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Abstract

La creciente preocupacion por reducir la contaminacién atmosférica en las ciudades esta
haciendo crecer el interés por el vehiculo eléctrico, ya que éste no emite gases ni particulas
nocivas in situ. Fundamentalmente, los vehiculos eléctricos almacenan su energia en baterias
de ion litio. Desgraciadamente, el precio de estas baterias es elevado y su autonomia es
todavia insuficiente, por lo que es necesario una mejora tanto en el precio como en el
redimiento para la implantacién generalizada del vehiculo eléctrico. El componente mds caro
de dichas baterias es el catodo, que representa cerca del 40% de su precio total, por lo que un
abaratamiento de éste acarrearia un importante ahorro en los costes de las baterias. En este
sentido, los 6xidos laminares ricos en litio formulados como Li;; M _,O3 0 xLioMnO3-(1-
x)LiMO; estdn siendo los mds estudiados como la préxima generaciéon de materiales de
catodos para baterias de litio debido a que son capaces de almacenar una mayor cantidad de
energia por masa y que ademds son mds baratos y menos dafiinos con el medio ambiente,
ya que no tienen cobalto, o si lo tienen, es en una cantidad considerablemente menor en
comparacién con los 6xidos laminares cldsicos. La mayor densidad energética de los 6xidos
ricos en litio frente a los cldsicos reside en que, como su propio nombre indica, los primeros
tienen una mayor cantidad de litio por formula unidad que los segundos, por lo que en caso
de extraer todo el litio de la estructura se consigue mayor energia. Al tener una mayor
cantidad de litio, los metales de transicion (que en los 6xidos laminares cldsicos son los que
son activos electroquimicamente) no son capaces de compensar toda la carga en la extraccién
de litio, por lo que el elemento que se convierte electroquimicamente activo se cree que es
el oxigeno. Sin embargo, estos compuestos sufren de un rapido agotamiento, consecuencia
de los cambios estructurales durante el ciclado. Desafortunadamente, el estudio de estas
modificaciones no es trivial, ya que suelen cristalizar con una gran cantidad de defectos
de apilamiento, cuyo efecto en la electroquimica es generalmente ignorado. Por si fuera
poco, incluso su estructura inicial es un tema de debate ya que la comunidad cientifica no se
pone de acuerdo en si es un intercrecimiento de dos fases o una solucién sélida (y de ahi su
dualidad nominal).

En esta tesis se ha llevado a cabo un detallado estudio combinando diferentes técnicas

experimentales tales como difraccion de rayos X y de neutrones, microscopia de electrones y
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resonancia magnética nuclear (RMN) en estado sélido con célculos por primeros principios
basados en la teoria del funcional de la densidad (DFT) para analizar el efecto de los defectos
de apilamiento y la microestructura en la electroquimica. Para ello, en primer lugar se ha
utilizado Li,MnO3 como modelo, y en un segundo paso se ha estudiado Li; »Mng ¢Nig O,
que tiene un gran potencial porque presenta un buen comportamiento electroquimico (si se
es capaz de evitar su rdpido agotamiento) y no contiene cobalto.

En primer lugar se han preparado una serie de muestras de Li,MnO3 con variada mi-
croestructura (diferente grado de defectos de apilamiento, tamafio y forma de cristalito)
utilizando diferentes precursores de manganeso y diferentes temperaturas. Un exhaustivo
andlisis de rayos X con el programa FAULTS, que permite contabilizar el grado de defectos
de apilamiento, combinado con microscopia de electrones, ha hecho posible aislar el efecto
individual de cada uno de estos pardmetros en la electroquimica. El mayor peso para un buen
funcionamiento ha resultado estar en el tamafo de cristalito. Si es demasiado pequeiio el
material se activard rapido, pero su agotamiento también lo serd. Por el contrario, si el tamafo
es demasiado grande, la activacidn total del material nunca se llegard a producir. Por lo tanto,
un tamafo intermedio de cristalito es lo mas recomendable (en este caso de alrededor de
200 nm). La forma de las particulas tambien ha resultado tener un gran peso especifico en el
redimiento electroquimico del material. Las particulas planas tienen peor funcionamiento
que las isotrépicas. Finalmente, el grado de defectos de apilamiento no tiene un gran peso en
la capacidad que el compuesto es capaz de ofrecer. Sin embargo, se ha observado que las
muestras con un bajo grado de defectos de apilamiento sufren una transformacién de fase
laminar a espinela (causa principal del agotamiento de este material) con mayor rapidez que
las muestras con alto grado de defectos de apilamiento. Esta diferencia de comportamiento
se atribuye a los diferentes entornos locales que los defectos de apilamiento generan, y se
ha hipotetizado que estos podrian evitar la migracién de manganeso a la capa de litios y,
por tanto, la transformacién a espinela. En cualquier caso, hemos visto como la eleccion
selectiva y cautelosa de las condiciones de sintesis tiene un gran efecto en la microestructura
de las muestras y, por ende, en su funcionamiento electroquimico.

En segundo lugar, se han usado tres muestras detalladamente caracterizadas mediante
rayos X para estudiar el efecto de los defectos de apilamiento en los espectros de RMN en
estado sélido. Para ello, se ha elegido una muestra sin defectos de apilamiento, una con bajo
grado de defectos y otra con un alto grado y se han medido sus respectivos espectros de
RMN. Los resultados muestran que, a mayor grado de defectos de apilamiento, mayor es la
intensidad de ciertos picos, por lo que se ha podido atribuir el crecimiento de ciertos picos a
los nuevos entornos locales de litio formados debido a los defectos de apilamiento. Ademads,

se han utilizado célculos computacionales para simular los efectos de los defectos en los
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espectros de RMN. La buena corcondancia entre los espectros experimentales y simulados
permite atribuir de forma mads precisa los diferentes entornos quimicos a las sefales de
RMN. Gracias a estas atribuciones se ha valorado esta técnica como posible alternativa a los
rayos X para determinar el grado de defectos, previsiblemente generados debido a las alteas
temperaturas utilizadas en la sintesis para suprimir los defectos de apilamiento. Sin embargo,
la diversidad de los defectos de apilamiento produce incertidumbre en su determinacion
por lo que esta técnica solo permite valorar los defectos de una forma cualitativa. Por otra
parte, se ha visto que la muestra sin defectos de apilamiento mostraba mas resonancias de
las esperadas, las cuales han sido atribuidas a otro tipo de defectos. Haciendo uso de los
calculos computacionales se han simulado los espectros que generarian los difentes tipos de
defectos que se han encontrado en este material y ha resultado que esta muestra especifica
puede contener vacantes de LixO.

En tercer lugar, se ha estudiado, haciendo uso de cédlculos computacionales, en particular
de DFT, las diferencias en términos de estabilidad energética de estructuras delitiadas de
Li;MnO3 ideal y defectuosas y se ha encotrado que, mientras que en el rango 2 > x > 1
para Li,MnOs3 tanto la estructura ideal como la defectuosa se comportan de manera similar,
a alto grado de delitiacion la estructura ideal tiende a transformar a la fase O1, mientras que
los entornos locales generados por los defectos de apilamiento impiden esta transformacion.
Por otra parte, se ha evaluado el uso de diferentes dopantes para la mejora de la estabilidad
estructural de Li,MnO3 en ciclado. En particular, se han testeado sodio, potasio, berilio
y magnesio con una proporcion de Lij sMgsMnOs. El berilio ha sido descartado por su
preferencia a ocupar huecos tetrahédricos (en Li,MnO3 todos los metales ocupan posiciones
octaédricas). Por otra parte, el gran tamafio del potasio genera tanto grandes cambios
volumétricos entre la fase litiada y la deslitiada como un voltaje de intercalacion de litio
demasiado bajo para las baterias de ion litio, por lo que también ha sido descartado. Tanto
el sodio como el magnesio han sido seleccionados como posibles dopantes potenciales y se
ha estudiado su estabilidad al eliminar el litio de la estructura inicial<. Se ha visto que la el
compuesto dopado con sodio tiende a cambiar de fase mediante un proceso de deslizamiento
de capas (en particular, de O3 a P3 y finalmente a O1), que es sabido que causa agotamiento
de los materiales. En contraste, el uso del magnesio como dopante ha resultado tener dos
ventajas. Por una parte, al contrario que la estructura dopada con sodio, el sistema no cambia
de fase en ninguno de sus estados de delitiacion y por la otra parte, el magnesio reduce
parcialmente el manganeso, por lo que lo hace activo electroquimicamente y por lo tanto, el
grado de oxidacion del oxigeno es menor.

Finalmente, se ha estudiado la compleja microestructura de Li; ;Mng ¢Nig 207 asi como

su evolucion durante el ciclado (en especial durante el primer ciclo, que es donde ocurre la
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mayor modificacion estructural). Para ello, en primer lugar, se han realizado simulaciones de
rayos X y de neutrones con el software FAULTS para encontrar posibles diferencias entre
los diferentes modelos microestructurales propuestos para este material (intercrecimiento
de dos fases con diferentes celdas unidad: Li,MnOs3 y LiMng 5Nig 50>, intercrecimiento
nanométrico de dos fases con una unica celda unidad y solucién sélida). El modelo de
intercrecimiento de dos fases con diferentes celdad unidad ha sido descartado ya que incluso
si ambas fases tienen un gran parecido estructural, las minimas diferencias en cuanto al
tamaiio de la celda unidad son suficientes para que los patrones de difraccién de rayos X
salgan duplicados (especialmente altos dngulos donde estas diferencias son mas notables).
Dentro del modelo de intercrecimiento de una fase se han tenido en cuenta dos disposiciones
estructurales diferentes. En la primera se ha supuesto que las capas que se forman son
bien de Li;MnO3 puro o bien de LiMng 5Nip 5O, puro, mientras que en la segunda se han
simulado intercrecimientos en tres dimensiones (3D). Los resultados han mostrado que el
intercrecimiento de dos fases con una misma celda unidad solo seria posible en caso de que
este intercrecimiento fuese en 3D, ya que el crecimiento por capas genera picos en el patron
de difraccion no observados experimentalmente. Finalmente, los rayos X simulados para el
modelo de solucién s6lida muestran total similitud con los experimentales, por lo que esta
opcidn también seria posible. Por tanto, aunque por rayos X hemos sido capaces de descartar
algin modelo, todavia no es posible discernir entre el intercrecimiento de LioMnO3 y
LiMng 5Nip 50, en 3D y la solucidn sélida. Asi pues, se han simulado patrones de difraccion
de neutrones de estos dos modelos para ver si existen diferencias y se ha encontrado que
mientras que en la solucion sélida aparecen reflexiones en una regién especifica del patrén
relativa al orden en la capa de metales de transicion, en el modelo de intercrecimiento en
3D no. Sin embargo esta sefial es muy debil y en los patrones experimentales podrian estar
cubiertas por el alto ruido de la sefial, por lo que, a efectos practicos no es posible diferenciar
entre estos dos modelos.

Por otra parte se han estudiado los cambios estructurales que ocurren durante el primer
ciclo en Lij »Mng ¢Nip>0O, mediante un experimento de sincrotrén de rayos X operando.
El andlisis muestra que, tal y como se describe en trabajos previos, la primera carga del
material muestra dos procesos diferentes. En el primer proceso el material se comporta como
los 6xidos laminares clasicos donde la celda unidad se reduce debido a la oxidacion de los
metales de transicion. En el segundo proceso, todos los metales de transicion estdn totalmente
oxidados por lo que el elemento que es electroquimicamente activo es el oxigeno. Durante
este proceso, el material sufre una severa transformacién estructural, con una importante
migracion de metales a los huecos tetrahédricos, que se relaciona como un mecanismo

para estabilizar el oxigeno oxidado. Este trabajo muestra como, a alto grado de delitiacion
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ciertos oxigenos tienden a acercarse como mecanismo adicional para estabilizar el oxigeno
oxidado. Finalmente, se han estudiado las microtensiones que estos compuestos sufren
durante el ciclado y se ha visto que mientras que en la direccién de apilamiento de las
capas las microtensiones aumentan en la carga y disminuyen en la descarga debido a que
la extraccion de litio genera distancias interplanares diferentes y que al reinsertar litio estas
distancias se equiparan, los cambios estructurales que ocurren en el primer ciclo aumentan
las microtensiones en el plano de los metales de transicion irreversiblemente. Este aumento
irreversible se ha relacionado con la migracién de metales de transicion tanto a la capa de

litios como a los huecos tetrahédricos.






Abstract

Li-rich oxides of formula Lij;M;_,O, or xLi;MnO3-(1-x)LiMO, are being thoroughly
studied as next-generation Li-ion cathode materials because they exhibit much larger ca-
pacities compared to other cathode materials. In addition, these materials represent a more
environmentally friendly and cheaper alternative because they can be formulated free of
cobalt. However, these compounds suffer from a fast voltage and capacity fading as a result
of several structural transformations upon cycling. Unfortunately, the study of these modifi-
cations is not straightforward, as these compounds often crystallize with large amounts of
stacking faults, whose impact in the electrochemical properties has been generally overlooked
and not studied in detail.

In this thesis, X-ray diffraction, neutron diffraction, electron microscopy and solid state
nuclear magnetic resonance experimental techniques have been combined with first principles
calculations to thoroughly analyze the defect structure and microstructure as well as the
impact in the electrochemical properties of this family of materials, using Li,MnO3 as worst
case scenario model material. In a second step, the origin of the structural degradation upon
cycling of two lithium rich layered oxides has been theoretically and experimentally explored
in LizMIlOg, and Lil.zMﬂo.ﬁNi0_202.

FAULTS analyses, combined with electron microscopy measurements, have allowed iden-
tifying the main parameters related to electrochemical performance of LioMnO3. Crystallite
size has shown to have the major impact in the obtained capacity and cyclability, with the
best performance obtained with materials exhibiting an intermediate size. On the other hand,
isotropic particle shape has shown to have higher capacities with lower voltage fading in
comparison with platelet particles. Finally, stacking faults do not have strong impact in the
delivered capacity. In contrast, they have shown to delay the undesired structural transforma-
tion to spinel phase. Therefore, by carefully selecting synthesis parameters like nature of Mn
precursor or annealing temperature, the electrochemical performances of Li,MnO3 can be
improved by independent control of morphology, size and defects.

Once the microstructure is fully characterized, the 6Li ssNMR spectra of three different
Li,MnOs3 samples have been studied; one without stacking faults, a second one with a low
degree of stacking faults and a highly faulted sample. With the help of DFT calculations,
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the effect of stacking faults in the NMR spectra has been rationalized. The quantification
of stacking faults using NMR data has been attempted, using the new lithium environments
stacking faults generate, although was proven to be challenging as depends on the distribution
of defects. On the other hand, ssNMR has allowed to identify additional defects in the sample
without stacking faults.

First principles calculations have been used to understand the differences in terms of
structural stability of both ideal and defective Li,MnO3 as well as their behavior upon
delithiation. In the fully lithiated Li,MnQO3, ideal and faulted structures have shown to be
equally likely to occur. Upon delithiation, ideal and defective Li,MnO3 have shown similar
behavior in the 2 > x > 1 range and in both, lithium migration to tetrahedral position has been
found to stabilize the oxidized oxygen atoms, in agreement with what it is experimentally
found. At lower lithium contents, on the contrary, stacking faults seem to prevent O3 —
O1 structural transformation, which is expected to be highly beneficial for the cyclability of
this material. The impact of different cationic substitution (Na, K, Be, Mg) in the structural
stability upon material delithiation has also been studied from a theoretical point of view,
and the magnesium substituted compound has emerged as a promising candidate.

Finally, the complex microstructure and structural modifications occurring upon the first
cycle of Lij »Mng ¢Nig»O> have been studied. Firstly, the XRD and NPD patters of different
microstructural arrangements (two phases, intergrowth of LioMnOs3 and LiMng 5Nip 50>
and solid solution) have been simulated and compared with experimental patterns to find
the model which better represents the structure. Secondly, an operando high resolution
XRD experiment has been analyzed to understand the electrochemically driven structural
modifications occurring upon the first cycle. In addition to the metal migration to tetrahedral
positions in order to stabilize the oxidized oxygen, peroxo-like formation has been detected.
Moreover, a thorough analysis of the microstrains has been performed and the differences
along the c direction and the ab plane have been rationalized.
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Chapter 1
Introduction

An expert is a person who has made all the mistakes that can be made in a very narrow field.
Niels Bohr

The exponential growth of population and the increasing energy demand is bringing
serious consequences in environmental contamination, especially in big cities, where the
combustion engine vehicle is the main source of air pollution. The use of contaminant
vehicles has started to be limited and their use is expected to be progressively banned in
midterm future. Electric vehicles can help to reduce pollution in cities, but the high price
of the lithium-ion (Li-ion) battery packs (most viable energy storage system for electric
vehicles), in addition to their low autonomy, are delaying their widespread utilization. The
cathode the is most expensive component of Li-ion batteries, which usually consists on a
cobalt-based layered oxide. Replacing cobalt for alternative cheaper transition metals could
thus considerably decrease the price of the batteries and increase the energy they can storage.

