditions, the peritectic phase directly solidifies from the undercooled melt by
completely suppressing the nucleation and growth of the pro-peritectic phase, even in the case

of peritectic stoichiometric compounds [9].
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4.3. Phase change behavior and thermophysical characterization
of the peritectic compound Lis(OH);Br

Three samples of LiOH-LiBr mixture with 0.75 molar fraction of LiOH composition were
prepared under argon atmosphere as described in section 2.1.1. As already explained, they
were submitted to the following thermal treatment in an oven to synthesize Lis(OH)3Br: i) a
heating ramp at 10K/min from ambient temperature up to 30 °C above the melting
temperature of Li4(OH);Br; ii) an isothermal step of 1 hour; iii) a cooling step up to room
temperature with a cooling rate of 1.8 K/min. Their subsequent DSC analysis was performed
at a heating rate of 1 K/min up to 320 °C, whereas the cooling rate was 10 °C/min up to room
temperature. The DSC thermograms obtained are almost identical for the three samples. As
shown in Figure 4.1.a, three endothermic peaks are clearly visible during the heating stage.
The onset temperatures of the first and second peaks are 231 °C and 279 °C, respectively. As
explained in chapter 3, these transitions are related to the formation and decomposition of
intermediate compound Li3(OH),Br. It forms at the expense of Lis(OH);Br through the solid-
state reaction Lis(OH)3;Br — Liz(OH),Br + LiOH, whereas it decomposes into Lis(OH);Br
through the reverse reaction. The third peak corresponds to the peritectic melting of
Lis(OH)3Br, which occurs at 289 °C giving a liquid solution (x = 0.62) and solid-phase LiOH.
The melting of LiOH is hardly visible on heating, but its solidification is clearly appreciated
on cooling (Figure 4.1.b). As discussed later, the liquidus temperature is estimated to be > 340

°C. The enthalpy values corresponding to observed transitions are reported in Table 4.1.
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Figure 4.1. DSC thermograms of a sample of Lis(OH);Br: (a) heating stage; (b) cooling stage.

Table 4.1. Temperatures and enthalpies of phase transitions/reactions of LiOH-LiBr mixture at
composition x = 0.75 on heating.

Transition Enthalpy of
temperature (°C) transition/reaction
(J7g)
Formation of Li3(OH),Br 231 29
Decomposition of Liz(OH),Br 279 247
Peritectic decomposition of Li,(OH);Br 289
End of melting > 340 50

(*) This value corresponds to the addition of the enthalpy of the decomposition of Li;(OH),Br at 279 °C
and that of Li,(OH);Br at 289 °C.

Subcooling phenomena have been qualitatively analyzed, not only because they can limit the
use of the material in thermal storage applications but also because they can provide some
understanding of the mechanisms of Lis(OH);Br formation. To this end, ten new samples
were prepared as described in section 2.1.1. Each sample was submitted to a DSC test with a
heating rate of 1 °C /min, whereas the cooling rate used was 50 °C/min for three of them and
10 °C/min for the rest. The DSC thermograms achieved on cooling are displayed in Figure 4.3
(cooling rate = 50 °C/min) and Figure 4.3 (cooling rate = 10 °C/min). At the highest cooling
rate (Figure 4.2), the nucleation of the pro-peritectic phase LiOH(s) occurs at temperatures
between 290 °C and 300 °C. The peritectic reaction and eventual transformation leading to

Lis(OH);Br are observed at 280 °C, which is 9 °C below the equilibrium temperature

76



Chapter 4: Study of the peritectic compound Lis(OH);Br

determined on heating. The transition temperatures related to the formation/decomposition of
Liz(OH),Br are also shifted to lower temperatures. They are 266 °C and 222 °C approx.
respectively (instead of 279 °C and 231 °C). At the lower cooling rate (Figure 4.3), two
different behaviours are observed. There are at least two samples in which there is no
evidence of the pro-peritectic phase formation (LiOH nucleation and growth). Indeed, the first
exothermic event on cooling occurs at 273-276 °C where the peritectic phase seems to directly
precipitate from the metastable melt. On the contrary, there are five samples in which the
exothermic peak corresponding to the nucleation and growth of LiOH(s) is clearly visible at
temperatures ranging from 340 °C to 278 °C. In these cases, the exothermic peak
corresponding to the formation of Lis(OH)3;Br appears at temperatures ranging from 270 °C to
282 °C (19-7 °C below the equilibrium temperature). For all the samples, the peak related to
the transition leading to Liz(OH),Br on cooling often overlaps with the exothermic peak
related to Lis(OH);Br formation. However, the last transition at 210-228 °C is clearly visible

and corresponds to the decomposition of previously formed Liz(OH),Br.
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Figure 4.2. DSC thermograms (on cooling) with a cooling rate of 50 °C/min for LiOH-LiBr mixtures
at x = 0.75 LiOH.
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Figure 4.3. DSC thermograms (on cooling) with a cooling rate of 10 °C/min for LiOH-LiBr mixtures
at x = 0.75 LiOH.

4.4. The effect of the synthesis conditions on the storage properties
of the peritectic compound Liys(OH);Br

4.4.1. Effect of synthesis cooling rate

The effect of changing the cooling rate during the synthesis of the peritectic phase Lis(OH);Br
has also been analyzed by DSC. A priori, increasing the cooling rate could lead to
metastability phenomena translating into different final microstructures and, therefore,
different phase transition properties. It can also lead to a finer-grained pro-peritectic phase,
which could facilitate the peritectic reaction if it occurs at the triple pro-
peritectic/peritectic/liquid junction. Figure 4.4 displays the DSC thermograms obtained for
samples prepared under argon atmosphere at cooling rates of 0.5, 1, 1.8, and 50 °C/min. It can
be seen that whatever the cooling rate used during the synthesis stage, almost identical
thermograms are obtained. Lis(OH);Br formation is always observed at 289 °C, and no
significant differences in enthalpy values are obtained (Table 4.2). According to these results,
we can conclude that changing the cooling rate in the synthesis process has no significant
influence on the final microstructure of the sample, neither on the reactivity and degree of
conversion into peritectic phase Lis(OH);Br. This suggests again that the mechanism of

formation of Li4(OH);Br likely differs from the most common one in which the peritectic
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phase nucleates at the pro-peritectic/liquid interface and grows around the pro-peritectic phase

forming a layer that isolates the latter phase from the liquid.
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Figure 4.4. DSC thermograms (on heating, heating rate = 1 °C/min) for LiOH-LiBr mixtures at X =
0.75 LiOH prepared under argon atmosphere using different cooling rates during the synthesis stage.

Table 4.2. Peritectic reaction teperatures and enthalpies corresponding to the samples prepared using
different cooling rates during the synthesis stage.

Cooling rate (°C/min)

temperature (°C)

Enthalpy (J/g) (*)

0.5 289 248
1.0 289 235
1.8 289 247
50 289 243

(*) This value corresponds to the addition of the enthalpy of the decomposition of Li;(OH),Br

at 279 °C and that of Lis(OH);Br at 289 °C.
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4.4.2. Effect of synthesis atmosphere
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Figure 4.5. DSC thermograms (on heating, heating rate = 1 °C/min) for LiIOH-LiBr mixtures at x =
0.75 LiOH prepared under different atmospheres (argon and air).

The possibility of simplifying the synthesis protocol by working under ambient air instead of
using a protective argon atmosphere has also been investigated. To this end, a sample (x =
0.75) was prepared by modifying the reference protocol to this respect (thermal treatment in
the oven was carried out under air). Figure 4.5 shows that there are no differences in the
thermal behaviour of the sample prepared under air and that prepared using argon as a

protective atmosphere.

4.5. Thermal cycling stability of the peritectic compound
Li4(OH)3BI’
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Figure 4.6. Thermal cycling of Li,(OH);Br under Argon and Air: (a) heating DSC curves (solid line
represents test under Ar / dashed line represents test under Air); (b) evolution of the enthalpy (T2 +
Peritectic) upon cycling.

To check the thermal cycling stability of the studied material, Li4(OH);Br samples have been
submitted to several heating/cooling cycles between 200 °C and 350 °C in a muffle furnace
under both inert atmosphere and Air. The heating DSC curves depicted in figure 4.6.a shows
that the temperature related to the peritectic reaction remains unchanged over 600 cycles both
under Argon and Air atmospheres. Additionally, the evolution of the enthalpy related to the
transition (T, + Peritectic) presented in figure 4.6.b shows as well good stability of the
enthalpy over 600 cycles, both under Ar and Oxygen. It can be concluded that the peritectic
Lis(OH)3Br owns excellent thermal cycling stability over 600 heating/cooling cycles with no

sensitivity to the atmosphere.

4.6. Specific heat capacity and thermal conductivity of the
peritectic compound Liy(OH);Br

The specific heat and thermal conductivity of Lis(OH);Br have been measured. Figure 4.7
shows the specific heat values measured by DSC direct method, whereas the numerical values

are reported in Table 4.3.
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Figure 4.7. Variation of the specific heat (Cp) with temperature obtained by DSC direct method.

Table 4.3. Constant pressure specific heat values obtained by DSC direct method.

Temperature Specific heat values Slope of the regression
range (°C) J/g/K) line (mJ/g/K?)
200 - 230 1.28 - 1.40 3.45

240 -270 1.569 — 1.686 3.90

320 - 350 2.523 —2.546 negligible

Table 4.4 presents the thermal conductivity values of Lis(OH);Br at room temperature with

good reproducibility of the tests.

Table 4.4. Thermal conductivity values of Li,(OH);Br

Test k (Wm/K) Average (W/m/K) Standard deviation
(W/m/K)
1 0.4740
2 0.4713 0.4716 0.0018
3 0.4695

4.7. Structural characterization of the peritectic compound

Li4(0H)3BI‘

As already explained, the peritectic structures form by at least two mechanisms, namely

peritectic reaction and peritectic transformation [1]-[3]. The peritectic reaction starts by the
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nucleation of the peritectic phase (Lis(OH);Br) at the pro-peritectic/liquid interface
(LiOH(s)/Liquid). Then, lateral growth of the peritectic phase around the pro-peritectic phase
takes place, readily forming a layer that isolates the pro-peritectic phase from the liquid. This
mechanism occurs through short-range diffusion so as the reaction is usually fast and
isothermal. In contrast to peritectic reaction, the peritectic transformation occurs through a
long-range diffusion mechanism, where atoms migrate through the peritectic layer to form
peritectic solid at the pro-peritectic/peritectic and peritectic/liquid interfaces. The atoms
diffusion through the peritectic layer usually is a sluggish process so as the peritectic
transformation is rarely completed. This is especially true for peritectic structures with a
limited range of composition, the limit case being peritectic stoichiometric compounds where
the necessary gradient of concentration for diffusion to take place is zero. Therefore, the
reaction LiOH(s)+Liquid— Lis(OH)3Br is expected to be incomplete, leading to metastable

microstructures containing pro-peritectic phase LiOH(s)

The investigation of the phases present in the different samples studied by DSC has been
carried out by X-ray diffraction analysis at room temperature. Figure 4.8 shows the diffraction
pattern of Lis(OH);Br synthesized following the reference protocol. It can be seen that the
only phase present is Li4(OH);Br. Indeed, all the reflections corresponding to Lis(OH);Br and
no others are observed. The same results have been obtained for the samples produced with
different cooling rates (0.5, 1 and 50 °C/min) as well as for the sample prepared under
ambient air instead of using argon atmosphere. These results are in apparent contradiction
with the mechanisms of peritectic structure formation. The fact that the pure-phase
Lis(OH);Br is achieved after the solidification process, and this regardless of the cooling rate
applied, suggests that the mechanisms of formation of this compound differ from the usual
ones. Although less common, it has also been reported that the peritectic phase can also
nucleate and grow in the liquid without contact with the pro-peritectic phase, which will
gradually dissolve. In such a case, as observed in Al-Mn [4] and Ni-Zn [5] systems, nearly
phase-pure peritectic phase is achieved after the solidification process. Moreover, almost
100% pure peritectic-phase has also been reported during the solidification of highly
undercooled peritectic alloys [59]-[61]. It is shown that, in such conditions, the peritectic
phase directly solidifies from the undercooled melt by completely suppressing the nucleation
and growth of the pro-peritectic phase, even in the case of peritectic stoichiometric

compounds [9].
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The results obtained by X-ray diffraction as well as those from subcooling analysis point
together in these two directions. The subcooling analyses show two situations: i) the most
frequently observed, in which the formation of Lis(OH)sBr is preceded by the nucleation and
growth of the pro-peritectic phase LiOH, and ii) a less frequent one, in which the nucleation
and growth of the pro-peritectic phase are suppressed and Lis(OH);Br directly forms from the
metastable liquid. Presumably, as already observed in other peritectic systems, Li4(OH);Br
needs neither the presence nor contact with the pro-peritectic phase to form. It nucleates and

grows directly in the liquid.
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Figure 4.8. X-ray diffraction spectrum obtained at room temperature for a sample (0.75 molar fraction
of LiOH).

Additional arguments in this sense are provided by TEM images (Figure 4.9), where there is
no evidence of the typical microstructure expected when the peritectic compound forms
following common steps of peritectic reaction and peritectic transformation. In this case, the
microstructure usually has at least two clearly distinguishable phases, one of which (peritectic
phase) enwraps the other one (pro-peritectic phase). As shown in Figure 4.9, this feature is not
observed in our sample. Although the sample seems heterogeneous, with lighter and darker
areas, these could be the result of optical effects due to the lack of flatness of the sample. To
investigate the chemical composition of the sample, EDS experiments were carried out at
different points of the sample, trying to quantify the O/Br atomic ratio. The results achieved
reveal O/Br ratios ranging from c.a. 5/1 (darker zones) to c.a. 1/1 (lighter zones), meaning that

the chemical composition of the sample is likely not homogeneous. However, this result is in
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apparent contradiction with the results of X-ray analysis, which indicate the existence of a
single phase (Lis(OH);Br) in the sample. Although these discrepancies would deserve to be
analyzed in more detail, we tend at the moment to give greater confidence to the results of X-

rays, which are much more accurate and reliable than those of EDS.

Figure 4.9. TEM images of a sample (0.75 molar fraction of LiOH) prepared by the reference protocol
described in section 2.1.

4.8. Assessment of Lis(OH);Br as storage material in solar power
applications

Among solar energy technologies, high-pressure (c.a. 100 bar) Direct Steam Generation
(DSG) is the one with heat storage requirements that best matches the characteristics of
Lis(OH);Br. In DSG solar thermal power plants, the availability of isothermal storage
capacity is a precondition for the effective operation of storage systems. Indeed, since a
significant share of the energy is transferred at constant temperature (steam condensing/water
evaporation), nearly isothermal storage and release of energy is advantageous. Systems based
on sensible heat storage, which are developed for today’s parabolic trough power plants using
thermal oil as a heat transfer medium in the absorbers, are unemployable since this concept
would require a significant variation of the steam pressure between storage and discharge. A
straightforward and often proposed solution for isothermal energy storage is the use of energy
related to phase transition, usually between solid and liquid states [10], [11]. Here,
condensing steam from the solar field is used to liquefy the storage material during the
charging cycle, while the storage provides steam during the discharging process by
solidification of the storage material. The melting temperature of the storage material lies
between the saturation temperature of the steam from the solar field and the saturation

temperature in the steam cycle. In high-pressure (c.a. 100 bar) DSG power plants, transition
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temperatures close to 300 °C are hence required. Table 4.5 includes a list of phase change
materials that have already been considered for this application, although sodium nitrate is the
only one that have been thoroughly investigated [12], [13] and used in relevant-scale

prototypes [11].

Table 4.5. Phase change materials with melting point in the temperature range from 280 °C to 310 °C
and enthalpy of melting above 150 J/g (data from Ref. [14]).

Material Melting point Enthalpy of melting
O (J7g)

NaNO; 310 174

NaNO, 282 180

NaOH/Na,COs (7.2 %) 283 340

NaCl(5.7%)/NaNO3(85.5 287 176

9%)/NaSOy,

NaCl/NaNO;(5 %) 284 171

KNO;3(10 %)/NaNOs 290 170

Compared to the materials in Table 4.5, Li4(OH);Br results are very competitive because it
provides a specific latent heat storage capacity of 247 J/g in a narrow temperature range from
280 °C to 289 °C. Only the eutectic mixture NaOH/Na,COj3 (7.2 %) is able to provide higher
storage capacity, but it contains a high amount of NaOH, which is very hygroscopic and
corrosive. Considering that NaNOs is the reference material for TES in DSG application,
Table 4.6 provides a more detailed comparison with Lis(OH);Br. It can be seen that energy
density is the main asset of Lis(OH)3;Br compared to NaNOs. Indeed, the volumetric latent
heat storage capacity of Lis(OH);Br (141 kWh/m3) is 54% higher than that of NaNOsj,
meaning that Lis(OH);Br offers the opportunity of reducing significantly the volume of the
storage tank (35 % approx. for same storage capacity). Low expansion/shrinkage of the
material during the peritectic reaction/transdition is another remarkable feature of Lis(OH);Br.
Whereas the volume expansion on melting of NaNOj is quite high (almost 11%), that of
Lis(OH);Br is only 3 %. This has two kinds of advantages: on the one hand, the dead volume
needed to accommodate the volumetric expansion of the storage material is lower (3 % vs. 11

%); on the other hand, the mechanical stress on the construction elements of the storage
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system (e.g., tank, heat exchanger) is also lower and, therefore, they may have a longer
lifetime. On the contrary, the price per kWh of Lis(OH)3Br is 42% higher than NaNOs (14.6
$/kWh vs. 10.3 $/kWh). and the thermal conductivity is lower (0.59 W/m/K vs. 0.47 W/m/K).
However, contrary to what might be thought, this does not necessarily have a negative impact
on the cost of investment. On the one hand, as already mentioned, the volume of the storage
tank can be 35% approx. lower in the case of Li4(OH);Br- based systems due to the higher
volumetric energy density of the peritectic compound. On the other hand, although the
thermal conductivity is lower, the surface of the heat exchanger can be reduced by 10%
approx. in Lis(OH);Br-based systems because of less volume of storage material required for
the same storage capacity and power. To illustrate this point, let us consider a TES system
with storage capacity Q and charging/discharging time tch. To simplify the analysis, we
assume a parallel plates TES system configuration so as the charging time and storage

capacity can be approached by [15]:

ten = (pPAHe?)/(4kAT) & Q = SpAHe (eq.4.1)

p, AH and k represent the density, the latent heat, and the thermal conductivity of the storage
material, respectively. S is the surface of the heat exchanger, and e represents the thickness of
the storage material plates (the distance between the plates of the heat exchanger). From the
equations above and thermophysical properties of NaNO; and Lis(OH)3;Br in Table 6, it
follows that:

~ 1.1

Snanos =<(PAHk)Li4(0H)3Br)1/2

SLia(om)3Br S(pAHK) nano3

Considering that the storage tank and the heat exchanger usually account for more than 60%
of the total investment cost of the storage system, the reduction of in tank volume (35 %
approx.) and heat exchanger size (10 % approx.) in Li4(OH);Br-based systems compared to

NaNOs;-based systems can likely compensate the higher specific price of Lis(OH);Br.
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Table 4.6. Physical properties and price of NaNO; [12], [13], [16], and Li,(OH);Br.

