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RESUMEN

Un sector energético sin carbdn, dominado por fuentes de energia renovables, ocupa un rol
trascendental en la transicion hacia un futuro energético sostenible, principalmente, a través del
crecimiento de la generacion de energia solar y edlica. Entre la variedad de sistemas de
almacenamiento de energia, la inclusién de baterias en las redes eléctricas balancearia el
equilibrio del suministro y la demanda de electricidad. Por ejemplo, la tecnologia de iones de
sodio podria ser una opcion viable para una préxima generacion de baterias para aplicaciones
estacionarias, debido a diversos aspectos, como su potencial para alcanzar un coste global menor
debido a la abundancia y distribucidén geografica de las fuentes de sodio en comparacién con las
de litio. Ademas, su fabricacion sigue las pautas técnicas y de procesado de la tecnologia de iones
de litio actualmente implementados a escala industrial y, por lo tanto, su escalado seria mas facil
y sin inversiones significativas en comparacion otro tipo de tecnologias mas novedosas. Sin
embargo, el desarrollo de baterias de iones de sodio presenta aun desafios criticos que deben
superarse. Es por ello necesario impulsar la investigacidn en los procesos de escalado, procesado
de electrodos y disefio de celdas para aproximar esta tecnologia a los requerimientos de una

tecnologia madura.

Esta tesis doctoral incluye el trabajo realizado en el desarrollo de una bateria con tecnologia Na-
ion. Es un trabajo diferenciado del estado del arte de este tipo de tecnologia, y centrado en una
perspectiva ingenieril de su desarrollo, empezando desde la fabricacién de celdas de botén y
acabando con el desarrollo de una celda de tipo pouch-cell de iones de sodio monocapa. Este
trabajo representa un informe completo de la mencionada tecnologia en términos de procesado
de electrodos, estrategias encaminadas a superar las limitaciones de esta tecnologia y
fabricaciéon de una celda completa con sus respectivas caracterizaciones electroquimicas y

térmicas.

Con respecto al inicio del desarrollo de la tesis, en el Capitulo 1, se ha descrito el estado del arte
de las baterias recargables con especial énfasis en la tecnologia de baterias de iones de sodio

objetivo de la tesis. En base al estado del arte, se han establecido los objetivos de la Tesis. En el



Capitulo 2, se proporciona la caracterizacion estructural y morfoldgica de los materiales activos
de los electrodos junto con los procedimientos experimentales generales utilizados para
preparar los componentes de las celdas, a nivel de electrodo y celdas completas. Ademas de
esto, también se describen las técnicas experimentales utilizadas para la caracterizacion de las
propiedades estructurales, morfoldgicas y mecanicas de los componentes procesados de la
celda. Los siguientes capitulos comprenden los resultados experimentales y la discusion de los

diferentes temas evaluados en esta Tesis.

Centrandose en estudios relacionados con el catodo, el Capitulo 3 explora la utilizacion de 2 sales
de sacrificio diferentes para superar la deficiencia de sodio caracteristica de los catodos de 6xido
laminares de sodio de tipo P2. Los 6xidos laminares de tipo P2 representan una de las opciones
mas prometedoras para su uso como catodos. Sin embargo, este tipo de estructuras son
deficientes en sodio y dan lugar a una reduccion significativa de la capacidad y densidad
energética de las celdas cuando se combinan con dnodos que no contienen sodio. En este trabajo
se han evaluado los compuestos NaNs3 y Na2C404 como sales de sacrificio para compensar esa
deficiencia en formato de celda completa, usando P2-Nao.s7Mno.sFeo.s02 como catodo y un hard-
carbon como anodo. La adicién de las dos sales ha dado lugar a un incremento de la capacidad
reversible habiéndose comprobado mediante técnicas de microscopia y andlisis estructural que
NaN3 y Na2C404 se descomponen electroquimicamente en el rango de voltajes de interés (3.5-
4.1V)y que los iones de Na* generados debido a la descomposicion de las dos sales se insertan
reversiblemente en la estructura del catodo. Sin embargo, se ha observado un comportamiento
de ciclado mas estable al usar Na2C404 como sal de sacrificio. Siendo esta sal facil de sintetizary
mas segura de manipular que el NaNs, se ha concluido que el Na2C404 representa una solucién
estable, segura y rentable para posibilitar el uso de catodos deficientes en sodio de tipo P2 en

baterias de iones de sodio.

Los trabajos correspondientes al desarrollo de catodos de tipo 6xido laminar de tipo O3 se han
llevado a varios niveles, en el Capitulo 4 y el Capitulo 5, a menor y a mayor escala de material
procesado, respectivamente. Los resultados obtenidos de los estudios de formulacién tanto a
pequefia como a mayor escala, ponen de manifiesto la importancia de la cooperacién 6ptima

entre los materiales inactivos de la formulacién del cadtodo, aditivo conductor y aglutinante, asi



como la necesidad de la combinacién éptima entre materiales inactivos y contenido de material
activo. En ambos casos, se han alcanzado porcentajes de material activo de ca. 87-88% con una

pérdida de rendimiento minima.

En el Capitulo 4, se ha evaluado el 03-Na1-sNio32Tio.32Mgo.16Mno.2002 como material activo del
catodo para el desarrollo de celdas de iones de sodio. Por un lado, se han identificado los
parametros dptimos de sintesis en estado sélido del material 03-Na1-sNio.32Tio.32Mgo.16Mn0.2002
variando la temperatura y tiempo de calcinacién ademas de las condiciones de molienda de los
precursores. La ruta de sintesis en estado sélido optimizada ha permitido la sintesis del material
activo con un minimo de impurezas de Mg1xNixO. Se ha concluido que el tiempo de calcinacion
y la temperatura promueven la formacion de la fase con impurezas y que la mezcla/molienda de
los precursores en himedo permite reducir la temperatura y el tiempo de calcinacién. Una vez
optimizada la ruta de sintesis se han llevado a cabo estudios preliminares a pequefia escala (ca.
0.5 g) del efecto de la formulacidn en la respuesta electroquimica, observando que es posible
aumentar la cantidad de material activo en la composicion del electrodo del 75% al 88% con
resultados comparables (100 mAh g después de 40 ciclos y una retencién de la capacidad
cercana al 70%). Los catodos con un contenido de material activo de 88% en peso se han
ensamblado y caracterizado electroquimicamente en formato de celdas completas de tipo botén
usando un hard-carbon como dnodo. Se han tomado como base de estudio cdtodos con dos
cargas de material activo y se han emparejado con anodos de diferentes cargas de material
activo con el objetivo de optimizar el balance de masas, habiéndose obtenido una densidad

energética maxima a nivel de materiales de 111 Wh kg™

En el Capitulo 5, ya a mayor escala (ca. 10-30 g), se han llevado a cabo estudios de formulacion
y procesado de electrodos usando O3-NaFeo.4Mno.3Nio.302 como material activo de catodo. En
este capitulo, se ha analizado el efecto de diferentes parametros de procesado de los electrodos
de catodo en sus caracteristicas reoldgicas, morfoldgicas, mecéanicas y electroquimicas. Se ha
analizado el efecto del ratio entre el aditivo conductor y el aglutinante y con el objetivo de
avanzar hacia mayores cargas de material activo y, por lo tanto, mayores
capacidades/densidades de energia, el contenido de material activo se ha incrementado con

respecto a las formulaciones con un 75-80%, generalmente empleadas en el desarrollo de



nuevos materiales activos de electrodos. Es importante resaltar que, ademas de aumentar la
carga de material activo, el procedimiento de preparacion de las suspensiones con contenidos
de aditivo conductor mas bajos es mas facil, se pueden usar contenidos en sélido mas altos y la
viscosidad es menor. Ademas, los electrodos resultantes muestran una microestructura mas
homogénea que aquellos con altos contenidos de aditivo conductor. Se han obtenido
rendimientos de ciclo similares (90 mAh g después de 50 ciclos) a intensidades bajas de
corriente para los electrodos con 75%, 87% y 90% de material activo y cargas de material activo
en el rango de 8 mg cm?. Sin embargo, la capacidad reversible a corrientes altas es
significativamente menor para los electrodos con 90% de material activo debido al bajo
contenido de aditivo conductor, C65 y la pérdida de integridad mecanica de los electrodos. Por
lo tanto, se ha seleccionado un contenido de material activo del 87% como la composicion de

electrodo 6ptima que proporciona 105 Wh kg™ a nivel de materiales.

En este apartado, se han explorado también varias estrategias para mejorar la microestructura
de los electrodos de catodo de 0O3-NaFeo.4Mno3Nio.302, como el uso de diferentes equipos para
la preparacion de las suspensiones, el uso de agentes dispersantes o surfactantes o la variacion
de la morfologia del material activo. Se ha seleccionado un mezclador con discos dentados como
mejor opcidn para la mezcla de los componentes del catodo, puesto que presenta el mejor
compromiso entre la dispersidon de los componentes, la microestructura del electrodo y el
rendimiento electroquimico. Sin embargo, el tamafio de los aglomerados presentes en las
suspensiones preparadas usando este equipo, impide la preparacion de laminados en continuo
a mayor escala mediante un equipo de deposicién con cabezal de tipo comma bar. No se ha
observado ninguna mejora con respecto al tamafio de los aglomerados mediante el uso de
agentes dispersantes o surfactantes, mientras que la modificacion de la morfologia del material
activo mediante un tratamiento de spray drying (material con morfologia esférica) ha dado como
resultado electrodos con un tamanio de aglomerados mas pequefios que permiten la preparacion
de laminados mediante un proceso en continuo. Finalmente, se ha analizado el efecto de la
temperatura de secado de los electrodos de 03-NaFeo.4Mno.3Nio302, habiéndose observado un
maximo del coeficiente de difusién y mejor respuesta electroquimica de las celdas, al emplearse

una temperatura de secado de 60-80 °C.



El Capitulo 6 se centra en el electrodo negativo de hard carbon. El desarrollo del anodo se ha
centrado en el analisis del efecto del contenido y carga de material activo mediante analisis
reoldgico, mecanico, morfoldgico y electroquimico de los electrodos. Se ha observado que la
viscosidad en las suspensiones del anodo varia en funcién del contenido de aditivo conductor.
Ademas, el contenido de aditivo conductor también afecta a la capacidad irreversible del primer
ciclo. A este nivel de estudio, no se ha observado una justificacion clara para el uso de aditivo
conductor en base a los datos experimentales obtenidos. Es por ello que en base a factores de
facilidad de procesado y ahorro de tiempo, la formulacion de anodo seleccionada para

posteriores analisis es de 95% de material activo y 5% de aglutinante.

En este capitulo se ha estudiado también el efecto de las condiciones de calandrado en la
microestructura y respuesta electroquimica de los electrodos de hard-carbon mediante Disefio
de Experimentos. Los parametros estudiados han sido la distancia entre los rodillos del equipo
de calandrado, la temperatura de calandrado, la velocidad de los rodillos y el numero de
repeticiones de dichos procesos de calandrado. Las respuestas evaluadas son el espesor y la
porosidad del electrodo, la capacidad irreversible del primer ciclo y la capacidad reversible. Los
resultados obtenidos muestran que son la distancia entre los rodillos y la temperatura de
calandrado, asi como la interaccién entre estos dos factores los que, en mayor medida, afectan
a las propiedades de los electrodos. Ademas, la combinacién de distancias entre los rodillos
pequeias (40 um) y temperaturas altas (100 °C) da como resultado condiciones de calandrado
demasiado agresivas y el consiguiente dafio de la microestructura del electrodo. Dependiendo
de las condiciones de prensado, los valores de porosidad obtenidos varian entre 32 y 39%. Sin
embargo, se concluye que ademas de la porosidad de los electrodos, otros parametros como el
tamafio de poro, la microestructura del electrodo, la integridad mecanica y la adhesion al

colector de corriente determinaran la respuesta electroquimica de las celdas.

Finalmente, en el Capitulo 7, se ha ensamblado una celda completa monocapa de iones de sodio,
pouch-cell, usando los componentes de cdtodo y anodo descritos y optimizados en los capitulos
anteriores, Capitulo 5 y Capitulo 6, respectivamente; es decir, 03-NaFeo.4Mno3Nio302 y hard-
carbon. Las variables que se han seleccionado para optimizar el comportamiento electroquimico

de la celda completa de iones de sodio son el balance de masas (ratio entre la capacidad del



anodo y la capacidad del catodo, Rn/r (Q)) entre el electrodo negativo y positivo, la morfologia
del material activo del catodo y el voltaje limite de carga, partiendo de un estudio a nivel de celda

de boton e implementando los resultados a nivel de pouch-cell.

La relacion de la capacidad entre el electrodo negativo y positivo debe definirse correctamente
al configurar una nueva celda a nivel de pouch-cell ya que la optimizacién de esta relacién
ayudard a mejorar la eficiencia de los procesos de carga y descarga y la seguridad de este tipo de
celdas de iones de sodio. En base a los estudios realizados a pequefa escala, a nivel de celda
botdn de 2 electrodos y celda Swagelok de 3 electrodos, se ha seleccionado un rango dptimo de
Rn/p (Q) entre 1.5-1.2. Ya en base a estudios a nivel de pouch cell, se descarta la celda con Rnse
(Q) = 1 debido a que se detecta un proceso de recubrimiento de sodio metdlico en la superficie
del anodo, que los valores de capacidad reversible son bajos, precisamente debido al hecho
mencionado anteriormente y especialmente, que el rendimiento es bajo a intensidades de
corriente mayores. En el caso de Rn/r (Q) = 1.6, no existe un riesgo de recubrimiento del anodo
con sodio, pero los valores de capacidad reversible se reducen debido a que no se hace un uso
efectivo de la capacidad del anodo y Unicamente se obtiene la capacidad correspondiente a la
region en pendiente del perfil de voltaje del electrodo negativo. La relacion Rnp (Q) = 1.3
representa un compromiso entre los dos ratios anteriormente mencionados y se convierte en la
mejor opcion para el desarrollo de una pouch-cell optimizada, mostrando valores adecuados de
capacidad reversible y retencién de capacidad a 13 mA g, ademas de valores superiores de
capacidad a mayores densidades de corriente. Se ha concluido también que reducir la condicion
de limite de carga de 4.0 a 3.9 V en ensayos de mayor duracidn, permite evitar el recubrimiento
con sodio metdlico de la superficie del anodo al limitar el voltaje del anodo a valores por encima
de 0 V mejorando la retencién de capacidad de las celdas. Por ultimo, aunque el uso del material
con morfologia de tipo esférico obtenido mediante el proceso de spray drying permite preparar
electrodos mediante un proceso en continuo, presenta capacidades reversibles ligeramente mas
bajas y un rendimiento electroquimico ligeramente peor a corrientes altas que el catodo con
morfologia original. El analisis post-mortem realizado tras los ensayos de ciclabilidad a nivel de
pouch-cell, indica que la degradacién del dnodo es la principal causa de la degradacién de las

celda completas.



Por ultimo, se ha llevado a cabo la determinacion, por primera vez, de los pardmetros térmicos
de la celda de tipo pouch-cell monocapa de iones de sodio. Concretamente, se han cuantificado
la resistencia interna, el calor entrdpico, el calor especifico y la conductividad térmica de las
celdas desarrolladas en esta Tesis. En referencia a la resistencia interna, aumenta al disminuir la
temperatura, por lo que estos dos factores tienen una relacién inversamente proporcional. Sin
embargo, esta mas influenciada por el estado de carga (SOC) al cual se lleva a cabo la medida
que por la temperatura. Por otro lado, el calor entrépico mantiene valores negativos para todo

el rango de SOC estudiado, tanto en los procesos de carga como en descarga.

La obtencion de dichos parametros ha permitido el desarrollo de un modelo de generacion de
calor que ofrece una valiosa estimacidn del incremento de temperatura durante los procesos de
carga y descarga de la celda desarrollada en esta Tesis. Al desarrollar el modelo de generacién
de calor de la celda monocapa de iones de sodio, se ha concluido que el calor irreversible, que
esta relacionado con la polarizacidn y la resistencia 6hmica, es el factor principal que contribuye
a la generacion de calor total. Es decir, a medida que se genere menos calor en una celda, sera

mas eficiente en el proceso de transferencia de energia eléctrica.

Aunque la validacion del modelo de generacion de calor no ha podido desarrollarse debido al
tamano y espesor limitado de la celda de iones de sodio, ya que calor total generado es menor
que el que es capaz de medir el equipamiento disponible para la validacion, el modelo calculado
ofrece una idea sobre el calor generado durante el procesos de carga y descarga en este tipo de
tecnologia, para los materiales especificos de catodo y el anodo seleccionados en esta Tesis, en
condiciones isotérmicas y no adiabaticas refrigeradas. Este modelo ayuda a identificar mejoras
adicionales que deberian realizarse en la tecnologia de iones de sodio, con éxidos laminares de
sodio como material activo de catodo y hard-carbon como material activo de anodo y la

implementacion en una pouch-cell multicapa de iones de sodio.
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ABSTRACT

A decarbonized energy sector, dominated by renewable energy sources, is at the core of the
transition to a sustainable energy future, mostly through growth in solar and wind power
generation. Among the several types of energy storage systems, the inclusion of banks of
batteries into the electricity grids would enable the balance of the supply and the demand of
electricity. For instance, sodium-ion technology is aimed to become a next generation viable
technology for stationary applications, based on some aspects such as their potential to be
cheaper due to the abundance and geographical distribution of sodium sources in comparison
to lithium ones. Moreover, their fabrication is similar of that of lithium-ion technology which is
already implemented at industrial level; thus, its up-scale should be easier and with no significant
investments compared to other emerging technologies. However, the development of sodium-
ion batteries presents critical challenges which still need to be overcome. Therefore, research in
the scale-up, electrode processing and cell design aspects should be boosted in order to

approximate this technology to the demands of a mature technology.

P2-type layered oxides are some of the most promising cathode active material options.
However, this type of structures are sodium deficient and show low capacity and energy density
when coupled with non-sodium containing anodes. In this work NaNs and NaCsOs were
evaluated as sacrificial salts using P2- Nao.s7Mno.sFeos02 cathode and hard carbon anode. An
increment of the reversible capacity was observed with the addition of the two sacrificial salts
and it was confirmed by morphological and structural analysis that the Na* ions generated during
the decomposition of the salts are reversibly inserted in the cathode structure. More stable
cycling behavior was observed when Na:Cs04 was used as the sacrificial salt. Being this salt easy
to synthesize and safer to manipulate than NaNs,Na2C4s04 represents a stable, safe and cost
effective solution to enable the use of sodium deficient P2-type layered oxide cathodes in

sodium-ion batteries.

The works focused in the development of O3-type layered oxides were carried out at different

levels. On the one hand, the optimized synthesis parameters were determined for the solid state



synthesis of 03- 03-Nai-sNio.32Tio.32Mgo.16Mno.2002 by tuning the temperature and time of
calcination as well as precursors milling conditions. Once the synthesis route was optimized,
preliminary formulation studies were performed at small scale (ca. 0.5 g) to evaluate the effect
of the formulation in the electrochemical performance of the electrodes. Moreover, full-cells in
coin cell format were also assembled using hard carbon as the anode material and energy
densities of 111 Wh kg were obtained at materials level. At a higher scale (ca. 10-30 g),
formulation studies were also performed using 03-NaFeosMno3Nio302 as cathode active
material. The results obtained at small and large scale reveal the importance of optimal
cooperation between both inactive materials of the cathode slurry, carbon black and binder, as
well as the optimal combination between the inactive materials and the active material content.
For both the cathode active material components, active material contents of ca. 87-88% were
reached with minimum loss of performance. Several approaches were also followed in order to
enhance the microstructure of 03-NaFeo.sMno3Nio302 electrodes, such as the use of different
mixing devices for the slurry preparation, the use of dispersing agents and surfactants and the
variation of the active material morphology. Finally, the effect of the drying temperature was
also studied which showed a maximum diffusion coefficient when electrodes are dried at 60-80

°C.

The anode development was focused in the analysis of the active material content and loading
by means of rheological, mechanical, morphological and electrochemical studies. Moreover, the
effect of the calendering conditions in the hard carbon electrode microstructure and
electrochemical response was also evaluated by Design of Experiments. Based on the obtained
results, the gap between the rollers and the calendering temperature, as well as the interaction

between these two variables are the factors that most significantly to the electrode properties.

The fabrication of a monolayer pouch cell was done using the O3-NaFeo.4Mno.3Nio302 cathode
coupled with a hard carbon anode. The variables selected to optimize the electrochemical
performance of the full-cell are the mass balance, the cathode active material morphology and
the end of charge voltage, the study being started at coin cell level and being concluded at
monolayer pouch cell level. The cycling stability studies indicate that the degradation of the

anode is the main cause for cell degradation. Finally, the thermal parameters of the monolayer



Na-ion pouch cell are determined. The obtainment of these parameters enabled the
development of a heat generation model which provides a valuable estimation of the

temperature increase during the charge and discharge processes for the cell developed in this

Thesis.






RESUMEN

Un sector energético sin carbdn, dominado por fuentes de energia renovables, ocupa un rol
trascendental en la transicion hacia un futuro energético sostenible, principalmente, a través del
crecimiento de la generacién de energia solar y edlica. Entre la variedad de sistemas de
almacenamiento de energia, la inclusion de baterias en las redes eléctricas posibilitaria el
equilibrio entre el suministro y la demanda de electricidad. Por ejemplo, la tecnologia de iones
de sodio podria ser una opcidn viable para una préxima generacién de baterias para aplicaciones
estacionarias, debido a diversos aspectos, como su potencial para alcanzar un coste global menor
debido a la abundancia y distribucion geografica de las fuentes de sodio en comparacion con las
de litio. Ademas, su fabricacion sigue las pautas técnicas y de procesado de la tecnologia de
iones de litio actualmente implementados a escala industrial y, por lo tanto, su escalado seria
mas facil y sin inversiones significativas en comparacidn otro tipo de tecnologias mas novedosas.
Sin embargo, el desarrollo de baterias de iones de sodio presenta aun desafios criticos que deben
superarse. Es por ello necesario impulsar la investigacidn en los procesos de escalado, procesado
de electrodos y disefio de celdas para aproximar esta tecnologia a los requerimientos de una

tecnologia madura.

Los 6xidos laminares de tipo P2 representan una de las opciones mas prometedoras para su uso
como catodos. Sin embargo, este tipo de estructuras son deficientes en sodio y dan lugar a una
reduccién significativa de la capacidad y densidad energética de las celdas cuando se combinan
con anodos que no contienen sodio. En este trabajo se han evaluado los compuestos NaNs y
Na2C404 como sales de sacrificio para compensar esa deficiencia en formato de celda completa,
usando P2-Nao.s7Mno.sFeos02 como catodo y un hard carbon como dnodo. La adicidn de las dos
sales ha dado lugar a un incremento de la capacidad reversible habiéndose comprobado
mediante técnicas de microscopia y andlisis estructural que los iones de Na* generados debido a
la descomposicion de las dos sales se insertan reversiblemente en la estructura del catodo. Sin
embargo, se ha observado un comportamiento de ciclado mas estable al usar Na2C404 como sal

de sacrificio. Siendo esta sal facil de sintetizar y mas segura de manipular que el NaNs, se ha



concluido que el Na2C404 representa una solucidn estable, segura y rentable para posibilitar el

uso de catodos deficientes en sodio de tipo P2 en baterias de iones de sodio.

Los trabajos correspondientes al desarrollo de catodos de tipo 6xido laminar de tipo O3 se han
llevado a varios niveles. Por un lado, se han identificado los pardmetros éptimos de sintesis en
estado sélido del material 03-Nai-sNio.32Tio.32Mgo.16Mno.2002 variando la temperatura y tiempo de
calcinacién ademas de las condiciones de molienda de los precursores. Una vez optimizada la
ruta de sintesis se han llevado a cabo estudios preliminares a pequefia escala (ca. 0.5 g) del efecto
de la formulacion en la respuesta electroquimica y se han ensamblado y caracterizado
electroquimicamente celdas completas de tipo boton usando un hard carbon como anodo y
habiéndose obtenido una densidad energética a nivel de materiales de 111 Wh kg'. Ya a mayor
escala (ca. 10-30 g), se han llevado a cabo estudios de formulacién usando 03-
NaFeo0.4Mno.3Nio302 como material activo de cétodo. Los resultados obtenidos de los estudios de
formulacién tanto a pequefia como a mayor escala, ponen de manifiesto la importancia de la
cooperacién éptima entre los materiales inactivos de la formulacién del catodo, aditivo
conductor y aglutinante, asi como la necesidad de la combinacion éptima entre materiales
inactivos y contenido de material activo. En ambos casos se han alcanzado porcentajes de
material activo de ca. 87-88% con una pérdida de rendimiento minima. En este apartado, se han
explorado también varias estrategias para mejorar la microestructura de los electrodos de
catodo de 03-NaFeo.4sMno.3Nio.302, como el uso de diferentes equipos para la preparacién de las
suspensiones, el uso de agentes dispersantes o surfactantes o la variacidn de la morfologia del
material activo. Finalmente, se ha analizado el efecto de la temperatura de secado de estos

electrodos habiéndose observado un maximo del coeficiente de difusién a 60-80 °C.

El desarrollo del anodo se ha centrado en el andlisis del efecto del contenido y carga de material
activo mediante analisis reoldgico, mecénico, morfoldgico y electroquimico de los electrodos.
Ademas, se ha estudiado el efecto de las condiciones de calandrado en la microestructura y
respuesta electroquimica de los electrodos de hard carbon mediante Disefio de Experimentos.
Los resultados obtenidos muestran que son el espacio entre los rodillos y la temperatura de
calandrado, asi como la interaccion entre estos dos factores los que en mayor medida afectan a

las propiedades de los electrodos.

Vi



La fabricacion de una pouch cell de tipo monolayer se ha llevado a cabo usando el ya mencionado
catodo 03-NaFeo.4Mno3Nio.302 en combinacion con un anodo de hard carbon. Las variables que
se han seleccionado para optimizar el comportamiento electroquimico de la celda completa de
iones de sodio son el balance de masas, la morfologia del material activo del catodo vy el voltaje
limite de carga habiéndose iniciado el estudio a nivel de celda de botén y habiéndose finalizado
el mismo a nivel de pouch cell. El estudio de ciclabilidad indica que la degradacion del anodo es
la principal causa de la degradacién de la celda. Por ultimo, se ha llevado a cabo la determinacion
de los pardmetros térmicos de la celda de tipo monolayer pouch cell de iones de sodio. La
obtencion de dichos pardmetros ha permitido el desarrollo de un modelo de generacion de calor
que ofrece una valiosa estimacién del incremento de temperatura durante los procesos de carga

y descarga de la celda desarrollada en esta Tesis.
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Chapter 1. Introduction







Introduction

1.1 The energy of life

1.1.1 Energy demand & production scenario

The global energy consumption should move from a fossil fuel-based system to a complete
renewable energy-based system [1]. The utilization of fossil fuels based energy sources, as coal
and oil, has increased the concentration of carbon dioxide, CO: (Figure 1.1), as well as other
gases. As a consequence of the accumulation of greenhouse gases, such as water vapor (H20),
methane (CH4), carbon dioxide (CO2) and nitrous oxide (N20), the Earth is currently suffering a
global warming trend. This global warming process will likely melt glaciers, increase the sea level,
shift current climate patterns making that some regions will become drier and others wetter and
affect to food production among other consequences [?]. Fossil fuels, as oil, natural gas or coal
continue dominating the global energy system; and although many governments have
strengthened efforts to reduce national emissions, cumulative emissions must be reduced by a
further 470 Gt, compared to what is expected with current and planned policies by 2050 to limit
the global temperature increase to below 2 °C according to the International Renewable Energy
Agency (IRENA) [*]. Based on the same source, the implementation of renewable energy sources
will need to be scaled up, at least six times faster to meet the goals which were fixed in the Paris

Agreement [3].

1802 2016
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Figure 1.1. Cumulative CO; emissions (in tons) representing the total sum of emissions in 1802 and 2016

[’

Chapter 1



Introduction

Energy transformation will require new approaches to power system planning, system and
market operations, and regulation and public policy []. Energy transition should be based on the
development of renewable energies and the improvement of energy efficiency, in addition to
the reduction of the carbon emissions and the decrease of greenhouse gas emissions in global
production. Figure 1.2 shows a predicted energy demand scenario from the International Energy
Agency from 2000 to 2040, which incorporates existing energy policies and the implementation

of the announced policy intentions.

20 000
Historical
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@ Other renewables
@ Hydro
E 10 000 ® HNuclear
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@ Coal
@ oil
5000
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2000 2010 2020 2030 2040

Figure 1.2. Global total primary energy demand (1 toe = 11.63 MWh) [5].

If renewable energy sources want to be integrated as power supplies in the electrical grids, they
will need to present a continuous balance between the supply and demand of electricity. That
is, as the energy generated by the renewable sources, such as solar plants or wind farms, is
intermittent, they will need to operate coupled with energy storage systems in order to be able
to respond to high demand peaks when the generation is low. At this point, the energy storage

systems gain tremendous importance.

Worldwide, the power sector has added 167 GW of renewable capacity, with a growth rate per
year of 8% from 2010. The renewable power generation sector is quantified as one quarter of
the global power generation []. According to the DOE Energy Storage Database, USA, Germany,
Japan, South Korea and China are nowadays the countries with the highest capacity of electric

storage, with new projects under development, capable to generate more than 50 MW [°]. In

4
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Spain, according to the World Energy Council [7], there is a remarkable investment for different
energy storage systems. Pumped hydro storage systems suppose 5268 MW. Thermal storage
encompasses 26 projects, especially in molten salt projects associated with solar plants which
suppose 1132 MW. In addition to this, there are 14 electrochemical storage system projects
running which suppose 8 MW and 2 electro-mechanical storage projects which suppose 2 MW.
In the Basque Country there are currently 30 companies dedicated to the energy storage sector
with an estimation of investment budget of 16.2M€ [8]. According to the Vice-ministry of Industry
and Basque Energy Entity, hydro-electrical and eolic renewable sources maintain similar levels
of power generation, 173 and 153 MW, respectively, while solar renewable sources keep

growing [°].

1.1.2 Energy storage systems

Energy storage systems are used to store the energy to be used on demand. Energy storage
systems can be classified in five main categories in which the way the energy is converted is the
main differentiation: mechanical, chemical, electrical, thermal and electrochemical storage

systems [7,19] (Figure 1.3).

Energy Storage

Systems

|
| | [ | |

Chemical Electrical Thermal Electrochemical
energy storage storage energy storage energy storage
Sensible heat Flow batteries
Latent heat Recharggable
batteries

Thermo-

Mechanical
storage

Il Compressed Air P Double-layer
Energy Storage yarog capacitator
- Superconducting|

Synthetic

g ywheel Natural Gas
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magnetic energy i

Pumped hydro
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chemical and
absorption

Figure 1.3. Classification of energy storage systems.
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Each energy storage system is selected depending on the application. Electrochemical energy
storage systems have higher efficiencies than the rest of technologies and are usually oriented
to short-term energy storage applications. However, they present higher costs. In the case of
mechanical energy storage systems, high power and capacity, as well as long lifetime, are the
main characteristics. Fulfilling the requirements of applications such as arbitrage, black start and
off-grid are the goals of this type of technology. Electrical and chemical energy storage are less

efficient but more durable systems, and therefore, they are used for seasonal storage.

1.2 Rechargeable batteries

Among the different types of electrochemical energy storage systems, rechargeable batteries
are becoming a promising technology. As there are a wide range of options and some of them
are technologically mature enough to be massively used, they are the most suitable option for
some specific energy storage applications. By definition, rechargeable batteries are devices
capable to produce electricity from a reversible electrochemical reaction. In this section, seven
types of batteries are described, lead-acid, nickel-cadmium, nickel-metal hydride, redox flow,
metal-sulfur (Na-S and Li-S), metal-air and metal-ion batteries (Li-ion and Na-ion). The working
principle, chemical composition of the cell components and electrochemical reaction will be
provided together with the characteristic advantage and disadvantages of each technology,

making a difference between mature and emerging systems.

1.2.1 Mature technologies
1.2.1.1 Lead-acid batteries

Lead-acid batteries were invented by Planté in 1859, and they became the first commercially
used rechargeable battery. Lead-acid batteries are composed by lead alloy in combination with
other additives, such as antimony, calcium, tin and selenium. At charged state, the positive active
material is porous PbO: while the negative active material is highly porous Pb. At the discharge
state, both electrodes are made of PbSO4. The electrolyte in these types of batteries is an

aqueous H2S0s solution [*1]. The overall discharge reaction (1.1) and cell voltage are,
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PbO, + Pb + 2H,S0, « 2PbSO, + 2H,0 (2.05 V) (1.1)

Lead-acid technology is commonly categorized in three main fields of application: automotive
(starter battery), motive power and stationary applications (uninterruptible power supply) [*2].
Currently, this technology shares rechargeable batteries market with lithium-ion batteries. Main

advantages and drawbacks of the lead-acid technology are summarized in Table 1.1.

Table 1.1. Advantages and disadvantages of lead-acid batteries [*3,%4].

Advantages Disadvantages
Not environmentally friendly (lead and
sulphuric acid)
High specific power (180 W kg™) Heavy and low durability (< 350 cycles)
Danger of overheating during charging
(thermal management is critical — maximum

Low self-discharge rate (5%/month)

Good performance at high rates and low
internal impedance

45 °C)
Low cost Maximum shelf life of 2 years
Robust Need for maintenance

Lead is most recycled product

1.2.1.2 Nickel-Cadmium batteries

This type of technology was invented by Waldemar Jungner in 1899 being an alternative for the
lead-acid, as the second rechargeable battery that was developed and successfully
commercialized. The current nickel-cadmium battery configuration was developed in 1947 by
implementing the absorption of gases during charge. This type of batteries are widely used in
the aviation industry. They are composed of a positive electrode made by nickel-hydroxide and
a negative electrode with cadmium-hydroxide, both deposited over similar sintered porous
plaques. The electrolyte is a potassium hydroxide solution in water [**]. The overall net reaction
and cell voltage for nickel-cadmium batteries are described in reaction (1.2) [*®]. Nickel-cadmium

technology presents some remarkable advantages and disadvantages summarized in Table 1.2.

2NiO(OH) + Cd + 2H,0 © 2Ni(OH), + Cd(0H), (1.2 V) (1.2)
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Table 1.2. Advantages and disadvantages of nickel-cadmium batteries [17.15,

Advantages Disadvantages
Completely sealed construction Memory effect (periodic full discharges
required)
Good load performance (if it is not abused) Toxicity of cadmium metal
Long storage life and long service life (>2000  High self-discharge (10-15%/month and 10-
cycles) 15% in the first 24 h)
Simple storage and transportation Low cell voltage (1.20 V)
Wide range of sizes and performance
options

Wide operating range (-20°C - 45°C)

1.2.1.3 Nickel-metal hydride batteries

Nickel-metal hydride batteries emerged as an evolution of the nickel-cadmium battery
technology with the aim of replacing the cadmium-based electrode. On the one hand, toxic
cadmium is avoided in this type of batteries and on the other hand, higher capacities are
obtained. This technology is mainly used in portable electronic products which demand a notable
battery performance [*8] but they are also being used in stationary energy storage applications
and transportation usages [*°]. As it can be observed in Table 1.3, some disadvantages associated

to the nickel-cadmium batteries have been overcome by nickel-metal hydride batteries.

In the case of nickel-metal hydride batteries, the positive electrode is nickel oxy-hydroxide, while
the negative electrode is made of hydrogen absorbing alloys [*°]. Both electrodes are separated
by the separator, which is a non-woven polyolefin [*®]. As in the case of nickel-cadmium batteries,
the electrolyte is an alkaline potassium hydroxide solution [%°]. The overall reaction (1.3) that

takes place in nickel-metal hydride batteries is,

M + Ni(OH), < MH + NiO(OH) (1.35 V) (1.3)
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Table 1.3. Advantages and disadvantages of nickel-metal hydride batteries [21,18 19,

Advantages Disadvantages
High rate of self-disch to 70% at

High specific energy (60-120 Wh kg'?) igh rate of self-discharge (up to 70% at room

temperature)

Environmentally friendly Limited service life and discharge current
Less memory effect than nickel-cadmium .
. Detrimental effect at elevated temperatures
batteries
Simple storage and transportation High maintenance

Battery life (< 2000 cycles)
Low cell voltage (1.20 V)

1.2.1.4 Redox flow batteries

The redox flow batteries convert chemical energy into electrical energy through reversible
oxidation and reduction of working fluids. These types of batteries have been investigated since
the 1970s [??] and first studies were focused on simple metal-based redox species, such as Fe/Cr,
Fe/V or Zn/Br. Among the various flow batteries, the vanadium redox flow battery is the most

developed one [#3] and large commercial-scale batteries are currently in construction [??].

This technology is based on two vanadium redox couples, V*/V3* and V**/V>*, in two electrolytic
tanks [?%] as it can be observed in Figure 1.4. The cell voltage of V/V redox flow batteries is 1.26

V, while the overall reaction that occurs in the cell is (1.4) [?2],
V2* +V0," + 2H* & VO?* + V3* + H,0 (1.26 V) (1.4)

The benefits and drawbacks associated to vanadium redox flow batteries are summarized in

Table 1.4.
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Figure 1.4. Basic scheme of vanadium redox flow battery [°].

Table 1.4. Advantages and disadvantages of redox-flow batteries [%6,22].

Advantages Disadvantages

Low energy density in comparison to other energy storage

No self-discharge systems (10-20 Wh kg'!)

Electrolytes are recyclable Good temperature control system
Scalability of power and Many system requirements (pumps, sensors, flow and power
energy management)

Large scale storage

. Electrical current leakage
application

Low environmental
impact

Instant recharge

Time durability (20-30
years)
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1.2.1.5 Sodium-sulfur batteries

Sodium-sulfur batteries were firstly developed by Ford Motor Company in the 1960s. After that,
this technology was sold to NGK, which is a Japanese company dedicated to the manufacturing
of electrical insulators [?7]. Although new research is currently being performed with the aim to
develop room temperature sodium-sulfur batteries [?%,2° ,3°], mature concepts operate at
temperatures above 300 °C with a round trip efficiency close to 90%. The largest installation of

sodium-sulfur technology is located in Northern Japan with 34 MW and 245 MWh [?7].

The positive electrode is sulfur while the negative electrode is sodium and at such operating
temperature, both electrodes are in the molten state [?8]. As a separator and solid electrolyte, B-
alumina which selectively conducts sodium ions and it is a poor electronic conductor is used;
therefore, it avoids self-discharge problems. The battery is based on the reversible reaction

between sodium and sulfur and the formation of sodium polysulfides (Na2Sx) (1.5) [#].
2Na + xS < Na,S, (2.0V) (1.5)

This type of technology is mainly fabricated in cylindrical configuration. A scheme of a sodium-
sulfur battery is shown in Figure 1.5 and Table 1.5 summarizes some of the advantages and
drawbacks of the Na-S battery technology.

Beta

alumina
tube

<._._>(2 Volts i? Photo courtesy of NGK |7Thcnnal enclosure
Cell
(.;»"g"fé“
el
w

Sulfur Thermal enclosure

Figure 1.5. Schematic drawing of a sodium-sulfur battery 34
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Table 1.5. Advantages and disadvantages of sodium-sulfur batteries [12,32,24).

Advantages Disadvantages
Low cost and availability of sulfur Heat source requirement (300 — 350 °C)
High power and energy density (150-230 W High capacity fading (0.1% or 0.4% per
kg! and 150-240 Wh kg%, respectively) cycle)
. Dendrite formation on, i.e. sodium metal
Non-toxic

anode (room-temperature Na-S)

Long term cycling (> 4000 cycles) and cycle life

(15-20 years) High production costs

Insulating character of sulfur and

No self-discharge polysulfides

1.2.1.6 Lithium-ion batteries

Li-ion batteries have been commercialized since the 1970s. Nowadays, the system which
combines graphite and LiCoO2 is the most common technology in portable electronic devices
such as mobile phones, laptops, etc. [33]. Li-ion batteries represent very good combination of
high energy and power density, and therefore they became the selected technology for power
devices, portable electronics and electric vehicles [3*]. However, Li-ion batteries are more
expensive than other technologies for grid applications. Some of the main

advantages/disadvantages associated to Li-ion batteries are shown in Table 1.6.

Table 1.6. Advantages and disadvantages of Li-ion batteries [35,36].

Advantages Disadvantages
High nominal cell voltage (> 3.5 V) Shortage of lithium compounds
High gravimetric and volumetric capacity High costs

High power and energy density (up to 1000
W kgtand 160-200 Wh kg, respectively)
Wide temperature range operation (0-45 °C) Ageing
Low self-discharge (1-2% per month) Transportation safety requirements
Low maintenance

Protection circuitry requirement

Low weight

12
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Li-ion batteries are composed of three main components, the negative electrode (anode), a non-
aqueous liquid electrolyte and the positive electrode (cathode). Figure 1.6 shows the working
principle of a Li-ion battery. The system is based in the movement of Li* ions between cathode
and anode across the liquid electrolyte. During charging Li* ions are extracted from the cathode
and move to the anode through the electrolyte. During the discharge the reverse process
happens. The electrons that are released during the electrochemical reaction are conducted

through an external circuit. Both the electrodes are physically separated by a porous polymer

separator which allows the ion movement [33].

Charging Discharging
e € = e
— I e o i -—
i ¥
Electrolyte Electrolyte € Electrolyte Electrolyte *

— ) @ , @/ 5y

Anode Cathode / Anode
Separator Separator

Cathode

Figure 1.6. Schematic representation of the working principle of Li-ion batteries 33 during charge and
discharge processes.

The overall reaction which happens in a graphite//layered oxide Li-ion battery is the following

one (1.6),
LiMO, + C, © Li;_yMO, + C,Liy (> 3.5V) (1.6)

Intercalation cathode compounds can be divided in layered, spinel, olivine or tavorite, crystal
structures. The layered structure is the easiest form of intercalation for the Li-ion cathode
materials. Most of the intercalation cathode materials are, mainly, transition metal oxides and
polyanion compounds due to their higher operating potentials and specific energies [3°]. Among
the transition metal oxides, the first commercialized cathode was LiCoO> (LCO) introduced by

J.B. Goodenough [*]. It has a high theoretical specific capacity of 274 mAh g, low self-discharge

13
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and good cycling performance. However, this cathode represents an expensive option because

of the use of Co which has a high cost.

Several types of substitutions or transition metal combinations have been proposed since the
starting LiCoO2 [>®]. LiNi0.33C00.33Mn03302, known as NMC, has similar properties as LiCoO2 and it
shows a reduction of the costs because of the lower Co content. LiNio.sCoo.15Alo.0s02 (NCA)
cathode was also proposed as an alternative to improve the electrochemical performance of Li-
ion batteries through higher specific energy values [>°]. This compound has found relatively
widespread commercial use, for example, in Panasonic batteries for Tesla EVs. Li(Nio.sMno.s)O2
(NMO) cathode emerged as a cheaper alternative for LCO due to the lower cost of the transition

metals used in its composition; however the low Li ion diffusivity limited its practical use.

Among the polyanionic compound family, the olivine LiFePO4 (LFP) is the most common material,
known for its thermal stability and high power capability. However, this material has relatively
low average potential and low electrical and ionic conductivity [*°]. LIMnPO4 (LMP) represents
other olivine structure with higher average potential, + 0.4 V [*']. The vanadium-containing
material, LiVPO4F, cycles well, and has high voltage and capacity [*)]; however, the use of

vanadium implies further environmental pollution.

Table 1.7 shows a list of Li-ion battery cathode active material compounds together with their

voltage and capacity values and their level of maturity.

14
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Table 1.7. Representative intercalation cathode compounds for Li-ion technology [35].

Specific cay_Jaaty Volumetric ca_paaty Average
Crystal (mAh g1) (mAh cm?3)
Compound i . i L voltage
structure (experimental in (theoretical/typical in )
commercial cells) commercial cells)
LiTiS, 210 [43] 697 1.9
LiCoO, 148 [%4] 1363/550 3.8
LiNiO, 150 [43] 1280 3.8
Layered LiMnO, 140[%] 1148 3.3
LiNio,33M no,33COo,3302 160[47] 1333/600 3.7
LiNio,sCOo,lsAlo,osoz 199[48] 1284/700 3.7
Li,MnO; 180[%9)] 1708 3.8
) LiMn,0,4 120[59] 596 4.1
Spinel -
LiCoy04 84[>1] 704 4.0
LiFePO, 165[40] 589 34
Olivine LiMnPO,4 168[51] 567 3.8
LiCoPO,4 125[52] 510 42
Tavorite LiFeSO4F 120[3] 487 3.7
LiVPO4F 129[4?] 484 4.2

Li-ion battery anode options are carbons [**], lithium titanium oxides [*°] and conversion
materials such as, LiMn30a [*®]. Among them, graphite is the most widely used material as carbon

is abundant and low cost and it has a low voltage and relatively low volume change over cycling.

1.2.2 Emerging technologies
1.2.2.1 Metal-air batteries

In 1878, first metal-air battery was developed by Maiché. Some years later, non-rechargeable
zinc-air batteries started to compete in the market [°”] and currently, are a mature technology
in which efforts are being done to make them rechargeable. Afterwards, secondary metal-air
batteries such as iron-air, aluminum-air and magnesium-air were developed [°%,°]. Lithium-air,
sodium-air and potassium-air are the first metal batteries containing non-aqueous electrolytes
[%°,8%]. Huge progress has been developed in recent years in the field of the alkali metal-air
batteries lead by the potential high energy density of these types of batteries. Metal-air batteries
are composed by metal anodes, aqueous and/or non-aqueous or solid electrolytes and air

cathodes. The chemistry of metal-air batteries is based on the metal dissolution and deposition

15



Introduction = Chapter 1

on the metal anode, while the oxygen reduction and evolution reactions (ORR and OER,

respectively) take place in the air cathode [?].

Target applications for metal-air batteries are large-scale stationary energy storage applications,
renewable generation and transportation, due to their high energy density which could enhance
the autonomy of the electric vehicles [®3]. The main advantages and disadvantages of Li-air

batteries are gathered in Table 1.8.

Table 1.8. Advantages and disadvantages of metal-air batteries [64].

Advantages Disadvantages
High energy density (> 1000 Wh kg™) Limited power density
Flat discharge voltage Limited operating temperature range
Long shelf life Poor reversible reactions (depend on the
metal type)
Non-toxic Non-moisture stability (depend on the metal
type)
Low cost (depend on metal type) Formation of dendrites

Relatively high average voltage (2.9 V in the

case of Li-05) Volatility of electrolytes

Although Na-air batteries are expected to reach 1700 Wh kg, half of the specific energy density
of Li-air batteries, those values are still close to gasoline [®°]. Na-O; systems started to be
explored around 2010 [%®] and are composed by a porous carbonaceous material as a cathode,
sodium metal as the anode and a separator which contains an aprotic electrolyte placed between
the two electrodes. The carbonaceous material allows the air to pass through the electrode [5°].
The overall conversion reaction describing the process in sodium-air batteries and expected cell

voltage are (1.7),
0, + 2e” + 2Na* « Na,0, (2.3V) (1.7)
1.2.2.2 Li-sulfur batteries

The lithium-sulfur system has an enormous potential as high energy density energy storage

device; however, the reaction involved in the charge/discharge process is complex and still needs
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to be fully understood. In spite of this, a 21 Ah prototype has been developed by OXIS Energy
Ltd. [*].

The electrochemical reaction that takes place in Li-sulfur batteries is very different from the
cation redox chemistry of the lithium-ion technology. In this case, the redox active element of
the cathode is non-metallic and the electrode reaction is based on the anion redox reaction (1.8)

[*2]. The main advantages and disadvantages associated to Li-S batteries are summarized in Table

1.9.
Sg + 16e~ + 16Lit < 8Li,S (2.8V) (1.8)
Table 1.9. Advantages and disadvantages of Li-sulfur batteries [12,67,32].
Advantages Disadvantages

Low practical energy density (25-33% of

Ifuris ch -toxi
Sulfur is cheap, abundant and non-toxic theoretical energy density, 600 Wh kg™)

High cell voltage (up to 2.8 V) High capacity fading (0.1% or 0.4% per cycle)
Very high theoretical energy density (> 2000 . . o
Wh kg'l) High self-discharge rates (8-15% per month)

Complex reaction mechanism, insulating

. . o
Ability to be discharged to 0% of SOC character of sulfur and polysulfides

Neutral buoyancy (submarine and

. s High production costs
aeronautical applications) ghp

Electrolyte degradation because of Li metal
reaction
Limited power capability

Long term cycling (> 4000 cycles)

1.2.2.3 Na-ion batteries

Sodium-ion batteries are currently under development. Since 2010, a lot of research in the
development of new cathodic and anodic materials have been performed. Nowadays, efforts are
being done with the aim to enable the practical use and commercialization of this type of

batteries. Table 1.10 summarizes the main advantages and disadvantages of Na-ion batteries.
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Table 1.10. Advantages and disadvantages of Na-ion batteries 8.
Advantages Disadvantages
. Lower power and energy density than Li-ion
Sodium abundancy P gy y
batteries
Processing similar to Li-ion technology Difficulty of stable SEI formation
Potentially cheaper than Li-ion batteries Protection circuitry requirement

High working voltage (3.0 V)

This Thesis is focused in the study of the effect of several cell fabrication parameters in the
electrochemical performance of Na-ion batteries; therefore, additional information related to
this technology will be provided in the following sections on the basics and more innovative

investigations together with some insights in the processing and fabrication of Na-ion batteries.

1.3 Na-ion batteries

Sodium based rechargeable batteries have recently regained the attention of the scientific
community, as an alternative to Li-ion batteries. The history of Na battery research started in the
1980s, when Delmas et al. started evaluating characteristics of sodium layered oxides as cathode
materials combined with metallic Na as the anode component [*°]. However, as Li-ion technology
emerged at that time, research in sodium insertion materials for energy storage was set aside
until the 2000s. In 2010, J.M. Tarascon [’°], published an article showing serous concern about
the Li dependency if future energy storage systems are only based in Li-containing systems and
forecasted a growing interest in non-Li containing technologies, boosting the research in Na-ion

batteries, mainly for stationary applications.

Na-ion batteries present similar chemistry and electrode processing and cell assembly routes
than well-known Li-ion technology; therefore, it is expected that part of the ‘know-how’ will be
directly implemented from one technology to the other. However, some challenges have still to
be overcome to reduce costs and improve the electrochemical performance of Na-ion batteries

in order to be competitive in the stationary applications market.
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The main differences between Li-ion and Na-ion technology are described in Table 1.11. The
larger size of sodium ions has a great influence in the host structures and the volumetric capacity.
Besides, the phase behavior, which includes coordination, lattice constants or crystal structure
and diffusion properties are affected by the difference in the ionic radius of lithium and sodium.
Higher voltages than those obtained in Li-ion batteries are also difficult to reach in Na-ion
batteries as the intercalation of Na* in a given positive electrode is energetically less favorable
than the Li* intercalation and consequently lower nominal cell voltage and energy density are
expected for Na-ion technology. Finally, it is also remarkable that the utilization of metallic

electrodes, Li or Na metal, derives in differences in the surface passivation processes ["%].

Table 1.11. Comparison of Li-ion and Na-ion battery technologies [72,71,73,74].
Lithium Sodium
lon radius 0.76 A 1.02A
Atomic weight 6.9 g mol? 23 g mol?
Standard potential vs. SHE -3.05V -2.71V
Anode current collector Copper Aluminum
Abund in the Earth
undance in the tar 0.0017% w/w 2.3% w/w
Crust
Distribution in the Earth Located in Chile, Argentina, Bolivia, Widely
Crust Australia, China distributed

The working principle of Na-ion batteries is similar to that described for Li-ion technology. Figure
1.7 shows the scheme of a Na-ion battery which describes the system presented in this Thesis.
The different cathode, anode and electrolyte components used in Na-ion technology are

described in the following sections.
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Figure 1.7. lllustration of the Na-ion battery presented in this Thesis [
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1.3.1 Cathode materials

68] .

The reported cathode active materials for sodium-ion technology are mainly transition metal

layered oxides and polyanionic compounds [7?] (Figure 1.8). However, Prussian Blue analogues

and a variety of organic compounds have also been reported.
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Figure 1.8. Representation of reported Na-ion battery cathode materials ordered with respect to their

working potential and specific capacity 2.
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1.3.1.1 Layered oxides

Transition metal layered oxides with the general formula NaxMO2 (M = one or several transition
metals) are attractive cathode materials due to their ease of synthesis, good tap density, high
energy density and reversibility of the sodium insertion/deinsertion process [’°]. Oxide electrode
materials distinguish themselves from other families such as phosphates, Prussian blue/white
analogues, sulfates, etc. because of their high tap density. This leads to high packing density of
the material on a given area and hence high energy density. NaCrO2, NaxCoO2, NaxMnOz2, and
NaxMnosFeos02 are examples of oxide materials, which show capacity values about 100-150 mAh
g in the voltage range from, i.e. 2.0 to 4.0 V, vs. metallic sodium [’®]. Moreover, a careful

combination of the transition metals can help to tune their electrochemical properties and avoid

undesired phase transitions during cycling ["’].