In this thesis cobalt-free lithium-rich layered oxides are studied, which can provide
higher energy than classic layered oxides due to their higher amount of lithium atoms per
formula unit. However, their commercialization is still not possible, as a consequence of
the fast voltage and capacity fading these materials suffer from, as a result of an initial
structural rearrangement in the first cycle and subsequent structural evolution. The mitigation
of these phenomena requires a full understanding of their complex structure and controversial

microstructural arrangement, which includes a high degree of stacking faults.
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1.1 Why electric vehicles?

In a world with an exponential growth of population and increasing demand of resources, the
challenges related to water supply and energy management have become a societal priority.
[10-13] In both cases, a more adequate use of resources and alternative methods to obtain
them are urgently required. With respect to energy, the world’s economy still relies on the
use of non renewable energies, primarily petroleum-derived products, which represent the
main reason of the global warming coming from human activity. In addition, the principal
sources of non renewable energy (gas and oil reservoirs) are running out and therefore the full
deployment of renewable energy sources is urgent. According to the European Environment
Agency (EEA), around 33% of the total energy consumed in the European Union in 2016
was dedicated to transportation, most of it coming from gasoline and diesel burning. [14]
Combustion engines generate air pollution, which is estimated to cause more than 100,000
deaths per year; most of them concentrated in China, India and the United States of America.
[15] In order to reduce pollution, many cities have now traffic restrictions. For instance,
London has implemented "Congestion Charges" for driving through the city center, and Paris,
Madrid and Barcelona, among others, have circulation restrictions in days with high levels of
pollution. These restrictions are usually related to the contamination level of the vehicle and
electric vehicles are normally exempt.

Within this scenario, the electric vehicle seems to be a good alternative: pollution in
urban areas can be greatly diminished with the replacement of old contaminating vehicles
for electric ones, and the reduction of greenhouse emissions responsible for the global
warming effect can as well be diminished, but only if the electricity used to feed the vehicles
comes from renewable energies. Lithium-ion (Li-ion) batteries are the preferred energy
storage system for electric vehicles due to their good cycling stability, higher energy density
and lighter weight in comparison with other technologies, [16, 17] so scientists and car
companies are making great efforts to carry out the fuel-to-electric transition. [18, 19] The
Li-ion technology is of great importance. In fact, the Nobel prize in chemistry in 2019 has
been awarded to John Goodenough, M. Stanley Whittingham and Akira Yoshino for the
development of lithium-ion batteries, which have helped to the development of the wireless
technology such as the laptops or the mobile phones. Nevertheless, Li-ion batteries still
need to be improved in some aspects for the wide commercialization of the electric vehicle,
including their low autonomy and their high price.



1.2 Li-ion batteries 3

1.2 Li-ion batteries

1.2.1 Composition and operation of Li-ion batteries

The most important parameters to consider for the choice of battery cell materials are shown
in Figure 1.1a. The energy of a cell is given by its capacity and its operation voltage
(commonly measured in mAh/g and V respectively), which should be as high as possible. On
the one hand, the capacity of the compound is the current a battery can deliver in discharge
and it is given by the amount of lithium atoms that can be reversibly exchanged between the
cathode and the anode. On the other hand, the voltage is the potential difference between
the cathode and the anode. The total energy the cell can provide with respect to its mass or
its volume is defined as gravimetric or volumetric energy density respectively (in Wh/kg
and Wh/L). Another important parameter regarding its performance is the power, i.e. the
amount of energy the battery can provide per time unit. The power is thus dependent of the
rate capability (the ability of the compound to deliver as much energy as possible at high
charge and discharge speeds). In this case, not only the total energy of the cell but also the
mobility of the electrons and the ions play an important role. The degradation of the battery
is generally due to the structural and chemical changes of the components so structural and
thermal stability is key to extend the cycle life of batteries. In addition, structural instabilities
can cause safety hazards, which could be extremely dangerous for users. Last but not least,
the cost, broadly speaking, depends on the natural abundance of the compounds present in

the cells and in their processability.
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Fig. 1.1 (a) Properties taken into account for the choice of materials of a battery cell. (b)
Schematic illustration of a Li-ion battery cell.
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Figure 1.1b shows a scheme of a typical Li-ion battery cell which is composed of three
components: the anode, the electrolyte and the cathode. The chemistry of a battery is
generally based on the insertion mechanism, where the lithium atoms are intercalated and
deintercalated in the cathode and anode structures. When a cell is discharging, the lithium
atoms move from the anode to the cathode passing through an electrolyte. The migration
of a lithium atom charges negatively the anode and positively the cathode so, in order to
maintain the electronic neutrality, one electron goes from the anode to the cathode. Provided
that the electrolyte is ionic conductor but electronic insulating, the electron travels through
an external circuit and this generates an electronic current, which is used to provide energy to
a system. In the charging process both the Li-ions and the electrons are forced to move back
to the anode following the opposite path. In the next paragraphs the most used materials for
each component are shortly summarized.

Graphite is the most used anode material nowadays, being its low price and low voltage
its main attractive. [20] The high safety standards required by the electric vehicle have
however attracted the attention of LisTisO1, spinel (LTO), which has higher cycling stability,
rate capability and safety than graphite as a consequence of its null volumetric change
upon cycling and its higher operation voltage (well above lithium plating voltage). [21] Its
theoretical capacity (175 mAh/g) is however smaller compared to graphite (375 mAh/g).
In contrast, the capacity of the lithium metal anode, whose electrochemical potential is
the lowest (and thus the voltage difference with the cathode the highest), is one order of
magnitude larger (3862 mAh/g). Its stabilization during cycling is today an important
research topic because lithium generates dendrites upon cycling which can cause important
volume changes, shortcuts and undesired side reactions, especially at high rates. [22, 23]
The use of additives in liquid electrolytes or the use of solid electrolytes with stable solid-
electrolyte interfaces (SEI) are possible solutions to this problem. Silicon, whose natural
abundance in Earth crust is high and whose theoretical capacity is ~4200 mAh/g, has
also attracted high research interest. Its reactivity with the lithium, however is different
from those aforementioned as it does not follow an insertion mechanism but an alloying
mechanism instead (see Reference [24] for more details). The alloying mechanism implies
large volumetric changes upon lithiation/delithiation, which crack the particles, severely
diminishing their cycle life. [24, 25]

An ideal electrolyte should be able to work at high rates and high voltages without
decomposing. The most widely used electrolyte comprise a lithium salt (e.g. LiPFg) dis-
solved in an organic solvent or a mixture of them (e.g. ethylene carbonate (EC), propylene
carbonate (PC) or dimethyl carbonate (DMC)). Despite their superior ionic conductivity,

liquid electrolytes are flammable, corrosive, and thermally unstable, which can cause a



1.2 Li-ion batteries 5

variety of problems. These issues are assumable for small electronic devices, because
they work at room temperature and the amount of electrolyte is small, but electric vehicles
require higher safety. Therefore, electrolyte research is mostly focused in finding solid
state electrolytes, which can be ceramic or polymeric ionic conductors. [26—30] Ceramic
electrolytes exhibit a wider voltage window, allowing a higher energy density. Among the
most studied materials perovskites such as Lig 5Lag 5TiO3 (LLTO), sulfides (e.g. Li;P3S11),
lithium phosphorus oxynitrides (LiPON), NASICON (e.g. Naj,Zr;Si,P3_,O17) or garnet
(e.g. LizY3Te Oq») type structures can be found. The Lil conductivity in these structures
is generally good and, in some cases, as high as liquid electrolytes. However, mechanical
properties are poor, which can cause breakages, generating shortcuts. Polymeric electrolytes,
on the other hand, generally exhibit better mechanical properties (which simplifies their
processability), lower prices and lighter weights. These comprise lithium salts (e.g. lithium
bis(trifluoromethanesulfonyl)imide (TFSI), lithium bis(fluorosulfonyl)imide (FSI), LiClO4
or LiPFg) solvated in polymer a matrix such as polyethylene oxides (PEO), polycarbonates
(PC), polyacrylonitrile (PAN) or polymethyl methacrylate (PMMA). [26] Nevertheless, their
conductivity is generally lower and their electrochemical stability is not as good as ceramic
electrolytes. In order to merge the best properties of both electrolytes, composite electrolytes
combining both polymers and ceramics are also studied.

Finally, most cathodes used in electric vehicles are the cobalt based Li-ion layered
transition metal oxides, whose price is considerably high. Cobalt is toxic and the largest
natural reserves are located in the Democratic Republic of Congo, where its extraction is
sometimes marked by human rights abuses. [31, 32] Fortunately, according to the Principles
for Responsible Investments (PRI) some cobalt sellers (e.g. Huayou Cobalt) and buyers
(Apple, BMW, Samsung...) are committed to ethical principles and ensure that the materials
have not been mined in slavery conditions. [32] The amount of cobalt has been reduced in
recent years with the combination of alternative transition metals (mainly manganese, nickel
and/or aluminum) as a strategy to reduce its price, which represents about the 40% of the
total price of a battery. [33] Finding alternative cheaper compounds can considerably reduce

the price of the batteries and thus, boost the electric vehicle commercialization.

1.2.2 Classification and evolution of the commercially available cath-

ode materials for Li-ion batteries

The commercially available cathode materials can be classified into three different families:
phospho-olivine tryphilite, spinel and classic layered oxides.
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The first family of compounds here shown are the polyanionic phospho-olivine tri-
phylite shown in Figure 1.2a. Pahdi et al. were the first ones to report LiFePO4 (LFP),
the most studied compound within this family, which is commercially available. [34] It
crystallizes in the orthorhombic Pnma space group and consists on corner-shared FeOg
octahedra, an edge sharing LiOg octahedra running parallel to the b axis, which are linked
together by POy tetrahedra. [35] Fe!l in the fully lithiated phase oxidizes to Fe'! when all the
lithium is extracted. Its 3D structure provides a high reversibility, superior thermal stability
and an outstanding performance at high rates. Moreover, this material has low cost and low
toxicity. Its energy density, however is limited and as it is not a good electronic conductor
it requires carbon coating or nanosizing to obtain an excellent performance (with a total
capacity of 170 mAh/g at 3.4 V). [36-38]

(a) (b) ()

a

¢ b a - b

Fig. 1.2 Crystal structure of (a) LFP triphylite, (b) LMOy), spinel and (¢) LCO layered oxide.
Green spheres represent lithium, red spheres oxygen, blue octahedra CoOg, purple octahedra
MnOg, orange octahedra FeOg and gray tetrahedra POg.

The second studied family crystallizes in the spinel structure. The extraction/insertion of
lithium in the LiMn;Oy4 spinel (LMOy),) (Figure 1.2b) was first reported by Thackeray et al.
[39] Among its main advantages its low price and its high reversibility, even at high rates,
can be highlighted. It crystallizes in the cubic Fd3m space group, where manganese forms
MnOg octahedra that share corners with LiO4 tetrahedra and edges with MnOg octahedra.
Lithium occupies LiOy4 tetrahedra that share corners with MnOg octahedra. [35] In LMOy,
the manganese is in an average +3.5 oxidation state and can both accommodate and donate
lithium. If the material is charged, the lithium abandons the structure oxidizing all the
manganese to Mn!Y forming Mn,QO4. On the contrary, if LMO;, is discharged, extra lithium
is inserted in the structure forming the Li,Mn,O4 phase, with all manganese as Mn'l,
LMO;,, therefore shows two main charge/discharge processes, one at 4.1 V related to the
MnyO4/LiMn;O4 reaction and a second one at 3 V related to LiMnyO4/LiaMnyOy4. [40] This
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second step was however found to cause fast capacity fading as a consequence of structural
degradation. [41] An average oxidation state lower than +3.5 in manganese induces the Jahn-
Teller distortion which generates strains and drastically shortens its cycle life. [1, 42, 43]
In addition, Mn'" disproportionates into Mn'! and Mn!" and the former one is irreversibly
dissolved in the electrolyte. This means that, for practical purposes, the redox activity of this
spinel is limited to the Mn,O4/LiMn;O4 reaction, which limits its energy density.

Replacing some manganese atoms for nickel resulting in LiMn; 5Nip 504 (LMNO;,) is a
strategy to minimize the manganese redox activity and thus avoid the structural degradation
related to it. In this case manganese stays as Mn!V in the whole electrochemical process
while nickel is as Ni'! in the discharged state and it is oxidized to Ni'V during the charge.
This material delivers a very similar capacity but at much higher voltage (4.7 V). [44] The
stability of current electrolytes is however limited to ~4.3 V so these materials cannot be yet
commercialized.

Finally, the third family of commercially available compounds are the classic layered
oxides. LiCoO, (LCO) was first proposed as cathode material for Li-ion rechargeable
batteries by Mizushima et al. [45] and has been the most widely studied cathode material.
This finding resulted in a great success, as only ten years after the first report, the first
commercial Li-ion secondary battery was commercialized by Sony, [46] with LCO as the
active material in the cathode and graphite in the anode. LCO crystallizes in the trigonal
R3m space group. It consists of layers of edges sharing CoOg octahedra that alternate with
layers of edges sharing LiOg octahedra. [35] LCO crystallizes in a closed package oxygen
array forming an O3 stacking sequence according to Delmas’ notation [47], as shown in

Figure 1.2c. In the discharged state cobalt is in Co'l!

oxidation state and when charging the
material it oxidizes to Co'Y. However, at high states of delithiation the CoO, phase suffers
severe irreversible structural changes and is chemically unstable, which represents a security
hazard. [48-51] Therefore, in practice only half of the lithium atoms can be reversibly
extracted.

Isostructural LiNiO; was studied as a cheaper alternative to LCO. Its synthesis is how-
ever challenging as the similar cationic size of Li' and Ni! results in a lithium deficient
Li;_,Ni;;,O phase with Ni'! cations in the lithium layer, which is detrimental for ion dif-

I cation

fusion. [1] The use of cobalt with a Co:Ni ratio greater than 3:7 stabilizes the Ni
in the transition metal layer and avoids its migration to the lithium layer. [1] Aluminum
doping enables to lower the amount of cobalt in the system maintaining all the nickel in the
transition metal layers. In addition, it results in a higher thermal stability and lifetime due to
the stronger Al-O bonding. The most used composition for the ternary Ni:Co:Al system is

LiNig.g0Cog.15Alp.0502, commonly known as NCA. [52]
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In the search of cheaper alternatives to cobalt, manganese was also studied. The direct
synthesis of isostructural LiMnO; is not possible due to the strong Jahn-Teller effect of
Mn'"! and results in the Pmnm space group. [53] Even if R3m LiMnO; can be successfully
prepared by ion exchange synthesis starting from NaMnQO.,, it rapidly turns into a more
stable spinel phase upon cycling. [54] Mixing manganese with nickel in a 1:1 ratio results in
the satisfactory synthesis of the R3m LiMn sNig 50,. However, it crystallizes with certain
amount of antisite defects (some nickel occupies in the lithium layer as Nil'), which is
detrimental for electrochemical performance. [55] As for the case of LMNOy,, the oxidation
states of manganese and nickel in LiMng 5Nig 50, are Nil and Mn'V. Therefore, manganese
remains unaltered in the whole electrochemical process while nickel oxidizes to Ni'V in the
fully charged state. The non-reactive manganese ions provide a high thermal stability to
the system and avoid the Jahn-Teller distortion. [52, 56] As previously mentioned, cobalt
inhibits the presence of nickel in the lithium layer so LiNij;3Mn{3C01,30, (333NMC) can be
synthesized free of nickel in the lithium layer. Figure 1.3 shows the effect of the different ratio
of transition metals in the electrochemical performance. Overall, manganese provides thermal
stability, cobalt improves the rate capability and capacity retention and nickel increases the
discharge capacity. [1] Nowadays the proportion of nickel is being increased with new

Fig. 1.3 Relationship between discharge capacity (black), thermal stability (blue) and capacity
retention (red) of Li[Ni,CoyMn;]O, compounds with number in brackets corresponding to
the composition (Ni Mn Co). Reproduced with permission from J. Electrochem. Soc., 162,
14, A2490-A2499 (2015). Copyright 2015, The Electrochemical Society. [1]
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formulations such as LiNig5Mng3Co020, (532NMC), LiNigeMng2Cog20, (622NMC)
or LiNig §Mng 1Cog.1O0, (811NMC). [57-59] Even if the increase of nickel content in the
composition (at the expense of manganese) can improve the electrochemical performance
of the battery, it can lead to thermal instabilities, which can be especially dangerous in
electric vehicles, where high working temperatures can be achieved. In order to overcome
this problem, core shell structures were developed with a nickel rich core and manganese
rich shell. This way, thermally stable high capacity compounds were synthesized. [60, 61]

Table 1.1 shows a summary of the cycling properties for the main commercially available
cathode materials described above together with their main advantages and disadvantages.
With respect to their price they can be divided into two main groups. On the one hand,
LMOy,, and LFP are cheap and non toxic materials, but their energy density does not satisfy
the demand for electric vehicles and they are only found in small cars with an autonomy of
around 100-140 km such as Chevrolet Spark, Honda Fit EV or Mitsubishi 1. [16] On the
other hand, NMC and NCA can provide greater autonomy (300-500 km) [16] due to their
higher specific energy, but their price is considerably higher. Note that LCO is limited to
consumer electronics and does not compete with its homologous NMC and NCA due to its
higher cost, lower cycle life and limited safety. The prices of LFP and LMOy,, (~20 and ~15
$/kg respectively) are approximately half of the prices of NCA and NMC (~42 and ~45
$/kg respectively). [62]

Even if they are not commercially available yet, lithium rich layered oxides (Li-rich or
Li-excess) have also been included in Table 1.1 for comparative purposes. While in classic
layered oxides the structure is formed of alternate pure layers of lithium and transition metals,
in Li-excess layered oxides the transition metal layer also contains lithium atoms, so there is
more than one lithium per transition metal atom in its formula and therefore a higher energy
density can be achieved if all the lithium atoms are reversibly extracted. In addition, their
price is lower as they do not contain cobalt or if they do, it is in reduced amounts. However,
these materials are not commercial yet because they suffer from a fast voltage and capacity
decay as a consequence of a major structural reorganization occurring upon cycling that is
still the object of intense research. [63—69] These materials are the subject of this thesis
aiming to their interesting properties.