NaNO; Liy(OH);Br
Melting/transition temperature (°C) 306 280-289
Enthalpy of melting/transition (J/g) 175 247
Thermal conductivity (s) (W/m/K) 0.59 0.47
Thermal conductivity (1) (W/m/K) 0.51-0.57 n.a
Specific heat (s) (J/g/K) 1.78 1.68
Specific heat (1) J/g/K) 1.61 -1.82 2.52
Density (1) (g/cc) 1.89-1.93 2.06 "
Volume expansion (%) 10.7 3.0
Volumetric energy density (kWh/m®) 92 141
Cycling stability Proven Proven
Corrosivity Moderate Moderate
Price ($/kg) 0.5 1.0
Price ($/kWh) 10.28 14.6
© Not measured. Calculated from LiOH-LiBr phase diagram implemented in FactSage 7.3.

sgftware.
 Wholesale market prices from Alibaba.

4.9. Lis(OH);Br/Carbon composites

Carbon nanoparticles have already been used to enhance the thermophysical properties of
high-temperature phase change materials (PCM), such as carbonate mixtures [17]-[19] and
nitrate mixtures [20]-[22]. The addition of a small amount of carbon nanoparticles to the
PCM usually leads to increased values of thermal conductivity. Sometimes, other beneficial
effects have also been observed, such as increased values of specific heat or enthalpy of
melting. Often, improvement of the cycling stability of the material has been reported as well.
In this part, the effect of adding different types of carbon nanoparticles on the storage capacity
of the studied peritectic salt has been investigated. The carbon nanoparticles employed are
fullerenes Cgp, multi-walled carbon nanotubes (MWCNT), and reduced graphene oxide

(rGO).

The nanocomposites were prepared as described in section 2.1.4, with nanoparticles loading
of 1 wt. % and 10 wt. % and submitted to 15 heating/cooling cycles between 200 °C and 350

°C in a muffle furnace under an inert atmosphere. DSC tests were performed every 5 cycles to
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analyze the eventual evolution of the storage properties of the material. The results achieved
are reported in Figure 4.10 and Table 4.7. The values of transition temperature reported in
Table 4.7 correspond to the onset temperature of the endothermic peak related to the peritectic
reaction (3" peak in the DSC thermograms), whereas the values of enthalpies of transition in
Table 4.7 and Figure 4.10 include both the enthalpy of melting of Lis(OH);Br at 289 °C (3"
peak in the DSC thermograms) and that of the decomposition of Lis(OH),Br at 279 °C (2™
peak in the DSC thermograms).

Table 4.7. Peritectic temperature (T,) and enthalpy (AH) of nanocomposites obtained by addition of

carbon nanoparticles (C60: fullerene C60; MWCNT: multi-walled carbon nanotubes; rGO: reduced
graphene oxide) to the salt.

Before cycling After cycling Calculated
T, (°C) AH{J/g) T,(°C) AHJ/g) AHca(/g)
Without 289 247 289 243 247
nanoparticles
1 wt. % Cgo 288 250 288 246 245
10 wt. % Cqo 288 233 287 206 223
1 wt. % MWCNT 288 250 288 252 245
10 wt. % MWCNT 286 204 280 188 223
1 wt. % GO 288 246 288 242 245
10 wt. % rGO 287 196 287 174 223
Calculated values in the last column are: AH., = AH. f (eq 4.2)

Where f represents the mass fraction of salt within the composite.

As shown in Table 4.7, before cycling, the addition of nanoparticles does not involve
significant changes in the peritectic temperature value (286 - 288 °C) compared to that of pure
salt (289 °C). The slight depression observed (1 - 3 °C) can be due to the infiltration of part of
the salt into the nanoparticle structure, which is in all the cases characterized by small pore
size able to induce Gibbs-Thomson effects. After cycling, the peritectic temperature remains
unchanged for all composites except for the composite with 10 wt. % MWCNT, where an
additional shift of — 6 °C is observed in T},. This suggests that the infiltration of the salt into

the MWCNT has been increasing over cycles.
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Figure 4.10. Effect of adding carbon nanoparticles on the cycling behavior of the storage material at x
= (.75 LiOH: (a) variation of the enthalpy of peritectic reaction over cycling; (b) Heating DSC
thermograms after cycling.
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Regarding enthalpy values, the composites with 1wt. % nanoparticle loading shows quite
good performances. Their values of the reaction enthalpy range from 246 J/g (rGO) to 250
J/g (C60) before cycling and remain almost unchanged after 15 thermal cycles and close to
AHcq = 245 J/g. However, we can notice that measured AH is 6-10 J/g higher than AH, for
composites with nanoparticles C60 and MWCNT, suggesting the existence of interfacial
effects favouring the nucleation and ordering of the crystalline phase of the salt on the surface
of the carbon nanoparticles. Indeed, the fundamental work by Radhakrishnan et al. [23], [24]
and Alba-Simionesco et al. [25] about confinement effects on freezing and melting processes
shows that strongly attractive walls materials (e.g., carbon nanoparticles C60 and MWCNT
studied in this work), promote the heterogeneous nucleation of the crystalline phase and can
lead to increased latent heats provided that the subsequent growth of the crystal is not
constrained by the geometry of the pore, thus achieving a highly ordered crystalline phase.
This effect is not apparent in the case of rGO-based composites likely because of the
chemistry of its surface (80-87% of C and 13-17% of O according to the supplier), which
makes it less hydrophobic than pure carbon C60 and MWNCTsS particles.

Contrary to composites with 1 wt. % nanoparticle loading, the composites with higher
nanoparticles content (10 wt. %) show poor performances. The values of the reaction enthalpy
range from 196 J/g (rGO) to 233 J/g (C60) before cycling, and they are reduced by 7.5 %
(MWCNT) to 11.5 % (C60) after 15 thermal cycles. At the end of the cycling process, the
reaction enthalpy of all composites is not only below that of the pure salt (247 J/g) but also
below the expected value taking into account the salt content of the composites (AHcal = 223
J/g). This means that there is either a problem of chemical compatibility between the
nanoparticles and the salt or, more likely, some kind of interaction between both that modifies
the thermodynamic equilibria of the salt, such as strong confinement of part of the salt into
the porous structure of the nanoparticles which suppresses, totally or partially, the phase
transitions. In fact, as discussed below, there is a close relationship between the enthalpy

changes observed and the geometry characteristics of the different carbon nanoparticles used.

Graphene Fullerene (Cgy) SWCNT MWCNT
Figure 4.11. Carbon-based nanotructures: Graphene, Fullerene Cqp, and MWCNT [26]
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Fullerene C60 has a closed-cage polyhedral structure composed of 60-80 carbons disposed in
pentagon and hexagon configuration (Figure 4.11). C60 is 0.7 nm in diameter so as its volume
over surface ratio is V/S = 0.116 nm approx. C-C and C=C bonds lengths are 0.1455 A and
0.1391 A [27], respectively, resulting in a C-hexagons diagonal of 0.291 nm. This means that
neither LiOH (ionic radius: 0.2-0.3 nm) nor LiBr (ionic radius: 0.217 nm) can penetrate into
the C60 structure. On the contrary, lithium has an ionic radius of 0.09 nm so as its
intercalation into C60 structure may occur. Indeed, carbon-based nanostructures are usual
materials for electrodes in batteries and capacitors due to their ability of lithium insertion and
diffusion. Therefore, we can consider that lithium intercalation into C60 nanoparticles is
taking place when Lis(OH)3:Br is in the molten state, thus leading to a reduction of the
reaction enthalpy because of the modification of the salt composition. Obviously, the enthalpy
reduction increases with the nanoparticle loading, as shown in Figure 4.10.a. In addition, the
process of lithium insertion progresses through the melting/solidification cycles until
saturation of C60 nanoparticles is reached. Thus, the reaction enthalpy of the material
progressively decreases, then stabilizes from the tenth cycle onwards at 206 J/g approx. for

the composite with a 10 wt.% loading of nanoparticles (Figure 4.10.a).

Reduced graphene oxide (rGO) is a multilayered structure with 0.8-1.09 nm interlayer spacing
[28]. Carbon atoms of the layers are disposed in hexagon configuration, with bonds length of
0.142 nm. The number of carbon layers of the rGO used in this work has been determined by
XRD according to the method proposed by Scherrer [29] as follow:

According to Scherrer equation:

KA

B (20) = L Cos 0O

[29]  (eq4.3)

* B is the peak width at half maximum.

* 20 is the angle of the incident beam

* L is the crystallite size (L)

e \is the wavelength

» Kis the Scherrer constant: it depends on how the width is determined, the shape of the
crystal,and the size distribution. As proposed by Warren et al. [30] different K values
refer to different crystal's orientation. Indeed, K = 0.94 for crystalline domain in the

dimension normal to the layers (called L)
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Figure 4.12. Multilayer graphene

0.94 A

Thus, from eq 4.3 we have Lc = 5osd (eq 4.4)

Accodring to the XRD results of the tested rGO and Bragg’s law 2d sin 8 =nk (eq 4.5):

*+ B=8.902753°=0.155rad
* Peak position 20 =23.734 ° =0.414 rad

e A=15406 A
o d=3.7458
Thus, Le= 0.94 X 1.5406 — 934

0.155 COS 0.207

The number of rGO layers = (Lc /d-spacing)+1 = (9.34/3.7458) +1 =3.49 [31]

Figure 4.13. TEM image of the tested rGO sheets

The tested rGO particles are formed of 3-4 layers (see figure 4.13). Taking into account the
interlayer spacing of rGO (0.8-1.09 nm), as well as the ionic radius of LiOH (0.2-0.3 nm) and

LiBr (0.217 nm), it is possible that, in addition to lithium insertion, there is a phenomenon of
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salt infiltration into the structure of the GO which explains why the enthalpy loss is higher in
the rGO-based compounds than in the C60-based compounds. On the one hand, the interlayer
spacing of the carbon layers of rGO is only 2-3 times higher than the size of LiOH and LiBr
so as the solidification of infiltrated salt is likely suppressed. On the other hand, the volume
over surface ratio of rGO is much higher (V/S = 0.8 — 1.68 nm, depending on the interlayer
spacing) than that of C60 (V/S = 0.116 nm), meaning a much higher capacity for lithium
insertion and salt infiltration. Again, we observe that the salt infiltration into the rGO structure
is not instantaneous but takes place progressively along the heating/cooling cycles. As shown
in Figure 4.10.a, the saturation of rGO (maximum allowed salt infiltration within the rGO

structure) is reached at the 10™ cycle for the composite with 10 wt.% of nanoparticles.

CNTs are cylindrical shaped carbon nanostructures with carbon atoms arranged in hexagon
configuration. They are divided into two kinds, SWCNT (single-walled carbon nanotubes)
and MWCNTs (multi-walled carbon nanotubes), SWCNT is a single rolled graphene sheet
with the edges stitched together, and MWCNT is several graphene tubes binded together by
weak Van der Waals forces (see figure 4.11). MWCNTs have been chosen in this study
because they can be produced in industrial scale. According to the supplier, the external
diameter of MWNCT used is about 8 nm, while the internal diameter is 3-5 nm. This leads to
a volume over a surface ratio of V/S = 0.28 — 0.78 nm, which is close to the lower limit value
of rGO. Compared to the size of LiOH and LiBr molecules, the internal diameter of
MWCNTs is large enough for salt infiltration takes place as it was the case for rGO.
However, because of the less V/S ratio, the capacity to host salt into the carbon structure for
the same nanoparticles loading is less than in rGO case and, consequently, the loss of
enthalpy is a bit lower as well (Figure 4.10.a). Contrary to C60-based and rGO-based
composites, in which the enthalpy smoothly decreases along with the cycling processes,
erratic behavior is observed for MWCNT-based composites (Figure 4.10.a). TEM has been
used to investigate whether this erratic behavior could be related to changes in the
microstructure of the composites along cycles. However, no substantial differences in TEM
images have been appreciated before and after cycling. On the contrary, as shown in Figure
4.14, MWCNT distribution in the composites is quite heterogeneous in all cases. The left side
of Figure 4.14 allows clearly appreciating dark and light zones corresponding to regions with
higher and less salt content, respectively. On the other hand, the magnification on the right
side shows MWCNTs forming tangles embedded into the salt. These structural features are

promoted by the high form factor of MWCNT nanoparticles (Iength = 0.5 - 2 um, diameter <
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8 nm), and it is not observed in C60-based and rGO-based composites, where the distribution
of nanoparticles is quite homogeneous. Therefore, the erratic changes of enthalpy values
observed during the cycling process of MWCNT-based composites are likely related to the

sampling which is done on the composite to get proper samples for DSC analyses.

-
————— 200 nm

Figure 4.14. TEM images of MWCNT-based composite with 10 wt. % nanoparticle loading.

4.10. Conclusion

In this chapter, the thermal and structural properties of the peritectic stoichiometric compound
Lis(OH);Br have been thoroughly investigated. This encompasses the characterization of
Li4(OH);Br as a storage material for applications close to 300 °C by measuring transition
temperatures (280-289 °C), reaction enthalpies (247 J/g), specific heats (c.a. 1.68 J/g/K in
solid, 2.52 J/g/K in liquid) and thermal conductivity (0.47 W/m/K at room temperature). The
effect of the synthesis conditions on the storage properties has been investigated as well. It is
concluded that neither the cooling rate applied during the synthesis stage nor the type of
atmosphere used (ambient air and protective argon atmosphere) has an influence on the
material s performance. The stability of the material to thermal cycling has also been
analyzed, showing good cycling stability. Moreover, particular attention is paid to the study of
subcooling phenomena and elucidation of mechanisms of formation of Lis(OH):;Br by
combining DSC with X-ray diffraction and TEM. It is shown that the mechanism of
formation of Lis(OH);Br differs from the most common one consisting of so-called peritectic
reaction followed by peritectic transformation. As already observed in other peritectic

systems, Lis(OH);Br needs neither the presence nor contact with the pro-peritectic phase to
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form. It nucleates and grows directly from the melt resulting in a pure-phase Li4(OH);Br. A
first attempt to enhance the storage capacity of the material by the addition of different types
of carbon nanoparticles, such as fullerene C60, reduced graphene oxide and multi-walled
carbon nanotubes, has been carried out. It is shown that the addition of a low amount of
carbon nanoparticles (1 wt. %) can lead to a slight increase of the reaction enthalpy due to
interfacial effects between the salt and the surface of the nanoparticle. However, increasing
further the amount of carbon nanoparticles (10 wt. %) has a detrimental impact on the
reaction enthalpy, likely due to the infiltration of part of the salt into the nanoporous structure
of the nanoparticles and subsequent partial or total suppression of phase transitions. In any
case, from a practical point of view, the addition of carbon nanoparticles does not represent a
clear advantage in terms of latent heat storage capacity: at best, an increase of 5 J/g over 247
J/g (< 2 %) has been observed. Lis(OH);Br has been assessed as a storage material for high-
pressure DSG solar power plants through comparison with reference material NaNO;. The
main advantages of Li4(OH);Br are higher volumetric latent heat storage capacity (+ 54%)
and lower volume changes during phase transitions (3 % vs. 11 %), which would translate

into smaller storage tanks (-33 %), lower size heat exchangers and longer lifetime.

4.11. References

[11  G. P. HE. Exner, Peritectic Structures, Metallography and Microstructures, Vol 9,
ASM Handbook, American Society for Metals. 1985.

[2]  H. Fredriksson, Solidification of Peritectics. Casting, Metals Handbook, 9th ed., ASM
International. 1988.

[3] H. W. Kerr, J. Cisse, and G. F. Bolling, “On equilibrium and non-equilibrium peritectic
transformations,” Acta Metallurgica, vol. 22, no. 6, pp. 677-686, Jun. 1974, doi:
10.1016/0001-6160(74)90077-7.

[4] H. Fredriksson and T. Nylen, “Mechanism of peritectic reactions and transformations,”
Metal Science, vol. 16, no. 6. Taylor & Francis, pp. 283-294, Jun. 01, 1982, doi:
10.1179/030634582790427370.

[5S] H. E.E. G. Petzow, Zur Kenntnis Peritektischer Umwandlungen, Radex Rundsch 3-4.
1967.

[6] W. Loser, M. Leonhardt, H. G. Lindenkreuz, and B. Arnold, “Phase selection in
undercooled binary peritectic alloy melts,” Materials Science and Engineering A, vol.
375-377, no. 1-2 SPEC. ISS., pp. 534-539, Jul. 2004, doi:
10.1016/j.msea.2003.10.138.

[71 G. Phanikumar, K. Biswas, O. Funke, D. Holland-Moritz, D. M. Herlach, and K.
Chattopadhyay, “Solidification of undercooled peritectic Fe-Ge alloy,” Acta
Materialia, vol. 53, no. 13, pp. 3591-3600, Aug. 2005, doi:
10.1016/j.actamat.2005.03.053.

[8] W. Zhai and B. Wei, “Direct nucleation and growth of peritectic phase induced by
substantial undercooling condition,” Materials Letters, vol. 108, pp. 145-148, Oct.

96



Chapter 4: Study of the peritectic compound Lis(OH);Br

[17]

2013, doi: 10.1016/j.matlet.2013.06.084.

P. Lii and H. P. Wang, “Direct formation of peritectic phase but no primary phase
appearance within Ni83.25Zr16.75 peritectic alloy during free fall,” Scientific Reports,
vol. 6, no. 1, pp. 1-7, Mar. 2016, doi: 10.1038/srep22641.

W. D. Steinmann and R. Tamme, “Latent heat storage for solar steam systems,” in
Journal of Solar Energy Engineering, Transactions of the ASME, Feb. 2008, vol. 130,
no. 1, pp. 0110041-0110045, doi: 10.1115/1.2804624.

D. Laing, C. Bahl, T. Bauer, D. Lehmann, and W. D. Steinmann, “Thermal energy
storage for direct steam generation,” Solar Energy, vol. 85, no. 4, pp. 627-633, Apr.
2011, doi: 10.1016/j.solener.2010.08.015.

T. Bauer, D. Laing, and R. Tamme, “Characterization of sodium nitrate as phase
change material,” International Journal of Thermophysics, vol. 33, no. 1, pp. 91-104,
Jan. 2012, doi: 10.1007/s10765-011-1113-9.

A. Lomonaco, D. Haillot, E. Pernot, E. Franquet, and J. P. Bédécarrats, “Sodium nitrate
thermal behavior in latent heat thermal energy storage: A study of the impact of sodium
nitrite on melting temperature and enthalpy,” Solar Energy Materials and Solar Cells,
vol. 149, pp. 81-87, May 2016, doi: 10.1016/j.solmat.2015.12.043.