Typical sodium layered oxide cathodes can be categorized in the P2- and O3-type structures
according to Delmas’ notation [’®]. P and O indicate the prismatic and octahedral sites for the
sodium ions and the numbers 2 and 3 indicate the number of MO slabs in the hexagonal cell [”°]
(Figure 1.9). According to Keller et al. P-type cathodes present more powerful performance,
while O-type ones, present more energetic performances. O3-type phases have higher sodium
content and hence, they provide high initial specific capacities. In contrast, P2- and P3-types
provide better rate capabilities because of the easy and faster sodium ion movement between
face-sharing prismatic sites and large inter-slab distance. In addition to this, they present better

high-voltage stability [¥°,7].
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Figure 1.9. Classification of sodium layered oxides depending on the type of sites, prismatic or octahedral
81
1.

and the number of MO; slabs in the hexagonal cell (Delmas’ notation) [
Na-batteries started with the development of TiS2 and NaxCoO2 materials. The group of Komaba
started to develop research in Na-ion batteries in 2004 [%8]. After that, Okada’s group reported

a-NaFeO: as cathode active material, which became in one of the most common layered oxides

[82]'

Sodium layered oxides can be synthesized by means of different methods. According to Ma et
al., the crystallization properties of layered oxides such as the P2- and P’2-Naz/3sMnO: are highly
dependent on the synthesis parameters as the heating conditions and the Na/Mn ratio. They
remarked the great importance of understanding the crystal structure formation mechanism as
well as the need to control the Na2CO3 content in the synthesis of this compound [”°]. Until date,
the most spread synthesis route is the solid state synthesis due to its versatility to easily prepare
different compositions. Nguyen et al. studied the effect of calcination temperature in the particle
morphology, size, crystallinity and electrochemical properties using co-precipitation and solid
state reactions for P3 and P2 sodium layered oxides [®%]. Keller et al. also synthesized P2, 03 and
P3/P2/03 phases of a quaternary layered oxide by tuning the solid state reaction conditions and
concluded that there are synergetic effects attributed to the simultaneous presence of the P-

and O-type phases that enabled the achievement of improved electrochemical performance [%°].
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3 different layered oxides were selected in this Thesis to be used as cathode active materials. In
the following paragraphs the state of art on related compounds will be provided for each of the

three compositions.

1.3.1.1.1 P2-Nao.s7FeosMnosO:2 layered oxide

P2-type structures are usually sodium deficient compounds and this sodium deficiency gives a
significant reduction in the delivered capacity when assembled together with sodium-free anode
materials such as hard carbons. In this Thesis, P2-Nao.s7Feo.sMno.s02 was selected to develop a

strategy to overcome the sodium deficiency issue of P2-type layered oxides.

P2-Nao.s7FeosMnosO2 was firstly reported by Yabuuchi et al. This Mn and Fe containing
compound attracted much interest due to the use of low-cost and non-toxic precursors. They
reported 190 mAh g as delivered capacity due to its electrochemically active Fe3*/Fe*" and
Mn3*/Mn* redox couples [34,2%]. After this first publication, Zhu et al. also reported the same
material tested as a free-standing composite electrode with graphene following an aqueous
scalable fabrication process for the electrode preparation [%6]. Bai et al. studied the synthesis of
P2-Nao.s7FeosMno.s02 by means of a sol-gel method assisted by a chelating agent with NHs-H20
and calcined at 900 °C, reaching 92 mAh g after 40 cycles with 100% of Coulombic efficiency
[37]. Other authors as Talaie et al. and Park et al. based their research on the substitution of P2-
Nao.s7FeosMnos02 with Ni and Ti, respectively. Ti substitution improves the rate capability and

cycling stability, while Ni substitution increases the specific energy density [%8,5°].

1.3.1.1.2 03-Na1-5Nio.32Tio.32Mgo.16Mno.2002 layered oxide

For preliminary formulation and full-cell studies at small scale (ca. 0.5 g), a composition that was
reported to show high energy density such as Nai-sNio.32Tio.32Mgo.16Mno.2002 was selected. Ni-
based sodium layered oxides are very attractive materials due to the high potential of
NiZ*/Ni*/Ni** redox couples [®°] and good electrochemical performance in terms of capacity and
thermal properties [*°]. However, NaNiO2 shows a multiple plateau voltage profile [°1].
Incorporating a small mole fraction of an electrochemically inactive element, as Mn** and Ti*,

into an oxide layer can stabilize oxide layers, resulting in better long term cycling performance
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although the amount of Na de/intercalation is reduced by this substitution [*2,77,%3]. Therefore,
nickel ions are the redox active elements which contribute to the reversible specific capacity and
the manganese and titanium ions play the role of a structure stabilizer. Moreover, if Mg is
incorporated in the compound, it also helps to smoother the voltage profile, to enhance the

capacity retention and improving the rate performance.

1.3.1.1.3 03-NaFeo0.4Mno.3Nio.302 layered oxide

A composition which has already been reported to show good cycling properties in half and full-
cell configuration such as NaFeo.sMno3Nio.302 was selected in order to perform formulation and
full-cell development studies at a larger scale (ca. 10-30 g). It is remarkable to mention that
among the group of transition metals, manganese and iron are a representation of abundant and
low-cost materials, while nickel allows improved electrochemical performances due to the Ni2+/*
redox process [”’]. On the other hand, the inclusion of high redox potential couples, as Fe3*/**,
are expected to have a positive effect in order to increase the operating voltage, although the

amount of Fe should be limited to avoid structure instability issues ["’].

Back in 2012, Yabuuchi et al. proposed as a strategy to solve the problem of irreversible iron
migration which happens when a-NaFeO: is charged above 3.5 V, the partial substitution of Fe
with Niz;2Mnu/2 to form the NaFeO2-NaNi12Mn1/20: solid solution [?*]. Later in 2015, the addition
of Fe to NaNi12Mn1/202 was reported to be beneficial for cycling stability. The results obtained
by Yuan et al. revealed that the O3-NaFex(Ni12Mn1/2)1-xO2 lattices with Fe substitution undergo
different phase transformation at high charging potentials and that the Fe substitution can lead
to a decreased interlayer distance, which might suppress insertion of the solvent components
and therefore enhance the cycling stability of the material [*°]. Both the studies [**,°°] show good
cycling stabilities for the same composition as that selected for this study, i.e.

NaFeo.sMno.3Nio.302.

In addition to these studies based in half-cell configuration, the feasibility of full-cells utilizing
slightly lower Fe content compound, i.e. 03-NaFe1/3sMn13Ni1302, has also been demonstrated

by Kim et al. using hard carbon as an anode. This material showed good cyclability, starting from
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120 mAh g in the first cycle and delivering ~100 mAh g after 150 cycles [*®]. Furthermore,
Kuze et al. also studied the NaFexMn1/2.x2Ni1/2-x/202 phase for x = 0.2, 0.33 and 0.4, but no clear
differences were found in terms of 1% cycle capacity. Therefore, the composition with the highest
iron content (x = 0.4), for which resources are abundant, was selected as the most appropriate
for full-cell assembly. In this report 500 cycles at coin cell level and 20 cycles at pouch cell level

were shown using this cathode composition combined with hard carbon as the anode material

[76].

1.3.1.2 Polyanionic compounds

Polyanionic compounds include a variety of phosphates, sulphates, silicates, borates and some
other oxysalts. As it was reported by Barpanda et al., as there is an essential lack of high-voltage
cathode materials, these compounds look for Na-ion systems operating at voltages over 3.5V in
Na batteries [*’]. Moreover, polyanion-type compounds present high thermal stability, oxidation
stability during the charging process and non-significant volume change among other
characteristics. However, they present poor electrochemical performances in combination with

des-stabilization of the electrolyte [%%].

Among phosphates, the most investigated compounds are ortho-, pyro- and fluoro- phosphates
[%®]. For instance, olivine NaFePQu, NasV2(POa)s, pyrophosphate Na:MP207 (M = Fe, Co, Mn),
pyrophosphate NasMs(P04)2P207 (M = Co, Fe), fluorophosphate Na:MPO4F (M = Fe, Co, Mn) have

been widely studied.

NaFePOs has a theoretical capacity of 154 mAh g with an average voltage of 2.9 V vs. Na, based
in the Fe3*/2* redox reaction [*°]. However, the practical capacity of the olivine phase of this
compound is lower because of its poor electron conductivity. Some strategies have been
followed in order to overcome this issue, as carbon coating or synthesis of NaFePO4
nanoparticles. The nanosized maricite NaFePO4 phase shows a practical reversible capacity of

[100] ,

142 mAh gt with a high capacity retention after 200 cycles of 95% and also, Li et al. reported

a highly reversible capacity of 144 mAh g! after 300 cycles [1°%].
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The reversible redox reaction of V#*/3* and its optimal ionic diffusion in NasV2(POa)s are attractive
characteristics to consider this compound as good cathode active material candidate for sodium-
ion batteries. In this polyanion-type compound, only two of the three Na ions can be extracted
from the structure below 4.5 V [*%?]. As well as in the case of NaFePOa, strategies as carbon
coating have been used in order to enhance the electrochemical performance [1%,2%4]. For
instance, carbon-coated NasV2(POs)3 presents a reversible capacity of 114 mA h g™! at 1C rate
[*%]. In addition to this, cationic substitution strategies can be used to improve the
electrochemical performance. As an example, Aragoén et al. developed a series of compounds
based on Fe substitution of V, i.e. NasVaxFex(P0a4)3/C (0 < x < 0.5), in order to study the influence
of Fe in the unsubstituted compound [*°®]. Moreover, this material can also be used as anode in

sodium-ion batteries with the potential to accommodate five Na ions in the V2(POa)s host. As

anode, it delivers 100 mAh gt at 1C [*%7].

The family of pyrophosphate compounds, Na2MP207 (M = Fe, Co, Mn), presents some desirable
characteristics related to its stability and its optimal ionic pathways for Na [1%]. This family of
compounds comprises different polymorphic forms, as triclinic, orthorhombic or tetragonal
structures. While the triclinic phase is considered as the most thermodynamically stable for
NazFeP20 and Na2MnP;0, the orthorhombic phase is better for Na.CoP-0. For instance, triclinic
NaxFeP20y7 exhibits a theoretical capacity of 90 mAh g™ and an average operating potential of 3.0
V [*%9], while triclinic Na2MnP207 offers a similar capacity of 80-90 mAh g™ and an average

operating potential of 3.7 V [*19].

Among the Na:MPOsF (M = Fe, Co, Mn) family compounds, orthorhombic Na:FePOsF and
Na2CoPO4F are the most relevant. For example, carbon coated Na:FePOsF and Na2CoPOsF have
been reported to reach a reversible capacity of 100 mAh g and an average potential of 3.0 V
[*11] and 4.3 V, respectively. In the case of Na,CoPOuF, the energy density is largely enhanced
because of the high average voltage [*'?]. The electrochemical performance of Na;MnPO4F is
improved by means of the nanosized particles and carbon coating strategies, delivering a

reversible capacity of 120.7 mAh g [**3].
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Alluaudite-type (Naz2Fe2(SOa4)3) and Krohnkite-type (Naz2Fe(SO4)2 - 2H20) are 2 of the examples of
suitable sulphate Na-ion cathode active materials. In both cases, reversible capacities over 70
mAh g with an average working potential of 3.8 and 3.25 V, respectively were reported by

Yamada et al. [1¥4,115].

1.3.2 Anode materials

Metallic sodium is widely used in the academic field to assemble half-cells with the aim to
evaluate novel cathode active materials; however, it is not the preferred choice as an anode
active material for high capacity/energy density batteries because of the formation of dendrites,
nano-sized metal with a tree like growth which penetrate through the separator and lead to
short circuits. Moreover, Na metal is highly reactive and continuously growing polarization is
caused due to dendrite deposition [*'®]. Alternative, anode materials for sodium-ion batteries
comprise a wide range of carbonaceous, metal alloys, organic and transition metal materials

(Figure 1.10).
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Figure 1.10. Reported Na-ion battery anode materials ordered with respect to their working potential and

specific capacity [7%].
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1.3.2.1 Carbons

Carbons, and more commonly, graphite is used as the intercalation host for lithium-ion batteries.
Although, in the previous years, graphite was known to be a non-suitable host for Na* ions
because of its low inter-planar spacing of 0.34 nm (Na* ion has an ionic radius of 95 pm and Li*
ion has a ionic radius of 68 pm), it has recently been reported that Na+ ions can be reversibly
intercalated in graphite. Back in 2000, Thomas et al. proved the ability of carbon structures to
host sodium ions. For instance, they can be tuned by means of mechanical grinding, to improve
the reversible capacity from 16 to 187 mAh g after grinding [*!’]. According to Wen et al. a
minimum interlayer distance of 0.37 nm is required for the insertion of Na* ions and they
proposed an expanded graphite with an interlayer distance of 40.34 nm as a Na-ion battery
anode. The manipulation of the interlayer spacing was performed by controlled oxidation and

[118]. In addition to this, Jache et al. also proved that sodium ions can be

partial reduction
intercalated in the graphite structure by means of co-intercalation using a diglyme-based
electrolyte [**°]. In spite of this, disordered carbons, as hard carbon, are preferred as sodium-ion

battery anodes because of their large reversible capacity at low voltages.

Disordered carbons have been deeply studied to be used as sodium-ion battery anodes
[120,121 122 1231 * gpacifically, hard carbon is the most common anode material with a high
reversible capacity in the range of 200-300 mAh g? at low operating potential, which are both
key factors in its use [124,12%]. According to Bommier et al., as porosity and surface area decreases,
the obtained reversible capacity increases [1%°].A representative curve corresponding to the
cycling behavior of the hard carbon versus Na used in this Thesis, with an approximate active
material loading of 5 mg cm is shown in Figure 1.11. Three regions can be differentiated in the
discharge profile. Firstly, a flat plateau that runs from 0.01 V to ca. 0.2 V is observed (). This low-
voltage plateau can be attributed to the insertion of the sodium ions in the porosity of the
structurally disordered carbon material. The plateau is followed by a slopping region from ~ 0.2
V to 1.0 V (Il), which is related to the insertion of the sodium-ions on both sides of the single
graphene layers [*?®]. The last region (lIl) corresponds to a sharp potential decrease at the

beginning of the reduction.
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Figure 1.11. First galvanostatic charge/discharge cycle of hard carbon at 0.1C within 0.01-2 V.

This disordered carbon can be derived from diverse biomass sources which are being
investigated by several researchers. These sources include among others macadamia shell [*?3],

old-loofah [1?7], rape seed shuck [1%%],

etc. In operation as Na-ion battery anode, hard carbon is
discharged to voltages close to 0.0 V vs. Na/Na*. At this voltage the electrolyte is expected to be
reduced to form the Solid Electrolyte Interphase (SEl). Some authors have studied the formation
of the SEl in the hard carbon anodes by means of different techniques [*22]. As well, many authors
have investigated the importance of the electrolyte choice when using hard carbon as anode.
The electrolyte formulation should promote the formation of a protective SEIl layer on the
surface of the electrode which should enable an optimal path for Na* ion conduction. Regarding

this, additives such as fluoroethylene carbonate (FEC) [*?°] or RbPFs/CsPFs[124] have been studied

in the literature.

Hard carbons have a random alignment of small-dimensional graphene layers [**°]. The X-ray
diffraction pattern of hard carbon presents two broad peaks approximately at 24 and 43 degrees
(Figure 1.12 (a)). These patterns provide useful information about the interlayer spacing

between graphene sheets, in which low angles for (002) mean that there are distorted graphitic
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planes in the material [*31,132]. Besides, the width ratio of the (100)/(110) and (002) diffraction

peaks provide information about the number of stacked graphene sheets [**3].
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Figure 1.12. (a) X-ray diffraction pattern and (b) Raman Spectra of Hard Carbon [118].

Dahn et al., explained that the ordering of the hard carbon corresponds to the “falling cards
model” [*32].An estimation of the graphitization of the hard carbon can be done based on Raman
spectroscopy (Figure 1.12 (b)). Two characteristic bands are related to carbon materials, D and
G-bands, at ca. 1350 cm™ and 1580 cm™. The D-band corresponds to the defect-induced mode,
while the G-band is related to the graphitic character. The ratio between both bands indicates

the degree of graphitization, which can be improved by increasing the pyrolysis temperature

[134].
1.3.2.2 Titanium-based components

Titanium-based components are interesting compounds for anode materials due to their
reasonably low operation voltage, low cost and non-toxic nature [*3°,13¢]. In this group, titanium
dioxides, spinel-lithium titanate and sodium titanate compounds can be included [**7,*38]. The
redox couple of these compounds is Ti**/Ti3*. Most of the discoveries have been performed using
anatase TiO2, which can properly accommodate the large ionic radius of the Na* ions [*3°], being
the sodium ions insertion into the anatase lattice, comparable to that of lithium ions. Xu et al.,

reported the improvement of the electrochemical activity of TiO2 by reducing its particle size to
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nanometers and shortening the migration paths for sodium ions [**°]. The influence of the
electrolyte composition and the cut-off potential was also studied by Wu et al. [**!]. Nb Doped
TiO2, Tio.saNbo.os02, was reported to reach 160 mAh g after 50 cycles. Zhang et al. also proposed
rutile TiO2 with a capacity retention of 83.1% after 200 cycles at a current density of 0.1C rate
[1#2]. Strategies such as structure modification or conductivity improvement by means of carbon
additives in order to enhance sodium kinetics because of its large ionic radius need still to be
explored. As an example, Kim et al. developed carbon coated anatase TiO2 nanorods, exhibiting

a capacity of 193 mAh g1 [1%9].

1.3.3 Electrolyte

The electrolyte plays an important role in the cell performance as it can affect to the
electrochemical response of the electrodes. In fact, the choice of the electrolyte has been
controversial as different results have been obtained for similar electrode compounds. Ponrouch
et al. listed some of the important properties required for electrolytes to be used in sodium-ion
cells [*3]. High ionic conductivity and electronic insulating character are two of the most
important requirements in order to maximize the sodium ion transport and minimize the self-
discharge issue [1*%]. In addition to this, the chemical stability is related to the suppression of the
chemical reactions during charge and discharge processes. Thermal stability is also required in
order to maximize the operation temperature range and minimize the safety hazards. Finally,
the environmental impact has to be minimized and electrolyte components should present

sustainable, abundant and low-cost precursors as well as synthesis and production routes.

Most of the electrolyte compositions reported in the literature are the Na analogues of those
reported for Li-ion technology. Lithium and sodium-ion battery electrolytes consist in Li/Na salts
dissolved in a carefully selected combination of organic solvents. However, some considerations
must be beard in mind since analogue Li and Na electrolyte solutions show different
electrochemical behavior in operation and the created interphases are highly dependent on the
electrode and electrolyte nature. For example, sodium salts present higher solubility than lithium

salts, so batteries can suffer a failure, because of SEl dissolution deriving in unstable interface
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layer [***]. In addition, stable SEI formation is more complicated since it usually suffers from
ruptures and it allows new areas to be exposed to the electrolyte. As well, due to the high
reactivity of sodium metal, it causes higher electrolyte degradation and self-discharge effect than

lithium metal. Associated to this issue, the use of FEC electrolyte additive has been proposed

[145].

The upper voltage of the cells is limited by the anion part of the salt which oxidizes at high
voltages, while the lower voltage limit is usually selected to avoid the solvent reduction. The
most common Na salt anions used for Na-ion batteries are -ClO4, -BF4, -PFe, -CF3SOs™ (Tf), -
[N(SO2F)2] (FSI) and -[N(CF3S02)2]" (TFSI), all of them widely reported for Li-ion batteries. -ClO4 is
a strong oxidizing agent and it is not recommended for practical cell development. -PF¢™ is
regularly used but, it can present safety issues related to cell temperature raise or the presence
of moisture, leading to PFs, POFs or HF formation. -BF4 produces less conductive electrolytes, as

in the case of Tf, which also corrodes Al current collectors [**3]. FSI and TFSI anions also produce

Al current collector corrosion when used coupled to carbonate solvents [1%6].

It is remarkable that sodium salts present higher melting points and better thermal stability than

their lithium analogues, which is an advantage in terms of safety ['*%].

In addition to present non-toxic and low-cost characteristics, Na-ion battery electrolyte solvents
must have polar groups in order to dissolve the salts. The solvent has also a great influence on
the thermal stability and the ion mobility, which is inversely proportional to the electrolyte
viscosity [1*3]. The choices of electrolyte solvents are mainly organic carbonates such as ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC) or diethyl carbonate (DEC).
The use of ionic liquids in the sodium ion battery field is also growing ['*’] as they fulfill most of
the requirements to be used as electrolyte solvents. However, they are still not competitive in

terms of cost [**3].

The combination of NaClO4 or NaPFs as sodium salts and carbonate ester solvents, as PC, DEC or

EC are the most common electrolytes for sodium ion technology. As a reference, Figure 1.13
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shows the electrochemical stability window and the thermal stability of several NaClO4 based

electrolytes.
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Figure 1.13. The electrochemical potential stability window (black bars) and thermal stability range (green
bars) of different 1 M NaClO4 electrolytes [148].

1.3.4 Full-cell prototype fabrication

Several authors have reported Na-ion full-cells in coin cell configuration. Raj. K. et al. have
developed a bio-derived mesoporous disordered carbon which delivers 146 mAh g'at 0.2 A g
after 100 cycles. They used it in combination with a sodium vanadium phosphate cathode in
order to assemble a full-cell with a reversible capacity of 266 mAh g™ for 50 cycles at 0.1 A g!
[%]. As well, P2/P3-Nao.7Lio.0sMgo.0sNio.22Mno.6702 composite cathode was tested by Zhou et al.
in full-cell configuration showing excellent performance with an average cell voltage of 3.36 V

and energy density of 218 W h kgt [**°].

Other research groups are also developing different sodium secondary battery prototypes.
Barker et al. assembled a full-cell containing NaVPO4F as cathode active material and hard carbon
as anode, having a high average voltage of 3.7 V and reversible capacity of approximately 80

mAh g [**1]. Nose et al. used NasCO3(P04)2P,07 as a cathode and hard carbon as an anode in
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their full-cells [*°2]. Among the groups that have selected sodium layered oxides as the cathode
active material, Komaba et al. fabricated a full-cell containing a O3-type sodium layered oxide,
Na[Nio.sMno.s]O2, with an operating voltage of 3.0 V and a specific capacity of around 200 mAh g
1pased on the negative electrode mass [**3]. Kim et al. used O3-Na[Nio.33Fe0.33Mno.33]02 cathode
coupled to carbon anode and reported an average voltage of 2.75 V and 100 mAh gt after 150

cycles [**4].

Going one step further, several institutes have addressed the challenge of fabricating sodium-
jon batteries in the range of few Ah [*,%6 157] For instance, the French National Center for
Scientific Research (CNRS) and the French Alternative Energies and Atomic Energy Commission
(CEA) developed the first cylindrical sodium-ion battery which claims an energy density close to
90 Wh kg and stable cycling behavior over 2000 cycles [*°8]. Also, new start-up companies are
developing new sodium ion batteries for large scale applications, as Novasis Energies, Inc.,
Faradion Limited, Natron Energy, etc. [1°°,1%]. Anyway, there is still the need to perform further
research in the design of the full-cells, electrode balancing, definition of the suitable cycling
voltage ranges, development of new electrolytic solutions, etc. to make this technology viable

for commercialization [72].

1.4 Processing and manufacturing of metal-ion
batteries

Innovation is a continuous demand of the final battery users to the manufacturers in order to
meet the energy density, cycling stability, safety and cost targets of their applications which are
not fulfilled with the technologies that are currently available in the market. This innovation
should not be limited only to new material development and it should also include better
engineering strategies. Therefore, research in component processing and cell manufacturing are
necessary to elucidate possible paths for improvement. According to Wolter et al. ['®!], the
mixing, coating and calendering steps of the Li-ion battery processing, i.e. electrode

manufacturing steps, are very relevant processes that determine the quality of the product,
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including battery performance and lifetime. In fact, most of the battery failures usually have their

origin in the electrode manufacturing processes.

The bases for Na-ion cell manufacturing process have been stablished by the Li-ion cell
manufacturing technology. However, there are some particularities specific for Na-ion electrode
processing, such as moisture sensitivity, which need to be taken into consideration. In fact, the
amount of information available in the literature dealing with Na-ion battery electrode
processing is far away from the amount of studies dealing with Li-ion technology. Therefore, Na-
ion battery processing related studies are of especial interest for the development of this

technology.

The general Li/Na-ion pouch cell manufacturing process steps are represented in Figure 1.14.
First, the electrode components are mixed with the proper solvent and casted on top of the
current collectors. In order to finely control the thickness and porosity of the electrodes,
laminates are calendered at selected pressure and temperature conditions. After cutting the
electrodes to the desired size, those are stacked together with the porous separator. Then,
electrical connector tabs are welded to the current collectors, usually by ultrasonic welding.
Once the cavity of the pouch bag is made and the electrodes/separator stack is placed, 3 of its 4
sides are sealed with the action of temperature and pressure. The electrolyte dosage and 4" side
sealing are done under vacuum conditions and once the formation cycles are performed under
carefully selected cycling regime the gases are extracted and the cells are definitely sealed.

Additional details on some of the cell processing steps are provided in the following sections.
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Material's Cell
processing assembly

Figure 1.14. lllustration of Li/Na-ion cell manufacturing steps.

1.4.1 Slurry mixing

In addition to the chemical composition of the active material, an effective mixture of this
compound with the conductive agent and the binder, combined with an optimum slurry
composition (ratio between the active material, conductive additive and binder) are needed in
order to obtain good electrochemical cell performances. Moreover, an optimized mixing process
should allow to obtaining slurries with the properties suitable to be properly coated on top of
the current collectors, with no defects in the resulting electrodes. The electrode slurry
preparation is the first step of the cell manufacturing sequential process and it determines its
final properties; therefore, especial care needs to be taken in this process which includes the
selection of the most adequate mixing sequence and equipment. It is remarkable to mention
that cathode slurry mixing presents more challenges than anode slurry mixing according to Liu
et al. [*?], as they said that it is more complicated to disperse Li complex compounds than
graphite powder. The main processes that take place during the slurry mixing step are the
wetting of the solid components with the selected solvent, their homogenization, the de-

agglomeration of the active material and the conductive agents, the adjustment of the solid
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content and the rheological properties, the stabilization of the slurry and the elimination of air

bubbles to avoid the creation of defects in the casted electrodes [*¢%].

The stability of Li-ion battery electrode slurries has been studied in the literature by means of
rheological analysis. The rheological properties of slurries are influenced by the particle shape,
surface chemistry and solvent nature and concentration among other parameters. Ligneel et al.
[*%4] observed that with 0.004 ml mg™* of solvent concentration there was almost no settling in
Liz.1V30s containing electrodes, for instance. Moreover, the morphology and the electrochemical
performance of the composite electrodes were also strongly affected by the solid content. Bauer
et al. ['%%] also studied the colloidal stability of the cathode slurries. According to them, the
addition of electrochemically inactive components such as the binder and the carbon black, in
addition to be necessary for the proper electrochemical performance of the electrodes, affect to
the stability of the slurries. Kwon et al. [] also studied the effect of storage time and agitation
on the rheological properties and the electrode microstructure. More concretely, the effect of
the storage time and agitation in the required stress to break the structure and the flow to start,

i.e. the yield stress, was analyzed.

Focusing more on the electrochemical performance of the electrodes, Liu et al. [**’] concluded
that the optimization of the carbon black and binder ratio leads to the maximization of the active
material loading and a minimization of the impedance of the cell. They found in their research
that the most conductive electrodes with 78%—95% active material content were obtained with

a carbon black:binder ratio of 0.6:1.

The slurry formulation has also an influence on the mechanical strength and flexibility of the
electrodes. Gaikwad et al., [*®%] for instance, emphasized the binder selection in order to reach
better adhesion and cohesion properties. Furthermore, Despotopoulou et al., [*°] working also
in Li-ion batteries, showed in their work the importance of the polymer selection, solvent effects
and slurry formulation and preparation procedure among other parameters in the adhesion and

cyclability properties of the electrodes.
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The use of additives has also been reported in the literature. Zhang et al. [*°] observed that by
using Triton X surfactant as a dispersant agent, all the components are better distributed and

the electrodes show less polarization.

In addition to the slurry formulation, it has been reported that the selected mixing procedure
has a huge impact in the microstructure of the resulting electrodes. For example, variations in
the mixing sequence and/or mixing equipment can produce a change in the morphology of
carbon black particles [71]. As a consequence, the final electrochemical behavior is also affected
[172,173162] Lee et al. [73] compared two different mixing processes, one-step and multi-step
mixing, by means of rheological measurements and evaluation of the solid dispersion, electrode
resistance and capacity retention characteristics among others. The network created following
the multi-step processing route resulted to be more uniform resulting in better electrochemical

performance.

For small scale slurry preparation in the range of few milliliters, simple mixing equipment such
as manual mortar and pestle or magnetic stirrers are typically used. Other devices identified by
Kraytsberg et al. for powder dispersion include hydrodynamic shear-based mixers (dissolvers),

ball-milling, kneaders, 3-roller mills, disc mills and ultrasonic homogenizers [17] (Figure 1.15).

P i I

dissolver kneader
Disc mill

] 3 roller mill

stirred media mill y
Ultrasonic
homogenizer
Figure 1.15. Schematics drawings of different mixing equipment [173).
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In the case of the ball-milling process, in addition to the dispersing effect, the grinding effect has
also a big influence in the way that the dry powders are dispersed ['7®]. Zirconia balls with
different diameters are used to promote the grinding step during the rotational movement
[176,177]. This milling action has usually an influence on the temperature that is reached in the
milling tank. In the rest of the mixing devices proposed by Kraytsberg et al., [14] the dispersion
and homogenization of the materials is done by applying a shear stress through a liquid.
Kneaders and 3-roller mills, are considered when the slurry presents a high solid content close
to 75% w/w and hence, large viscosity [*’%,*7°]. Finally, disc mills, are rarely used for electrode
slurry preparation ['8°]. The combination of more than one of these mixing devices is an

approach that has been usually followed in order to obtain better dispersing efficiency.

1.4.2 Electrode coating

Once the electrode slurries are prepared, the second electrode manufacturing step consists in
the coating process, which as it has already been mentioned earlier, is one of the crucial steps
since it determines the thickness, active material loading and quality of the electrodes.
Moreover, including equipment investments and operating costs, it constitutes the highest

contribution to the whole process cost [*®Y].

The coating process methods can be categorized into self-metered and pre-metered processes
[*®)] (Figure 1.16). The main advantages of self-metered methods are their simplicity and
robustness. However, they can suffer from low accuracy and coating precision. Roll coating,
gravure coating, dip coating, comma bar or doctor blade coating are classified as self-metered
coating methods. As the quality of the coated layer can be affected by the environmental

conditions, this type of equipment must be often recalibrated [*%2,283].

In the case of the pre-metered coating methods, the control of the coating thickness is via the
coating width, web speed and volume flow. These methods allow multilayer coatings. However,

one of the disadvantages of these methods is the strict control of the slurry rheology [*8!]. The
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most common pre-metered coating method used for electrode fabrication is the slot die coating

method

184 185
)

doctor blade

web
(substrate)

b)

slot die

web
(substrate)

Figure 1.16. Self-metered and pre-metered coating method examples (a) Comma bar coating method and

1.4.3 Stacking / Packaging

(b) Slot die coating method [

186]

In the batteries for commercial use, i.e. lithium-ion batteries, electrodes are coated in both sides

of the current collector in order to layer multiple elements in a single casing and increase the

capacity of the cells. Several architectures and cell designs, such as cylindrical or flat cells which

include pouch cells, with a variety of positions for the tabs [*®7] exist in the market. The outer

design is selected based on the final application of the cell and the battery pack.
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Figure 1.17. Typical available lithium-ion battery cell designs [188,189,190] (a) coin cell, (b) cylindrical cell,
(c) prismatic cell and (d) pouch cell.

The smallest cell size is the button cell, also called coin cell (Figure 1.17 (a)). It consists in a
compact design that includes small size electrodes. However, they have the risk of swelling and
have no safety vent. This configuration has usually been used for non-rechargeable cells and for

research purposes in Li-ion and Na-ion battery development.

Among the high capacity cell designs, some of the most typical ones have cylindrical geometry
with jelly roll configuration (Figure 1.17 (b)). This type of cylindrical cells is widely used, as it
presents good mechanical stability and the manufacturing process is easy. Moreover, this type
of packaging allows to standing high internal pressures without suffering any deformation.
However, the internal space of the cell is not used at all and the risk of lack of pressure exists
when the electrodes are too thin since the metal wrap cannot ensure the pressure to maintain
the desired electrochemical performance over cycling. Cylindrical cells can be manufactured
using different dimensions, 20700, 21700 or 22700, in which the first two numbers correspond
to the diameter and the last three to the height of the cells measured in mm are some examples.
The 18650 model is the most optimized cell, which has higher energy density than prismatic or
pouch cell Li-ion batteries. However, the demand for this type of cells is fading over the years, as

the market is moving towards lighter and more flat designs.
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The prismatic cell (Figure 1.17 (c)) was firstly developed in the early 1990s and it accomplishes
with the demands of thin size and makes a good use of the space. In this type of cells, flat stacks
are encased in welded aluminum housing and some swelling due to the gas formation inside the

cell is considered as normal.

In order to overcome the problem of the lack of enough pressure, flat design geometries are
developed and selected for many battery manufacturers. Some of the advantages detected for
the flat plate designs are: the maintenance of the homogeneity and the uniformity in the whole
battery, the minimization of the outer container of the cell which maximize the energy density
and the minimization of the impedance related to the many electrical contacts through the
electrode tabs detected in the jelly roll geometry. Moreover, stacked cell design minimizes risk

for safety issues [*°1].

5 years after the development of the first prismatic cells, pouch cell design emerged (Figure 1.17
(d)). Conductive metal tabs welded to the electrodes and a fully sealed non-metallic package are
its main characteristics. One of its most relevant features is the 90-95% of packaging efficiency,
which is the highest among different battery pack designs. Moreover, the absence of a metal
container reduces the loss weight of the battery. There is not a standard pouch cell design, as
the manufacturers are the ones designing their own cells. Similar to what happens in prismatic
cells, swelling is typical in this type of formats. Therefore, it is important to leaving free space in
between the cells when stacking them in a battery pack. If the pressure inside the container is
too high it can crack the casing, break the device and the electronic circuit boards. Most of the
gas generation reactions take place during the formation cycles due to the decomposition of the
electrolyte and SEI formation. The gases generated during these formation cycles are released
in a controlled way before the final sealing of the cell is done. However, the gas generation issue
cannot be totally be avoided, as electrolyte decomposition accompanied with gas release

continues occurring over cycling.
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1.5 Scope of this Thesis

This doctoral thesis encompasses the work done in the development of a sodium-ion battery.
Different from many of the bibliography available in the topic, dealing with novel materials
synthesis and structural characterization, this work aims to focus more on the engineering
perspective of Na-ion battery development, starting from the development of button type cells
and ending in the development of a monolayer sodium-ion pouch cell. This work represents a
complete report in terms of electrode processing, strategies to overcome the limitations of this

technology and Na-ion full-cell fabrication and electrochemical/thermal characterization.
Considering this scenario, the main objectives of the present Thesis are:

e The evaluation of NaN3 and Na:CsO4 sacrificial salts as a strategy to overcome the
sodium deficiency issue on P2-type sodium layered oxide cathodes.

e The realization of anode and cathode formulation studies at small (< 1 g) and larger
scale (10-30 g) to understand the interactions between the electrode components and
with the aim to increase the active material content and loading of the resulting
electrodes.

e The analysis of rheological, morphological, mechanical and electrochemical
characteristics of the NaFeo.4Mno.3Nio.302 cathodes and hard carbon anodes processed
at larger scale.

e The realization of systematic studies to improve specific cathode and anode electrode
characteristics, including strategies to improve of the cathode microstructure or
determination of the anode calendering conditions among others.

e The assembly and electrochemical characterization of a Na-ion cell, progressing from
coin cell to monolayer pouch cell level, including the optimization of the mass balance
and cycling regime.

e The determination of the thermal parameters of the developed monolayer Na-ion

pouch cell and the development of a heat generation model for that system.
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In this chapter (Chapter 1), the state-of-art of rechargeable batteries with special emphasis in
Na-ion battery technology and the aim of the Thesis have been described. In Chapter 2, the
structural and morphological characterization of the electrode active materials together with the
experimental procedures utilized to prepare the individual cell components and the cells itself
are provided. In addition to this, the experimental techniques used for the characterization of
the structural, morphological and mechanical properties of the raw materials and the processed
components of the cell are also described. The next 5 chapters comprise the experimental results
and the discussion of the different topics assessed in this Thesis. Focusing in cathode related
studies, Chapter 3 explores the utilization of 2 different sacrificial salts in order to overcome the
sodium deficiency characteristic of P2-type sodium layered oxide cathodes. In the Chapter 4,
Na1-sNio.32Tio.32Mg0.16Mno.2002 is evaluated as cathode active material. Material synthesis
conditions are optimized, formulation studies are performed at small scale and the full-cell is
assembled and electrochemically characterized at coin cell level. The Chapter 5 includes the
electrode processing studies performed at a larger scale using NaFeo.sMno.3Nio.30: as the active
material which deals with slurry formulation and drying process studies. Chapter 6 is focused on
the negative electrode. It describes the effects of the formulation, the active material loadings
or calendaring conditions on the final characteristics of the electrodes. Finally, in the Chapter 7,
a monolayer pouch cell is assembled using the cathode and anode components described and
optimized in the previous chapters, Chapter 5 and Chapter 6, respectively. In this last chapter,
the thermal parameters of a Na-ion full-cell prototype are described and a heat generation

model prepared to be implemented at a multilayer Na-ion pouch cell level is developed.
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Chapter 2

2.1 Synthesis and characterization of electrode

active materials

Table 2.1 displays the materials used in the execution of this Thesis. In the following sections the

synthesis procedure and some relevant properties of these materials will be provided.

Table 2.1 Summary of the materials used in this Thesis

Material

Source

Function

Nao.67Fe0.sMng.s02

Synthesized for this Thesis

Nao.95Nio.32Tio.32M80.16MnN0.2002

Synthesis optimized in this

Thesis

NaFeo.4Mno3Nio.302

Custom made synthesis by

External Company

Cathode active material

Hard carbon, Kuranode

Kuraray Ltd.

Anode active material

Carbon black, C65 Timcal Conductive additive
Polyvinylidene fluoride, Solef 5130 Solvay Binder
N-methyl-2-pyrrolidone (CsHgNO) Sigma Aldrich Electrode slurry solvent
Sodium azide (NaNs) Sigma Aldrich Sacrificial salt

Disodium squareate (Na;C404)

Synthesized for this Thesis

Sacrificial salt

Sodium hexafluorophosphate (NaPFg)

Acros Organics

Electrolyte salt

Ethylene carbonate Sigma Aldrich Electrolyte solvent
Diethyl carbonate Sigma Aldrich Electrolyte solvent
Sodium dodecyl sulfate (NaCi2H25504) Sigma Aldrich Electrode slurry surfactant
Electrode slurry
Polyvinylpyrrolidone ((CsHsaNO)y) Sigma Aldrich
dispersant
Anode/Cathode current
Al foil Hohsen
collector
Glass fiber, GF/D Whatman Separator
Celgard, 2325 Celgard Separator
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2.1.1 Cathode active materials
2111 Nao,57Feo,5Mno,502

Nao.s7FeosMnos02 was synthesized by conventional solid-state synthesis route. Stoichiometric
amounts of Na2COs (99.5%, Sigma Aldrich), Fe203 (99%, Alfa Aesar) and Mn20s3 (98%, Alfa Aesar)
were mixed by wet ball milling (classic line Planetary Mill Pulverisette 5) in ethanol. Balls to
powder mass ratio was fixed at 30:1 and other ball milling parameters such as speed and time
were set at 300 rpm and 30 minutes, respectively. The powder mixture was compressed in the
form of pellets using a uniaxial hydraulic press (Specac, max. 15 tons) under a load of 4 ton in™.
Then, the pellets were calcined in a box furnace, at a temperature of 900 °C for 12 hours. After
the calcination in air, the reaction product was quenched to room temperature and stored under
dry conditions in an argon filled glove box (< 0.5 ppm H20 and O2) to avoid any moisture

contamination.

The XRD pattern of Nao.s7FeosMnos0:2 in Figure 2.1 shows the formation of a single phase P2-
type layered structure in a hexagonal system with P63/mmc space group [*°?]. The layered P2-
type structure is formed by MOs (M = Fe, Mn) octahedral and sodium cations located in the
prismatic sites, coordinated with six oxygen atoms and positioned in between the layers. The
lattice parameters were calculated using profile matching technique and are observed to be a =

b =2.9327(3) Aand c = 11.226(3) A [1*3].
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Figure 2.1 XRD pattern of Nag.¢7;FeosMngs02 powder.

2.1.1.2 NaisNio32Ti0.32Mg0.16MnN0.2002

Na1-sNio.32Tio.32Mg0.16Mno.2002 was synthesized using the stoichiometric amounts of Na2CO3
(99.5%, Sigma Aldrich), NiO (Ni 78.5%, Alfa Aesar), TiO2 (99.9%, Alfa Aesar), MgO (99%, Alfa
Aesar) and MnO: (98%, Alfa Aesar). Material was synthesized by conventional solid state
synthesis route and the determination of the optimum synthesis parameters such as calcination
time and temperature and the ball milling media will be described in the Chapter 4 of this Thesis.
Balls to powder mass ratio was fixed at 30:1 (by wt. %) and ball-milling parameters such as speed
and time were set at 300 rpm and 45 minutes, respectively. The powder mixture was compressed
in the form of pellets using a uniaxial hydraulic press (Specac, max. 15 tons) under a load of 4 ton
in2. The pellets were calcined in a box furnace (optimized calcination temperature and time of
900 °C and 8 hours determined in Chapter 4, section 4.1, page 135) and after the calcination in
air, the reaction product was quenched to room temperature and stored in an Ar filled glove box

(< 0.5 ppm H20 and O2) in order to avoid any moisture contamination.

The XRD pattern of Nai-sNio32Tio.32Mgo.16Mno0.2002 is presented in Figure 2.2 (the XRD pattern

corresponds to the material synthesized using the optimized synthesis conditions determined in
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Chapter 4). Most of the peaks can be indexed to a-NaFeO: type crystal structure. However, an
impurity peak attributed to Mg1.xNixO can be observed in the diffraction pattern marked with an
asterisk. In order to minimize the amount of impurities, a reduction of the amount of the alkali
metal has been proposed, always maintaining an optimal amount of alkali metal to ensure the

formation of the O3-type crystal structure [1*]. In this work, the amount of Na* ions was fixed to

1-6 = 0.95.

- Nag,g5Nip 35 Tlp.32Mo.16MN.2002

(104)

o
=]
e

Intensity (a.u.)
(108)

(102)

(110)

(107)

(101)

L1

LA

T Y T ¥ T ¥ T ! T ¥ T y T ' T

1 20 30 40 50 60 70 8 90
20 (°)

Figure 2.2. XRD pattern of Nai.sNio.32Tio.32Mg0.16Mno 2002 powder. Mg1.xNiO impurity is marked with an
asterisk.

The microstructural analysis of the active material done by SEM (Figure 2.3) shows the well-
defined morphology typical of layered structures characterized by a series of planes forming

single particles. The primary particles have a particle size of ca. 3 um showing platelets-shaped

morphology.
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Figure 2.3. SEM images of Naj-sNio.32Tio.32Mg0.16Mn0 2002 powder.

2.1.1.3 NaFeo_4M no_3Nio_302

This cathode active material was custom made for this work by External Company. The

specifications provided by the supplier are summarized in Table 2.2.

Table 2.2. Supplier specifications for NaFeo.4Mng 3Nig30; active material.

Composition Particle size dso (um) Specific Surface Area (m? g?)
Na =1.08 +0.03
Fe=0.37+0.01
1.1+0.1 1.2+0.1

Mn =0.28 £0.01

Ni=0.27 £0.01

The X-ray diffraction patterns of NaFeo.4Mno3Nio.302 (Figure 2.4) can be indexed to a hexagonal

03-type structure with R3m space group.
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Figure 2.4. XRD pattern of NaFeg.4Mno 3Nio.302 powder.

According to the SEM images shown in Figure 2.5, NaFeo.4Mno3Nio.302 pristine material presents

primary particles in the range of 1 um, which form agglomerates of approximately 30 um.

Figure 2.5. SEM images of NaFep 4Mng 3Nip 30, powder.

2.1.2 Anode active material
Kuranode hard carbon has been supplied by Kuraray, Ltd. Table 2.3 shows the specifications of

this carbon provided by the material supplier. Kuranode hard carbon powder particles have an

irregular shape and size according to the SEM image shown in Figure 2.6. In order to commit
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with a non-disclosure agreement signed with the hard carbon supplier no additional physico-

chemical, structural and morphological characterization will be provided in this document.

Table 2.3 Kuranode hard carbon properties provided by the material supplier.

Bulk density (g cm3) d50 (um) Specific surface area (m2 g')
1.48 9 4

Figure 2.6 SEM image of Kuranode hard carbon powder

2.2 Electrode preparation

Electrode processing is done in dry room environment (Figure 2.7) to avoid moisture
contamination of the components. The dry room at CIC energigune has a constant

temperature of 21 °C + 1 °C and a dew point of ca. -60 °C, which is equivalent to 11 ppm of

H20.
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Figure 2.7. Dry Room at CIC energigune.

2.2.1 Slurry formulation

The slurry formulation in this Thesis consists in the mixing of the electrode active material
components with the C65 conductive additive and the PVDF binder in the optimum composition

using NMP as a solvent.

2.2.1.1 Equipment for slurry preparation

Different mixing equipment have been used in this Thesis for electrode preparation depending
on the amount of material available to perform the experiments and the nature of the active
material. Moreover, a dedicated study on the slurry characteristics depending on the employed
mixing device has been also performed in Chapter 5. The mixing devices used in this Thesis are:
a mortar & pestle (Figure 2.8 (a)), an overhead stirrer with a paddle type impeller (R18 model,
CAT) (Figure 2.8 (b)), a planetary centrifugal vacuum mixer (ARV-310 model, Thinky) (Figure 2.8
(c)), a disperser with a dissolver type impeller (Dissolver DISPERMAT® LC30, VMA Getzmann)
(Figure 2.8 (d)) and a planetary ball-milling (Pulverisette 4/5, Fristsch) (Figure 2.8 (e)). In the

following paragraphs some details on these mixing equipment will be provided.
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Figure 2.8. (a) Mortar & pestle, (b) Mixer with a paddle type impeller, (c) Planetary centrifugal vacuum
mixer, (d) Disperser with a dissolver type impeller and (e) Planetary ball mill.

e  Mortar and pestle (Figure 2.8 (a)): It is a simple and easy grinding technique widely used
at lab-scale for slurry preparation for preliminary electrochemical characterization of
novel electrode compositions. In this Thesis, it has been used when the amount of active

material available for slurry preparation is less than 5 g.

e  Overhead stirrer with the paddle type impeller (Figure 2.8 (b)): It has a centrifugal tip
which allows an axial flow in the slurry. The effect is similar to a 4-bladed stirrer. Axial

stirrers are effective to produce a movement in the tank from the top to the bottom.

® Planetary centrifugal vacuum mixers (Figure 2.8 (c)): This type of devices can mix,
disperse and degas materials in seconds to minutes. The material container is tilted at
45; and this equipment uses a planetary mixing action, combining the rotation and

revolution movements [%°]. Depending on the used rotation and revolution speeds and
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mixing times different mixing results are obtained. According to Adachi et al. when
revolution and rotation are combined, the slurry in the container is mixed by whirling in
the direction of the circumference and moving upwards and downwards along the
rotation shaft [*]. The ratio between rotation and revolution in this equipment is set at
1:2.5 and a typical rotation:revolution speed ratio is 800 rpm:2000 rpm, which provides
400 G of mixing force. In this type of equipment, the speed changes from slow to fast,
or vice versa, provide “shaking” effect to the materials which can result in better mixing
quality. The main advantages of this device are the fast processing, the versatility in
terms of processing capacity (containers are available in the range from 10 to 300 ml)
and that if specific containers are used for each composition, it allows to avoid
contamination issues. In addition to this, it is a simple and clean device that avoids
material damage because of the absence of rollers, mixing blades or propellers in the
mixing tank. Moreover, it saves time and cost and can improve slurry production yield

rate because minimum amount of material is lost in the process [*°].

Mixer with the dissolver type impeller (Figure 2.8 (d)): It produces high consistency
slurries by applying high turbulence and high shearing forces. The best dispersion results
with a DISPERMAT® are obtained when the geometry of the dispersion container, the
diameter, the peripheral velocity and the height of the dissolver disc above the bottom
of the vessel as well as rheological millbase properties are matched to one another. After
adding the mixing components, the millbase is brought into a laminar rolling flow
pattern by increasing the speed of the shaft until no standing material can be seen at
the wall of the container. At the correct speed, a channel begins to form around the
shaft and a part of the dissolver disc becomes visible. At this point, the millbase will form
a doughnut-like flow pattern. This doughnut-like flow pattern is a signal that the
maximum mechanical power possible is being transferred into the millbase and
furthermore that the millbase is being agitated so that all the agglomerates will
eventually reach the dissolver disc. The doughnut effect develops because the millbase
is accelerated outwards from the tip of the dissolver disc. When it hits the wall of the

vessel, the stream is divided into two parts. The one going downwards flows back to the
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middle of the dissolver disc along the bottom of the dispersion vessel and rises up to hit
the disc once again. The second part flowing upwards has the same circular path, which

is limited in by the force of gravity and the rheological properties of the millbase [*%7].

e  Planetary ball milling (Figure 2.8 (e)): It consists in 4 jars that are attached to a disk that
rotates around a common central axis, while the pots simultaneously rotate around
their own axis. Comminution and mechano-chemical processes in planetary ball mills
are complex and strongly dependent on the properties of the processed material. Thus,
the optimum milling conditions must be assessed for each individual system. High
impact energies are obtained as a consequence of the impacts of the milling balls
against the walls of the pots. The motion of the balls influences the number of collisions,
the ball velocity and therefore the impact intensity which contributes to the energy
input to the powder charge. Due to the impact and frictional forces inside the planetary
jars, in addition to the mixing process, powder particles are also ground. The processing
parameters to take into account in the planetary ball-milling are the revolution speed
and rotational speed (the rotation:revolution speed ratio is usually maintained
constant), the milling time, the size and composition of the milling media and the balls
to powder ratio [*7]. During ball milling process, up to 80 % of the energy that is
generated in the mill is dissipated as heat. Measuring the temperature inside of the
milling jar is a tricky issue, as the temperature on the surface is not necessarily the same
as the temperature inside the milling jar. As an example, a temperature difference
between the milling jar and the balls of 25 K has been reported [*’®]. Therefore, it is
important to intercalate resting periods between the milling sequences in order to avoid

the overheating of the materials inside the jar.

2.2.1.2 Slurry preparation procedure

A mortar and pestle are used for slurry preparation in this Thesis when the amount of active
material to perform the experiments is < 5 g, i.e. when the active material is synthesized in the

laboratory. In this case, the slurry preparation procedure is different from that described below.
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The desired amount of active material, conductive additive and binder are mixed for 30 minutes
using the mortar, then the NMP solvent is added (0.5 ml of NMP per 0.5 g of total dry powder)

and gently mixed with the powder components, forming a highly viscous slurry.

When the slurry preparation is performed at larger scale, the preparation procedure is usually a
multi-step type process. The first step is the preparation of the binder solution which consists in
the dissolution of the PVDF binder in the NMP solvent. PVDF supplier recommends a
concentration from 5 to 12% wt. Following this recommendation, cathode slurries were
prepared with 8% wt. binder solution, while anode slurries were prepared with 5.5% wt. binder
solution in this Thesis. By using this initial concentration, in case the viscosity of the final slurry
being too high, the addition of extra NMP is possible without the PVDF concentration in NMP
going below 5% wt. More diluted binder solutions are selected for anode formulations due to
the higher surface area of the hard carbon compared to the layered oxide cathode used in this

Thesis.

The binder solution is prepared using the disperser with the dissolver type impeller at a mixing
speed of 1500 rpm for 2 hours. Figure 2.9 shows the flow curves of the cathode and anode binder
solutions. Due to the lower PVDF concentration, the viscosity of the anode binder solution is

lower.
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Figure 2.9. Flow curve of the binder solution for cathode and anode slurry preparation.

Once the binder solution is ready, desired amounts of the conductive additive first and active
material secondly are added as a standard slurry preparation procedure. Detailed information
on the mixing equipment, mixing procedure and slurry composition employed for each specific

experiment are provided in the corresponding chapters.

2.2.2 Electrode coating and drying

The coating process of the slurries on top of the current collector is done by means of two
equipment in this Thesis: (1) a K Control Coater (RK PrintCoat Instruments) coupled to a
micrometer adjustable Doctor Blade applicator (Figure 2.10) and (2) a continuous coating
machine (B&W Megtec) (Figure 2.11). In this case, the current collector is a 16 um thick
aluminum foil in both cathode and anode electrodes. The continuous coating machine also

allows to perform the drying process in the same equipment.

e Doctor Blade (Figure 2.10): The Doctor Blade applicator consists on an adjustable blade
from 0-10 mm (10 um accuracy). It allows a coating width of 100 mm and produces a
wet film thickness of 50-80% of the doctor blade gap. The speed of the slurry deposition

can be controlled in the range between 2 and 15 m min*. The smooth aluminum faced
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bed with vacuum applied via multiple holes over the entire substrate surface holds the

current collector appropriately.