1.2.3 Li-rich layered oxides

Li-rich layered oxides are usually described with the general formula Lij+,M;_,O> (where
1/3 > x > 0) or as a intergrowth between Li,MnO3 and LiMO,, being M a mixture of
manganese and other transition metals, generally cobalt or nickel. Figure 1.4a shows the
structure of Li;MnQO3, the end member of this family of compounds (which can also be
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written as Li[Li;,3Mny/3]O; to better describe its layered structure, where the term in brackets
represent the transition metal layer). Due to the cationic size difference between lithium
and manganese, in the LiMn, layer each lithium atom is surrounded by six manganese
atoms, forming a honeycomb type scheme as seen in Figure 1.4b. This reduces the cell
symmetry from the trigonal R3m space group to the monoclinic C2/m and three different
lithium positions are generated: Li2b, which is the lithium in the transition metal layer,
and Li2c and Li4h, which are the lithium atoms in the lithium layer with a stoichiometry
of 1:2 respectively. In addition, as seen in Figure 1.4c, depending on how the manganese
honeycombs are stacked one with respect to the other along the ¢ direction, these compounds

can contain cationic stacking faults.

(a) (b) (c)
Li4h  Li2c c
c b
b Li2b Ceo a .a—bb

Qe

Fig. 1.4 (a) Ideal monoclinic C2/m structure of Li,MnOs. (b) ab plane of the mixed LiMn,
layers. The honeycomb arrangement is highlighted with a red hexagon. (c) Model structure
containing stacking faults.

The existence of stacking faults can be assessed using X-ray diffraction (XRD). [70, 71]
Figure 1.5 shows an example where the XRD patterns of one Li,MnO3 sample with ideal
stacking and one with a high concentration of stacking faults are compared. The ideal
structure contains five well defined reflections in the 26 range 20-35° arising from the
superstructure ordering in the transition metal layer. Because stacking faults break the
symmetry along the ¢ direction some reflections are strongly broadened in the highly faulted
sample and an asymmetrically broadened peak is found at 26 ~ 21° instead of the 5 well
defined peaks. In addition, stacking faults also affect smaller peaks, such as those marked
with the blue circles. As these peculiarities are not easily modeled with data treatment
softwares, stacking faults have traditionally hindered the complete structural characterization
of this family of materials.

Initially, Li;MnOj3 was thought to be electrochemically inactive because, on the one hand,
the manganese atom is as Mn'" and it cannot be further oxidized in octahedral environment

and, on the other hand, there is no space for additional lithium intercalation. However, if
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Fig. 1.5 Comparison of the XRD patterns of an ideal Li-rich layered oxide and a strongly
faulted and material with the same composition.

Li;MnO3 is charged above 4.6 V it shows redox activity and becomes electrochemically
active. Among the explanations for such electrochemical activity the following hypothesis
were suggested: 1) H*/Li* exchange compensated with electrolyte oxidation, [72-74] ii)
Li;0O extraction to form Li,MnO; like structure, [72, 73, 75, 76] iii) surface densification
[77, 78] or iv) irreversible oxygen loss. [79] Nonetheless, the most accepted hypothesis,
which has been corroborated both theoretically and experimentally, is the reversible redox
participation of the oxygen atoms, i.e. the anionic redox activity. [1, 5, 6, 80-90] In order
to better study the oxygen electrochemical redox activity, the group of Tarascon studied
isostructural LioRu,Sn;_,O3 and Li;IrO3 and found that peroxo-like species were formed
upon oxidation. [91-96] However, the oxygen evolution is not clear in the commercially
interesting manganese, nickel and/or cobalt containing Li-rich oxides. The oxygen redox
reactivity in Li-excess layered oxides come from the Li-O-Li 180° configuration, which
is a consequence of the presence of lithium atoms in the transition metal layer. While in
classic layered oxides all the three 2p orbital of the oxygen atom strongly overlap with the
transition metal forming a M-O bond, the weak overlapping of the Li-O-Li configuration
generates an non bonding 2p state i.e. an unhybridized orbital, whose electron can be easily
extracted. [5, 6, 80, 81, 85-90, 97] However, the oxygen oxidation generates instabilities
which lead to irreversible structural transformations. Even if the main structural modification
occurs in the first cycle, [98—102] the atomic reorganization continues upon subsequent ones
causing continuous fading of the electrochemical properties. [103] Li-excess layered oxides
are indeed known to transform to spinel phase as a consequence of manganese migration to
the lithium layer. [73, 87, 104—106] The origin of this migration is however controversial
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and has been thoroughly studied, as it is additionally linked with several possible structural
modifications such as O3 — O] transformation at x = 0.5, [85, 86] lattice oxygen loss
[5, 6, 86, 88, 89, 107, 108] or densification as a consequence of manganese migration within
the transition metal layer. [87]

LiMnOj3 exhibits a poor electrochemical performance that results in an important capac-
ity and voltage fading consequence of fast structural degradation. The chemically substituted
Li,MnOs3 (mainly with Ni and/or Co, forming compositions such as Li; »Mng ¢Nig>0O> or
Li; 2Mng 54Nig.13C00.1302) have shown good electrochemistry with capacities over 230
mAh/g. [109-113] However, these materials still siffer from several issues, which are hin-
dering their commercialization: 1) low initial Coulombic efficiency (the difference between
the capacity delivered in the discharge with respect to the charge) [90, 114] i1) voltage and
capacity fading [1, 97, 115] and iii) voltage hysteresis (i.e. the voltage difference between the
charge and discharge in certain electrochemical processes). [116—118] Considering the very
high potentiality of these cathode materials, significant efforts have been done in recent years
to understand and overcome these issues to foster their commercial implementation. These in-
clude alternative synthetic methods, [75, 119-121] chemical modifications through the use of
dopants [122—-134] and surface modifications, [63, 67, 98, 135—-137] among others. However,
its complex microstructure has hampered a full understanding of the structural modification
the material undergoes upon cycling. Indeed, even the exact pristine structure of these com-
pounds is a topic of debate. As we have previously mentioned, some groups describe these
materials as an intergrowth of LioMnOs3 and LiMO; phases, [7, 8, 138—140] while other
groups defend a solid solution structural model with general formula Lij;,M;_,O; (with
0> x > 1/3). [141-145] Stacking faults add even more complexity to the structural study
and are generally omitted from the structural analysis, with a consequent loss of information.
Such discrepancies have generated intense debate and have even been the object of million
dollar patent disputes between relevant material companies. [146]

In summary, Li-rich layered oxides are promising materials which could reduce the price
of the cathodes a 20-30%, by increasing their energy density, but several issues still remain

to be solved.

1.3 Objectives

The main objective of this thesis is to understand the correlations between the structure and
microstructure of Li-rich compounds with their electrochemical performance, focusing our
research in stacking faults. To do so, advanced characterization techniques such as XRD,

neutron powder diffraction (NPD), solid state nuclear magnetic resonance (ssNMR) and
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electron microscopy (EM) are employed, which are supported by density functional theory
(DFT) calculations and FAULTS refinements. In order to achieve this objective, several

specific objectives have been set:

* Uncouple the effect of each initial microstructural parameter (particle morphology,
crystallite size, degree of stacking faults) in the electrochemical performance. This
objective has been achieved with a careful control of the synthesis method to obtain

Li,MnOs3 samples with different microstructure.

* Elucidate the complex ssSNMR spectra of Li,MnO3 samples with different microstruc-
tures using DFT calculations to assign the shifts arising from different types of struc-
tural defects and evaluate this technique for their quantification.

* Investigate the different structural evolution of ideal and faulted Li,MnO3 upon delithi-
ation using DFT calculations and explore the effect of cationic substitution in such

structural transformations.

» Explore the possibility of discriminating between different microstructural models
(solid solution and intergrowth) proposed for Li-rich compounds using XRD and NPD
FAULTS structural models.

» Experimentally investigate the structural evolution of faulted Li; »Mng ¢Nig O, Li-rich

compound using operando synchrotron XRD experiments.



Chapter 2

Synthesis and characterization

techniques

Don’t retire too early.
John B. Goodenough, the oldest-ever Nobel Prize recipient, at the age of 97.

In this chapter, the synthetic methods and the different experimental and characteriza-
tion techniques used in this thesis are described. The two synthesis methods employed
are the solid state method, used to synthesize Li,MnOs, and the self combustion method,
used to synthesize Li; 2Mng ¢Nig20; and LiMng sNig 50,. The structure, composition and
microstructure of the prepared samples have been characterized and studied using XRD,
NPD, EM, ssNMR, Physical Property Measurement System (PPMS) and DFT, while their

electrochemical behavior has been tested with galvanostatic cycling.
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2.1 Synthesis methods

In this thesis, three different compounds have been synthesized using two different synthesis
routes. While Li,MnO3 has been synthesized with the classic ceramic or solid state method,
Li; 2MngNip20, and LiMng 5Nip 50, have been synthesized using the self combustion
method.

2.1.1 Ceramic synthesis

Ceramic or solid state synthesis consists in mixing the reactants in powder form and submit-
ting them to a thermal treatment. The main advantage of this method is that it can be easily
used in industry due to its simplicity and scalability, while one of the main drawbacks is
the long annealing times and high temperatures needed to complete the reaction. Generally
speaking, the smaller the reactant particles are, the faster they will react, as particles with
small size have greater contact area. For this reason, the particle size of the precursor powders
is sometimes reduced by ball milling, which can additionally be used to uniformly mix the
reactants. The pelletizing of the powder mixture can as well improve the contact between the
particles, shortening the reaction times.

Li,MnO3 was synthesized using the ceramic method. To do so, Li,CO3 and a manganese
precursor (MnO, MnyO3 or MnCO3) were mixed using a SPEX SamplerPrep 8000 M
Mixer/Mill for 5 minutes. This mixture was then pelletized as a 10 mm diameter pellet for 1
min at 5 tons of pressure. Then, a two step calcination process was applied; the first one at
500 °C for 5 hours and a second one at different times and temperatures. The samples are
labeled as LMO_(manganese precursor)_(temperature)_(time). A summary of the Li,MnO3

samples and their synthesis conditions is given in Table 2.1.

2.1.2 Self combustion synthesis

The synthesis of multimetallic layered oxides can be challenging when using the solid state
method and can result in heterogeneous powder, especially when more than two reactants
are used, because the reaction between two reactants can form stable undesired phases
which will no further react. Therefore, more sophisticated synthesis techniques such as
coprecipitation, Pechini or self combustion methods are sometimes preferred. In this thesis
the self combustion method, which is a derivation of Pechini [147] method, has been used to
obtain Li; ,Mng ¢Nip 20> and LiMng 5Nip 50,. The Pechini synthesis consists in forming a
chelate (a metal attached to a larger molecule) with a carboxylic acid, such as citric acid (CA)

or Ethylenediaminetetraacetic acid (EDTA), to later react it with a polyalcohol (typically
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Table 2.1 Synthesis conditions for different Li,MnO3; samples synthesized by ceramic
method.

Precursor Time Temperature (°C) Label

700 LMO_MnCO3_700_5
5 800 LMO_MnCO3_800_5
900 LMO_MnCO3_900_5
1000 LMO_MnCO3_1000_5
MnCO; 700 LMO_MnCO3_700_20
b 800 LMO_MnCO3_800_20
900 LMO_MnCO3_900_20
1000 LMO_MnCO3_1000_20
700 LMO_Mn203_700_5
5 800 LMO_Mn203_800_5
900 LMO_Mn203_900_5
MO 1000 LMO_Mn203_1000_5
700 LMO_Mn203_700_20
b 800 LMO_Mn203_800_20
900 LMO_Mn203_900_20
1000 LMO_Mn203_1000_20
700 LMO_MnO_700_5
5 800 LMO_MnO_800_5
900 LMO_MnO_900_5
1000 LMO_MnO_1000_5
MnO 700 LMO_MnO_700_20
b 800 LMO_MnO_800_20
900 LMO_MnO_900_20
1000 LMO_MnO_1000_20
72 1000 LMO_MnO_1000_72

ethylene glycol (EG)) to form a polymeric gel as a result of an esterification reaction. In the
self combustion synthesis, the polymeric gel formed is heated up until an ash-like powder is
formed. Finally, either the polymeric gel in Pechini method or the ash-like powder in the self
combustion method are submitted to a heat treatment to get the desired phase. With these
methods the synthesis temperatures are usually milder in comparison with classic solid state
synthesis, so crystals with lower particle size can be synthesized. In contrast, the scalability
of this method and thus, its industrial use, is hindered due to the complexity of the synthesis.

Li; »MngNig,0O, was synthesized by dissolving stoichiometric amounts of LiNOs3,
Mn(NO3), and Ni(NO3); in 20 mL of water to obtain a total of ~5 g of grams per batch.
The dissolved salts were then mixed with CA, which formed a concentrated dissolution as

seen in Figure 2.1a. When everything was dissolved, the temperature was raised up to 80
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(a) (b) (c) (d)

80°C 100 °C 700-900 °C
—

Fig. 2.1 Different steps of the self combustion method. In (a) the dissolution of the metal
salts and the chelator is shown, (b) shows the gel phase after the addition of the diol, (¢) is
the resultant powder after the self combustion and (d) is the resultant powder after the heat
treatment at high temperatures.

°C and EG was added. The molar ratio for LiNO3, Mn(NO3);, Ni(NO3);, CA and EG is
1.2:0.6:0.2:2:8 respectively. As the water evaporates, the metal-organic complex reacts with
EG forming the polymeric ester (Figure 2.1b). Finally, after the self combustion takes place,
the ash-like powder obtained (Figure 2.1c) was submitted to a heat treatment (Figure 2.1d).
In our case, two different samples were synthesized at 700 °C and at 900 °C for 5 hours, and
were labeled as L, NMO_SC_700_5 and L1, ,NMO_SC_900_5 respectively (where SC
stands for self combustion). On the other hand, LiMng 5Nip 50, was synthesized following
the same procedure with the required metal stoichiometry. In this case, a single sample was
synthesized at 900 °for 5 hours and was labeled as LNMO_SC_900_5.

2.2 Powder diffraction

Powder diffraction, in particular using X-ray radiation, is one of the most used characteriza-
tion techniques in materials science due to its relative low cost, simplicity, short acquisition
times and the great amount of information it can provide about the sample, such as crystal
structure or microstructural information. Even if it can also be used for obtaining information
about amorphous samples (e.g. the radial distribution function, which gives information about
the short range ordering of the atoms), its main goal is to decipher the atomic arrangement of
a given structure, so mostly crystalline structures are studied with this technique.

X-ray diffraction is based on the scattering of the X-rays when interacting with the
electrons of atoms. In the following sections a brief historical context, explaining the
basic principles of the technique and how to extract information from the diffractograms
is explained. At laboratory level X-rays are produced with copper, cobalt or molybdenum
targets. These experiments have usually enough quality to get the desired information. If

higher resolution and/or faster acquisition times are required large facilities can be used such



2.2 Powder diffraction 19

as synchrotrons. Similarly, NPD cannot be acquired at laboratory scale. Both techniques are

explained in Section 2.2.4.

2.2.1 Historical context

X-rays, which are now the key for systematic phase identification in material science laborato-
ries all over the world, were discovered by Roentgen in 1895. [148] Max Von Laue predicted
that if atoms were regularly ordered in a crystal, when the structure was irradiated with
X-rays with similar wavelength than atomic bonding distances, some X-rays would diffract.
In 1912, Paul Knipping, Walter Friedrich and Max von Laue experimentally demonstrated
that crystalline materials diffracted X-rays. [149] Two big discoveries were then made; that
atoms were arranged in a regular array in crystals and that the wavelength of X-rays was
close to the atomic bonding distance. William Henry Bragg and his son, William Lawrence
Bragg studied the crystal diffraction and refraction phenomenon and developed the Bragg’s
Law, which sets the conditions for diffraction, explained in Section 2.2.2.1.