M. M. Kenisarin, “High-temperature phase change materials for thermal energy
storage,” Renewable and Sustainable Energy Reviews, vol. 14, no. 3. Pergamon, pp.
955-970, Apr. 01, 2010, doi: 10.1016/j.rser.2009.11.011.

V. Alexiades and A. D. Solomon, “MATHEMATICAL MODELING OF MELTING
AND FREEZING PROCESSES,” 1976.

R. Tamme, T. Bauer, J. Buschle, D. Laing, H. Miiller-Steinhagen, and W.-D.
Steinmann, “Latent heat storage above 120°C for applications in the industrial process
heat sector and solar power generation,” International Journal of Energy Research,
vol. 32, no. 3, pp. 264-271, Mar. 2008, doi: 10.1002/er.1346.

Z. Zhang, Y. Yuan, S. Alelyani, X. Cao, and P. E. Phelan, “Thermophysical properties
enhancement of ternary carbonates with carbon materials for high-temperature thermal
energy storage,” Solar Energy, vol. 155, pp. 661-669, Oct. 2017, doi:
10.1016/j.solener.2017.07.010.

Y. B. Tao, C. H. Lin, and Y. L. He, “Preparation and thermal properties
characterization of carbonate salt/carbon nanomaterial composite phase change
material,” Energy Conversion and Management, vol. 97, pp. 103—-110, Jun. 2015, doi:
10.1016/j.enconman.2015.03.051.

F. Ye, Z. Ge, Y. Ding, and J. Yang, “Multi-walled carbon nanotubes added to
Na2CO3/MgO composites for thermal energy storage,” Particuology, vol. 15, pp. 56—
60, Aug. 2014, doi: 10.1016/j.partic.2013.05.001.

E. Hamdy, L. Saad, F. Abulfotuh, M. Soliman, and S. Ebrahim, “Enhancement of
Molten Nitrate Thermal Properties by Reduced Graphene Oxide and Graphene
Quantum Dots,” ACS Omega, vol. 5, no. 34, pp. 21345-21354, Sep. 2020, doi:
10.1021/acsomega.0c01291.

Y. Wu, J. Li, M. Wang, H. Wang, and Y. Zhao, “Preparation and Thermophysical
Properties of High Thermal Conductive Solar Sal/MWCNTs Composite Materials,”
ChemistrySelect, vol. 4, mno. 15, pp. 4521-4527, Apr. 2019, doi:
10.1002/51ct.201900249.

Y. Wu et al., “Solar salt doped by MWCNTs as a promising high thermal conductivity
material for CSP,” RSC Advances, vol. 8§, no. 34, pp. 19251-19260, 2018, doi:
10.1039/c8ra03019g.

R. Radhakrishnan, K. E. Gubbins, A. Watanabe, and K. Kaneko, “Freezing of simple
fluids in microporous activated carbon fibers: Comparison of simulation and

97



Chapter 4: Study of the peritectic compound Lis(OH);Br

experiment,” Journal of Chemical Physics, vol. 111, no. 19, pp. 9058-9067, Nov.
1999, doi: 10.1063/1.480261.

R. Radhakrishnan and K. E. Gubbins, “Free energy studies of freezing in slit pores: An
order-parameter approach using Monte Carlo simulation,” Molecular Physics, vol. 96,
no. 8, pp. 1249-1267, 1999, doi: 10.1080/00268979909483070.

C. Alba-Simionesco et al., “Effects of confinement on freezing and melting,” Journal
of Physics Condensed Matter, vol. 18, no. 6. IOP Publishing, p. R15, Feb. 15, 2006,
doi: 10.1088/0953-8984/18/6/R01.

M. L. Casais-Molina, C. Cab, G. Canto, J. Medina, and A. Tapia, “Carbon
Nanomaterials for Breast Cancer Treatment,” Journal of Nanomaterials, vol. 2018,
2018, doi: 10.1155/2018/2058613.

W. L F. David et al., “Crystal structure and bonding of ordered C60,” Nature, vol. 353,
no. 6340, pp. 147-149, 1991, doi: 10.1038/353147a0.

T. Liu, L. Tian, N. Graham, B. Yang, W. Yu, and K. Sun, “Regulating the Interlayer
Spacing of Graphene Oxide Membranes and Enhancing their Stability by Use of
PACI,” Environmental Science and Technology, vol. 53, no. 20, pp. 11949-11959, Oct.
2019, doi: 10.1021/acs.est.9b04418.

“P. Scherrer, ‘Bestimmung der Grosse und der inneren Struktur von Kolloidteilchen
mittels Rontgenstrahlen,” Nachr. Ges. Wiss. Goéttingen 26 (1918) pp 98-100. -
Recherche Google.”
https://www.google.com/search?q=P.+Scherrer%2C+*‘Bestimmung+der+Grosse+und+
der+inneren+Struktur+von+Kolloidteilchen+mittels+Rontgenstrahlen%2C”+Nachr.+G
es.+Wiss.+Gottingen+26+(1918)+pp+98-
100.&r1z=1C1GCEU_fr&oq=P.+Scherrer%2C+“Bestimmung+der+Grosse+und+der+i
nneren+Struktur+von+Kolloidteilchen+mittels+Rontgenstrahlen%2C”+Nachr.+Ges.+
Wiss.+Gottingen+26+(1918)+pp+98-
100.&aqs=chrome..69i157.183j0j4&sourceid=chrome&ie=UTF-8 (accessed Mar. 31,
2021).

B. E. Warren, P. Bodenstein, and IUCr, “The diffraction pattern of fine particle carbon
blacks,” wurn:issn:0365-110X, vol. 18, no. 2, pp. 282-286, Feb. 1965, doi:
10.1107/S0365110X65000609.

B. E. Warren and P. Bodenstein, “The diffraction pattern of fine particle carbon
blacks,” Acta Crystallographica, vol. 18, no. 2, pp. 282-286, Mar. 1965, doi:
10.1107/s0365110x65000609.

98



Chapter 5: Corrosion of container materials for CSP with Lis(OH);Br

Chapter 5: Corrosion of container materials for CSP
with Li4(OH);Br peritectic salt

5.1. Introduction

In TES field, the corrosion study of the container material with the storage media allows
determining the lifetime of the storage unit on the one hand and contributing to the design of
the storage system on the other hand. Based on the corrosion rate, it is possible to measure the
thickness of the heat exchangers and the storage tank for operating for a defined period of
time. Besides, the results allow identifying the optimal operating conditions and
environmental parameters to limit the corrosion issue as much as possible. The objective of
this chapter is to provide first experimental results to shed a light about the corrosion
behaviour of potential container materials with the peritectic Lis(OH);Br. Two steel samples
extensively considered as TES containers with molten salts for CSP plants were tested,
namely carbon Steel A516.Gr70 and Stainless Steel 316. Cycling corrosion tests were carried
out at 350 °C under both air and protective Argon atmosphere. Cycling corrosion tests were
chosen in this study since they are more adequate to the intended application of this material
considering that the mechanism of the peritectic reaction/transformation involves a
melting/solidification processes. The applied corrosion protocol is described in subchapter
2.2.1.6. To avoid any possible interference of impurities that may affect the corrosion
phenomena, high purity anhydrous Lithium Hydroxide (purity 98%) and Lithium Bromide
(purity 99+ %) were used for the synthesis of the peritectic compound Lis(OH);Br. Different
aspects of the corrosion study have been addressed, including i) identification of corrosion
products. ii) Characterization of the morphology of the corrosion layer and surface
degradation. iii) Study of the effect of different working conditions (cycle number,
atmosphere) on the corrosion mechanism. iv) Determination of the corrosion rate based on
statistical cross-section analysis after the corrosion test. v) Characterization of Li4(OH);Br salt
after the corrosion tests to check its stability under different test conditions and to verify
whether there is any salt degradation due to dissolution of impurities and corrosion products.

Different characterization techniques were used for the investigations including X-ray
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Diffraction (XRD) analysis, Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX).

5.2. Corrosion of Carbon Steel A516.Gr70 with Li,(OH);Br

Figure 5.1 presents cleaned and dried CS samples after the corrosion tests. The corrosion
layer formed at the surface of the sample is black and uniform. The colour is getting darker
while increasing the number of cycles. Macroscopically, no differences are noticed in colour
or the surface state of the samples tested under Air and Argon. It is noticed a shiny surface

appearance in some parts of the samples.

0,

Prior 150 300 cycles 600 cycles
corrosion cycles

Figure 5.1. Images of CS samples before and after corrosion tests for different cycle numbers under
different atmospheres.

5.2.1. Analysis of Carbon steel

5.2.1.1. X-ray diffraction analysis
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Figure 5.2. XRD patterns of the surface of CS after corrosion tests at 350 °C for different cycle
numbers: a) under Ar; b) under air; c) superposition of both patterns.

The surfaces of CS A516.Gr70 samples were analyzed by XRD in order to determine the
nature of the corrosion layer. Patterns were recorded in a 20 angular range between 10° and
120°. Figure 5.2.a and 5.2.b show the patterns of the samples cycled under Argon atmosphere
and air atmosphere, respectively. In each figure, four patterns are presented corresponding to
the samples cycled for 150, 300, and 600 cycles, additionally to the pattern of the pristine
material. Figure 5.2.c depicts the superposition of the patterns undergoing the same number of
cycles under different atmospheres in order to highlight any possible modification of the
peaks intensities and positions. Regardless to the atmosphere, the Iron phase was observed in
all the samples similarly to the pristine material. A simple normalization of the patterns is
applied in order to qualitatively compare the various results. For all the samples tested both
under air and Argon atmosphere, the formed corrosion layer consists of a Lithium iron oxide
phase LiFeO,. One can observe that, the peaks of LiFeO, phase are hardly visible for the CS
cycled under air atmosphere for 150 cycles, particularly the most representative peaks at 37°,
43° and 63° are absent. This observation indicates that the thickness of the corrosion layer
formed in this sample is below the sensitivity of the XRD (< 2um). Additionally, regardless to

the atmosphere, the intensities of the peaks related to LiFeO, phase increase with the increase
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of the cycling duration, indicating the growth of the corrosion reaction over cycling.
Moreover, the relatively high intensities of the iron phase observed for the CS samples after
the corrosion tests can be a sign of the low thickness of the corrosion layer where the X-ray
beam can penetrate and amply reach the iron phase. Furthermore, as it can be clearly noticed
in figure 5.2.c, for the same cycle number, the intensities of the peaks related to LiFeO, phase
are more pronounced for samples tested under Ar compared to the ones tested under air.
These results indicate that the corrosion reaction of the carbon steel with Lis(OH);Br salt is
more active under Argon atmosphere. Overall, the corrosion process using Carbon steel
A516.Gr70 is not only affected by the exposure time (cycle number) factor but also by the
type of atmosphere present during the test.

The formation of the Lithium iron oxide phase (LiFeO,) presumably takes place through an
oxidation followed by lithiumization of the iron oxide phase. The lithiumization takes place
through inward Lithium cation diffusion into Fe,O3 phase at the interface Fe,Os/Salt thanks to
the small ionic radius of the latter (0.09 nm). This corrosion mechanism is common in lithium
containing salts (LiNaKNOs3; Li;CO3-Nay;CO3-K,CO3) [1] due to high basicity of the lithium
components. The lithiumization takes place as previously reported by Cheng et al. [2]
following reaction (1) where LiFesOg is formed through Li* diffusion into Fe,Os phase.
LiFeO, is formed following reaction (2) coating the spinel phase. The growth of LiFesOs is
ended by the total consumption of the iron oxide phase. Similarly, LiFesOg phase will be
consumed by the inward growth of LiFeO,. the iron oxide phase formed on the surface of
carbon steel is very thin [3], thereby it will consumed rapidly. For this reason it was observed
in the XRD pattern. Following this mechanism, the growth of lithium iron oxide phase is
expected to be more important under air atmosphere due to the presence of oxygen with
promote the CS oxidation. This expectation is in disagreement with the obtained results,
where more intense corrosion reaction was observed for the sample tested under Argon.

6Fe,0;3 + 2Li* — 2LiFesOs + 2Fe > + 20 % (1)
LiFesOs + 3Li* — 4LiFeO,+ Fe ™" (2)

The formation of LiFeO; in addition to its polymorphs resulting from the corrosion of carbon
steel in contact with LiOH in aqueous solution under hydrogen was also reported by Graydon
et Kirk [7] where LiFeO, showed to form through lithium intercalation into the iron hydroxide

structure Fe(OH);.
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5.2.1.2.  Cross-section analysis of the corrosion layer using SEM / EDS
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Figure 5.3. Cross-sectional analysis of the carbon steel tested under Ar after 150 corrosion cycle. a)
SEM micrograph of the cross-section; b) enlargement of the region where the EDS is performed; c)
EDS profile (Iron in orange line, Oxygen in green line, and Carbon in blue line).

In order to elucidate the mechanism of corrosion and to evaluate the depth of the corrosion

attack, the elemental distribution of the principal elements together with the SEM imaging of
the cross-section were carried out. Figure 5.3 shows an example of the cross-section analysis
of Carbon steel with Lis(OH);Br salt after 150 corrosion cycles under Argon atmosphere.
Carbon steel samples tested under both Argon atmosphere and air atmosphere for 150, 300
and 600 cycles were analyzed and presented in a similar way. The EDS profiles of the cross-
section and the corresponding SEM images of the samples are presented in figure 5.4. For the
samples tested under Argon, after 150 cycles, there is no evidence of the corrosion layer
according to the cross-section micrograph. After 300 cycles, evidence of corrosion starts to
appear. The cross-section micrograph show a roughness of the surface with presence of cracks
and surface peeling due to the detachment of the lithium iron oxide phase formed as product
of the corrosion. After 600 cycles, the cross-section micrograph shows a sever roughness and
deterioration of the surface state of the CS. The thickness of LiFeO, phase increased over
cycling and due to the poor adherence of the latter, the peeling phenomena is more important
in this sample. The EDS analyses of the samples undergoing 300 and 600 cycles show a step

in the Carbon appearing before reaching the interface between the metallic samples and the
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resin simultaneously with a gradual decrease of the Iron concentration and a jump in the
Oxygen concentration. These results confirm the presence of the corrosion layer LiFeO,
detached from the surface of the carbon steel causing the roughness of the surface. The resin
penetrated the holes and surface defects created by the detached corrosion layer which
manifested as a gradual increase of the carbon as shown in figure 5.5. However, considering
the sensitivity of the EDS technique, the concentration of the element can’t be determined
accurately.

For the samples tested under air, the corrosion layer is not visible aftter 150 and 300 cycles.
Meanwhile, after 600 cycles, the cross-section micrograph shows a roughness of the sample
due to corrosion attack and formation of LiFeO, phase. The thickness of the corrosion layer

was carried out by a statistical cross-section analysis. The results are presented in table 5.3.
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Figure 5.4. SEM-EDS cross-sectional analysis of the carbon steel samples tested under: Argon
atmosphere (a) 300 cycles; (b) 600 cycles. Air atmosphere (c) 150 cycles; (d) 300 cycles; (e) 600
cycles.
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5.2.1.3.  Surface analysis and morphology of the corrosion products formed on carbon

steel
5.2.1.3.1. Carbon Steel tested under Argo
Element C O Fe Element C 0 Fe
Wt % 00.19 | 04.17 | 95.64 Wt % 00.00 | 06.71 193.29

150 cycles

Element
Wt %
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Figure 5.5. SEM images combined with EDS analysis of the surface of the carbon steel after corrosion

test with Li4(OH)3Br salt at 350°C under Argon: a) After 150 cycles; b) after 300 cycles; c,d,e,f) after
600 cycles at different magnifications;

For all the samples cycled under Argon atmosphere, regardless to the number of cycles they
have undergone, the localised EDS analysis shows the presence of oxygen in variable
concentrations. Considering that Lithium is not detectable, this is an indication of the
formation of the Lithium ferrite (LiFeO,) corrosion layer as detected by XRD analysis.
Regarding the surface morphology, the surface of CS tested under Argon atmosphere was
analyzed by SEM as shown in Figure 5.5. The sample cycled for 150 cycles shows a
homogenous surface morphology with absence of any surface defect of surface peeling
(figure 5.5.a). Analysing the surface of CS after 300 cycles (figure 5.5.b), the morphology
shows the presence of surface defect scattered all over the surface due to corrosion. The
density of defects present in the surface drastically increased for the CS cycled for 600 cycles
compared to the sample subjected to 300 cycles. As it is shown in figure 5.5.c.d, circular spots
with a diameter ranging from 34 to 54 um were observed. These spots have a non-
homogeneous distribution all over the surface of the sampleand are the results of the
detachment of the corrosion product LiFeO, from the surface of the CS which results in holes
with different sizes and corrosion penetration rates. This result is in correlation with the cross-
section results presented above (section 5.2.1.2) where the observed roughness and the
deterioration of the surface of the samples tested under Argon can be confirmed by the
detachment of the corrosion layer LiFeO, due to its poor adherence to the surface of the steel.
The high magnification of the surface defects presented in figure 5.5.e.f show a cubic-like
morphology with an average cube diameter of 400 nm, which corresponds to the typical

morphology of lithium iron oxide [8], [9]. The high corrosion penetration observed for the CS
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after 600 cycles compared to the sample cycled over 300 times is due to the high degree of

corrosion which is expressed by the important oxygen concentration obtained for this sample.

5.2.1.3.2. Carbon Steel tested under air

Element
a (150 cycles) | b (300 cycles) | ¢ (600 cycles)
CK 00.71 00.00 00.00
OK 05.31 05.61 05.88
Fe K 93.97 94.39 94.12

Figure 5.6. SEM micrographs combined with EDS analysis of the surface of carbon steel samples
tested under air: a) after 150 corrosion cycles; b) after 300 corrosion cycles; c¢) after 600 corrosion
cycles.

The surface analyses of the CS samples cycled under air atmosphere and the corresponding
EDS elemental results are presented in figure 5.6. Unlike the CS cycled under Argon
atmosphere, there is no evidence of surface defects. The surface morphology is homogeneous.
The EDS results show the presence of oxygen as a sign of the presence of the corrosion layer
LiFeO,. Taking into account the accuracy of EDS analysis, the oxygen concentrations
presented in table 5.6 gives only a rough idea about the evolution of the corrosion layer. The

results show no increase of the corrosion layer over cycling.