Figure 2.10. K Control Coater.

e  Continuous coating machine (Figure 2.11): It has a reverse comma bar coating head and
2 drying zones. The adjustable gap allows a thickness control up to 300 um, with an

accuracy of 2 um. It is possible to perform single side or double side coating.

Figure 2.11. Continuous coating machine.

If otherwise is not stated, the electrodes used in this Thesis are prepared using the Doctor Blade
coating. Depending on the gap of the Doctor Blade, electrodes with different active material
loadings are obtained. The active material loadings utilized in each experiment are included in

the corresponding chapters.

The drying process of the electrodes prepared using the Doctor Blade is performed at 120 °C for

2 hours under vacuum (50 mbar) if otherwise is not stated.
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2.2.3 Electrode calendering

The dried electrodes are calendered using two different equipment in this Thesis depending on
the size of the electrodes and the purpose of the study. 12 mm discs used for coin cell assembly
are pressed applying 4 and 6 ton in"2 of uniaxial pressure in a hydraulic press (Specac, max. 15

tons), respectively for the cathode and anode electrodes.

The electrodes used for pouch cell assembly, to perform peel tests and the ones used for anode
calendering condition optimization are calendered using dedicated calendering equipment
(Figure 2.12) (Mediatech). This equipment applies a maximum load of 40 ton and consists in 2
rolls with an adjustable gap, temperature and speed. If otherwise is not stated, electrodes are
calendered at 80 °C, at a calendering speed of 1.2 cm s and targeting a thickness reduction of

10%.

-

Figure 2.12. Calendering equipment.

2.3 Electrolyte preparation
1 M NaPFe in EC:DEC (50:50 wt. %) has been used as the electrolyte in this Thesis for the
electrochemical characterization of the cells. The solvents and the salts are carefully dried prior

to electrolyte preparation. The procedure to prepare the electrolytic solution is detailed in the

following paragraphs:
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First, the molecular sieves are washed with deionized water and ethanol. A beaker is filled first
with deionized water and the required amount of molecular sieves (approximately 1/3 of the
volume of the liquid to be dried) (Molecular sieves, 44, beads, 8 — 12 mesh, Sigma Aldrich) (Figure
2.13 (a)) is added. The content of the beaker is mixed for 10 min using a Branson Sonifier horn

(Figure 2.13 (b)). This procedure is repeated using ethanol instead of deionized water.

Figure 2.13. (a) Molecular sieves and (b) Branson Sonifier horn.

The molecular sieves are then transferred to an empty vial to be dried overnight in a Blichi oven
(Figure 2.14) at 80 °C under vacuum and activated at 250 °C under vacuum for 24 h. The activated
molecular sieves are transferred to an Ar filled glove box (< 0.5 ppm H20 and 0O2) (mBraun)

without exposing them to ambient atmosphere.

v
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T

Figure 2.14. Biichi oven.
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The electrolyte solvent mixture is prepared in a glass bottle and then, the molecular sieves (1/3
of the volume of the liquid) are added. The bottle is covered with Al foil to avoid light sensitivity.
After 1 week, the moisture content of the solvent is measured by Karl Fischer titration method.
If the water content is below 10 ppm for 4 g of solvent, the required amount of solvent is
transferred to a glass bottle and the NaPFs salt, dried at 60 °C for 24 h under vacuum (50 mbar),
is added. The electrolytic solution is prepared using a magnetic stirrer for 24 h, the glass bottle

being covered with Al foil while stirring to avoid light sensitivity.

Before validating the electrolytic solution, the H20 content and the electrical conductivity are
measured. The H20 content is measured by means of Karl Fischer equipment and the
conductivity at 23 °C of the electrolytic solution by means of electrochemical impedance
spectroscopy in the frequency range from 10° Hz to 100 Hz. Once the electrolytic solution is
validated (H20 < 50 ppm and 6 = 6 + 1 mS cm™?) it is stored in a dry Al bottle. Al bottle drying

procedure consists in drying it at 60 °C for 24 hours under vacuum (50 mbar).

2.4 Cell assembly
2.4.1 Coin cell assembly

In this work, 2032 coin cells are used for basic electrochemical characterization. 12 mm discs are
punched from the electrode laminates and dried at 120 °C for 2 hours under vacuum (50 mbar)
prior to cell assembly in an Ar filled glove box (< 0.5 ppm H20 and Oz) (mBraun). A scheme
illustrating a coin cell configuration is shown in Figure 2.15 and the coin cell assembly procedure
is described in the following paragraphs. First, the working electrode is disposed in the center of
the down part of the coin cell. A ring of polypropylene is used to avoid any short-circuit between
the positive and the negative electrodes. Secondly, a 16 mm glass fiber separator (GF/D,
Whatman) is placed on top of the working electrode. Table 2.4 gathers some of the

characteristics of the GF/D glass fiber separator.
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Table 2.4. Whatman GF/D glass fiber separator characteristics.

Material Borosilicate glass
Thickness (mm) 0.67
Pore size (um) 2.7
Max. operating temperature (°C) 500

Then, 80 pl of 1 M NaFPs EC:DEC electrolyte are added (see electrolyte preparation procedure
described in section 2.3, page 61), and the counter/reference electrode is placed on top of the
separator. The counter/reference electrode is a 14 mm diameter metallic Na disc in case of half-
cell configuration and 12 mm diameter hard carbon anode in case of full-cell configuration.
Finally, the spacer, the ring and the upper part of the cell are placed, and the cell is crimped using
an automatic coin cell crimper (Hohsen). Figure 2.16 shows the appearance of un-crimped, badly

crimped and well crimped coin cells.

UPPER PART OF THE
v COIN CELL

N RING

ELECTRODE

SEPARATOR
AND
ELECTROLYTE

— ELECTRODE

_ DOWN PART OF THE

COIN CELL

Figure 2.15. Scheme of a coin cell.
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Un-crimped Badly crimped Well crimped

Figure 2.16. Comparison of a well crimped coin cell, badly crimped and un-crimped coin cells [198].

2.4.2 Swagelok cell assembly

The Swagelok cell is a 3-electrode configuration cell. This 3-electrode systems consists of a
working electrode, a counter electrode and a reference electrode (Figure 2.17). A reference
electrode refers to an electrode that has an established electrode potential and in an
electrochemical cell, it allows to individually monitor the electrochemical behavior of the
working and counter electrodes, i.e. the cathode and the anode electrode, vs. the reference

electrode.

In this Thesis, 12 mm diameter anode and cathode discs, dried at 120 °C for 2 hours under
vacuum (50 mbar), are used for Swagelok cell assembly in an Ar filled glove box (< 0.5 ppm H20
and Oz) (mBraun). The separator consists of a 13 mm diameter glass fiber (GF/D, Whatman) and
a 11 mm diameter metallic Na disc is placed on the top plunger as reference electrode. Excess of
electrolyte is added to ensure that the reference electrode is in contact with the electrolyte.
Swagelok parts are made of stainless steel (25 um Kapton foil acts as an insulator) and sealing

rings are made of PTFE.
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Swagelok / : Na reference
; / components : — (top plunger)

%

Cathode electrode l Anode electrode
Separator

Figure 2.17. Scheme of the Swagelok cell configuration.

2.4.3 Monolayer pouch cell assembly

The pouch cell assembly process is done in dry room environment (dew point of ca. -60 °C and
controlled temperature of 21 + 1 °C). First 20.25 cm? and 21.84 ¢cm? cathode and anode
electrodes are punched with the notching machine (Solith) (Figure 2.18) with independent

blades for each electrode. The accuracy of the equipment is + 0.1 mm.

Figure 2.18. Electrode notching equipment and punched electrodes.

The electrodes and the Celgard 2325 separator are then manually stacked. Table 2.5 gathers

some of the characteristics of the Celgard 2325 separator.
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Table 2.5. Celgard 2325 separator characteristics.

Material Trilayer (PP/PE/PP)
Thickness (um) 25
Porosity (%) 39
Pore size (um) 0.028

After the stacking of the different layers of the pouch cell, the Al tab welding to the uncoated
area of the electrodes is performed by ultrasonic welding. The ultrasonic welding machine used
in this work (Figure 2.19) (Sonics) allows modifying the welding frequency, time and energy to

adapt the welding conditions to the composition and the number of electrodes to be welded.

Figure 2.19. Ultrasonic welding equipment.

Then, the cell is placed in the pouch bag that acts as the cell container and 3 of the 4 sides are
sealed with the action of heat and pressure. The 3 sealed sides are the one in which the tabs are
located, the opposite side and one of the lateral sides. The fourth side remains opened in order
to perform the electrolyte filling in the following cell assembly step. The equipment used for the

3-side sealing (Solith) (Figure 2.20 (a)) can apply a pressure up to 10 kg cm™ and a temperature
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of 230 °C + 1 °C. The pouch bag used in this Thesis is sealed at 6 kg cm? and a temperature of
170 °C.

Figure 2.20. (a) 3 side sealing equipment and (b) electrolyte filling equipment.

Prior to electrolyte filling, the pouch cell systems are dried at 80 °C for 24 h under vacuum (50
mbar). Then, the pouch cells are filled with 900 pl of 1 M NaPFs in EC:DEC (50:50 wt%) through
the open side of the cell. The electrolyte addition is done using a micropipette and the sealing is
done at 400 mbar using a vacuum chamber coupled with sealing bars (Solith) (Figure 2.20 (b)).
Sealing is performed at 6 kg cm™? and 170 °C. Although the electrolyte filling is performed
manually, the electrolyte filling machine has the option for automatic electrolyte filling with
volume control and pressure can be decreased down to 10 + 1 mbar. Moreover, the electrolyte
filling equipment is compatible with the most common electrolyte components such as PC, EC,

DEC, etc. carbonates and NaPFs and NaClOa salts.

3 formation cycles are performed at a C-rate of 0.1C in the same voltage range as that selected
for cycling stability and rate capability experiments and the degassing and final sealing are done
at 700 mbar using a vacuum chamber similar to that used for the electrolyte filling (Solith) (Figure
2.21 (a)). To ensure the contact between the electrodes the cells are placed in the pressure tool

depicted in Figure 2.21 (b) during the formation cycles.
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Figure 2.21. (a) Degassing and final sealing equipment and (b) Pressure tool for electrochemical testing.

2.4.4 3-electrode pouch cell assembly

As in the case of Swagelok type cell, 3-electrode cell is also used at pouch cell configuration in
order to simultaneously monitor the individual behavior of the cathode, the anode and the full-

cell over cycling. Figure 2.22 shows a scheme of the 3-electrode pouch cell.
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Figure 2.22. Scheme of the 3-electrode pouch cell.

Anode and cathode electrodes are punched with the same dimensions and using the same
notching machine than that used for monolayer pouch cell assembly (section 2.4.3, page 66) and
Al tabs are welded by ultrasonic welding to each of the electrodes. The two electrodes are
wrapped with individual Celgard 2325 pieces and fixed using Kapton tape. Those two tabs
together with a third Al tab for the reference electrode are sealed using the 3-side sealing
machine (Figure 2.20 (a)) to the pouch bag. 1.2 mm thick Teflon plates with the same dimensions
as the electrodes are placed between the pouch bag and the separator fixed with Kapton tape

to improve the contact between the electrodes.

Once the metallic Na piece (reference electrode) is placed in the edge of the 3™ tab, the one
which is not in contact neither with the anode nor with the cathode (this process is carried out
in an Ar filled glove box with < 0.5 ppm H20 and 0:), other two of the pouch cell sides are sealed
using the same sealing machine than that used for monolayer pouch cell assembly (section 2.4.3,
page 66). The position of the reference electrode is represented in Figure 2.22. The 1 M NaPFs
in EC:DEC (50:50 wt%) electrolyte addition and 4! side sealing are performed following the same
procedure described for monolayer pouch cell assembly (section 2.4.3, page 66) and no

degassing is performed in 3-electrode cell assembly.
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2.5 Characterization techniques

2.5.1 Electrochemical characterization
2.5.1.1 Galvanostatic charge/discharge cycling

In the galvanostatic cycling techniques, constant-current is applied on the cells while the voltage
evolution is being recorded. Those experiments are limited by the upper and lower cut-off
voltages defined depending on the tested system. It is commonly stablished that positive
currents correspond to the charging process of the cell while negative currents correspond to
the cell discharge process. The experiments at different current densities allow determining the
cyclability of the cells at different cycling rates. The most common way to represent the current
density is the C-rate. As a definition, 1C is the current at which the cell is fully discharged in 1 h.

The C-rate is calculated depending on the active material loading of the tested cell.

4 different half-cell systems are tested in this Thesis (3 cathode and 1 anode half-cells). The
cycling rate for galvanostatic charge/discharge cycling is determined based on the amount of
active material of the tested electrodes. Table 2.6 displays the current density corresponding to

0.1C and the voltage range used for the electrochemical characterization of these systems.

Table 2.6. Current density corresponding to 0.1C and voltage range used for galvanostatic cycling of half-

cells.
Na//Nao.s7Feo.sMno.s02 ) Ni0.3zTio|,\3ljl\//|/g|::;VI 102003 Na//NaFeo.sMno3Nio.302 N:a/:::r:d
15 mA gtam 15 mA gtam 13 mA g'lam 25 mA glam
1.5-43V 1.5-43V 2.5-40V 0.01-2.0V

The cycling rate of the full-cells is determined based on the active material loading of the
cathode. Table 2.7 compiles the cycling rate corresponding to 0.1C and the voltage range used

for the electrochemical characterization of the different full-cell systems tested in this Thesis.
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Table 2.7. Current density corresponding to 0.1C and voltage range used for galvanostatic cycling of full-

cells.
Coin cell Monolayer pouch cell 3-electrode pouch cell
HC//NaN3/Na2C404-Nao.s7Feo.sMno.s02:

15 mA g amcat

1.0-4.1V
HC//Na1-sNio.32Tio.32Mgo0.1.6Mn0.2002:

15 mA g amcat

1.0-4.2V
HC//NaFeo.4Mno.3Nio.302: HC//NaFeo.4sMno3Nio302: HC//NaFeo.sMno.3Nio.302:

13 mA glamcat 13 mA g'lcatam 13 mA g'lcatam

1.0-40V 2.0-4.0/2.0-3.9V 2.0-4.0/2.0-3.9V

If otherwise is not stated, 50 cycles are performed at 0.1C to determine the cycling stability of
the cells. For C-rate performance tests, 10 cycles are done at a current density corresponding to
0.1C, 0.2C, 0.5C and 1C, based on the data provided in Table 2.6 and Table 2.7. After the last
cycle at 1C, 10 extra cycles are performed at 0.1C to observe the ability of the cell to recover the
initial capacity at low C-rates rates. The active material loading used to calculate the cycling

current is provided in each section.

From the results obtained by galvanostatic cycling experiments, different graphs can be
represented, such as the voltage vs. time (Figure 2.23 (a)), the voltage vs. specific capacity (Figure
2.23 (b)) and the voltage vs. cell capacity (Figure 2.23 (c)) graphs. Other option to display these

results is the specific capacity vs. number of cycles (Figure 2.23 (d)).

72

Chapter 2



Experimental procedure

Voltage (V)

Voltage (V)

42

40
3.8+
3.6
3.4 4
324
3.0
284
26

2.4

42

4.0

364
344
324
3.0
284

264

a) — 1% cycle
T T T T T T
0 5 10 15 20 25
Time (h)
c)
—— 1% and 5" cycle|
T T T T u y T
00 02 04 06 08 10 12 14

Capacity (mAh)

Voltage (V)

Capacity (mAh g')

4.2

—— 1% and 5" cycles
4.04 b) 5
3.8
36
3.4
3.2
3.0
2.8
26
24
T T T T T T T T
20 0 20 40 60 80 100 120 140 160
Capacity (mAh g')

140 4

120

100 4

80

60

40-

24 d —— Charge process

) — Discharge process
0 T

20 30 40 50
Number of cycles

Figure 2.23. a) Voltage vs. time, b) Voltage vs. specific capacity c) Voltage vs. cell capacity and d) Specific

capacity vs. number of cycles representations of a galvanostatic cycling of a cathode half-cell.

2.5.1.2 Energy density calculation

Energy density =

Average voltage = (Energy (Wh)/Capacity (Ah))

Reversible capacityxAverage voltage

(Total mass (cathode AM and/or anode AM) )

Coin cells are tested using multichannel Maccor battery tester Series 4000, monolayer pouch
cells are tested using BT-Lab BCS-810 (BioLogic) battery tester and 3 electrode cells are tested

using multichannel VMP3 potentiostat (BioLogic) at room temperature.

Based on the galvanostatic cycling data, the energy density of the cells can be calculated. The

average voltage and the energy density are calculated using equations (2.1) and (2.2):

(2.1)

(2.2)
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If otherwise is not stated, for half-cell energy density calculations, the active material mass of
the studied electrode is considered, while for the full-cell energy density calculations, the active

material mass of the cathode and the anode are considered.

2.5.1.3 Cyclic voltammetry (CV)

In the cyclic voltammetry tests, the current flow is measured while a voltage scan is applied at a
constant scan rate. Essentially, a CV is a set of linear-sweep voltammetry (LSV or LV) in which
both cathodic and anodic scans are alternatively repeated. The main information obtained from
this type of experiments are the number of redox reactions that occur in the cell, including the
Faradaic insertion and extraction reaction. By using cyclic voltammetry, the presence of surface

reactions and the reversibility of the ion insertion and de-insertion can be determined ['*].

Cyclic voltammetry is performed using a BT-Lab BCS-810 (Biologic) battery tester at room
temperature using half-cells. The scan rates for each experiment are calculated based on the
active material loading of the working electrode, to perform the scansin 10, 5, 2 and 1 hours. At
these cycling scans, the results are comparable with the galvanostatic charge/discharge cycles.

The scan rates used for CV tests in this Thesis are provided in Table 2.8.

Table 2.8. Scan rates for CV experiments.

Na//NaFeo.sMno.3Nio.302 Na//Hard carbon
Time
(2.5-4 V) (0.01-2V)
10 h 0.042 mVs* 0.055 mV s
5h 0.083 mV s 0.110 mVs*
2h 0.208 mV s! 0.276 mV s?
1h 0.417 mVst 0.553 mVs*

As an example, Figure 2.24 presents the cyclic voltammograms of a sodium layered oxide

cathode in a half-cell configuration at different scan rates.
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Figure 2.24. Cyclic voltammogram.

The diffusion coefficient of the electroactive species can be determined from cyclic voltammetry

curves according to the Randles-Sevcik equation (2.3), which is only valid for reversible reactions

[200]’

2 1 1
I, =(2.69 x 10°) x n3 XA x Dz xVz xC (2.3)

The peak current increases at faster voltage scan rates because the charge transference per unit
of time is greater. Reaction kinetics are analyzed by means of the dependency of the peak current
on the scan rate. When the reaction kinetic is controlled by diffusion, the oxidation and reduction
peak current shows a linear dependence on the square root of the scan rate. It can happen that
at lower scan rates, this dependency is linear while at higher scan rates, there is no linear
dependence. This phenomenon is observed when the reaction kinetic is controlled by diffusion
and adsorption processes. When the relationship is linear, the apparent diffusion coefficient of
Na*ions can be calculated from the slope of the peak current vs. the square root of the scan rate
graph. If an electrode shows a high diffusion coefficient, it means that the diffusion of the Na*

ions is faster in this host material than in the other electrodes.

As an example, Figure 2.25 shows the relationship between the peak current and the square root

of the scan rate for a layered oxide cathode.
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Figure 2.25. Relationship between the peak current and the square root of the scan rate extracted from
CV tests.

2.5.2 Rheological analysis

Fluids can be categorized as Newtonian and non-Newtonian. According to the power law of
fluids, among the non-Newtonian fluids, there are pseudoplastic or dilatant fluids. The viscosity
of pseudoplastic fluids decreases as shear rate is increases (shear thinning behavior), while the
viscosity of the dilatant fluids increases as shear rate increases (shear thickening behavior). The
pseudoplasticity of the polymers can be explained according to the formation and breaking of
interactions between the polymer molecules and the unraveling thereof. In the absence of shear,
a molten polymer would be in a random state of "equilibrium", in which the mobility in the chains
of the polymer, caused by the temperature, produces the simultaneous disappearance and
formation of interactions between the different polymer chains, being the net result null; the
presence of these interactions and the possible entanglement between the polymer chains are
responsible for the viscosity of the fluid. When a shear stress on the fluid begins to act, greater
destruction of the interactions between the polymer chains takes place, but the thermal mobility
is able to compensate them, giving rise to barely observable changes in the viscosity of the fluid.
However, if the shear stress continues to increase, net interactions are destroyed, resulting in a

loss of the present structure. On the other hand, an unraveling and an alignment of the polymer
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chains can also occur, which produces a greater separation between them, the net result of both
the effects being a decrease in the viscosity of the fluid (pseudoplasticity). In general, the
viscosity usually shows a Newtonian zone at low shear rates, with constant viscosity at different

shear rates [2%%].

In general, battery electrode slurries show non-Newtonian shear thinning behavior because
when increasing shear rate, the structures created by the aggregates and agglomerates are

destroyed [?%2].

Another important characteristic of the fluids is the yield stress. However, there is not a universal
protocol to measure this parameter. The yield stress is the stress that must be applied to a fluid
to start to flow. For a gel material, yielding results in a viscoelastic liquid showing shear thinning
behavior [2%3]. Rheological measurements must be done in a wide shear rate range in order to
determine if the material has a real yield stress. As can be seen in Figure 2.26, yield stress type
fluids can be confused with zero shear viscosity type fluids because if the rheological
measurements are not performed at low enough shear rates. The yield stress tends to decrease
with increasing temperature, that is, lower stress is required for the fluid to start the flow;

therefore, yield stress measurements must be performed at controlled temperature [2%4].

g‘ . Apparent Yield Stress
-] b4
g 3
: 1
& &
- Zero Shear Viscosity
Shear rate Shear rate

Figure 2.26 Flow curve for a material with a true yield stress and a zero shear viscosity material (left) and
a material which appears to have a yield stress but shows viscous behavior at much lower shear rates
(right) [294].

There are several models proposed in the literature for the fitting of non-Newtonian fluids (i.e.,
Power law, Bingham plastic, Herschel-Bulkley, Casson, Sisko, Carreau and Cross) which evaluate

and predict the viscosity of a determined viscous fluid [?°°]. The Herschel-Bulkley and Bingham
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models are not accurate enough at low shear rates. The Casson rheological model is an accurate
model which allows to characterize the non-Newtonian fluids in a wide shear rate range,
including low and high shear rates [2%]. In this Thesis, the shear stress curves are fitted to the

Casson Model.

The general power law equation for the non-Newtonian curves is represented by Equation 2.4,
where K is the power—law liquid factor, n is the flow index, T is the shear stress and y is the shear

rate.
T=Ky" (2.4)

The equation which describes the Casson model is Equation 2.5, where to is the yield stress and

1p is the constant plastic viscosity, n is the flow behavior index, and y is the shear rate.

T= “\/(ro“) + (np x 7)" (2.5)

The simplest model corresponds to the Bingham model (Equation 2.6), where 1o is the yield stress
and ns is the Bingham viscosity or plastic viscosity and y is the shear rate. It should be noted that
the Bingham viscosity is not a real viscosity value, it just describes the slope of the Newtonian

portion of the curve.
T=1, + Ny (2.6)

Finally, the Herschel-Bulkey model (Equation 2.7) also describes the yield stress, where K is the
consistency, n is the shear thinning index, 1o is the yield stress and y is the shear rate. n describes
the degree to which a material shows a shear thinning (n < 1) or shear thickening behavior (n >

1). This model describes the non-Newtonian behavior after yielding.
T=1, + Ky" (2.7)

Figure 2.27 shows a representation of the fluids fitted to the Casson, Bingham and Hershel-

Bulkley models.
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Figure 2.27. Representation of the fluids fitted to Bingham, Hershel-Bulkley and Casson models [207].

The rheological properties of newly made slurries are analyzed using a HAAKE RheoStress 1
rheometer (Thermo Scientific) (Figure 2.28) with a 35 mm diameter parallel plate setup
connected to a water bath with immersion thermostat for temperature regulation (Digiterm-

TFT-200 from Selecta) in this work.

Flow curves were measured in the shear rate range of interest for Doctor Blade casting. The
coating speed is maintained constant for electrode casting, while the Doctor Blade gap is varied
from 60 to 140 um for anode slurries and 150 to 300 um for cathode slurries. Consequently,
anode slurries are measured in the shear rate range from 10 s to 120 s and cathode slurries in
the range from 10 s™* to 100 s*. The configuration is fixed with a gap between the parallel plates
of 0.5 mm and 1 mm, for the anode and cathode slurries, respectively. Samples were balanced
for 2 min in order to eliminate previous shear rates. All the measurements were performed at a

constant temperature of 23 + 1 °C.
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Figure 2.28. HAAKE RheoStress 1 rheometer [2%8).

2.5.3 Peel tests

Adhesion can be defined as the attraction process between different molecular species which
have been put into contact. In this Thesis, adhesion corresponds to the attraction between the
coated electrode material to the aluminum current collector foil (coated
material/binder/current collector interfaces). On the other hand, cohesion is an attraction
process between similar molecular species, which in this Thesis corresponds to the attraction

between the electrode components themselves (particle/binder/particle interfaces) [2%%,219].

Several factors have an influence on the adhesion properties of an electrode being some of the
most important parameters the contact angle and the surface tension. Slurries must have a small
contact angle, which indicates good adhesion due to the interactive forces between the liquid
and the solid phase. In addition to this, the presence of pores, surface contamination,
conditioning, moisture or roughness of the current collector foil have an effect on the bonding

between the slurry and the current collector and can have an effect in the adhesion properties.

The nature of the delamination interface as a consequence of the peel test depends on the
combination of the adhesion and cohesion properties of the electrodes. According to Gaikward

et al. 3 main situations can happen: (1) if the tape removes all the coated electrode material, its
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adhesion strength to the aluminum foil is lower than the cohesion strength. (2) If the tape is able
only to remove part of the coated material from the foil, it means that the adhesion is higher
than the cohesion strength. (3) If the coated material keeps almost intact in the foil, adhesion

and cohesion strength are higher than the adhesion strength of the tape to the coated material

[168].

Two types of peel tests are performed to the calendered electrodes in order to determine their
adhesion and cohesion properties: 1802 peel tests and adhesion strength tests. Peel tests are
done using an INSTRON 5967 dynamometer designed for tension, compression, flexibility and

peeling tests (Figure 2.29).

The experimental setup to perform the 180° peel test is depicted in Figure 2.29 (a) with the two
clamps made of rubber to hold the electrode and 25 mm width single-sided tape (Tesa) is used.
The samples to perform these experiments are ca. 25 x 75 mm? (width x length) rectangular
electrode pieces in which ca. 50 mm long correspond to the coated area and ca. 25 mm long
correspond to the uncoated area (bare aluminum foil). A piece of a single-sided tape with the
same dimensions is stuck to the coated side of the electrode, taking special care to avoid that
the tape gets stuck to the uncoated area of the electrode. These uncoated electrode area and
the area of the tape which is not stuck to the electrode are clamped to the upper and lower side
clamps of the dynamometer respectively to perform the experiments. All the experiments are

performed using a 50 N load cell at a constant speed of 50 mm mint.

The results of the 180° peel test experiment are usually represented as load vs. length graphs.
With the aim of discarding the initial and final part of the experimental results, which are usually
less representative of the whole electrode area, the results corresponding to 20 mm in the
central area of the electrode are provided. In addition to this, to improve the clarity of the
provided data, an average and the standard deviation of the load for 5 mm intervals is provided.

The values of the standard deviation can be an estimation of the homogeneity of the electrodes.
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Figure 2.29. INSTRON 5967 equipment configuration for (a) 180° peel and (b) adhesion strength test.

The experimental setup to perform the adhesion strength test is depicted in Figure 2.29 (b). All
the experiments are performed using a 30 kN load cell. A rectangular piece of the electrode of
ca. 25 x 50 mm? is stuck to the bottom part of the equipment using double-sided tape (Tesa). A
15 x 15 mm? of the double side tape is also stuck to the top part of the equipment. Prior to start
the adhesion strength test, the samples are compressed to ensure the adhesion of the double-
sided tape of the top part of the equipment and the electrode. This compression step is done at

2000 N for 2.5 min and adhesion strength test is performed at a speed of 1000 mm min™1.

Pictures of the samples after the 180° peel tests and the adhesion strength tests are taken for
visual inspection after the experiment in order to qualitatively determine the adhesion

properties of the electrodes and help with the interpretation of the obtained results.

2.5.4 Scanning Electron Microscopy (SEM)

Historically, electron microscopes were developed because of the limited image resolution of
light microscopes, which is imposed by the wavelength of visible light. Since the discovery that
electrons can be deflected by the magnetic field in numerous experiments in the 1890s, electron

microscopy replaces light source by high energy electron beam [?!]. Louis De Broglie proposed
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that just as light has both wave-like and particle-like properties, electrons, in this case, also have
wave-like properties. Electrons present a characteristic wavelength related with their energy, so

in the electron microscope a beam of accelerated electrons is used as a source of light.

The electron gun produces an electron beam by a specific filament which has to be under vacuum
in order to avoid corrosion and any deposition on the filament, to avoid any interference of air
or gas with the electron path from the sample to the detector, and finally, to maintain chemical
and thermal stability. The electron beam is accelerated and focused on the sample by using
electrostatic or electromagnetic lenses. The electrons can be adsorbed (transmission electron
microscopy) or scattered (scanning electron microscopy) by the sample measured in order to

create an image.

SEM images in this Thesis are obtained using a FEI Quanta 200 Field Emission Gun-SEM (Figure
2.30). SEM images of a sample are obtained by scanning it with a focused beam of electrons. The
electrons interact with the atoms in the sample, producing various signals that can be detected
and that contain information about the surface topography and the composition of the sample.
The main components of a typical SEM are the electron column, the scanning system, the
detectors, the display, the vacuum system and the electronic controls. There are some operating
parameters, such as accelerating voltage, depth of field, probe diameter, emission current,
objective aperture size and working distance which affect to the image quality and resolution of

the image [**2].
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Figure 2.30. FEI Quanta 200 FEG-SEM.

The signals that can be detected include secondary electrons (that produce SEM images),
backscattered electrons (BSE), diffracted backscattered electrons (EBSD), photons, visible light
and heat. Secondary electrons and backscattered electrons are commonly used for imaging
samples: secondary electrons, generated from the collision between the incoming electrons and
the loosely bonded outer electrons, are most valuable for showing morphology and topography
on samples and backscattered electrons are most valuable for illustrating contrasts in
composition in multiphase samples. Backscattered electrodes are the electrons that can escape
from the surface when there is a fraction of the incident electrons which are retarded by the
electro-magnetic field of the nucleus and the scattering angle is greater than 180°. The electron
beam is scanned in a raster scan pattern, and the position of the beam is combined with the
detected signal to produce an image. Therefore, by SEM technique it is possible to study
topography and morphology (BSED, SED), the chemical composition (EDXSD) and the

crystallography and the orientation of grains (EBSD).

The beam current can be higher than 100 nA and it can operate between 3 kV (low vacuum
mode) and 30 kV (high vacuum mode) as working voltages. At high working voltages, the SEM
can achieve resolution between 3-5 nm. SEM analysis is considered to be "non-destructive"; that

is, X-rays generated by electron interactions do not lead to volume loss of the sample, so it is

84

Chapter 2



Experimental procedure

possible to analyze the same materials, repeatedly. However, some non-conductive samples

measured by SEM can get damaged due to contamination and charging [2*?].

SEM is used for the morphological characterization of several samples. Firstly, powder of raw
materials are analyzed by SEM in order to determine the size of the primary particles or the
particle agglomerates. The powder is placed directly on the top of double-sided carbon tape

which is stuck to the SEM sample holder (Figure 2.31).

Figure 2.31. SEM sample holders.

Secondly, electrodes before and after cycling are analyzed by means of SEM. The quality of the
dispersion and the distribution of the electrode components are analyzed. Possible aging or
secondary phase formation in the electrodes after cycling is also evaluated by SEM. For electrode
analysis, 12 mm discs are placed on top of the double-sided carbon tape which is stuck to the
SEM sample holder. In case of electrochemically tested electrodes, the samples are washed in a
DEC bath to remove the electrolyte salt traces inside an Ar filled glove box. The electrodes

evaluated after cyclability tests are disassembled in the fully discharged state.

2.5.5 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a rapid analytical and non-destructive technique primarily used for
phase identification of a crystalline material and it can provide information on unit cell
dimensions and other detailed structural information. As X-ray diffraction technique is used in
order to characterize crystal structures. A crystal consists of a periodic arrangement of the unit

cellinto a lattice. The unit cell can contain a single atom or atoms in a fixed arrangement. Crystals
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consist of planes of atoms that are spaced in a determined distance. The lengths and the angles

between planes are called lattice parameters and they can be determined by X-ray diffraction

[213].

The Bragg’s Law relates the wavelength (A) of the X-rays to the diffraction angle (6, known as
Bragg angle) and the spacing between the lattice planes (d) in a crystalline sample. The value of
n is the diffraction order and can always be taken as unity. The phenomenon on which is based
the X-ray diffraction (Figure 2.32) is the dispersion in particular directions of scattered X-rays
which are generated by the interaction of an incident X-ray waves with the electrons of the
sample measured [2!3]. When conditions satisfy Bragg's Law (2.8), the interaction of the incident
rays with the sample produces a diffracted ray. These diffracted X-rays are then detected,

processed and analyzed.

nA =2d X sin@ (2.8)

e[ \e

Figure 2.32. Schematic description of the diffraction of lattice planes, following Bragg’s law.

By scanning the sample through a range of 26 angles, all possible diffraction directions of the
lattice should be attained due to the random orientation of the powdered or electrode material.
Conversion of the diffraction peaks to d-spacings allows the identification of the mineral because
each mineral has a set of unique d-spacings. Typically, this is achieved by comparison of d-
spacings with standard crystallographic structures reported in inorganic crystal structure

database (ICSD).
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XRD patterns are obtained by using CuKa radiation of A = 1.5418 A within 26 range of 10-802 for
2 hours on a Briiker D8 Advance X-ray diffractometer equipped with a LYNXEYE detector

mounted with Ni filter to attenuate the diffraction of Kg radiation (Figure 2.33).

Figure 2.33. Briiker D8 Advance X-ray diffractometer.

X-ray diffraction has been used in this work to determine the structural properties of the cathode

components synthesized for this Thesis and cycled electrodes.

Finely grinded powders are directly placed in the XRD sample holder, while for the measurement
of the electrodes, a glass piece is used to ensure that the height of the electrode is adequate for
the XRD measurement. As most of the Na layered oxides are moisture sensitive, all the samples
are prepared in an Ar filled glove box (< 0.5 ppm H20 and Oz) (mBraun) and measurements are
performed using air sensitive sample holders (Figure 2.34). In the case of cycled electrodes, prior

to the measurement, they are washed in a DEC bath to remove the electrolyte salt traces.

The refinement of the XRD patterns performed to obtain the cell parameters are performed by

Lebail method using FullProf software.
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Figure 2.34. Air sensitive X-ray sample holder.

2.5.6 Solid State Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance is an analytical chemistry technique which allows analyzing the
molecular structure of a material by studying the interaction of the nuclear spins in a powerful
magnetic field. It is based on the fact that many nuclei have spin and all nuclei are electrically
charged. When the powerful magnetic field is applied, there is the possibility of producing an
energy transfer between the base energy to a higher energy level (generally, a single energy gap)
at a determined frequency, and when the spin returns to its base level, energy is emitted at the
same frequency. The signal that matches this transfer is measured and processed in order to

yield an NMR spectrum for the nucleus concerned.

This technique is only applied in the Chapter 3 of this Thesis (section 2.5.6) to analyze the Na*
population in the cycled cathodes. 2*Na Magic Angle Spinning Nuclear Magnetic Resonance (MAS
NMR) experiments were performed at 52.9 MHz, on a Bruker-300 spectrometer (Figure 2.35)
charged to a field of 4.7 T using a 1.3 mm MAS probe. The rotor spinning speeds were set to 50
kHz for 0-NaNs, 58 kHz for 10-NaNs, 60 kHz for 15-NaNs and 60 kHz for 20-NaNs. These spinning

rates were selected in order to avoid the superposition of the signals with MAS sidebands.
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For the NMR experiments, cycled coin cells are disassembled, and the cathodes are scratched
out of the aluminum current collector. The powders are fitted into the rotors inside an Ar-filled

glovebox, in order to avoid any moisture contamination.

PLUS

ULTRASHIELD"™

S00

=

Figure 2.35. Bruker-300 NMR equipment.

2.6 Experimental determination of thermal
parameters

In the following sections the equipment and the methodology developed to calculate the heat
capacity, the thermal conductivity, the internal resistance and the entropic heat coefficient are

described.

2.6.1 Selected Na-ion battery description

A monolayer Na-ion pouch cell with the properties summarized in Table 2.9 is selected for the

calculation of the heat generation model.
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Table 2.9. Properties of the Na-ion cell used for the heat generation model.

Cathode NaFeo.4Mno.3Nio.302:C65:PVDF (87:5.7:7.3)
Anode Hard carbon:PVDF (95:5)
Electrolyte 1 M NaPFe in EC:DEC (50:50 wt.)
Rne (Q) 1.6
Cell dimensions 80 mm x 60 mm x 0.5 mm
Cell mass 5g
Nominal capacity 10.5 mAh
Nominal voltage 29V

The mixing device with the dissolver type impeller (see slurry preparation procedure in Chapter
5, section 5.1.1, page 161) is used for the preparation of the cathode slurry, while the planetary
mixer is used for the anode slurry preparation (see slurry preparation procedure in Chapter 6,
section 6.1.1, page 217). The cell assembly procedure is described in (Chapter 2, section 2.4.3,

page 66).

2.6.2 Heat Capacity

Na-ion batteries are composed of different elements, which have specific heat characteristics.
The sum of the specific heat capacity of each of the materials is called average heat capacity (Cp).
This parameter is calculated by an adiabatic calorimeter, which is the most standard method to

quantify it.
2.6.2.1 Experimental equipment
An accelerating rate calorimeter (ARC) (EV Standard Calorimeter, THT) is used to measure the

heat capacity of the cells. The heating source is a variable voltage GPR-3510HD Power Supply

and temperature is measured with Agilent 34970A voltmeter with thermocouples (Figure 2.36).
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Figure 2.36. (a) Accelerating Rate Calorimeter (b) GPR-3510HD Power Supply coupled to Agilent 34970A
voltmeter with thermocouples.

2.6.2.2 Methodology for experimental tests

The method used to carry out the measurement of the heat capacity is the adiabatic calorimetry.
In order to develop this experiment, two similar Na-ion cells are required. These two cells are
disposed together with a polyamide Kapton resistance between them which supplies the
required power to heat the cells (Figure 2.37). The aluminum tabs of both pouch cells are
protected with tape in order to avoid a short-circuit. It is important that the resistance is placed
centered between both pouch cells in order to ensure that all the emitted heat is transferred to

the batteries [2!*]. The polyamide Kapton resistance is connected to a variable voltage power

supply.
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Figure 2.37. Polyamide Kapton Resistance placed between two Na-ion cells.

According to the equation 2.9, the power provided to the cell is:

q=Cpox%{ (2.9)

where Cp (J g K?) is the heat capacity, M (g) is the total mass of the two cells and dT/dt (K s?) is
the heating rate. The experiments are carried out in a temperature range from 20 °C to 35 °C,
with a heating rate of 1 °C min, which is a safe range. The mass of the Na-ion cells is 5 g. As a
first approach, the Cp value is set as 1J g* K, which is a value close to commercial Li-ion batteries
as it was reported by Maleki et al., reporting standard Cp data values from Li-ion cells [2*°], or
M.S. Rad et al. [2°]. Based on this first assumption, a power of 2.44 W is obtained. A resistance
of 124.4 Q given by the polyamide Kapton resistance is calculated using a voltmeter. By applying
the Ohm’s Law (Equation 2.10), where | is the current density applied, P is the power required
and R is the resistance supplied by the planar resistance, the current density which needs to be

applied to heat the battery is calculated:
P=1?xR (2.10)

Current was provided by using Agilent E3631A equipment. The voltage and current are limited
to 17.43 V and 0.14 A, respectively. However, it is observed that if this power is applied,
temperature increases too fast and the results are not reliable enough. Hence, power supply is

decreased down to 0.1 W and 0.3 W in order to ensure the obtention of optimal experimental
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data and perform a comparison between both power voltage supplies. In this case, the voltage

and current are limited to 6.0 V and 0.05 A.

The set-up shown in Figure 2.38 is developed to perform the experiment. Temperature scanning
is done in the outer part of each cell, in order to ensure reproducible measurement
independently of the device used to measure the temperature. The adiabatic calorimeter
ensures that there is no heat loss involved in the experiment. When the power supply is

activated, the temperature starts to increase, and the heat capacity can be evaluated.

\

Current supplier

ARC
Thermocouple

&

External
thermocouples

Figure 2.38. Experimental set-up for heat capacity calculation.

2.6.3 Thermal Conductivity

The thermal conductivity (A) is a thermophysical property of a material. Thermal conductivity is
a key factor when designing engineering systems in which temperature and thermal stress are
main concerns. Several methods exist to measure the thermal conductivity, even for thin film
solid-state materials, as is the case of the Na-ion pouch cells of this study which has a thickness
< 1 mm. For thin film measurement, i.e. the 3w method and the transient thermo reflectance
technique can be mentioned [*Y’]. Among the different techniques to measure the thermal
conductivity, there are steady-state and transient techniques. While the steady-state techniques
are used when the temperature does not change with the time, the transient techniques are

used when there is a heating process [2*¥].
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Thermal conductivity has an orthotropic property which is based on the differences on the
thermal conductivity value depending on the considered directions to perform the

measurement, on plane or transversal.

2.6.3.1 Experimental equipment

The same equipment to that used for heat capacity measurements is used to measure the
thermal conductivity of the cells. Heating is provided by a variable voltage GPR-3510HD Power
Supply, which is coupled to a voltmeter Agilent 34970A with 4 thermocouples attached to the
pouch cell. Moreover, in order to develop the experimental measurements under stationary
conditions, cells are located inside a tube (Figure 2.39). Two Na-ion pouch cells are placed in the
center of the tube while an air flow is passing through the tube, from the fan to the outer part.
Therefore, constant temperature on the surfaces of both cells can be expected after the

application of the voltage to the resistance.

Fan
Heating was
provided by a
Voltmeter Agilent variable
34970A with 4 voltage GPR-
thermocouples 3510HD
attached to the Power
pouch cell.

Figure 2.39. Air tube used to simulate stationary conditions. GPR-3510HD Power Supply coupled to a
voltmeter Agilent 34970A with 4 thermocouples.
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2.6.3.2 Methodology for experimental tests

The steady-state technique is applied in cross-plane type measurement. As in the case of heat
capacity measurement, a polyamide Kapton resistance is placed between two Na-ion cells (called
PCI and PCll hereinafter) in order to provide the power (Figure 2.37), located in a centered
position. In this case, four thermocouples are attached to the cells. Two thermocouples to the
outer part of the two cells (TO1 and T033) and the other two thermocouples to the inner part of

the two cells (TO2 and T04).

The thermal conductivity is calculated using Equation 2.11, where Q is the power (or heat flux
when it is expressed per area), A is the area of the resistance placed between the two cells, L is
the length or thickness of the sample measured (depending if the cells are located in horizontal

or vertical position) and AT is the gradient between TO1 and T02 (PCl) and TO3 and T04 (PClI).
A
QzlexAT (2.112)

When the power supply is activated, the temperature starts to increase until it is stabilized. The
experiments are done over a range of power (0.1 W, 0.3 W, 0.61 W, 1.22 W and 2.44 W) in order
to determine at which power a stable temperature on the outer surfaces of the pouch cells can
be maintained. It is assumed that Q is equally divided between both the cells. The experiments
are performed with the cells in the horizontal and vertical setup, taking into account that both

cells have to be equally exposed to the air flow.

95

Chapter 2



Experimental procedure

Figure 2.40. Experimental setup for thermal conductivity measurements.

2.6.4 Internal Resistance

The cells with low internal resistance are more efficient as the heat generation is lower. This
value can be calculated using different methods, which can lead to different results. In this work,
the internal resistance (Rin) of the Na-ion cells, which depends on the temperature and the SOC,
is determined by means of constant current discharge pulses. Unfortunately, those values could
not be validated using an ARC, because the irreversible heat generation in the studied cells is

lower than the sensitivity of the ARC (0.05 °C min™).
2.6.4.1 Experimental equipment
The internal resistance measurements are performed in a climatic chamber (CTS, Clima

Temperature System) which is able to maintain the target temperature within £+ 0.75 K (Figure

2.41 (a)). For the realization of the constant current pulses, the cell is connected to a BT-Lab BCS-
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810 (BiolLogic) battery tester. The temperature in the outer part of the pouch cells, as well as the
real temperature inside the climatic chamber, is measured by using a voltmeter, Agilent 34970A,
connected to a rack of thermocouples (Figure 2.41 (b)). The equipment is scanning different

temperatures every minute. The voltmeter accuracy specifications is + 1 °C.

a)

Figure 2.41. Experimental equipment used for internal resistance measurements by means of constant
current discharge pulses: (a) climatic chamber and (b) Agilent 34970A voltmeter.

2.6.4.2 Methodology for experimental tests

The voltage drop due to a current pulse is related to the ohmic resistance of the cell, which is a
very fast process, and partially to the concentration polarization. The relaxation period
corresponds to the concentration polarization in the liquid electrolyte and solid electrode
materials, which is a very slow process [?*°]. The internal resistance of the cell was determined
from the final equilibrium voltage of the battery after the pulse, at different SOC and

temperature, and the OCV. Equation 2.12 is used to calculate the internal resistance:

. OCV-Vterminal Vi_ V
Rin = . =2 - 2 (2.12)

Vs and V: are illustrated in Figure 2.42 in which feature of a constant current discharge pulse is

depicted.
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Figure 2.42. Representation of the voltage response to a discharge pulse. V3 and V; are represented.

The internal resistance of the cells was calculated at different SOC and temperatures (15 °C, 25
°C and 35 °C). Higher and lower temperatures were discarded to avoid significant cell
degradation. The charge and discharge processes were performed at a cycling rate of 0.1C, and
the constant current discharge pulses with a duration of 18 seconds and a current rate of 1C
were performed at selected SOC while the voltage response was recorded over time. The time
and the current rate of the pulses were selected after a batch of experiments with different pulse
conditions (1Cand 18s; 1C and 10s; 2C and 18s; 2C and 10s). The difference between the internal
resistances measured at different conditions are lower than 1 Q for each SOC at 25 °C. According
to Forgez et. al., who also made measurements using current pulses, spite of having different

magnitudes of the current pulses, the temperature dynamics can be similar [22°].

The pulses were done at a SOC of 20%, 40%, 60% and 80% in the charge and the discharge
processes. Two methodologies were used for internal resistance measurements depending on
the resting periods of the cycling protocol. The first protocol has a relaxation period of 5 hours
after SOC changes (Figure 2.43 (a)), and the second protocol includes a resting period of 10 hours
after SOC changes (Figure 2.43 (b)). In both the protocols a resting period of 5 hours was done

after the pulses.
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Figure 2.43. Schematic of the (a) first methodology for internal resistances measurements as a function of
SOC without relaxation time before constant pulse current and (b) second methodology for internal
resistances measurements as a function of SOC with relaxation time of 10 hours before constant pulse
current.

2.6.5 Entropic Heat Coefficient

Potentiostat methodology is selected to calculate the entropic heat coefficient in this work,
which is almost direct, easy and the most versatile technique. This parameter is usually measured

as a function of the SOC.

2.6.5.1 Experimental equipment

The same equipment than that used for the internal resistance calculation was used for the
entropic heat coefficient. Experiments were performed at controlled temperature with a climatic
chamber (CTS, Clima Temperature System) and a BT-Lab BCS-810 (BioLogic) battery tester for
the monitorization of the voltage. An accurate measurement of the voltage is extremely
important since small voltage variations result in high increments on the entropic heat
coefficient [?2%]. As in the case of the internal resistance measurements, the temperature was

controlled by means of a voltmeter, Agilent 34970A, connected to a rack of thermocouples.
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2.6.5.2 Methodology for experimental tests

The protocol defined for the entropic heat coefficient calculation is displayed in Figure 2.44 (a).
The cell was charged and discharged in A20% SOC intervals in the voltage range between 2-3.9
V. At each SOC the cell temperature was varied in the climatic chamber following the sequence
displayed in Figure 2.44 (b) (10 h at 25 °C, 5 h at 35 °C, 5h at 15 °C and 5h at 25 °C). As it was
reported by Nieto et al. [2??] similar entropic heat coefficient results are expected to be obtained
at every temperature. The time needed for electrochemical equilibrium is usually longer than
the time needed for thermal equilibrium, because the thermal inertia is shorter than that of
diffusion of sodium ions through the solid electrode phase. That is why a resting time of 10 hours
was established after every modification of the SOC. The OCV was monitored along the whole
thermal cycle and the entropic coefficient was determined as a function of the SOC with the

gradient of the dV/dT curve [?%3].
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Figure 2.44. (a) Protocol for Entropic Heat Coefficient determination. (b) Thermal cycle profile used to
determine entropic heat coefficient.

Figure 2.45 shows an example of the variation of the voltage during the thermal cycle at a SOC
60%. The experimental data are fitted to the fitting function (2.13) to extract the entropic heat
coefficient parameter. A, B and C are constant values which were determined by means of
fminsearch function of Matlab. This fminsearch, minimizes the deviation from the experimental
OCV values and the fitting function. B corresponds to the entropic heat coefficient dV/dT in the
fitting function (2.13).

VtT)=A+B xT+Cxt (2.13)
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B coefficient of the fitting bilinear function corresponds to the slope of the line presented by the

relation of the voltage trace and the temperature at a determined SOC.
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Figure 2.45. Variation of the voltage during the thermal cycle for the entropic heat coefficient calculation
at a SOC of 60% in the charge process.
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Chapter 3. NaNs and Na;C404 as
sacrificial salts in P2-type NayMO,
cathodes

In this chapter, the use of two sacrificial salts is proposed in order to compensate the sodium
deficiency issue of P2-type layered oxides. Concretely, Nao.s7FeosMnosO2 has been selected as the
cathode active material and NaN3 and Na2C404 as the sacrificial salts. Full-cells with hard carbon and
NaNs/Na2C404 — Nao.s7Feo.sMno.sO2 composites have been assembled in coin cell configuration and
cycled to assess the cycling stability of the cells. Moreover, ex-situ SEM, XRD and NMR analyses have
been performed on the composite cathodes to study the morphological and structural changes that
happen over cycling. Finally, a comparative study between the two systems in terms of cyclability

and energy density is provided.
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NaNs and Na2C404 as sacrificial salts in P2-type NaxMO: cathodes

3.1 Introduction

Typical sodium layered oxide cathodes can be categorized in the P2- and O3-type structures
according to Delmas’ notation, being P2-type structures usually sodium deficient (x < 0.74) [’®].
Approximately, one third of the Na* cations are missing in the P2-type structures, therefore
maximum of 0.67 Na* ions per cathode formula unit can only be exchanged in the
electrochemical charge/discharge reaction in full-cell configuration, when using non-sodium
containing anode materials such as hard carbons. Consequently, this sodium deficiency gives a

significant reduction in the delivered capacity of hard carbon//P2-type layered oxide full-cells.

To increase the reversible capacity of these types of P2-type materials is a significant challenge
that has been addressed by other researchers. Chemically increasing the sodium content from
0.74 to 1 has an impact on the crystal structure of the material, which changes from P2- to 03-
type, the later showing inferior electrochemical performance in certain cases such as
NaFeosMnosO:2 [4]. Opposite to this, when the sodium content is increased by electrochemical
means, it leads to the formation of a distorted orthorhombic P2-type structure, named as P2’
[126,224] which maintains the good electrochemical properties of the P2-type phases [22°,84126],
Based on this fact, some researchers have performed a pre-sodiation on P2-type cathodes using
half-cell configuration. The cathode of the dismantled cell is used then against a pre-sodiated
hard carbon anode for basic lab-scale tests [?2°]. Other researchers have also electrochemically
pre-sodiated the anode using a third Na metal electrode and assembled the full-cell with a fully
sodiated cathode in order to overcome the 1%t cycle irreversibility of the anode [2%¢]. However,

these two approaches cannot be considered viable at industrial level.