The first powder diffraction pattern came in 1916. Peter Debye and Paul Scherrer
determined the lattice of LiF and Si powders. Almost at the same time, in 1917, Albert
Wallace Hull deduced that iron crystallized in a BCC lattice. While Hull used a transmission
geometry with the sample in a rotating glass tube and a flat collector, Debye and Scherrer
placed the sample in the middle of a photographic collector wrapped forming a circle. [150]
This geometry, known as Debye-Scherrer geometry, is still used nowadays. On the early
twenties, Johann Christian Michael Brentano created what today is known as Bragg-Brentano
geometry, where the distance between the tube and the sample is the same than the distance
between the sample and the detector. One of the biggest steps in the resolution of powder
diffraction patterns was given by Hugo Rietveld in 1966, when he proposed to refine the
crystal structure together with the parameters describing the peak positions and the peak
profiles all together, allowing to solve the problem of overlapping peaks in X-ray and neutron
patterns. [151, 152] In 1981 Pawley and in 1988 Le Bail developed a method to decompose
the pattern, where the unit cell parameters and the space group could be determined without
knowing the position nor the nature of the atoms. [153, 154] Nowadays, many different
softwares are used to perform Rietveld or Le Bail refinements, such as JANA2006, [155]
TOPAS, [156] GSAS [157] or FullProf [158, 159], the latter being the one used in this work.

2.2.2 Information contained in powder patterns

A powder diffraction pattern consists in a series of peaks with different intensities and shapes

(e.g. Figure 1.5). In order to have a trustworthy results, the data collection must be cautiously
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done. For instance, working with non powder samples such as rocks or metallic pieces can
be challenging and the equipment needs to be configured to ensure a proper data adquisition.
In powder diffraction, issues such as the preferred orientation of the samples should be taken
into account. Powder materials could have tendency to be oriented in certain directions
due to, for example, a platelet particle shape and this can cause several problems as the
pattern will exhibit systematic errors with the peak intensities. There are different ways to
overcome this problem; from the most rudimentary but effective ones such as lateral charging
to using transmission powder diffraction or two dimensional detectors. In this thesis, lateral
charging has been systematically used at laboratory scale to avoid the error coming from the
preferential orientation of the crystals. The information contained in a powder diffraction
pattern is given by three main characteristics; the peak positions, the peak profile and the

peak intensities, described in more detail in the following sections.

2.2.2.1 Peak position

When a crystal (whose atoms, by definition, are displaced in a periodic array forming a cell
in the space) is irradiated with a beam, those rays interacting with the matter will diffract.
The beams diffracted by two atoms will interact and these interactions can be constructive or
destructive, giving as a result (or not) a diffraction peak. The rule for the diffraction to be

constructive is given by the Bragg’s law:

nA = 2dsin6 2.1)

Figure 2.2 is an schematic representation of the Bragg’s law, where an array of atom
planes separated by a distance d (the interplanar distance) is shown. For this example the
crystal is considered to be formed by repeating this single atom, forming rows of atoms in
2 dimensions. As beam 2 does a larger distance than beam 1 (extra path shown in red) the
two beams will not necessarily be in phase after the reflection. Being d the distance between
the atoms, the red extra path of beam 2 can be described as 2dsin6. According to Bragg’s
law, there will be a constructive interference (and therefore a diffraction peak) if the extra
path is equal to (or an integrer of) the wavelength of the incident beam, as it is shown in the
Bragg’s law in Equation 2.1. The peaks in a diffractogram will thus entail information about

the symmetry and size of the unit cell, i.e. its space group and cell parameters.

2.2.2.2 Peak profile

The peak profile can be defined by a Voigt function, which corresponds to the convolution
of a Gaussian and a Lorentzian function (Figure A.1 in Appendix A shows the difference
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Fig. 2.2 Schematic recreation of Bragg’s law.

between a Gaussian and a Lorentzian peak profile). The computational resolution of this
function is time consuming so the pseudo-Voigt approximation is normally used, which
is a linear combination of a Lorentzian and a Gaussian curve instead of their convolution,

described as follows:

pV(xn,H) =nL(x;H) + (1 —n)G"(x;H) (2.2)

where x is 20 — 6, 1 is the mixture parameter, H is the full width at half maximum
(FWHM) and L? and G?” are the Lorentzian and Gaussian components of the FWHM. The
pseudo-Voigt function will be an approximation of the Voigt function when the Thompson-
Cox-Hastings formulae is fulfilled: [160]

H = (H3+2.692690HAH, +2.42843H2H? +4.47T163HAH} +0.07842HGH? + H)5 (2.3)

and

H, Hi\? Hp\’®
n= 1.36603# —0.47719 (ﬁ) +0.11116 (ﬁ) (2.4)

The FWHM of the Gaussian (Hg) and Lorentzian (Hz) components generally vary with
the 20 angle and can be calculated in different ways according to the refinement methods
used (the refinement methods are later explained in detail). In Rietveld refinement, for

instance, the first one is modelized with the Caglioti equation [161]

H(z; = (Up+ Ug)tanze + Votan0 + Wy +

2.5
cos?0 2:5)

while H;y is described as
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Hp, = (Xo+ X¢)tan6 + Yotls (2.6)
cosf
where Uy, Vo, Wq, X and Y are the profile parameters used to account for the instru-
mental contribution to peak broadening, Ue and X, describe the contribution of microstrains
(i.e. fluctuations in cell parameter values) and Y and P is the contribution of the small size
of coherent diffraction domains.

In FAULTS refinement, [162-164] on the contrary, Hg and Hy, are given by

4222 (180
H%: =Utan’6 +Vtan® 2.7
G =Utan"0 +Vtan +W+7TDGc0s29( n) (2.7)
and
2 1
H; = Xtan6 + A 80 (2.8)
nwD;cosO \ w

It should be taken into account that the peak width is the result of instrumental effects
and the microstructure of the sample itself. In order to obtain accurate information regarding
solely the microstructure of the sample it is necessary to separate the contribution coming
from the sample from the contribution coming from the instrument. The contribution of
the instrument is usually obtained by refining a measurement of a standard sample such as
LaBg or Al;O3 corundum. In any case, once the FWMH of the sample is calculated (H in
Equation 2.3), the apparent crystallite size can be given by the Scherrer formula, shown in
Equation 2.9 as, [165]

e KA
"~ Hcos8
where K is the Scherrer constant, which is usually set to 0.94 if the crystals are cubic

(2.9)

and to 0.89 if the crystals are spherical and H is given by Equation 2.3. [166] On the other
hand, the peak widening coming from microstrains can be measured with the Stokes-Wilson
equation, [167] defined as

Bp
e =
ktan0

where fp, calculated using the De Keijser formula, [168] is the peak width and & is

(2.10)

a constant dependent on the definition of the microstrain (usually 4 or 5). Therefore, the
peak profile will give information about the microstructure of the sample (i.e. the average

crystallite size or the microstrains).
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2.2.2.3 Peak intensities

The integrated intensity for a given reflection obtained after irradiating the sample with an Ip

primary intensity is given by the following equation: [169]

[ = IpKA*V >mPLVF? (2.11)

where K depends on the radiation source, V is the unit cell volume, m is the multiplicity
of the given reflection, P is the polarization factor of the diffracted beam, L is the Lorentz
factor which takes into account the effects of the geometry, v is the volume of the sample
where the absorption effects are included and F is the structure factor, which depends on the
atomic position on the cell. Therefore, knowing the properties of the radiation source, the
peak intensities will provide information about the atomic nature and their position in the
cell.

2.2.3 Methods for extracting information
2.2.3.1 Rietveld refinement

The Rietveld refinement consists in minimizing the difference between a simulated and an
experimental diffraction pattern using an approximate starting model and iteratively vary the
values of some parameters such as the unit cell or the atomic positions until the difference is
minimum. The minimization process is done using the least squares fitting method and the
final result, is a detailed description of the average unit cell of our compound.

The Rietveld method is a very convenient refinement method for most cases. It allows to
refine specific features such as anisotropic strain or size broadening (when for example there
are planar crystallites), anisotropic thermal factors, amount of each phase when there is a
mixture of them or some kind of defects like point defects. However, it is not able to refine
planar defects such as stacking faults. In this case, the FAULTS method, developed by our

group, can be used as alternative. [162—164]

2.2.3.2 FAULTS refinement

FAULTS [162-164] is a refinement software based on DIFFaX [170] (which is a simulation
software) and built using the Fortran 95 crystallographic library CrysFML, [171] which was
developed to refine non periodic structures with planar defects, such as those containing
twinning or stacking faults. The Rietveld method uses unit cells and atomic positions to
describe the structural model to calculate the diffraction pattern. As a result, planar defects

such as stacking faults cannot be modeled and therefore, some structural information is
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omitted. The FAULTS program enables to extract this information at the same time the
structure is refined because the structural model is described in a different way so that any
type of planar defect can be included. The elements needed for the structure description in
FAULTS are shown in Figure 2.3. In particular, FAULTS describes its structural model with
a sequence of layers stacked following a stacking vector. Since more than one vector and/or
layer type is provided, a probability for each transition to happen is requested. Therefore, the

structure no longer needs to be periodic along the stacking direction.

Layer 1

Stacking vector 1 Probability 1 o,

Stacking vector 2 Probability 2

Fig. 2.3 Elements needed for the description of the structure using the FAULTS program.

The atomic positions are described using fractional coordinates along the unit cell edges.
However, as no space group is required, the unit cell used in FAULTS can differ from that
used to describe the average structure in Rietveld refinement programs. In general, the
smallest possible unit cell is searched to minimize computational time. The stacking vectors
must be perpendicular to the ab plane, which means that the unit cell has fixed o and 8
angles of 90°. The transformation of the classic unit cell to FAULTS unit cell can be direct,
but monoclinic and triclinic unit cells may require modifications to adapt the unit cell to this
condition.

The refinable parameters are the a, b, ¢ and y FAULTS cell parameters, the stacking
vectors and their stacking probabilities, the peak profile and the atomic positions, occupancies
and thermal factors. The crystallite coherent domain size given by the peak profile can be
calculated in two different ways; by providing the layer width and the number of stacked
layers (as it is done in DIFFaX) or using the values used to determine the profile function, as
it is usually done in Rietveld refinements using Equations 2.7 and 2.8. For the later case, U,
V, W, X, Dg and Dy, parameters are refinable.
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2.2.4 Large facilities
2.2.4.1 Synchrotron radiation

Synchrotron light is the electromagnetic radiation generated in a particle accelerator when
charged particles at relativistic speed (close to the speed of light) are forced to move in a
curved trajectory by applying magnetic fields. It is a really intense radiation which covers a
wide wavelength range from infrared to hard X-rays and can be used for the acquisition of
fast and high quality X-ray absorption and diffraction data. [172]

In 1897 Langmor [173] and 1898 Lienard [174] predicted and formulated the radiated
energy an accelerated charged particle would emit. In 1940 the first operational betatron (a
cyclic particle accelerator) was constructed in the USA to study fundamental particle behavior.
Synchrotron radiation was there considered as a problem, as it was a great energy loss. The
first record of synchrotron radiation was in 1947 by General Electrics. [175] Since then, some
groups used the synchrotron light to perform some X-ray spectroscopies. [176, 177] At that
time, however, beamlines were built in facilities for particle studies and synchrotron radiation
was not the main purpose of these facilities. The 2"¢ generation of synchrotron facilities
were ex profeso built for synchrotron light use. The first 2" generation synchrotron was
built in the UK and the experiments began in 1980. Nowadays 3¢ generation synchrotrons
are the most used, where the light source is optimized by adding "insertion devices" such
as undulators or wiggler magnets. Undulators increase the intensity and make the coherent
light beam narrower, while wiggler magnets create a broad and intense incoherent light. The
upcoming 4" generation of synchrotrons will use X-ray free electron lasers, which consists
on a long ondulator with a high energy electron linear acceleration. Sweden’s MAX-1V

laboratory will host the first two *fourth-generation’ light sources.

2.2.4.2 Neutron diffraction

Neutron powder diffraction (NPD) is a complementary diffraction technique which can
contribute to the determination of the structure of a crystal. There are two different neutron
sources: reactor based and spalation. The first one uses a radioactive source such as 23°U to
maintain a constant flux of neutrons while in the second one the neutrons are generated hitting
accelerated protons to a heavy metal such as tungsten. [178] Its main advantage towards
X-rays comes from the fact that, contrary to X-rays, which are scattered by electrons and
therefore the scattering length is proportional to the electronic density of the atoms (and thus
their Z atomic number), neutrons are scattered by the atomic nuclei. This means that XRD
fails to differentiate between atoms which are close in the periodic table and the detection of

light elements is tough, but neutron diffraction can result in very different scattering lengths
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for atoms with similar Z or even for different isotopes of the same atom. As a consequence
NPD can help us to:

* Precisely determine the position and occupancy of light atoms in a cell (which is tricky
with XRD, especially if they coexist with heavier atoms in the cell).

* Distinguish between atoms with similar Z (as for example the case of Ni, Co, Fe or
Mn in cathode materials) which is especially useful if these exhibit ordered schemes.

* Identify where an atom preferentially locates after a reaction by using isotopes as

markers.

Neutrons have additional advantages in comparison with XRD. The scattering power is
independent of 20 and therefore the scattering intensity does not decrease at high 26 values.
In addition, neutrons interact with the magnetic moments of the crystals so they can be used
to study magnetic properties.

Apart to the need of large facilities to acquire NPD, one of the biggest limitations of
neutron scattering is their weaker interaction with atoms in comparison with X-rays. There-
fore, higher amounts of samples are usually needed, which hinders the development of some
techniques such as the operando analysis of battery materials, which is well established for
XRD. This weak atomic interaction can also be an advantage as neutrons can penetrate deeper
in materials so they can be used to determine the bulk structure of thick samples. Another
important drawback is that the sample may absorb the neutrons and become radioactive so

depending on its decay half-life the sample will not be recoverable for a defined time.

2.2.5 Measurement conditions

In this thesis the laboratory scale XRD patterns were recorded on a Bruker D8 Discover
instrument using monochromatic copper radiation (Cu Ka;; A = 1.54056 A). Patterns acquired
for analysis were measured in a 260 range of 15-110° with a step size of 0.01° and a time per
step of 1.550 s.

The synchrotron measurements were acquired at the 11 ID-B beamline at the Atomic
Photon Source (APS) at the U.S. Department of Energy’s Argonne National Laboratory with
a wavelength of 0.2113 Aand a stepsize of 0.0119°. This synchrotron light was used to
perform an operando XRD measurement, which was carried out in an AMPIX cell. [2]
Figure 2.4a shows a representation of this cell, which is composed of an electrically insulating
polymeric body, a conical-shape cap which enables the acquisition of the X-rays with an

angle of ~100°(Figure 2.4b), corrosion resistant electrodes, a disc like X-ray transmissive
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window made of Sigradur-(G) electrically conductive dense glassy carbon and a gasket to
accommodate the materials as seen in in Figure 2.4c. The AMPIX cell (Figure 2.4d) can be
located in a six cell multisampler holder (Figure 2.4e) which enables multiple measurements
at the same time.

Fig. 2.4 (a) An exploded representation of the AMPIX cell, (b) the assembled AMPIX cell
and (c) a typical battery stack. Photographs of (d) an assembled AMPIX cell and (e) a
six-cell multisample holder. Reproduced with permission of the International Union of
Crystallography. [2]

Finally, the NPD data has been acquired at the ECHIDNA high-resolution powder
diffractometer at ANSTO (Australia) with a wavelength of 1.6237 Aanda stepsize of 0.125°.

2.3 Electron microscopy

A microscope is an instrument which uses lenses to magnify objects beyond eye resolution
(0.1-0.2 mm). The resolution of the microscope is limited by the wavelength of the light used.
Visible light, which is used in optical microscopes, has a wavelength of 400-700 nm, and its
corresponding resolution is about 200 nm. Accelerated electrons have considerably lower
wavelength so they can be used instead of visible light to achieve higher magnifications.

In electron microscopies an electron beam is focused in a sample. Depending on how the
electrons interact with the sample, these electrons can be absorbed, reflected or transmitted.
Figure 2.5 shows the different interactions of the main beam with the sample. There are two
main types of electron microscopies; scanning electron microscopy (SEM), where the images
are produced from the reflected electrons, and transmission electron microscopy (TEM),
where the images are formed from the transmitted electrons. The absorbed electrons are not
used in imaging.

SEM uses a thin electron beam to scan a selected area and recovers the electrons which
scatter with an angle higher than 90°(backscattered electrons, BSE). The BSE are related to
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Fig. 2.5 Representation of the main interactions between the main electron beam of the
electron microscopy at atomic level.

the atomic number Z; the higher Z is, the higher the signal of those electrons will be. This
allows to differentiate zones with light elements from zones with heavy ones. Some electrons
can transfer some energy to the atoms in the sample, which can generate phenomena like
secondary electrons (SE). Their signal does not depend so much on the Z atomic number so
the elemental contrast is poorer. In contrast, as the energy of the SE is lower the electrons
from the atoms in the surface are the main contributors to this signal. This allows to observe
the topography of the sample with more detail.