5.2.2. Analysis of the peritectic salt Liy(OH);Br

5.2.2.1. Thermal analysis

In order to study the thermal behaviour of Li4(OH)3Br while in contact with the different
steel samples under various working conditions (atmosphere, exposure time), and to check for
any degradation phenomena, the salt was analyzed by DSC technique. After each corrosion
test, carried out under Argon or air, cycled for 150, 300, or 600 times, salt samples were
analyzed after extraction from two different zones of the crucible. One is the salt which was

on the top of the crucible, distant from the steel sample, and second is the salt which was in
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direct contact with the steel sample. This protocol was followed considering the fact that the
corrosion test was static and the salt composition would change heterogeneously due to
possible corrosion effect. It is noteworthy that, when the salt samples extracted from different
zones of the same test crucible present similar values of enthalpy and temperature of the
peritectic reaction, an average of the enthalpy is presented in table 5.1. Otherwise, the values
of both samples are presented as well as both DSC curves. The DSC curves of the salt
samples obtained upon heating (at 1 K/min) are presented in figure 5.7 together with the
reference samples corresponding to the salt cycled without being in contact with the steel
samples. The temperatures and enthalpies related to the peritectic reaction of the corrosion
salt samples, the reference samples and the pristine salt are reported in table 5.1. All the
depicted heating DSC curves present three endothermic peaks regardless to the atmosphere
(argon, air)during the corrosion test. Similarly to the pristine salt, the first and second peaks
occur at 230-231 °C and 279 °C, respectively, corresponding to the formation/decomposition
of the intermediate compound Li3(OH)2Br. The third peak appears at 288-289 °C
corresponding to the peritectic reaction (Li4(OH)3Br — LiOH (s) + L). The liquidus is hardly
visible and it was estimated to be > 340 °C. It is important to note that the enthalpy values
reported in this chapter include both the enthalpy of melting of Li4(OH)3Br at 289 °C (3rd
peak in the DSC thermograms) and that of the decomposition of Li3(OH)2Br at 279 °C (2nd
peak in the DSC thermograms), whereas the reaction temperature corresponds to the onset
temperature of the endothermic peak related to the peritectic reaction.

As explained in the subchapter 4.5, Li4(OH)3Br presents an excellent thermal cycling
stability with no sensitivity to the working atmosphere. Analysing the results reported in table
5.1 and the DSC curves, it can be observed that the temperature related to the peritectic
reaction remains unchanged regardless to the exposure time (cycling duration), the working
atmosphere, and the zone from which the salt is extracted. Regarding the reaction enthalpy,
different thermal behaviours were observed in respect to the atmosphere presents during the
test. For the salt samples tested under Argon atmosphere, a gradual decrease of the enthalpy
was recorder while increasing the cycling duration. Taking into account the experimental
error of the DSC equipment, an average enthalpy loss of about 2% was recorded after 150
cycles when compared to the one of the reference salt. For the salt undergoing 300 cycles, the
enthalpy loss was twice higher for the salt in contact with the CS (9 %), compared to the salt
distant from the steel sample (4%). Similar observations were reported for the salt undergoing
600 cycles with a larger enthalpy loss (13% for the salt in contact with CS). The expected

gradual enthalpy loss observed over cycling is related to the corrosion reaction which impacts
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the salt composition, more drastically the salt in direct contact with the steel sample. In the
case of the salt tested under air atmosphere, the reaction enthalpy remains homogeneously
stable for over 300 cycles. For the sample undergoing 600 cycles, the salt distant from the CS
shows a stable enthalpy (+ 1%), whereas the salt in contact with the CS shows a decrease of
the enthalpy by 8%. This result shows that the chemical reaction between the Lithium
hydroxide and the iron phase impact in the first place the salt in contact with CS resulting in
the change of its composition. The results reported in this section are in correlation with the

analysis of the CS samples.
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Figure 5.7. Heating DSC curves obtained on cooling at (1 K/min) of Liy(OH); extracted after corrosion
tests with Carbon steel for different cycle numbers: a) under Ar; b) under air; (solid line represents the
corrosion sample; dash line represents the reference sample).
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Table 5.1. Temperatures and enthalpies corresponding to the peritectic reaction of Li,(OH);Br after
corrosion tests with CS under Argon and air compared to reference values.

Corrosion under Ar Corrosion under O,
CyCIe TP TReference AHP>1< AHReference* TP TReference>k AHP* AHReference>k
number | (°C) | (°C) (/g (/) °C) | (O (7g) J/g)
0 Cycle 289 251 289 251
150 Cycles 289 289 236 243 289 289 246 245
300 Cycles | 289° 242% 288 287 246 250
289P 289 230> 255
600 Cycles | 288" 223% 289*% 251%
788 288 209° 243 289° 288 277b 245

* These values correspond to the addition of the enthalpy of the decomposition of Li3;(OH),Br
at 279 »C and that of Li4(OH);Br at 289 -C.

* Sample distant from CS

b Sample in direct contact with CS

5.2.2.2. Microstructural analysis

As explained before, the corrosion tests using CS carried out both under air and Argon
atmospheres show the formation of the corrosion layer LiFeO; on the surface of the samples.
Particularly, for the CS sample tested under Argon and cycled 600 times, the corrosion layer
tend to detach from the surface of the CS inducing surface defects (see figure 5.5).
Lis(OH)3Br salt was analyzed by SEM-EDS to investigate the possible presence of residue of
the detached part of the corrosion layer LiFeO, within the salt.

The SEM images of the salt samples undergoing 600 cycles and the corresponding EDS
results are presented in figure 5.8. Considering that the cycling corrosion tests carried out
were static, two parts of the salt were analyzed. The solidified salt situated on the top of the
crucible, distant from the steel sample. And the salt in direct contact with the CS sample. The
results presented in figure 5.8 are in correlation with the results of the cross-section analysis
and the surface analysis of the CS. Indeed, For the CS samples cycled under air atmosphere,
the EDS analysis of both salt samples (in contact with CS, and the distant from CS) presented
in figure 5.8.C&d only shows the presence of oxygen and Bromine, components of
Lis(OH);Br. A total absence of Iron was noticed. This result is supported by the absence of
surface peeling mechanism for CS tested under air. Consequently, no lithium iron oxide phase
residues were expected to be detected in the salt. The composition of the salt in contact with
the CS is expected to change and it is confirmed by the enthalpy loss observed for the salt

tested under Oxygen over 600 cycles. For the CS cycled under Argon atmosphere, the EDS
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analysis of the salt sample which was in direct contact with the CS, presented in figure 5.8.b,
shows, in addition to the expected Oxygen and Bromine (components of the salt), the
presence of Iron in small concentration. Considering that Lithium is not detectable by EDS

technique, the presence of Iron is related to the residue of the corrosion layer LiFeO, detached

form the surface of CS after 600 cycles under Argon.
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Figure 5.8. SEM and EDX analyses of the salt Li,(OH);Br after 600 corrosion cycles with the carbon
steel: (a,b) under Ar; (c,d) under O,; (a,c) the salt situated on the top of the corrosion crucible ; (b,d)
the salt in contact with the metallic sample.

5.3. Corrosion of Stainless steel AISI 316L with Liy(OH);Br

Figure 5.9 presents cleaned and dried SS316 samples after the corrosion tests. The corrosion
layer formed at the surface of the sample has a golden uniform colour. The colour is more

pronounced for the samples tested under air. It is noticed a shiny surface appearance for all

the samples.
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Figure 5.9. Images of SS samples after corrosion tests for different cycle numbers under different

atmospheres
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Figure 5.10. XRD patterns of the surface of SS 316 after corrosion tests at 350 °C for different cycle
numbers: a) under Ar; b) under air; c¢) superposition of both patterns.
The surface of SS 316 samples was analyzed by XRD in order to determine the nature of the

corrosion layer. Figure 5.10.a and 5.11.b show the patterns of the samples cycled under Argon
atmosphere and air atmosphere, respectively. In each figure, four patterns are presented
corresponding to the samples cycled for 150, 300, and 600 cycles, additionally to the pattern
of the pristine material. Figure 5.10.c depicts the superposition of the patterns undergoing the
same number of cycles under different atmospheres in order to highlight any possible
modification of the peaks intensities and positions. For the SS samples tested under Argon
atmosphere, regardless to the number of the cycles applied, no corrosion layer was detected
by XRD analysis. Only the phases corresponding to the pristine material were detected
including Iron, Chromium, and Nickel phases with no evidence of oxide layer (or below XRD
sensitivity). The absence of the oxide layer after 600 heating/cooling cycles is a sign of good
compatibility of the SS 316 with Li4(OH);Br salt while working under Argon atmosphere. In
the case of the SS 316 samples tested under air atmosphere, the presence of iron, chromium
and nickel phases were reported for all the samples. ). No lithium based phase was formed as
an indication of the absence of a chemical reaction between the salt and the steel sample.
Particularly for the sample undergoing 600 cycles, one can notice the appearance of very low
intensity peaks related to an iron oxide phase (magnetite Fe;O,4). Overall, the results show that
the compatibility of the SS 316 with Lis(OH):Br is good while working under argon
atmosphere. On the other hand, although iron oxide was detected after 600 cycles while
working under oxygen, the low degree of oxidation of the SS 316 already gives insights about

the suitability of this steel for use with the salt under air.
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5.3.1.2.  Cross-section analysis of the corrosion layer using SEM / EDS

CK —CrK—NiL

Figure 5.11. Cross-sectional analysis of the SS 316 tested under Ar after 150 corrosion cycle. a) SEM
micrograph of the cross-section; b) enlargement of the region where the EDS is performed; c) EDS
profile (Iron in orange line, Oxygen in green line, Carbon in blue line, Chromium in red line, and
Nickel in purple line).

Figure 5.11 shows an example of the cross-section analysis of SS 316 with Lis(OH);Br salt
after 150 corrosion cycles under Argon atmosphere. The SS 316 tested under both Argon and
air for 150, 300 and 600 cycles was analyzed and presented in a similar way. The EDS
profiles of the cross-section and the corresponding SEM images of the samples are presented

in figure 5.12.

For the samples tested under Argon, there is no evidence of the corrosion layer even after 600
heating/cooling cycles as shown in figure 6.13. These observations are confirmed by the EDS
profile of the cross-section presented in figure 6.14, where it can be seen that the drastic jump
in oxygen concentration is synchronized with the severe increase in carbon concentration
(resin components) and the severe reduction in iron concentration. These observations are a
sign of absent of the iron oxide layer. Similar behaviour was observed for the samples tested
under air atmosphere undergoing 150 and 300 heating/cooling cycles. More precise
characterization techniques, such as the XPS-depth profiling, should be applied to accurately
estimate the possible oxide layer formed which couldn’t be detected neither by XRD nor by
EDS profile of the cross section. For the sample tested under air over 600 cycles, the

corrosion product consists of iron oxide phase (Fe;O4). Moreover, for this steel, the thickness
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of the corrosion layer couldn’t be estimated by cross-sectional statistical analysis since no

oxide layer is evident in SEM cross-section micrographs.
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Figure 5.12. SEM-EDS cross-sectional analysis of the SS 316 samples tested under: Argon
atmosphere (a) 300 cycles; (b) 600 cycles. Air atmosphere (c) 150 cycles; (d) 300 cycles; (e) 600
cycles.

5.3.1.3.  Surface analysis of SS 316 after corrosion

5.3.1.3.1. SS 316 tested under Argon

Wt %
Pristine a (150 cycles) | b (300 cycles) | c (600 cycles)
OK 0.86 00.84 00.57 00.52
Mo L 03.61 01.87 02.06 01.86
NiL 09.97 06.09 05.84 04.62
CrK 38.49 19.15 18.84 18.20
Fe K 44.65 72.06 73.19 74.79
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Figure 5.13. SEM micrographs combined with EDS analysis of the surface of SS 316 samples tested
under Ar: a) after 150 corrosion cycles; b) after 300 corrosion cycles; c) after 600 corrosion cycles.

The surface analyses of the SS 316 samples cycled under Argon atmosphere and the
corresponding EDS elemental results are presented in figure 5.13. The overall surface
morphology is homogeneous with no surface defects. Although the oxide layer was not
detected by XRD as shown in section 5.3.1.1, the EDS results show the presence of oxygen in
minimal concentrations similarly to the pristine material as an indication of the presence of
the iron oxide layer on the surface of the stainless steel with negligible thickness. Taking into
account the similarities of the oxygen concentrations for samples cycled for 150, 300 and 600

cycles, it can be concluded that the degree of oxidation didn’t increase with cycling.

5.3.1.3.2. SS 316 tested under air

v

Element Wt %

Pristine a (150 cycles) | b (300 cycles) | ¢ (600 cycles)
OK 0.86 00.79 00.74 01.89
Mo L 03.61 02.34 02.22 00.00
NiL 09.97 06.01 05.32 12.24
CrK 38.49 18.64 18.66 16.85
Fe K 44.65 72.22 73.07 69.02

Figure 5.14. SEM micrographs combined with EDS analysis of the surface of SS 316 samples tested
under air: a) after 150 corrosion cycles; b) after 300 corrosion cycles; c) after 600 corrosion cycles.

The surface analyses of the SS 316 samples cycled under air atmosphere and the
corresponding EDS elemental results are presented in figure 5.14. The overall surface
morphology is homogeneous with no surface defects. The EDS results show the presence of
oxygen in minimal concentrations for the samples undergoing 150 and 300 cycles as an
indication of the presence of very thin iron oxide layer (not detectable by XRD analysis) on
the surface of the stainless steel. Meanwhile for the sample undergoing 600 cycles, there is a
slight increase of the concentration of oxygen. This means that the degree of oxidation of the

sample increased while increasing the number of cycles and it manifest in the increase of the
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thickness of the oxide layer (slightly detected by XRD). The EDS analysis of the surface of

the samples confirmed the EDS results of the cross-section carried out in section (5.3.1.2).

5.3.2. Analysis of the peritectic salt Li;,(OH);Br
5.3.2.1. Thermal analysis

The DSC curves of the salt samples obtained upon heating (at 1 K/min) are presented in
figure 5.15 together with the reference samples corresponding to the salt cycled without being
in contact with the SS316. The temperatures and enthalpies related to the peritectic reaction of
the corrosion salt samples, the reference samples and the pristine salt are reported in table 5.2.
Three endothermic peaks were recorded for all the samples similarly to the pristine salt
(subchapter 4.5). Analysing the results reported in table 5.2 and the DSC curves, it can be
observed that the temperature related to the peritectic reaction remains unchanged regardless
to the exposure time (cycling duration), the working atmosphere, and the zone from which the
salt is extracted. Regarding the enthalpy related to the peritectic reaction, different thermal
behaviours were observed in respect to the atmosphere presents during the test. For the salt
samples tested under Argon atmosphere, taking into account the experimental error of the
DSC equipment, the enthalpy of the salt remains homogeneously stable regardless to the
cycling duration, except for the salt in contact with the SS316 cycled over 600 times where a
slight decrease of the enthalpy of about 1% was obtained. For the tests carried out under air
atmosphere which promotes the oxidation of the steel, for short-term cycling durations (150
and 300 cycles) a good stability of the enthalpy with a slight improvement up to 5% was
recorded homogeneously. Whereas, after 600 cycles, unlike the salt distant from the steel
sample which show a stable reaction enthalpy, the salt in contact with SS316 presents an
enthalpy loss of 5%. Overall, the stability of the reaction temperatures and enthalpies for the
salt samples tested under argon atmosphere in contact with SS316 is an indication of the
absence of any chemical reaction between both materials. While working under air, the small
enthalpy loss observed after 600 cycles exceptionally for the salt in direct contact with the
steel is related to the formation of the iron oxide phase (Fe;O4) as confirmed by the EDS
analysis of the surface of SS316 sample. To get a better understanding of mechanism
occurring between both materials, the elemental composition of the salt was investigate by

EDS analysis and presented in the following section.
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Figure 5.15. Heating DSC curves obtained at (1 K/min) of Lis(OH);Br extracted after corrosion tests

with SS 316 for different cycle numbers: a) under Ar; b) under air; (solid line represents the corrosion
sample; dash line represents the reference sample).
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Table 5.2 Temperatures and enthalpies corresponding to the peritectic reaction of Liy(OH);Br after
corrosion tests with SS 316 under Argon and air atmospheres compared to reference values

Corrosion under Ar Corrosion under O,
CyCIe TP TReference AHP>1< AHReferem:e#< TP TReference>k AHP AHReference>k
number °C) (°C) J/g) (J/g) (°C) O J/g) J/g)
0 Cycle 289 251 288 254
150 Cycles | 289 289 241 243 288 289 259 245
300 Cycles | 289 289 258 255 288 287 255 250
600 Cycles | 289 288 239 243 289% 243%
288° 288 229° 245

* These values correspond to the addition of the enthalpy of the decomposition of Li3;(OH),Br
at 279 C and that of Li4(OH);Br at 289 -C.

* Sample distant from 33316

b Sample in direct contact with SS316

5.3.2.2. Microstructural analysis

In order to elucidate the corrosion mechanism, and to investigate the effect of the corrosion
products on the initial salt composition, EDS analysis of the salt, which was in direct contact
with the steel sample undergoing 600 cycles, was carried out. The SEM images of the salt
samples and the corresponding EDS results are presented in figure 5.16. For the salt tested
under Argon atmosphere, only bromine and oxygen were detected corresponding to the
studied salt.. None of the SS316 alloying elements was detected within the salt. This result is
in good agreement with EDS, and XRD analysis of the SS316 where no oxide layer was
observed over 600 Heating/cooling cycles. For the sample tested under air atmosphere,
oxygen and bromine were expectedly corresponding to salt components LiOH and LiBr.
Additionally, the presence of Chromium was reported in relatively low concentrations (about
5 wt. %). The presence of Cr in the post-corrosion salt sample can be presumably due to the
dissolution of chromium compounds in the salt. Chromium dissolution due to corrosion of
SS316 and high Cr content steel in molten carbonates and nitrates salt was extensively
reported in previous studies [1], [10], [11] as a result of the transformation of chromia
(Cr203) to highly soluble chromates (CrO4) and dichromates (Cr207) [12]-[15]. This
phenomenon showed to appear at early corrosion stages and manifested in an increase of
chromium content in the salt after the corrosion. Chromium showed to improve the corrosion
resistance of steel. Cheng et al. [2], and Miguel et al. [1], on the study of corrosion of high Cr
content steels by lithium containing salts, reported lower corrosion rates for steel with higher

Cr content. These studies showed the formation of passivation iron-chromium oxides (spinel
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(Fe Cr)304; FeCr204) as the inner corrosion layer. These oxides form through an inward
diffusion if lithium anion and outward diffusion of iron anions (Fe3+). They are insoluble and
act as corrosion inhibitor by blocking the iron diffusion from the substrate. The formation of
lithium iron oxide phase (LiFeO2) as the outer corrosion layer was also reported [16], [17].

In this work, the analysis of SS316 tested under air didn’t report the presence of iron
chromium oxide on the surface of the steel. Solely Cr was detected in the salt sample. This
result means that no passivation layer was formed at the applied cycle number. The potential
lithiumization of the iron oxide formed on the surface of steel is presumable over long-term
cycling considering the high temperature of the test and the basic nature of the alkali
hydroxide LiOH. On can conclude that the corrosion mechanism, over short-term cycling
(600 cycles). manifests through oxidation and chromium dissolution in the salt due to the
presence of oxygen atmosphere as well as the high temperature of the test (350 °C). Longer
exposure time through the increase of the cycling duration should be applied for this steel, and
the following point should be investigated in order to determine the utility of this steel as a
container material with Li4(OH)3Br at 300 °C. 1) Define the complete corrosion mechanism
of this steel with Li4(OH)3Br through the determination of the eventual corrosion products
and check whether they involve lithium containing phases. 2) Investigate the effect of the
eventual corrosion product on the stability of the salt. 3) Evaluate the long-term corrosion

rate.

g Element Wt. %
5 0K 17.44
E BrL 82.56
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Figure 5.16. SEM and EDX analyses of Liy(OH);Br salt in the interface with SS 316 after 600
corrosion cycles, both under Ar and air.