The most common strategy reported in the literature to increase the reversible capacity of
sodium deficient materials in full-cells is the use of sacrificial salts which decompose at the
voltage range of interest. The use of NaNs was presented by Singh et al. for the first time as an
approach to overcome the sodium deficiency issue in Na//Naos7FeosMnosO2 [*°3]. They were
successful in obtaining a reduction from 59 mAh g to 27 mAh g of the 1 cycle irreversible

capacity in half-cell configuration when adding 5% of NaNs to the cathode. Unfortunately, NaNs
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is a toxic compound, with an unstable arrangement of molecule that tends to react to form a
more stable N2 gas. Therefore, risk of explosion under the effect of heat, shock or friction cannot
be avoided. Other option is the use of NasP [??’], however NasP cannot be handled in air, even
in a dry room environment and the fate of leftover P is unknown. Sathiya et al. also studied the
use of Na2COs as a sacrificial salt for P2-NaxMO:2 by introducing this precursor in the synthesis to
create a P2-NaxMO2-Na2CO3 composite. Sodium carbonate oxidation is likely to release Oz as part
of the gaseous products, which needs to be removed as it recombines at the negative electrode.
Thus, the formation cycles and the synthesis of this composite have to be still optimized. More
recently, NaNO: has been used coupled with an orthorhombic P'2-type Naz/3C00.05Mno.ssO2 cathode
material. NaNO: produces Na* ions and nitrogen gas in its activation and it has shown to increase the

initial charge capacity from 154 to 210 mAh g1 [%28].

Li2C404, together with other Li salts were proposed as a sacrificial salt with the aim to
compensate the 1% cycle irreversibility of Li-ion battery anodes by Shanmukaraj et al. [2%°]. This
work concluded that Li2C404 could be among the best candidates based on the ease of synthesis
and decomposition voltage. Focusing in this type of compounds in Na-ion technology, Na2CsO4
was in a list reported by Chihara et al. [%3°] as possible anode materials for sodium-ion cells.
However, due to the irreversibility of the electrochemical reaction, this composition was
discarded. The same group also reported the use of Na2CxOx and K2CsOs salts as possible cathode
materials for sodium ion batteries [?3!,23?]. Recently, new research on Na»C4Os4 has been
published. Shanmukaraj et al. [233] used the oxosalt in order solve the 1% cycle irreversibility issue
of the hard carbon anode in the full-cell configuration when using Nas(VO)2(POa)2F cathode
material and achieved a 100% capacity increase. This oxocarbon salt is a white crystalline
powder, synthesized through potentially low-cost processes, free of toxic solvents. Therefore, it
has the potential to be of low cost and is environmentally friendly. Finally, not having hydrogen

could be considered as an advantage because it minimizes side reactions with the electrolyte.
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3.2 Experimental procedure

The preparation of the electrodes and half/full-cells as well as the electrochemical
characterization of the cells was carried out following the general procedures described in
Chapter 2. In the following paragraphs, specific details of the experimental procedures used in

this chapter will be provided.

Anodes with hard carbon:PVDF = 95:5 (wt. %) were selected for this study. In the case of the
cathode, the P2-Nao.s7FeosMno.sO2 cathode active material was synthesized as described in
Chapter 2 (section 2.1.1.1, page 48) and cast on an aluminum foil after being mixed in a mortar
with the sacrificial salt (NaNs or Na2Cs04), C65 conductive additive, PVDF binder and NMP
solvent. NaNs (Sigma Aldrich) was used as received and Na2Cs04 was synthesized as described by
Martinez de llarduya et al. [?**]. The AM:CB:PVDF ratio was maintained at 75:15:10 (wt%) with
different amounts of sacrificial salt corresponding to 10%, 15%, 20% and 16%, 23%, 31% (wt%)
for NaNsz and Na2C404 respectively. These percentages correspond to the ratio between the
sacrificial salt and the dry powder mass including the active material, the conductive additive
and the binder. In order to make a straightforward comparison between the two salts, variations
in the percentages of sacrificial salt were made taking into consideration the experimental
capacity that was achieved in the voltage range below 4.1V (315 mAh g for NaNs [**3] and 186
mAh g? for Na2CaOa [?3*]). The full-cells comprising these cathode composites will be referred
according to the percentage of the sacrificial salt hereinafter: 10-NaNs, 15-NaNs, 20-NaNs and
16-Na2C404, 23-Na2C404, 31-Na2C404.

Cathode and anode active material loadings were selected so as the cells are not anode limited
and the risk for Na plating is mitigated. The average active material loading for the cathodes is

5.3 mg cm?, irrespective of the composition of the sacrificial salt.
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3.3 Electrochemical performance of individual cell
components

3.3.1 Naogs7FeosMnos02 as cathode active material

Half-cells of Na//Nao.s7Fe0.sMno.sO2 were cycled between 1.5 and 4.3 V at 15 mA glam to evaluate
the electrochemical performance of the selected cathode active material composition with no
sacrificial salt. Figure 3.1 (a) shows that 117 mAh gl is obtained in the first charge, corresponding
to the extraction of ~ 0.45 Na*. During the subsequent discharge, more sodium ions, ~ 0.70 Na*,
corresponding to additional capacity of 66 mAh g, are inserted back in the structure leading to
a discharge capacity of 183 mAh g. These values are in agreement with those previously
reported by Yabuuchi et al. (~ 190 mAh g?) [34]. It is important to mention that the insertion of
more sodium ions than those extracted in the first charge is possible due to the presence of

sodium metal in the half-cell, which is acting as a source of Na* ions.

The reaction mechanism during the charge/discharge process has widely been studied on the
same composition [*°2]. During the first charge, Na* ion intercalation is associated to Mn*? to
Mn** oxidation followed by Fe* to Fe** oxidation (Figure 3.1 (b)). It has also been reported that
at the end of the charge, P2 and OP4 coexist in the biphasic region [1°?]. The plateau near 2.0 V
at the end of the discharge (Figure 3.1 (a)) indicates the presence of a biphasic region that
corresponds to a P2-type distorted orthorhombic phase [*°2,1%6]. The capacity fade from 183 mAh
gl to 166 mAh g observed in 10 cycles (Figure 3.1 (c) and (d)) can be attributed to the wide
voltage window chosen for the cycling test and the consequent structural changes over this wide

voltage region.
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Figure 3.1. Cycling performance of Nag ¢7FeosMnos0, vs. Na*/Na® at 15 mA giau between 1.5-4.3 V. a)
First charge/discharge cyclic voltage profile, b) First charge/discharge differential capacity vs. voltage plot,
c) Voltage profile evolution for the first 10 cycles and d) Evolution of the discharge capacity and the
coulombic efficiency for the first 10 cycles.

3.3.2 Hard carbon as anode active material

The cycling behavior of the hard carbon electrodes used in this chapter (active material loading
of 5 mg cm) is shown in Figure 3.2 (a) and (b). The initial discharge and charge capacities are
288 mAh gl and 257 mAh g respectively, with a first cycle irreversible capacity of ~ 31 mAh g
that could be attributed to the SEI formation. As shown in Figure 3.2 (b), the capacity and

coulombic efficiency of this hard carbon remains stable at ca. 220 mAh g and ca. 100% for the

first 10 cycles.
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Figure 3.2. (a) Voltage profile of the first galvanostatic charge/discharge and (b) cycling performance and
coulombic efficiency for the first 10 cycles of the hard carbon anode vs. Na*/Na® at 25 mA g within 0.01-
2 V.

3.3.3 NaNsz and Na;Cs0; as sacrificial salts

In order to determine the electrochemical activity of NaNz and Na2C40s4, NaN3:C65 and
Na2C404:C65 mixtures (70:30 wt. %) were prepared and electrochemically tested in half-cell
configuration using metallic Na as the counter and reference electrode. The voltage profiles of

the electrochemical reactions are shown in Figure 3.3 (a) and (b) and the proposed

electrochemical reactions (3.1 and 3.2) are written below [*°3,233]:
2NaNs3 = 3Nz + 2Na* + 2e” (3.1)
Na2Cs02 2 2 CO2+2 C+2Na* + 2e (3.2)
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Figure 3.3. Voltage profiles of the electrochemical decomposition of (a) NaNs and (b) Na;C404.

According to the voltage profiles in Figure 3.3, NaN3 and Na2C404 start to decompose above 3.5-
3.6 V almost irreversibly delivering a capacity of 315 and 186 mAh g, respectively below 4.1 V
at 15 mA g'lam. This decomposition reaction is expected to happen together with the Na* ion
extraction from the Nao.s7Feo.sMno.sO2 cathode active material. The Na* ions coming from the
active material and from the decomposition of the sacrificial salts react with the anode, being
some of the Na* ions irreversibly consumed in this reaction. During the following discharge, the
Na* ions that did not irreversibly react with the anode are reinserted back in the cathode
structure, compensating for the sodium deficiency if enough sacrificial salt is incorporated. Based
on this principle, the sacrificial salt acts as both, a source for the compensation of the sodium

deficiency of the cathode and the irreversible sodium consumption of the hard carbon anode.

According to the reactions 3.1 and 3.2, both the salts electrochemically decompose releasing Na*
ions to the electrolyte and forming N2, CO2 and C as reaction products. N2 and COz gases can be
released during the degassing step of cell fabrication and C can be an added advantage that could

contribute towards enhanced electronic conductivity.

3.4 Use of NaNs as sacrificial salt

3.4.1 Electrochemical performance

Full-cells were assembled with the three different composite cathodes named as 10-NaNs, 15-
NaNs and 20-NaNs together with a cell with no sacrificial salt as a reference (0-NaNs) and the

effect of the amount of sacrificial salt in the cycling performance was analyzed. As shown in
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Figure 3.4, in the absence of any sacrificial salt, the HC//Nao.s7FeosMno.sO2 full-cell exhibits a first
charge capacity of 101 mAh g. This value is lower than that corresponding to the half-cell, which
is 117 mAh g (Figure 3.1). This has been attributed to the lower upper voltage cut-off used in
the full-cell configuration. Noteworthy, although the capacity is less, more stable performance is
observed owing to the limited voltage cut-offs, which are more suitable from the point of view
of the structural stability of the material [23°]. Reversible capacity of 50 mAh gt for the first cycle,
a stable cyclability with reversible capacity of 45 mAh g and coulombic efficiency as high as

99.88% after 40 charge/discharge cycles are observed for the cell without sacrificial salt.

For 10-NaNs, there is an increase of more than 100% of the reversible capacity and the cell
maintains good cycling stability for 40 cycles. A maximum reversible capacity of 114 mAh gt is
obtained in the 15™ cycle and 101 mAh g at the end of the experiment. For 15-NaNs, an
increment of 58 mAh g of the reversible capacity with respect to 0-NaNs is obtained, showing
the best capacity retention (92%) of all the NaNsz containing cells. Finally, for 20-NaNs, a
maximum reversible capacity of 163 mAh g is observed with capacity fade starting from the 10t
cycle. The fact that the capacity increases during the initial cycles in all the NaNs containing cells
indicates that the accessibility of the active material or the salt to the electrolyte is improved

due to the activation of NaNs, which is further confirmed by the SEM images explained later.
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Figure 3.4. Cycling stability of 0-NaNs, 10-NaN3 15-NaNs and 20-NaNjs full-cells (15 mA g-lamcat; 1-4.1 V).

Different from what expected, capacity values did not increase progressively when increasing
the amount of sacrificial salt and very similar electrochemical performances were observed in
the case of 10-NaNs3 and 15-NaNs3, e.g. 100 and 103 mAh g* reversible capacities after 40™ cycles,
respectively. As it will be explained later, SEM images of the cathodes after 40 cycles showed

different microstructures which will support the unexpected behavior of the 15-NaNs cell.

The amount of Na* ions remaining in the cathode for different NaNs contents are also estimated
based on the following assumptions: (1) the amount of Na* per formula unit in the pristine
Nao.s7FeosMno.sO2 at the beginning of the experiment is 0.67, (2) the amount of Na* per formula
unit extracted from the cathode during the first charge is constant for all cells and is calculated
as the amount of Na* ions extracted from the cathode in the cell with no sacrificial salt in its
composition (101 mAh g?, Figure 3.4), which corresponds to 0.39 Na* per formula unit;
therefore, the Na* ions per formula unit remaining in the cathode after the first charge are 0.28,
and (3) the sodium content in the subsequent cycles is calculated based on the discharge/charge
capacity delivered by the cell, assuming that no secondary reactions happen upon cycling. Based
on these calculations, the amount of Na* per formula unit remaining in the cathode active
material after 40 cycles increased from x = 0.41 for 0-NaNs, to x = 0.55 for 10-NaNsz and x = 0.60
for 20-NaNs.
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The amount of reacted NaNs was also estimated assuming that the theoretical capacity for NaN3
is 412.3 mAh g and that the charge capacity delivered by the active material, independent of
the NaNs content, is the same as that corresponding to the full-cell with no sacrificial salt;
therefore, the extra capacity delivered in the first charge is attributed to the electrochemical
decomposition of the salt. According to these calculations, while for 10-NaN3 and 20-NaNs, ~

46% of the salt reacted, the percentage of reacted salt is lower for 15-NaNs.

As it is shown in the voltage profile in Figure 3.5 (a), for 10-NaNs, 15-NaNs3 and 20-NaNs, the
addition of NaNs has a great influence in the 1 irreversible capacity which decreases from 47
mAh g to 37.5 mAh g, 39.8 mAh g and 44.07 mAh g for 10-NaNs, 15-NaNs and 20-NaNs3
respectively. The charge profiles of the full-cells with NaNs are similar to the full-cell without
NaNs, except from an additional kink observed at ~ 3.5 V, which can be attributed to the
activation of the salt (Figure 3.5 (a) and (b)). This kink is more evident as the amount of NaN3 in
the composite increases, which leads to an additional 1% charge capacity of 46 mAh g, 37 mAh
g'tand 88 mAh g! for 10-NaNs, 15-NaNs and 20-NaNs, respectively. During the discharge, higher
capacity is observed compared to the sample without NaNs, showing that more sodium ions are

inserted in the cathode crystal structure while discharging.
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Figure 3.5. (a) 15t and (b) 40t galvanostatic cycles and differential capacity curves of the (c) 15t and (d)
40t cycles for 0-NaNs, 10-NaNs, 15-NaNz and 20-NaNs full-cells (15 mA glamcat; 1-4.1 V).

The differential capacity curves of the 1%t and 40™" cycles are represented in Figure 3.5 (c) and
(d). In the cathode without NaNs, during the 1%t charge, a broad oxidation peak is observed
between 2.5-3.5 V along with a sharp peak at ~ 4.0 V (Figure 3.5 (c)). In the following discharge
process only a broad peak is observed at ~ 3.55 V. This redox peak at high voltage i.e., 4.0/3.55
V is associated to the Fe*¥** redox process [®*]. With the addition of 10, 15 and 20% of NaNs,
additional peaks during the first charge are observed at ~ 3.5V, larger for higher amounts of salt,
which are assigned to the decomposition reaction of NaNs. In the following discharge processes
(Figure 3.5 (c) and (d)), the reduction peak which corresponds to the reduction of Fe*¥** (at ~ 3.55
V in case of the sample without NaNs) is shifted to lower voltages with higher intensities. On the
other hand, new peaks appear below 3.0 V, which are assigned to the reduction of Mn** and
which are bigger for higher amounts of salt. These changes in the peak position and intensity can

be associated to the reduction of Mn** to a larger extent due to the insertion of more Na* ions
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in the cathode structure. This has been further confirmed by the ex-situ XRD and NMR studies as

explained in the following sections.

3.4.2 Post-test morphological and structural analysis

The microstructural analysis of the cathodes after 40 cycles has been carried out by means of
SEM. SEM images in Figure 3.6 (a), (b), (c) and (d) show the surface of discharged
Nao.s7FeosMnos02 cathode electrodes corresponding to 0-NaNs, 10-NaNs, 15-NaNs and 20-NaNs3
full-cells respectively. The creation of some voids in the cathode structure is observed in the
NaNs containing electrodes. The size of the pores increases while increasing the amount of NaN3
from 10 to 20% wt. Therefore, these holes are attributed to NaN3 which is electrochemically

decomposed.

Figure 3.6. SEM pictures of the fully discharged cathodes of (a) 0-NaNs3, (b) 10-NaNs, (c) 15-NaN3and (d)
20-NaNj3 after 40 cycles.
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Focusing on the sample corresponding to 15-NaNs, larger voids than those observed in the
samples corresponding to 10-NaNs and 20-NaNs, indicate that the salt and the active material
were not homogeneously mixed. As a consequence, lower capacity values than expected are
obtained, as it is shown in Figure 3.4. In order to focus the structural analysis in the cells that did

not showed an abnormal behavior, 15-NaN3 was excluded from further post-test analysis.

In addition to SEM, cycled cathodes were further analyzed by XRD. As it has been reported by
Singh et al. [**?] and Mortemard de Boisse et al. [1%°], there is a change of the position and
intensity of the diffracted peaks over the charge/discharge processes, related to the
crystallographic changes of the Nao.s7FeosMnosO2 cathode over cycling. As the oxide losses Na*
ions during the charging process, the crystal structure of the material evolves from its initial P2-
type structure towards a biphasic P2 + OP4 structure. When the Na* content is minimum, the
oxide shows an OP4 structure. In the discharge process, a reversible phase transformation is
observed from the OP4 to the OP4 + P2 and the P2-type structures. At the end of the discharge
process, the cathode structure undergoes a biphasic mechanism and the P2-phase and a

distorted orthorhombic P2-type structure coexist.

Ex-situ X-ray diffraction patterns of the pristine and fully discharged (1 V) positive electrodes of
the full-cells with and without NaNs after the 40" cycle are shown in Figure 3.7 (a - b). The
pristine sample presents a P2-type structure and the cycled cathodes show different structures
depending on the amount of sacrificial salt. 0-NaNs shows a structure close to a biphasic domain
of OP4 and P2-type structures while 10-NaNs and 20-NaNs present a P2-type hexagonal and
orthorhombic Cmcm phase already identified in earlier reports [224,12%]. This affirmation is
supported by the lower intensity and the shift of the (002) peak (Figure 3.7 (b)) towards lower
20 angles in the case of 0-NaNs, indicating lower sodiation level than the pristine P2-type
structure, and the shift towards higher 26 angles in the case of 10-NaNs3 and 20-NaNs, indicating

higher sodiation level than the pristine P2-type structure.
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Figure 3.7. (a) Ex-situ X-ray diffractograms of pristine Nag.s7Fe0.sMngs02 and fully discharged full-cells of 0-
NaNs, 10-NaN; and 20-NaNs cathodes. Detail of the diffraction patterns (b) between 14-18°.

The %Na solid state NMR spectra of the three samples with different amounts of NaNs are shown
in Figure 3.8. Several signals are evident in the spectra with intensity maxima extending from ~
0to 2000 ppm. The typical NMR chemical shift range of 2>Na nuclei in a diamagnetic environment
is observed between 30 to -30 ppm. Strong shifts out of this range are induced when
paramagnetic interactions are present between transition metal centers and the nuclei under
observation. The shifts induced by such interactions can result in NMR signals resonating at up
to several thousands of ppm. This is especially the case when strong paramagnetic ions are
involved like Fe3* or Mn3. Therefore, the resonances marked by “+” at around O ppm, are
ascribed to Na-containing diamagnetic species like Na2COs commonly observed in Na-based
cathode samples or/and to Na* ions related to the electrolyte decomposition reactions. The
Gaussian-shaped signals de-convoluted in the spectra on the other hand, are assigned to the Na*
population inside the bi-dimensional layers of the cathode material. The paramagnetic shifts
governing these signals are a through-bond effect sensitive to the unpaired electron density that
is effectively delocalized from the transition metal centers to an “s” orbital of sodium. They are
therefore highly dependent to changes in bond distances and angles and to the number of

“uxn

unpaired electrons at the metallic cations. Finally, the signals marked with in the spectra are

MAS rotational side-bands.
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Figure 3.8. Ex-situ 22Na NMR pattern of the fully discharged full-cells of 0-NaNs, 10-NaN; and 20-NaNj3

cathodes after 40 cycles using full-cell configuration.

It is interesting to notice that in all the spectra represented in Figure 3.8, only a single
paramagnetic Gaussian-shaped signal is observed. Due to the heterogeneous composition of the
transition metal layers, different sodium environments are expected in the structure and
different signals are consequently predicted. This is in agreement with the results obtained
previously by solid state NMR in similar layered oxides and is explained by fast ionic mobility of
Na* ions in the 2D layers of the cathode effectively averaging the distinct paramagnetic shifts,
leading to an averaged signal [1%2, 23, 237]. The shift of this signal is therefore determined by the
averaged unpaired electron density of the compound and can be used to indirectly determine
the oxidation state of the transition metal cations. The introduction of extra Na* population in
the material in the samples of 10-NaNsand 20-NaNs, is coupled to a partial reduction of Mn** to
Mn3* and consequently to an increase in the averaged unpaired electron density in the
compound. This is in agreement with the shift evolution observed in Figure 3.8 and plotted in
Figure 3.9. The increment in Na* population in the treated cathode samples is therefore
demonstrated by the increments in the paramagnetic shifts similarly as observed previously in

ex-situ NMR measurements [*°2]. The linear behavior observed in Figure 3.9 suggests a regular
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increment in Na* population, although the interrelation of NMR shifts and populations is not

necessary linear due to the increments in the interlayered spaces coupled to the inclusion of Na*

population.
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Figure 3.9. 22Na chemical shift as a function of the cathode NaN3 content.

3.5 Effect of the use of Na,C;04 as sacrificial salt

3.5.1 Electrochemical performance

As an alternative to NaNs, Na2C404 was also studied as a candidate to be used as a sacrificial salt.

P2-Nao.s7FeosMno.s02 cathode with different amounts of sacrificial salt (0, 16, 23 and 31%) was

assembled in full-cell configuration using hard carbon as the anode material. Cells were

electrochemically tested at a constant current of 15 mA glamca in the voltage range between 1

and 4.1 V. Figure 3.10 (a) shows the 1% galvanostatic charge and discharge curve for each

cathode composition. The graph clearly shows that the capacity increases when increasing the

amount of sacrificial salt in the cathode, being the first charge capacities 101 mAh g1, 131 mAh

g?l, 162 mAh g! and 185 mAh g* for 0-NazCsOs, 16-NazCaOs, 23-Na2C204 and 31-Na2CsOa,

respectively.
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Figure 3.10. (a) 15t galvanostatic cycling profiles and (b) differential capacity curves of 0-Na,C40,4, 16-
NazC404, 23-N32C404 and 31-N32C404 full-cells (1-4.1 V)

Differential capacity curves of the 1% cycle (Figure 3.10 (b)) have also been analyzed in order to
explain the different activity of the transition metals of the active material as a function of the
Na2Cs04 content. A broad oxidation peak is observed between 2.5-3.5 V for 0-Na»Cs04, which
corresponds to the Mn*3 oxidation. The redox peak at higher voltages, 3.5 - 4.0 V, is associated
to the Fe*¥** redox process. When adding 16%, 23% and 31% of Na2C4O4, the broad oxidation
peak, observed for 0-Na:Cs04 between 2.5-3.5 V, shifts to lower voltages. Moreover, a clear
broad reduction peak attributed to Mn** appears between 1-2 V. This happens due to the fact
that more sodium ions are inserted back during the discharge due to the presence of the
sacrificial salt. In addition to this, a redox peak attributed to Fe*3** can clearly be observed as a

consequence of the activity of the iron.

The cycling stability of the full-cells without any sacrificial salt (0-Na2C404) and those with
different amounts of Na2C404 (16-Na2C404, 23-Na2C404, 31-Na2C404) were evaluated at 15 mA g
Lameat. (Figure 3.11). Stable capacity values are obtained for all the cells after few conditioning
cycles in which a progressive capacity increase is observed. The capacity values obtained after
40 cycles are 45, 100, 132 and 155 mAh g, respectively for 0-Na2C404, 16-Na2C404, 23-Na2Ca04
and 31-Na2C404. Thus, the capacity values obtained with the cells having the sacrificial salt in
their composition represent an improvement of more than 100% with respect to the cells

without Na2CsOa.
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Figure 3.11. Cycling performance of 0-Na;C404, 16-Na,C404, 23-Na,C404 and 31-Na,C404 full-cells (1-4.1
V).

The amount of Na* ions remaining in the cathode structure were estimated to be x = 0.41, 0.44,
0.64 and 0.71 Na* respectively for 0-Na2C404, 16-Na2C404, 23-Na2C404 and 31-Na2Cs04 after 40
cycles, which agrees with the progressive increase in the delivered capacity shown in Figure 3.11.
The cycling stability of all the cells is remarkable with capacity retention values after 40 cycles of
92.2%, 97.65% and 99.5% for 16-Na2Ca0as, 23-Na2C404 and 31-Na2Cs04, respectively (capacity

retention calculated with respect to the maximum capacity, delivered in the 10™" cycle).

Based on the fact that the capacity increase in the first cycles is higher for the cells with higher
amount of Na2C404, initial conditioning cycles are attributed to the activation of the sacrificial
salt over cycling. Lower coulombic efficiencies of the initial cycles in Figure 3.11 are also
consistent with progressive sacrificial salt decomposition together with SEI formation during
these initial cycles. This fact can be observed in the X-ray diffraction patterns collected after 1
and 40 cycles for 31-Na2C404 (Figure 3.12). The (002)r2, (012)na2ca04 and (020)naz2caos peaks were
fitted to Lorentz function and their full width at half maximum (FWHM) were analyzed. The ratio
of FWHM between (002)p2/(012)na2ca0s and (002)p2/(020)na2ca04 are shown in Table 3.1. These
ratios are higher in the 40% cycle than in the 1t one, which indicates a decrease in the height of

the reflection peaks corresponding to Na2C404 with respect to that of the active material and
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consequently, a lower amount of sacrificial salt remaining in the electrode after 40 cycles than

after the first cycle.

Table 3.1. Ratios of FWHM of the reflection peaks corresponding to the 31-Na,C404 full cell assigned to
the cathode active material and Na,C,04 after 1 and 40 cycles.

FWHM (%)
Cycle (002)p2/(012)Nazca04 (002)p2/(020)nazca04
1st 0.099 0.059
40t 0.420 0.426
31-Na,C,0, (1V)
&
s 8
= = 3 3
< 8 g
2 i mt
c

10 l 20 30 40 ' 50
260 (°)

Figure 3.12. Ex-situ X-ray diffractograms of 31-Na,C404 cathodes at 15t and 40t cycle at fully discharged
state (1 V). The (002)p3, (012)nazca0a and (020)nazcaos peaks are highlighted in orange and green.

3.5.2 Post-test morphological and structural analysis

Microstructural analysis of the cycled cathodes was performed by SEM. Images corresponding
to the cathodes from 0-Na2Cs04, 16-Na2Cs04, 23-Na2Cs04 and 31-Na2Cs04 taken after 40 cycles
were analyzed to evaluate the influence of the sacrificial salt in the electrode microstructure. It
is expected that due to the decomposition reaction of Na2C404, which forms CO: (gas) in addition
to C, anincrease in porosity will be observed as the amount of Na2Cs4O4 increases. This hypothesis

was confirmed by the SEM images in Figure 3.13 which reveals that porosity is higher for the
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cathodes with higher Na:Cs0s content. Different from Figure 3.13 (a), in which the
microstructure of the cathode with no sacrificial salt is shown, (Figure 3.13 (b — d)) show that
well dispersed pores are formed in the cathode microstructure as a consequence of the

decomposition of the sacrificial salt during the electrochemical reaction.

Figure 3.13. SEM pictures of the fully discharged cathodes from (a) 0-Na,C404 (b) 16-Na2C404(c) 23-
Na,C404and (d) 31-Na,C404 of Na,C404 after 40 cycles using full-cell configuration.

Figure 3.14 shows the X-ray diffraction patterns of the fully discharged cathodes together with
the diffraction pattern of the pristine powder. Focusing in the 26 range between 14-18° (Figure
3.14 (b)), it can be observed that the increase of the amount of Na2C204 in the cathodes leads to
a shift of the (002) peak towards higher 26 angles, which is consequent with the higher level of

sodiation expected for the cathodes with higher salt content [*°2,28].
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Figure 3.14. (a) Ex-situ X-ray diffractograms of pristine Nag s7FeosMngsO, and fully discharged cathodes of
0-NaC404, 16-NazC404,23-Na,C404 and 31-Na,C404full-cells. (b) Detail of the diffraction pattern between
14-18".

3.5.3 Ex-situ morphological and structural analysis of 31-

N82C404

The electrodes with 31% of Na2C4sOs were selected to perform a more detailed ex-situ
morphological and structural analysis as more evident changes are expected due to their higher
amount of the oxosalt. Since the morphological changes that may happen during the 1%t charge
and discharge process are expected to be similar at half-cell and full-cell level, ex-situ SEM study

was performed using half-cells (Figure 3.15).
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Figure 3.15. (a) 1st galvanostatic charge and discharge curves of Na/31-Na,C404 halfcell. The voltages at
which the charge/discharge experiments were stopped for ex-situ SEM analysis are marked. SEM pictures
of the (b) pristine and (c-f) cycled 31-Na,C404 cathode using half-cell configuration. Images during the 1st
charge process at (c) 3.85 V and (d) 4.1 V and during the 1st discharge process at (e) 2.5V and (f) 1.7 V.

SEM images were collected from pristine (Figure 3.15 (b)) and cycled (Figure 3.15 (c - f)) 31-
Na2Cs04 cathodes at different stages of the first charge/discharge process according to the
voltage profile in Figure 3.15 (a). In Figure 3.15 (b) the microstructure of the pristine cathode
composite, before being cycled, can be observed. The image shows the presence of the Na2Cs04
salt as lighter color spheres of approximately 2 um, well spread all over the surface of the
electrode. Once the electrochemical reaction starts, the voids created due to the decomposition
of Na2C404 are visible (Figure 3.15 (c - f)). During the charge process, as the voltage increases the

amount of pores increases too and the desodiated cathode at the end of charge presents larger
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voids in its surface (Figure 3.15 (d)). During the discharge process, no remarkable differences

related to the formation of voids are observed (Figure 3.15 (e - f)).

Ex-situ XRD measurements of the 31-Na2C404 cathode at selected voltages (i.e. different state of
charge) of the 1° discharge at full-cell configuration were recorded in order to study the effect
of the addition of the sacrificial salt to the sodium deinsertion/insertion mechanisms. Figure 3.16
(a) shows the first discharge curve where the selected voltages (1) 4.1 V (fully charged cell), (2)
3.5V, (3) 2.3 Vand (4) 1.0 V (fully discharged cell) are highlighted. The capacity values at each
selected voltage are (1) 236 (1% charge capacity), (2) 23, (3) 83 and (4) 175 mAh g (1%t discharge
capacity). Based on the capacity values at each selected voltage, the amount of Na* ions in the
cathode per formula unit (x) were estimated doing the same assumptions as those described
before in section 3.4.1 for NaNs cyclability tests. According to this, the amount of Na* per formula

unit is 0.28, 0.36, 0.60 and 0.95 Na*at 4.1V, 3.5V, 2.3V and 1V, respectively.

4.5

a b
(a) 4.1V (x=0.28) (b)

“ NaC,0,

5 3.5V (x=0.36) =
s 30 K
° = .
¥ %5 2.3V (x=0.60) @ 5
3 S g
2 2] - 3

154

(002),, |(002),,
1.04[——31-Na,C,0, 1.0V (x=0.95)
: . e

T T
0 50 100 150 200 10 15 20 25

30 35 40 45 50
Capacity (mAh g") 26(°)

Figure 3.16. (a) 1t galvanostatic discharge curve of the 31-Na,C404 full-cell and (b) ex-situ XRD patterns at
selected voltages.

Figure 3.17 shows the Le Bail refinement for the 31-Na>Cs04 cathode at OCV, which clearly shows
that the phase can be indexed to the P2-NaxFeosMnosO2. The extra peaks observed are
attributed to the oxosalt and the aluminum foil. The XRD recorded at 4.1 V (Figure 3.16 (b)), can
be indexed to a well-known OP4-type structure (characteristic (004)ors peak highlighted in
orange in Figure 3.16 (b)). This phase transition from P2 to OP4, is due to the gliding of the MO

layers, as it has been previously reported [2%,°%]. During the discharge, at 3.5 V, the OP4 phase
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is still observed, as it was expected (characteristic (004)ors peak highlighted in orange in Figure
3.16 (b)). The P2-OP4 transition is highly reversible; this fact is well observed at 2.3 V, where the
ex-situ XRD recorded corresponds to a P2 phase (characteristic (002)r2 peak highlighted in orange
in Figure 3.16 (b)). Once the cathode is fully discharged at 1 V, the expected coexistence between
P2-type hexagonal and orthorhombic Cmcm phase [2%4,1%%] is observed (characteristic (002)p2 and
(002)p2 peaks highlighted in blue and pink in Figure 3.16 (b)). Ex-situ XRD measurements
corroborated that the sodium insertion mechanism during the discharge is not affected by the

addition of Na2C20a.
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Figure 3.17. Le Bail refinement of the XRD pattern of the 31-Na,C,0, cathode at OCV.

3.6 Comparative of NaN3; and Na;C40;, as sacrificial
salts

Further insight is provided as a comparison between the use of Na2C404 and NaNs as sacrificial
salts in a Na-ion full-cell with Naoe7FeosMnosO2 as a sodium deficient layered oxide cathode.
Cycling performance graph indicates that Na2C4O4-containing full-cells show in general terms,
better capacity values after 40 cycles than those containing NaNs. Reversible capacities after 40
cycles delivered by the NaNs containing full-cells are 101, 103 and 147 mAh g for 10-NaNs, 15-

NaNsz and 20-NaNs, respectively as mentioned in the section 3.4.1 of this document. While the
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capacity delivered by the full-cell containing 16-Na2C404 is similar to that containing 10-NaNs, an
increment of 22% and 5% of is observed for the cells with 23-Na>C404 and 31-Na2C4s04 compared

to 15-NaNs and 20-NaNs, respectively.
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Figure 3.18. Cycling performance of (a) 10-NaN3 and 16-NayC404, (b) 15-NaNs and 23-Na,C404 and (c) 20-
NaNs3 and 31-NayC404 full-cells.

Another advantage associated to the use of Na2C4O4 instead of NaNs is the cycling stability. While
all the Na2C404 containing full-cells show a highly stable cycling performance after initial
conditioning cycles, capacity fade is observed in NaNs containing full-cells. The reason for such a
difference in the cycling behavior can be related to the electrode microstructure obtained
depending on the selected sacrificial salt. SEM images in Figure 3.19, Figure 3.20 and Figure 3.21
show that there is an evident difference in the type of voids created when both the sacrificial
salts are electrochemically decomposed. The amount of pores increases with the salt content
independent of using NaNs or Na:C404. However, smaller and better distributed holes can be
observed in the microstructure of the cathode when NaxCs04 is used as the sacrificial salt. The
approximate size of the voids formed when NaNs is used is 30 um, while the size decreases to

below 10 um when Na2C404 is used. This could explain the improvement in the cycling stability.
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Figure 3.19. SEM pictures of the fully discharged cathodes from (a) 10-NaNs;and (b) 16-Na,C404 after 40
cycles using full-cell configuration.

Figure 3.20. SEM pictures of the fully discharged cathodes from (a) 15-NaNsand (b) 23-Na,C404 after 40
cycles using full-cell configuration.

Figure 3.21. SEM pictures of the fully discharged cathodes from (a) 20-NaNs;and (b) 31-Na,C404 after 40
cycles using full-cell configuration.
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The energy density of the full-cells was calculated taking into account the mass of the active
materials (anode and cathode) and the sacrificial salt remaining in the cells after the
electrochemical decomposition of the corresponding salt. The mass of the N2 and CO2 which are
formed in the decomposition reaction were not considered to make the calculation since it is
expected that in a pouch cell they will be extracted during the degassing step of the cell
fabrication. However, the contribution of the carbon formed as the decomposition product of
Na2Cs04, was taken into account. Apart from that, as the less favorable scenario, it was
considered that the salt decomposition reaction only happened during the first charge process
in order to simplify calculations. The amount of salt that remained unreacted was calculated
taking into account that independently of the amount and composition of the sacrificial salt, the
capacity delivered by the active material in the first charge is the same as that delivered by the
cell with no sacrificial salt (101 mAh g); therefore, the additional capacity delivered by the cells
is due to the decomposition of the sacrificial salt. The capacity and cell voltage in the 40™" cycle
were used for the calculations. Table 3.2 summarizes the energy density values obtained for the
cells with NaNs and Na2C40s, which range from ca. 126 to 165 Wh kg! as a function of the amount
of sacrificial salt. Moreover, similar energy density values are obtained for the 10-NaNs/16-

Na2C404 and 20-NaN3/31-Na2C404 cell pairs.

Table 3.2. Energy density calculated for 16-Na,Cs04, 23-Na,C404, 31-Na2C404,10-NaNs, 15-NaNsand 20-

NaN3
Full-cell Energy density (Wh kg) Full-cell Energy density (Wh kg™)
10-NaNs 128 16- Na2C404 126
15-NaNs 124 23- Na»C404 144
20-NaNs 162 31- Na2C404 165
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3.7 Conclusions

It has been demonstrated that NaN3 and Na2Cs04 can be used as sacrificial salts in order to
compensate the Na deficiency of P2-type sodium layered oxides. By means of ex-situ SEM, XRD
and NMR analysis, it has been proved that NaNsz and Na:CsO4 electrochemically decompose in
the voltage range of interest (ca. 3.5-4.1 V) and that generated Na* ions are able to insert back
in the cathode structure during the cell discharge process. A progressive increment of the
reversible capacity is observed with the addition of the two sacrificial salts. However, more stable
cycling behavior is observed when Na:Cs04 is used. This fact was attributed to the better
microstructure that is generated in the Na2C404 containing cells once the salt is electrochemically
decomposed. In conclusion, although similar energy density values are obtained after 40 cycles
for the two sacrificial salt options, Na2C404 represents a safer and more cost-effective solution

than NaNs to compensate the Na deficiency of P2-type layered oxides.
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Chapter 4. Nai.
sNio.32Tio.32Mg0.16MnNp 2002 as cathode
active material for SIBs

In this chapter, Nai-sNio.32Tio.32Mgo.16Mn0.2002 is evaluated as the cathode active material for Na-ion
battery. First of all, synthesis parameters such as calcination time and temperature and precursors
mixing/grinding media are optimized with the aim of minimizing the amount of Mg1.xNixO impurities.
Once the pure material is obtained, basic formulation studies are performed at half-cell level to
assess the viability of the compound using electrodes which are more similar in terms of active
material and conductive additive/binder contents to those suitable for high energy density cells.
Finally, full-cells are assembled and mass balance studies are performed to evaluate the feasibility
of the hard carbon // Nai-sNio.32Tio.32Mgo.16Mno.2002 Na-ion battery system, which could be used as

the bases for further studies towards pouch cell fabrication.
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4.1 Optimization of Na;-sNio.32Tio.32Mg0.16Mno.2002
synthesis conditions

Na1-sNio.32Tio.32Mgo.16Mno.2002 was synthesized by conventional solid state synthesis route using
the stoichiometric amounts of the following precursors, Na2COs (99.5%, Sigma Aldrich), NiO (Ni
78.5%, Alfa Aesar), TiO2 (99.9%, Alfa Aesar), MgO (99%, Alfa Aesar) and MnO2 (98%, Alfa Aesar).
Based on what reported by Barker et al., as a strategy to minimize the formation of NiO of
impurities, the amount of Na2COs was fixed to synthesize Nai-sNio.32Tio.32Mgo.16Mno.2002, being 1-
8 = 0.95 [%3]. Several calcination conditions were tested in this work and precursors were mixed
by dry and wet ball-milling (Pulverisette 5) in ethanol. 5 mm diameter ZrO: balls were used in
the mixing/milling process and balls to powder mass ratio was fixed at 30:1. Ball-milling

parameters such as speed and time were set at 300 rom and 45 minutes, respectively.

The powder mixtures were compressed in the form of pellets using a uniaxial press (Specac)
under a load of 4 ton in? and the pellets were calcined in a box furnace at 900, 1000, 1050 °C.
Lower calcination temperatures were discarded in order to ensure the formation of the
crystalline grains. On the other hand, calcination temperature was limited to 1050 °C to avoid
undesired reactivity of the precursors with the alumina crucibles. After the calcination in air, the
reaction products were quenched in air and stored in an Ar filled glove box (< 0.5 ppm H20 and
0:) in order to avoid any moisture contamination. Table 4.1 summarizes the synthesis conditions

used in this work.

Table 4.1. Na1.5Ni0_32Ti0_32Mg0_16M no_mOz synthesis conditions.

Calcination temperature (°C) Calcination time (h) Ball-milling media
1050 12 Dry
1000 12 Dry
1000 12 Ethanol
900 8 Ethanol
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Figure 4.1 shows the Le Bail refinement of the material calcined at 1050 °C for 12 h. The well-
defined peak at 206 = 16 ° indicates the formation of crystalline grains under these synthesis
conditions. As Xie et al. explained, at high calcination temperatures, cathode materials are
expected to exhibit sharp diffraction peaks associated to the high crystallinity of the compounds
[?%]. Most of the peaks can be indexed to a rhombohedral R3m space group symmetry

corresponding to the a-NaFeO2 O3-type structure.
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Figure 4.1. Le Bail refinement of the diffraction pattern of Nai-sNio.32Tio.32Mg0.16Mno 200> calcined at 1050
°C for 12 hours.

The diffraction pattern in Figure 4.1 also shows the presence of some impurities with a cubic
space group of Fm3m. Similar impurities were identified as a mixture of NiO and MgO in an
earlier publication by Keller et al. [8°]. Both compounds were used as precursors for the synthesis
of this layered oxide, therefore the same impurity could have been formed. NiO and MgO have
cubic space group of Fm3m; however, they differ in their lattice parameters, being a = 4.177 A
[?%9]in the case of NiO and 4.212 A in the case of MgO [%*°]. The lattice parameter of the impurity
detected in this synthesis is 4.187 A. Therefore, according to Vegard’s law, the composition of

the impurity was identified as Mgi1xNixO, being x = 0.285.
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It is important to obtain a pure phase of the active material in order to ensure an optimal
electrochemical performance [*®]. In order to reduce the MgixNixO impurity, calcination
temperature was reduced to 1000 °C. The XRD pattern of the material refined by Le Bail method
in Figure 4.2 clearly shows that the intensities of the peaks attributed to the impurity are

significantly reduced when decreasing the calcination temperature from 1050 to 1000 °C.
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Figure 4.2. Le Bail refinement of the diffraction pattern of Nai.sNio.32Tio.32Mg0.16Mno.200; calcined at 1000
°C for 12 hours.

As an alternative to the dry ball-milling mixing procedure, the effect of performing this ball
milling step in ethanol was also analyzed. According to the XRD pattern shown in Figure 4.3 the
intensity of the Mgi1.xNixO peaks comparatively decreased with respect to the peaks shown in
Figure 4.2, indicating that the amount of impurities is further reduced when performing the

precursor mixing by wet ball-milling in ethanol.
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Figure 4.3. Le Bail refinement of the diffraction pattern of Nai-sNio.32Tio.32Mg0.16Mno 200> calcined at 1000
°C for 12 hours. Precursors mixing performed by wet ball milling in ethanol.

As it has been observed that ethanol helps to remove in further extent the Mg1xNixO impurities,
with the aim of reducing the calcination time and temperature a new synthesis was carried out
at 900 °C for 8 h. Figure 4.4 shows the Le Bail refinement of the diffraction pattern of the resulting
material. The amount of Impurities of the cubic phase was calculated by means of Rietveld
refinement which was 1.64% compared to 6.23% when the synthesis was performed at 1050 °C
for 12 hours and the mixing of the precursors was performed by dry ball milling. The material

synthesized using the last synthesis conditions was selected for further analysis in this Thesis.
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Figure 4.4. Le Bail refinement of the diffraction pattern of Nai.sNio.32Tio.3:Mg0.16Mno 2002 calcined at 900
°C for 8 hours. Precursors mixed by wet ball milling in ethanol.

The lattice parameters calculated by Le Bail refinement are gathered in Table 4.2. These data
were analyzed in order to observe any variation that could happen in the crystal structure of the
samples due to the variations of the synthesis conditions. The diffraction patterns of the four
compounds synthesized at different conditions are indexed as O3-type structures with a space

group of R3m.

Table 4.2. Summary of the lattice parameters calculated for the different synthesis conditions.

Active Active
Mgi-xNixO,
Calcination Ball- material material
Calcination lattice
temperature milling lattice lattice
time (h) parameters
(°C) media parameters parameters .
. . (a=b=c; A)
(a=b; A) (c; A)
1050 12 Dry 2.98759(7) 16.1281(6) 4.1893(2)
1000 12 Dry 2.99453(4) 16.0771(3) 4.1884(2)
1000 12 Ethanol 2.99571(4) 16.1002(4) 4.1884(3)
900 8 Ethanol 2.99135(5) 16.1198(4) 4.1866(3)
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As reported by Nguyen et al. [3], as the calcination temperature increases (i.e. from 800 to 1000
°C), the peak widths of sodium active materials become narrower and the relative intensities of
the characteristic peaks gradually increase, indicating that a crystalline structure of the material
is formed more perfectly. When they increased the calcination temperature in P2-type samples,
the lattice parameter a decreased while the lattice parameter c slightly increased. A similar
behavior is observed in our samples when the lattice parameters of the samples synthesized at
1050 °C and 1000 °C, are compared. This implies that sodium ions should be easier intercalated
in the cathode structure due to the wider c-axis gap as the calcination temperature increases
[2%]. As expected, when the mixing of the precursors was performed by wet ball-milling, higher ¢
parameter values were obtained due to the improvement of the mixing/milling process.
However, the reduction of the calcination time and temperature from 1000 to 900 °C and 12 to
8 hours, respectively, surprisingly resulted in higher c parameter values. These differences could
be caused by small differences in the Na* content and consequent differences in the repulsion
forces between the oxide layers. The a parameter shows only slight changes when comparing

the different synthesized materials as it is less dependent on the Na content [%3].

The microstructural analysis of the active material selected for further studies was done by
means of Scanning Electron Microscopy. SEM images in Figure 4.5 show the well-defined
platelet-shaped morphology typical of layered structures, characterized by a series of planes

forming single particles. The average particle size of the synthesized material is close to 3 um.

Figure 4.5. SEM images of Na.sNio.32Tio.32Mg0.16Mno. 2002 powder calcined at 900 °C for 8 hours. Precursors
mixed by wet ball-milling in ethanol.
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The electrochemical performance of the compound was evaluated at room temperature using
electrodes with 3 mg cm? active material loading. The details on the electrode and cell
preparation procedure are provided in Chapter 2. Charge/discharge voltage profile and cycling
stability for the first forty cycles are shown in Figure 4.6 (a) and (b). Average discharge voltage
of approximately 3 V has been obtained. Figure 4.6 (a) shows an initial charge capacity of
approximately 184 mAh g1, corresponding to the extraction of 0.7 Na* ions during initial charge
to 4.3 V. During the discharge 0.53 Na* ions are reinserted back in the structure leading to 138

mAh g of capacity. Therefore, first cycle irreversible capacity corresponds to 46 mAh g*.
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Figure 4.6. (a) Voltage profile (15t cycle is highlighted in green) and (b) cycling stability of Nai.
sNio.32Ti0.32M80.16MnNp 2007 in half-cell configuration at 15 mA g'lAM between 1.5-4.3 V.

The smooth voltage profile shown in Figure 4.6 (a), without multiple plateaus, indicates that
apparently no complicated structural transitions happen during sodium insertion and extraction.
Also, a voltage plateau is observed at the end of the first charge which it is not observed in the
further charging curves. This may be due to some irreversible structural change that occurs in
the crystal structure and hence leads to some irreversible capacity in the first cycle. In the studied
voltage range, between 1.5 and 4.3 V, Ni is the only redox active specie which reversibly oxidizes
and reduces between Ni?* and Ni** oxidation states. In this composition, Ni and Mg are included
as M? while Mn and Ti are present as M* [>*1]. This material shows reversible capacity of

approximately 110 mAh g for 40 cycles (Figure 4.6 (b)).
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4.2 Half-cell studies on cathode formulation

Cathode half-cell studies were developed in order to optimize the cathode formulation with the
aim of increasing the energy density. This initial approach consisted on increasing the active
material content with respect to those electrode formulations usually prepared for initial
material characterization tests, being the active material content in the range of 75-80% wt. In
addition to this, the C65:PVDF ratio was also optimized. The motivation to optimize the cathode
formulation is to maximize the active material content and loading to maximize the cell capacity
and to balance the ratio between C65 and PVDF to have enough conductivity, optimal particle-

to-particle contact and good mechanical integrity of the electrodes.

Layered oxides are poor electronic conducting compounds and they do not actively contribute
to the electronic conductivity of the composite. Hence, by increasing the active material content
of the electrodes, the electronic conductivity can decrease. However, as concluded by Trask et
al. [%*?], in high-voltage positive electrodes, the amount of C65 has to be minimized, because it

tends to deteriorate over cycling and it contributes to the impedance rise.

Different cathode formulations were prepared for this study. AM:C65:PVDF = 75:15:10 (wt. %)
was selected as the reference formulation and these electrodes were compared to electrodes
with higher active material contents, i.e. 88 and 94%w, and different C65: PVDF ratios, i.e. 0.2:1,
0.4:1, 0.6:1 and 0.8:1. Active material loadings in the range between 7 to 13 mg cm™? were

prepared based on these formulations. All the tested formulations are summarized in Table 4.3.
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Table 4.3. Summary of the cathode formulations tested in this chapter.

C65:PVDF AM content (wt. %) AM loading (mg cm™?)
1.5:1 75 7
0.2:1
0.4:1
88 11
0.6:1
0.8:1
0.4:1
94 13
0.6:1

When the amount of active material is increased from 75% to 88%, significant changes are
observed in the voltage profile (Figure 4.7) and cycling stability (Figure 4.9 and Figure 4.10) of

the material which evidences the importance of the optimization of the C65: PVDF ratio.

As the binder has an insulator character, an excess of this component should be avoided [*®7,243].

When the amount of binder in the electrode composition is too high, active material and
conductive additive particles can be encased by the excess of binder, limiting the electron and
ion transport and increasing the internal cell resistance. On the other hand, the particles of the
conductive agent should be in contact at every spot on the surface of active particle to allowing
the insertion/deinsertion of the Na* ions. Moreover, a minimum amount of conductive additive

is needed in order to generate a percolation network [?**].
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Figure 4.7. 1%t galvanostatic cycle voltage profile of electrodes with 88% of active material and different
C65:PVDF ratios, (a) 0.2:1, (b) 0.4:1, (c) 0.6:1 and (d) 0.8:1. The blue curves correspond to the
AM:C65:PVDF = 75:15:10 reference electrodes.

The binder rich electrode with 88% AM (i.e. C65:PVDF = 0.2:1, Figure 4.7 (a)) shows a highly
resistive electrochemical performance and does not deliver any capacity in the studied voltage
range. On the contrary, the electrode with high conductive additive and low binder content (i.e.
C65:PVDF = 0.8:1, Figure 4.7 (d)) shows an endless charge profile which indicates the presence

of a secondary reaction that happens before reaching the cut-off voltage.

In the Figure 4.8 (a), un-calendered SEM images of the cathode with 88% of AM and C65:PVDF =
0.2:1 can be observed. The SEM image clearly shows the lack of C65 which resulted in the poor

electrochemical performance of this electrode composition.
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88% AM; 0.2:1 88% AM; 0.8:1

Figure 4.8. SEM images of two cathodes with 88% AM and different C65:PVDF a) 0.2:1 and b) 0.8:1.

The cause of the low electrochemical performance of the electrode with the highest conductive
additive content (Figure 4.7 (d)), i.e. C65:PVDF = 0.8:1, can be the presence of a secondary
reaction that is promoted when used this particular electrode composition as it is observed in
the first cycle charge curve. In addition to this, Figure 4.8 (b) shows the presence of C65
aggregates. One would expect a maximum electronic conductivity for this electrode composition
due to the high conductive additive content. However, if the amount of CB is too high, this could
lead to a decrease in the conductivity due to the agglomeration of conductive additive particles,
their non-homogeneous distribution in the electrode and the lack of binder that promotes that

the particles are not effectively held together as reported by Zheng et al. [>*].

The cell with C65:PVDF = 0.4:1 (Figure 4.7 (b)), leads to poor first charge/discharge specific
capacities (105 and 51 mAh g, respectively) corresponding to the extraction of 0.4 Na* and the
insertion of 0.20 Na* which suppose large 1 cycle irreversible capacity and low cycling stability.
This poor electrochemical performance could be caused by the lack of carbon black which is still
insufficient to guarantee enough electronic conductivity of the electrode. When the C65:PVDF =
0.6:1, the half-cell presents lower 1%t cycle irreversible capacity (42 mAh g) than the reference
cell (54 mAh g) (Figure 4.7 (c)), which could be caused by the lower C65 content of the former
electrode composition. The half-cell exhibits a first cycle charge capacity of 189 mAh g?
corresponding to extraction of 0.72 Na* and during the discharge 0.56 Na* are reinserted back in

the structure leading to 147 mAh g discharge capacity.
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Figure 4.9 represents the cycling stability of the half-cells with 88% of active material and a
C65:PVDF of 0.4:1 and 0.6:1. As a reference, the cycling performance of a cell with 75% of active
material and C65:PVDF = 1.5:1 is also included in the graph. Compared to the cell with C65:PVDF
=0.4:1, the increase in the C65:PVDF ratio leads to an enhancement in the cycling stability of the
cell. Moreover, these electrodes show similar cycling stability than the reference cell with ~ 100
mAh g after 40 cycles and a capacity retention close to 70%. However, the composition with

88% of AM allows to maximize the energy density due to the higher active material content of

the electrode.
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Figure 4.9. Cycling stability of the cathodes with 88% AM and C65:PVDF of 0.4:1 and 0.6:1 compared to
the reference cell with 75% AM at 15 mA g-lamcat between 1.5-4.3 V.