TEM uses the transmitted electrons to build the image. Since the electron beam needs to
cross all the sample, thin samples are preferred. In addition, TEM uses considerably higher
voltage electron beams (around 200-300 keV in comparison with the ~50 keV used in SEM)
so that they can penetrate the sample. The scattered electrons can be used for low-resolution
imaging to obtain information about particles shapes and sizes, but due to its much higher
resolution it also allows a deeper analysis. From the several imaging techniques available
three different have been used in this thesis: 1) high resolution TEM (HRTEM), where atomic
resolution can be reached and defects on the sample such as stacking faults or dislocations
can be directly observed. ii) high-angle annular dark-field scanning TEM (HAADF-STEM),
where the use of a thin electron beam to scan the sample like in SEM with a HAADF
detector enables to differentiate elements in a sample according to the Z atomic number
and its thickness. iii) selected area electron diffraction (SAED), where diffraction patterns

corresponding to projections of the reciprocal lattice are obtained. This last technique is
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widely used to determine crystal structures and obtain approximate lattice parameters. It can
also be valid to detect defects such as stacking faults.

As previously mentioned, the electron beam can transfer energy to electrons in the
atom which can excite the electrons of atomic inner shells, being ejected from the atom.
The outer electrons will then occupy these generated holes, releasing energy as X-rays,
which are characteristic for each element. As a consequence, these X-rays are used to
obtain compositional information of the sample and can be detected in both techniques,
SEM and TEM. They are usually collected with a Energy Dispersive Spectroscope (EDS)
and can semiquantitatively give the elemental composition of the measured sample. This
technique has two main limitations that must be considered. On the one hand, light elements
are not easily detected, so, in practice, lithium atoms will not give any signal. On the
other hand surface atoms will have higher contribution than inner ones. This means that
non homogeneous particles or core shell structures can lead to erroneous measurement
of the elemental composition. In this thesis, the generated X-rays have been acquired to

semiquantitatively confirm the composition of the samples under measurement.

2.3.1 Measurement conditions

For the SEM measurements, both BSE and SE imaging modes are used to obtain images
of the samples, which were prepared by diluting a small amount of powder in ethanol
and sonicating for two minutes. Image acquisitions were performed in a FEI Quanta 200
field-emission gun SEM at CIC EnergiGUNE.

All the TEM measurements in this thesis were performed at the Electron Microscopy
for Materials Science (EMAT) at the university of Antwerp (Belgium). The samples were
crushed in a mortar with acetone and the suspension was sonicated for a couple of minutes.
Drops of this suspension were then deposited onto carbon-coated cupper grids. SAED
patterns and EDS were acquired using a FEI Tecnai Osiris electron microscope, equipped
with a ChemiSTEM system, and a FEI Tecnai G2 electron microscope, both operated at 200
kV. HAADF-STEM images were acquired using an aberration corrected cubed FEI Titan

electron microscope operated at 120 and 300 kV.

2.4 Magnetic measurements

2.4.1 Solid state nuclear magnetic resonance

NMR is a characterization technique where structural information of a structure is obtained

from the nuclear magnetic moment of the atoms. NMR basis were established by Pauli
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in 1924, but it was not until 1946 when the first experiment was carried out by Bloch and
Purcell. [179-181]

The NMR is the consequence the electromagnetic radiation absorption as a consequence
of the magnetic field induced energy levels’ splitting. This splitting is the result of the angular
magnetic moment interaction with some nucleus with non zero spin. The nucleus of an atom
is formed of protons and neutrons which are defined with Z atomic number (corresponding
to the number of protons) and A mass number (corresponding to the number of protons and
neutrons) and they have a spin angular momentum, which is dependent on the values of Z
and A. The quantum number for the nuclear spin angular momentum is defined as /. If Z and
A areeven I =0, if A is even and Z is odd I = n (where n is an integrer) and if A is odd I =

n/2, regardless Z is odd or even. Therefore, the atoms will be NMR active unless Z and A are

even.
m| = '1/2
&
o AE = ynB,
c
(NN}
m, = +1/2
0 Magnetic Field (B,)

Fig. 2.6 Spin states splitting as a consequence of an external magnetic field.

When I # 0 (for instance I = 1/2), if the sample is under an external By magnetic field,
the spins will align either parallel to B or antiparallel to it. This creates two different energy
levels which linearly increase with an increasing magnetic field, called the Zeeman effect. As
seen in Figure 2.6, these two configurations have a energy difference which is described as

where 7 is the gyromagnetic ratio, which is an intrinsic property of each atom, 7 is
the reduced Plank’s constant and By is the applied magnetic field. The magnetic nuclear
resonance is thus given when a transition between these two levels is introduced. The
population of the different energy levels are given by the Boltzmann distribution as
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where kp is the Boltzmann constant and T is the temperature. In atomic nuclei AE is
really small (in the order of 2- 10726 Jin a 1.5 T field at room temperature), so high magnetic
fields are needed for a significant contrast.

According to this, the same atoms should have the same NMR signal regardless their
local environment. In practice, however, this is not true because the electrons of the atoms
can modify the effective B they receive. These electrons will interact with B, generating a
magnetic field which is usually opposed to Bg. Therefore, the effective magnetic field (the

magnetic field the atoms receive) is usually smaller than By and can be defined as

o, =2nvy =y(1 —0)By (2.14)

where o is the shielding of the atom. Each different atomic local environment will thus
exhibit a different chemical shift and the distribution of these resonance frequencies give
as a result the NMR spectrum. [182] When a standard is used as calibrant the difference
between wy, of the sample and the calibrant is known as the chemical shift and is defined as
Equation 2.15. [183]

((DL — Vref) . 106

0= (2.15)

Vref

In a crystal the atoms are not isolated, so they can interact. This means that, in addition to
the Zeeman effect, additional interactions can affect to the NMR spectra, such as the dipolar
and the quadrupolar couplings, the time dependent field, the chemical shift or the hyperfine
coupling. In our case, we are dealing with paramagnetic materials (where some atoms have
unpaired electrons), so the interaction governing the NMR spectra is the hyperfine coupling.

The hyperfine coupling is the interaction between the unpaired electron of the para-
magnetic material with the atoms been analyzed, which generates an important shift and
a broadening of the NMR signal. The shift is consequence of the dipolar interaction and
the Fermi contact interaction. The dipolar interaction is the interaction through space
between the unpaired electron of the paramagnetic atom with the atom being measured.
This interaction can be reduced or even suppressed spinning the sample at the Magic Angle
Spinning (MAS); ~54.7° [184—186] with respect to the By. By eliminating this interaction,
the Fermi contact shift is the main contributor to the hyperfine coupling. In contrast with
the dipolar interaction, the Fermi contact interaction is given by the presence of unpaired

electrons in the atom in measurement. This generates large shifts which can be expressed as
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where A is the Fermi contact coupling constant, ;s is the molar magnetic susceptibility,

(2.16)

h is the reduced Plank’s constant, g is the magnetic constant, J; is the gyromagnetic ratio,
g, is the g factor of the electron and g is the Bohr magneton. In this thesis A’ is calculated
using DFT as explained in Section 2.5.1.2 and yj, is calculated experimentally using a

physical property measurement system (PPMS).

2.4.2 Measurement conditions

®Li Magic Angle Spinning solid state-NMR experiments were performed on a Bruker
300 WB at CIC EnergiGUNE spectrometer charged to a field of 4.69 T equipped with a
standard 1.3 mm MAS probe. Spinning frequencies were set to 50 kHz in all cases. A rotor
synchronized spin-echo pulse sequence (90°-7—180° 7| acquisition) was used with typical
90° and 180° pulses of 1.3 and 2.6 us, respectively. A recycle delay of 0.5 s was used and
around 165000 scans where typically acquired in a °Li NMR experiment. The spectra were
referenced to a 1 M solution of LiCl and fitted using the Dmfit software. [187]

Magnetic measurements were carried out using a Quantum Design PPMS, equipped with
an AC measurement system (ACMS) option at CIC EnergiGUNE. The zero field cooled
(ZFC) susceptibility measurements have been performed while heating from 2.5 K to 300 K
in AC magnetic field of 10 Oe at a frequency of 1 kHz, with a step of 2 K/min in the range
2.5-70 K and 12 K/min in the range 70-300 K. The samples have been measured in mildly
packed powder form placed inside sample holder, surrounded by a pure He atmosphere.

2.5 Computational methods

2.5.1 Density functional theory

The fast development of computing resources has allowed an exponential growth of the
computing materials science field. Computer science allows to predict the behavior of a given
structure, so instead of synthesizing and testing thousands of compounds, their properties
can be scanned and the best ones can be chosen, avoiding the waste of time and resources.
Furthermore, relating the microscopic behavior with the experimental observations and
theoretical studies are usually very helpful. Computational methods are classified by the time
and the length scales they can describe. Quantum methods (QM) reach the electron scale,

molecular dynamics (MD) the atom scale, coarse grained (CG) methods the microscale and
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finite elements methods the macroscale. In this thesis, computational methods are chosen to
study the evolution of the considered materials upon cell delithiation in terms of structural
stability and its relationship with the oxidation state of the atoms. [188, 189]
Computational methods require a solution to the well known Schrodinger equation, which
unfortunately is impossible to solve nowadays for crystals. The use of approximations is,
however, a powerful technique to calculate the total energy of a system. One of the most
used one is the DFT, which offers a good compromise between accuracy and computational
time and it is widely used in the development of new materials for batteries. The Schrodinger

equation is shown in Equation 2.17.

hZ N N N
—%ZV%+ZV(ri)+ZZU(ri,rj) y=Ey (2.17)
¢i=1 i=1

i=1j<i

In addition to the two fundamental constants (7% the reduced Plank’s constant and m,
the mass of the electron), the three terms in brackets represent the kinetic energy of each
electron, the interaction energy between electrons and nuclei and the exchange correlation
(the interaction energy between the electrons) respectively. This equation can be solved
using the Kohn and Hohenberg [190] theorems. The first theorem states that the ground state
energy from the Schrédinger equation is a unique functional of the electron density. In other
words, the ground state electron density determines all the properties. DFT is an approach to
convert the unsolvable many body Schrodinger equation into a set of coupled one electron
equations [191] where all the many body interactions are taken into account in the exchange
correlation functional. [192] Still with this approximation, the exchange-correlation term
is unknown and further approximations need to be used. The second Kohn and Hohenberg
theorem says that the electron density that minimizes the energy of the functional is the true
electron density corresponding to the solution of the Schrodinger equation. By knowing the
functional, the electron density could be varied to obtain the minimum energy of the system
(the ground state).

The simplest approximation to determine the exchange correlation term is the local
density approximation (LDA), where the energy density is a uniform electron gas of the same
density. [192] This system works well for metalic systems but fails when there are localized
electrons in the structure. The generalized gradient approximation (GGA) is more suitable
for systems with localized electronic states. GGA introduces a dependence of the exchange
correlation energy on the local gradient of the electron density. [192] This method is not
enough to properly describe compounds whose electrons tend to be localized and interacting
(e.g. transition metals) so the GGA + U method was developed to add a correction term to d

or f orbitals.
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The wave function can be described either as local basis set or as plane waves basis set.
Even if the former one is computationally less time consuming the results are less trustworthy,
so plane wave calculations are preferred. In plane wave calculations the interactions between
the core electrons and the ions are described with pseudopotentials instead of using a whole
electron system. All the electrons which do not participate in the bondings (the core electrons)
are joined in a single effective potential which saves computational time. However, in order
to avoid problems derived from the interactions between the core and the valence electrons,
the projector augmented wave (PAW) method is used. [193]

2.5.1.1 Energy and convex Hull

The analysis of energies can predict if reactions are likely or able to occur. All computational
chemistry techniques define energy such as the system with the lowest energy is the most
stable. In this thesis, the total energy is used to compute the formation energy of a given
process. In Chapter 5, in particular, the stability of intermediate phases in the delithiation of
LiMnOs and other isostructural compounds is studied by convex hull diagrams. In these, the
formation energies of the different phases are plotted with respect to the lithium composition.

For instance, for the the reaction below,

gLigMnO3 4 ( 1— g) MnOj; — Li,MnO3 (2.18)

the formation energies are calculated as:

E¢(x) = E(LiyMnO3) — <1 - g) E(MnOs) — gE(LizMnog (2.19)

where E(Li,MnO3) is the total energy of the studied structure and E(MnO3) and
E(Li,MnO3) are the total energy of the end members of the Hull. Figure 2.7 shows a
hypothetical convex Hull diagram for Li,MnOs. The energies of the two end members of the
compositions are taken as reference and the compounds whose energy is lower are plotted.
In this case, LiMnO3 and Lip sMnO3 are more stable than the two end members, meaning
that at that x value, those compositions are preferably formed rather than the two adjacent
ones. At x = 1.5, even if there are structures with negative formation energies, there are no
poins in the Hull line or below, meaning that Li; sMnO3 would decompose into the more
stable LioMnO3 and LiMnOs.
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Fig. 2.7 A hypothetical Convex hull diagram for Li,MnO3.

2.5.1.2 NMR shift calculation

One of the properties analyzed with DFT calculations is the hyperfine coupling constant, in
particular to predict the NMR shifts of the compounds being studied. According to VASP
manual [194] the hyperfine coupling constant is obtained as

2loYe
(Also)ij = %&j / &7 (r)ps(r+Ry)dr (2.20)
Z

where L is the magnetic susceptibility of free space, ¥, is the electron gyromagnetic
ratio, 97 the nuclear gyromagnetic ratio at Ry, <S,> the expectation value of the z-component
of the total electronic spin, d7(r) is a smeared out of § function as described by Blochl,
[195] and p; is the spin density. The gyromagnetic ratios for °Li, Mn and %0 are 6.266,
10.576 and -5.774 MHz-T~! respectively. The hyperfine coupling constant is then used in

Equation 2.16 to obtain the Fermi contact shift.

2.5.1.3 Computational details

In this thesis, the calculations were carried out in three different supercomputing centers: the
Spanish i2Basque center, Altamira Supercomputer at the Institute of Physics of Cantabria
(IFCA- CSIC) and Barcelona Supercomputer center. The software used is the Vienna
Ab-initio Simulation Package (VASP). [196, 193] Spin-polarized DFT calculations were
performed. PAW potentials [193] were used to replace core electrons whereas Li (2s), Mn
(3p, 3d, 4s) and O (2s, 2p) valence electrons were expanded in plane waves with a cut off
energy of 600 eV. The Perdew-Burke-Ernzerhof (PBE) [197] exchange-correlation function
was used together with a Monkhorst-Pack grid with using a representative amount of k-points.



36 Synthesis and characterization techniques

Unless the opposite is specified, structures were fully relaxed (cell parameters, volume cells
and atomic positions) with a residual force threshold of 0.02 eV A~1. The generalized
gradient approximation with the Hubbard parameter correction (GGA+U) of Dudarev et al.
[198] was employed (with a U of 3.9 eV for Mn and 6.2 for Ni). [199] A convergence of the

total energy close to 0.5 meV/fu (fu=formula unit) was achieved with these parameters.

2.5.2 Ewald’s summation

Ewald summation is an alternative computational method developed by Ewald in 1921
to determine the electrostatic energy of ionic crystals. [200] The method consist on the
summation of the ¢y, (r) short range electrostatic interactions term, which is converged in
the direct space, with the ¢y, (r) long range electrostatic interactions term, converged in the

reciprocal space, as shown in Equation 2.21.

P(r) L @y (r) + @ (r) (2.21)

This method only takes into account the electrostatic interactions between the atoms,
so in comparison with DFT the calculation times are considerably reduced from hours to
few seconds. However, the method is not as accurate because, among other limitations, the
atoms in the crystal are static and do not move to find the energetically most favored position.
Therefore, this method can be used as a first screening to discard electrostatically unstable

compounds and choose possible structures for a DFT analysis.

2.6 Galvanostatic cycling

In the galvanostatic cycling a constant current is applied to the battery cell and the voltage
variation is registered versus the capacity, until a limit voltage, defined as cutoff voltage.
The theoretical specific capacity, i.e. the maximum capacity the material is able to provide,

is calculated using Faraday’s law:

_nF
W
where n is the number of electrons exchanged per ion, F is the Faraday constant with a

c (2.22)

value of 26.801 A-h-mol~! and W is the molecular weight of the active material. Once this
value is known, the desired current applied to the system is calculated. Usually, the applied
current (calculated with respect to the mass or the area of the active material) is given in

terms of C-rate, which is the time a battery needs to be discharged. For instance, a C/20 rate
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means that the battery will need 20 hours to completely discharge and with a 4C rate the
battery will discharge in 15 minutes. The testing of the material is usually carried out in a

coin cell type configuration, shown in Figure 2.8.

T Top cap
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R Spacer
Anode (Li foil)
Separator wet in electrolyte
. Cathode (Layered oxide)

e Bottom cap

B ——

Fig. 2.8 Schematic configuration of a coin cell.