5.4. Corrosion rate estimation

The corrosion rate can be determined following several approaches under the assumption of
uniform corrosion. 1) The weight loss (mg/cmz) after a decaling process of the sample
according to ASTM G1-03 protocol [7]. 2) Quantitative analysis of the weight gain of the
sample (mg/cm®). 3) Evolution of the thickness of the corrosion layer with time (mm/yr). In
this work the corrosion rate was estimated based on the evaluation of the corrosion layer
thickness over cycling by cross-section analysis. A summary of the obtained results is

reported in table 5.3.

Table 5.4 which represent the reference corrosion rates allowing operability of CS in the
industry. According to the obtained corrosion rate for the CS under air atmosphere, this steel

is recommended for long-term service with Li4(OH);Br salt at 300 °C under air atmosphere.

Table 5.3. Average corrosion attack thickness (um) measured by SEM cross-sectional analysis and the
corresponding corrosion rates related to CS A516.Gr70 tested under both air and argon atmosphere at
350 °C over various cycle numbers.

Atmosphere | 150 cycles 300 cycles 600 cycles
Thickness (um) Ar NA 2.5 5.3

0, NA NA 0.4
Corrosion rate Ar NA 0.040 0.042
(mm/ye) 0, NA NA 0.003

For the SS316, analysing the cross section, no evidence of the corrosion layer was detected in

all the samples regardless the atmosphere and the number of cycles applied. Besides, no
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weight gain was detected after the corrosion tests. For these reasons, the estimation of the
corrosion rate of this steel couldn’t be carried out neither by statistical cross-section analysis

nor by quantitative weight gain analysis

Table 5.4. Industrial operability of A516 Gr70 according to the corrosion rate [19]

Corrosion rate (um/yr) | Recommendation

> 1275 Completely destroyed within days

127-1274 Not recommended for service greater than 1 month

64-126 Not recommended for service greater than 1 year

14-63 Caution recommended, based on the specific application

0.4-13 Recommended for long-term service

<0.3 Recommended for long-term service, no corrosion, other than as a
result of surface cleaning, was evidenced

5.5. Conclusion

The compatibility of Carbon Steel A516 and Stainless Steel 316 with Liys(OH);Br under
various corrosion conditions has been investigated through cycling corrosion experiments.

Regarding the Carbon steel, for both samples tested under air and Argon atmosphere, the
composition of the corrosion layer consists mainly of a Lithium iron oxide phase LiFeO, with
poor adherence to the metal. A continuous growth of the corrosion layer with cycling was
observed. It is noteworthy that the corrosion process is not only affected by the time factor but
also by the type of atmosphere present during the test. Indeed, the corrosion reaction of the
carbon steel with Lis(OH);Br salt is more active under Argon atmosphere. Concerning the salt
stability, unlike the salt distant from the CS, salt samples in direct contact with CS showed a
gradual decrease in the reaction enthalpy. This is explained by the reaction between the
Lithium and the metallic sample leading to the formation of LiFeO, through lithiumization of
the iron oxide phase. The corrosion rate obtained for this steel showed its ability to operate for
long-term service in contact with Lis(OH)sBr, nevertheless, longer exposure time should be

applied to investigate the effect of the corrosion product on the degradation of the salt.

Regarding the stainless steel, the XRD results show no corrosion in case of the samples
cycled 600 times under Argon atmosphere. This is probably due to the small amount of oxide
layer not detectable by XRD. However, the samples cycled in air show the presence of an iron

oxide phase (Fe;O,) in the corrosion layer, especially evident in the sample cycled 600 times.
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No localized corrosion has been found throughout the section. The analysis of the salt
samples confirms its stability during the corrosion tests carried out both under Argon and air.
No modification of the reaction enthalpy or the melting temperature was detected except for
the sample tested under air after 600 cycles where a slight decrease in the reaction enthalpy
was observed, due to the formation of the iron oxide corrosion layer. The corrosion rate for
this steel couldn’t be estimated after 600 heating/cooling cycles. Overall, Stainless steel 316
seems to be a very attractive option to be used as container material for Li4(OH);Br salt at 350
°C. This steel performed better corrosion resistance than CS AS516. Nevertheless, it is
recommended to perform the corrosion study applying longer exposure time in order to define
the corrosion rate of this material and to check whether lithium containing phases will be

formed over longer cycling durations.
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Chapter 6: Lij(OH);Br based shape stabilized
composites

6.1. Introduction

Lis(OH);Br, like most inorganic salts, suffers from corrosivity and low thermal conductivity
(< 1 W/m/K). Corrosion involves using expensive corrosion-resistant materials for the storage
tank and heat exchanger, while low thermal conductivity has to be compensated by oversizing
the latter, thus increasing investment cost. To mitigate the corrosion issue, different
techniques for encapsulating high-temperature salts are being investigated. They can be
classified into two main categories, namely core-shell microencapsulation [1]-[5], where the
shell acts as a container to prevent liquid leakage, and the so-called shape-stabilized
composite materials (ss-composites) [2], [3], [5]-[7], where a porous supporting material
encapsulates the salt and retain the liquid phase by capillary forces and surface tension.
Compared with core-shell microencapsulation, ss-composites have clear advantages regarding
production cost and performance. Indeed, they are generally produced by simple melting
infiltration in porous support or by cold compression of a mixture of the micro-nanoparticles
supporting materials and salt powders. Moreover, they usually have the ability of self-
management of the volume changes of the salt during phase transitions, which is one of the
major concerns of core-shell microencapsulation, and they lead to higher apparent thermal

conductivity enhancement.

This chapter is divided into two parts: The first part addresses the selection methodology of
suitable supporting materials for Lis(OH);Br based ss-composites obtained by cold-
compression route, which is the most advantageous from an economic point of view.
Candidate supporting materials considered are micro and/or nanoparticles of MgO, Fe,Os,
CuO, SiO; and Al,O;. The experimental screening carried out included the study of the
chemical compatibility between the candidates supporting material and Lis(OH);Br, the anti-
leakage performance and maximum salt loading evaluation as well as the thermal cycling

stability of corresponding ss-composites,
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The second part of this chapter focuses on Li4(OH);Br/MgO shape stabilized composites. In
the first part of this study, magnesium oxide was selected, among several metal oxides, as the
most promising supporting material for shape stabilization of the peritectic salt. The ceramic
MgO Nano-powder with a particle size of 100 nm affords good structural stability of the
composite at a minimum loading of 50 wt. %. This loading is high and will considerably
decrease the storage capacity of the composite. Therefore, the optimization of MgO
concentration needed for a good structural stability and storage capacity of the composite is
required. In this context, Lis(OH);B1/MgO shape stabilized composites were developed using
different porous MgO samples with different structural, textural, and morphological
properties. The purpose of using porous MgO as supporting materials for the shape
stabilization is to combine the benefits of the mesoporosity present within the MgO particles
in leakage prevention thanks to the strong capillary forces it generates, with the benefits of the
mechanical lock and liquid bridge force responsible for structural stability in the ss-
compsoites prepared by cold compression. This combination will help decrease the amount of
supporting material required for the structural stability of the composite. The pore size was
targeted to be dominantly in the mesoporous range (2-50 nm) because, on the one hand,
macropores (> 50 nm) not only can’t provide sufficient capillary force for molten salt
retention, but also their synthesis is not feasible considering the characteristic of our powder.
On the other hand, micropores (<2 nm) provide stronger capillary forces. However, they are
too small that the solidification of the infiltrated salt will most probably be suppressed, which
will affect the thermal energy of the peritectic salt. Consequently, mesoporosity is found to be
a good compromise, with strong capillary forces and pore volume sufficient for salt
solidification. Three porous MgO samples were synthesized/treated and used in this study as
supporting materials, i) Porous MgO (named PMgO) synthesized by combustion using
Magnesium nitrate Mg(NOs),, ethylene glycol, and deionized water, giving a BET surface
area of 40 m*/g and a pore volume of 0.217 cm’/g. ii) Porous MgO synthesized by calcination
of basic magnesium carbonate (named MgO-BMC), giving a higher BET surface area of 129
m?*/g and a pore volume of 0.294 cm*/g. iii) Commercial MgO micro-powder (Particle size in
the range of [44-105 pum]) treated by ball milling process (named MgO-BM) in order to
obtain a nanocrystalline structure, giving a BET surface area of about 55 mz/g and pore
volume of 0.088 cm’/g. The synthesis methods of MgO samples and the composite materials

are described in chapter 2, section 2.1.5.2 and 2.1.5.3, respectively.
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6.2. Selection of the most convenient supporting materials

The selection of the supporting material is critical for succeeding ss-composites [6]. The
thermal stability in the planned working temperature range and the chemical compatibility
with encapsulated salt are the most basic requirements, which directly determine the usability
of the supporting material. Good wettability with loaded salt and high specific surface area is
also of great importance because it determines maximum salt loading and, therefore, the latent
heat storage capacity of the final material. To a lesser extent, high thermal conductivity is also
advisable to reduce the size of heat exchangers or, alternatively, to maximize the size of
pellets/grains in fixed packed-bed storage systems. Obviously, economic and safety aspects
are also relevant so as safe (non-corrosive, non-flammable, non-explosive), cheap, easy to
obtain, and process supporting materials are required as well.

Supporting material used in ss-composites studied so far can be classified into three main

groups:

» Carbon based supporting materials such as expanded graphite and graphite foams [8]—
[22]. They prove to be compatible with nitrites and chlorides and have a high salt
absorption capacity (> 85 wt. %). Besides, they are excellent in heat transfer
enhancement because of their high thermal conductivity (up to 100 W/m/K reported).
However, they are characterized by poor wettability with salts, and they also tend to
oxidize at a temperature above 600 °C approx. ss-composites using expanded graphite
are usually prepared by uniaxial or isostatic cold-compression route, whereas vacuum-
assisted melting infiltration method is used in the preparation of graphite foam-based

composites;

» (Clay mineral supporting materials such as expanded perlite, expanded vermiculite, and
diatomite [3], [23]-[30]. They demonstrate chemical compatibility with nitrites,
chlorides, and sulfates as well as high salt absorption capacity (> 85 wt. % for
expanded perlite and vermiculite; 55-70 wt. % for diatomite). Moreover, the
wettability with molten salts is good, and they can support temperatures above 1000
°C. However, they have low values of thermal conductivity (< 0.15 W/m/K), and a
melting infiltration route is needed for ss-composites preparation, which is more
expensive than cold compression method. Another type of clay minerals used as an
additive for PCM composites is the natural halloysite nanoclay. These materials are

characterized by good thermal stability, a high adsorption capacity, and low cost.
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Halloysite nanoclay are used generally as a nucleating agent to mitigate the subcooling
phenomena of the hydrate PCMs and applied for cold storage [31], [32];

* Other supporting materials including refractory oxides (MgO, Al,Os, SiO,, mullite),

SiC, and Ca(OH); [7], [33]-[53] . The compatibility and good wettability with nitrates,
carbonates, chlorides, and sulfates have been proven for most of them. Maximum salt
loading is lower than in previous cases but still significant (up to 70 wt. %). On the
contrary, they show excellent thermal stability up to 1400-1600 °C (only 570 °C for
calcium hydroxide). In addition, they have relatively high thermal conductivity (3-65

W/m/K), and corresponding ss-composites are prepared by cold-compression route.

6.2.1. Screening methodology of the most convenient supporting material
for shape stabilization of Li,(OH);Br

The experimental screening carried out to select the best supporting material focuses on
fundamental aspects such as chemical compatibility of the supporting material with
Lis(OH);Br, the anti-leakage performance of corresponding ss-composite, and maximum salt
loading allowed as well thermal properties and thermal cycling stability of final composites.
A three steps methodology was established to discard either useless or poorly performant

supporting material progressively:

1. Chemical compatibility test. It consists in preparing a mixture of 90 wt. % Lis(OH);Br
and 10 wt. % Oxide. The powder mixture is then subjected to a heating process up to
400 °C (Tmgyy + 60 °C) during 24 hours inside closed stainless-steel reactors under Ar
atmosphere. After these extreme heating conditions, chemical compatibility is
investigated by means of Differential Scanning calorimetry (DSC) analysis and X-ray
diffraction analysis to detect eventual side reactions or changes/degradations in the

storage properties of Li4(OH);Br.

2. Anti-leakage performance analysis and maximum salt loading allowed. Pellets of
Lis(OH);B1/Oxide composite materials with different oxide loadings are prepared
following a cold-compression method. They are then submitted to the following
thermal treatment: heating step at 10 K/min up to 350 °C, followed by an isothermal
step at 350 °C for 1 hour, and finally a cooling step at around 2 K/min up to room
temperature. The effectiveness of the composite in retaining the liquid phase of

Lis(OH);Br was qualified by visual inspection of the pellets during the test. Those
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composites allowing higher salt content while displaying good anti-leakage

performance are moved to the last step.

3. Stability of the composites under thermal cycling conditions. In this step, the phase
transition properties of composites that have passed previous tests are determined
before and after 50 heating and cooling cycles. Thermal cycling tests were carried out
in a muffle furnace under Argon atmosphere, between 250 °C and 350 °C, applying
heating/cooling rates of 10 K/min and 2 K/min, respectively. Both cycling and storage
properties determination are carried out using differential scanning calorimetry (TA
DSC 2500 model). The composite which shows better stability and heat storage

capacity is finally selected as supporting material.

6.2.1.1. Chemical compatibility of the supporting material with molten Lis(OH);Br

Upon heating, as described in the previous chapters, Lis(OH);Br undergoes different
reversible phase transitions. The first solid state transformation at around 230 °C. The second
solid state transition at 279 °C and finally the peritectic reaction at 289 °C. All these
transformations are reflected in the DSC curve depicted in figure 4.1. These curves are
considered as the reference in terms of transition temperature and reaction enthalpy, which
will be taken into consideration when analyzing the compatibility and performance of the
different supporting materials. The values assigned to the peritectic reaction in this work
represent the sum of both the second solid state transition and the peritectic reaction.

As already mentioned in section 6.1.1 (step 1 of the screening), different Lis(OH);B1/Oxide
mixtures were prepared using 10 wt. % of support materials reported in Table 2.1 and heated
at 400 °C during 24 hours inside closed stainless-steel reactors under Ar atmosphere.
Afterward, all the samples were subjected to structural analysis using X-ray diffraction in
order to test the compatibility with the salt and detect possible side products formed due to the
reaction between the salt and the oxide. The DSC curves of different mixtures (Li4(OH);Br +
10 wt. % oxide) after compatibility tests obtained both upon heating and cooling are reported

in Figure 6.1.
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Figure 6.1. DSC curves of Liy(OH);Br/oxide mixtures after compatibility tests recorded at 1°C/min: a-
upon heating; b- upon cooling.

The temperatures and enthalpies of the reaction corresponding to the different composites are
presented in Table 6.1. The enthalpy of the peritectic reaction relative to the mass fraction of

the salt in the composite AHgajculated 1S calculated as follow:

AHcqicutaed = AHriaom3sr - Xridomyser, (€q. 1)

Where Xpisomss: represents the mass fraction of the salt and AHpisomss: is the enthalpy of

the pure peritectic salt.
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Table 6.1. Temperatures and enthalpies corresponding to the peritectic reaction of different
Liy(OH);Br/oxide mixtures after compatibility tests.

Composition Tonset  AHExperimental™  AHcualculatea™  Enthalpy loss
(°0) J/g) (/g (%)
Pure Li4(OH);Br 289 247 247
90Li4(OH);Br-10Fe;0; 288 197 10
90Li4(OH);Br-10CuO 287 215 222 3
90Li4(OH);Br-10MgO 288 209 6
90Li4(OH);Br-10A1,03 282 137 34

* These values correspond to the addition of the enthalpy of the decomposition of Li;(OH),Br at
279 °C and that of Li,(OH);Br at 289 °C.

Analyzing Figure 6.1.a, the DSC curves of sample 90Lis(OH);Br-10SiO, show a narrowing
of the peak at the peritectic transition temperature together with the broadening of the first
peak, besides the appearance of a new DSC peak at 246 °C. The three thermal events are
reversible upon cooling (see figure 6.1.b). This behaviour is an indication of a chemical
reaction between the salt and the silica nanopowder. For this reason, the Silicon dioxide was
discarded at this level. Alumina nanopowder was also discarded due to the huge loss of the
enthalpy of the peritectic reaction (- 34%), as shown in Table 6.1. In addition, the DSC
heating curve shows the displacement of both the second solid-state reaction and the peritectic
reaction to lower temperatures (- 7 °C). The reason for this phenomenon can be due to the
very small particle size of Al,O3 powder. In fact, the use of nanometric power (13 nm) with a
very high specific surface area will create a large number of cavities inside the composite
pellet, and this leads to the possible confinement of a quantity of the peritectic salt inside
these cavities inducing the Gibbs-Thomson effect. Additionally, the salt trapped inside the
cavities and the vacancies can cause a total or partial suppression of the peritectic reaction
which may be the reason of the significant decrease in the peritectic reaction enthalpy. In case
of CuO, MgO, and Fe,03 oxides, good thermal stability of the composites has been noticed.
The temperature of the peritectic reaction remains unchanged. Considering the systematic
error (£ 3 J/g), the enthalpy of the peritectic reaction is stable in case of Liys(OH);B1/CuO
composite. However, it shows a slight decrease (6 % loss) in case of MgO and (10 % loss) for
Fe,O3 composite. CuO, MgO, and Fe,O; metal oxides have been selected for further

investigation (Shape stability performance and thermal cycling stability).
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Figure 6.2. XRD results of Lis(OH);Br/oxide mixtures after compatibility tests

Analyzing the XRD results of Li4(OH);Br and the composite materials reported in Figure 6.2,
it can be clearly seen that the patterns corresponding to the samples 90Lis(OH);Br-10Fe,O3,
90Li4(OH);Br-10MgO, 90Li4(OH)3;Br-10CuO show only the peaks related to the peritectic
salt plus the Fe;O3, MgO and CuO respectively. No new peaks associated with the formation
of new phases were detected despite the harsh conditions applied for the compatibility tests,

which indicates good chemical compatibility between the salt and the tested oxides.

6.2.1.2. Anti-leakage effectiveness and maximum salt loading

Capillary forces are mainly responsible for retaining the liquid salt during the phase change
process. The parameters which determine the capillary effect are the size and topology of the
pores, as well as the adhesion forces between the liquid salt and the pore wall. The latter is
estimated by the effective contact angle between the liquid salt and the supporting material
(higher is the liquid adhesion, lower is the effective contact angle) [54]-[55]. Considering that

the work required displacing a liquid tube outside a cylindrical pore is given by:

2yl,,cose

dW = AP. x dV = dV = S,y cos6 dV - (eq. 2)
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where AP, is the capillary pressure, dV is the infinitesimal volume of the liquid tube displaced
along the axis of a cylindrical pore of radius r. y;, is the liquid-vapor surface tension,
S, = 2/r represents the surface area per unit of pore volume and 6 is the effective contact
angle. It can be concluded that the greater is the wettability, and the higher is the surface area
(smaller pore size for same total porosity), the better is the anti-leakage efficiency.