The cycling performance of the cells with 94% of AM (Figure 4.10) shows that the amount of
inactive electrode components are clearly insufficient to ensure the correct cycling of the
electrode. The half-cell with C65:PVDF = 0.4:1 does not deliver any capacity after the first cycle
and even the half-cell with CB:PVDF = 0.6:1, which showed to be the best combination for an
active material content of 88%, shows a capacity fade of 60% at the 15 cycle when the active
material content is increased to 94%. This could have happened due to the non-homogeneous
distribution of C65 and PVDF all over the electrode volume as a consequence of the low amount

of these components in the electrode composition. As reported by Zheng et al. [***] mechanical

146

Chapter 4



Na1-sNio.32Tio.32Mgo.16Mno.2002 as cathode active material for SIBs

integrity failure can also be a reason for fast capacity fade because the amount of binder is not
enough to create a percolation network that accommodates the volume changes that happen as
a consequence of the continuous de-insertion/insertion of Na* ions in the active material

structure and some of the particles become inactive.
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Figure 4.10. Cycling stability of the cathodes with 94% AM and C65:PVDF of 0.4:1 and 0.6:1 compared to
the reference cell with 75% AM at 15 mA gam between 1.5-4.3 V.

Figure 4.11 includes the SEM images of un-calendered electrodes to provide visual evidence of
the electrode’s components distribution. The difference in the microstructure of the electrodes
which were analyzed is evident and it agrees with the electrochemical responses of the
corresponding half-cells. Since in the images corresponding to the electrodes that exhibited good
electrochemical performance (Figure 4.11 (a) and (c)) the presence well distributed C65 particles
that allowed to have sufficient conductivity and thus low internal resistance is clear, in those
images corresponding to the electrodes that did not cycled properly (Figure 4.11 (b), (d) and (e))
the active material particles are not surrounded by the conductive additive particles and

consequently the internal resistance of the half-cells was too high.
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94% AM; 0.4:1 94% AM; 0.6:1

Figure 4.11. SEM images of different cathode compositions. (a) 75% of AM and C65:PVDF = 1.5:1, (b) and
(c) 88% of AM and C65:PVDF = 0.4:1 and 0.6:1 and (d) and (e) 94% of AM and C65:PVDF = 0.4:1 and 0.6:1.

4.3 Full-cell studies

4.3.1 General overview

As a result of the study performed in the previous section, electrodes with 88% of active material
and C65:PVDF = 0.6:1 (cathode composition of AM:C65:PVDF = 88:4.5:7.5 wt%) were selected to

perform additional experiments with the aim of going one step further towards optimized full-
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cell assembly. The anode selected for this study is a hard carbon, supplied by Kuraray (more
details on the characteristics of this hard carbon are provided in Chapter 2. The charge/discharge

reactions (4.1 and 4.2) of this cell are described below,
Charge: NaxMO; + C = NaxyMO: + NayC (4.1)
Discharge: NaxyMOz + Na,C = Nax:MO: + Na.C (4.2)

where x=0.95 is the amount of Na* ions per formula unit when the cell is fully discharged and z

is the amount of Na* ions consumed in the SEI formation.

The half-cell reactions on the cathode side are described below (4.3 and 4.4), and the
electrochemical performance of a representative cell has already been presented in Figure 4.6,

being the reversible capacity ca. 110 mAh g
Charge: NaxMO2 = NaxyMO2 + yNa* + ye (4.3)
Discharge: NaxyMOz + (y-z)Na* + (y-z)e" = Nax:MO2 (4.4)

The half-cell reactions on the anode side are described below (4.5 and 4.6), and the
electrochemical performance of a representative cell is shown in Figure 4.12, being the

reversible capacity ca. 245 mAh g .
Charge: C +ye + yNa* = Na,C (4.5)

Discharge: NayC = Na.C + (y-z)Na* + (y-z)e (4.6)
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Figure 4.12. (a) 15t galvanostatic charge/discharge curve and (b) cycling stability for 10 cycles of hard
carbon half-cell at 15 mA gam in the voltage range of 0.01-2.00 V.

Since the specific capacity of the selected cathode and anode components are not the same
when cycled as half-cell versus metallic Na, the amount of active material of the two electrodes
needs to be balanced to obtain the same capacity when combined in full-cell configuration.
Moreover, Na* ions are consumed in the SEl formation and need to be somehow compensated.
Finally, to avoid the risk of Na plating, the capacity of the anode is usually oversized compared
to the cathode capacity. One would expect that when the capacity of the anode is oversized the
energy density would decrease, therefore, the main objectives that are pursued from electrode
balancing are, on the one hand, to maximize the energy density of the cell and on the other hand,
to minimize safety hazards (i.e. sodium plating in the anode). Other key points such as the voltage
limits need also to be taken into account when assembling full-cells because if the upper cut-off
voltage is too high, the cathode will operate above its optimum voltage range and aging of the

cell will be accelerated. In addition to this, the risk of Na plating in the anode will exist.

The anode to cathode ratio of a full-cell can be defined in terms of active material mass or
capacity, named as Rn/p (AM) and Rnye (Q), respectively hereinafter. According to Kasnatscheew
et al., [>*®] the Rn/» (AM) data is more suitable compared to more usually provided Ry (Q) from
the perspective of better reproducibility as it contains the whole information for cell assembly.
However, as it will be explained in the following sections, the active material loading also has an
influence on the electrochemical performance of the electrodes. On the other hand, Ry (Q)
provides direct information on the capacity excess/deficiency of the electrode pairs, but the

capacity of the electrodes as half-cells depends on the cycling conditions and once the mass
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balance is defined for a determined current density, it should also work for different cycling
rates. Consequently, Rnp (AM) and Rnse (Q) will be provided in this work in order to have a

complete description of the selected mass balance.

4.3.2 Electrochemical performance of selected half-cell
electrodes

In order to characterize the individual performance of selected anode/cathode components,
corresponding half-cells were electrochemically tested at a cycling rate of 15 mA gaw using
different active material loadings. Cathode electrodes with a composition AM:C65:PVDF =
88:4.5:7.5 and an active material loadings of ca. 6, 8 and 11 mg cm™ and anode electrodes with
a composition of AM:PVDF = 95:5 wt% and an active material loadings of ca. 4, 6 and 8 mg cm™
were prepared as described in Chapter 2. Cathode half-cells were cycled in coin cell configuration
in a voltage range between 1.5 and 4.3 V while the anode half-cells were cycled between 0.01
and 2 V. Table 4.4 gathers the first cycle charge and discharge capacity values for cathode and
anode half-cells, respectively and the reversible capacities measured at the 10™ cycle for
different active material loading anode and cathode half-cells. Reversible capacities in the range

from 230 to 248 and from 97 to 122 are obtained for the anode and the cathode, respectively.

Surprisingly, the reversible capacity of the cathode decreases with the low active material
loading, most likely due to the higher first cycle irreversibility of the low loading cathodes. First
charge capacity values are similar for the three different active material loadings tested, so the
1%t cycle irreversibility is reduced, from 62 mAh g* to 42 mAh g, respectively from low to high
active material loading cathodes. This 1% irreversible capacity could be related to the SEI

formation, which is larger in the case of lower active material loadings.
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Table 4.4. Summary of the electrochemical performances of cathode and anode half-cells with different
active material loadings at 15 mA g'law

Cathode half-cells Anode half-cells
1%t charge Reversible 1st discharge Reversible
AM loading . AM loading .
capacity capacity capacity capacity
(mg cm??) (mg cm?)
(mAh g?) (mAh g?) (mAh g?) (mAh g?)
6.25 180 97 3.78 288 248
8.32 185 102 6.22 274 230
10.88 188 122 7.90 275 240

*Reversible capacity measured in the 10t cycle.

As it was mentioned before, leaving aside the Na* ion consumption for the SEl formation and the
usual anode capacity excess to avoid Na plating, the capacity of the anode and the cathode are
expected to be the same for the full-cell to be balanced, that is, the amount of Na* ions inserted
in the cathode to be the same as those de-inserted from the anode during the discharge process.
In order to stablish the anode and cathode active material masses that deliver the same
discharge capacity, the reversible capacity data collected in Table 4.4 are represented in Figure
4.13. In the studied active material loading range, the reversible capacity increases
proportionally with the loading and the equations that represent the relationship between the
two parameters are displayed in Figure 4.13. Based on these equations, the active material

loading of the cathode and anode which deliver the same capacity can be calculated by the

equation 4.7.
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Figure 4.13. Relationship between the anode/cathode active material loading and the reversible capacity
measured in the 10t cycle.

AMan = 0.681AMcat — 1.95 (47)

4.3.3 Cycling stability of full-cells

Since the electrochemical performance of the half-cell electrodes depends on the active material
loading, full-cells with two different cathode active material loadings (ca. 6 and 10 mg cm2) and
several anode active material loadings, i.e. several mass balances, were assembled and
electrochemically tested at a cycling rate of 15 mA glamcat in the voltage range between 1-4.2 V.
The corresponding Rn/e (Q) values for each Rn/p (AM) are calculated on the basis of the reversible

half-cell capacity values displayed in Table 4.4.

The cycling stability of the full-cells with a cathode active material loading of ca. 6 mg cm2 and
Rn/p (Q) in the range from 1.2 to 2.6 is represented in Figure 4.14. The highest reversible capacity
after 25 cycles (90 mAh glamcat) is obtained when using Rn/e (Q) = 2.1 or Rne (AM) = 0.9 and Ruyp
(Q) = 2.6 or Rn/p (AM) = 1.1 with a capacity retention of 82% and 74%, respectively. Significantly
lower performances are obtained for Rn/e (Q) = 1.7 and 1.2 with reversible capacity values of 51

and 30 mAh glawmcat, respectively, after 25 cycles. Unexpectedly high R/ values show the best
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cycling performances. As it has been mentioned earlier, the 1% cycle irreversible capacity is
higher for low active material loading cathodes. This high 1 charge capacity needs higher
amount of anode active material available to accommodate the high amount of deinserted Na*
ions and avoiding the sodium plating in the electrode surface [>*’]. Consequently, the cells with
low cathode active material loadings show optimum cycling performances with higher Rn/e than
usual negative to positive ratios used in the literature for Li-ion batteries, in the range between
ca. 1.1-1.2 [#%]. Based on this hypothesis, the low cycling performance of the cells with Rn/r (Q)
=1.7 and 1.2 can be attributed to the sodium plating that happens when the anode operates at
voltages below 0 V vs. Na/Na*. Among the cells with Rye (Q) = 2.1 and 2.6, the worse cycling
performance of the later can be explained by the over-desodiation of the cathode due to
excessive anode excess. As it was explained by Kasnatscheew et al., this could lead to further
structural changes in the cathode active material creating a detrimental effect in the
electrochemical performance, i.e. reducing cycle life of the battery. In addition to this, if there is

an increase of the cathode voltage, there is a risk of further decomposition of the electrolyte

[246] i
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Figure 4.14. Cycling stability of full-cells with a cathode active material loading of 6 mg cm-2 and different
mass balances (cells cycled at 15 mA g-lavcat, between 1-4.2 V).

154

Chapter 4



Na1-sNio.32Tio.32Mgo.16Mno.2002 as cathode active material for SIBs

For the full-cells with a cathode active material loading of ca. 10 mg cm? (Figure 4.15), the
highest reversible capacity after 25 cycles is obtained using Rn/e (Q) = 1.6 (114 mAh g lamcat with
a capacity retention of 82%). Similar cycling performance is obtained when Ry (Q) = 1.8, while
the performance is worse for Ry (Q) = 1.2, being the reversible capacity and the capacity
retention 100 mAh glamcat and 78%, respectively, after 25 cycles. In this case, lower Ry (Q)
values compared to those that are the optimum for lower cathode active material loadings, show
the best electrochemical performances since the 1 cycle irreversible capacity of the cathode is

lower, and consequently, the required oversizing of the anode is not that high.
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Figure 4.15. Cycling stability of full-cells with a cathode active material loading of 10 mg cm2 and different
mass balances (cells cycled at 15 mA glamcat, between 1-4.2 V).

The specific energy density is proportional to the cell voltage and capacity and inversely
proportional to the mass of the components of the cell (Equation 4.8). Therefore, the strategies
to maximize the energy density are to minimize the mass of the inactive components and to
increase the cell voltage and/or the capacity. The energy density at materials level of the cells
which showed the best electrochemical performance after 25 cycles is calculated in Table 4.5
(the mass of the inactive components is considered for these calculations). The average voltage
is in the range from 2.85-2.75 V for both full-cells and the cell with a cathode active material

loading of 10 mg cm™2 delivers an energy density of 111 Wh kg*. An energy density of 73 Wh kg
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! js estimated using the AM:C65:PVDF = 75:15:10 reference cathode composition, a cathode
active material loading of 10 mg cm and a Rnr (Q) = 1.6, assuming that the same voltage and
capacity are delivered by this full-cell. Therefore, the increase from 75 to 88% of the active

material content in the cathode composition would result in an energy density increment of 38

Wh kg™,
., _ Reversible capacity xAverage voltage
Energy del’lSlty - (Mass cathode+Mass anode) (4'8)
Table 4.5. Energy density of hard carbon//Na1-sNio.32Tio.32Mgo.16Mno.2002 cells.
Cathode AM loading (mg cm?) Rn/p (Q) R/ (AM) Energy density (Wh kg™)
10 1.6 0.8 111
6 2.1 0.9 60
4.4 Conclusions

03-Na1-sNio.32Tio.32Mg0.16Mn0.2002 is synthesized by means of solid-state route with minimum
amount of Mg1xNixO impurities. It is concluded that calcination time and temperature promote
the formation of the impurity phase and that the mixing of the precursors by wet ball-milling
allows to reduce the temperature and time of calcination; thus, reducing the amount of
impurities present in the final product. The optimum Nai-sNio.32Tio.32Mgo.16Mno.2002 synthesis
procedure consists in the mixing of the precursors by wet ball milling and subsequent calcination
in air at 900 °C during 8 hours. Furthermore, it is observed that by reducing the calcination
temperature the lattice parameter c increases, which could be an indicator of higher sodium

content of the compound.

The effect of cathode formulation in the electrochemical performance is also studied. The
amount of active material in the electrode composition is increased from 75% to 88% with
comparable results (100 mAh g? after 40 cycles and capacity retention close to 70%). It is
concluded that for an active material content of 88%, the optimum C65:PVDF ratio is 0.6:1.
However, when the amount of active material is increased to 94%, the amounts of inactive

components are not sufficient to provide good electrochemical response.
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Optimized cathodes with 88 wt. % of active material content are used for full-cell fabrication
with balanced anode electrodes. It is necessary to oversize the capacity of the anodes in order
to avoid the risk of sodium plating which causes severe aging and it is considered as a safety
hazard. Moreover, the required anode excess is higher for the low active material loading
cathode (ca. 6 mg cm) full-cells compared to high active material loading cathode (ca. 10 mg
cm?) full-cells due to the high 1%t cycle irreversibility of the formers. Maximum reversible capacity
of 114 mAh glavcat and energy density of 111 Wh kg at materials level is obtained with a
capacity retention of 82% when using a cathode active material loading of 10 mg cm™ and Ry/p
(Q) = 1.6. These features make the hard carbon//Na1-sNio.32Tio.32Mgo.16Mno.2002 cell an attractive

choice of components which can evolve to further scal
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Chapter 5. Analysis of the
NaFeo4Mng3Nig30, processing
parameters for SIBs cathode
applications

In this chapter, O3-NaFeo.4Mno3Nio.302 layered oxide is evaluated as the cathode active material
for Na-ion battery. This composition has already been studied by other researchers from the
synthesis and structural point of view; therefore, this work will be focused in the engineering
aspects of electrode preparation. As the electrode slurry preparation is the first step of the cell
manufacturing sequential process and it determines its final properties, formulation studies in
terms of conductive agent/binder contents and active material content/loading are performed.
The effect of the mixing procedure is also evaluated and different strategies to improve the
obtained electrode microstructure, such as the use of dispersing additives and variation of the
active material morphology are also analyzed. The last part of this chapter is focused on the
electrode drying process. Morphological, rheological, mechanical and electrochemical

characterizations are included in this chapter.
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5.1 Influence of the C65: PVDF ratio

Binder and conductive additives are essential components of metal-ion battery electrodes.
Binder provides mechanical strength to the system, cohesion between particles and adhesion of
the coated material to the current collector and the conductive additive allows reducing the
electrode resistance. According to Bauer et al., PVDF presents affinity to the carbon black
nanoparticles in the slurry and these two components tend to form an interconnecting film
which contributes to improve the electronic conductive network [*®°]. Therefore, the ratio

between them is one of the parameters that needs to be optimized.

5.1.1 Slurry preparation

In this section, slurries were prepared with 5 different C65:PVDF ratios, i.e. 0.2:1, 0.4:1, 0.6:1,
0.8:1 and 1.0:1. All the slurries were prepared using the mixing device with an overhead stirrer
with the paddle type impeller. The C65 was dispersed in a 8% binder solution at 600 rpm for 1
hour and 15 min and then, the active material was incorporated (mixing speed and time of 700
rom 2 h, respectively) (see Chapter 2, section 2.2.1.1, page 54 for additional information on this

mixing device). Table 5.1 summarizes the studied slurry formulations.

The solid content of the slurries (Table 5.1) progressively increases when increasing C65:PVDF.
This happened because the total amount of dry powders (AM + C65 + PVDF) was maintained
constant (11.5 g) for all the slurries and the amount of solvent was determined by the amount
of PVDF in each slurry, being PVDF:NMP = 8:92 w%. Therefore, as the C65:PVDF increases, the
amount of PVDF (and consequently NMP) decreases and higher solid content slurries are
obtained. The reason why similar solid content slurries are obtained for C65:PVDF =0.6:1, 0.8:0.1
and 1.0:1 is that extra NMP had to be added in order to make the high C65 containing slurry less

viscous and suitable to work with.
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Table 5.1. Composition of the studied cathode slurries (weight and volume percentages correspond to the

dry powders and the solid content is calculated as the total dry powder mass/volume divided by the total
slurry mass/volume).

Solid
C65:PVDF AM content C65 content  PVDF content NMP
content
87.0% w/w 2.2% w/w 10.8% w/w
44.5% w/w
0.2:1.0 74.4% v/v 3.9% v/v 21.7% v/v
143¢g 18.8% v/v
10g 0.25g 1.25¢
87.0% w/w 3.7% w/w 9.3% w/w
48.4% w/w
0.4:1.0 74.6% v/v 6.7% v/v 18.7% v/v
123¢g 21.2% v/v
10g 043g 1.07g
87.0% w/w 4.9% w/w 8.1% w/w
50.7% w/w
0.6:1.0 74.8% v/v 8.8% v/v 16.4% v/v
11.2¢g 22.7% v/v
10g 0.56g 0.93g
87.0% w/w 5.8% w/w 7.2% w/w
50.7% w/w
0.8:1.0 75.0% v/v 10.4% v/v 14.6% v/v
11.2¢g 22.7% v/v
10g 0.66g 0.83g
87.0% w/w 6.5% w/w 6.5% w/w
51.2w%
1.0:1.0 75.1% v/v 11.7% v/v 13.2% v/v
109¢g 23% v/v
10g 0.75g 0.75g

5.1.2 Slurry characterization

The viscosity of these systems is influenced by the concentration (i.e. the solid content) and the

composition of the dispersed phase. Ligneel et al. [*®*] studied the effect of the solid content on

the morphology and the electrochemical performance of the composite electrode. According to

them, on the one hand, for lower solid contents than the optimal one, the electrochemical

performance shows a decay because of the poor electronic wiring of the active material. On the
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other hand, if too high solid contents are reached, there is a risk of sedimentation of some of the

components of the mixture.

The rheological properties of the slurries were analyzed by means of flow curves in the shear
rate range from 10 to 100 s (Figure 5.1). All the slurries show a non-Newtonian shear thinning
behavior, typical from inks and coatings, as the viscosity decreases when the shear rate
increases. It is expected that when increasing the solid content and the amount of C65, viscosity
will also increase [2%2,2%8]. This behavior is evident in the slurries with C65:PVDF =0.6:1, 0.8:1 and
1.0:1 (Table 5.1), in which the combined effect of higher solid content and C65 concentration
results in higher viscosity values in the studied shear rate range. 0.8:1 slurry presents slightly

lower viscosity than 0.6:1 and 1.0:1 which could be derived from the better dispersion of the

mixture.
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Figure 5.1. Flow curves of the of the studied cathode formulations.

According to Bauer et al. ['%°] the shear thinning behavior increases by increasing the carbon
black amount in the slurry formulation. The results shown in Figure 5.1 agree with this behavior
since the difference of the viscosity measured at low and high shear rates increases progressively

from C65:PVDF = 0.2:1 to 1.0:1 showing the latter more pseudo plastic behavior.
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The shear stress curves were fitted to the Casson model (5.1) where 1o is the yield stress, np is
the constant plastic viscosity, y is the shear stress and n is the flow behavior index. The fitted
curves and the obtained fitting parameters are displayed in Figure 5.2 and Table 5.2,

respectively.

T= “\/(ron) + (np % )" (5.1)
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Figure 5.2. Measured shear stress curves (solid lines) and fitting to the Casson model (dashed lines).

Table 5.2. Casson model fitting parameters.

C65:PVDF To (Pa) n 1, (Pa-s)
0.2:1 0.015 0.088 0.049
0.4:1 0.059 0.092 0.057
0.6:1 0.120 0.094 0.054
0.8:1 0.604 0.102 0.026
1.0:1 0.393 0.091 0.011

The fitting parameters show that when the C65:PVDF ratio increases from 0.2:1 to 0.8:1, there
is an increment of the yield stress from 0.015 to 0.604 Pa. The yield stress, or critical shear stress,
corresponds to the minimum stress necessary for the fluid to start to flow and is a manifestation

of the network structure present in the dispersion. As the solid content increases, the

164

Chapter 5



Analysis of the NaFeo.4Mno.3Nio.302 processing parameters for SIB cathode applications

connectivity throughout the system grows and the yield stress increases [2%]. This is consistent
with the increment observed in the yield stress from 0.2:1 to 0.8:1. However, this tendency is
not followed by the slurry with C65:PVDF = 1.0:1 due to the weaker interactions between the

slurry components, as there is an extra difficulty to homogenize the 1.0:1 slurry.

The viscosity and solid content of the slurries have a direct effect on the active material loading
of the casted electrodes. Figure 5.3 shows the active material loading for the 5 different slurries
as a function of the Doctor Blade gap (casting speed was maintained constant at 70 cm min).
The active material loading of the electrodes increases almost linearly with the gap of the doctor
blade, which indicates that the viscosity of the slurries is in the range suitable for Doctor Blade
casting. Moreover, although the active material content is maintained constant at 87% for all the
formulations, the active material loading increases by increasing the C65:PVDF ratio as a
consequence of the higher viscosity and solid content of the slurries. In spite of having lower
viscosity, the active material loadings of the electrodes with C65:PVDF = 0.8:1 are slightly higher
than those with C65:PVDF = 1.0:1. This unexpected behavior can be related to the higher yield
stress of the former, which is related to higher solid contents, likewise related to the evaporation

of the solvent.
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Figure 5.3. Active material loading of casted electrodes as a function of the doctor blade gap for different
C65:PVDF ratios.
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5.1.3 Electrode characterization

5.1.3.1 Morphological characterization

Surface SEM images were taken in order to analyze the microstructural differences between the
electrodes with different C65:PVDF ratios. Figure 5.4 clearly shows that when increasing
C65:PVDF from 0.2:1 to 1.0:1, the amount of C65 is higher and that there is a variation of the
carbon black network formed around the active material particles. It is important that the carbon
black particles are well distributed all over the electrode volume to improve the electronic
conductivity of the composite. By increasing the C65:PVDF ratio, continuous electronic paths are
enhanced from side to side of the electrode, decreasing interfacial resistance, as it was explained

in their study by Lee [?*°].

€65: PVDF (0.8:1)

Figure 5.4. Surface SEM images of the electrodes with different C65:PVDF ratios. (a) 0.2:1, (b) 0.4:1, (c)
0.6:1, (d) 0.8:1 and (e) 1.0:1.
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5.1.3.2 Adhesion/cohesion properties

The mechanical properties of the laminates with different C65:PVDF ratios were evaluated by
adhesion strength tests. Electrodes with 8.7 + 0.8 mg cm active material loading were used for
these tests (further details on the sample preparation and experimental procedure are provided
in Chapter 2, section 2.5.3, page 80). Figure 5.5 shows the maximum tensile strength to
delaminate the coated foils. As expected, the maximum tensile strength values are higher for the
laminates with C65:PVDF =0.2:1 and 0.4:1 than for those with C65:PVDF =0.6:1, 0.8:1 and 1.0:1

due to the high amount of binder.

0.15

0.10

0.05

Max. Tensile Strength (MPa)

0.00 -
0.2:1 0.4:1 0.6:1 0.8:1 1.0:1

Figure 5.5. Maximum tensile strength obtained by adhesion strength test.
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Figure 5.6. Electrode appearance after the adhesion strength tests.

The images in Figure 5.6 correspond to the laminates after the adhesion strength test. The fact
that the samples with C65:PVDF =0.2:1, 0.4:1 and 0.6:1 are either completely destroyed (i.e. the
aluminum foil is broken for C65:PVDF = 0.2:1 and 0.6:1) or hardly affected (i.e. most of the
electrode remains adhered to the current collector for C65:PVDF = 0.4:1), evidence the excellent
adhesion and cohesion properties of these electrodes. Contrarily, almost complete delamination
is shown for the electrodes with C65:PVDF = 0.8:1 and 1.0:1 which indicates that the cohesion
among particles is better than the adhesion between the coating and the current collector. Good
adhesion and cohesion properties will have a positive influence on the electrochemical

performance of the electrodes.

5.1.3.3 Electrochemical performance

The electrochemical performance of the electrodes with different C65:PVDF ratios was
evaluated using half-cell configuration in CR2032 coin cells. Electrodes with 8.7 + 0.8 mg cm? AM
loading, 1 M NaPFe in EC:DEC and metallic Na were selected as the working electrode, the
electrolyte and the counter/reference electrodes, respectively. Additional details on the cell

preparation and experimental setup are provided in Chapter 2, section 2.4.1, page 63.

Figure 5.7 shows the first galvanostatic charge and discharge curves of the half-cells with
C65:PVDF =0.2:1, 0.4:1, 0.6:1, 0.8:1 and 1.0:1 in the voltage range between 2.5-4 V. At 13 mA g
1am, the obtained 1% discharge capacities are 71, 83, 116, 110 and 126 mAh g%, respectively. The
half-cells with C65:PVDF = 0.6:1, 0.8:1 and 1.0:1 show first cycle capacity values in the expected
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range for this layered oxide. Contrarily, the half-cells with C65:PVDF =0.2:1 and 0.4:1 show lower
discharge capacity values. According to Liu et al. [**7], there are 2 conductivity regions depending
on the AB:PVDF (AB = Acetylene Black) ratio of the electrodes. Below AB:PVDF = 0.2:1, the AB
network is not formed and the conductivity is too low. In this region, small variations of the AB
content result in a significant variation of the electrode conductivity. The second region is the
conductivity plateau region in which the conductivity changes are less pronounced if the AB
content is varied. This region corresponds to the fully formed AB network. Above AB:PVDF =
0.8:1, there is a decrease in the conductivity due to insufficient binder to maintain the AB
network structure. According to the experimental results shown in Figure 5.7, the conductive
network in these electrodes is not formed when C65:PVDF < 0.4:1 and the electrodes with
C65:PVDF > 0.6:1 are in the conductivity plateau region. The differences among the study of Liu
et al. and our experimental results in the limit between the two regions can be attributed to the

different conductive additives that were used to make the experiments (AB vs. C65).
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Figure 5.7. 15t galvanostatic charge/discharge curves at 13 mA gaw of the half-cells with C65:PVDF =
0.2:1,0.4:1,0.6:1, 0.8:1 and 1.0:1 (4.0-2.5 V).

Figure 5.8 shows the cycling stability of the half-cells at 13 mA gam over 50 cycles. Discharge
capacities of 41, 47, 58, 91 and 70 mAh g are obtained for C65:PVDF = 0.2:1, 0.4:1, 0.6:1, 0.8:1

and 1.0:1, respectively at the end of the experiment. As it could be expected, low reversible

169

Chapter 5



Analysis of the NaFeo.4Mno.3Nio.302 processing parameters for SIB cathode applications

capacities are obtained for the half-cells with C65:PVDF = 0.2:1 and 0.4:1 due to the low carbon
black and high binder content of these electrodes which result in insufficient electrode
conductivities. When the C65 content is increased to C65:PVDF = 0.6:1 and 0.8:1, the conductive
network is formed and the cycling stability is improved. When the C65 content is further
increased up to C65:PVDF = 1.0:1, the cycling stability of the half-cell is worse due to the
formation of C65 agglomerates and the lack of binder which is insufficient to maintain the

conductive particles together as a network resulting in a polarization increment.
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Figure 5.8. Cycling performance at 13 mA gam over 50 cycles of the half-cells with C65:PVDF = 0.2:1,
0.4:1,0.6:1,0.8:1 and 1.0:1 (4.0-2.5 V).

The rate performance is also influenced by the C65:PVDF ratio of the electrodes. Figure 5.9
shows that lower capacities are obtained at higher rates as a consequence of the polarization
increase. At 65 mA g'lamand 130 mA glam, no capacity is delivered by the cells with C65:PVDF =
0.2:1and 0.4:1. Moreover, the rate capability of the cell with C65:PVDF = 0.6:1 is also significantly
lower than that of the cells with higher C65 contents, which indicates that the amount of
conductive additive is not enough for fast cycling. C65:PVDF =0.8:1 and 1.0:1 show similar C-rate
capability being the capacity at 130 mA glam higher for the cell with C65:PVDF = 0.8:1. Similar of
what happened in the cycling stability tests, the lower rate performance is attributed to the

agglomeration of the conductive additive particles that results in lower electrode conductivities.
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Figure 5.9. C-rate performance of the half-cells with C65:PVDF = 0.2:1, 0.4:1, 0.6:1, 0.8:1 and 1.0:1 (4-2.5
V).

The diffusion coefficient values of the electrodes with different C65:PVDF ratios were calculated
using the Randles—Sevcik equation (5.2) in which |, is the peak current (A), n is the number of
electrons transferred during the charge and discharge processes, A is the surface area of the
electrode (cm?), V is the potential scan rate (V s2), and C is the concentration of Na* (mol cm3).
The values of the Na* diffusion coefficients were calculated by the linear relationship between
the peak current and the square root of the scan rate, which is typical for the equilibrium

behavior of an intercalation-type electrode [*%].

2 1 1
I, = (269 10%) - 15 -A- Dz -Vz-C (5.2)

The diffusion coefficient values of all the tested electrodes shown in Figure 5.10 are in the range
between 3.70-102 to 2.57-10"'%; showing a maximum for the electrode with C65:PVDF = 0.8:1.
The best rate capabilities observed in Figure 5.9 for this electrode composition are consistent

with the highest diffusion coefficient values, indicative of fast sodium ion movement.
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Figure 5.10. Diffusion coefficient of the electrodes with C65:PVDF = 0.2:1, 0.4:1, 0.6:1, 0.8:1 and 1.0:1
taking into consideration the cathodic/anodic processes of the cyclic voltammograms.

5.2 Influence of the AM content and loading

Using low AM contents (ca. 75-80%) and loadings (2-3 mg cm™), which allows to minimize
resistance and diffusion limitations, is a strategy commonly used at lab-scale to perform basic
electrochemical studies of new electrode materials. However, if high energy densities want to
be achieved at full-cell level, active material content/loadings need to be maximized without
compromising the electrochemical properties and the mechanical integrity of the electrodes. As
an example, commercial Li-ion battery cathodes have active material contents of ca. 90% and
active material loadings corresponding to ca. 2 mAh cm, approximately [2°°]. In this section, the
effect of increasing the active material content from 75% to ca. 90% is analyzed in terms of
rheological properties of the slurries and mechanical and electrochemical properties of the
resulting electrodes. The effect of the active material loading is also evaluated for each electrode

formulation.
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5.2.1 Slurry preparation

Three different formulations were prepared with 75% (reference cell), 87% and 90% of active
material, named as 75%AM, 87%AM and 90%AM hereinafter. Based on the results obtained in
section 5.1, C65:PVDF was maintained at 0.8:1 for the 87%AM and 90%AM formulations, while
C65:PVDF = 1.5:1 was used for the 75%AM formulation. All the slurries were prepared using the
mixer with the dissolver type impeller by dispersing first the C65 at 1700 rpm for 2 hours in 8%
binder solution and the active material later at 1700 rpm for 2 hours (see Chapter 2 for the details
of the mixing device) and Table 5.3 summarizes the studied formulations. The solid content of
the 75%AM formulation is significantly lower compared to the other two formulations due to
the high C65 content and the consequent need of extra NMP to obtain a slurry suitable to be
casted using the Doctor Blade.

Table 5.3. Composition of the studied cathode slurries (weight and volume percentages correspond to the

dry powders and the solid content is calculated as the total dry powder mass/volume divided by the total
slurry mass/volume).

PVDF Solid
Slurry AM content C65 content NMP
content content
75.0% w/w 15% w/w 10% w/w
38.7% w/w
75%AM 57.8% v/v 24.1% v/v 18.1% v/v
52.8¢g 16.8% v/v
25¢g 5g 33g
87.0% w/w 5.8% w/w 7.2% w/w
54.6% w/w
87%AM 75.0% v/v 10.4% v/v 14.6% v/v
286¢g 25.6% v/v
30g 2g 25¢g
90% w/w 4.4% w/w 5.7% w/w
56.9% w/w
90%AM 80.0% v/v 8.1% v/v 11.9% v/v
253¢g 26.8% v/v
30g 146¢ 19¢
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5.2.2 Slurry characterization

Figure 5.11 shows the flow curves of the three slurries in the shear rate range between 10 and
100 s’1. The measured viscosity of all the samples decreases with the shear rate; therefore, all of
them have a non-Newtonian shear thinning behavior. However, the difference between the
viscosity at low and high shear rates is lower for high active material content slurries, i.e, the

non-Newtonian character is less pronounced.
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Figure 5.11. Flow curves of the cathode formulations with different AM content.

According to Bauer et al., ['®°] based on the Stokes Law, high viscosities allow to decrease the
rate of sedimentation of the particles, reducing the kinetic energy of the particles. However,
there must be a balance between the low sedimentation rate and the feasibility to coat the slurry
onto the aluminum foil. The 87%AM and 90%AM slurries present quite high slurry viscosity from

medium shear rates, and therefore, good particle kinetic energy.

The active material, carbon black and binder are expected to form a uniform network structure
having a determined yield stress. The shear stress curves of the three slurries were fitted to the

Casson model (equation 5.1 in p. 135) (Figure 5.12) in order to calculate this critical yield stress
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value. Table 5.4 displays the fitting parameters; the value of the yield stress ranging from 210 Pa

to 0.1 Pa and showing a minimum value of 0.03 Pa for the 87%AM slurry.
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Figure 5.12. Measured shear stress curves (solid lines) and fitting to the Casson model (dashed lines) for
the slurries with different active material contents.

Table 5.4. Casson model fitting parameters.

%AM To (Pa) n 1, (Pa-s)
75%AM 210.2 0.644 2.121
87%AM 0.031 0.105 0.162
90%AM 0.100 0.095 0.033

Once the slurry is prepared, the coating process is performed. Figure 5.13 represents the
relationship between the gap of the Doctor Blade and the active material loading as a function
on the active material content. This relationship varies depending on the AM and solid content
and the viscosity of the slurries. It is important to mention that the AM loading of the electrodes

increases almost linearly with the gap of the Doctor Blade for the three slurries being this

increment more pronounced as the AM and solid content and the viscosity increases.
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Figure 5.13. Active material loading of casted electrodes as a function of the Doctor Blade gap for the 3
slurries with different AM content.

5.2.3 Electrode characterization

5.2.3.1 Morphological characterization

Figure 5.14 shows the SEM images of 75%AM, 87%AM and 90%AM electrodes. The electrode
with the highest PVDF and C65, i.e.75%AM, evidences a binder and C65 network surrounding the
active material particles. On the other hand, when the other two electrodes with the high active
material content are compared, slightly lower size agglomerates are observed in the 87%AM

electrode, which can help to improve the conductive paths.

75% A.M. 87% A.M. 90% A.M.

Figure 5.14. Surface SEM images of the un-calendered electrodes with different AM contents.
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5.2.3.2 Adhesion/cohesion properties

Adhesion strength test and 180° peel test techniques are used in order to elucidate the
differences between different formulations (further details on the sample preparation and

experimental procedure are included in Chapter 2, section 2.5.3, page 80).

In order to evaluate de influence of the electrode thickness on the mechanical properties,
adhesion strength tests were performed in electrodes with different active material loadings.
According to the results displayed in Figure 5.15 the maximum tensile strength values are in the
range from ca. 0.1 to 0.13 MPa and do not show clear tendencies depending on the active
material content and loadings. However, by observing the photographs of the electrodes after
the adhesion strength test (Figure 5.16), there are clear differences as a consequence of the
different electrode formulations. While 87%AM and 90%AM electrodes present complete
delamination, 75%AM electrode presents high adhesion strength to the aluminum foil and the
cohesion properties are worse. This can be explained because of the higher binder content of
the 75%AM formulation that adheres to the current collector but the less homogeneous
distribution of the components due to the difficulty to disperse that high amount of C65 that

hiders the cohesion between particles.
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Figure 5.15. Maximum tensile strength obtained by adhesion strength test.
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75% A.M. 87%A.M. 90% A.M.
8.19mgcm2A.M. 8.93mgcm2A.M. 11.55mgcm2?A.M.

Figure 5.16. Electrode appearance after the adhesion strength tests.

In addition to the adhesion strength tests, 180° peel tests were also performed on 75%AM,
87%AM and 90%AM electrodes with different active material loadings in order to clarify the role

of this parameter on the adhesion/cohesion properties for each formulation.

In Figure 5.17, Figure 5.19 and Figure 5.21, the average load measured in the 180° test is
represented for 75%AM, 87%AM and 90%AM, respectively. The 75%AM laminates present
similar adhesion strength for the range of loadings analyzed (Figure 5.17) with slightly higher
adhesion strength as the active material loading increases. Moreover, the appearance of the
electrodes taken after the peel test (Figure 5.18) show that the adhesion property is better than
the particle-to-particle cohesion for these electrodes. This could be due to the difficulty of mixing

the high amount of carbon black of this formulation which tends to form agglomerates.
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Figure 5.17. Average load measured in the 180° peel test on 75%AM electrodes with different AM
loadings.

75% A.M. 75% A.M. 75% A.M.
4.98mgcm2A.M. 6.47mgcm2A.M. 8.19mgcm2A.M.

Figure 5.18. Aspect of the 75%AM electrodes with different AM loadings after the 180° peel test
experiments.

In the case of the 87%AM electrodes, there is an evident loss of the adhesion properties when
increasing active material loading, as can be seen in Figure 5.19 and Figure 5.20. A progressive
loss of the adhesion properties is evident being the electrodes with 14.58 mg cm™ completely
delaminated from the current collector substrate. As a consequence of the lower PVDF content
of these electrodes, they present lower load values than those measured for the 75%AM

electrodes (Figure 5.17).
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Figure 5.19. Average load measured in the 180° peel test on 87%AM electrodes with different AM
loadings.

1
b |
87%A.M. 87%A.M. 87%A.M. 87%A.M.
6.78 mgcm2A.M. 8.93mgcm?A.M. 12.12mgcem>2A.M. 14.58 mgcm2 A.M.

Figure 5.20. Aspect of the 87%AM electrodes with different AM loadings after the 180° peel test
experiments.

The adhesion/cohesion properties of the electrodes with 90%AM and ca. 11-13 mg cm™? (Figure
5.21 and Figure 5.22) are in the range of those obtained for 87%AM for equivalent active
material loadings (Figure 5.19 and Figure 5.20) and the adhesion properties of the 90%AM with
19 mg cm are totally lost. In spite of the lower binder content of these electrodes, the load
measured in the peel test is higher than that for the electrodes with 87%AM and 14.58 mg cm™

due to the higher amount of material that needs to be removed from the current collector.
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Figure 5.21. Average load measured in the 180° peel test on 90%AM electrodes with different active
material loadings.

90% A.M. 90% A.M. 90% A.M.
11.55mgcm2A.M. 13.81mgcm2A.M. 18.99 mgcm2A.M.

Figure 5.22. Aspect of the 90%AM electrodes with different AM loadings after the 180° peel test
experiments.

5.2.3.3 Electrochemical performance

The effect of the active material loading for the electrodes with different active material contents
was evaluated at different C-rates, 13 mA g%, 26 mA g, 63 mA g and 130 mA g. Table 5.5
collects all the active material loadings with their corresponding active material contents used

to perform the experiments.
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Table 5.5. Active material loadings (mg cm2) of the electrodes used to perform C-rate capability tests.

75%AM 87%AM 90%AM
3.65 4.32 4.06
4.78 5.08 5.65
8.83 9.47 8.60
10.69 11.70 11.31

Similar reversible capacities are obtained at 13 mA g and 26 mA g! for the 75%AM electrodes
in the whole active material loading range studied (Figure 5.23). The reduction on the C-rate
capability is not that important for the active material loadings lower than 9 mg cm™. However,
for the electrodes with 10.68 mg cm™?, there is a high impact of the C-rate. A fast capacity fade
from 80 mAh g to 30 mAh g is observed in 10 cycles at 65 mA g and the reversible capacity
decreases to 15 mAh g* at 130 mA g. This is related to the increment of the cell resistance by

increasing the electrode thickness.
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Figure 5.23. C-rate performance of the half-cells with 75%AM and different active material loadings (4-2.5
V).

While the C-rate performance of the electrodes with 75%AM presents a progressive decay

depending on the active material lading (Figure 5.23), when the active material content is
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increased to 87%AM, the effect of the active material loading is not that clear (Figure 5.24).
Surprisingly, the electrode with 9.47 mg cm™ shows slightly better C-rate capability than the
electrodes with ca. 4-5 mg cm™. It is considered that the electrochemical performance of these
three electrodes is in the range of variability for this type of cells. Contrarily, a clear limitation is
observed when the active material loading is increased to 11.70 mg cm™. The reversible capacity
starts to decay at 26 mA g and at 65 mA g! the reversible capacity drops to 15 mAh g, It is
important to highlight that all the cells recovered the capacity obtained before the C-rate

capability tests.
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Figure 5.24. C-rate performance of the half-cells with 87%AM and different active material loadings (4-2.5
V).

The C-rate capability limitation for the 90%AM electrodes is higher than for the electrodes with
87%AM as it can be observed in Figure 5.25. A significant capacity fade happens above 65 mA g
! for the electrodes with active material loadings above 5 mg cm™2. Moreover, the reversible
capacities at 130 mA g are lower than 20 mAh g for the active material loadings above ca. 8
mg cm2. According to the data presented in Figure 5.25, the amount of carbon black needed for
the electrodes with 90%AM to show good C-rate capability properties should be higher or the

mixing procedure should be improved to create the microstructure that will allow fast
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charge/discharge cycling. Again, it is remarkable to mention that even with the high active

material content of 90%, the capacity is recovered after the C-rate capability tests.

140
120 + P
¥ 0.4C
~ 100+ 0_1?;_ t}‘;:ki\*%% AM. (4.06 mg cm? A.M.) N:::::‘*
‘o 1 =N [-,\\_ &
£ 80+ 026 R\ 05C [
E ] .
> 60 - 90% A.M. (5.65 mg cm” A.M.) L \ 1c
.g | —1C J
g @O ——
o T \\-\_\ LN
20 90% A.M. (8.6 mg cm” A.M; i)
04 90% A.M. (11.31 mg cm? A.M.)
T ¥ T ¥ T ¥ T ® T g T
0 10 20 30 40 50

Number of cycles

Figure 5.25. C-rate performance of the half-cells with 90%AM and different active material loadings (4-2.5
V).

Taking into account the previous experimental data and trying to maximize the active material
loading on each formulation without compromising neither the mechanical integrity nor the
electrochemical performance, electrodes with active material loadings of 8 + 0.6 mg cm™ were
used to compare the electrochemical performance of the three different formulations. The
electrochemical performance of these cells with different active material contents at 13 mA g~
1am (Figure 5.26) do not present significant differences. The reversible capacity after 50 cycles is
close to 90 mAh g1 for 75%AM, 87%AM and 90%AM, being the capacity retention 83.4%, 82.6%
and 77.3%, respectively.

184



Analysis of the NaFeo.4Mno.3Nio.302 processing parameters for SIB cathode applications

140
120 75% A.M.(7.96 mg cm” AM.)
100 | FEeeImEm,
‘Tm 7 90% A.M.(8.6 mg cm? A.M.) O O
£
< 80 - 87% A.M.(7.54 mg cm” A.M.)
£
S~ <
%’ 60
®©
Q- 1
8 404
20
0 1 ' 1 & 1 1 T 1
0 10 20 30 40 50
Number of cycles

Figure 5.26. Cycling performance at 13 mA glamcat over 50 cycles of the half-cells with 75%AM, 87%AM
and 90%AM (4.0-2.5 V).

The C-rate performance is similar for the cells with 75%AM and 87%AM (Figure 5.27). However,
at high C-rates, the cells with 90%AM show a capacity fade, especially at 65 mA g and 130 mA

g!, which could be caused by the low quantity of the conductive carbon black and poor adhesion

properties of these electrodes.
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Figure 5.27. C-rate performance of the half cells with 75%AM, 87%AM and 90%AM (4-2.5 V).
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As it has been said at the beginning of the section, the main goal of this chapter is to analyze the
processing parameters of NaFeo.4Mno.3Nio302 with the aim to maximize the energy density of the
cells. Table 5.6 shows the energy density calculated for the cathode half-cell and a full-cell for
the cathodes with different active material contents to visualize the effect of this parameter. The
mass of the C65 conductive additive and the PVDF binder was considered for this calculation. A
hard carbon with a formulation of HC:PVDF = 95:5 and a Rn/p(Q) = 1.3 was selected as the anode
for the calculation corresponding to the full-cells. The average voltage and the capacity values
(3.14, 3.18 and 3.19 V and 0.81, 0.77 and 0.86 mAh, respectively for 75%AM, 87%AM and
90%AM) correspond to the 50™ cycle in Figure 5.26.

In spite of the similar cathode active material loading, the energy density increases from 123 to
165 Wh kg at half-cell level (the mass of the inactive components is considered for these
calculations) from 97 to 108 Wh kg at full-cell level (the mass of the inactive components is
considered for these calculations) when increasing the active material content from 75% to 90%
due to the reduction of the electrochemically inactive components of the electrodes. In addition
to this, despite the capacity of the cells with 87%AM and 90%AM being slightly lower than the
capacity of the cell with 75%AM, the higher active material content compensates the penalty in
the capacity. However, it needs to be in consideration for the design of full-cells using this active
material that the rate capability of the half-cells with 90%AM is not as good as that shown by the
half-cells with 87%AM.

Table 5.6. Energy density estimations at half-cell and full-cell level for the cathode electrodes with
different active material contents.

75%AM (Wh kg?) 87%AM (Wh kg?) 90%AM (Wh kg?)
Half-cell 123 155 165
Full-cell 97 106 108
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5.3 Effect of mixing equipment in slurry and
electrode properties
5.3.1 Slurry preparation

In this section, the effect of the mixing device on the rheological properties of the slurries and
the morphology and electrochemical performance of the resulting electrodes is analyzed. Taking
into account the results obtained in the section 5.1 and section 5.2 of this chapter, the slurry
formulation is maintained constant at AM:C65:PVDF = 87:5.8:7.2 (C65:PVDF = 0.8:1). The mixing
devices used for this analysis are: (1) an overhead stirrer with the paddle type impeller (PTI), (2)
a planetary centrifugal vacuum mixer (PM), (3) a combination of the overhead stirrer with the
paddle type impeller and a planetary mixer (PTI+PM), (4) a mixer with a dissolver type impeller
(DTI1), (5) a planetary ball-milling equipment (BM) and (5) a combination of the ball-milling
equipment with the dissolver type impeller (BM+DTI). Further details on these mixing equipment

are included in Chapter 2, section 2.2.1.1.

A binder solution with 8% of PVDF in NMP was used for the slurry preparation but in some of the
procedures, extra NMP solvent had to be added to properly disperse the C65 and the active
material. In spite of this, the solid content was maintained in the range from 50 to 55 % w/w.
Table 5.7 summarizes the main characteristics of each slurry.

Table 5.7. Composition of the studied cathode slurries (weight and volume percentages correspond to the

dry powders and the solid content is calculated as the total dry powder mass/volume divided by the total
slurry mass/volume).

Type of mixing PVDF Solid
AM content C65 content NMmP
equipment content content
87.0% w/w 5.8% w/w 7.2% w/w
50.7% w/w
PTI 74.9% v/v 10.4% v/v 14.6% v/v 11.17 g
22.7% v/v
10g 0.66 g 0.83g
87.0% w/w 5.8% w/w 7.2% w/w
50.4% w/w
PM 74.9% v/v 10.4% v/v 14.6% v/v 11.32¢g
22.5% v/v
10g 0.66 g 0.83g
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87.0% w/w 5.8% w/w 7.2% w/w
52.9% w/w
PTI+PM 74.9% v/v 10.4% v/v 14.6% v/v 10.24 ¢
24.2% v/v
10g 0.66 ¢ 0.83¢g
87.0% w/w 5.8% w/w 7.2% w/w
54.6% w/w
DTI 74.9% v/v 10.4% v/v 14.6% v/v 9.54¢g
25.6% v/v
10g 0.66 ¢ 0.83¢g
87.0% w/w 5.8% w/w 7.2% w/w
54.6% w/w
BM 74.9% v/v 10.4% v/v 14.6% v/v 462¢g
25.6% v/v
4.84¢g 0.32¢g 04g
87.0% w/w 5.8% w/w 7.2% w/w
54.6% w/w
BM+DTI 74.9% v/v 10.4% v/v 14.6% v/v 10.55g
25.6% v/v
10g 0.66¢ 0.83¢g

Below, the slurry mixing procedure followed for each mixing device is described. Some of the

difficulties observed during the slurry preparation process are commented:

1) PTI (Figure 5.28): Bigger containers than those used for other mixing equipment
are needed due to the big size of the paddle type impeller. Heating of the slurry

and consequent NMP condensation was detected.

" C65 Active material
Binder solution

(600 rpm; 2h) (600 rpm; 1h)

Figure 5.28. Slurry mixing procedure using the overhead stirrer with the paddle type impeller.
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2) PM (Figure 5.29): It shows as one of the main advantages that the same procedure

could be used for different size containers.

€65
Binder solution (1000 rpm; 30s + 1000

Active material

(1000 rpm; 30s + 2000
rpm; 30's)

rpm; 30 s) + (2000 rpm;
30s+ 2000 rpm; 30s)

Figure 5.29. Slurry mixing procedure using the planetary centrifugal vacuum mixer.

3) PTI+PM (Figure 5.30): The use of the planetary mixer allow minimizing the amount
of material that remains unmixed in the dead zones of the mixing equipment with
the paddle type impeller. Moreover, it allows increasing the shear (mixing speed)

from 600 rpm to 2000 rpm.

Active

€65 Active material
C65

Binder (1000 rpm; material (1000 rpm;

solution (600:%‘2 2h) 305*;80‘)’ (600 rpm; 1h) 305 + 2000
rpm; 30's :
g bt “PT| rpm; 30's)
“PM

Figure 5.30. Slurry mixing procedure using the mixer with the paddle type impeller combined with the
planetary centrifugal vacuum mixer.

4) DTl (Figure 5.31): It is a versatile device that allows using high speed and mixing

times. The mixing tank has a cooling jacket which avoids the heating of the slurry.
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. . C65 Active material
Binder solution

1700rpm; 2 h 1700rpm; 2 h

Figure 5.31. Slurry mixing procedure using the mixer with a dissolver type impeller.

5) BM (Figure 5.32): There is a risk of significant overheating that promotes the
polymerization of the PVDF binder. The maximum amount of processed material is
limited to ca. 5 g in the equipment used in this Thesis. One of the main drawbacks

is the limited scalability of this equipment.

C65 Active material

Binder solution 500 rpm (5 min mix + 10
min rest; 6 cycles)

150 rpm (1 min mix + S
min rest; 2 cycles)

Figure 5.32. Slurry mixing procedure using a planetary ball milling.

6) BM+DTI (Figure 5.33): Dry mixing of the active material and the conductive additive
was performed using the ball milling and the wet mixing with the binder solution

was done using the disperser with the dissolver type impeller.
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C65 + Active material
C65 + Active material

Binder solution 250 rpm (5 min mix + 10
min rest; 2 cycles) 1700rpm; 2 h

Figure 5.33. Slurry mixing procedure using a planetary ball milling and the mixer with a dissolver type
impeller.