An example of a charge-discharge voltage profile of a typical cycle (in this case cor-
responding to Lij 2Mng ¢Nip20>) is shown in Figure 2.9a. In this plot the variation of the
capacity versus the voltage is observed and the electrochemical processes occurring upon
the cycling can be identified. Broadly speaking, a plateau indicates a two phase reaction in
the lithium removal/insertion process, while a constant capacity delivery is related with a
solid solution reaction. Figure 2.9b shows the evolution of the capacity versus the number
of cycles, as well as the Coulombic efficiency, which is the ratio between the capacity in
the charge/discharge process. This type of plot is good to follow the capacity fading of the
material upon cycling, but the voltage fading or hysteresis cannot be identified. Finally,
Figure 2.9¢ shows the differential capacity plot, which follows the evolution of the capacity
increase as a function of the voltage. Even if this plot contains similar information to that in
Figure 2.9a, the processes are more easily identified in these plots and the possible hysteresis
or voltage fading are more accurately found. In contrast, this plot does not allow to follow

the total capacity delivered by the material.
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Fig. 2.9 (a) Variation of the voltage with respect to the capacity of Li; 2Mng ¢Nig20,. Cycles

1 (in black), 5 and 20 are shown. (b) Evolution of the charge and discharge capacity in

function of the number of cycles, as well as their Coulombic efficiency. (¢) dQ/dV voltage

profile of the cycles 5 and 20 in (a).
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Unless the contrary is specified, the cathode material has been laminated in an aluminum
foil with a 80:10:10 active material:Kejten carbon:polyvinylidene fluoride (PVDF) mass
ratio. The electrochemical measurements were carried out in half-cell configuration using
CR2032-type coin cells assembled in an argon-filled glovebox. A glass fiber separator was
soaked with the electrolyte consisting in a solution of 1.2 M LiPFg in ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) (3:7 in volume) with 5 wt% of 1-fluoroethylene
carbonate (FEC) and 0.5 wt% of lithium bis(ethanedioato)borate (LiBOB) as additives. This
formulation was developed and optimized in a former work dealing with lithium rich oxides.
[201] Lithium foil was used as reference and counter electrode. The cycling window was of
2-4.8 V, unless the contrary is specified. The charging rate of the battery was C/10. All the
electrochemical tests were carried out at room temperature and at least two cells were built for
each sample to ensure reproducibility. On the other hand, operando X-ray electrochemical
experiments were performed at 11 ID-B at APS in a AMPIX cell configuration. [2] The active
material was a pellet composed of 60:20:10:10 of active material:polytetrafluoroethylene
(PTFE):acetylene black:graphite. The electrolyte used was 1 M LiPFg in EC:DMC (1:1 in
volume). The anode was composed of a 100 um thick lithium foil and the cycling window
was 2.5-4.8 V. The experiment was carried out in a C/10 rate.



Chapter 3

Microstructural impact study in
electrochemistry of Li,MnQO; through
synthetic control

Crystals are like people: it is the defects in them which tend to make them interesting!
Collin Humphreys [202]

The microstructural complexity of Li-rich cathode materials has so far hampered under-
standing the critical link between size, morphology and structural defects with both capacity
and voltage fading that this family of materials exhibits. Li,MnO3 is used here as a model
material to extract reliable structure-electrochemical performance relationships that can be
further exploited for the development of high-performing and long-lasting Li-rich oxides.
A series of samples with microstructural variability have been prepared and thoroughly
characterized using the FAULTS software, which, together with TEM results, has allowed
rationalizing the synthesis conditions and identifying the individual impact of concurrent

microstructural features on both voltage and capacity fading.
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3.1 Introduction

As mentioned in Section 1.2.3, lithium rich materials suffer from a fast voltage and capac-
ity fading due to the transition metal migration to the lithium layer and oxygen evolution.
Li;MnO3;, the end member of the lithium rich family, is known to exhibit poor electrochem-
istry in comparison with other family members. However, it can be used as a model for better
understanding the complex structure of these materials, that often contains an important
amount of stacking faults. The presence of stacking faults in Li,MnOs is highly dependent
on the synthesis temperature. Low synthesis temperatures generally form phases with a large
amount of stacking faults. [71] Particle size is as well temperature dependent and small
particles are obtained at low synthesis temperature. [78, 105] Regarding that the performance
of Li,MnOs is highly size-dependent and nanosizing is required to achieve high capacities,
samples with small crystallite size and thus, high degree of stacking faults have been selected
as best for electrochemistry. [78] Nevertheless, the individual effect of the size and the degree
of stacking faults has not been uncoupled yet.

Stacking faults result from a 4-1/3 displacement of the mixed Li/Mn layer along b axis
in the C2/m unit cell, which causes a misalignment of the cationic ordering. Figure 3.1
shows the three possible stacking arrangements the material can have, which are labeled
following the previous works of Abraham’s group. [3, 4] The rectangular (R) stacking
refers to manganese dumbbells stacked on top of each other (ideal structure), whereas the
parallelogram terms P and P’ indicate layer displacements. Stacking faults have been detected
with different techniques such as HRTEM, [3, 4, 7, 71, 203, 204] XRD [70, 205, 206] or
ssNMR. [70] As we have seen in Section 2.2.3.2, the anisotropic peak broadening (mainly in
the 20, < 20-35° range) in the XRD pattern coming from the effect of the stacking faults is
not properly described when using the Rietveld method and alternative methods are required
to extract the whole infromation the diffractogram can provide. Thanks to FAULTS program,
developed in our group, [162—164] the degree of stacking faults can be now quantified from
XRD patterns. [93, 205, 207] Shunmugasundaram et al. [207] used this program to study
the effect of nickel in the stacking disorder of Li[Li/3_2x3Ni,Mny/3_4/3]02 compounds and
demonstrated that there is an increment in the number of stacking faults when the Ni content
is increased. In a different study, Matsunaga et al. [208] showed that Li-rich compounds
mostly exhibit stacking faults related to the honeycomb cationic ordering (i.e. the stacking
faults denoted with R, P and P’), with less than 1% of the defects related to the oxygen
sublattice. However, neither the correlations between synthesis parameters and amount of
defects, nor the individual impact of stacking faults on the capacity and cycling performance

decoupled from size and morphology effects were studied for this system in previous works.
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In this chapter the effect of the different microstructural parameters in the electrochemical
performance is studied.

P Parallelogram R Rectangular P' Parallelogram

Li

a b

Fig. 3.1 Structural deviations arising from stacking faults in Li,MnO3, according to Abra-
ham’s notation. [3, 4]

3.2 Synthesis and structural characterization

A series of Li,MnOj3 samples have been synthesized by solid state reaction as described
in Section 2.1, varying time, temperature and initial manganese precursor. Previous works
analyzed the effect of lithium precursor on the degree of stacking faults and no variations
were noticed from using LiOH or Li;CO3. [71] In view of these results and in order to
avoid the complications derived from the higroscopic nature of LiOH (which can lead to
stoichiometrical variability), Li;COj3 has been used in this work.

The XRD pattern of the product obtained after the first calcination step (5 hours at 500 °C)
for each precursor is shown in Figure 3.2. When using MnCOg3, Li,MnO3 is already obtained
as main product, although there are some impurities whose main peaks are marked with
an asterisk (Figure 3.2a). MnCOj3 decomposes before melting at around 200 °C [209, 210]
and this decomposition decreases its crystallite size, increasing contact between crystallites
and thus, the reaction rate. [211] As a consequence, even at low temperatures, Li,MnO3
is obtained as main product. When Mn;Oj3 is used as manganese precursor (Figure 3.2b),
the main product obtained is also Li;MnO3 with small impurities. Contrary to the previous
case, Mn, O3 does not decompose so the crystallite size of the reactants is not reduced. As a

consequence, the crystallite size of the products is larger, as it can be deduced from the thinner
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Fig. 3.2 XRD patterns of first calcination step at 500 °C of the sample synthesized with (a)
MnCOj3, (b) Mn,;0O3 and (c) MnO.

peaks in the XRD pattern. Finally, when MnO is used as manganese source the behavior is
different (Figure 3.2c). After the first calcination step Li;MnOj3 has barely formed, and the
precursors still appear in significant amount. Note that according to Tamman’s rule, for a
solid state reaction to take place the temperature should be at least 2/3 of the melting point of
the reactants. [209] Li,CO3 barely exceeds this point (1080 °C, 87%) and MnO is far from
this ratio (1945 °C, 33%). Therefore, the high melting point of both precursors slows down
the reaction rate.

Figure 3.3 gathers the XRD patterns for all the synthesized samples after the second
calcination step classified by manganese precursor (a-c¢ for MnCO3, d-f for Mn;O3 and g-i
for MnO). The full XRD pattern is shown in the left part, a zoom of the superstructure peaks
is shown in the middle part and the right side shows only the (001),, peak, whose width can
be qualitatively used to evaluate the size of the crystallites as this reflection is not affected by
stacking faults. Note that for an easier visualization, only the samples calcined 20 hours are
shown in the latter case. From this figure, the following observations can be made:

* All the synthesized samples were pure, except sample LMO_MnQO_700_5. In this case,

as reaction kinetics are slow, longer reaction times are needed.

* Higher synthesis temperatures form samples with larger crystallite size due to the
coalescence of the crystallites (Figure 3.3c,f,1). The largest crystallite size variation is

obtained when MnCQOs is used as precursor.

* When MnO is used as precursor, all the pure samples present well defined superstruc-
ture peaks which indicate that these samples exhibit a low amount of stacking faults
(Figure 3.3h). These superstructure peaks become more intense when increasing the

synthesis temperature and time.
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Fig. 3.3 XRD patterns of Li,MnO3 synthesized in a temperature range of 700-1000 °C for 5
or 20 hours. The samples have been synthesized with (a-c) MnCO3, (d-f) Mn;O3 and (g-1)
MnO precursors. The first column shows the whole XRD pattern, the second one shows a
zoom of the 20 range 20-35°, where the superstructure peaks appear and the third shows a
zoom of the (001),, peak.

* When Mn;03 or MnCOs are used as precursor, the synthesis at low temperature results
in samples with a high concentration of stacking faults as no superstructure peaks
are visible (Figure 3.3b,e). For the first case, superstructure peaks begin to appear at
900 °C for 20 hours or higher temperatures, while for the second 1000 °C are needed.
Longer annealing times are not sufficient to reduce the amount of defects when the
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temperature is not high enough. Once a threshold temperature is reached, annealing

time leads to the growth of defect-free domains.

The notable difference in the degree of stacking faults obtained when using MnO as
precursor can be rationalized looking at the structures of each precursor. MnO crystallizes
in a NaCl-type Fm3m space group so it shares the oxygen skeleton with LioMnO3. As a
consequence, we propose a topotactic reaction (chemical solid-state reaction such that the
orientations of the product crystals are determined by the orientation of the initial crystal)
[212] where lithium replaces manganese, maintaining the NaCl-type array. On the contrary,
the structure of Mn,O3 and MnCOj3 are not NaCl-like so the reaction involves a major

structural modification.

3.3 Electron Microscopy analysis of Li;MnQO;

SEM was used to investigate the effect of both Mn precursor and the annealing temperature
on the particle size and shape. To do that, the samples synthesized for 5 hours were selected,
with the exception of LMO_MnO_700_20, as after for 5 hours the sample still had a great
amount of impurities. Figure 3.4a-c shows SEM images of the samples synthesized from
the MnCO3 precursor. In all cases, isotropic particles are observed, with increasing size
as a function of temperature. When using Mn;O3 and MnO precursors (Figure 3.4d-1)
platelets are obtained which grow as a function of temperature. For all cases, higher synthesis
temperatures induce a larger particle size. Therefore, the synthesis temperature has a major
impact on the particle size, while the nature of the manganese precursor affects the particle
shape.

Table 3.1 shows the average aspect ratio (height/width) of the samples analyzed, which
have been measured from SEM images using a representative amount of random particles
(between 20-40 particles). The aspect ratio is a value that ranges between 0 (planar limit)
and 1 (isotropic limit). The particles obtained using MnCO3 as precursor have an aspect
ratio around 0.7, which corresponds to rather isotropic particles, and does not vary regardless
of the synthesis temperature. Mn;O3 and MnO form particles with low aspect ratio and
therefore, platelet shape. In both cases, high temperatures result in increasing aspect ratio
and this is considerably more noticeable for MnO.

Two samples prepared at same temperature with equal annealing time were selected to
explore the local distribution of stacking faults within the particles by TEM, one with a
high concentration of stacking faults (LMO_MnCO3_900_5) and a second one with a low
(LMO_MnO_900_5) concentration. The Mn:O ratio of both samples was investigated by

EDS and their nominal composition was confirmed.
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Fig. 3.4 SEM images of samples synthesized at 700, 800 and 900 °C with (a-c) MnCO3, (d-f)
Mn;03 and (g-i) MnO precursors.

For both samples, SAED patterns were acquired along the [001] zone axis and were
indexed with the C2/m monoclinic cell, which is typically used to describe Li;MnO3. As we
can see in Figure 3.5, all particles characterized by SAED showed evidence of Li/Mn ordering
in the TM slabs through the presence of weak superstructure reflections and/or diffuse
scattering lines parallel to the [001]* direction marked with white arrows, in agreement with
literature. [3, 71, 204, 206] Figure 3.5a-c presents the SAED patterns for LMO_MnO_900_5

along the <110>,, zone axis. All of them present diffuse lines that evidence the existence of
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Table 3.1 Average aspect ratio (height/width) of measured samples.

Precursor 700 °C 800 °C 900 °C
MnCO3 0.70 0.73 0.65
Mn; O3 0.10 0.20 0.33
MnO 0.01 0.22 0.43

a considerable amount of stacking faults in the material along the c-axis (i.e. the stacking
direction). However, different kind of SAED patterns have been observed: i) some SAED
patterns show sharp weak superstructure reflections, which can be unambiguously indexed
either as the <110> zone axis (Figure 3.5a) or as the [100] zone axis (not shown) and
correspond to the least defective zones; ii) other SAED patterns corresponding to regions
with an intermediate degree of defects (Figure 3.5b) show that both sharp weak reflections

(a) (b) (c)
[100],, [100],,

o
o
=
o
o
=

(d) (e) (f)
[100],,

Fig. 3.5 Representative SAED patterns from crystals of sample (a-c) LMO_MnO_900_5
([100],, or <110>,, zone axes), (d) LMO_MnCO3_900_5 ([100],,, or <110>,, zone axes), (e,f)
LMO_MnO_900_5 ([103],, and [102],, zone axes). Purple circles are reflections resulting
from the interception of diffuse scattering lines, while yellow ones result from double
diffraction.
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and more diffuse reflections, which can be indexed in the [100] and <110> zone axis; iii)
finally other SAED patterns corresponding to highly defective regions (Figure 3.5c) show
that continuous diffuse scattering lines instead of weak superstructure reflections, hampering
a straightforward distinction between the [100] and the <110> zone axes. These three kind
of patterns can be observed within a single crystal by moving to different regions, indicating
that the amount of stacking faults varies significantly within the same particle. For the
LMO_MnCO3_900_5 sample the distribution of defects is more homogeneous (Figure 3.5d),
since all the SAED patterns indexed along the [100] or <110> zone axes were similar and
showed intense diffuse lines comparable to Figure 3.5¢, evidencing a high amount of stacking
faults thorough all the particle. Besides the presence of these diffuse lines, SAED patterns
acquired along the [102] and [103] zone axes shown in Figure 3.5¢,f (which are representative
for both samples) also show additional weak reflections that are not consistent with the C2/m
monoclinic cell. These extra reflections can be explained as the intersection of diffuse
scattering lines with Ewald’s sphere, as previously shown by Boulineau et al. and Weill et al.
[204, 213]

In order to get further insight in the distribution of stacking faults within the particles,
HR-STEM and HAADF-STEM images from different regions of samples LMO_MnO_900_5
and LMO_MnCO3_900_5 were acquired. In accordance with SEM observations, the
LMO_MnO_900_5 particles analyzed had platelet shape as shown in Figure 3.6a, while the
LMO_MnCO3_900_5 particles, shown in Figure 3.6b, had a more isotropic size. Figure 3.6¢
shows a HAADF-STEM image of the [001],, zone axis, representative for both analyzed
samples. As described in Section 2.3, in this imaging mode the intensity of the images is
proportional to the atomic number Z" (1.6 < n < 2), [214] meaning that the columns of heavier
atoms will look brighter in the projection images compared to those of lighter elements. The
[001],, zone axis of a hypothetical ideal structure would be composed of diffraction spots
forming hexagons with an empty space in the middle (the location of the lithium in the ideal
stacking), as seen in the inset of the Figure 3.6¢ and experimentally observed by Lei et al. in
a defect free sample. [3] In our case, no empty spaces were found as a consequence of the
presence of sacking faults, in accordance with other studies. [215]

Finally, in Figure 3.6d,e HAADF-STEM images oriented along the [100] or <110> zone
axes are presented. The Mn atomic columns are arranged in a dumbbell geometry along
the direction perpendicular to the c-axis, and each Mn-Mn pair is separated by a column
of Li atoms, which cannot be observed here because its atomic number is very low. Large
defect-free areas such as those in Figure 3.6d and areas with high stacking fault concentration
such as those in Figure 3.6e appear in the same particle for sample LMO_MnO_900_5

(the stacking sequence can be visually followed with the red lines in the figures). For
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Fig. 3.6 HR-STEM images of (a) LMO_MnO_900_5 and (b) LMO_MnCO3_900_5 samples.
HAADF-STEM images of LMO_MnO_900_5 (c) [001],, and (d,e) [100],, or <110>,, zone
axes. The insets represent the atomic positions of lithium, manganese and oxygen atoms.
The red lines are guides to follow the stacking direction, which are labeled with R, P and P’
according to Abraham’s notation. [3, 4]

LMO_MnCO3_900_5, on the contrary, only zones with a high concentration of stacking
faults have been found. Besides these features, some isolated rows of Mn defects within some
TM slabs could be observed (Figure 3.6¢), indicated with green arrows. The sequence Mn
dumbbell-blank-Mn dumbbell is lost, and replaced by a sequence of the type 1 Mn column-2
grey columns-1 Mn column. This may be the result of either the loss of the honeycomb
ordering within the TM layer (i.e. cation mixing), or twinning and antiphase defects within
the TM layers with two different orientations of the honeycomb ordering in the same TM
layer. [71, 216]

3.4 FAULTS refinements of XRD data

In order to extract quantitative information regarding the amount of stacking faults and aver-
age crystallite sizes in the studied samples, the X-ray patterns were refined using the FAULTS



3.4 FAULTS refinements of XRD data 49

program. The FAULTS model was built using a P1 unit cell instead of the conventional
C2/m cell typically used to describe Li;MnQO3, as in the P1 cell a lower number of atoms are
required to describe the structure. Starting from the conventional C2/m unit cell (Figure 3.7a),
whose unit cell parameters are taken from bibliography (a = 4.9292 A, b = 8.5315 A, ¢ =
5.0251 A and B =109.337°), [204] the transformation matrix shown in Matrix 3.1 is applied

to form the smaller unit cell shown in Figure 3.7b.