From this, it follows several conclusions of practical interest for the interpretation of the

results of leakage tests performed:

1. Decreasing the size of the oxide particles at constant oxide loading improves anti-
leakage efficiency of the ss-composite;

2. The same happens when increasing the oxide loading at constant particles size
although at the expense of losing storage capacity;

3. For equal oxide loading and particles size, oxides with higher wettability with the salt

lead to ss-composites with better anti-leakage efficiency.

The anti-leakage performance of composites Lis(OH);Br/MgO, Liy(OH);Br/CuO, and
Lis(OH);B1/Fe,O5 has been analyzed as described in section 6.2.1 (step 2 of the screening).
For each composite, different pellet (13 mm in diameter, 5 mm in thickness) with oxide
content ranging from 20 wt. % to 60 wt. % were prepared in order to determine the maximum
salt loading allowed.

Table 6.2. Liy(OH);Br-based ss-composites with different oxide loading after sintering showing salt
leakage assessment.

wt. % Oxide 20 30 40

L14(OH)3B1‘/MgO

leakage assessment Serious

Li4(OH)3B1/CuO
leakage assessment Serious éerious Minor No
Li4(OH)3BI‘/F€203
b
leakage assessment Serious No No No
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As it is shown in Table 6.2:

Li4(OH);B1/MgO composite shows a minor salt leakage at 30-40 wt.% content of
MgO. Sample with 50 wt. % MgO present no sign of salt leakage. The pellet shape is
perfectly preserved, showing a smooth surface without cracks. Sample with 60 wt. %
MgO shows good structural stability without salt leakage. However, the pellet has
cracked after sintering which could be due to the high amount of MgO nanoparticles
and the less amount of the salt, which ensures the structural bonding after
solidification. The advantages expected of using nanostructures MgO powder with
100 nm particle size was to have the shape stabilization at a small loading of MgO
thanks to the high specific surface area of MgO nanopowder which generate a high
surface tension between the salt and MgO. However, despite the nanometric particle
size used, the form stability was ensured at a minimum content of 50 wt. % MgO
unlike Lis(OH)3;B1/Fe,0s3, this could be due to the wettability of MgO by the molten
salt is not as high as in the case of Fe,O3 micro-powder.

Lis(OH);B1/Fe,O3 composite presents a significant salt leakage at 20 wt. % of Fe,Os.
Sample with 30-40-50 wt. % Fe,O3 presents excellent structural stability without any
sign of salt leakage. Even though nanostructure supporting materials prove to afford a
good anti-leakage efficiency of ss-composite at less content compared to materials
with micrometric particle size, Fe,Os; with particle size < 5 um shows excellent
structural stability at only 30 wt. % loading compared to 50 wt. % MgO with a particle
size of 100 nm. This can indicate the excellent wettability of Fe,O3 microparticles by
the molten salt. In order to afford the maximum reaction enthalpy, the minimum
content of 30 wt. % Fe,O3 was chosen for further investigations.

Lis(OH)3;B1/CuO composite shows a constant improvement of the structural stability
and no leakage sign while increasing the content of the CuO from 30 to 60 wt.%.
Samples with 30-40 wt. % of CuO show a significant amount of salt leakage with
segregation of salt after sintering, which could be due to the difference in density of
the two components. At 50 wt. % CuO, a small leakage of the salt can be observed.
While increasing the CuO loading up to 60 wt. % the shape stabilization is perfectly
ensured, no salt leakage was observed. The high CuO loading (60 wt. %) required for
the shape stability of the composite could be explained by i) the big particle size of
this material (< 74 um) giving a less surface area, thus less surface tension between
the molten peritectic salt and CuO required for salt retention at liquid state inside the

structure of the composite. ii) and/or the modest wettability of CuO by the molten salt.
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60 wt. % CuO is the minimum loading required to guarantee the shape stabilization of
the composite, however, at the expense of the salt loading. This relatively large
amount of the supporting material will considerably decrease the storage capacity of
the composite. The result was not satisfactory from a thermal storage application point

of view. For this reason, CuO was discarded at this level.

6.2.1.3. Thermal and microstructural characterization and stability of Lis(OH)3;Br based
shape stabilized composites

The composites (70Lis(OH);Br-30Fe,O3; 50Lis(OH);Br-50MgO), which satisfied the
criterion of form stabilization, were characterized by DSC. The objective was to investigate
the influence of shape stabilization on the thermal properties of the salt. The morphology of
the ss-composites was investigated by SEM. Figure 6.3. a,b presents the microstructures of
50Li4(OH);Br-50MgO and 70Lis(OH);Br-30Fe,O3; composites, respectively. In both cases, it
can be seen that Lis(OH);Br salt is embedded in the oxide particles. This morphology
prevents the leakage of the molten salt outside the structure of the composite by capillary
force and surface tension. Analyzing the SEM images, two regions can be distinguished, one
region with a smooth surface presenting smooth lamellar undulations corresponding to the
peritectic salt, and another region with granular morphology corresponding to the oxide

particles. Both structures of the composites present an open porosity

(a)
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Figure 6.3. SEM images of the ss-composite: (a) S0Li4(OH);Br-50MgO; (b) 70Liy(OH);Br-30Fe,04

The results of the DSC in terms of transition temperatures and reaction enthalpies are reported
in Table 6.3. Both DSC curves of 70Lis(OH)3;Br-30Fe,Os presented in Figure 6.4 and of
90Li4(OH);Br-10Fe,05 presented in Figure 6.1 show a shift in the peritectic reaction to lower
temperatures; the shift increases with increasing Fe,O; content (peritectic reaction
temperature is 288 °C and 281 °C for 90Li4(OH);Br-10Fe,O3 and 70Lis(OH);Br-30Fe,0s,
respectively). This can be explained by the possible salt confinement in the interparticle voids
of the composites (thanks to the great wettability of Fe,Os by the molten salt), which
increases with the augmentation of the salt loading. A drop in the enthalpy of the peritectic
reaction is also noticed, showing a higher loss for the sample with higher Fe,O3 loading (10%
and 17% enthalpy loss for 90Lis(OH);Br-10Fe,05; and 70Lis(OH);Br-30Fe,0s, respectively).
This can be explained by the fact that the salt trapped inside the interparticle voids of the
composite does not contribute to the total reaction enthalpy. Considering the high surface area
of MgO compared to Fe,O3; (particle size is 100 nm and <5 um for MgO and Fe,Os,
respectively), the aforementioned phenomena are expected to be more pronounced; however,
due to the moderate wettability of MgO by the molten salt, the Gibbs—Thomson effect is less

likely to occur.
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Figure 6.4. DSC curves of Liy(OH);Br-based shape stabilized composites: (a) Upon heating; (b) Upon

cooling.

Table 6.3. Temperatures and enthalpies corresponding to the peritectic reaction of different
Li,(OH);Br based ss-composites before and after thermal cycling.

Composition Tonset AHExperimental* AH calculated™ Enthalpy
O g J/g) loss (%)
Pure Lis(OH);Br 289 247 247
70Li4(OH);Br-30Fe,053-0Cycle 281 132 173 17
70Li4(OH);Br-30Fe,03-50Cycles 282 93 173 33
50Li4(OH);Br-50MgO-0Cycle 285 114 124 4
50Lis(OH);Br-50MgO-50Cycles 287 123 124 0.5

* These values correspond to the addition of the enthalpy of the decomposition of Li;(OH),Br at 279
oC and that of Li;(OH);Br at 289 C.

Analyzing Table 6.3, the most promising material is the composite with MgO as support. A
slight enthalpy loss is observed, 4 % compared to the 17 % for the composite with Fe;Os. The
enthalpy loss observed could be a sign of inhomogeneity of the composites structure, which
means that the sample analyzed by DSC contained more supporting material than the active
material (Salt). The composites with the best performances (with 50 wt.% of MgO and 30
wt.% of Fe,O3) were subjected to a cycle life analysis test (up to 50 cycles) to determine the
reactivity and shape stabilization performance after prolonged charge-discharge cycles. The
results of these experiments are reported in Figure 6.5. No leaks of the salt outside the
composite were observed after 50 charge/discharge cycles for both samples. These results are

very promising; the number of cycles applied could indeed be considered representative
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regarding the stability of the shape stabilized composite. When considering the chemical

stability, both composites confirm the trend already observed after one cycle.

80

0 Cycle 50 cycles 0 Cycles 50 Cycles
(a) (b)

Figure 6.5. Images of the composite of Lis(OH);Br based shape stabilized composite before and after
thermal cycling tests: (a) 50Li,(OH);Br-50MgO; (b) 70Li4(OH);Br-30Fe,0;.
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Figure 6.6. DSC curves of Li,(OH);Br-based shape stabilized composites after cycling stability tests:
(a) 50Li4(OH);Br-50MgO; (b) 70Lis(OH);Br-30Fe,0;.

MgO based composite is stable and inert, as confirmed by the results relevant to the reaction
energy after 50 cycles (see Table 6.3) with enthalpy loss of only 0.5 %. The heating DSC
curves of 50Lis(OH);Br-50MgO present good reproducibility as shown in Figure 6.6.a. On
the other side, the Fe,O3; based composite shows a significant decrease in the reaction energy
of 33 %, excluding its possible further utilization. This result is probably due to a slow and
progressive reaction of the salt with the oxide, responsible for the strong interaction between
the two materials, ending with the gradual degradation of the salt. This is manifested by a

change in the heating DSC curves presented in Figure 6.6.b after 50 heating/cooling cycles.
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6.3. Li;(OH);Br/MgO shape stabilized composites

6.3.1. Characterization of as-prepared MgO samples

6.3.1.1. Nano-crystalline MgO prepared by ball milling process (MgO-BM)
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Figure 6.7. XRD patterns of milled MgO powders with milling time from O h to 64 h
MgO-BM samples were obtained by mechanical ball-milling treatment of commercial MgO

powder with particle size in the range of (44-105 um). The applied ball-milling protocol is

described in chapter 2, section 2.1.5.2. In the context of our study, the ball-milling process
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was applied in order to obtain a nanocrystalline porous structure. The porosity is obtained by
particles fragmentation due to the collision energy during the ball-milling process. XRD
analyses were carried out in order to study the effect of the milling time on the crystal
structure of MgO-BM samples and to see whether there is a relationship between the
crystalline size of the material and the antileakage performances. Figure 6.7 presents the XRD
patterns of MgO as purchased and after different milling times. It can be seen clearly that the
peaks become significantly broader and less intense after 4 hours of milling time. Increasing
the milling time, from 4 hours to 64 hours, leads to an increase of the broadening of the peaks
due to the formation of a highly disordered nanocrystalline phase, reflected by the decrease of
the crystallite size and the increase in the lattice strain, as shown in figure 6.8. Particularly,
the crystallite size rapidly decreased after 4 hours of ball-milling from = 1064 nm to = 20 nm.
After that, it kept decreasing gradually, reaching 10 nm after 64 hours of ball-milling. On the
other hand, the lattice strain has an opposite trend showing an increase from 0.06 % to 0.54
%, with the rise of milling time from O h to 64 h. The strain increase is due to the severe
plastic deformation generated by the high collision energy during the ball-milling process,
which causes the distortion of the lattice structure of MgO and lattice defects such as
vacancies, dislocations, grain boundaries step, kink, corner atoms, etc. Additionally, as
explained before, the collision energy generates the apparition of minor porosity with pore
size in the range of 2 to 28 nm with a pore volume of 0.088 cm®/g. For all the samples treated,
neither the apparition of impurities nor the formation of new phases was observed after the

ball-milling process.
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Figure 6.8. Variation of crystalline size and lattice strain of milled MgO as a function of ball-milling
time
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The anti-leakage performance of Lis(OH);Br/MgO-BM ss-composites has been analyzed as
described in section 6.2.1 (step 2 of the screening). For each composite, pellets of 13 mm in
diameter and 5 mm in thickness were prepared using MgO-BM samples treated applying
different milling times (MgO-BM-0h; MgO-BM-4h; MgO-BM-8h; MgO-BM-32h; MgO-
BM-64h). The same MgO-BM loading of 30 wt. % was used for all the samples. It should be
highlighted that according to the leakage tests carried out, 30 wt. % is the minimum loading
achieved by the sample MgO-BM64h. Figure 6.9 present the different MgO-BM samples
after the thermal treatment for salt leakage assessment. MgO-BMOh shows a serious salt
leakage at 30 wt. % loading. The salt leakage is because the MgO sample before ball-milling
treatment presents high particle size (44-105 um) and no pores or surface defects or cavities
(strain ~ 0.02 %) which results in the low specific surface area. The samples MgO-BM4h and
MgO-BM8h present as well a severe salt leakage. It can be seen that the salt has leaked
outside the structure of the composite and filled completely the bottom of the Corundum
crucible. The lattice strain increased up to 0.28 % and 0.41 %, and the crystalline size
decreased up to 20 nm and 15 nm for MgO-BM4h and MgO-BMS8h, respectively. These
structural modifications indicate the increase in the density of pore cavities and defects
created by ball-milling, besides the augmentation of the density of grain boundaries. Both
phenomena contribute to the rise of the specific surface area. However, according to the
leakage test (figure 6.9), specific surface area and mesopores obtained after 8 hours of ball-
milling are insufficient to prevent salt leakage. In the case of MgO-BM32h, a serious leakage
occurs after the heat treatment; however, it can be noticed that the pellet didn’t completely
lose its shape, which is a sign of a beginning of salt retention. MgO-BM64h sample shows
excellent structural stability at 30 wt. % loading. No salt leakage, cracks or breakages of the
pellet were observed. It can be concluded that the nanocrystalline structure characteristic of
the different MgO-BM samples impacts the structural stability of the composite through the
modification of the structural properties of the material (increase the density of grain
boundaries, and the density of pores and cavities within the structure). Moreover, the
particularities of the sample MgO-BM64h, which allowed it to reach structural stability apart
from the crystalline size, consist of its specific textural and morphological properties.
Prolonged milling time (64 hours) will help to i) generates certain mesoporosity to the
structure (pore volume = 0.088 cm®/g) as confirmed by N, adsorption/desorption analysis
(section 6.3.1.3). ii) Increases the density of defects within the structure. iii) Considerably
decreases the particle size of the initial powder, as shown in figure 6.10 and table 6.4, MgO-

BM64h has narrower particle size distribution compared to MgO-BM32h. The average
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particle size is about 4 um compared to 10 um for MgO-BM32h and 44-105 pum for the initial
powder. All these specific morphological and textural properties generated by prolonged ball-
milling treatment contributed in increasing the specific surface area of MgO-BM64h. and
since the higher is the specific surface area the better is the antileakage efficiency, the
structural stability was obtained particularly for the sample MgO-BM64h submitted to

prolonged milling time.

BM-0Oh BM-4h BM-8h BM-32h BM-64h

Leakage Serious Serious i Serious No
assessment

Figure 6.9. 70Li,(OH);Br/30MgO-BM ss-composites with milling time from O h up to 64 h after
sintering showing salt leakage assessment.

6.3.1.2. Particle size distribution of as-prepared MgO samples
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(e)

Figure 6.10. Histogram and cumulative probabilities of particle size distribution, and Lognormal
probability plot of particle size of (a) MgO-BM64h; (b)MgO-BMC; (c) Sifted peritectic salt powder;
(d) MgO-BM32h; (e) SEM micrographs of as prepared PMgO after physical shaking process

Particles size distribution of the as-prepared MgO samples (PMgO, MgO-BMC, MgO-
BM64h, MgO-BM32h) and the sifted powder of the peritectic Li4(OH);Br was assessed by
analyzing SEM images of the samples using the software Image]2.0. At least 150
measurements were performed for each sample. Figure 6.10 shows the histograms of the
particle size and the lognormal probability plots of (a) MgO-BM64h, (b) MgO-BMC, (c) the
sifted peritectic powder, (d) MgO-BM32h, and (e) SEM micrographs of as prepared PMgO
used for particle size estimation. In case of MgO-BM32h, MgO-BM64h MgO-BMC and
sifted peritectic, the particle size distribution follows a lognormal distribution given by the

following probability density function:

) = ——exp (- U2 (eq. 1)

xoV2m 202

[ (shape scale parameter) is the mean
o (the scale parameter) is the standard deviation of the natural logarithm of the variable

The arithmetic mean particle size is calculated following equation 2:

0.2
Mean = exp (u + 7) (2)

The arithmetic standard deviation is calculated following equation 3:
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Standared deviation = \/[exp(c2) — 1]exp(2u + 02) 3)

The average particle size and the standard deviation of the different MgO samples are
presented in Table 6.4. According to the results, MgO-BM64h presents a narrow particle size
distribution with an average particle size of 4 um in the range of 0 to 16 um and a span of up
to 26 um. MgO-BMC has a relatively wider particle size distribution in the range of 2 to 48
um with an average size of 13 pm. The wide particle size distribution of MgO-BMC sample
will help to obtain a compact pellet. The wide particle size distribution of sifted peritectic salt
is found to extend in the range of 0 to 170 um with a predominant size of 0.6 — 21 um. In the
case of PMgO, after the physical shaking of the mixture Li4(OH);Br/PMgO, the foam-like
structure of PMgO is destroyed, giving particles with random particle size and irregular
geometric shape. For this reason, the longest length between two cutting edges was measured,
representing this sample’s particle size distribution. The predominant particle size was found
to extend in the range from 0.6 pm to 21 um. It is worth noting that even though MgO-
BM64h, MgO-BMC and PMgO have very close particle size values. The latter still has an
impact on the specific surface area of the samples besides the other textural properties. It is
noteworthy that a supporting material with a small particle size combined with a broad
particle size distribution can be beneficial for antileakage efficiency by increasing the SSA

and the compactness of the pellet.