5.3.2 Slurry characterization

Similar rheological analysis as that performed in Section 5.1.2 and Section 5.2.2 was done with
the slurries prepared using the different equipment. However, the flow curve of the slurry
prepared using the ball-milling procedure was not measured due to material limitation to

perform the measurements.

The flow curves in Figure 5.34 show that the lowest viscosity values are obtained for the slurries
prepared using de dissolver type impeller. In this case, the high mixing intensity apparently
resulted in high carbon black de-agglomeration and therefore, in lower starting viscosity, as it
was concluded by Kwade et al. [?°!]. The slurry prepared with the overhead stirrer with the
paddle type impeller shows slightly higher viscosity, indicative that the dispersion of the
components is worse. The highest viscosity value corresponds to the slurries prepared using the
planetary mixer, and the combination of the mixer with the paddle type impeller and the
planetary mixer results in an intermediate viscosity value of that obtained for the slurries

prepared using the individual equipment.
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Viscosity (Pas)

Planetary mixer

Paddle type impeller

Paddle type impeller + Planetary mixer

Dissolver type impeller

Dissolver type impeller+ Ball-milling

Figure 5.34. Flow curves of the slurries prepared with different mixing equipment/procedure.
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The model used to fit the shear stress data of these slurries is the Casson model (Figure 5.35).

According to the fitting (Table 5.8), the highest value of the yield stress, 159.4 Pa, is obtained for

the combination ball-milling and dissolver type impeller. It is expected that this high critical yield

stress will allow maintaining a better slurry character over time.

2500

Shear stress (Pa)

Paddle type impeller

Planetary mixer

Paddle type impeller

+ Planetary mixer

Dissolver type impeller

Dissolver type impeller

+ Ball-milling

y T L T " T L T Y T

20 40 60 80 100

Shear rate (s™)

Figure 5.35. Measured shear stress curves (solid lines) and fitting to the Casson model (dashed lines).
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Table 5.8. Casson model fitting parameters.

Type of mixing

device To (Pa) n 1, (Pa-s)
PTI 0.604 0.102 0.026
PM 5.238 0.096 0.004

PTI+PM 0.989 0.084 0.003
DTI 0.031 0.105 0.162

BM+DTI 159.4 0.259 0.608

5.3.3 Electrode characterization

5.3.3.1 Morphological characterization

The microstructural analysis of the electrodes prepared using the different mixing
devices/procedures was carried out by SEM of un-calendered samples. The level of dispersion of

the components and the size of the particle agglomerates have been studied.

Paddle type impeller
+ Planetary mixer

Dissolver type impeller

Dissolver type impeller Ball-milling + Ball-milling

Figure 5.36. Surface SEM images of the electrodes prepared using different equipment/procedure.
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Figure 5.36 evidences that the size of the agglomerates varies depending on the electrode
preparation equipment/procedure. The two electrodes prepared using ball milling equipment
are the ones which show the smallest agglomerates due to the highly energetic milling process
involved in this slurry preparation procedure that promotes the breakage of the agglomerates.
Contrarily, the mixing procedures using the paddle type impeller and the planetary mixer are less
energetic and the size of the agglomerates is significantly higher. Finally, the electrodes prepared

using with the dissolver type impeller, show agglomerate size in between.

Agglomeration of the submicron particles is sometimes beneficial as higher tap densities can be
achieved and the secondary particles allow radial paths for the sodium ions intercalation [?°?]. In
principle, the big agglomerates present in Figure 5.36 corresponding to the electrodes prepared
using the overhead mixer with the paddle type impeller, the planetary mixer and the disperser
with the dissolver type impeller are not considered to be the most appropriate neither from the
processing nor the electrochemical performance point of view. As stated by Yazami et. al., in the
case of particle agglomeration, electrolyte wetting problems can arise which will limit the
electrochemical performance of the cells. The cause for limited wettability is the size of the
agglomerates, rather than the size of individual primary particles [?°]. Moreover, difficulties
were found for homogeneous casting of these slurries using continuous casting methods such as
comma bar coating, since the agglomerates promote the appearance of defects as lines on the
electrodes. Additional work was performed with the aim of improving the microstructure of the

electrodes in the section 5.4, page 197 of this chapter.

5.3.3.2 Electrochemical performance

Similar active material loading electrodes of 8 + 0.2 mg cm™ were used for the electrochemical

performance analysis in order to avoid further variabilities due to cathode loading differences.

Figure 5.37 shows the 1% charge/discharge cycles of the half-cells. The highest 1% charge capacity
is obtained for the procedure that involves a dry ball-milling process combined with the
dispersion of components using the disperser with the dissolver type impeller, 157.4 mAh g™,

same value as that obtained by Kuze et al. [’®]. However, it is remarkable that the capacity
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retention and the reversible capacity are independent from the 1 cycle capacity values as it will

be shown in the following paragraphs.

Paddle type impeller

Paddle type impeller + Planetary mixer
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Figure 5.37. 1st galvanostatic charge and discharge curves at 13 mA g1 (4.0-2.5 V).
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Figure 5.38 shows the cycling performance for 50 cycles at 13 mA g and Table 5.9 gathers the

capacity data corresponding to the 1%t and 50 cycles. The capacity retention after 50 cycles is in

the range between 50% and 60% for most of the mixing equipment/procedures used, such as

the paddle type impeller, the planetary mixer, the combination of both of them and the ball

milling. On the other hand, although the 1 discharge capacity of the electrodes prepared using

the disperser with the dissolver type impeller is the lowest, 110 mAh g, capacity retention

increases up to 83.2%, indicating that despite of the large agglomerates, the microstructure of

the electrodes is the best for cycling stability. Surprisingly, the electrodes which show the

smallest agglomerates, prepared by dry ball milling and subsequent dispersion, are the ones with

the lowest capacity retention, 42.5%.
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Figure 5.38. Cycling performance at 13 mA g1 over 50 cycles of the half-cells prepared using different
mixing procedures/equipment (4.0-2.5 V).

Table 5.9. Discharge capacity in the 15t and 50t cycles and capacity retention for different mixing
procedures/equipment.

Type of mixing 1%t discharge Reversible capacity after Capacity retention
equipment capacity (mAh g%) 50 cycles (mAh g?) after 50 cycles (%)
PTI 115 62 53.6
PM 124 71 57.6
PTI+PM 123 62 50.5
DTI 110 92 83.2
BM 120 63 52.4
BM+DTI 141 60 42.5

The C-rate performance of these electrodes is shown in Figure 5.39. Similar to what observed in
the cyclability test, the procedure combining the ball-milling and the dissolver type impeller
shows poor C-rate capability, despite the pre-mixing step of the active material and carbon black
allows to des-agglomerate the active material particles, being the capacity close to 10 mAh g at
C-rates above 26 mA g. However, a limitation for active material deagglomeration can exist,
above which an extreme decrease of the paths among active material particles happen.

According to Bauer et al. [*®°], when the slurry mixing process includes a dry mixing step a not
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percolated structure can be created. On the other hand, the higher surface area exposed to the

electrolyte can promote the presence of secondary reactions that irreversibly consume Na*ions.

The electrodes prepared using the planetary mixer, show non-stable capacity at high rates, which
can be an indicative of the poor mixing ability of the planetary mixer due to the short mixing

times and consequent heterogeneous electrode microstructures.

More stable electrochemical performances are obtained in the C-rate capability tests for
dissolver type impeller, the paddle type impeller, the combination of the paddle type impeller
with the planetary mixer and the ball-milling procedures. The best electrochemical performance
at high C-rates are obtained for the electrodes prepared with the dissolver type impeller. At 65

and 130 mA g%, reversible capacities of 82 and 65 mAh g, respectively, are obtained.
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Figure 5.39. C-rate performance of the half-cells prepared using different mixing procedures/equipment
(4-2.5 V).

54 Strategies to improve electrode microstructure
After the analysis of different mixing equipment performed in the previous section, reasonably

good electrochemical performances were obtained using the disperser equipment with the

dissolver type impeller. However, the presence large primary particle agglomerates is still an
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issue, both from the process ability point or view in the casting step and from the electrochemical

performance point of view.

Different approaches can be followed to avoid the formation of these agglomerates. On the one
hand, efforts can be dedicated to modifying the morphology of the particles by tuning the
synthesis procedure (the synthesis route, temperature, pressure, pH-value... can be modified).
On the other hand, the use of dispersing additives during the slurry preparation can also be an
option to improve the microstructure of the electrodes. Finally, the morphology of the particles
can be tuned by post-processing of the synthesized raw material. In this section, the last two
approaches have been evaluated to enhance the microstructure of the electrodes and hence,

improve the casting ability and electrochemical performance of the electrodes.

5.4.1 Use of dispersing additives

PVP and SDS were tested as dispersing additives. PVP was used as an alternative of the PVDF
binder following the same slurry preparation procedure as that described in Figure 5.31. On the
other hand, SDS was used as a compound that lowers the surface tension. Small amounts of
surfactants are usually enough to observe a significant effect, therefore 1% of SDS was
incorporated to the 8% PVDF binder solution during the slurry preparation procedure described
in Figure 5.31. The equipment selected to prepare the slurries is the disperser with the dissolver
type impeller and the formulation is the same as that used in the analysis of the mixing

equipment/procedure (AM:C65:PVDF/PVP = 87:5.8:7.2; C65:PVDF = 0.8:1).

The flow curves of the three slurries prepared with the different dispersing agents are plotted in
Figure 5.40. It is observed that the addition of SDS slightly increases the viscosity in the studied
shear rate range which represents a good balance between process ability and the feasibility to
coat the slurry (it has previously been shown in sections 5.1.2 and 5.2.2 that a good control of
the active material loading can be achieved with slurries with similar rheological properties).

Both the slurries show non-Newtonian shear thinning behavior.
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Figure 5.40. Flow curves of the slurries prepared using dispersing agents.

Contrarily, the slurry with PVP shows almost constant viscosity values over the studied shear rate
range, that is, the slurry shows almost Newtonian character. According to Jacob et. al., particle
agglomeration is responsible for the shear-thinning effects of slurries, and de-agglomeration of
the particles can change a non-Newtonian system into a Newtonian one [2**]. This could be

happening in the PVP containing slurry.

The model used to fit the shear data of these slurries is the Casson model (Figure 5.41). According
to the fitting values (Table 5.10), the use of PVP significantly reduces the yield stress as its
resistance to flow is very small. Therefore, stability problems over time and difficult control of

the active material loading of the electrodes are expected for this slurry.
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Figure 5.41. Measured shear stress curves (solid lines) and fitting to the Casson model (dashed lines).

Table 5.10. Casson model fitting parameters.

Dispersant To (Pa) n 1, (Pa-s)
None 0.031 0.105 0.162
PVP 0.001 0.133 0.449
SDS 0.014 0.082 0.022

The SEM images obtained from the surface of un-calendered electrodes (Figure 5.42) evidence
that the size of the NaFeo4Mno:3Nio.3O2 primary particle agglomerates is similar and that the

problem of the presence of large agglomerates still exists.

Dissolver type impeller Dissolver type impeller (PVP) Dissolver type impeller (SDS)

Figure 5.42. Surface SEM images of the electrodes with different dispersing agents.
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According to the electrochemical performance data at 13 mA g (Figure 5.43), the use of PVP
instead of PVDF has a detrimental effect. The reversible capacity and capacity retention of the
half-cell after 50 cycles are 31 mAh g and 26.15%, respectively (Table 5.11). As it was stated by
Bresser et al., the PVP has a highly hygroscopic character, due to the tertiary amide group, which
can result in water adsorption of the highly hygroscopic cathode active material and combination
of the electrolyte salt. This fact can limit the reversible electrochemical reaction of the sodium
ions [%°°]. The capacity retention of the SDS containing slurry also decays in comparison to the

slurry without any additive, 83.2% vs. 53.5%.
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Figure 5.43. Cycling performance at 13 mA g1 over 50 cycles of the half-cells with different dispersing
agents (4.0-2.5 V).

Table 5.11. Discharge capacity in the 15t and 50t cycles and capacity retention for different dispersing
agents.

lst H
discharge Reversible capacity after 50 Capacity retention after

Dispersant (C:.Z?:igt-}’) cycles (mAh g) 50 cycles (%)
None 110 92 83.2
PVP 120 31 26.2
SDS 130 69 53.5
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Similar C-rate performances are obtained for the electrodes without any dispersing additive and
with SDS (Figure 5.44). Slightly lower capacity fade is observed for the electrodes with no
dispersing agent, especially at low C-rates. Similar to what observed at low C-rates, the
electrodes with PVP as binder/dispersing agent show poor electrochemical performance due to

reactivity with the electrolyte.
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Figure 5.44. C-rate performance of the half-cells with different dispersing agents (4-2.5 V).

No improvement in the morphological, rheological and/or electrochemical properties of the

electrodes was observed by adding dispersant agents. Therefore, this approach was discarded.

5.4.2 Effect of the active material morphology

As a second approach to improve the electrode microstructure, the effect of active material
morphology is modified in this section. The raw material named as original morphology
hereinafter was subjected to two different post-synthesis treatments: 1) a ball milling treatment
to promote the de-agglomeration of the particles (named as de-agglomerated morphology
hereinafter) and 2) a spray drying treatment to promote the formation of spherical particles

which do not tend to further agglomerate [>°®] (named as spherical morphology hereinafter). All
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the treatments were performed by an external company and no information was provided on

the treatment conditions based on confidentiality issues.

All of the slurries done in this section are prepared by means of the disperser with the dissolver
type impeller following the procedure already described in Figure 5.31 (page 151) and the
formulation is the same as that used in the analysis of the mixing equipment/procedure

(AM:C65:PVDF/PVP = 87:5.8:7.2; C65:PVDF = 0.8:1).

The SEM images of the electrodes (Figure 5.45) show that the agglomerates remain there when
using the de-agglomerated material. However, the shape of the agglomerates significantly
changed and spherical agglomerates with a similar agglomerate size than the original
morphology are obtained. In the case of spherical particles formed by means of spray drying, the
size of the agglomerates is significantly lower and the dispersion is enhanced. The decrease of
the size of the agglomerates allows the preparation of electrodes using the continuous coating
machine without the presence of defects created by the large agglomerates present in the

slurries prepared with the original and the de-agglomerated materials.

Original Deagglomerated Spray dried

Figure 5.45. Surface SEM images of the electrodes with different active material morphology.

The microstructure of the electrodes has strong consequences in the electrochemical
performance. It determines the specific surface area in contact with the electrolyte, which
determines the transportation paths for the sodium ions. An optimal microstructure also enables

the fast transport of the electrons which improves the cycling performance [2°9].

For the electrochemical performance analysis, electrodes with active material loading between

8.5+ 0.5 mg cm™ at coin cell level are selected. The electrochemical performance at 13 mA g of
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the de-agglomerated material is significantly lower than the original and spherical morphology
materials, as there is an evident reduction of the initial and the reversible capacity after 50 cycles
(Figure 5.46). In the case of spray dried material, similar discharge capacities as the original
material are obtained after 50 cycles, 78 and 91 mAh g%, respectively. It is remarkable that there
is a decrease in the coulombic efficiency when the active material is subjected to post-synthesis
treatment compared to the original material. This could be related to the increase of the

secondary reactions over cycling which are consuming Na ions in a larger extent.

The better electrochemical performance at the initial cycles of the electrodes with spherical
morphology can be related to the ability to absorb possible volume changes related to the
insertion and de-insertion of the sodium ions in the host structure. Another positive
characteristic of this type of morphology is related to the mixing with the conductive additive.
The well-defined boundaries of the material can ensure an enhancement of the contact between
the active material and the conductive carbon over cycling. Due to this fact, the electrolyte

soaking could be better, and the sodium ion transportation paths are improved [**7].
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Figure 5.46. Cycling performance at 13 mA g over 50 cycles of the half-cells with different active material
morphology (4.0-2.5 V).

The C-rate performance of these cells (Figure 5.47) present a similar behavior than that

presented at 13 mA gl. The de-agglomerated material is discarded due to the poor C-rate

204

Chapter 5



Analysis of the NaFeo.4Mno.3Nio.302 processing parameters for SIB cathode applications

capability. In the case of the cathodes with spherical morphology, the discharge capacity at 13
and 26 mA gl is comparable to the original cathode, while the discharge capacity is slightly lower

at higher C-rates.
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Figure 5.47. C-rate performance of the half-cells with different active material morphology (4-2.5 V).

In conclusion, despite the slightly lower electrochemical performance of the spray dried material
compared to the original, both of them are selected to prepare the electrodes for full-cell
assembly and subsequent electrochemical characterization in Chapter 7. The reason is that the
cathode with spherical morphology allows preparing the electrodes without defects using the

continuous coating machine.

5.5 Drying process influence

No experimental studies dealing with NaFeosMno3Nio302 material and its optimal drying
temperature were found in the literature. In fact, most of the research in Na-ion layered oxides
cathodes is developed at different drying conditions (time, temperature, equipment, etc.).
Therefore, in this section the effect of NaFeo4Mno3Nio.302 electrode drying conditions in the
electrochemical performance of the cells is evaluated to determine the optimal temperature at

which the electrodes should be dried.
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5.5.1 Electrode preparation

The electrodes were prepared following the general procedure described in Chapter 2, section
2.2, using the formulation in Table 5.12 and the mixing procedure described in Figure 5.31 (page
190). The active material loading of the resulting electrodes was 8.47 + 0.98 mg cm™. For this
study, the electrodes were dried at room temperature under dry room conditions (dew point of
ca. 60 °C and controlled temperature of 21 + 1 °C) and at 60 °C, 80 °C, 100 °C, 120 °C and 130 °C
for 10 minutes under vacuum (50 mBar).

Table 5.12. Composition of the studied cathode slurry (weight and volume percentages correspond to the

dry powders and the solid content is calculated as the total dry powder mass/volume divided by the total
slurry mass/volume).

Type of
PVDF Solid
mixing AM content C65 content NMP
content content
equipment
87.0% w/w 5.8% w/w 7.2% w/w
Disperser 54.6% w/w
74.9% v/v 10.4% v/v 14.6% v/v 9.54¢g
type impeller 25.6% v/v
10g 0.66g 0.83g

5.5.2 Electrode characterization
5.5.2.1 Morphological properties

According to Goren et al. [2%°] the drying temperature affects to the polymer chain mobility and
the final distribution and morphology of the binder. When increasing the temperature, the
polymer chains have enough mobility to occupy the free space left by the solvent, which leads
to a more compact structure. The interrelation of the binder with the active material in the
electrode leads to changes in the electrochemical performance. However, in the SEM images in
Figure 5.48 that show the distribution of NaFeo4Mno3Nio302, the conductive additive and the
binder in the electrodes dried at different temperatures, no significant differences can be

observed.
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60 °C

120 °C 130 °C RT
Figure 5.48. Surface SEM images of the electrodes dried at different temperatures.
The porosity of the electrodes is calculated by measuring their mass and thickness and assuming
the densities of the active material, the C65 and the PVDF of 4.18 gcm3, 2 gcm3and 1.78 g cm’
3, respectively (Table 5.13). The porosity of all the electrodes is in the range of 70%. The porosity

is higher in the temperature range from 80 °C to 130 °C (ca. 74%), while at room temperature

and at 60 °C, it is close to 66%.

Table 5.13. Electrode porosity calculated for different drying temperatures.

Drying temperature (°C) Porosity (%)
25 67.25
60 65.74
80 76.38
100 74.21
120 72.99
130 73.35
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5.5.2.2 Adhesion/cohesion properties

The effect of the drying temperature on the mechanical properties of the electrodes have been
studied by 180° peel tests. The load measured for the peeling process is plotted in Figure 5.49.
The highest peeling strength is obtained for the electrodes dried at 100 °C, while the lowest
peeling strength is obtained for the electrodes dried at 80 °C. But overall, all the electrodes show
good adhesion and cohesion properties based on the appearance of the electrodes after the
peeling test (Figure 5.50) in which most of the electrode remains adhered to the current
collector. According to Jaiser et al., one of the reasons which might cause the adhesion to
deteriorate is high drying rates [2°®]. However, based on these results, the drying rate is good
enough in these electrodes. Moreover, as it will be discussed later, contrary to what it is
expected, the electrochemical performance of the electrodes which show the best adhesion
properties do not present the best cycling stability after 50 cycles. This fact suggests that a critical
adhesion value is reached for all the drying conditions and minor variations in the peeling
strength value do not significantly influence in the electrochemical performance of the

electrodes.
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Figure 5.49. Average load measured in the 180° peel test on electrodes dried at different temperatures.
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Figure 5.50. Electrode appearance after 180° peel test experiments.

5.5.2.3 Electrochemical performance

Figure 5.51 shows the diffusion coefficient in the charge/discharge processes depending on the
drying temperature of the electrodes following the procedure described in Chapter 2, section
2.5.1.3, page 74. High diffusion coefficients allow fast Na* ions transport. The diffusion coefficient
values measured In this study are in the range between 3.67:10? to 1.94-10 cm? s. The
highest diffusion coefficients are obtained at 60 °C in the cathodic process and at 80 °C in the
anodic process. Overall, the electrodes dried at room temperature, 60 °C, 80 °C and 100 °C
presents higher charge and discharge diffusion coefficients. This is consistent with the analysis
of the electrochemical performance results presented in the following pages (Figure 5.52 and

Figure 5.53).
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Figure 5.51. Diffusion coefficient of the electrodes dried at different temperatures taking into
consideration the cathodic/anodic processes of the cyclic voltammograms.

The galvanostatic cycling stability at 13 mA g? in the voltage range between 2.5-4.0 V is
represented in Figure 5.52. All the electrodes show similar cycling stability over 50 cycles which
indicates the drying temperature does not significantly affect to this electrodes at a cycling rate
of 13 mA g. This fact is in agreement with the higher symmetry of the CV profiles at 13 mA g!

which could be derived from the better de-insertion/insertion of Na* ions at slow C-rates.
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Figure 5.52. Cycling performance at 13 mA g over 50 cycles of the half-cells with electrodes dried at
different temperatures.

Galvanostatic cycles at different C-rates have been also done in the voltage range from 2.5 to 4.0

V for all the cathodes dried at different temperatures (Figure 5.53). It is noticeable that better C-

rate capability is obtained for those electrodes dried at RT, 60 °C and 80 °C, while the electrodes

dried at 130 °C and 120 °C show the worst results at higher C-rates. The electrodes dried at 60

°C and 80 °C have a discharge capacity of ca. 60 mAh g at 130 mA g, while for the electrodes

dried at 130 °C the discharge capacity is lower than 40 mAh g. These results are in agreement

with the highest charge/discharge diffusion coefficient of the electrodes dried at 60 °C and 80 °C

which are showing faster Na* ion diffusion that allows cycling at high C-rates.
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Figure 5.53. C-rate performance of the half-cells with electrodes dried at different temperatures.

The experimental results obtained in this section indicate that low drying temperatures in the
range between 60-80 °C are the optimum from the perspective of the electrochemical
performance of the half-cells. However, from the process ability point of view higher
temperatures can be required in order to guarantee that the electrodes are completely dried in
a continuous process. This represents a trade-off between the optimal temperature and the time
required to dry the electrodes since higher temperatures than 60-80 °C might be needed to

complete the drying process in short times.

5.6 Conclusions

The effect of different cathode processing parameters in the rheological, morphological,
mechanical and electrochemical characteristics of the electrodes has been analyzed in this

chapter.

First, the interaction of the C65 conductive additive and the PVDF binder was studied. The
rheological properties of the slurries with different C65:PVDF ratios show that all the
formulations show a shear thinning behavior and this effect is more pronounced for high C65

containing slurries. On the other hand, the electrodes with low C65:PVDF ratios (i.e. 0.2:1 and
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0.4:1) show the best adhesion/cohesion properties due to the high binder content of these

electrodes.

Focusing on the electrochemical performance of the electrodes with different C65:PVDF ratios,
the cooperation between both inactive materials of the cathode slurry formulation results in
different cell performances. In spite of having the best adhesion/cohesion properties, the
electrodes with low C65:PVDF ratios, i.e. 0.2:1 and 0.4:1, present low reversible capacity and
cycling stability at low C-rates and poor C-rate performance due to the ion-blocking effect of the
binder and insufficient amount of conductive additive which lead to poor connectivity between
the inactive particles. Although C65:PVDF ratios of 0.6:1 are suitable for low C-rate cyclability, at
high C-rates, the cell performance is significantly reduced. When increasing the ratio between
the carbon black and the binder to above 0.8:1, the amount of agglutinant is not enough to keep
the conductive particles together and therefore, mechanical integrity of the electrode can be
affected over cycling with an increment in the cell polarization. Moreover, conductive agent
aggregation can also cause growth of cell resistance which can cause a failure in the
electrochemical performance. The highest diffusion coefficient values calculated for C65:PVDF =
0.8:1 also agree with the best cycling and C-rate performances observed for this formulation.
After 50 cycles at ca. 0.1C, this formulation presents a reversible capacity of 91 mAh g with a

capacity retention of 82.3%.

With the aim to move towards higher active material loadings and hence, higher
capacities/energy densities, the active material content was increased with respect to
formulations with 75-80% of active material usually employed in the development of new
electrode active materials. It is important to highlight that in addition to increasing the active
material loading, the slurry preparation procedure with lower C65 contents (i.e. 87%AM and
90%AM) is easier, higher solid contents can be used and the viscosity is lower. Moreover, the
resulting electrodes show more homogeneous microstructure than those with high C65 contents
(i.e. 75%AM). Similar cycling performances (90 mAh g* after 50 cycles) were obtained at slow C-
rates for the electrodes with 75%AM, 87%AM and 90%AM and active material loading of ca. 8
mg cm2. However, the C-rate capability is significantly lower for the 90%AM electrodes due to

the low conductive carbon black content and the loss of mechanical integrity. Therefore, an

213

Chapter 5



Analysis of the NaFeo.4Mno.3Nio.302 processing parameters for SIB cathode applications

active material content of 87% was selected as the optimum electrode composition which

delivers 106 Wh kg™ at materials level.

The disperser type impeller is considered as the best option for the mixture of the cathode
components. It presents the best compromise between the components dispersion, electrode
microstructure and electrochemical performance. It presents a reversible capacity after 50 cycles
of 92 mAh g with a acceptable capacity retention of 83%. However, the size of the agglomerates
hinders the use of a continuous comma bar coating machine for electrode preparation.
Therefore, two different approaches, the use of dispersive agents and the modification of the
active material morphology, were followed with the aim to reduce the size of the agglomerates
and enhance the microstructure of the electrodes. No improvement was observed with the use
of dispersive agents and the spherical active material morphology (formed by spray drying
treatment) resulted in electrodes with smaller agglomerates that enabled the preparation of

electrodes using the continuous comma bar coating machine.

Finally, it is important to highlight the importance of the drying temperature in the electrode
processing for sodium-ion batteries. Maximum diffusion coefficients are calculated for the
electrodes corresponding to a drying temperature of 60 °C and 80 °C, which is consistent with
the analysis of the electrochemical performance. Maximum reversible capacities of 94 mAh g
after 50 cycles were obtained for the electrodes dried at 60 °C with. Moreover, the best C-rate
capabilities are also achieved for the electrodes dried at room temperature, 60 °C and 80 °C,

while those dried at 130 °C and 120 °C show the worst results with higher polarization values.
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Chapter 6. ANALYSIS OF THE HARD
CARBON ANODE PROCESSING
PARAMETERS FOR SIBs

In this chapter, a hard carbon is analyzed as anodic material for Na-ion battery. Different active
material contents and loadings are studied, as these parameters are important to balance in an
optimal way the positive and negative electrodes in a full-cell. The effect of calendering
conditions on the electrode porosity and consequent electrochemical performance are also
studied. Morphological, rheological, mechanical and electrochemical characterizations are

included in this chapter.
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6.1 Influence of the AM content and loading
6.1.1 Slurry preparation

3 different slurries with variation in the active material and conductive additive content are
evaluated in order to determine the optimal anode formulation. All the slurries were prepared
using the planetary centrifugal vacuum mixer following the procedure described in Figure 6.1. In
these experiments, the binder content and the solid content were maintained constant at 5%

and ca. 54% respectively. Table 6.1 summarizes the studied anode slurry formulations.

c65
Binder solution (1000 rpm; 30s + 1000

Active material

(1000 rpm; 30s + 2000

rpm; 30 s) + (2000 rpm; rpm; 305)

30s+ 2000 rpm; 30's)

Figure 6.1. Anode slurry mixing procedure using the planetary centrifugal vacuum mixer.
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Table 6.1. Composition of the studied anode slurries (weight and volume percentages correspond to the
dry powders and the solid content is calculated as the total dry powder mass/volume divided by the total
slurry mass/volume).

AM content C65 content PVDF content NMP Solid content
95.0% w/w 0% w/w 5% w/w
53.8% w/w
94.4% v/v 0% v/v 5.6% v/v 9g
37.6% v/v
10g Og 0.53g
92.5% w/w 2.5% w/w 5% w/w
53.8% w/w
91.9% v/v 2.5% v/v 5.6% v/v 93¢g
37.6% v/v
10g 027¢g 0.54g
90% w/w 5% w/w 5% w/w
53.8% w/w
89.4% v/v 4.9% v/v 5.6% v/v 96¢g
37.6% v/v
10g 0.56g 0.56¢g

6.1.2 Slurry characterization

The composition of the slurries directly impacts in their rheological properties. Due to the fact
that the solid content and the mixing procedure were kept constant for the three different
formulations, the addition of the carbon black is expected to be the main parameter affecting
the rheological properties of the formulations. Figure 6.2 shows a pseudo-plastic behavior, also
called shear thinning, for the three slurries [**°]. Shear thinning materials present a decrease in
the viscosity when increasing the deformation speed or shear rate. Although the fully Newtonian
behavior was never observed in the studied shear rate range, at high shear rates, viscosity values
tend to stabilize because of the destruction of the created structures [2°%,%%°]. The slope of the
curve at high shear rates is 0.04, 0.07 and 0.1 for 0%, 2.5% and 5% of C65 respectively. The lower
slope of the slurry without C65 is an indicative of the behavior of this slurry closer to that of a

Newtonian fluid.
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Figure 6.2. Flow curves of the anode formulations with different composition.

Figure 6.2 also shows that the slurry with no carbon black presents lower viscosity values,
especially at low shear rates, which can be related to the improvement of the powder dispersion
in the slurry. According to Bockholt et al., when comparing slurries with and without carbon
black, those without carbon black can show a different behavior, as the Newtonian behavior
starts at lower shear rates, which is related to the liquid-like behavior of this kind of
dispersions. In this case, the viscosity is mainly dependent on the properties of the binder and
the solvent [?°!]. When increasing the carbon black content to 2.5% and 5%, slurries present
an important increase in the viscosity at low shear rates. This can be beneficial for electrode
processing since it means a more stable structure due to the carbon agglomeration. More
resistance to present sedimentation than in the case of 0% of carbon black is expected for

these slurries [2%Y].

Figure 6.3 shows the evolution of the shear stress with the shear rate. These data are fitted using
the Casson model, with non-lineal profile for any formulation. Details on the Casson model
characteristics and experimental procedure for rheological measurements are provided in

Chapter 2, section 2.5.2, page 76. Table 6.2 summarizes the fitting data.
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Figure 6.3. Measured shear stress curves (solid lines) and fitting to the Casson model (dashed lines).

Table 6.2 Casson model fitting parameters.

%C65 To (Pa) n ne (Pa-s)
0 0.03323 0.09032 0.09506
2.5 11.62 0.07259 1.047-10°

5 159.6 0.09815 8.361:10°°

From the fitting parameters, the yield stress (to) parameter, indicator of the strength of the
internal network formed by the different components of the slurry, is calculated (Table 6.2). The
particles connected in this network are able to transmit a force and support a shear stress.
Therefore, the stronger the network, the greater the stress which is required for the slurry to
start to flow ['®4]. The critical yield stress exponentially increases from 0.03 to 159 Pa by
increasing the carbon black content in the formulation (Table 6.2). The high yield stress is
expected to be beneficial to maintain the dispersed powder particles in suspension over storage

time and avoid possible sedimentation.
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The rheological properties of the slurries are important to determine the coating parameters
either by Doctor Blade as in this section, or by other continuous coating equipment. Figure 6.4
shows the active material loading of the casted electrodes as a function of the Doctor Blade gap.
It is observed that in the studied range, the loading of the active material progressively increases
between ca. 2 and 11 mg cm?, which indicates that the rheological properties of the anode
slurries are suitable for Doctor Blade casting. Spite of the fact that the slurry with 0% of C65 has
the maximum active material content, lower active material loadings were obtained for the same
Doctor Blade gap compared to the slurries with a C65 content of 2.5% and 5% due to the lower

viscosity and yield stress of the former.

12
n
104 “
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(\7\ | |
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0 50 100 150 200 250

Gap of Doctor Blade (um)

Figure 6.4. Active material loading of casted electrodes as a function of the Doctor Blade gap for different
anode slurries.

6.1.3 Electrode characterization

The active material content in the anode formulation is analyzed in combination with the active
material loading by means of morphological, mechanical and electrochemical properties. The
active material loading is a parameter which has a large influence when assembling a full-cell

prototype. As it has been shown before (Figure 6.4), electrodes with a wide range of active
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material loadings were obtained for each formulation by setting the gap of the Doctor Blade at
60 um, 100 um, 140 um, 200 um and 240 um. Different cell performances are expected for the
electrodes with different active material loadings. By increasing this parameter, the areal
capacity as well as the energy density of the cells which are some of the main objectives in the

development of a new Na-ion battery should ideally increase.

6.1.3.1 Morphological properties

SEM images of different formulations for anode side shows primary particles of hard carbon with
a flake shape morphology in the few micron range (Figure 6.5). Independently of the formulation
used to develop anode coated foils, primary particles remain without forming further
agglomerates. By increasing percentage of carbon black, from 0% wt. to 5% wt., the increment
of the net of conductive agent around hard carbon particles is evidently shown. The main
difference between 92.5%AM and 90%AM electrodes is the more disperse carbon black of the
latter all around the active material and binder which could help to improve the conductive

pathways between particles.

95% A.M.

Figure 6.5. Surface SEM images of the un-calendered electrodes with different active material contents.
95%AM, 92.5%AM and 90%AM.
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6.1.3.2 Adhesion/cohesion properties

As it was reported by Haselrieder et al., the adhesion properties of the coated electrodes with
different loadings are important parameters that need to be considered in order to maximize
the energy density of a battery as they affect to the electrochemical performance of the cells
[2?]. On the other hand, according to Son et al., to optimize the energy and power delivered by
the cells optimal adhesion properties should be achieved, by improving the electrode
composition or its interface with the current collector [2%3]. In this study, 180° peel tests were
conducted on 95%AM, 92.5%AM and 90%AM electrodes with 2 different active material
loadings. 2 + 0.5 mg cm™ and 10 + 0.3 mg cm were considered respectively as low and high

loading electrodes. The experimental procedure is described in Chapter 2, section 2.5.3, page 80.

As it was expected, by increasing the loading of the electrodes, a decrease on the adhesion
properties is produced in all the studied formulations (Figure 6.6). The load values measured for
high loading electrodes are in the range of 1.5 N while the low loading electrodes are in the range
of 3.5 N. This could happen because in the case of high loading electrodes, a homogeneous
distribution of the binder in the whole electrode is more difficult due to the migration effects of
the binder molecules during drying that result in lower volume concentrations at the interface

of the coating and the substrate [24].
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Figure 6.6. Average load measured in the 180° peel test on (a) 95%AM, (b) 92.5%AM and (c) 90%AM
electrodes with low and high loadings.

According to the pictures of the peeled anodes (Figure 6.7), both low and high loading electrodes

present better cohesion than adhesion properties, as all of them are completely delaminated

after the peeling test.
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95%A.M. 92.5% A.M.
i I
Increasing mass loading Increasing mass loading

c) 90% A.M.

Increasing mass loading

Figure 6.7. Aspect of the (a) 95%AM, (b) 92.5%AM and (c) 90%AM electrodes with low and high loadings

after the 180° peel test experiments.

Figure 6.8 shows the standard deviation of the load measured in the 180° peel test in order to
provide an indicator of the homogeneity of the electrodes. Figure 6.8 (b) clearly shows that the

92.5%AM electrode presents more irregular profile.
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Figure 6.8. Standard deviation of the load measured in the 180° peel test on (a) 95%AM, (b) 92.5%AM and
(c) 90%AM electrodes with low and high loadings.

Focusing on the effect of the formulation in the adhesion and cohesion properties (Figure 6.6),
no significant differences are observed for high loading electrodes, while the maximum load of
ca 3.2 N is measured for the 92.5%AM electrode with low loading. In the case of low loading

95%AM and 90%AM electrodes, similar load values of ca. 1.5 N are measured in the peeling test.

The 92.5%AM electrodes present the most irregular profile, probably due to the difficulties to
homogenize lower quantities than 5% of carbon black in the anode formulation using the
planetary centrifugal vacuum mixer. Due to this irregular behavior, electrochemical studies were

focused on the 95%AM and 90%AM electrode formulations.

6.1.3.3 Electrochemical performance

For the electrochemical performance analysis of the different formulations, a wide range of

active material loadings in the range between ca. 2 - 7 mg cm™ were tested. In this section,
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95%AM and 90%AM formulations are analyzed. As it has been mentioned in the previous section,
the formulation with 2.5% of carbon black does not have enough carbon additive material to be
homogeneously spread, so its influence is not as effective as in the case of 5% of carbon black
electrodes. Therefore, the electrochemical performance of the 92.5%AM electrodes is not

included in this section.

6.1.3.3.1 15t cycle irreversibility

As a consequence of the addition of the carbon black, there is a variation in the 1% cycle
irreversible capacity as it is shown in Figure 6.9. The irreversible capacity decreases as the active
material loading increases for both the formulations especially below ca. 4 mg cm. Above 4 mg
cm?, the 1%t cycle irreversibility is more stable. This 1% cycle irreversible capacity is related to the
SEI formation, which is larger in the case of low active material loadings and allows to avoid

secondary reactions in a further extent [*%°].
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Figure 6.9. 15t cycle irreversible capacity as a function of the active material loading for 2 different
formulations: 95%AM and 90%AM.

Independent of the active material loading, the 1% cycle irreversible capacity is higher for the
carbon black containing electrodes. In the case of 95%AM, the irreversible capacity ranges from

30 mAh g to 44 mAh g, while in the case of 90%AM, it ranges from 42 mAh g* to 54 mAh g1
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As Fransson et al. reported, carbon black shows a large 1% cycle irreversible capacity when cycled
in the low-potential region [*%¢]; therefore, the increase of the 1% cycle irreversible capacity when

adding the carbon black is consistent with these findings.

According to Alcantara et al. the principal factor that causes high 1 cycle irreversible capacity is
related to the external carbon surface area of the disordered structure with bent layers and the
low density of the carbon black [%°]. Figure 6.10 (a) and (b) show the voltage profile and the
differential capacity curve of the carbon black used in this work during the 1% cycle. A mixture of
carbon black and PVDF (70:30) was coated on top of aluminum foil and resulting electrodes were
cycled versus metallic Na for this experiment. An irreversible capacity of 203 mAh g is observed
in Figure 6.10 (a) and the differential capacity curve (Figure 6.10 (b)) shows a big peak at ca. 0.5
V, which corresponds to the SEI layer formation. During the following cycles, reversible
insertion/extraction of Na* ions takes place and only one peak at < 0.1 V is visible in the
differential capacity curve in Figure 6.10 (b). Although the 1% cycle irreversibility of the carbon
black used in this work is lower than those reported by Alcadntara et al., the higher irreversibility
of the electrodes with the conductive additive was attributed to the presence of this component
[25%]. In spite of this, it is expected that it can have a positive influence in the reversible capacity

values of the hard carbon.
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Figure 6.10. (a) 1t cycle galvanostatic curve of carbon black and (b) differential capacity curve of carbon
black in the 15t and 20t cycles.
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6.1.3.3.2 Diffusion coefficient calculation

Cyclic voltammetry tests were conducted at a scanning rate of 0.1 mV s* for 95%AM and 90%AM
electrodes and the 1%, 2"d and 5% cycle were plotted in order to elucidate some differences in
the SEI formation depending on the anode formulation and the active material loading.

Electrodes with 2.4 mg cm™? and 5.8 mg cm™ were used for these tests.

According to Pan et al., during the first reduction step, sodium ions are intercalated into the
graphene layers of the hard carbon. The pair of redox peaks close to 0V, 0.20/0.0 V, are related
to the cathodic and anodic insertion and de-insertion of the Na ions into the graphitic layers and
the deposition of the Na metal clusters into micro voids [?®”]. The peak at, approximately, 0.1 V
is characteristic of pore filling and on the reverse oxidation curve, there is a peak at 0.2 V which
is related to the de-insertion of sodium ions from the pores [2%8]. In the 1% cathodic process,
there is an additional broad peak, at approximately 0.75 V, which is related to the SEI formation,

proportional to the surface area of the carbon material used, according to Bommier et al. [*%°].

In the case of 95%AM electrodes with no carbon black (Figure 6.11 (a)), the peaks attributed to
the sodium ions insertion and de-insertion into the pores of the hard carbon [1*°] at 0.01 V and
0.25 V, are in the same voltage position although they are more intense in the case of higher
active material loadings. The same happens in the following cycles. So, the main difference in
the cyclic voltammetry profiles observed when increasing the active material loading is the
increment of the polarization and the peak intensity. The 2" and 5™ cyclic voltammetry curves
are almost overlapped independently of the active material loading which indicates a good
capacity retention over cycling of the hard carbon anode [?®°] in the studied active material

loading range.
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Figure 6.11. 1st, 2" and 5t cyclic voltammetry curves of the (a) 95%AM and (b) 90%AM electrodes with
different active material loadings.

In the case of the 90%AM electrodes with 5% of carbon black (Figure 6.11 (b)), it can be observed
that the curves are not totally overlapped, which is related to the irreversible character of the
electrochemical reaction [27°]. An additional reduction peak, at ca. 0.3 V can be observed in the
first cycle independent of the active material loading. This peak is attributed to the presence of

the carbon black [%%°].

Diffusion coefficients (Figure 6.12) are calculated from the relationship between peak current
and square root of the scan rate for the anode formulations and active material loadings based
on the Randles-Sevcik equation (see additional information in Chapter 2, section 2.5.1.3, page

74). Samples showing higher values of diffusion coefficient have higher sodium ion kinetics.

For the low active material loading electrodes, the diffusion coefficient values are in the range
between 8.8-:10'! and 1.34-1071° cm? s, with slightly higher diffusion coefficient values for the
90%AM electrodes measured in the cathodic process. In the case of 90%AM electrodes, the
presence of carbon black in the electrode composition could help to the sodium ions to diffuse
in a further extent. For high active material loadings, the diffusion coefficients are in the range
between 3.66:10!! and 6.67-10 cm? s!, one order of magnitude lower than those values
measured for low active material loading electrodes for both formulations, supporting the

negative effect of this increment on the electrochemical performance.
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Figure 6.12. Diffusion coefficient measured for the cathodic/anodic processes for different anode
formulations and active material loadings.

6.1.3.3.3 Rate capability

The hard carbon electrodes were cycled at different C-rates in half-cell configuration. The rate
capability tests were done at 25 mA g1, 50 mA g1, 125 mA g'tand 250 mA g (10 cycles at each
current) to observe how the material behaves at different cycling rates using different

formulations and active material loadings (Figure 6.13 and Figure 6.14).
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Figure 6.13. C-rate performance of the 95%AM half-cells with different active material loadings.

Figure 6.13 shows the C-rate capability of the 95%AM electrodes with different active material
loadings. A decrease of the reversible capacity is clearly visible when increasing the active
material loading. Concretely, the maximum value of the 1t discharge capacity of 334 mAh g is
obtained for the electrode with 1.60 mg cm at 25 mA g while for intermediate active material
loadings of 3.70 mg cm, the 1%t discharge capacity is 275 mAh g at the same cycling rate. For
higher active material loadings of 7.23 mg cm™?, the 15t discharge capacity value reaches 325 mAh
g1, however, there is a significant capacity fade and the 2" discharge capacity decreases to 290
mAh g. The capacity fade in the initial 10 cycles at low C-rates as well as the capacity fade after
the C-rate capability test is also higher for high active material loading electrodes. The reversible
capacity at high C-rates of 250 mA g ranges from ca. 80 to 50 mAh g respectively for low and

high active material loading electrodes.
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Figure 6.14. C-rate performance of the 90%AM half-cells with different active material loadings.

A similar trend as that observed for the electrodes with 0% of C65 is observed for the 90%AM
electrodes with 5% of C65 (Figure 6.14). Overall, there is a general decrease of the reversible
capacity at each C-rate, as well as a decrease in the capacity recovery at 25 mA g after the cycles
at high C-rates when increasing the active material loading. However, the capacity is more stable
at each C-rate for these electrodes. Again, the reversible capacity at high C-rates of 250 mA g*

ranges from ca. 80 to 50 mAh g respectively for low and high active material loading electrodes.

The decrease in the reversible capacity observed in Figure 6.13 and Figure 6.14 as the active
material loading increases is related to the increment of the cell resistance because of the
increment of the electrode thickness consequence of the increment of the active material
loading. Moreover, as it was analyzed in the previous section (see section 6.1.3.2 page 223), the
adhesion strength of the coated foil to the current collector is deteriorated by increasing the
loading of the electrodes. This issue can also contribute to the poor reversible capacities

obtained for high active material loadings.

Aside from that, another effect associated to the low active material loadings is that there is a
higher variability at 25 mA g and 50 mA g. As Long et al. stated, as the electrode active mass

decreases, in their case, the inherent error in capacity increases. They concreted that the
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capacity of any two cells in a given test set can differ by ~5 mAh g and still be considered

comparable. [¥"1].

Figure 6.15 shows the 1% cycle voltage profiles at different C-rates for the 95%AM and 90%AM
electrodes with an active material loading of ca. 3.5 mg cm™. Two main regions can be
differentiated in the voltage profile apart from the first voltage drop from OCV to ca. 1 V: the
sloping region and a plateau. The sloping region is related to the intercalation of sodium ions
into the graphene layers and the plateau is related to the filling of the pores [1?2]. Most of the
capacity delivered by hard carbons usually corresponds to the plateau region. However, at high
C-rates, this plateau region is smaller or almost disappears; therefore, the capacity of the cells is
lower. Zhu et al. also reported that at high C-rates, the capacity corresponding to the plateau

region decays rapidly [*°].
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Figure 6.15. Voltage profiles of the 95%AM and 90%AM electrodes measured at different current
densities, 25, 50, 125 and 250 mA g

The reversible capacity measured at the 10™" cycle of the 95%AM and 90%AM anode half-cells is
represented as a function of the active material loading and the C-rate in Figure 6.16. The graphs

show that the addition of carbon black to the slurry does not play a significant role in the
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reversible capacity and that it decreases with the active material loading; however, the capacity

fade is more or less pronounced depending on the C-rate.
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Figure 6.16. Reversible capacity measured as a function of the active material loading for the 95%AM and
90%AM electrode half-cells at a) 25 mA g1, b) 50 mA g1, ¢) 125 mA gt and d) 250 mA g1

At low C-rates of 25 mA g there is a contribution of the sloping region and the plateau in the
whole range of active material loadings. However, as the C-rate increases, the contribution of
the plateau region in the total capacity is lower, and this decrease is more pronounced for high
active material loading electrodes. That is the reason why at 50 mA g™ the capacity fade as a
function of the active material loading is higher. At 125 mA g the contribution of the plateau is
only visible for ca. 2 mg cm™ active material loading electrodes, while at 250 mA g only the
sloping region contributes to the total capacity of the cell and it is barely affected with the active

material loading.

In spite of the decrease of the specific reversible capacity when increasing active material

loading, it is important to highlight that the areal capacity, which is a key parameter for high
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energy density full-cell assembly increases as can be seen in Figure 6.17. In this work, the highest

areal capacities obtained with good cycling stability are in the range of 1.2 mAh cm™ with an

active material loading of ca. 5 mg cm™.

2.0
1 95% A.M.
1.8
1.6
12
& 1443 0.1C
g 12 _j g 7.23 mg cm” AM.
= I "
E 104 ¢ 4.80 mg cm? A.M.
o | 2 3.70 mg cm? A.M.
> 2
= 084 2
o |8
o g
% 0.6 1 1.85 mg cm? A.M.
O .
0.4
1 160mgem*AM.  (0.2C
0.2
0.0 . . . : .
0 10 20 30
Number of cycles
20 90% AM.
1.84
1.6+ 0.1C
o 14 12 6.29 mg cm™ A.M.
g 443
é 124 ¢ 5.02 mg em™ A.M.
d E
E 404 8
> E § 3.58 mg cm2A.M.
S 08+ 3%
§ 1 £§ 1.83 mg cm? AM.
© 06+
= ] 1C
0.4 ‘ 1.75 mg cm® AM. 0.2C
0.2
0.0 . . . .
0 10 20 30
Number of cycles

Figure 6.17. C-rate performance of the 95%AM and 90%AM half-cells with different active material

loadings expressed as a real capacity in mAh cm-2.
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6.2 Effect of calendering in electrode properties

Once anode coated foils are casted and dried, the calendering process is necessary to improve
the adhesion to the current collector, to adjust the porosity and to increase the volumetric
energy density. Calendering is expected to affect to different electrode properties such as the
conductivity, the electrode surface homogeneity, the total porosity, the pore size, etc. [2’2]. Shim
et al. for example, found that the electrochemical performance of highly pressed graphite
electrodes decreases compared to moderate-pressed electrodes. This fact can be caused by the
trade-off between the ohmic and polarization resistances in the porous electrodes [*3].
Damages caused in the structure can also be the reason for poor performance of highly pressed
electrodes according to Gnanaraj et al [?4]. Therefore, the optimum porosity should balance the
decrease of the ohmic resistance promoted by highly porous electrodes and the increase of the
polarization (resistance of Na* ions transport in the electrolyte through the electrode) which is

expected as the porosity and thickness of the electrodes decrease [*73].

Figure 6.18 shows the C-rate performance of pressed and non-pressed 95%AM hard carbon
electrodes corresponding to a porosity of 37.5% and 45% respectively with 6.7 mg cm™ active
material loading. The cycling stability decreases in a larger extent in the case of the non-pressed
electrode, especially at 25 mA g, from 268 mAh g in the 1% cycle to 104 mAh g in the 10"
cycle (capacity retention of 40%). On the contrary, in the case of the pressed electrode, the
reversible capacities in the 15 and 10'" cycles are 269 and 216 mAh g™ respectively, and the
capacity retention is close to 80%. In addition to this, in the case of the un-pressed electrode,
there is a capacity fade of 79.5% from 25 mA g to 50 mA g* and no capacity is delivered at 125
mAh g and 250 mAh g. In the case of the pressed electrode, the cell delivers a capacity of 30

mAh g at 250 mAh g,
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Figure 6.18. C-rate performance of the pressed and non-pressed anode half-cells.

Several reasons can explain the different cycling behavior of the two cells. In the un-pressed
electrode, the porosity and therefore the surface area available for the side reactions with the
electrolyte is higher, forming an insulating layer in a further extent. The insulating layer hinders
the Na* ions intercalation in the anode and hence, there is a more pronounced deterioration of
the capacity values. On the contrary, the structure of the pressed electrode is less porous and
the side reactions take place in a lesser extent. The formation of a thinner insulating layer allows
an easier intercalation of the Na* ions in the anode improving the cell performance. In addition
to this, lower thickness and the improved contact between particles in the case of the pressed
electrode is expected to increase the electronic conductivity and enhance the cell performance
[27°]. Finally, the adhesion in the pressed electrode to the current collector is expected to be
better than that in the non-pressed electrode, which reduces the contact resistance and

enhances the cycling stability and C-rate performance of the half-cells.

Based on these results, the effect of the calendering conditions in the anode properties was
analyzed. For this study 95%AM electrodes with an active material loading of 6.7 mg cm=2 and an
average thickness of 102 um, including the 16 um thick current collector, were selected. The
slurry was prepared following the procedure described in section 6.1.1 (Figure 6.1) and with the

aim of reducing the variability of the electrode thickness, the continuous comma bar coating
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machine was used for electrode preparation (see Chapter 2, section 2.2.2, page 59 for more
details). The density of these non-calendered electrodes is 0.82 g cm3, which corresponds to a

porosity of 45% assuming hard carbon material density of 1.48 g cm™.

With the aim of using a systematic approach to select the experimental conditions and to
perform the results analysis, Design of Experiments (DOE) methodology was implemented in this
study. In this case, a Complete Factorial Design of Experiments (CFD) was used. 4 factors
(calendering parameters) were studied at 2 levels. The studied factors, (A) gap between rollers
(um), (B) temperature (°C), (C) rollers speed (cm s?) and (D) number of repetitions and the 2

levels at which the experiments are performed are displayed in Table 6.3.

Table 6.3. Factors and levels selected to perform the CFD.

Adjustable parameter Renamed parameter Minimum level Maximum level
Gap between rollers A 40 um 70 um
Temperature B 60 °C 100 °C
Roller speed C 1.1cms? 1.4cms?
Number of repetitions D 4 8

The CFD consists of all possible combinations of levels for all factors and allows analyzing the
effect of the individual factors and their interactions in the calculated response. In this study, the
1%t order interactions will only be taken into consideration. The total number of experiments in
a CFD is determined by the number of factors, 4 in this case and the levels at which each factor
is tested (possible values associated to each parameter), in this case 2. Therefore, this CFD

consists in a total of 2* = 16 experiments.
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Table 6.4. Summary of the CFD experiment conditions.