05 05 0
-05 05 0 (3.1)
0 0 1

Fig. 3.7 Comparison of (a) the C2/m unit cell used in conventional Rietveld refinements to
describe the non-defective structure of Li,MnO3, (b) the smaller equivalent P1 unit cell, and
(c) the FAULTS cell used to define the layers to be stacked for the FAULTS refinements.

This new P1 unit cell (Figure 3.7b) has the following cell parameters: a = b = 4.9265
A, ¢ =5.0251 A, o = 80.465°, B =73.099°and y = 60.036°. Nevertheless, as in FAULTS
the stacking direction is by definition perpendicular to ab plane, this new cell needs to be
transformed and the ¢ axis must be redefined. The norm of this new axis vector is set to ¢’
=4.7416 A (Figure 3.7¢). From this FAULTS cell, two types of layers were defined: L1
constituted by the lithium atoms of the Li slabs (lithium layer), and L2 containing lithium,
manganese and oxygen atoms (TM layer). Stacking faults were generated using two extra
layers in the FAULTS model: L3 and L4 that are equivalent to L2 but that are stacked with
different stacking vectors in order to introduce stacking faults (P and P’ stacking). From L1,
solely transitions to L2, .3 and L4 are possible (and vice versa) and correspond to R, P and
P’ stacking possibilities, respectively. The ideal structure is thereby built with a L1—L2—L1
stacking sequence, while P and P’ correspond to L1—L3—L1 and L1—L4—L1 sequences.

Table 3.2 shows the initial structural parameters used to describe the structure in the
FAULTS refinements of the XRD patterns, as well as the possible transitions vectors. Note
that from the transition metal layer to the lithium layer the same transition vector is provided
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for all the cases. As the lithium layer is composed of a single type of atom there is no need
for additional vectors. Each transition vector is associated to a stacking probability, from
which the degree of defects can be calculated. Figure 3.8 shows an example of the resulting
defective structure using the transition vectors given in Table 3.2.

Table 3.2 Initial structural parameters used for the FAULTS refinements.

Layer composition

Layer Atom Xx/a y/b z/c Occ. By,
Li 0 0 0 1 1
L1 Lif 1/3 1/3 0 1 1
Li 2/3 2/3 0 1 1
Lif 0 0 0 1 1
Mn!V 173 13 0 1 1
Mn!Y  2/3 2/3 0 1 1
o= 0340 0.000 0.225 1 1
L2,L3,L4 O= 0.660 0.000 -0.225 1 1
o= 0.000 0.340 -0.225 1 1
o= 0340 0.660 -0.225 1 1
o= 0.660 0.340 0225 1 1
o=  0.000 0.660 0.225 1 1

Transition vectors

Transition xla yb Zc Stacking type
L1—L2 1/3 13 12 R
L1—L3 2/3 0 12 P
L1—L4 0 213 112 P’
L2—L1 1/3 13 112 -
L3—L1 1/3 13 112 -
L4—L1 1/3 13 112 -

The following parameters were refined with FAULTS: scale factor unit, cell and profile
parameters, stacking fault probabilities, atomic positions (except for lithium atoms) and
Li/Mn exchange. Background was fitted with a linear interpolation of selected points and was
manually refined. Thermal factors and atomic occupations were fixed to 1. Lithium vacancies
are not considered in the refinement due to the low scattering factor of lithium in XRD. The
XRD patterns of the samples synthesized from MnO were treated as two-phase mixtures to
describe the particles as a combination of large defect-free and defective diffraction domains,
in agreement with the high resolution HAADF-STEM observations. To do so, the ideal
(defect-free) phase was simulated with the FullProf suite [159] and then included in the
FAULTS refinement as a secondary phase. The scale of this secondary phase was refined in
addition to the other parameters previously mentioned.
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Fig. 3.8 Example of a possible stacking sequence for Li,MnO3 used in FAULTS structural
model.

The samples in a temperature range of 700-900 °C synthesized for 5 hours (with the
exception of LMO_MnQO_700_20, due to the impurities found in LMO_MnO_700_5) have
been selected for the FAULTS refinement and later electrochemical tests. Figure 3.9 shows
the refined patterns of the selected samples, synthesized with MnO, Mn,03 and MnCO3
at 700, 800 and 900 °C. The refined parameters of all samples are shown in Table A.1 and
Table A.2 in Appendix A. For all the samples, the FAULTS refinements permitted to correctly
fit the superstructure range 20° < 20¢, < 35° (see insets in Figure 3.9) and accurately refine
the defective structures.

The degree of stacking faults was deduced from the refined stacking probabilities. A
fully disordered sample would be formed by 33% of each possible transition L1—L2 (=
R stacking), L1—L3 (= P stacking) and L1—L4 (= P’ stacking). For a more intuitive
visualization of the degree of defects, some groups [207, 217] proposed a parameter in which
the degree of defects was ranked from 0% (100% of ideal stacking) to 100% (33% of each
stacking possibility). The degree of defects is then obtained from the following formula:

Dsp =[1— (L1 = L2)]-3/2-100 (3.2)

being (L1—L2) the probability for the ideal stacking transition. In the case of the
refinements treated as two-phase mixtures to describe the particles as a combination of
defect-free and defective diffraction domains (i.e. samples synthesized from MnO), the
degree of defects is calculated using the same approach but taking into account the respective
weight of each phase in the refinement:
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Fig. 3.9 FAULTS refinement for all the selected samples made with MnCO3, Mn;O3 and
MnO at 700, 800 and 900 °C.

Dgr 2pp = DsF -

Asp

Asr +Apq

(3.3)

where Agr is the area of the subpattern with stacking faults and Aj, is the area of the

ideal phase.

The evolution of both the degree of defects and the average crystallite size (calculated
using the Scherrer formula) as a function of the synthesis temperature and the precursors

used for each sample is represented in Figure 3.10.
From Figure 3.10a, the nature of the precursor has shown to have a stronger impact

in stacking faults than the synthesis temperature. Irrespective of the temperature used,
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Fig. 3.10 Comparison of (a) degree of stacking faults and (b) average crystallite size of the
selected samples as a function of temperature.

MnCOs3 leads to the largest amount of defects (41 to 45%) while MnO to the lowest amount
(13 to 20%). Although the amount of defects is maintained with temperature when using
MnCO3 and Mn,0O3 as precursors, the amount of defects in samples prepared from MnO
slowly decreases with increasing the temperature. FAULTS was also used to simulate the
SAED patterns of the refined structures (Figure 3.11), which confirm that the refined amount
of stacking faults in these samples is large enough to make the superstructure reflections
disappear in favor of diffuse scattering lines as observed in the experimental SAED patterns
(Figure 3.5a-d).

(a) Ideal (b) 15% stacking faults (c) 40% stacking faults

Fig. 3.11 SAED simulations for samples with (a) 0%, (b) 15% and (c) 40% of stacking faults.
Simulation performed with FAULTS software.

Independently of the precursor used, the size of the crystallites increases with annealing
temperature (Figure 3.10b). The sample synthesized from the MnCO3 precursor at 700 °C
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is the one exhibiting the smallest crystallite size; although the series of samples prepared
from MnCOs also shows a more rapid growth when the annealing temperature increases.
Interestingly, all samples exhibit a very similar crystallite size at 800 °C, whereas at 900 °C
size broadening of the XRD peaks is only appreciated for the sample prepared from Mn, O3,
with a resulting size of 250 nm. At 900 °C, the size of the crystallites of the samples obtained
from MnO and MnCOs3 is indeed too large (>500 nm) to be precisely determined from
diffraction data. Note that the average crystallite sizes calculated from FAULTS refinements
are in good agreement with the particle sizes estimated from SEM images for all the samples.

The combination of electron microscopy and diffraction techniques allows to conclude
that the choice of the Mn precursor has a strong impact on the amount of stacking faults
and the morphology of the particles; while temperature dominates the size of the crystallites
(although the Mn precursor used also partially contributes). Reaction time has an impact on
the formation of the phase when the kinetics are slow (e.g. LMO_MnO_700 requires 20 h
of annealing), but it is not critical on defect growth at synthesis temperatures below 900 °C.
The results obtained in Sections 3.3 and 3.4 are summarized in Table 3.3.

Table 3.3 General summary of the microstructural properties for the selected samples.

Sample name Degree of SF  Particle size  Particle shape
LMO_MnO_900 Low High Platelet
LMO_MnO_800 Low medium Platelet
LMO_MnO_700 Low Medium-low  Platelet
LMO_Mn203_900 High Medium-high Platelet
LMO_Mn203_800 High Medium Platelet
LMO_Mn203_700 High Medium-low  Platelet
LMO_MnCO3_900 High High Isotropic
LMO_MnCO3_800 High Medium Isotropic
LMO_MnCO3_700 High Low Isotropic

3.5 Electrochemical characterization

Galvanostatic experiments were performed on all the synthesized samples. Preliminary
voltage window tests have shown that at 5 V the total capacity achieved is higher but
the fading of the material is fast for all cases due to degradation of the electrolyte. As a
consequence, the upper voltage cut-off is set to 4.8 V.

Figure 3.12a shows the effect of synthesis temperature on the capacity for samples
prepared from MnCOs. Since the degree of stacking faults is almost invariable with synthesis

temperature and samples prepared from MnCO3 always exhibit a similar aspect ratio it can be
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Fig. 3.12 Comparison of the capacity retention obtained for samples synthesized in a 700-900
°C with (a) MnCOs, (b) Mn;03 and (c) MnO precursors. Results for cycles 1, 5, 10, 20, 50,
100, 150 and 200 are included. The average crystallite size is shown for each sample.

considered that the differences in capacity are a result of the different average crystallite size
(indicated in the figure). Crystallites with size around 50 nm as determined from the FAULTS
refinement achieve the maximum capacity in the first 10 cycles. However, the capacity
drastically drops in subsequent cycles. On the contrary, for the sample exhibiting the largest
crystallite size (in red), the activation is extremely slow: the maximum capacity is achieved
after 200 cycles and still does not reach the same value as samples with lower crystallite size.
However, when the crystallite size is around 200 nm, the compromise between fast activation
and cycling stability is the best, reaching a stable capacity as high as that of the sample with
the smallest crystallites around cycle 50. Figure 3.12b,c show the effect of the synthesis
temperature on the samples synthesized with Mn,O3 and MnO respectively. In general, in
this size range (>500-75 nm), the lower the crystallite size, the better the electrochemical
performance. Nevertheless, in this case, different aspect ratios and degree of stacking faults
(for MnO) are obtained and these can also play a role.

For the correlation of additional microstructural features, a comparison of the capacity of
the samples synthesized at 800 °C will be considered, as they exhibit similar crystallite size
(around 190 nm) but differ in morphology and degree of defects. By comparing the three
samples distributed in Figure 3.12a-c (black lines) it can be seen that LMO_MnCO3_800_5
shows by far the best performance while LMO_Mn203_800_5 and LMO_MnO_800_5
exhibit a much lower capacity. There is thus a clear correlation between the morphology of
the particles and the capacity of the sample. The largest capacity is obtained with the sample
with isotropic particles, having more available access points for the extraction/insertion of Li!
ions than platelet-shaped particles, and thus allowing to achieve a higher degree of activation.
Interestingly, decoupling size and defects reveals that, contrary to previous reports, [71, 105]

the degree of defects does not show a clear correlation with the capacity. If one compares
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LMO_Mn203_800_5 and LMO_MnO_800_5 samples, which exhibit similar shape and size
but different degree of stacking faults, the obtained capacity is similar with a slightly better
behavior for the defective sample.

In order to asses the individual impact of microstructural features on the voltage fading,
dQ/dV plots at cycles 10, 50 and 100 of the samples synthesized at 800 °C (and therefore

with the same crystallite size) are compared in Figure 3.13. Several peaks are observed:
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Fig. 3.13 Derivative curves dQ/dV of the 10", 50"* and 100" galvanostatic cycles (blue,
black and red lines, respectively) obtained for the samples synthesized at 800 °C from (a)
MnCOs3, (b) Mny03 and (c) MnO precursors. The positions of the different oxidation and
reduction peaks are indicated in green in (c). The voltage difference of P7 between cycles 10
and 100 is highlighted with the red dashed line and the voltage difference is indicated.

i) The activation peak at 4.7 V vs. Li'/Li° (P1) that only appears at the early cycles and
whose intensity decreases as the activation of the material is completed. This peak is
attributed to structural rearrangement and O, release, both at the surface and in the bulk,

as well as to electrolyte oxidation. [73, 87, 218]

ii) A peak at around 4.3 V vs. Li"/Li? in charge (P2) whose equivalent in discharge appears
with a hysteresis of ~1 V (P7 at ~3.3 V vs. Lil/Li®). This peak is associated with
oxygen redox activity and its hysteresis is thought to come from consecutive structural
rearrangements caused either by transition metal rearrangement due to lithium removal

[6, 219] or by oxygen network distortion due to oxygen redox activity. [220, 221]

iii) A doublet of peaks at 4.0-4.2 V vs. Li'/Li’ in charge (P3) and 3.9-4.1 V vs. Li'/Li’ in
discharge (P8). These peaks, not present in early cycles but visible in latter ones, are
characteristic of LiMn;O4 spinel. [40] Lithium migration to tetrahedral positions has
been previously evidenced from solid-state NMR and operando XRD, which would be
at the origin of this spinel phase formation. [222, 223]
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iv) A peak at 3.8 V vs. Li'/Li® in charge (P4) whose equivalent is found at 3.1 V vs. Li'/Li°
in discharge, overlapping with P6 and P7. One can indeed see the appearance of a
shoulder next to P6 between cycles 10 and 50, which is probably the equivalent of the
P4 peak in discharge. This peak is possibly related to manganese redox activity.

v) A peak at 3.0 V vs. Li/Li" (P5) in charge and 2.9 V vs. Lil/Li® (P6) in discharge. This
peak is the signature of lithium insertion in octahedral positions. [219] Even if this peak
is characteristic for spinel phase [40, 140] it is already present at early stages, although
the characteristic doublet for spinel at 4.0-4.2 V is not yet observed. Therefore, this peak
could be the sum of two different peaks, one related with the aforementioned spinel
material and the other with the activated MnQO»-like material. [218, 224, 225]

From the comparison of our set of samples, one can observe that the growth of the spinel
doublet P3 is specially marked for the low-defect-containing sample (LMO_MnO_800_5),
while it is delayed for the more defective samples (LMO_Mn203_800_5 and
LMO_MnCO3_800_5). For the three samples, this peak doublet progressively grows at
similar rate, and it remains significantly lower after 50 cycles in the more defective samples
(LMO_Mn203_800_5 and LMO_MnCQO3_800_5). On the other hand, remarkable differ-
ences between the three samples are observed in the characteristic voltage fading occurring
in Li,MnO3, which is primarily seen in the displacement of the discharge peak P7 at ~3.3 V
upon cycling (while the corresponding charge peak P2 appears at a constant potential of 4.3
V). This voltage fading, appreciated in the difference in P7 from cycle 10 to 100, marked
with a red dashed line, is indeed smaller (AV = 0.08 V) for the sample with more defects and
isotropic particles (LMO_MnCO3_800_5) than for the others (AV =0.21 and 0.23 V).