Table 6.4. The mean particle size and standard deviation of MgO samples

Sample Mean particle size Standard deviation
(um) (um)
MgO-BM32h 10.44 10.84
MgO-BM64h 3.99 243
MgO-BMC 13.35 6.58
Sifted 21.08 21.02

peritectic
PMgO 0.6 - 21 -
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6.3.1.3. Porous structure of as-prepared MgO samples
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Figure 6.11. (a) Different types of adsorption isotherms according to IUPAC classification;
(b) Different types of hysteresis patterns and the corresponding pore geometry [56]-[58]

The purpose of synthesizing porous MgO samples (PMgO, MgO-BM and MgO-BMC) was to
benefit from the advantage of the mesoporosity in improving the antileakage efficiency of the
ss-composites. No specifications of the BET surface area, the total pore volume, pore size
distribution, pore shape, nanocrystalline size, and surface morphology of MgO particles were

defined a priori.
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The textural properties of the as-prepared porous MgO samples were investigated by means
of N, adsorption/desorption isotherms. The International Union of Pure and Applied
Chemistry (IUPAC) [56], [57] classified the adsorption isotherms, based on their nature,
mainly into six different types (see figure 6.11.a). Some of the isotherms exhibit hysteresis,
which can be obtained in different types (see figure 6.11.b). The hysteresis loop provides
important information about the geometry of the pores. It should be highlighted that,
according to the IUPAC, there are three main types of pores: micropores (<2 nm), mesopores
(2-50 nm), and macropores (> 50 nm). In this thesis, N, adsorption/desorption isotherms were
obtained using a Micromeritics ASAP 2460 automated gas adsorption instrument. The
equipment used and the experimental protocol applied are described in detail in chapter 2,
section 2.2.1.5. The specific surface area of the samples was calculated using the Brunauer-
Emmett-Teller (BET) model over the range of relative pressure (P/Py) between 0.05 and 0.35.
The pore size distribution was calculated applying the 2D-NLDFT model. And the total pore

volume was determined for P/PO = 0.98.

Figure 6.12.a presents Nitrogen adsorption-desorption isotherms of the different MgO
samples (PMgO; MgO-BMC; MgO-BM64h). The three isotherms saturate gradually with the
increase of relative pressure. According to the IUPAC classification, MgO-BMC (green
curve) exhibits type IV profile isotherm related to mesoporous materials. In the case of PMgO
(blue curve) and MgO-BM64h (red curve), the isotherms display a profile between type II and
type IV. Due to the noticeable hysteresis loops, they are associated to mesoporous materials
as well. To sum up, the three MgO samples exhibit a type IV profile, proof of their
mesoporous nature. In this regard, the shape of the isotherms can be explained as follows: 1)
At low relative pressures, the isotherms show a small steep uptake of Nitrogen due to the
rapid saturation of the micropores, indicating the negligible amount of the latter. ii) Following
that, it shows a quasi-plateau over a broad relative pressure range due to capillary
condensation in mesopores. This phenomenon proves that these materials are predominantly
mesoporous. iii) At high relative pressure (P/Py>0.5), the MgO-BMC isotherm shows a sharp
increase of N, adsorption compared to the other two samples, which might indicate that MgO-
BMC owns a highly porous structure compared to PMgO and MgO-BM64h. This result
correlates with the values of the total pore volume estimated, which show that MgO-BMC has
the highest total pore volume. On the other hand, MgO-BM64h exhibits low N, adsorption

compared to MgO-BMC and PMgO as an indication of low porosity structure. This result is
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confirmed by the total pore volume of this sample which shows the lowest value compared to
the other two samples.

Regarding the pore geometry, the three isotherms present different types of hysteresis,
indicating that each sample has a specific pore shape. MgO-BMC isotherms show an H2-type
hysteresis loop. The latter is characterized by the apparition of an inflection point around a
relative pressure P/Py = 0.5 in the desorption isotherm inducing a wider hysteresis. The typical
pore shape associated to this type of hysteresis is called inkbottle-shaped pore, and it has a
large body with a narrow bottleneck shape open on one side or both sides, as shown in figure
6.11.b. This type is also characterized by a disordered distribution of pores. In addition to H2-
type hysteresis, it can be noticed the presence of H1-type hysteresis loop in the range of
relative pressure from 0.8 to 0.98. This type is characterized by a narrow hysteresis besides to
a rapid increase of the adsorption isotherm at high P/Py = 0.9. The typical pore shape of this
type corresponds to tubular-shaped or cylindrical pores open on both sides. To sum it up,
according to IUPAC classification, the isotherms show that MgO-BMC sample has inkbottle-
shaped pores combined with cylindrical pores. As shown in figure 6.12.a, PMgO isotherms
show H3-type hysteresis loop. The hysteresis is narrow and appears in the relative pressure
region between 0.5 and 0.98. This type of hysteresis is characteristic of parallel plate-shaped
pores, as shown in figure 6.11.b. Regarding MgO-BM64h, the isotherms show H4-type
hysteresis loop characteristic of slit-shaped pores.

As shown in table 6.5, MgO-BMC shows to have the highest pore volume (0.294 cm3/g),
followed by PMgO (0.217 cm’/g), which has a slightly lower value, followed by MgO-
BM64h (0.088 cm’/g), which has a very low pore volume, three times lower than that of
MgO-BMC, this low pore volume is anticipated because, unlike MgO-BMC, MgO-BM64h
was tailored to be used as nanocrystalline material and not a porous one. The porosity this
material has is the product of the ball milling process, which impacts the shape stabilization
efficiency of the composite material advantageously. The total pore volume values are
reflected in the N, adsorption/desorption isotherms, as explained above. Indeed, the highest
pore volume is reflected by the highest adsorption amount of Nitrogen and vice versa.
Regarding the pore size distribution, as shown in figure 6.12.b, MgO-BMC has a narrow pore
size distribution that extends from 2 to 7 nm with one peak at 4 nm. PMgO and MgO-BM64h
have a wider and almost similar pore size distribution represented by two broad peaks at 10
and 22 nm for PMgO and in the range from 5 to 28 nm, with the main peak at 22 nm for
MgO-BM64h. The calculated BET specific surface area is 40 m* g and 55 m* g for PMgO
and MgO-BM64h, respectively. Meanwhile, MgO-BMC has a specific surface area of 129 m*
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g, three times higher than the one of PMgO and MgO-BM64h. In fact, MgO-BMC has a

higher specific surface area than PMgO even though they have almost the same total pore
volume and particle size is because the former has a smaller pore size, as shown in figure
6.12. In addition, this high SSA is the result of the highly porous structure of the sample as
expressed by the high Nitrogen adsorption at very high relative pressure and the fuzz-like
surface morphology of MgO-BMC particles. Moreover, it is essential to highlight that the
reason why MgO-BM64h has an appreciable specific surface area (slightly higher than that of
PMgO), even though it doesn’t have a remarkable porosity, is owing to the rough surface
morphology of the particles due to particle agglomerations creating cavities, besides to the

surface defects and reduction of the particle size due to the ball milling process.
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Figure 6.12. a) N, adsorption-desorption isotherms of as-prepared Porous MgO; b) Pore size
distributions of as-prepared porous MgO.

151



Chapter 6: Li4(OH);Br based shape stabilized composites

Table 6.5. BET surface areas and pore volume of different MgO samples determined from nitrogen
adsorption-desorption isotherm

Sample Surface area (m*/g) Pore volume (cm’/g)
MgO-nm >17.3 Non-porous

PMgO 40.1 0.217

MgO-BMC 129.1 0.294

MgO-BM64h 54.5 0.088

6.3.1.4. Microstructural analysis of the as-prepared MgO samples

Figure 6.13 presents the SEM images of the three porous MgO samples. The as-prepared
PMgO sample shows a sponge-like morphology with interconnected holes of different sizes
ranging from 0.5 um to 20 um. Besides the presence of an interconnected open porosity
within the walls of the sponge-like structure. The pores are on the scale of tens of nanometers,
as confirmed by BET results. It should be noted that the sponge-like morphology property is
not beneficial for the antileakage performance of the composite, as it is destroyed after the
physical shaking of the mixture Li4(OH);Br/PMgO during the synthesis process because the
synthesized porous MgO is a fluffy-like powder and has no mechanical resistance. On the
other hand, the presence of nanoporosity will help to limit the salt leakage phenomena by the
capillary forces it induces. For this sample, the particle size is not a key parameter for the
structural stability of the composite because it changes drastically during the synthesis
process. In fact, the estimation of the average particle size of PMgO after the physical shaking
step was found to be in the range from 0.6 pm to 21 pm. Regarding the MgO-BMC sample,
the morphology exhibits spherical particles with a fuzz-like structure on its surface. The
average particle size is found to be 13 um. In the case of MgO-BM64h sample, the
microstructure shows the aggregation of MgO particles due to the ball-milling process
exhibiting irregular shape aggregates with different sizes. The surface morphology shows a
rough surface due to the attachment of small particles to the surface of larger aggregates,
besides to the cracks, pores, and defects created by the collision forces. The average aggregate

size is estimated to be around 4 um.
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Figure 6.13. SEM images of (a-b-c-d) PMgO; (e-f) MgO-BMC; (g-h) MgO-BM64h
6.3.2. Characterization of Liys(OH);Br/MgO composites

6.3.2.1. Anti-leakage effectiveness and maximum salt loading

Phase change Thermal treatmem e

—

Cycling

Porous MgO Lis(OH);Br

Figure 6.14. Schematic represents the microstructural evolution of Liys(OH);Br/porous-MgO composite
upon fabrication process and after cycling

Wt. % 50 30 30 30

MgO

MgO-nm PMgO MgO-BMC MgO-BM64h
(see section 6.2.1.2)
Figure 6.15. Liy(OH);B1r/MgO ss-composites with different MgO samples after sintering

In the first part of this chapter, MgO nanopowder (100 nm) has shown its ability to afford the
shape stabilization of the peritectic salt Li4(OH);Br at a minimum loading of 50 wt. % (see

section 6.1.1.2). Considering that MgO as supporting material for the ss-composite doesn’t
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contribute to the enthalpy of the Lis(OH);B1r/MgO composite, it is necessary to decrease the
amount of supporting material, required for optimal structural stability, as much as possible in
order to enhance the storage capacity of the composite. For this purpose, antileakage tests
were carried out using the three previously characterized porous MgO samples with different
structural, textural and morphological properties. Initially, pellets were prepared by applying
the synthesis protocol described in chapter 2, section 2.1.5.3. MgO content was decreased
from a concentration of 50 wt. % until reaching the minimum amount required to ensure the
structural stability of the composite after thermal treatment. Figure 6.15 shows the pellets
after thermal treatment of the composites highlighting the minimum MgO loading achieved
by each sample. It should be noted that for MgO loading less than 30 wt. %, PMgO, MgO-
BMC, and MgO-BM64h show salt leakage.

It is plain to see that the three MgO samples achieved the same minimum oxide loading (30
Wt. %) even though they possess fully and completely different structural and textural
properties. The common property to all the samples is the presence of mesoporosity. The
latter plays the main role in improving the structural stability at a loading less than the one
needed in the case of non-porous MgO-nm nanoparticles (50 wt. %). The three composite
samples (70Lis(OH);Br-30PMgO, 70Li4(OH);Br-30MgO-BMC, and 70Lis(OH)3;Br-30MgO-
BM64h) were synthesized by cold compression route. Their structural stability is guaranteed

by the two following mechanisms:

1) The standard mechanism responsible for the structural stability in the case of shape
stabilized composites prepared by cold compression route [27], [53], [58]. Following this
mechanism, the structural stability at the solid state is ensured through both the mechanical
locks created by the external compression pressure and the bonding created by the solidified
peritectic salt. At the liquid state, the structural stability of the composite is ensured by the
interfacial energy between the porous MgO and the molten salt. For a detailed explanation of
the mechanism, a description of the microstructural evolution of the composite before and
after thermal treatment is proposed in figure 6.14. First, the compression pressure creates
cavities, holes, and interparticle voids inside the pellet through mechanical locks between
MgO particles while ensuring the compactness of the pellet. Then, during the thermal
treatment, when the temperature exceeded the melting temperature of Lis(OH);Br salt (350
°C), both the pressure difference created by the volume change of the peritectic salt (~3%)

during the phase change, the interfacial energy between the liquid salt and MgO particles, and
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the gravitational force, push the liquid salt to flow into the voids forming a liquid bridge. The
structure of the composite in the multiphase state will be maintained thanks to the formed
liquid bridge, capillary force and surface tension between the liquid salt and MgO particles.
The above-described mechanism will also help to manage the volume expansion of the melted

salts

2) Mesoporosity presents within the MgO nanoparticles. Besides to the interparticle pores
present in the pellet, mesopores will contribute to the structural stability of the composite by
preventing salt leakage through the strong capillary force and surface tension they provide.
Several studies reported the advantages of using mesoporosity over macroporosity and
microporosity for preventing PCM leakage [59]-[64]. In fact, microporosity offers stronger
capillary forces compared to mesopores, hence better liquid retention. However, they present
a higher confinement effect compared to mesopores, which can affect the reaction
temperature and enthalpy of the composite. For this reason, the presence of only small
microporosity within the tested porous MgO samples can be accepted. On the other hand,
macropores are more appropriated for higher salt loading in the case of solid foam-like porous
supporting materials, which is not the concern of our study. Besides, macropores provide
weaker capillary force, unable to ensure liquid retention. For these reasons, macropores can’t
be beneficial for our study. Finally, it can be concluded that unlike non-porous MgO used in
the first part of this chapter, which benefits only from the first mechanism to ensure its
structural stability, the porous MgO combined both the first and second mechanism, which
allows to considerably decrease the amount of MgO required for the same antileakage

efficiency.

Section 6.2.1.2 listed the primary characteristics of an oxide supporting material (massive
powder) that affect the salt loading. These characteristics are the oxide particles size, the
surface area of the oxide powder, and the wettability of the oxide by the melted salt. It was
concluded that the antileakage efficiency of the composite is optimal when using a supporting
material with a combination of good wettability and a large surface area (small particle size).
In this part, other characteristics related to mesoporous oxide particles were evaluated. They
consist of the pore shape, the pore size, the pore size distribution, the total pore volume, the
surface morphology of the particle, and the crystalline size). It was found that structural
stability is ensured while combining two or more of these characteristics for one objective,

which is to afford as high specific surface area as possible. For instance, the structural
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stability in the case of Liys(OH);Br/MgO-BMC composite is ensured, besides to the
mechanism (1) described above, thanks to the high specific surface area of Mg-BMC (129.1
m?/g) afforded by the combination of the high pore volume of the sample (0.294 cm’/g), small
pore size (nm) and fuzzy-like surface morphology of the porous particles. Basically, the high
surface area generates higher interfacial energy between the salt and MgO-BMC, which
ensures good salt retention. In the case of Li4(OH);Br/MgO-BM64h composite, the structural
stability is also ensured by the mechanism (1) described above. Additionally, although the
small pore volume of MgO-BM64h 3 times lower than PMgOs) and its large pore size
distribution (ranging from 2-28 nm). The specific surface area of the MgO-BM64h sample
results from the small porosity of the sample, the rough surface of MgO-BM64h aggregates,
and most importantly, the nanocrystalline nature of the sample. In fact, the nanocrystalline
structure owns a high density of grain boundaries increasing the specific surface area of the
material; hence the interfacial energy is increased, leading to good structural stability. For
Lis(OH);Br/PMgO, the structural stability is ensured by both mechanisms described above.
This sample has a surface area (40.1 m*/g) three times lower than the one of MgO-BMC with
an almost similar pore volume (0.217 cm?/g). This is due to its larger pore size and wider pore
size distribution (5-28 nm), and smooth surface morphology. Furthermore, as explained in
section 6.3.1.3, each MgO sample owns a particular pore shape originated from its synthesis
process. So far, the experimental analyses carried out are not sufficient to make conclusions
about the effect of the pore geometry on the properties of the composite. Nevertheless,
assumptions can be made based on the thermal properties of the composite. For instance, a
change in the reaction temperature and enthalpy of the composite toward lower values can
indicate a good infiltration of the salt within the pores. This can be related not only to the pore
size but also to the pore geometry. In order to explicitly investigate the effect of the pore
shape of the supporting material on the salt loading, samples with the same porosity and

different pore shapes should be tested and analyzed.
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6.3.2.2. Thermal characterization of Lis(OH);Br/MgO composites
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Figure 6.16. DSC curves of Li;(OH);Br/Porous-MgO composites after thermal treatment recorded at
1°C/min: a- upon heating; b- upon cooling.
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The composites 70Li4(OH);Br-30PMgO, 70Lis(OH);Br-30MgO-BMC, and 70Lis(OH);Br-
30MgO-BM64h obtained after the heat treatment process were characterized by DSC. The
objective was to study the influence of shape stabilization on the thermal properties of the
salt. DSC curves of the samples obtained upon heating, and cooling steps are presented in
Figure 6.16. For the sake of comparison, in the same figure are presented the DSC curves of
the pure peritectic salt and the 50Lis(OH)3;Br-50MgO-nm obtained in the first part of this
chapter. It can be seen that both heating and cooling DSC thermograms of the composites
present some differences compared to the ones of the pure peritectic salt in terms of transition
temperatures and enthalpies. As a reminder, the DSC thermogram (black curve) of the pure
peritectic salt obtained during the heating stage presents three phase transitions (see chapter 4,
section 4.3). A first and second peaks occur at 231 °C and 279 °C, respectively, which
correspond to the formation/decomposition of the intermediate compound Li3;(OH),Br.
Additionally, a third peak appears at 289 °C and corresponds to the peritectic reaction
(Li4(OH)3Br — LiOH (s) + L). The liquidus, estimated to be > 340 °C, is hardly visible on

heating whereas it is noticeable on cooling.

It is important to note that the enthalpy values reported in table 6.6 include both the enthalpy
of melting of Lis(OH)3;Br at 289 °C (3rd peak in the DSC thermograms) and that of the
decomposition of Liz(OH),Br at 279 °C (2nd peak in the DSC thermograms), whereas the
reaction temperature correspond to the onset temperature of the endothermic peak related to
the peritectic reaction. On heating, the DSC thermograms (Figure 6.16.a) of MgO-BM64h
(red curve) and PMgO (blue curve) based composites show three transition peaks similarly to
the pure peritectic salt. In addition, a slight shift in the transition temperatures related to each
of the formation/decomposition of Liz(OH),Br and the peritectic reaction toward lower
temperatures is observed. As reported in table 6.6, for both samples, the peritectic reaction
temperature shifted about 1 to 2 °C toward lower temperatures. This can be explained by the
confinement effect of the salt within the interparticle voids of the composites and the
mesopores of the MgO samples. Moreover, the reason why the temperature shift is more
important in the case of PMgO based composite is attributed to the fact that PMgO has a
higher mesoporosity compared to MgO-BM64h since both materials have almost similar pore
size distribution. The same observations were reported for MgO-nm based composite even
though this material is not porous. The reason for that is the higher amount of MgO used (50
wt. %), which will generate a higher density of cavities and interparticle voids promoting salt

confinement. Furthermore, a drop in the enthalpy of the peritectic reaction is also noticed.
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Comparing the experimental enthalpy value to the theoretically calculated one, an enthalpy
loss of about 11 % and 14 % was obtained for MgO-BM64h and PMgO based composites,
respectively. The enthalpy loss depends highly on the density and the size of the pores of
MgO and interparticle voids present in the composite. In fact, depending on the pore size, the
solidification of the infiltrated salt can be partially or totally suppressed, which will decrease
the enthalpy of the composite. The higher is the porosity, and the smaller is the pore size, the
higher is the enthalpy loss. For this reason, higher enthalpy loss is observed for PMgO based
composite compared to MgO-BM64h composite.