EXP Gap between rollers Temp:erature I:g:z::’ Numl:'w:r of

(km) (°C) (cm s7) repetitions
1 40 60 11 4
2 40 60 11 8
3 40 60 1.4 4
4 40 60 1.4 8
5 40 100 11 4
6 40 100 11 8
7 40 100 14 4
8 40 100 14 8
9 70 60 11 4
10 70 60 11 8
11 70 60 1.4 4
12 70 60 1.4 8
13 70 100 1.1 4
14 70 100 1.1 8
15 70 100 14 4
16 70 100 14 8

Table 6.4 summarizes the calendering conditions of the 16 experiments performed for this
analysis. The effect of the calendering parameters on the electrode thickness and porosity, on
the electrode microstructure and the electrochemical performance was analyzed with the aim
to optimizing the calendering process conditions. The results of the experiments are displayed

in Table 6.5.
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Table 6.5 Summary of the CFD experiment results.

Thickness Porosity . - cy.c I(.e. Reversible

EXP A B o (um) (%) |rreverS|b_|I|ty capaut-y

(mAh g) (mAh g?)
1 40 60 11 4 92.9 37.42 32.21 176.60
2 40 60 11 8 90.2 35.17 32.64 207.81
3 40 60 14 4 86.7 32.01 34.23 221.69
4 40 60 14 8 89.9 3491 32.29 220.15
5 40 100 11 4 90.89 35.76 31.22 182.72
6 40 100 11 8 88.33 33.52 30.75 159.43
7 40 100 14 4 90.45 35.39 31.00 138.08
8 40 100 14 8 91 35.86 28.44 141.10
9 70 60 11 4 94.89 38.98 32.13 130.39
10 70 60 11 8 94 38.29 32.42 211.55
11 70 60 14 4 94.75 38.87 31.93 130.38
12 70 60 14 8 93.3 37.74 32.17 171.32
13 70 100 11 4 93 37.50 31.42 229.60
14 70 100 1.1 8 92.22 36.87 32.06 217.28
15 70 100 14 4 92 36.69 31.45 136.66
16 70 100 14 8 91.36 36.16 31.75 188.69

In the following sections, the effect of the calendering conditions on different electrode

properties is analyzed.

6.2.1 Thickness and porosity

As the porosity of the electrodes is calculated based on the electrode mass and thickness
measured after the calendering process, the same conclusions can be extracted from the analysis
of the electrode thickness and porosity. The effect of the individual factors and the 1 order

interactions on these two responses are represented in equations (6.1) and (6.2).
0=91.62 + 3.14A — 0.92B — 0.87C — 0.66D — 1.17AB + 0.20AC — 0.28AD + 0.96BC — 0.20BD + 1.07CD  (6.1)

@ = 36.32 + 2.63A— 0.71B — 0.74C — 0.51D — 0.96AB + 0.19AC — 0.23AD + 0.85BC — 0.22BD + 0.9CD (6.2)

241

Chapter 6



Analysis of the hard carbon anode processing parameters for SIBs

The highest the absolute value which multiplies the individual factors (A, B, C, D) and the 1% level
interactions (AB, AC, AD, BC, BD and CD) in equations (6.1) and (6.2), the highest is the effect of
this factor/interaction in the analyzed response. Therefore, based on these two equations, factor
‘A’ (gap between the rollers) is clearly the parameter which has the most significant effect in the
electrode thickness and porosity. Moreover, since the sign corresponding to this factor is
positive, it means that the higher the gap between the rollers, the higher the thickness and
porosity of the resulting electrodes will be. Likewise, the lower the gap between the rollers, the
lower the thickness and porosity of the resulting electrodes will be. Consequently, in order to
decrease the thickness and the porosity of the electrodes, it will be necessary to decrease the

gap between the rollers.

Figure 6.19, Figure 6.20, Figure 6.21 and Figure 6.22 represent the thickness of the electrodes
after calendering. The numbers beside the points correspond to the experiment number
according to Table 6.4 and Table 6.5 and the lines are visual guides that indicate that only one

factor was modified in the two experiment pairs that are joined by them.

The conclusion extracted from equation (6.1) agrees with the experimental data represented in
Figure 6.19. The average thickness/porosity of the electrodes calendered with a gap between
the rollers of 40 um (90.04 um/35.00%) is lower than that obtained for those calendered with a
gap of 70 um (93.19 um/37.64%). It is remarkable that although one could expect a final
thickness of 40.8% and 71.4% with respect to the initial thickness respectively for 40 and 70 um,
the electrodes were not compressed at that extent and minimum thickness/porosity of 86.7

um/32.01% is obtained, corresponding to 88.4% of the initial thickness.
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Figure 6.19. Effect of the gap between rollers in the electrode thickness.

The influence of the temperature of the rollers, parameter B, in the electrode thickness is
analyzed in Figure 6.20. For most of the calendering conditions, when increasing the
temperature from 60 to 100 °C, the electrode thickness and porosity decrease; hence, it is
another key parameter to obtain the desired electrode density. While at 60 °C, the electrode
thickness/porosity is in the range from 86.7 um/32.01% to 94.89 um/38.98%, with an average of
92.08 um/36.67%, at 100 °C, the thickness range is narrower (from 88.3 um/33.52% to 93
um/37.5%) and the average value slightly lower (91.16 pm/35.97%).

When the gap between the rollers is 70 um, when increasing the calendering temperature from
60 to 100 °C, the thickness and porosity of the electrodes systematically decreases. Moreover,
the effect of the rollers speed and number of repetitions corresponds to what expected, i.e.
thickness and porosity decrease at low speeds and high number of repetitions. Contrarily, when
the gap between the rollers is 40 um, when increasing the calendering temperature from 60 to

100 °C, the thickness of the electrodes decreases at low speeds and increases at high speeds.
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Figure 6.20. Effect of the calendering temperature on the electrode thickness.

The effect of the rollers speed and the number of repetitions (C and D) in the electrode
thickness/porosity is less clear. Figure 6.21 shows that except from the 1-3 and 6-8 experiment
pairs, when increasing the rollers speed the electrode thickness hardly varies. The effect of the
number of repetitions is slightly higher. Figure 6.22 shows that except from the 3-4 and 7-8

experiment pairs, when increasing the number of repetitions, the electrode thickness slightly

decreases.
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Figure 6.21. Effect of the calendering speed in the electrode thickness.
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Figure 6.22. Effect of the number of repetitions in the electrode thickness.

These experiments show that the gap between rollers and the temperature, especially the first

one, are the main parameters that affect to the electrode thickness and porosity.
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6.2.2 1 cycle irreversibility

Focusing on the effect of the 4 calendering parameters in the 1% cycle irreversibility, the effect
of the temperature (B) and the interaction with the gap between the rollers (AB) are the most

significant effects according to equation (6.3).

IR =31.76 + 0.32A — 1.49B — 0.20C — 0.38D + 1.00AB + 0.01AC + 0.75AD — 0.51BC — 0.14BD — 0.61CD (6.3)
As it can be observed in Figure 6.23, the 1 cycle irreversibility values are between 28.44 and
34.23 mAh g. When the temperature increases from 60 to 100 °C, the 1%t cycle irreversibility
systematically decreases. However, this reduction is more pronounced for the electrodes
calendered using a gap between the rollers of 40 um than those calendered using a gap between

rollers of 70 um.
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Figure 6.23. Effect of the calendering temperature in the 15t cycle irreversible capacity.

6.2.3 Reversible capacity

In the case of the reversible capacity, the most influencing factor is the interaction between the

gap between rollers and the calendering temperature according to equation (6.4),
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Q = 178.97 — 3.96A — 9.54B — 20.91C + 21.40D + 41.69AB — 19.53AC + 19.05AD — 25.21BC — 16.54BD +
2.21CD  (6.4)

According to Figure 6.24, for the electrodes calendered at 100 °C, when increasing the gap
between rollers from 40 to 70 um, the reversible capacity significantly increases in all the cases
except from the 7-15 experiment pairs in which remains almost constant. On the other hand, for
the electrodes calendered at 60 °C, when increasing the gap between rollers from 40 to 70 pm,

the reversible capacity significantly decreases in all the cases except from the 2-10 experiment

pairs in which remains almost constant.
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Figure 6.24. Effect of the gap between rollers in the reversible capacity.

The C-rate capability tests performed with the electrodes calendered using the conditions
displayed in Table 6.4 are represented in Figure 6.25. In order to visualize the effect of the gap
between the rollers and the temperature, which are the most significant effects, each graph

corresponds to two experiments in which only the gap between the rollers is modified and the

other 3 parameters remain constant.
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Figure 6.25 . C-rate performance of the anode half-cells calendered using different conditions.
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The effect of the calendering conditions in the capacity at high C-rates (above 125 mA g} is not
significant due to the high active material loadings of the selected electrodes. At high rates, the
plateau region of the voltage profile, which usually contributes to a larger extent to the total
capacity, almost disappears and the total capacity corresponds to that delivered only in the

sloping region.

The fact that the electrodes calendered at 100 °C and with a gap between rollers of 40 um show
poor electrochemical performance and the thickness/porosity of the electrodes calendered with
a gap between rollers of 40 um increases when increasing the temperature from 60 to 100 °C, is
unexpected. Therefore, SEM analysis was performed in these electrodes. The images in Figure
6.26 show that at these calendering conditions, the rollers damage the electrodes. In comparison
with the non-calendered electrodes and the electrodes calendered at 100 °C and using a gap
between rollers of 70 um, which show an optimal microstructure, those electrodes calendered
at 100 °C and using a gap between rollers of 40 um show the presence of cracks and
imperfections which can be the cause of poor electrochemical performance of these cells.
Consequently the combination of low gaps between the rollers and high temperatures is
considered too aggressive and intermediate calendering conditions (temperatures in the range

of 60-80 °C and gaps between rollers higher than 40 um) are suggested as the optimum ones.
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| 40 um; 100 °C; 10 cm s'%; 4 repetitions | [ 40 um; 100 °C; 80 cm s'; 8 repetitions | l 40 um; 100 °C; 10 cm s°%; 8 repetitions |

Figure 6.26. Surface SEM images of selected electrodes showing non-damaged microstructure (top
images) and imperfections such as cracks and imperfections (bottom images).

With the aim to analyze the effect of the porosity in the electrochemical performance of the
electrodes, the 1% cycle irreversibility and the reversible capacity, measured after 10 cycles is
represented in Figure 6.27 and Figure 6.28, respectively. Both graphs evidence that there is not
a clear dependence between the porosity and the electrochemical performance in the range of
studied porosities, and that other factors such as the pore size, the electrode microstructure, the
mechanical integrity or the adhesion to the current collector also determine the electrochemical

performance of the cells.
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1* Irreversible capacity (mAh g“)

Figure 6.27.
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Figure 6.28. Influence of the electrode porosity in the reversible capacity.

Influence of the electrode porosity in the 15t cycle irreversible capacity.
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6.3 Conclusions

The viscosity of the hard carbon anode formulations is determined by the amount of carbon
black additive, being the slurries with 5% of C65 more viscous than those with 2.5% and no C65,
especially at low shear rates. Due to the lower viscosity of the slurries with no C65, lower active
material loading electrodes are obtained with this slurry despite its higher active material
content for the same coating conditions. By increasing the active material loading of the
electrodes, a detrimental effect in the adhesion strength of the coated foil to the current
collector is observed independently of the active material content. Moreover, the cohesion

properties of all the tested electrodes are better than the adhesion properties.

By increasing the carbon black content from 0% to 5% wt., the increment of the net of conductive
agent around hard carbon particles is evident. However, the amount of C65 corresponding to
2.5% wt. is difficult to properly disperse using the planetary mixer and less homogeneous
electrodes are obtained. One of the clearest effects of the presence of C65 as a conductive
additive is an increment of the 1% cycle irreversible capacity values, which is also higher for low
active material loading anodes. The diffusion coefficient values calculated using the Randles-
Sevcik equation are lower for high active material loadings, while the effect of the active material

content is not that clear.

By increasing the active material loading, there is an evident decrease of the reversible capacity
for both the 95%AM and 90%AM formulations, which is in accordance with the increment of the
resistance in the cell and the loss of adhesion properties. Moreover, at high C-rates, the small
contribution of the capacity corresponding to the plateau region, significantly reduces the
reversible capacity of the electrodes. This effect is more pronounced for high loading anodes in
which the low contribution of the plateau region starts at lower C-rates. In spite of the lower
specific capacities obtained for high loading anodes, the areal capacity increases with the active
material loading and areal capacities of 1.2 mAh cm?2 at 25 mA g (ca. 0.1C) are obtained for this

material.
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The effect of calendering conditions in the electrode properties was analyzed in this Thesis using
Design of Experiments for the analysis of the effects of the individual factors and first order
interactions. The studied parameters are the gap between the rollers, the calendering
temperature, the speed of the rollers and the number of repetitions while the evaluated
responses are the electrode thickness and porosity, the 1t cycle irreversible capacity and the

reversible capacity.

Independent of the analyzed response, the most relevant parameters in the calendering process
are the gap between the rollers, the calendering temperature and the interaction between these
two parameters. Overall, lower electrode thicknesses and therefore lower porosities are
obtained for low gaps between rollers (40 um) and high temperatures (100 °C). However, the
combination of these two conditions results in too aggressive calendering conditions and
consequent damage of the electrode microstructure. Referring to the 1%t cycle irreversibility, the
calendering temperature is the parameter which presents the largest influence, being the 1%
cycle irreversibility lower when increasing the temperature from 60 to 100 °C. Focusing in the
reversible capacity, the interaction of the gap between the rollers and the temperature are the

most significant factors.

Depending on the calendering conditions, porosity values in the range between 32 and 39% are
obtained. However, no clear influence of this parameter in the 1% cycle irreversibility and
reversible capacity is observed, which suggests that other parameters such as the pore size, the
electrode microstructure, the mechanical integrity or the adhesion to the current collector also

determine the electrochemical performance of the cells.

According to the obtained experimental data, no reasons which are determinant enough were
identified that justify the use of C65 at this level of study. Therefore, the slurry with 95%AM was

chosen for pouch cell preparation, based on slurry preparation easiness and time saving.
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Chapter 7. Design, electrochemical
characterization and thermal model
of a Na-ion monolayer pouch-cell
prototype

In this chapter, a hard carbon//03-NaFeo.4Mno3Nio.302 Na-ion monolayer pouch cell prototype is
assembled and electrochemically and thermally characterized Cathode and anode fabrication
procedures determined in Chapters 5 and Chapter 6, respectively are used for the full-cell assembly.
The optimization of the Na-ion cell performance is done at coin and pouch cell level by varying
parameters such as the electrode mass balance or cycling voltage range. The importance of
preliminary work at small scale to settle the basis for further research at larger scale is highlighted.
Finally, the thermal parameters for the Na-ion pouch cell prototype are determined to build a heat

generation model.
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Design, electrochemical characterization and thermal model of a
Na-ion monolayer pouch-cell prototype

7.1 Experimental procedure

Electrode fabrication procedure and characteristics were determined based on the conclusions
extracted from Chapter 5 and Chapter 6, respectively for the cathode and the anode.
NaFeo0.4Mno3Nio302 with the original and spherical morphology as per the nomenclature
previously described were used as the cathode active material and Kuranode hard carbon was
used as the anode active material (see active material characteristics in Chapter 2, page 52). The
cathode slurries with a AM:C65:PVDF = 87:5.7:7.3 composition were prepared using the
disperser with the dissolver type impeller (see Figure 5.31 for the cathode preparation
procedure) and the anode slurries with a AM:PVDF = 95:5 composition was prepared using the
planetary centrifugal vacuum mixer (see Figure 6.1 for anode preparation procedure). The coin
cell, 3-electrode Swagelok cell, 2-electrode monolayer pouch cells and 3-electrode pouch cells
were assembled as described in Chapter 2, section 2.4.1, page 63, section 2.4.2, page 65, section

2.4.3, page 66 and section 2.4.4, page 69, respectively.

7.2 Full-cell assembly at coin cell level

7.2.1 Influence of the N/P ratio in 3-electrode cells

As it was previously described in Chapter 4, when assembling Na-ion batteries in full-cell
configuration, the active material loading of the two electrodes needs to be carefully selected.
Moreover, irreversible capacity of the two electrodes need to be compensated [27¢]. Concretely,
in hard carbon anode full-cells, there is an irreversible sodium ion loss from the cathode that are
used to create the SEI layer on the surface of the anode. In addition to the mass balance, it is
also important to precisely adjust the operating voltage window to improve the cycling stability

of the cells.

3-electrode cell configuration is used to monitor the voltage of the individual electrodes and the
full-cell and analyze the properties of each electrode during the electrochemical
charge/discharge cycles of the Na-ion cell. For example, by monitoring both the electrodes the

state of charge of the individual electrodes can be monitored for different mass balances. In
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these experiments, Swagelok cell configuration was used which is not the most suitable
configuration for cycling stability tests. As an initial approach, 5 charge/discharge cycles were
performed to evaluate the effect of the mass balance on the individual electrode voltage profiles.
The full-cell voltage was limited between 4.0 V and 1.0 V and the cathode and anode voltage
were not limited to replicate the cycling conditions of a 2-electrode full-cell in this first set of

experiments.

The mass balances in this work are expressed as negative to positive ratio in terms of capacity
(Rn/p (Q)). For the calculation of this ratio, it has to be beard in mind the experimental data
obtained for the electrochemical performance of both the anode and cathode half-cells as a
function of the active material loadings. 110 mAh g is considered as the reversible capacity for
the cathode and for the anode, a capacity of 200 mAh g is considered for the active material
loading range of 5 and 6 mg cm??, respectively). The Rn/r (Q) that are tested in the 3-electrode
cell configuration in order to determine how this parameter is affecting to the electrochemical
performance of the full-cell are: 1.8, 1.5, 1.2, 1.1 and 1.0. Cathode active material loading was
fixed at ca. 6 mg cm™ and corresponding anode material loadings were selected for the assembly

of the cells with the selected mass balances.

Figure 7.1 to Figure 7.5 show the voltage profiles of the cells with different mass balances and
Table 7.1 displays the specific capacity of the full-cell (same as that of the cathode since both are
provided based on the mass of the cathode active material) and the anode, together with the
lowest voltage value of the anode half-cell, representative of the risk of sodium plating which

happens at voltages below 0 V and which can be a cause of serious safety issues.

The cell with Rn/p (Q) = 1.8 (Figure 7.1), which is the one with the largest amount of anode active
material (anode excess), and hence the highest anode capacity, shows low capacity and poor
cycling stability (65 mAh glamcat after 5 cycles). The irreversible capacity of this cell is as high as
100 mAh glamcat which agrees with the high anode active material loading. Rn/e (Q) values above
the optimum, lead also to detrimental effects in the full-cell performance. For the high loading
anode to be fully sodiated, overdesodiation of the cathode structure is needed which can cause
irreversible structural changes and negatively affect to the cycle life of the cell [277]. In this cell,

only the slopping region of the hard carbon is effective, and no contribution of the plateau region
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is observed, leading to an anode capacity as low as 62 mAh glaman. However, similar to what
observed in Figure 7.1, if the cathode polarization increases, an important capacity fade caused
by the fact that the cell does not reach full charge can happen [?’8]. Moreover, as it was
concluded in Chapter 6, high loading anodes also show worse cycling stability in half-cell

configuration which contribute to the fast capacity fade of this full-cell.
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Figure 7.1. 3-electrode full-cell (Swagelok configuration) with Ry/e (Q) = 1.8. Cycling rate = 13 mA glaucat
(ca. 0.1C); full-cell limited at 4.0-1.0 V.
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Figure 7.2. 3-electrode full-cell (Swagelok configuration) with Ryse (Q) = 1.5. Cycling rate = 13 mA g lamcat
(ca. 0.1C); full-cell limited at 4.0-1.0 V.
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Figure 7.3. 3-electrode full-cell (Swagelok configuration) with Ry/e (Q) = 1.2. Cycling rate = 13 mA g-lavcat

(ca. 0.1C); full-cell limited at 4.0-1.0 V.
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Figure 7.4. 3-electrode full-cell (Swagelok configuration) with Ry/e (Q) = 1.1. Cycling rate = 13 mA glaucat

(ca. 0.1C); full-cell limited at 4.0-1.0 V.
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Figure 7.5. 3-electrode full-cell (Swagelok configuration) with Ry (Q) = 1.0. Cycling rate = 13 mA g-lamcat

(ca. 0.1C); full-cell limited at 4.0-1.0 V.
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Table 7.1. Summary of the capacity and voltage values for different Ry/e (Q) 3-electrode full-cells.

Anode reversible r::;';:ﬁ::e
R (Q) capacity in the . 1%t discharge Minimum Van
N/P th capacity
5™ cycle . th Van (V) (V)
(mAh g aman) in the 5™ cycle
(mAh glamcat)
1.8 62 65 0.17 0.16
1.5 144 113 0.07 0.07
1.2 163 105 0.05 0.05
1.1 214 110 0.06 0.06
1.0 203 105 0.04 0.02

As the Rn/p (Q) decreases, the contribution of the plateau region in the anode is higher, the anode

utilization is more effective and capacities above 200 mAh glaman are obtained. This should

contribute to increase the energy density of the cells since the anode excess is reduced. The

slightly higher 1% cycle irreversibility of the Ry (Q) = 1.0 cell than that with Ry (Q) = 1.1 is

attributed to the higher 1% cycle irreversibility of low anode active material loading electrodes.

The reversible capacity in the 5™ cycle is similar for Rn/e (Q) = 1.5, 1.2, 1.1 and 1.0, with 113, 105,

110 and 105 mAh g%, respectively. However, the minimum anode voltage values tend to 0 V

when decreasing the R/ (Q), which can results in the presence of sodium plating. Figure 7.6

shows the appearance of the anodes with Ry (Q) = 1.0 and 1.1 after 5 cycles, in which sodium

plating on the anode surface after cycling is clear, therefore, these ratios are below the optimum

for stable cycling performance.
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| Repl@=11

Figure 7.6. Sodium plating in the full-cells with Ry/r (Q) = 1.1 and Ryp (Q) = 1.0 after 5 cyclesat 13 mA g
1AMCat (ca. 01C)

A good mass balance should ensure the most effective anode sodiation, including the adsorption
of Na* ions in the microporosity of the hard carbon, corresponding to the plateau region at low
voltages, which is responsible of the main contribution to the reversible capacity. Another key
point which determines the mass balance selection, is to maintain a consistent level of voltage
polarization of both electrodes, which is a requirement to demonstrate a long cycle life in the
sodium-ion battery [?78]. In the case of Ryp (Q) = 1.5 and 1.2, at the fully charged state, full-cell
voltage at 4.0 V, the cathode electrodes reach 4.07 V and 4.05 V vs. Na*/Na, respectively which

represents a well-balanced negative to positive ratio.

Based on the reversible capacity after several cycles for the full-cell, the anode utilization, the
cathode polarization and the anode voltage when the cell is fully charged, the optimal R/ (Q)

range is selected between 1.5-1.2.

7.2.2 Influence of the N/P ratio in 2-electrode cells
After the electrochemical studies using a 3-electrode cell configuration, cycling stability tests
were performed in 2-electrode cells (CR2032 coin cells). The Ry (Q) = 1.0 and 1.8 were discarded

based on the conclusions obtained from the experiments in the 3-electrode cell configuration.

In the case of 3-electrode cells, parameters such as the sodium plating, or the individual cathode
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and anode behavior were studied, while in the case of 2-electrode cells, parameters such as the

reversible capacity and the capacity retention or cycling stability will be analyzed.

Figure 7.7 shows the cycling performance of the full-cells with Ry (Q) = 1.1, 1.2 and 1.5. There
is an important first cycle irreversibility, which is higher in the cell with Ry (Q) = 1.5 due to the
solid electrolyte interface formation at low voltages. On the other hand, the most stable cycling
performance is obtained with Ry (Q) = 1.2 which is consistent with the results obtained in 3-
electrode configuration cells. The reason for the lower cycling stability of the cells with Ry (Q)

= 1.1 and 1.5 can be sodium plating in the anode and non-effective anode utilization,

respectively.
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Figure 7.7. Cycling performance at 13 mA glamcat (ca. 0.1C) of the full-cells with a different mass balances
(Ryp(Q)=1.1,1.2,1.5).

Table 7.2. Reversible capacity and capacity retention values for the full-cells (coin cell configuration) with
different mass balances (Rn (Q) = 1.1, 1.2, 1.5).

RN/P () Cell voltage Reversible capacity (50" Capacity retention
(V) cycle) (mAh glamcat) (50t cycle) (%)
15 2.89 92 80
1.2 2.96 99 96
1.1 2.87 96 87
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Based on the results in Figure 7.7 (summarized in Table 7.2), the full-cell with a ratio of Rn/r (Q)
= 1.2 is the one which delivers the highest reversible capacities over cycling (99 mAh glamcat),
with a capacity retention of 96%. Although the full-cells with Rn/e(Q) = 1.5 and 1.1 deliver similar
capacity values of 92 and 96 mAh glamcat after 50 cycles, the capacity retention is lower, 80%
and 87%, respectively. A simple extrapolation of these results forecasts capacity values of 23, 87
and 53 mAh gawvca after 200 cycles for Rye (Q) = 1.5, 1.2 and 1.1, respectively. Cell voltage for
Rnp(Q) = 1.5, 1.2 and 1.1, are 2.89, 2.96 and 2.87 V respectively. This parameter will be used to

calculate energy density values of each full-cell.

7.3 Full-cell assembly at pouch cell level

Going one step further in the development of a Na-ion battery prototype, the optimal mass
balance in pouch cell level is determined in this section by assembling 3-electrode pouch cells.
Moreover, the effect in the cycling stability of some design parameters such as the mass balance,

the cathode morphology and the cycling voltage are analyzed.

7.3.1 3-electrode cell
7.3.1.1 Influence of the N/P ratio

In this section, Ry (Q) = 1.0, 1.3 and 1.6 mass balances are tested, close to the ratios which are
identified as the optimum in the coin cell configuration experiments. Since the 3-electrode cell
configuration allows establishing the end of charge and end of discharge conditions based on the
anode, cathode and/or full-cell voltage, as an initial approach, and with the aim to work on the
safe side, all the cell components have been limited. This means that the cathode, anode and

full-cell voltage ranges are limited between 2.5-4.0 V, 0.01-2.0 V and 2.0-4.0 V, respectively.

The Depth of Discharge (DOD) is one of the main factors limiting the cycle life of lithium-ion
batteries. In fact, if the DOD of a battery is set at high values, the cycle life of the device is usually
reduced [?°]. As an example, it was reported by Omar et al., that if the maximum possible
number of cycles is represented versus the DOD, the characteristic curve exponentially decreases

[28°]. Based on the fact that the capacity gain observed in Figure 7.1- Figure 7.5 is limited in the
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full-cell voltage range between 4 and 2V, the full-cells were tested in this voltage range in the

following tests.

Figure 7.8-Figure 7.10 present the voltage profiles of the 3-electrode cells with Rn/e (Q) = 1.0, 1.3

and 1.6 and Table 7.3 collects the principal results corresponding to the first 5 cycles.
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Figure 7.8. 3-electrode full-cell (pouch cell configuration) with Ryse (Q) = 1.0. Cycling rate = 13 mA g-lamcat
(ca. 0.1C); full-cell limited at 4.0-2.0 V, anode limited at 2-0.01 V and cathode limited at 4.0-2.5 V.
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Figure 7.9. 3-electrode full-cell (pouch cell configuration) with Ry/r (Q) = 1.3. Cycling rate = 13 mA glamcat

(ca. 0.1C); full-cell limited at 4.0-2.0 V, anode limited at 2-0.01 V and cathode limited at 4.0-2.5 V.
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Figure 7.10. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.6. Cycling rate = 13 mA glamcat
(ca. 0.1C); full-cell limited at 4.0-2.0 V, anode limited at 2-0.01 V and cathode limited at 4.0-2.5 V.

Table 7.3. Experimental data of three different 3-electrode pouch cells (all the cell components limited).

5th discharge

Rve 1%t capacity anode 5% discharge capacit . Charge
(Q/) (mZh ga:ode_l) anode (mf\h ganpode'l)y cap?rt:yhf;_lll)-cell Iimiteg by
1.0 138 46 45 Anode
1.3 167 110 78 Anode
1.6 139 108 93 Cathode

In the case of Ry (Q) = 1.0 (Figure 7.8), setting a limit for all the components has detrimental
effects for the electrochemical performance of the cells since it limits the reversible capacity of
the cathode and anode electrodes, and therefore, the full-cell reversible capacity. With this mass
balance, the positive electrode was never fully desodiated. If for a given mass balance the end
of charge of the cell is set by the anode, it means that voltage would go down to this value if no

anode limitation would be set.

When the Rn/r (Q) is increased from 1.3 to 1.6, the end of charge condition changes from anode
to cathode limitation, which means that the optimal Ry (Q) should be between these two
values. Making the full-cell limited by the cathode provides an excess of negative capacity which
would be able to intercalate more sodium ions in without having the risk of formation of reactive
sodium metal on the electrode surface, as it was reported by Bennet et al., in the case of lithium-
jon batteries [%!]. However, it limits the electrochemical performance of the full-cell. The

combination of the most effective anode utilization (Rn/r (Q) = 1.3) and the minimization of the
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sodium plating risk over cycling (Rn/ (Q) = 1.6) will give to the pouch cell the optimum mass

balance.

A second set of experiments was performed with cells with different mass balances setting the

end of charge/discharge when the full-cell reaches 4 and 2 V, respectively. Anode and cathode

voltages were monitored over cycling in these experiments but no limitation was established

based on anode/cathode voltage; thus, this configuration is analogous of that used in 2-electrode

cells. The voltage profiles for Rnp (Q) = 1.0, 1.3 and 1.6 are represented in Figure 7.11-Figure 7.13

and some relevant capacity data are provided in Table 7.4.
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Figure 7.11. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.0. Cycling rate = 13 mA glamcat
(ca. 0.1C), full-cell limited at 4.0-2.0 V.
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Figure 7.12. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.3. Cycling rate = 13 mA glamcat
(ca. 0.1C), full-cell limited at 4.0-2.0 V.
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Figure 7.13. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.6. Cycling rate = 13 mA glamcat
(ca. 0.1C), full-cell limited at 4.0-2.0 V.

Table 7.4. Experimental data of three different 3-electrode pouch cells (full cell limited).

st H th 43
Rn/p 1" capacity 10 d.lscharge 10t discharge capacity full- Minimum
Q) anode capacity anode cell (mAh g* ) Van (V)
(mAh gtaman) (mAh gtaman) B Amcat an
1.0 185 168 90 -0.1
1.3 208 145 102 -0.047
1.6 168 108 93 0

The cell with Rn/e (Q) = 1.0 (Figure 7.11) presents the highest 1%t and 10t cycle anode capacity
values when the anode voltage is not limited. This causes a detrimental effect in the battery
associated to the sodium plating on the surface of the anode. The cells with a mass balance of
Rne (Q) = 1.3 and 1.6 (Figure 7.12 and Figure 7.13) present similar 10t cycle discharge capacity
values, 102 and 93 mAh g%, respectively. However, in the case of Rn/e (Q) = 1.3 the risk for sodium
plating is also there since the anode voltage decreases below 0 V. In the case of Ry (Q) = 1.6,

anode voltage takes positive values during the first 10 cycles.

The detrimental effect of low Ry/r (Q) mass balances is usually even more evident at higher C-rates.
Figure 7.14 shows that the cell with low Ry (Q) = 1 has lower capacity retention, especially at 65
and 130 mA g (ca. 0.5C and 1C, respectively). The cell with Ry, (Q) = 1.6 has higher and more
stable capacity at high C-rates. The cell with Ry (Q) = 1.3 also shows better electrochemical
performance at higher C-rates than that with Ry, (Q) = 1.0, although the capacity fade is more

evident than for Ry, (Q) = 1.6, as more undesired reactions happen. It is important to highlight
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that the full-cell with Rn/e (Q) = 1.3, is in the limit to avoid sodium plating; therefore, depending
on the full-cell configuration (active material loadings, alignment of the electrodes, etc.) better

electrochemical performances can potentially be achieved with this ratio.
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Figure 7.14. C-rate performance of the pouch cells with different Rysr (Q).

The conclusions extracted from Figure 7.11-Figure 7.13 are corroborated by the images of the
anodes shown in Figure 7.15 after disassembly of the pouch cells, showing a significant
increment of the amount of sodium plating when decreasing the Rn/p (Q). As it was expected, the
cell with Rn/p (Q) = 1.0 presents a huge amount of sodium plating on the surface of the anode

which appears, mainly in the area close to the tab of the reference electrode and the edges of

the electrode.
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Ry (Q) = 1.30 Rue (Q) = 1.60

Figure 7.15. Images showing the anode aspect after 10 charge discharge cycles for the cells with different
R (Q).

In conclusion, Ry (Q) = 1.0 is discarded because of the sodium plating on the surface of the
anode, and consequent low reversible capacity especially at high C-rates. In the case of R (Q)
= 1.6, sodium plating risk is significantly reduced; however, the reversible capacity values are
slightly lower than expected due to the smaller contribution of the plateau region of the negative
electrode. According to these experiments, the Ry (Q) = 1.3 represents a trade-off between
these two effects and it becomes in the best option for the next experiments, showing good
reversible capacity values of 100 mAh glamcat at 13 mA gt and at higher current densities, as well

as good capacity retention.

7.3.1.2 Influence of the cycling voltage range

It is expected that by decreasing the upper cut-off voltage from 4.0 V to 3.9 V, the risk of sodium
plating should be reduced; therefore, pouch cells with Ry (Q) = 1.3 were assembled and tested
in 3 electrode configuration in two different voltage ranges, i.e. 2-4.0 V and 2-3.9 V. The voltage
profiles corresponding to the 1%t and 10" cycles and representative data of the cells are displayed
in Figure 7.16 and Table 7.5. The 1%t charge anode capacities are 208 and 203 mAh g Xaman for the
cells limited at 4.0 V and 3.9 V, respectively, and the reversible capacity is slightly reduced from
102 to 95 mAh glamca. Unexpectedly, no significant differences are observed in the

cathode/anode voltage profiles and anode voltages < 0 V are observed in both cells. This fact
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could be also related to small variations in cell resistance due to the nature of the 3-electrode

cell itself.
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Figure 7.16. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.3. Cycling rate = 13 mA glamcat
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(ca. 0.1C), full-cell limited at 4.0-2.0 V and 3.9-2.0 V. The red, blue and black curves represent the
cathode, anode and full-cell voltages, respectively.

Table 7.5. Experimental data of 3-electrode pouch cells limited at different upper cut-off voltages.

st H th 4+
Voltage 1" capacity 10 d.lscharge 10t discharge capacity full cell
range (V) anode capacity anode (mAh g avcat)
(mAh glaman) (mAh glaman)
4.0-2.0 208 145 102
3.9-2.0 203 140 95

7.3.1.3 Influence of the cathode morphology

As it was discussed in the Chapter 5 of this Thesis, with the aim to make possible the casting of

cathode slurries using the continuous comma bar coating machine, the morphology of the active

material had to be modified. Figure 7.17 and Table 7.6 show the voltage profiles and

representative data of 3-electrode pouch cells assembled using the cathode with the original and

spherical morphology, with Rn/r (Q) = 1.3 in the voltage range between 2-3.9 V. Consequent with

the results observed when the two cathode morphologies were tested at half-cell level, a

reduction of the reversible capacity from 95 to 73 mAh glamcat is observed when using the

spherical morphology cathode.
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Figure 7.17. 3-electrode full-cell (pouch cell configuration) with Ry/e (Q) = 1.3 with two different cathode
active material morphologies, original and spherical. Cycling rate = 13 mA g-lamcat (ca. 0.1C), full-cell
limited at 3.9-2.0 V. The red, blue and black curves represent the cathode, anode and full-cell voltages,
respectively.

Table 7.6. Experimental data two 3-electrode cells with different cathode active material morphologies.

st H th 4
Cathode 1% capacity 10 C!ISCharge 10t discharge capacity full cell
moroholo anode capacity anode (mAh g?)
P &Y (mAh ganode™) (mAh ganode™) &
Original 203 140 95
Spherical 165 107 73

7.3.2 Cycling stability of monolayer pouch cells

Cycling stability experiments of monolayer Na-ion pouch cells are performed in this section. The
effect of the parameters evaluated in the previous section using 3-electrode configuration are
studied in this section. Concretely four Na-ion cells in which 3 different parameters are modified
are studied: the negative to positive ratio, the cathode active material morphology and the

cycling voltage range. Table 7.7 displays the characteristics of the studied cells.
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Table 7.7. Characteristics of the four Na-ion pouch cells subjected to cycling stability tests.

Cell Voltage range (V) m((;:;:zclj:gy Rn/e (Q)
01.3_2.0-3.9 2.0-3.9 Original 13
§1.3_2.0-4.0 2.0-4.0 Spherical 1.3
01.6_2.0-3.9 2.0-3.9 Original 1.6
$§1.3_2.0-3.9 2.0-3.9 Spherical 13

After the formation cycles, which consisted in 3 cycles at 13 mA glamcat and the degassing
process, the cells were cycled at 13 mA glamcat for 100 cycles. After the cyclability test, the Na-
ion pouch cells were disassembled to perform post-mortem analysis and elucidate the possible

causes for different cell performances. Figure 7.18 shows the evolution of the charge/discharge

capacities of the tested cells.
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Figure 7.18. Cycling performance at 13 mA g-lamcat of the cycled monolayer pouch cells: 01.3_2.0-3.9,
01.6_2.0-3.9,51.3_2.0-3.9 and S1.3_2.0-4.0.
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7.3.2.1 Influence of the mass balance

Firstly, the influence of Rn/r (Q) is analyzed. Concretely, the analysis is focused on the 01.3_2.0-
3.9and 01.6_2.0-3.9 cells with Rn/p (Q) = 1.3 and 1.6. The cycling voltage range is set at 2.0 to 3.9
V, and the cathode morphology is the original. Both cells present reversible capacities after 100
cycles close to 90 mAh glamcat. As it can be observed in the Figure 7.18 high capacity retention

values close to 90% are obtained after 100 cycles.

A visual inspection of the anode electrodes of both cells (Figure 7.19) shows that in the case of
Rn/p (Q) = 1.3, there are small traces of sodium plating close to the top edges of the electrode. In
addition to this, the anode part close to the tab and on the bottom edges can be easily detached
from the current collector. In the case of Rn/r (Q) = 1.6, sodium plating is not evident and no signs
of delamination of the coated anode from the current collector are observed, which is a good

signal for the cycle life of the battery.

Ryp (Q) = 1.3 Ry (Q) = 1.6

Figure 7.19. Visual aspect of the anode electrodes of 01.3_2.0-3.9 (Ryr (Q) = 1.3) and 01.6_2.0-3.9 (Rnse
(Q) = 1.6) cells after cycling.

The microstructure of the electrodes after cycling is also analyzed by means of SEM (Figure 7.20
and Figure 7.21). The microstructures of the cathodes (Figure 7.20) and the anodes (Figure 7.21)
do not show evident changes compared to the pristine electrodes, independently of the ratio
used to balance the cell. The presence of small particles on the surface of the anode are the only

difference of the cycled anodes compared to the pristine electrode.
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Pristine Ryp (Q) = 1.3 Rup (Q) = 1.6

Figure 7.20. SEM images of the cycled cathode electrodes compared to the pristine cathode.

Pristine Ryp (Q) =13 Ryp (Q) = 1.6

Figure 7.21 SEM images of the cycled anode electrodes compared to the pristine anode.
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Cathode electrodes are analyzed by means of XRD (Figure 7.22) in order to detect structural
changes as a consequence of the cycling process. The X-ray diffraction pattern of the pristine
electrode is indexed to a-NaFeO2 type crystal structure and cycled cathodes maintain similar
crystalline structure. Minor changes in intensity of the reflection peaks are observed which can

be caused by the differences on the crystallinity of the samples after cycling.
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Cathode from 01.3_2.0-3.9
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Figure 7.22. X-ray diffraction patterns from pristine cathode and 01.3_2.0-3.9 and 01.6_2.0-3.9 cathodes.

The cell parameters determined by Le Bail method are displayed in Table 7.8. If the c parameter
increases while the a parameter decreases, as it happens in the case of the cycled electrodes, it
suggests that the crystal structure of the cycled electrodes exhibit lower Na* content in
comparison to the pristine one [®7].

Table 7.8. Summary of the cell parameters from pristine and cycled 01.3_2.0-3.9 and 01.6_2.0-3.9
cathodes.

Cell parameter Pristine cathode Rn/p(Q) = 1.3 cathode Rn/p (Q) = 1.6 cathode

a (A) 2.9799(1) 2.9572(3) 2.9600(4)
b (A) 2.9799(1) 2.9572(3) 2.9600(4)
c(A) 16.046(1) 16.089(4) 16.100(3)
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The amount of sodium ions in the cathode per formula unit was estimated doing the following
assumptions: (1) the amount of Na* per formula unit in NaFeo.sMno.3Nio.302 at the beginning of
the experiment is 1, (2) the sodium content in the subsequent cycles is calculated based on the
charge/discharge capacity delivered by the cell, assuming that no secondary reactions happen
upon cycling. For Rn/r (Q) = 1.3 and 1.6, the final amount of sodium ions in the cathode structure
are, 0.77 and 0.75 Na*, respectively. The XRD diffraction patterns are in accordance with the
estimations of the Na moles remaining in the cathode structure for both samples, which is less
than the fully sodiated pristine cathode. All these facts derived from the post-mortem analysis
are consistent with the electrochemical performances observed for the two cells with

degradation over cycling.

7.3.2.2 Influence of the cathode morphology

This section is focused in the effect of the variation of the cathode morphology. The cycling
performance of the cell with original cathode morphology (01.3_2.0-3.9) and spherical cathode

morphology (S1.3_2.0-3.9) are compared.

The cell with the original morphology cathode presents higher reversible capacity values after
100 cycles than the cell with spherical morphology, 91 mAh glamcat (13.7 mAh) and 75 mAh g
Tamcat (10.8 mAh) respectively for 01.3_2.0-3.9 and S1.3_2.0-3.9 (Figure 7.18). The capacity
retention is also different, being higher for the one with the original morphology cathode (90.3%)
than for the one with spherical morphology cathode (81.7%). Surprisingly, the cell with the
spherical cathode morphology presents coulombic efficiencies higher than 100% due to some

secondary reactions happening in the cell.

The visual inspection of the anodes after 100 cycles in Figure 7.23 shows that the spherical
morphology cathode containing cell anode presents some Na traces in the edges of the anode

electrode.
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Original Spherical

Figure 7.23. Visual aspect of the anode electrodes of 01.3_2.0-3.9 (original morphology) and S1.3_2.0-3.9
(spherical morphology) cells after cycling.

The SEM images of the cathodes show completely different microstructures (Figure 7.24) related
to the morphology and the level of agglomeration of the particles. In the case of spherical
morphology cathode, the size of the agglomerates is significantly lower. Moreover, the structure
of this electrode seems to be more porous than the original morphology cathode. This fact might
have enhanced the penetration of the electrolyte in the cathode microstructure and can be the

cause of the secondary reactions and consequent low Coulombic efficiency.

Similar to what observed in the previous section, anodes present small particles on the surface

of the electrode (Figure 7.25).
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Spherical cathode

d @
Original cathode

Figure 7.24. SEM images of the cycled original morphology cathode compared to the spherical
morphology cathode.
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Figure 7.25. SEM images of the cycled anode coupled with a cathode with original morphology compared
to the cycled anode coupled with a cathode with spherical morphology.

As it is shown in the X-ray diffraction patterns of the fully discharged cells in Figure 7.26, further

structural changes occurred in the spherical type morphology cathode after cycling.
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Figure 7.26. X-ray diffraction patterns from 01.3_2.0-3.9 and S1.3_2.0-3.9 cathodes.

Ex-situ X-ray diffraction analysis in the charge process of fresh spherical morphology cathode is
performed in order to find out the reason for such a difference in the X-ray diffraction patterns
between both cathode morphologies. Half-cells were assembled and charged up to 3.6, 3.9 and
4.0V, dismantled and washed in DEC to be analyzed by XRD. The ex-situ XRD diffraction patterns

in the charge process are collected in Figure 7.27.
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Figure 7.27. (a) Ex-situ XRD analysis of the NaFeg4Mng 3Nip 30, cathode with spherical morphology in the
charge process and (b) detail of the diffraction patterns in the range between 10 and 35°.
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According to Xie et al., in the case of Nai-xNiiysFe1sMn1302, which could be considered
analogous as NaFeo.sMno3Nio.302, there is a reversible evolution of the 03-P3-P3-03 hexagonal
phase, in which a biphasic region formed by O3 and P3 is also observed. All the peaks are indexed

to the R-3m space group with hexagonal layered structure during cycling as the pristine cathode

[282]_

In their case, when charging from 2.0 to 4.0 V, the (003) and (006) reflection peaks at 16° and
31°, which are the main diffraction peaks associated with the O3 phase, are shifted to lower
angles. The same phase transformation is observed in our case at 3.6 V (Figure 7.27 (b)).
Moreover, at 3.9 V and 4.0V, the (006) peaks starts to disappear, which is in accordance to what
Xie et al. published. In addition to the (006) peak, (104) and (018) peaks also start to disappear

at higher voltages.

The new peaks that can be assigned to a hexagonal P3 phase, start to appear at >3.5 V at 13, 25
and 50°, as in the case of 3.9 V and 4.0 V. (003) and (110) reflection peaks split into two during
the charge process, which are an indicator of the two-phase reaction with the coexistence of 03
and P3 phases and then they merge into one again, when the cathode structure reaches the
formation of the P3 phase. At the same time, the (101) and (012) peaks also split into two during

the biphasic region.

According to the XRD patterns, the cathode structure undergoes a series of phase transition over
the charge process, which is in accordance to what it is described in the literature. The
differences in the X-ray patterns from between 01.3_2.0-3.9 and S1.3_2.0-3.9 can be derived
from the changes in the amount of Na ions remaining in the cathode structure after cycling. Table
7.9 collects the estimation of the amount of sodium ions remaining in the cathode structure as
a function of the voltage from 3.6 V to 4.0 V, taking into account the same assumptions as those

in section 7.3.2.1.
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Table 7.9. Level of sodiation of the cathode during the charge process from 2.5V to 4.0 V.

Ex-situ voltage (V) Na moles in the cathode structure
Pristine 1
3.6 0.63
3.9 0.51
4.0 0.43

The S1.3_2.0-3.9 cathode diffraction pattern (Figure 7.26) presents a similar feature than the
one done in the ex-situ XRD at 3.6 V. This fact could help to elucidate the quantification of sodium
ions remaining in the cathode structure after cycling in the case of S1.3_2.0-3.9 pouch cell (Table
7.9) which should be in the range of 0.63. Contrarily, the amount of Na ions in remaining in the
01.3_2.0-3.9 cathode structure were quantified to be higher (0.77), corresponding to XRD

patterns similar to the pristine electrode.

7.3.2.3 Influence of the cycling voltage range

In this section, the influence of the cycling voltage range is studied. Concretely, the analysis is
focused in analyzing the effect of increasing the upper cut-off voltage from 3.9 V to 4.0 V. The

Rn/p (Q) is 1.3 and the cathode morphology is the spherical one in these tests.

When the cell is cycled within the voltage range from 2.0 V to 3.9 V, it presents significantly
higher capacity retention and reversible capacity values after 100 cycles, 81.7% and 74.8 mAh g’
Lamcat (10.8 mAh), respectively (Figure 7.18). When the cell is cycled in a wider voltage range, up
to 4.0V, there is a huge capacity fade over cycling of, approximately 70%, delivering a reversible

capacity value of 24 mAh glamcat (3.4 mAh) after 100 cycles.

The cell cycled between 2.0V and 4.0 V presents low coulombic efficiency values during the first
20 cycles. This low Coulombic efficiency could be caused by multiple issues. For example, at high
voltages, cathode structural changes and electrolyte decomposition reactions can happen in a

larger extent.
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In the case of the upper cut-off voltage limited at 3.9 V, there is some sodium plating in the area
next to the negative tab. When the cell is limited at 4.0 V, the anode presents a huge amount of
sodium plating in the interface between the coated material and the current collector (Figure
7.28). As a consequence of this sodium plating, there is a strong delamination of the coated foil
from the current collector, which increases the cell resistance and is detrimental for the cycling

performance of the cell.

40V-2.0V 39V-20V

Figure 7.28. Visual aspect of the anode electrodes of S1.3_2.0-4.0 (upper cut-off voltage of 4.0 V) and
$1.3_2.0-3.9 (upper cut-off voltage of 3.9 V) cells after cycling.

In the case of higher cut-off voltages, 2.0 V-4.0 V, the microstructure of the cathode looks less
porous than the pristine cathode (Figure 7.29). On the other hand, the anode of the cell cycled
in the voltage range between 2.0 V-4.0 V, presents evident cracks and voids. Moreover, there is
a significant amount of secondary products deposited on the surface of the anode which can

form an insulating layer (Figure 7.30).

284



Design, electrochemical characterization and thermal model of a

Na-ion monolayer pouch-cell prototype Sl

Pristine 39v-20V 40V-20V

Figure 7.29. SEM images of the pristine and cycled cathodes with a upper cut-off voltage of 3.9 and 4.0 V.

Pristine 39v-20V 40V-2.0V

Figure 7.30. SEM images of the pristine and cycled anodes with an upper cut-off voltage of 3.9 and 4.0 V.

285



Design, electrochemical characterization and thermal model of a
Na-ion monolayer pouch-cell prototype

By means of the ex-situ analysis shown in the previous section, it can be concluded that, after
100 cycles, the spherical cathode structures from S1.3_2.0-3.9 and S1.3_2.0-4.0 can be indexed
to a P3-type structure in the first case, and to a biphasic region of O3 + P3 in the second one

(Figure 7.31).

It is also a fact that sodium ion amount in the cathode material structure after 100 cycles is not
recovered to Xna = 1. Bearing in mind the same assumptions than those in section 7.3.2.1, for the
voltage range between 2.0-4.0 V, the final amount of sodium ions in the cathode structure is
0.27, while a final amount of sodium in the range of 0.63 was estimated for the cell tested in the

voltage range between 2.0-3.9 V.
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Figure 7.31. X-ray diffraction patterns from pristine cathode and S1.3_2.0-3.9 and S1.3_2.0-4.0 cathodes.

Electrochemical performance measurements of the cycled electrodes were done at half-cell
configuration with sodium metal as reference in order to determine if the individual electrodes
are able to recover the initial capacity of the corresponding electrodes after being cycled at
pouch cell level. C-rate capability experiments were performed: 5 cycles at 0.1C, 5 cycles at 0.2C,
5 cycles at 0.5C, 5 cycles at 1C and 5 cycles at 0.1C. The lower and higher cut-off voltages were
set at 2.5-3.9 V and 0.01-2 V, respectively for the cathode and the anode.
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Figure 7.32 presents the rate performance of a pristine cathode at half-cell configuration as a
reference cell and the half-cells made with the electrodes already cycled in pouch cell

configuration.

In the case of 01.3_2.0-3.9 and 01.6_2.0-3.9 pouch cells, the amount of sodium ions remaining
in the cathode structure were close to 0.75 and 0.77 Na*, corresponding to 90 mAh glamcat, in
both cases (Figure 7.32 (a) and (b)). In the pristine half-cell cathode, the initial reversible capacity
is close to 120 mAh g which is much higher than in the cycled electrodes of 01.3_2.0-3.9 and
01.6_2.0-3.9. As it was expected, the 1%t charge capacities are different for each cell, depending
on the level of sodiation at the end of the pouch cell cycling teste. However, in the case of the
1t discharge capacity due to the presence of the Na metal as an unlimited source of sodium ions,
it was expected that the cathode structure could again be fully sodiated. However, this fully
sodiation process is not happening due to some limitation in the cathode to reinsert Na ions up

to x=1.
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Figure 7.32. Rate performance of (a) 01.3_2.0-3.9, (b) 01.6_2.0-3.9, (c) S1.3_2.0-3.9 and (d) S1.3_2.0-4.0
compared to the pristine cathode electrode.

In the case of S1.3_2.0-3.9 and S1.3_2.0-4.0 pouch cells, estimated sodium ions remaining in the
cathode structure were close to 0.63 and 0.27 Na*, corresponding to 80 and 20 mAh glamcat,
respectively (Figure 7.32 (c) and (d)). In the half-cell cathodes built from the cycled electrodes, it
can be observed that in both cases, there is an initial recovery of the amount of Na ions in the 1%
discharge process, which is due to the presence of a Na metal source. Especially in the case of
$1.3_2.0-4.0, in which no Na ions are extracted during the 1% charge process. Therefore, the
cathode structure can be recovered in some extent if a Na source is supplied. Again, there is a

limitation to fully sodiate the cathode structure.

Regarding the anode electrodes, Figure 7.33 presents the rate performance of the pristine anode
electrode at half-cell and the half-cells made with the electrodes already cycled as a pouch cell.

The cycling performance of all the anode half-cells is significantly lower than that of the pristine
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electrode. As the cathode electrode is able to readmit Na ions in its structure, even if the pouch
cell containing that specific cathode has shown significant degradation, it could be concluded
that the anode is the most influencing component for the ageing of the cell. The formation of a
thick insulating layer or the presence of Na plating that caused anode delamination are among

the causes for cell degradation.
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Figure 7.33 Rate performance of 01.3_2.0-3.9, 01.6_2.0-3.9, S1.3_2.0-3.9 and S1.3_2.0-4.0 anodes
compared to the pristine anode electrode.

7.4 Thermal model for sodium-ion battery

There is a temperature range considered to be the safest for Li-ion batteries, in which capacity
is maximized and safety risks are minimized [?®3]. Some researchers have already performed
studies to determine the safety temperature limits for Li-ion technology. For example, Zhang, et
al. 4] identified the safe temperature limits of the Li-ion battery in their research as =10 to 50
°C. Other sources state that Li-ion batteries are adversely affected when the ambient
temperature is outside the range of 0 to 65 °C [?!°]. Many literature works have identified the
ideal operating temperature of Li-ion batteries being in between 20 and 30 °C [%%°]. At this

temperature, the electrochemistry of the Li-ion batteries is near its maximum capacity and the
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degradation effects are minimized. As Waldmann et al. [%%%] reported, in the Li-ion cell, below 25
°C, the lithium plating phenomena is accelerated. However, at temperatures above 25 °C, an
increment of the solid-electrolyte interphase (SEl) can happen leading to a capacity fade, growth
of internal resistance (reported by Bloom et al. [%7], Vetter et al. [?®%] and Troxler et al. [%*9]), or

thermal runaway.

For each battery type, the heat generation rate depends on the initial state of charge, initial
temperature, charge/discharge profile and surrounding cooling conditions [?°]. Therefore, the
internal heat generation is related to the variation of the temperature and the state of charge
(SOC). In the case of the temperature, it is dependent on the overpotential heat generation
which is caused by the internal resistance, kinetic aspects and mass transport related to the
electrochemical reactions. On the other hand, the state of charge variation causes heat
generation due to entropy changes attributed to the reversible electrochemical reactions within
the battery [284]. As Manikandan et al. reported, in the case of Li-ion batteries, heat generation
can be classified in two different categories, irreversible and reversible heat generation
[291,292 2931 The irreversible heat generation is related to the internal resistance of each element
of the battery and it can be measured by different methods such as electrochemical impedance

[2°2], while the

spectroscopy, high power pulse tests or intermittent discharge methods
reversible heat generation is dependent on the nature of the electrode materials, and it is
measured via entropic coefficient. The irreversible heat generation is related to the effects of
the insertion reactions, ohmic resistance, the charge transfer and the diffusion of the electro-
active species in the solid host material and the liquid electrolyte. These limitations cause an
overpotential, also called Joule heat. According to Heubner et al., the reversible heat is more
significant at low C-rates while irreversible heat is the dominating at higher current densities.
They found out that the NaFePOs cells present larger heat generation rates than LiFePO4 ones.

This fact is related to the limitations in the case of sodium-ion cell of the charge transfer reaction

and the solid-state diffusion.

Few reports have been published until date reporting the thermal model generation of Na-ion

cells. They have been mainly focused on improving cathode, anode or electrolyte components,
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separately [2°*2%°296 297] Recently, Subasinghe et al. reported a study about the heat generation
and internal resistance of 18650-type cells with sodium vanadium phosphate, NasV2(POa)s as

cathode and hard carbon anode using nonflammable 1 M NaBFa in tetraglyme electrolyte [>%%].

It is important to adequately manage the thermal behavior of the Na-ion cell. Concretely, the
heat generation model of a Na-ion battery allows comparing heat generation rates for equivalent
current levels and eventually, it is a tool to select the most suitable thermal management option.
Wang et al. incised on how the analysis of the heat generation into the cell is essential to obtain

the knowledge on how to enhance the processing and safety of batteries [2%].

In this model, internal resistance and entropic heat coefficient are only considered to predict the
heat generation, which according to some researchers, should be enough to adequately define
our system [18]. As it was already done by Christen et al. [3°°], other parameters have also been
beard in mind to develop the heat generation model, as the heat capacity (Cp), the amount of
heat generated in the cell during a given load profile, etc. Other parameters that can be studied
are the location of the heating or cooling source, which has a great impact on the efficiency of
the cell. In order to perform the heat generation model of a sodium-ion cell, it is necessary to
take into account the irreversible and reversible heat generation. This model can also provide
valuable information to elucidate the favorable states of charge and discharge for battery

operation and designing the management systems [3°2].

In this case, the heat generation in a range of temperatures from 10 °C to 40 °C is studied in a
monolayer pouch cell. First, the thermal characterization of a Na-ion monolayer pouch cell
prototype was performed, that is, the thermal parameters of the pouch cell were evaluated in
the charge and discharge processes Secondly, a heat generation model was developed taking

into account isotherm and cooled conditions.
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7.4.1 Determination of thermal parameters
7.4.1.1 Heat capacity

For this sodium-ion battery, it is necessary to determine the average specific heat capacity for
the complete cell taking into account the whole device, including different components (anode,
cathode, separator, pouch encapsulation, etc.). That is, as the monolayer pouch cell is built from
a variety of components, the calculated specific heat is an average specific heat. By definition,
the specific sensible heat capacity is the amount of heat required to cool or heat 1 kg of a material
by 1 °C [2%}]. The heat capacity can change depending on the state of charge and the temperature
effects [2°1]. However, in this case, an average heat capacity is calculated, doing measurements

in an adiabatic calorimeter at fully discharged state of the Na-ion cell.

A power of 0.3 W is supplied first to heat the resistance and a linear relationship between

temperature and time is identified (Figure 7.34).
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Figure 7.34. Evolution of the temperature measured at the ARC when 0.3 W is supplied. Blue points
correspond to the measured values and the black line corresponds to the linear regression of the data.

As the temperature is evaluated by means of the ARC equipment and two external

thermocouples, both responses are analysed in order to consider a range of the heat capacity
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values. The Cp parameter is calculated from the slope of the linear regression of the relationship
between the 3 measured temperatures and the time according to the formula (7.1) in which q is

the supplied power, M is the mass of the cells, T is the temperature and t is the time.

q=Cpox% (7.1)

According to the Cp values displayed in Table 7.10, there are small variations for both different
devices used to perform the temperature measurements. It is assumed that the Cp parameter

for these cells is close to an average Cp value of approximately 2.30J g1 K2,

Table 7.10. Cp parameter as function of the equipment used for the measurements.

Mass of the cells (g) Power (W)  dT/dt Cp(Jgt*K?)

ARC thermocouple 0.0131 2.290
External thermocouple 1 10 0.3 0.0127 2.362
External thermocouple 2 0.0133 2.255

A different power was supplied in order to check the reproducibility of the measurement and
the independency from the power supplied. When applying 0.1 W, the obtained Cp value is close
to 2.5 g1 K. Therefore, a range of Cp values in the range between 2.30 to 2.50 J g1 K can be

considered for the analysed Na-ion pouch cells.

7.4.1.2 Thermal conductivity

The thermal conductivity (4) is defined as the capability of a material to transfer heat. Therefore,
it is the thermal energy transmitted through a length or a thickness, in-plane or cross-plane.
Thermal conductivity values can go from ~ 0.015 W m™ K for aero-gels at the low end to ~2000
W m K for diamond and ~3000 W m™ K for single-layer graphene at the high end, at room
temperature. This parameter has an orthotropic performance, meaning that it can be different
depending on the considered Cartesian coordinate through the body of the cell. The reciprocal

of this parameter is the thermal resistivity.
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In this case, cross-plane thermal conductivity was measured, by means of 4 thermocouples. T01,
located in the outer part of PCl; T02, located in the inner part of the PCl and close to the

resistance; T03, located in the inner part of the PCIl and T0O4, located in the outer part of the PCII.

Firstly, one set of measurement was performed, in which the cells were horizontally placed. 5
different supplied power values were tested (0.1 W, 0.3 W, 0.61 W, 1.22 W and 2.44 W) and the
evolution of the temperatures is represented in Figure 7.35 and Figure 7.36). However, as the
objective of the power supply is to heat the resistance to reach stationary conditions inside the
air tube, two power values were discarded because they were not fulfilling this requirement. At
0.1 W, the temperature is not stable over time and measured values are very close to room
temperature (Figure 7.35 (a)). In the case of 2.44 W, the temperature is not stable either over
time and this temperature stability could only be reached at temperatures higher than 35 °C,
which is above the safe temperature range that was stablished for these cells (> 35 °C) (Figure

7.35 (b)).
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Figure 7.35. Evolution of the temperature with the time at (a) 0.1 W and (b) 2.44 W.

On the other hand, when 0.3 W, 0.6 W and 1.22 W are supplied, steady state conditions are
reached, so the thermal conductivity can be calculated (Figure 7.36 (a), (b) and (c)). However, it
is important to bear in mind that initial temperature values are discarded because they
correspond to a non-stable profile. The experiment with 1.22 W is considered to have the most
stable temperature profile, while in the case of 0.3 W, T02 and T03 are closer, which can indicate

that the heat flux, Q, is more homogeneously distributed in both sides (Figure 7.36 (a)).
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Figure 7.36. Evolution of the temperature with the time at (a) 0.3 W, (b) 0.6 W and (c) 1.22 W.

Table 7.11 shows the thermal conductivity values for PCl and PCIl, when the cells are placed in

both vertical and horizontal position during the measurements (Figure 7.37).

Figure 7.37. (a) Horizontally and (b) vertically placed monolayer pouch cells.
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The thermal conductivity is obtained from the experimental data represented in Figure 7.36

according to the equation (7.2).

szx%xAT (7.2)

It is worth to mention that in the case of the horizontally placed cells, the standard deviation
between PCland PCll is 1.73 W m™1K?, while the standard deviation between the results obtained
at different supplied power (0.3, 0.6 and 1.22 W) is 0.62 W m™K'! (Table 7.11). An average value
of 32.43 W m K is obtained from these experiments when the cells are placed in horizontal
position.

Table 7.11. Thermal conductivity as a function of the power supplied to the resistance for both PCl and
PCII (horizontally and vertically placed pouch cell).

Thermal
Thermal conductivity
conductivity
(WmtK?)
Pouch cell Power (W) (Wm1K?)
(horizontally placed
(vertically placed

cell)

cell)

0.3 34.2 39.66

PClI 0.6 33.065 38.37
1.22 35.225 37.2

0.3 30.25 22.25

PClI 0.6 30.685 23.91
1.22 31.135 24.23

A second batch of experiments was also performed which the cells were vertically placed. In this
case, only 0.3 W, 0.61 W and 1.22 W were applied. This new experimental setup should allow
improving the equalization of the air flow through the two faces of the pouch cell. As it can be
observed in Table 7.11, the thermal conductivity values obtained for both PCl and PCIl as a
function of the power supplied, present more variability, with standard deviation between PCI

and PCIl of 7.47 W m'! K. So, further variations might be happening in this configuration
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between both cells. As it has been already mentioned, in the case of 0.3 W, T02 and T03 are
closer, which can indicate that the heat flux is more homogeneously distributed in both sides.
An average thermal conductivity value of 30.94 W m* K is obtained when the cells are located

in the vertical position, however, the standard deviation is higher in this second case.

In general, taking into account these two type of measurement and the existence of two similar
pouch cells in the measurement, thermal conductivity values of the Na-ion cells are between

22.25 and 39.66 W m™* K, approximately.

The differences between PCl and PCIl can be derived from the thickness approximation, which
was considered to be 477.8 um for both the cells. In Figure 7.38, the influence of the variation
of the thickness of the pouch cell (for the same experimental data obtained) () in the thermal
conductivity value can be observed. Even small differences on the thickness (< 20 um) have a
large influence in the thermal conductivity estimation. It is also necessary to take into account
that, in both types of measurements (horizontal and vertical configuration), the contact between
both cells is not complete, and therefore, it is not possible to consider total symmetry spite of
having same characteristic cells. Therefore, the heat flux is not being transmitted equally in both

opposite directions.
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Figure 7.38. Influence of the thickness variation on the thermal conductivity.
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7.4.1.3 Internal resistance

There is a requirement on the batteries to have a specific knowledge of the internal resistance
in the cell. This parameter depends on the cell temperature and the SOC of the battery. As the
internal resistance increases, the heat generation inside the cell increases too and this heat

generation inside the cell can lead to negative exothermic reactions causing thermal runaway

[302] .

Constant current discharge pulses have been used in order to analyze the evolution of the Rin of
the Na-ion cells at various SOC and temperatures. The selected constant current discharge pulses
have a length of 18 s and a current rate of 1C. For the determination of the internal resistance at
different SOC stages of ca. 20%, 40%, 60% and 80% during the charge and the discharge

processes, three different cells at three different temperatures, 15, 25 and 35 °C, were analyzed.

In order to study the influence of relaxation times in the potential stabilization of the cells, two
methodologies were followed. First experiments were performed 5 hours of relaxation time after
the pulses at each SOC (Methodology 1). The second batch of experiments was performed

incorporating a relaxation time of 10 h after reaching each state of charge (Methodology II).

The real state of charge of the cells is calculated bearing in mind the total charge and discharge

capacity values respectively for the steps in the charge and in the discharge process, respectively.

The Open Circuit Voltage after 1 h, 3 h and 5 h after the pulses was recorded in order to
determine the differences between both methodologies. Table 7.12 collects the values obtained

for Methodology I.
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Table 7.12. Difference in % with respect to the OCV measured after 5 hours after each SOC change during
the internal resistance measurements for Na-ion cells at different temperatures (Methodology 1).

15°C
Charge Discharge
SOC (%) 21.7 40.9 60.1 79.3 79.6 58.6 37.5 16.5
Time
1h 0.4132 0.2274 0.1633 0.1953 0.0838 0.1500 0.3004 0.5959
3h 0.1127 0.0325 0.0445 0.0558 0.0279 0.0300 0.0834 0.1589
25°C
Charge Discharge
SOC (%) 19.0 38.2 57.4 76.5 79.8 58.8 38.0 17.0
Time
1h 0.6967 0.3626 0.2109 0.1436 0.0378 0.1445 0.9008 0.6604
3h 0.1742 0.0898 0.0542 0.0479 0.0028 0.0391 0.7339 0.1801
35°C
Charge Discharge
SOC (%) 18.8 37.8 56.6 75.4 79.5 58.1 36.7 154
Time
1h 0.7564 0.5577 0.2397 0.1971 0.0419 0.1497 0.2996 0.9145
3h 0.1513 0.1969 0.0599 0.0563 0.0000 0.1048 0.0999 0.2783

The change of the OCV after 1 hour compared to 5 hours is not higher than 1% for any state of
charge and temperature when using Methodology |. Moreover, 3 hours of relaxation time
supposes no more than 0.2% of difference with respect to the values measured after 5 hours,

except for the experiment at 25 °C, at which the difference is < 0.8%.

The time needed for OCV stabilization depends on the temperature, the SOC and the
charge/discharge process (Figure 7.39 (a), (b) and (c)). For example, at low state of charge, ca.
20% and 40%, both during the charge and discharge processes, longer times are needed for
voltage stabilization than at 80% of state of charge. Moreover, at 15 and 35 °C minimum variation
of the OCV with respect to that recorded after 5 hours of stabilization are observed compared

to 25 °C measurements. In addition to this, the time needed for potential stabilization varies
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depending on charge or discharge process, i.e. in the case of discharge process, slightly longer

times are required.
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Figure 7.39. Variation of the OCV respect to that measured after 5 h as a function of the state of charge at
(a) 15 °C, (b) 25 °C and (c) 35 °C (Methodology I).

As it has been stated a previous paragraph, a second set of experiments was also performed in
which a relaxation time of 10 h was set after reaching each state of charge target (Methodology
I1). Similar to what recorded for Methodology I, Open Circuit Voltage was recorded after 1 h,3 h
and 5 h after the pulses, in order to determine if differences are detected in the time needed for

stabilization (Table 7.13).
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Table 7.13. Difference in % with respect to the OCV measured after 5 hours after each SOC change during
the internal resistance measurements for Na-ion cells at different temperatures (Methodology I1).

15°C
Charge Discharge
SOC (%) 19.8 39.7 59.5 79.3 79.4 58.1 36.8 15.5
Time
1h 0.0076  0.0353 0.0208 0.0215 0.0219 0.0454 0.0466 0.1391
3h 0.0201 0.0176 0.0104 0.0171 0.0053 0.0150 0.0131 0.1391
25°C
Charge Discharge
SOC (%) 19.1 38.3 57.4 76.5 79.3 57.9 36.3 15.0
Time
1h 0.0118 0.0442 0.0240 0.0360 0.0141 0.0330 0.0879 0.2729

3h 0.0212 0.0254 0.0105 0.0215 0.0037 0.0121 0.0338 0.2729
35°C
Charge Discharge
SOC (%) 19.1 38.2 57.3 76.4 79.0 57.2 35.2 13.4
Time
1h 0.0540 0.0661 0.0420 0.0422 0.0113 0.0319 0.0820 0.2438
3h 0.0463 0.0396 0.0240 0.0253 0.0023 0.0106 0.0275 0.0873

In the case of Methodology I, the change of the OCV after 1 hour compared to 5 hours is not
higher than 0.3% irrespective of the state of charge and temperature, while after 3 hours of
relaxation time, the maximum variation is less than 0.1%, except for the experiments performed
at 25 °C. As observed when applying Methodology I, higher differences (< 0.3%) are observed at
25 °C also for Methodology II.

As it was happening in the previous case of study (Methodology 1), voltage stabilization depends

on the temperature, the SOC and the charge/discharge processes (Figure 7.40 (a), (b) and (c)).
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Figure 7.40. Variation of the OCV respect to that measured after 5 h as a function of the state of charge at
(a) 15 °C, (b) 25 °C and (c) 35 °C (Methodology II).

The differences of the OCV variation at 3 hours with respect to 5 hours between the two
methodologies, without relaxation time when reaching each SOC and with 10 hours of relaxation
time after reaching each SOC are compared in the charge process, as an example in Figure 7.41.
Itis observed, that the OCV stabilization is much more evident in the second methodology, which
includes the 10 hours of relaxation time after reaching each SOC. Therefore, it was concluded
that the first methodology did not avoid the interferences created by the insufficient relaxation

time after SOC variation.

302



Design, electrochemical characterization and thermal model of a
Na-ion monolayer pouch-cell prototype

0.30
—e—15°C; M1
. - ¢ -15°C: M2
R 0251 ——25°C; M1
= - ¢ -25°C: M2
0 —e—35°C; M1
L e - ¢ -35°C; M2
(6]
(0]
2 0.15
o
=
£ 0.10-
®
]
>
> 0.05-
8 AR E 3
Wrere S e o s Wy
A
0 20 40 60 80 100
SOC (%)

Figure 7.41. Comparative of the variation of OCV at 3 hours with respect to 5 hours for Methodologies |
and II.

As it has been observed, there is requirement for the stabilization of the OCV after reaching each
SOC. The variation of the OCV after 2 h, 4 h, 6 h and 8 h with respect to the value recorded after
10 hours is represented in Figure 7.42 (a), (b) and (c), respectively for the experiments performed
at 15, 25 and 35 °C. Maximum differences of approximately 1% are detected with respect to the
voltage values measured after 10 hours. After 6 and 8 hours, it can be considered that the OCV
is stabilized with a maximum variation of 0.3% with respect to the values measured after 10
hours, independently of charge and discharge processes, the temperature and the SOC. Another
remarkable fact is that the variation of the OCV with respect to the values measured after 10
hours is higher 35 °C than at the rest of temperatures. Similar to what happened when applying
Methodology |, it is also observed that longer times are required for voltage stabilization in the

case of low SOCs, ca 20% and 40%.
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Figure 7.42. Variation of the OCV in % with respect to that measured after 10 hours applying
Methodology Il for internal resistance determination at (a) 15 °C, (b) 25 °C and (c) 35 °C. Data measured
during the charge and the discharge.

It is noticeable that the internal resistance shows slightly higher values when measured during
the charge process than during the discharge process. As an example, maximum internal

resistance values measured in the charge and discharge processes are 28.93 and 27.54 Q,
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respectively (data obtained at a SOC of ca. 20% at 15 °C). However, these small differences in the

internal resistance values could be related to the experimental methodology used to determine

it. The effective value of the internal resistance should not be dependent on the charge and

discharge processes, as it is not possible to model it assuming a discontinuous process.

Therefore, for the heat generation model, an average internal resistance value is used.

Figure 7.43 and Figure 7.44 represent the variation of the internal resistance as a function of the

SOC and the temperature measured in the charge and the discharge, respectively.
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Figure 7.43. Variation of the average internal resistance with the SOC and the temperature measured

during the charge process.
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Figure 7.44. Variation of the internal resistance with the SOC and the temperature measured during the
discharge process.

By increasing the temperature, the internal resistance decreases due to the reduced
concentration overpotential at higher temperatures [?%3]. In addition to the temperature, the
internal resistance is also influenced by the state of charge, the effect of the latter being more
pronounced. The state of charge of the Na-ion cell significantly affects to the internal resistance
of the cell, which decreases when increasing the state of charge. This fact is related to the build-
up of concentration polarization at the end of discharge, which usually increases with the depth

of discharge [23].

There is not exactly a linear relationship between the temperature and the internal resistance,
as the differences in the internal resistance values between 15 °C and the other two

temperatures are more evident than between 25 °C and 35 °C.

As it was stated by Heubner et al. the contributions of the irreversible and reversible heat are
affected by the chemical and physical properties of the active material and the design of the cell.
Therefore, the internal resistance can be minimized from the first steps of the electrode
processing. As an example, the particle size variation can affect to the charge transfer resistance

and the path for the diffusion of sodium ions, and thus to the internal resistance [°%].
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In order to reduce the internal resistance of the Na-ion batteries, and hence the heat generation
over cycling, some improvement could be done in the battery design as it was proposed by
Heubner et al., such as targeted nanostructuring, highly conductive catalytic coatings, and

doping of the material with supervalent cations to increase the rate constant and the diffusivity.

The internal resistance can also be used to determine the degradation factor of a cell, as the
internal resistance value increases as the cells are degraded [3°]. This effect could be analyzed

by means of the application of aging tests at monolayer pouch cell.

7.4.1.4 Entropic heat coefficient

The EHC, also referred as the temperature coefficient, describes the potential derivative with
respect to the temperature and is determined in order to calculate the reversible heat
generation within the cell [2°4]. In spite of the fact that battery pack designers are not taking into
account extreme battery operation conditions in order to maximize its cycle life, it is important
bear in mind these conditions, i.e. fully discharged and fully charged state, to calculate the heat

generation [3%°].

Caused by the insertion and deinsertion process of the sodium ions, there can be some changes
in the crystal structure of the cathode material and interactions among the sodium ions. This fact
produces a heat increment, reversible heat, within the cell. The entropic heat parameter is

principle characteristic of the active material of the cathode [3%].

Figure 7.45 represents the voltage measured at the end of the 5 hours resting period at 15, 25
and 35 °C at a SOC of ca. 60% (data measured during the cell charging process). Similar to what
observed in Figure 7.45, the relationship between the voltage and temperature should be almost
linear and the slope of this line corresponds to the entropic heat coefficient, which should be
similar to the B coefficient of the fitting to the function (2.13). Before starting the temperature
sequence at each SOC, it is necessary to leave the cell at 25 °C for 10 hours, in order to reach
thermodynamic stability. Once the SOC target is reached, a resting time between 5 and 10 hours

is needed in order to have enough potential stability. However, at high SOC values, high resting
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times can lead to self-discharge and it is necessary to check if the cell is affected by the influence

of this high-self-discharge [3°°].
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Figure 7.45.The relation between voltage and temperature at 60% of charge process.

The entropic heat coefficient is calculated as a function of the SOC. The real state of charge of
the cells is calculated bearing in mind the total charge and discharge capacity values respectively
for the steps in the charge and in the discharge process, respectively. The OCV evolution with
the temperature is represented at different SOC in visible in Figure 7.46. The fitting for each SOC,
ca. 0%, 20%, 40%, 60%, 80% and 100% in charge and discharge processes is also provided in
Figure 7.46.
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Figure 7.46. Voltage profile during the thermal sequence to calculate the EHC at different SOCs. (a) 0%,
(b) 20%, (c) 40%, (d) 60%, (e) 80% and (f) 100% measured during the charge process and (g) 80%, (h) 60%,
(i) 40%, (j) 20% and (k) 0% during the discharge process.

If it is observed the difference between the initial voltages at 25 °C, and then, after the
temperature sequence, which is as low as 0.03 mV, it can be assumed that there is no important
self-discharge issue for any SOC. The maximum difference between these two values is obtained
at low SOC values, ca. 0 and 20%, and at high SOC values, ca. 100%. These SOC ranges would be
more susceptible to suffer from self-discharge. Figure 7.47 shows the data corresponding to this

difference.
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Figure 7.47. Maximum difference between the initial and final voltage at 25 °C.

If the voltage is inversely proportional to the temperature, i.e. the voltage decreases while the
temperature increases, the entropic heat coefficient value is negative (Figure 7.48). If the EHC of
the studied Na-ion cell has negative values in the whole SOC range, the voltage is inversely
proportional to the temperature for the whole SOC range in the charge and discharge processes.
A lack of significant changes in the cell chemistry all over the charge and discharge processes
could be the reason for the EHC to keep negative values. Therefore, it could be assumed that

there are not relevant crystalline phase changes [37].
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Figure 7.48. Entropic heat coefficient as a function of the SOC measured during the charge and discharge
processes.

The maximum standard deviation between the entropic heat coefficient measured during the
charge and the discharge processes is less than 0.06 mV, which is considered as low enough to
assume a similar behavior in the insertion and de-insertion processes of the sodium ions. Taking
into account that the error expected in the measurements is, approximately + 1 mV, this could

suggest that the reaction taking place in the Na-ion cell is highly reversible.

In general, low entropic heat coefficient values are obtained. As it was said by Abdul-Quadir et
al. the magnitude of the entropy is small, but it cannot be neglected because the heat generated
by this parameter could be significant [2%®]. According to Lu et al., small entropy coefficient values

mean that the particular cathode material is thermally stable [3%°].

As well, as the values of the EHC are negative, it suggests that the effect of the entropic heat is
exothermic during the discharge and endothermic during charging process, independent on the
battery cycling rate [3%]. As Manikandan et al. exposed in their work, negative entropic heat
coefficient throughout the charge or discharge cycle at any given SOC, indicate that there is a
dominant role of exothermic reactions, which could be evident from the increase of the

temperature of the cell surface during slow discharge of the studied cell [310]. Manikandan et al.
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also studied both the cathode and the anode in a separate way. While the anode maintained its
entropic coefficient on negative values, the cathode reached positive values at, approximately,
85% of SOC. Further studies could be developed by analyzing both electrodes of the Na-ion cell,
in order to know which is contributing in a more important way to the reversible heat generation
measured from the entropic coefficients. For instance, when the negative electrode is a carbon,
it could affect to the entropic heat coefficient. Choi et Lim et al., concluded that the entropic
heat coefficient varies with the structural changes of the graphite anode and LiCoO: cathode
[2%]. For example, according to Bai et al., the anode material is greatly affecting to the entropic
heat coefficient [1°]. As Hong et al. proved, coke-based carbon negative electrodes had primarily
negative coefficients, while other authors could switch from negative to positive by changing the

[311]‘

negative electrode It was stated by Yun et al. that the anode is usually the dominant

contributor, for both, degradation factor and entropic heat coefficient of the battery [32].

Related to the degradation factor and the influence of the entropic heat coefficient, according
to Stanciu et al., at degraded cells, entropic heat coefficient slightly varyies from medium to high

SOC range values [313].

The determination of the entropic heat coefficient also allows determining the best possible
application for the studied cells. For example, in the case of having positive values of the entropic
heat coefficient for a battery in the charge process, i.e. endothermic process, the battery could
be used for fast charge type applications, if in a complementary way, the generated irreversible

heat is not very pronounced as well.

7.4.2 Heat generation model

In the Figure 7.49, the electrochemical performance of the monolayer Na-ion pouch cell at 3

different temperatures and C-rates can be observed.
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Figure 7.49. C-rate performance of the pouch cells at different temperatures.

According to the equation already mentioned in the Chapter 2 (7.3), based on the values of the
internal resistance and the entropic heat coefficient as a function of the SOC and the
temperature, the heat generation model is calculated, following the procedure described below

(Figure 7.50).

. du
de= (% x Ry) + (1 xT x ) (7.3)

From the experimental data of the internal resistance, the heat generation model makes a
double linear interpolation of the values to obtain the internal resistance at any SOC and
temperature. The same procedure is done with the entropic heat coefficient for the whole SOC
range. The inputs for the heat generation model are the interpolated points of the internal
resistance and the entropic heat coefficient, the current per time and the temperature per time

in one known cycle of the Na-ion pouch cell.

For the heat generation model, two paths are followed. In one of the cases, constant
temperature input is inserted in the system, which represents an isotherm model. Depending on
the temperature input, the heat generation is calculated. In the second case, a predictive thermal
model of the temperature is generated from which the heat generation is calculated. The

temperature is calculated by means of an electrical circuit combining the battery equivalent
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circuit with the polycarbonate blocks used to press the Na-ion monolayer pouch cell to obtain
an optimal electrochemical performance. In this second case, cell is able to store and dissipate

the heat during the experimental procedures, so it is a non-adiabatic cooled model.

1(t) [A
I(t) [A]
SOC (t) [%]
T(8 [ L, dU@)/dT [mVKY]
dU(SOC)/dT [mV K1) e > Rin (t) [mOhm]
_ Qtotal - 12 (t) . Rl%&:) I(@)x(T (r):020703.15)x?
Rin (SOC) [mOhm] Q(t) []

Figure 7.50. Procedure to determine the heat generated within Na-ion cells.

The input of the current for the Na-ion cell heat generation model is represented as Figure 7.51,

in which the SOC over time is also represented for one cycle.
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Figure 7.51. Heat generation model for the Na-ion cell (a) Current per time (b) SOC per time.

The heat generation of the Na-ion cell is evaluated at seven different temperatures, taking into
account this input range of temperatures: 10, 15, 20, 25, 30, 35 and 40 °C. The interpolation of

the internal resistance and the entropic heat coefficient values for the whole SOC range results
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is shown in Figure 7.53. For the heat generation model, the internal resistance values for each
SOC are calculated by means of an average value of the ones obtained in the charge and
discharge processes. The internal resistance data was extrapolated to 0 and 100%, in the case of
15, 25 and 35 °C. Figure 7.52 shows the example of the extrapolation performed for 25 °C. The
equation derived from the linear fitting is used to calculate the increment and reduction in % of

the internal resistance with respect to the value of consecutive SOC.
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Figure 7.52. Data interpolation for 0% and 100% of the internal resistance.

The entropic heat coefficient should be valid for all the evaluated temperature range and it
changes with the SOC, while the internal resistance varies with both the temperature and the

SOC (Figure 7.53).
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Figure 7.53. Heat generation model for the Na-ion cell. Evolution of the (a) internal resistance and (b) the
entropic heat coefficient with the time.

The calculation of the heat generation in the Na-ion monolayer pouch cell is divided between
two contributions, the reversible and the irreversible heat. The reversible heat corresponds to
the influence of the entropic heat (7.4), while the irreversible heat corresponds to the internal

resistance contribution (7.5). These two equations explain both terms,
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Preversible = 1 X (T + 273) X (Ri“ )

1000

Pirreversible = I? x (Rin )

1000

(7.4)

(7.5)

Figure 7.54 shows the contribution from both the sources of heat to the total heat generation in

one cycle of the monolayer Na-ion pouch cell when the initial temperature is 15 °C.
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Figure 7.54. Evolution of the Preversible, Pirreversible and Ptotal with the time when the initial

temperature is set at 15 °C. Isothermal model.

40000

The total heat generation increases at the end of the discharge processes which could be

attributed to the increase of the resistance of the cell. It is observed that the heat generated in

the discharge process is higher than in the case of charge process

[314]'

Bai et al. studied the heat generation in a lithium ion battery, analyzing separately the effect of

the reversible and the irreversible heat contribution to the total heat. The irreversible heat is

affected by the ohmic resistance, as it is calculated from the internal resistance data, and it

contributes dominantly to the overall heat generation. The irreversible heat is calculated from

the internal resistance experimental data, which is considered as the major contribution. The

internal resistance decreases with the increment of the temperature, which is a consequence of

the higher chemical reaction activity at higher temperature and leads to better sodium-ion
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diffusion. The reversible heat is calculated from the entropic variation, which is caused by the
charge and discharge processes, and consequently the reversible heat is depending on the

electrode materials.

As the total heat generation is divided in both reversible and irreversible heats, it reflects the
contribution of both of them, depending on the charge or discharge processes. It is necessary to
observe which the most predominant heat contribution is, in order to control the properties
affecting to each one. In this case, the major contribution is given by the irreversible heat in the
case of the charge process, while the reversible heat apparently dominates the discharge
process. However, in the discharge process, the average heat generated by the reversible and
irreversible heat are 8.6-10° and 9.5-10° W, respectively, which can be considered as very similar
values. Overall, the irreversible heat could be dominating the charge and discharge processes. If
the reversible heat is lower than the irreversible heat, it means that the chemical reaction affect

in a lower extent than the polarization and the ohmic resistance [3!3].

The total heat generation increases at the end of the discharge which could be attributed to the
increase of the resistance of the cell. Overall, it is observed that the heat generated in the
discharge process is higher than that in the charge process. As Heubner et al. also assessed, the
heat generation is higher for the discharge processes than for the charging process due to the
exothermic and endothermic contribution of the reversible heat, respectively [?°’]. This
endothermic contribution, at the charge process, it is derived from the fact that the dissipation
of the heat, at that point, is higher than the heat generation in the cell. By increasing the current

applied to the cell, this effect is expected to be reduced.

The average value of the generated total heat (Qtota)i is calculated according to Figure 7.54, and
their values are displayed in Table 7.14 according to the initial temperatures analyzed for
isotherm conditions. As it can be observed in the Table 7.14, there is a tendency to decrease the
Qtotal in the Na-ion cell by increasing the initial input temperature of the cell, thus more heat
should be dissipated in the case of lower temperature inputs. The calculation of the average
value of the Qrotal generated from different temperature inputs could be used to design the

implementation of the thermal management of a battery pack (Table 7.14).
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Table 7.14.Total heat generated in the Na-ion monolayer pouch-cell depending on the temperature input.

Temperature input (°C) Qtotal (W)
10 1.12 x 1074
15 9.26 x 107°
20 7.21 x 107°
25 5.17 x 107°
30 5.11x 107°
35 5.05 x 107°
40 498 x 1075

As the calculated values of Quotal are not high enough, the evaluation of the evolution of the
temperature in non-adiabatic cooled situations was not possible, as the margin of error
associated to thermocouples is higher than the percentage of expected increment of the
temperatures. For this reason, the experimental validation of these calculated data for a
monolayer Na-ion pouch cell was not possible. Therefore, further studies can be developed in
multilayer Na-ion pouch cells in order to corroborate this heat generation model. In addition,
the endothermic behavior already observed in the charge process could also be validated and

the effect of the current applied to the cell could be tested.

In the second case, mentioned at the beginning of the chapter, a predictive thermal model of
the temperature is generated. If the temperature is not being inserted in the heat generation
model as a constant, an equivalent electric circuit is inserted, representing the Na-ion monolayer

pouch cell with the polycarbonate blocks (Figure 7.6).
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Figure 7.55. Detail of the equivalent electric circuit of the battery assembly

In the case of the equivalent electric circuit, the voltage corresponds to the temperature and the
current is the heat flux. In this model, the temperature is changing due to the heat production
and dissipation in the cell in each time step, and therefore, the input temperature in the
consequent cycles will be varying integrated in a constant loop. This model represents a non-
adiabatic cooled situation, as the cell is able to store and dissipate the heat during the

experimental procedures.

In order to extract the equivalent circuit in the Simulink block diagram, thermal conductivity and
heat capacity parameters already determined based on experimental measurements in the
previous sections are considered. Taking into account that the Na-ion pouch cell is placed inside
a polycarbonate holder in order to ensure enough pressure to obtain good cycle performance,
both data considering the Na-ion monolayer cell and the polycarbonate blocks are taken into

consideration to develop de equivalent circuit in the Simulink block diagram. The equations and
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data displayed below (Table 7.15) are used in order to extract the thermal conductivity and Cp

values.

For rectangular coordinates, the resistance for conduction, in the case of the Na-ion pouch cell

and the polycarbonate blocks, corresponds to the following equation (7.6),

Ax
R= = (7.6)

where, Ax (m) is the thickness of the cell and the blocks respectively, k is the thermal conductivity

(W m2K?) and the A (m?) is the area.

In the case of the last resistance placed in the circuit, it corresponds to the air temperature zone,
out of the edges of the polycarbonate blocks. In this case, the resistance is due to the convection

forces, so the equation corresponding to this resistance (7.7) is,
R= — (7.7)

where, h (W m1K?) is the thermal conductivity for convection and the A (m?) corresponds to the

area exposed to the air temperature. In this case, h corresponds to an usual value of 5 W m™* K!

[315]'

Table 7.15 summarizes the data for the circuit. In the Table 7.15, it is assumed that the values of
the Na-ion pouch cell correspond to a unique cell, while the values of the polycarbonate blocks

correspond to two blocks, as two blocks are required to cycle the Na ion monolayer pouch cell.
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Table 7.15. Experimental data for the Simulink electric circuit

Thermal Convection
. heat Individual Individual .
Cp conductiv . Area Capacitance
Ugtkl) ity (Wmt transferenc mass thickness (m) R(Q) (F)
k) e coefficient (g) (m)
(W m2k?)
p:uac"'fc"e" 25 32 - 5 0.000478 0 0';)0 12.5
Polycarbon 6.26
ate 1.25 0.2 [329] - 122.5 0.011 0.01 .8 306.25
block
External ) ) 5 11.4 )
zone

In this case, and taking as initial temperature 25 °C, the evolution of the temperature
represented in Figure 7.56 is obtained (), according to the thermal model prediction of the
temperature. Again, as it was shown in the isotherm model, there is an endothermic contribution
in the charge process, and the temperature goes down below initial value of 25 °C. This
remarkable fact is due to the dissipation effect that is higher than the generation effect of the

heat, which is also related to the applied current.
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Figure 7.56. Evolution of the temperature in the cell starting at 25 °C.
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The evolution of the temperature takes into account the dissipation and generation effects of
the heat along one charge and discharge cycle. Again, as it can be observed in Figure 7.57, which
represents the total heat generation taking into account the contributions from reversible and
irreversible heat, it is observed that the experimental heat generation model validation is not
possible due to the small size and thickness of the monolayer Na-ion pouch cell and the low

amount of heat generated by the cell.
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Figure 7.57. Evolution of the Preversible, Pirreversible and Ptotal with the time. Predictive model.

7.5 Conclusions

Based on the studies performed at small scale (2-electrode coin cell and 3- electrode Swagelok
cell) an optimum Rwse (Q) range is selected between 1.5-1.2. The reversible capacity delivered
after several cycles, the voltage profiles of the cathode, the anode and the full-cell, or the safety
issues derived from the operation below or above the optimum voltage ranges have determined

this initial range.

The negative to positive capacity ratio should be defined correctly when configuring a new full-
cell. Essentially, the optimization of this ratio will help to enhance cycling performance and the

safety design of these sodium-ion cells. Rn/p (Q) = 1 is discarded because of the sodium plating
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on the surface of the anode, the low reversible capacity values along cycling associated to the
previous fact and the especially bad performance at higher rates. In the case of Ry (Q) = 1.6,
there is not sodium plating risk associated but, the reversible capacity values are reduced due to
the short plateau region of the negative electrode which is effective. The negative to positive
ratio of 1.3 represents the trade-off between these two ratios and it becomes in the best option
for the subsequent experiments, showing good reversible capacity values at 13 mA g amcat and

higher current densities, as well as good capacity retention.

In addition to this, limiting the upper cut-off voltage to 3.9 V allows to reduce the amount of
metallic sodium deposited on the surface of the anode by limiting the low voltage zone in the
anode side when cycled for larger number of cycles. Moreover, this affirmation will be
complemented by the positive effect in the capacity retention observed over cycling. Although,
spherical type morphology in the cathode half-cell configuration presents slightly lower
reversible capacities and slightly worse electrochemical performance at higher C-rates, it allows
to perform the electrode coating process at large scale using the continuous coating machine,

since the size of the agglomerates is significantly reduced.

The increment of the cycling voltage range up to 4 V affects to the cycle performance of the
pouch cells. Comparing two pouch cells done with the same Rn/p (Q) = 1.3, if the upper cut-off
voltage is established at 4 V instead of 3.9 V,, the sodium plating in the cell increases, as the
anode operates at voltages closer or lower than 0 V. Because of this reason, further deposition
of sodium metal is happening in the anode side, so there is a significant loss of sodium ions which
are not recovered over cycling. Moreover, the anode presents severe delamination after 100
cycles, also related to the sodium ion deposition in the interface between current collector and

the coated foil, especially at the edges of the anode electrode.

It was concluded that the degradation of the anode is the main contributor to the cell
degradation. On the other hand, it has been shown that cathodes partially recover initial capacity

when tested as half cells after the cycling stability tests at pouch cell level.

Regarding the conclusions corresponding to the generation of the thermal generation model,

the internal resistance increases by decreasing the temperature, so those parameters have an
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inversely proportional relationship. However, the internal resistance is more influenced by the
variation of the SOC than by the variation of the temperature, i.e. the internal resistance values
are increased almost in one order of magnitude when decreasing the SOC from 80 to 20%. As
the internal resistance increases, the expected heat generation is higher. Moreover, it has been
proved the importance of the stabilization time after every SOC variation to improve the quality
of the calculated internal resistance values, being a resting time of 10 hours selected as the

optimum.

The entropic heat coefficient maintains negative values for all the studied SOC range, irrespective
of the data being calculated during the charge or discharge processes. Based on this result, the
optimum SOC range for the Na-ion pouch cell utilization could be determined, as small absolute
values of the entropic heat coefficient are related to heat generation and stability of the

electrode materials.

By modelling the heat generation over cycling of the Na-ion monolayer pouch cell it has been
concluded that the irreversible heat is the main contribution to the total heat generation, which

is related to the polarization and the ohmic resistance.

However, a validation of the heat generation model could not be performed because of the small
size and thickness of the monolayer Na-ion cell, being the total heat generated too small. The
proposed Na-ion heat generation model provides an idea of the heat generated during the
charge and discharge processes of this type of technology, taking into account specific cathode

and anode materials and both isotherm and non-adiabatic cooled conditions.

This model can help to identify further improvements that could be done in the Na-ion
technology, with a sodium layered oxide as the cathode active material and hard carbon as the
anode active material, and the implementation to a multilayer Na-ion pouch cell, in which the

heat generation model validation could be done.
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8.1 General conclusions

Following conclusions have been extracted from the results obtained in this Thesis.

Firstly, Na2C404 sacrificial salt represents a more stable, safer and more cost effective solution
than the use of NaNs to compensate for the Na deficiency of P2-type layered oxides. The
electrochemical performance of the P2-type layered oxide with 31% of Na2CsOa4 sacrificial salt
outperforms the cathode with 20% of NaNs with improved cycling stability, delivering a

reversible capacity of 155 mAh g* and an energy density of 165 Wh kg™

Regarding to the optimization of the synthesis of 03-NaisNio.32Tio.32Mgo.16Mno.2002 cathode
active material by solid state synthesis route, with the aim to minimizing the formation of Mga.-
xNixO impurity, avoid reactivity issues with the crucibles, minimize energy consumption and
improve costs savings, optimum synthesis conditions were set as: calcination temperature = 900

°C; calcination time = 8 hours; precursors mixing by wet-ball-milling in ethanol.

Focusing on the cathode formulation studies, it was concluded that depending on the active
material composition the optimal C65:PVDF ratio varies. The highest values for the reversible
capacity and capacity retention over cycling, 91 mAh g and 82.3%, respectively, are obtained
for the NaFeo.4sMno.3Nio.302 containing cathode with a C65:PVDF = 0.8:1, while in the case of Na1-
sNio.32Tio.32Mgo.16Mno.2002, C65:PVDF = 0.6:1 represents the best ratio between these two inactive
components for similar active material contents, with a reversible capacity of ca. 100 mAh g*

after 40 cycles and a capacity retention close to 70%.

In addition to the optimal cooperation between the carbon black and the binder, the active
material content must also be balanced. With the aim of maximizing the active material loading
of the electrodes, and hence, increase the capacity and energy density of resulting cells, the
active material content of NaFeosMno3Nio302 and Nai-sNio.32Tio32Mgo.16Mno.2002 containing
cathodes was increased to 87% and 88% of AM, respectively. The NaFeo.sMno.3Nio.302 half-cells

with 87% of active material present good electrochemical performance at low and high cycling
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rates with a good capacity retention up to 9 mg cm™ of active material loading. Specific energy

densities of 105 Wh kg™ at full-cell level are calculated for this cell.

A dissolver with disperser type impeller is considered as the best option when preparing the
cathode slurry, presenting the most homogeneous components mixture as well as the best
electrochemical performance. Moreover, a modification of the active material morphology
provides a solution in terms of reducing the size of the agglomerates and enabling the fabrication
of electrodes using the continuous comma bar coating machine. It was also identified that
improved electrochemical performances are achieved when the electrodes are dried at a drying

temperature of 60-80 °C.

Focusing on the anode side, it is shown that the viscosity varies as a function of the carbon black
content of the slurry. Besides, the carbon black content also affects to the 1% cycle irreversibility

of the anodes when tested as half-cells.

The most relevant parameters in the calendering process are also identified. The gap between
the rollers, the temperature of the rollers and the interaction between these two parameters
significantly affect to the thickness, porosity, 1% cycle irreversibility and reversible capacity of the
hard carbon anodes. However, no clear effect of the porosity in the electrochemical performance
is identified. Moreover, it has to be taken into account that determined calendering conditions
can promote the formation of cracks and electrode inhomogeneities that limit the
electrochemical performance of the cells, as happened when the electrodes were calendered at

100 °C and using a gap between rollers of 40 um.

Referring to the development of hard carbon containing full-cells, Nai-sNio.32Tio.32Mgo.16Mno.2002
and NaFeo.sMno3Nio.302 have been used as the cathode active materials. In the case of Nai-
sNi0.32Ti0.32Mg0.16Mno.2002, the full-cells were assembled at coin cell level, showing an energy

density 111 Wh kg™

In the case of NaFeo.4Mno.Nio.302, the studies went one step further and a monolayer pouch cell
was assembled. The final design of the pouch cell was supported by the studies at small scale (2-

electrode coin cell and 3-electrode Swagelok type cells) and at larger scale (3-electrode cell at
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pouch cell level). On the one hand, the optimum Ry (Q) is in the range between 1.3 and 1.6, as
a trade-off between the maximization of the anode utilization and the limitation of the low

voltage zone in order to avoid sodium plating risk.

The cycling stability tests and subsequent post-mortem analysis at monolayer Na-ion pouch cell
level, indicate that the anode is the main contributor to the degradation of the cell. Moreover,
limiting the end of charge voltage to 3.9 V instead of 4.0 V, significantly improved the cycling
stability of these cells. Independent of the mass balance, the cycling voltage range and the
cathode active material morphology, the cathode electrodes partially recover the ability to insert

Na ions when cycled versus metallic Na using fresh electrolyte.

The thermal properties of a Na-ion pouch cell are determined for the first time in a Na-ion full
cell monolayer configuration at pouch cell level. The internal resistance increases by decreasing
the temperature, so they have an inversely proportional relationship. However, the internal
resistance is more influenced by the SOC than by the temperature. The entropic heat coefficient
maintains negative values for the whole studied SOC range, both in the charge and the discharge
processes. By modelling the heat generation over cycling of the Na-ion monolayer pouch cell it
has been concluded that the irreversible heat is the main contribution to the total heat

generation, which is related to the polarization and ohmic resistance.

Although, the experimental validation of the heat generation model could be performed because
of the small size and thickness of monolayer Na-ion cell, the calculated Na-ion heat generation
model provides an idea about the temperature increment during the charge and discharge
processes for this type of technology, taking into account specific cathode and anode materials.
This model helps to identify further improvements that should be done in the Na-ion technology,
with sodium layered oxide as cathode active material and hard carbon as anode active material
and the implementation to a multilayer Na-ion pouch cell, in which adiabatic model validation

could be done in a calorimeter.
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8.2 Future work

Implementation of Na2C404 as sacrificial salt in P2-type sodium layered oxides when
using non-sodium containing anodes at pouch cell configuration in order to develop
high energy density Na-ion multilayer pouch cells.

e Based on the conclusions obtained from small scale Nai-sNio.32Tio.32Mgo.16Mno.2002
synthesis conditions, electrode formulation and full-cell assembly, scale-up of the
slurry/electrode preparation and cell assembly processes towards pouch cell
fabrication.

e Improvement of the cathode active material morphology through new synthesis routes
and/or post-processing steps as a strategy to enhance cathode electrode
microstructure and its electrochemical performance. Realization of comparative studies
on the effect of different cathode morphologies in the electrode properties.

e Development of deeper cathode and anode slurry rheological properties
characterization. In addition to steady state flow measurements for the detection of
viscosity and shear thinning behavior, dynamic oscillatory shear measurements could
be made in order to determine dynamic viscoelastic properties. These tests are oriented
to provide information about the slurry stability and the strength of the aggregated
state (transport stability, segregation characteristics, long time storage behavior of
dispersions, etc.).

e Calendering process becomes in a critical step used to reduce thickness, increase
electrode density and enhance mechanical properties of the electrodes, such as the
adhesion and cohesion parameters. The presence of big agglomerates in the cathode
prevented the realization of detailed studies to determine of the optimal calendering
conditions. Therefore, cathode calendering studies should also be performed for
optimized cell performance.

e Development of drying studies for deeper understanding of this process in both cathode

and anode electrodes.
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General conclusions and future work =~ Chapter 8

Understand the degradation mechanisms of the monolayer pouch cells (SEI formation,
impact of fast cycling, effect of temperature, self-discharge...).

Scale-up of Na-ion monolayer pouch cell to multilayer pouch cell, in order to analyze its
electrochemical performance and the impact of the scale-up process.

Implementation of the heat generation model of the Na-ion monolayer pouch cell to a
multilayer pouch cell. Validation of the heat generation model and its possible

extrapolation to a battery pack.
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List of abbreviation and symbols

A.1l. List of abbreviations and symbols

AM
AMAnN
AMCat
ARC
BM
CAES
CB
CEA
CH
CNRS
Cp
C-rate
cv
DCH
DEC
DMC
DOD
DOE
DTI
dv/dT

EC

FEC

Area of pouch cell

Active Material

Anode active material

Cathode active material

Accelerating Rate Calorimeter

Planetary ball milling

Compressed Air Energy Storage

Carbon Black

French Alternative Energies and Atomic Energy Commission
Charge process

French National Center for Scientific Research
Specific heat capacity

Current rate

Cyclic Voltammetry

Discharge process

Diethyl Carbonate

Dimethyl Carbonate

Depth of discharge

Department Of Energy (United States)
Disperser with the dissolver type impeller
Entropic heat coefficient

Ethylene Carbonate

Faraday’s constant

Fluoroethylene carbonate
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List of abbreviation and symbols

HC

IRENA

LCO

LFP

MAS

MW

NCA

NMP

NMR

ocCp

ocv

OER

ORR

P

PC

PC
Pirreversible
PM

ppm
Preversible
PTI

Ptotal

Thermal conductivity for convection
Hard Carbon

Intensity

International Renewable Energy Agency
Thermal conductivity

Abbreviation for LiCoO; active material
Abbreviation for LiFePO4 active material
Mass

Magic Angle Spinning

Molecular weight

Abbreviation for LiNio.sCoo.15Al0.0s02 active material
N-Methyl-2-Pyrrolidone

Nuclear Magnetic Resonance

Open Circuit Potential

Open Circuit Voltage

Oxygen Evolution Reaction

Oxygen Reduction Reaction

Power

Propylene carbonate

Pouch cell

Irreversible power

Planetary centrifugal vacuum mixer
parts per million

Reversible power

Overhead stirrer with the paddle type impeller

Total power
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List of abbreviation and symbols

PVDF

PVP

Rin

R/ (AM)
Rne (Q)
RT

SDS

SEI

SEM

SIB
SMES

SOC

—+

g = <

x

To

Polyvinylidene fluoride

Polyvinylpyrrolidone

Heat flux

Power

Resistance

Internal Resistance

Negative to positive ratio in terms of active material mass
Negative to positive ratio in terms of capacity
Room Temperature

Sodium Dodecyl Sulfate

Solid Electrolyte Interface

Scanning Electron Microscopy

Sodium-ion batteries

Superconducting Magnetic Energy Storage
State Of Charge

Temperature

Time

Volume

Power

Weight

Na moles in the sodium layered oxide structures
X-ray Diffraction

Thickness of the pouch cell

Thermal conductivity

Shear stress

Yield stress
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List of abbreviation and symbols

Np

Np

Shear rate
Constant plastic viscosity

Bingham viscosity
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