In the case of MgO-BMC based composites, the thermogram shows two endothermic peaks
instead of one peak for each phase transition. Two endothermic peaks at 225 °C and 230 °C
related to the formation of Liz(OH),Br instead of one peak at 231 °C. Besides to two
endothermic peaks at 279 °C and 280 °C related to the peritectic reaction instead of one peak
at 289 °C. The same events are reproducible on cooling (figure 6.16.b) except that the two
peaks overlap (higher cooling rate of 10 °C/min). Considering that MgO-BMC is a highly
porous material with a small pore size and narrow pore size distribution range (2-7 nm), this
phenomenon can be explained as follow, the peaks occurring at lower temperatures (225 °C
and 279 °C) correspond to the phase transitions undergone by the confined and infiltrated salt.
Meanwhile, the peaks appearing at higher temperatures (230 °C and 280 °C) are related to the
phase transitions of the non-confined salt present within the structure of the pellet. Regarding
the thermal energy, the enthalpy related to the peritectic reaction of MgO-BMC composite
decreased by 33 %. The important drop in the enthalpy can be due to the fact that the
solidification of the infiltrated salt is most likely to be supressed due to the small pore size of
this sample (2-7 nm)

Table 6.6. Temperatures and enthalpies corresponding to the peritectic reaction of different
Lis(OH);Br/MgO composites after thermal treatment

Composition TPeritectic AHExperimental>l< AHCalculated>l< Eﬂthalpy
°C) (/g J/g) loss (%)

Pure Li4y(OH);Br 289 247 247 -

50Li4(OH);B1/50MgO-nm 285 114 124 8

(see section 6.2.1.3)

70Li4(OH);Br/30PMgO 287 149 173 14

70Li4(OH);Br-30MgO-BMC 285 115 173 33

70Li4(OH);Br-30MgO-BM64h 287 154 173 11

* These values correspond to the addition of the enthalpy of the decomposition of Li;(OH),Br at 279
oC and that of Lis(OH);Br at 289 °C.
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6.3.2.3. Cycling stability of Lis(OH);Br/Porous-MgO composites

Supporting material PMgO MgO-BMC MgO-BM64h

Leakage assessment No Minor Serious

Figure 6.17. 70Li4(OH);Br/30Porous-MgO composites with different MgO samples after 50
melting/solidification cycles

The three composite materials were submitted to thermal cycling tests applying the protocol
described in section 6.2.1. The objective was to test their thermal stability and antileakage
efficiency over cycling. The results of the leakage tests after 50 heating/cooling cycles are
reported in Figure 6.17. MgO-BM64h based composite presents a serious salt leakage. The
composite pellet completely lost its shape, and the salt leaked and filled the bottom of the
crucible. MgO-BMC based composite shows a minor salt leakage after cycling. Meanwhile,
the results are very promising for composites using PMgO. The pellet shape is conserved after

cycling with no salt leakage.

e R — e e | P 70Li,(OH),Br/30MgO-BM64h-Ocycle
—— 70Li,(OH),Br/30MgO-BM64h-50cycles

----- 70Li,(OH),Br/30MgO-BMC-0cycle
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Figure 6.18. DSC thermograms (Normalized) on heating, heating rate = 1 «C/min of different
Liy(OH);Br/Porous-MgO composites before and after thermal cycling
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Table 6.7. Temperatures and enthalpies corresponding to the peritectic reaction of different
Liy(OH);B1/Porous-MgO composites after thermal cycling. The reference enthalpy AHReference=
AHp.,. f, where f represents the mass fraction of salt within the composite.

Composition TPeritectic Treference AHper* AHReference* Enthalpy
(§(®) (§(®) J/g J/g) Loss (%)
70Li,(OH);Br/30MgO-BM64h-50Cycles 287 54 69
70Li4(OH);Br/30MgO-BMC-50Cycles 284 38 78
289 173
70Li4(OH);Br/30PMgO-30Cycles 287 154 11
70Li,(OH);Br/30PMgO-50Cycles 288 156 10

* These values correspond to the addition of the enthalpy of the decomposition of Li;(OH),Br at 279
oC and that of Li4(OH);Br at 289 -C

The results of the DSC analyses of different Lis(OH);Br/Porous-MgO composites after
thermal cycling are reported in table 6.7 and figure 6.18. it should be noted that the enthalpy
values reported in table 6.7 include both the enthalpy of melting of Li4(OH);Br at 289 °C (3rd
peak in the DSC thermograms) and that of the decomposition of Li3(OH),Br at 279 °C (2nd
peak in the DSC thermograms), whereas the transition temperature correspond to the onset
temperature of the endothermic peak related to the peritectic reaction. The peritectic
temperature of MgO-BM64h and MgO-BMC based composites remains unchanged after
thermal cycling. On the other hand, drastic decrease of the peritectic reaction enthalpy by
69% and 78% for MgO-BM64h and MgO-BMC based composites, respectively. The enthalpy
loss is mainly due to the fact that these samples have undergone an important salt leakage
over cycling. The salt leakage induces inhomogeneity of the composite structure.
Consequently, the analyzed samples contain less amount of peritectic salt, thereby a less
enthalpy values are obtained. Due to the structural and thermal instability of these two
composites, MgO-BMC and MgO-BM64h were excluded for possible use as supporting
material for shape stabilization of the peritectic salt Li4(OH);Br.

PMgO based composite shows as well a drop in the enthalpy of about 10 % after 50 cycles.
Nevertheless, the enthalpy slightly improved over cycling, reporting an enhancement of about
4% after 50 cycles. This enthalpy improvement can be due to the homogeneity of the

composite structure over cycling.

6.3.2.4 Microstructural analysis and thermal conductivity of PMgO based composite
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Figure 6.19. Microstructural of 70Li,(OH);B1/30PMgO composite (a) SEM micrographs prior thermal
treatment; (b) EDS element mapping images prior thermal treatment; (¢) SEM micrographs after
thermal treatment; (d) EDS element mapping images after thermal treatment

The microstructural evolution of 70Lis(OH);Br/30PMgO composite before thermal treatment
and after thermal cycling was investigated by SEM in order to study the effect of thermal
cycling on the homogeneity of the composite structure. Figure 6.19.a&b present the SEM-
EDS mapping images of the composite after cold compression and before thermal treatment.
The micrographs show two different regions distinguished by light and dark colours. The light
colours region corresponds to the peritectic salt. The morphology of the salt shows a lamellar
microstructure with a slight granular aspect caused by the synthesis process. The dark colour
region corresponds to PMgO particles. The latter is tightly compacted and encapsulates the
salt. The overall aspect of the pellet seems inhomogeneous, which is typical considering the
synthesis method of these materials. In fact, ensuring a good homogeneity of the mixture
salt/oxide during the synthesis stage remains a challenge since the applied synthesis protocol
relies on a physical mixing of the powders. Moreover, the microstructure shows microcracks
as well as an open porosity. Figure 6.19.c&d present the SEM EDS mapping images of the
composite after 50 melting/solidification cycles. The morphology of the samples changed

over 50 cycles. The SEM micrographs depict cubic-like particles with asymmetric surface.
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The EDS mapping show a homogeneous distribution of both PMgO and Lis(OH)3Br salt. The
homogeneity of the structure was likely ensured by the redistribution of both components due
to molten salt motion. Indeed, during the repeated melting/solidification processes, the salt
migrates within the structure of the composite thanks to the surface tension and the volume
change it undergoes. Liquid salt migration induces the rearrangement of the oxide particles
through the pressure difference generated by the volume change of the salt. Migration and
redistribution of both components combined with salt infiltration within the oxide pores lead
to a more homogeneous structure of the composite, thus a more uniform heat transfer
properties. The overall aspect of the pellet shows an open micrometric porosity (interparticle
voids) with no cracks.

PMgO was used initially as a shape stabilizer in Lis(OH);Br/PMgO. However, since this
ceramic has high thermal conductivity, it can potentially enhance the overall thermal
conductivity of the composite. In literature, the use of MgO as a supporting material for shape
stabilization was always combined with the use of a high thermal conductivity material to
enhance the thermal conductivity of the composite [34], [42-43], [65-66].

In order to estimate the thermal conductivity enhancement, measurements have been carried
out applying the protocol described in chapter 2, section 2.2.2.2. The measurements were
repeated several times to check the reproducibility and the quality of the results. The sample
was moved after each test, and different measuring times (5-10 s) and time frames were
applied for parameters estimation. The thermal conductivity values are reported in Table 6.8,
showing good repeatability of the results. The thermal conductivity of
70Li4(OH);B1/30PMgO composite after thermal treatment at room temperature is found to be
0.6266 = 0.0026 W/m/K, which is higher than that of pure peritectic salt (0.471 + 0.002
W/m/K), giving an enhancement of 33% over the pure peritectic salt. This enhancement is
likely to be increased over cycling due to the amelioration of the homogeneity of the

composite structure upon cycling.

Table 6.8. Thermal conductivity values of 70Li,(OH);Br/30PMgO

Test k (W/m/K) Average (W/m/K) Standard deviation
(W/m/K)
1 0.6262
2 0.6268
3 0.6256 0.6266 0.0026
4 0.6232
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5 0.6313

6.4. Conclusion

The screening methodology followed allowed to perform the selection of the most promising
oxide based supporting materials, with the best shape stabilized performances, for the
peritectic compound Lis(OH);Br. The combination between thermal treatment, structural
analysis, thermodynamic characterization, and cycling tests allowed us to have a clear
overview about:
1) The compatibility of the different materials tested and the possible by-products
formed in case of reacting behaviour upon heating;
ii) The influence of the ceramic materials added on the energy of the peritectic
reaction;
iii) The shape stabilization capability as a function of the concentration of inert oxide;
iv) The effect of the cycling tests (up to 50 cycles) on both the reaction energy and the
leakage occurrence.
The results allowed selecting the MgO as the most promising oxide showing good behaviour
for the two parameters considered. All the other oxides studied showed some type of reaction
(more or less pronounced upon heating and cycling), leading to their discard as a possible
candidate supporting materials. Even though the performance of MgO is good, the high
amount used (50 wt. %) in the composite causes a considerable loss of energy density (only
half of the reaction energy is available). For this reason, decreasing the MgO amount required
for the structural stability of the composite is necessary for consideration in TES applications,
To this end, Lis(OH);Br/MgO shape stabilized composites were developed using porous MgO
samples with different structural, textural, and morphological properties. The porous structure
with a pore dominantly in the mesoporous range (2-50 nm) characteristic of the tested MgO
samples showed to afford additional sites for salt confinement, increasing thus the antileakage
performances of the composite material. This configuration helped to considerably decrease
the amount of supporting material required for the structural stability of the composite by 40
%. Among the three tested porous MgO samples, PMgO is the only one to afford good
structural stability at reasonable loading (30 wt. %), good thermal stability, and good cycling
stability. this sample is characterized by the combination of high specific surface area and an
appreciable pore volume with wide mesopores size distribution.
Although the use of PMgO as a shape stabilizer induced a drop of enthalpy of 14 %, which

was then improved by 4% over cycling, this supporting material is still worth to be considered
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for use as it helped to decrease the necessary oxide amount for structural stability. The SEM-

EDS analyses showed an improvement of the homogeneity of the composite structure over 50

melting/solidification cycles. Moreover, the overall thermal conductivity of the composite

was enhanced by 33% over pure salt.
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General conclusions

In this thesis, the stoichiometric peritectic compound Lis(OH);Br was proposed and studied as
a novel phase change material for compact thermal energy storage (TES) applications at high
temperature (~300 °C). The thermal storage performances of this material demonstrated to be
convenient for application in high-pressure (c.a.100 bar) Direct Steam Generation (DSG)
solar thermal power plants affording higher performances over the currently considered and
employed materials in this application. Lis(OH)3;Br presents some limitations. Most
importantly, a low thermal conductivity, which requires oversizing the storage tanks and heat
exchangers, besides, the corrosivity to the potential container materials which necessitates the
use of expensive corrosion-resistant materials for the construction of the latter. These
limitations considerably impact the investment cost and can be limiting factors regarding the
usability of the material for TES applications. In order to overcome these limitations, and to
improve the thermophysical properties of the studied peritectic salt, various Li4(OH)s;Br based

composites were developed and studied in this thesis work.

Overall, the main aspects to fully develop a cost-effective high performant PCM for compact
TES were addressed according to the thesis objectives reported in the introduction part. The

following conclusions were derived from each objective achieved.

1- LiOH-LiBr binary salt system was thoroughly investigated by means of Differential
Scanning Calorimetry (DSC) and X-ray analyses. The objective was to support the
potential consideration of the stoichiometric peritectic compound Lis(OH);Br as a
compact TES material and to elucidate the significant discrepancies reported in the
literature regarding the temperature values of phase equilibria, the peritectic reaction
enthalpies (theoretical and experimental values), as well as the stoichiometric compounds
present in the system. A specific DSC analysis protocol was followed giving reliable
results and allowing to solve the issue reported in the literature regarding the PCM
leakage during the DSC analysis. The obtained results allowed proposing a new phase
diagram of the binary system in accordance with the experimental data. The study also
provided reliable information about phase transition temperatures and enthalpies and the
phase transitions taking place. Additionally, regardless to the phase transition/reaction

taking place, the experimental enthalpy values obtained in this work found to be much
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lower than the ones calculated by FactSage 7.3. Thus, considering the completed
peritectoid and peritectic reactions obtained in this work (confirmed by XRD), this result
must be attributed to the proven shortcomings of Sansgter’s phase diagram based on
which the theoretical phase diagram was established. Moreover, although lower than the
theoretical value, the achieved latent heat value of Lis(OH);Br is higher than competing
material considered for high pressure (100 bar) DSG power plants applications. Finally,
Li4(OH);Br was approved as an attractive material for compact TES applications at

temperatures close to 300 °C, being a potential alternative to NaNOs.

The thermal storage performance of stoichiometric peritectic compound Lis(OH);Br for
has been thoroughly investigated. Including, energy density, reaction temperature, specific
heat capacity, thermal conductivity, thermal cycling stability. The results showed
moderate subcooling when testing small samples at high cooling rates (10-50 °C/min).
Therefore it is not expected to be a problem while used under actual conditions with large
quantities of product and much lower cooling rates. Additionally, the synthesis of
Lis(OH);Br was successful under air atmosphere (instead of using a protective
atmosphere) and applying high cooling rates during the final step of the thermal treatment,
which would result in significantly reduced production cost. Thermal cycling stability
tests of Lis(OH);Br between 200 °C and 350 °C showed excellent stability over large
cycle number (600 cycles). No changes in the storage properties (reaction temperatures
and enthalpies) have been observed. Moreover, the mechanisms of formation of
Lis(OH);Br was found to differ from commonly observed for peritectic structures, namely
peritectic reaction and peritectic transformation. It was shown that Li4(OH)s;Br nucleates
and grows directly from the melt so as 100% conversion rate is achieved, contrary to
many other peritectic structures in which the properitectic phase is not completely
consumed with, therefore, a detrimental effect on the storage capacity. Furthermore,
doping Lis(OH);Br with a low amount (1 wt %) of carbon nanoparticles, mainly fullerenes
C60 and MWCNTs, showed a positive although moderate effect on the thermal storage
capacity due to interfacial effects between the salt and the surface of the carbon
nanoparticles. Increasing the content of nanoparticles (10 wt %) had a detrimental effect
on the storage capacity, likely because of Li intercalation and salt infiltration within the
nanoparticle structure. Finally, Lis(OH)3;Br presents several advantages, over the reference
material NaNQOs, as storage material for high-pressure DSG solar power plants. The most

important ones are higher volumetric latent heat storage capacity (+54%) and lower
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volume changes during phase transitions (3% vs 11%), which would translate into smaller

storage tanks (— 33%), lower size heat exchangers and longer lifetime.

The first ever corrosion study of the stoichiometric peritectic compound Lis(OH);Br was
carried out to shed light on the corrosion behaviour of potential container materials with
Lis(OH);Br. CS516.Gr70 and SS316 were tested in this study. Cycling corrosion tests
were carried out under argon and air atmosphere at 350 °C applying various cycling
durations. Carbon steel shows to react with the salt, forming a lithium iron oxide phase
(LiFeO,). The reaction is less intense under air atmosphere. Thus the resulting corrosion
rate is lower. Due to the poor adherence of the LiFeO, phase to metals, peeling of the CS
surface was observed. The reaction enthalpy was found to gradually decrease over cycling
for the carbon steel due to the reaction between the salt and the steel sample. A larger
enthalpy loss was recorded after 600 cycles for the sample tested under Argon in respect
to air atmosphere, particularly for the salt in direct contact with the CS. Based on these
results, although the obtained corrosion rate showed the ability of this steel for long-term
service, longer exposure time should be applied in order to study the long-term effect of
the corrosion on the stability of the salt and to be able to evaluate whether this steel is
adequate for long-term exposition with Lis(OH);Br. Stainless steel316 performed better
corrosion resistance than CS A516.Gr70 with Li4,(OH);Br at 350 °C. This material seems
to be a very attractive option to be used as a container material for Li4(OH);Br salt. The
preliminary corrosion results showed the ability of this steel for long term service. Further
corrosion studies should be carried out for the SS316 applying longer exposure time in

order to define corrosion rate of this material and eventual long-term corrosion products.

Aiming at mitigating the corrosiveness of Lis(OH);Br under harsh working conditions on
the one hand. And to improve the heat transfers performances of the material, on the other
hand. Lis(OH);Br based shape stabilized composites were developed. First, a screening
methodology was established and applied for the selection of the most suitable shape
stabilizer for the peritectic Lis(OH);Br among several oxides supporting materials. The
selection criteria were based on i) The thermochemical compatibility with the peritectic
salt. ii) The antileakage capability as a function of the concentration of the supporting
material. And iii) The thermal and structural cycling stability. The ceramic MgO (solid
nanoparticles) was selected as the most promising shape stabilizer. Porous MgO structures

with various structural, textural, and morphological properties were synthesized,
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characterized and tested as supporting materials with the aim of reducing the amount of
MgO required for structural stability, thus increasing the overall storage capacity of the
composite material. The porous structure of the solid MgO particles would afford
additional sites for salt confinement and higher capillary forces, increasing thus the
antileakage performances of the composite material at lower oxide loading. The results
showed a 40% decrease of the required MgO loading providing similar performances in
terms of antileakage efficiency while using the porous MgO (PMgO) structures combining
an appreciable specific surface are, and a high pore volume with parallel plate-shaped
pores in the range of (5-28 nm). The obtained shape stabilized composite presented good
structural stability and homogeneity over cycling, besides an overall enhancement of the
thermal conductivity of the composite by 33%. Finally, despite the small decrease of the
reaction enthalpy of the composite due to the salt confinement effect, PMgO shape
stabilizer is still worth to be considered for use as it helped to considerably enhance the
overall storage capacity of the composite by decreasing the required supporting material
loading. Further research should be carried out in order to improve the efficiency of
Lis(OH);B1/MgO composites following two points. 1) Study of the effect of the pore
dimensions and geometry on the composite’s thermal properties to be able to customize
the former to limit the confinement effect as much as possible. 2) The addition of thermal
conductivity enhancement materials to improve the overall heat transfer performances of

the shape stabilized composite.
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