Figure 3.14 shows similar trends for samples synthesized at 700 and 900 °C for both
the formation rate of spinel and the voltage fading, indicating that the particle size has no
effect on those features and confirming the correlations previously described (except for
LMO_MnCO3_700_5, whose fast degradation modifies the shape of the plot). Thus, samples
with a low degree of stacking faults convert faster to spinel and particles with isotropic shape
have lower voltage fading upon cycling, regardless their crystallite size.

In view of these results, it can be concluded that the local environments created by
stacking faults stabilize manganese in the TM sites while being less favorable for migration
of Mn to lithium slabs, thus delaying the formation of spinel environments. All in all,
through microstructural control we have found that Li,MnOs has best performance when its
crystallite size is around 200 nm, when its particle shape is isotropic and when it contains a

high degree of stacking faults.
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Fig. 3.14 Derivative curves dQ/dV of the 10", 50’* and 100" galvanostatic cycles (blue,
black and red lines, respectively) obtained for the samples synthesized at 700 and 900 °C
from MnO, Mn,0O3 and MnCOs. The voltage difference of P7 between cycles 10 and 100 is
highlighted with the red dashed line and the voltage difference is indicated.

3.6 Conclusions

A set of Li,MnOj3 samples have been synthesized starting from different Mn precursors
and using different temperatures. The samples obtained exhibit a large and reproducible
microstructural diversity (in terms of size, morphology and amount of defects) which has
allowed rationalizing synthesis conditions and decoupling the individual role of each mi-
crostructural feature in the electrochemical properties. The use of the FAULTS program has
been key to extract quantitative correlations with crystallite size and amount of defects.

It has been found that synthesis temperature has a strong impact on crystallite size, while
the Mn precursor allows tuning the particles shape and the amount of defects. HAADF-
STEM images reveal that there are no preferential defective sequences and that stacking
faults occur randomly. The structure of highly-defective samples (>30%) can indeed no
longer be described with stacking faults but rather as a random stacking. While low-defect
samples convert faster to the spinel phase, seriously affecting cycling stability, high capacities
are achieved with the defective sample exhibiting spherical particles of around 200 nm.

In this study, we have demonstrated that electrochemical performances of Li;MnO3 can
be tuned by independent control of morphology, size and defects. Therefore, systematically
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decoupling and quantifying microstructural features in Li-rich materials is essential to
reach a complete understanding of these complex systems and govern their electrochemical

performance.






Chapter 4

DFT-assisted ssSNMR characterization of
defects in Li,MnO;

Nothing in life is to be feared, it is only to be understood. Now is the time to understand more,
so that we may fear less.
Marie Curie

In this chapter DFT calculations are used to simulate the ssSNMR spectra of structures with
stacking faults and different kind of point defects; Li'/H! exchange, and Li, O and combined
Li,O vacancies. The qualitative comparison of the experimental spectra with the simulated
ones allow to confirm that the additional peaks observed in the experimental ssNMR samples
synthesized at 900 °C are mainly consequence of stacking faults, but the synthesis at 1000
°C generates Li>O vacancies, which are undetected by XRD. The combination of XRD, DFT
and ssNMR provides a better description of all the microstructural features that otherwise

remain undetected.
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4.1 Introduction

NMR is a very useful technique for the evaluation and quantification of the structural features
of a material at a local level and offers a very interesting perspective for the full structural
description of a material in combination with the global picture provided by XRD. [226—
230] In particular, ssNMR of paramagnetic cathode materials is very sensitive to local
discontinuities as the magnetic interactions governing the ssNMR spectra of these materials
are strongly affected by even very minor changes in the bond distances and angles linking
the atoms. [229-233] Carlier et al. and Middlemiss et al. simulated the influence of different
transition metals in the NMR shifts in layered oxides and olivines. [234, 235]

As seen in Chapter 3, stacking faults can be detected by different characterization
techniques such as XRD or TEM. Previous works have reported that the ssSNMR spectra of
faulted Li,MnOs is also strongly modified and therefore ssNMR can as well be used for their
detection. [70, 236] However, the quantification of stacking faults from ssSNMR was shown
to be a challenging task. Bréger et al. used DiFFaX [170] simulations to model XRD data
to qualitatively analyze stacking faults in Li,MnOs, [70] and were first to show that defects
strongly modify its ssNMR spectrum, although additional resonances were not assigned.
In a more recent work, the assignment of extra !’0 ssNMR resonances has been done by
Seymour et al. and the percentage of stacking faults has been estimated from the ratio of
the areas of the ssNMR peaks corresponding to the ideal and defective environments of O4i
and O8j. [236] The acquisition and analysis of 7O ssNMR spectra is however challenging
due to the low natural abundance of ’O and due to the fact that the active center is directly
bonded to the oxygen, causing signal broadening and large shifts.

The quantitative results in terms of degree of stacking faults obtained in Chapter 3
combining XRD and TEM represents an excellent opportunity to endeavor the analysis and
assignment of the °Li ssNMR spectra of defective Li-MnO3. Assisted by first-principles
calculations, an explanation to how local environments alterations change the Fermi contact
shift is provided in this chapter, allowing the assignment of the different signals in the ssNMR
spectra, to enable correlating ssSNMR shifts to microstructural features. The combination
of the results obtained from different techniques has allowed us achieving an accurate
description of defects in Li-rich oxides, representing an excellent case study to discuss the
suitability of each technique for their study and providing new pathways to understand the
correlation between disorder and function.
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4.2 Experimental XRD patterns and ssNMR spectra

Two of the samples previously described in the Chapter 3 (LMO_MnO_900_5 and
LMO_MnCO3_900_5) have been characterized using ssNMR. A third sample was pre-
pared in order to compare the ssSNMR spectra with that of a sample with negligible amount
of stacking faults. This sample was prepared using MnO as precursor, 1000 °C and 72 hours
of annealing time and labeled LMO_MnO_1000_72. Figure 4.1 shows the XRD patterns
and ssNMR spectra of the three samples. From the XRD patterns shown in Figure 4.1a,b
the samples exhibit notable differences owing to their different microstructure as expected
from the synthesis conditions. The diffraction peaks of LMO_MnO_1000_72 are sharp and
the Warren fall typical of materials with stacking faults is absent, and therefore it can be
considered that this sample is free of stacking faults. According to the FAULTS refinement
performed in Chapter 3, LMO_MnO_900_5 contains a low degree of stacking faults (around
13%) and LMO_MnCO3_900_5 a high degree (42%).

Figure 4.1c shows the full Li ssNMR spectra of the samples, where the rotational side-
bands are marked with an asterisk. Samples synthesized at 900 °C have a small paramagnetic
impurity (probably Li,CO3, but its fraction is very small as it is not detected in the XRD
patterns). Figure 4.1d shows the region of interest, where the signals of Li,MnOj3 are present.
The dominant interactions in the ssNMR spectra of paramagnetic Li,MnO3 are the Fermi
contact shifts generated by the unpaired electron density transferred from the paramagnetic
manganese metals into the SLi spins through hybridization of the TM-O-Li bond. The size of
this interaction is a function of the unpaired electron spin density transferred to the nucleus
and this property is considered to be additive. [234, 237-240] The final Fermi interaction, or
paramagnetic shift observed in the sSNMR spectrum, can be therefore theoretically estimated
considering all the individual interactions, where the sign of the transfer can be positive
or negative. [238] In a fully coordinated MnOg octahedron Li-O-Mn bonds at 90° have a
positive net spin density transfer of 120-150 ppm, while the bonds at 180° induce a negative
spin polarization of 60-125 ppm. [234] As shown in Figure 1.4a, the ideal structure of this
compound exhibits three different lithium atomic positions; one corresponding to the lithium
in the transition metal layer (Wyckoff position 2b) and two of them located in the lithium
layers (Wyckoff positions 2¢ and 4h). Figure 4.2a,b shows their local environments. Li2¢ and
Li4h are coordinated by eight manganese atoms in the first coordination sphere; four of them
are double bonded via 90° Li-O-Mn angle and the other four single bonded via 180° Li-O-Mn
angle. Assuming the additive nature of the Fermi contact interaction, the ssNMR signals of
the lithiums in the lithium layer (Li2¢ and Li4h) are expected to appear at around 750 ppm.
On the other hand, as shown in Figure 4.2c, Li2b is surrounded by six manganese atoms,
which are linked by a double 90° Li-O-Mn bond. The signal of Li2b is therefore expected
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Fig. 4.1 (a) XRD pattern of selected samples. (b) Zoom of the superstructure peaks zone
(20 range of 20-35°). (c) ssNMR spectra of the samples from 4000 to -2000 ppm. Spinning
sidebands are labeled with * while + corresponds to a small impurity of a paramagnetic
lithium compound. (d) Zoom of the spectra of the region of interest. sSSNMR Spectra are
normalized with the area of the set of peaks at 750 ppm. The dashed red line shows the
position for the experimental peaks from LMO_MnO_1000_72.

at around 1500 ppm in the ssNMR spectrum. In agreement with this, previous °Li and "Li
ssSNMR studies of LipMnO3 assigned the two bands at around 750 ppm to Li2c¢ and Li4h and
the third one at 1600-1800 ppm to Li2b positions. [70, 231, 238, 241-244]

From the close inspection of the experimental spectra shown in Figure 4.1d,
LMO_MnO_1000_72 indeed exhibits two main resonances at around 750 ppm related
to Li2¢ and Li4h, while LMO_MnO_900_5 and LMO_MnCO3_900_5 on the contrary,
exhibit a higher number of overlapped signals in this region. These additional resonances
are ascribed to the new lithium sites generated by stacking faults, as previously reported
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Li2c Li4h Li2b

Fig. 4.2 Local environment of Li2b, Li2c¢ and Li4h in Li;MnOs.

by Bréger et al. [70] In turn, while a single resonance is expected at around 1500 ppm for
lithium ions in Li2b positions, all three samples exhibit an asymmetric shape of this signal
due to the presence of overlapped signals at higher ppm values.

In general, NMR experiments can be regarded as quantitative being the integral intensity
under a particular signal directly proportional to its population in the sample. Nevertheless, in
certain cases, quantification by solid state NMR might not be straightforward (but still possi-
ble). [245] This is for example the case for paramagnetic materials due to their large spectral
window and broad resonances where pulse imperfections or distinct magic angle spinning
(MAS) rotational sideband patterns should be carefully considered. [246] In addition, the
extremely rapid longitudinal and transversal relaxation of the nuclear spins due to paramag-
netic interactions could lead to undetectable resonances. However, the evaluation of similar
®Li NMR signals ascribed to analogous lithium environments is feasible as in these cases the
effects previously mentioned are approximately constant. The ratio between the clusters of
signals at around 750 ppm and 1500 ppm corresponds to the percentage of lithium in lithium
layers vs. lithium in manganese layers, and the ideal value should be 3 (two Li4h and one Li2¢
against Li2b). The calculated ratios for LMO_MnO_900_5 and LMO_MnCO3_900_5 are
similar (3.12 and 3.13 respectively) while for LMO_MnQO_1000_72 is larger (3.26), which
suggests that LMO_MnO_1000_72 has a lower content of lithium ions in Li2b position with
respect to LMO_MnO_900_5 and LMO_MnCO3_900_5. The long reaction time and the
higher temperature used in the synthesis of LMO_MnO_1000_72 could entail some lithium
evaporation which would not be detected from XRD analysis due to the weak scattering
factor of lithium nor using other analytical techniques such as ICP, as minor stoichiometry
differences are under the detection limit.

Figure 4.3a-c shows the deconvolution of both groups of signals for
LMO_MnO_1000_72, LMO_MnO_900_5 and LMO_MnCO3_900_5 respectively, and
the fitting parameters are listed in Table 4.1. The ssNMR signal of LMO_MnO_1000_72
observed at 1500 ppm could not be deconvoluted using a single resonance and at least three
bands were required. In turn, the signals observed at 750 ppm can be described using two
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Fig. 4.3 °Li MAS-ssNMR spectra deconvolution of the samples. In blue the experimental
spectra and in red the convoluted spectra are shown.

peaks. However, the intensity ratio of these two bands is the opposite to what is expected
from the theoretical relative population between Li2c¢ and Li4h. This is indicative that the
two bands are in fact an overlap of more signals with similar local environments.
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Table 4.1 Shift positions and relative populations for the deconvoluted ssNMR peak signals
of the samples.

Peak at 1500 ppm LMO_MnO_1000_72 LMO_MnO_900_5 LMO_MnCO3_900_5
Position (ppm) % Position (ppm) %  Position (ppm) %

pl 1524 20 1523 25 1525 50
p2 1506 28 1508 36 1512 32
P3 1496 52 1502 39 1505 18

Peak at 750 ppm  LMO_MnO_1000_72 LMO_MnO_900_5 LMO_MnCO3_900_5
Position (ppm) % Position (ppm) %  Position (ppm) %

pl - 7% 6 799 10
p2 - ~ 783 9 784 17
p3 762 34 766 27 765 12
pd 746 66 750 52 752 33
pS - - 737 6 739 28

Similarly, LMO_MnO_900_5 and LMO_MnCO3_900_5 could neither be properly de-
scribed using the ideal number of resonances, and the bands centered at 1500 ppm were
deconvoluted considering three different components. The signals centered at 750 ppm
required at least five peaks for a proper deconvolution, as shown in Figure 4.3b,c. Therefore,
in this case, the extra peaks can be attributed to stacking faults. This is further confirmed by
the fact that the positions of the shifts are similar for both samples. The relative intensities
of peaks 3 and 4 become smaller as the degree of stacking faults increases, while signals
1,2 and 5 grow. As, according to XRD analysis in Chapter 3, LMO_MnO_900_5 has less
stacking faults than LMO_MnCO3_900_5, peaks 3 and 4 are assigned to the ideal stacking
environments and resonances 1, 2 and 5 to the new Li environments generated by the stacking

faults.

4.2.1 Stacking faults quantification using ssSNMR

The sum of the peaks related to new lithium environments from Figure 4.3 can be used to
quantify the degree of stacking faults as previously done by Seymour et al. using 7O ssNMR
data. [236] They found that stacking faults affect both the first and second coordination
spheres. Therefore, it was calculated that the number of oxygen atoms (and thus lithium)
affected by stacking faults was three times the amount of stacking faults. However, this
approach is only valid if stacking faults are isolated from one another. If they are consecutive
(which is certainly the case of samples with large amounts of stacking faults as has been
observed by HRTEM in Section 3.3), the number of modified environments will be lower, as

the effects of consecutive defects will overlap. Figure 4.4 shows a schematic representation of
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a structure with 20 layers. The red layers correspond to a shifted layer (stacking fault) and the
orange ones are the adjacent layers (second coordination sphere). With 10% of faulted layers,
different possibilities can be considered. In the first scenario, stacking faults are isolated. As
a consequence, the amount of lithium atoms that will be affected is 30%. The second and the
third scenarios correspond to two consecutive stacking faults, either with or without a layer
between them. Here the second coordination sphere is shared and therefore, the total amount
of affected lithium atoms decreases. Hence, while the amount of stacking faults obtained
from XRD data will be 10% for the three examples, the relative Li populations that will be
experimentally found by °Li ssNMR will be different in each case and will range from 1 (for
100% consecutive stacking faults) to 3 (for 100% isolated stacking faults). Since it is not
possible to distinguish between the three scenarios, it will be no longer possible to reliably
quantify the amount of stacking faults by ssNMR. However, the comparison of ssNMR
and XRD results can provide complementary information about the degree of clustering of
stacking faults. Table 4.2 shows the comparison of the degree of stacking faults obtained by
XRD using the FAULTS software and the sum of the percentage of new lithium environments
measured by ssSNMR and their ratio. For both LMO_MnO_900_5 and LMO_MnCO3_900_5
samples the ratio is close to 1.5, which indicates that stacking faults are not isolated, which
is in accordance with previous TEM observations in Chapter 3 and therefore the amount of

modified lithium environments determined from ssSNMR are overestimated.

10% of SF (XRD) Mod. Li env. (NMR)

BB ENNEERETECEN 0%
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Fig. 4.4 Model of a structure containing stacking faults, where green layers represent ideal
stacking, red layers stacking faults and orange layers second coordination sphere of stacking
faults.

These results illustrate that the quantification of stacking faults from ssNMR data is only
possible in samples where stacking faults appear as isolated defects, which is not the case
here. However, the combination of XRD and ssNMR results can be used to estimate the

trend of stacking faults to locally concentrate.
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Table 4.2 Degree of stacking faults (SF) obtained with FAULTS program from XRD data
and number of modified lithium environments obtained from the ssSNMR peak fitting.

Modified Li environment

Sample SF (XRD) (%) (ssNMR) (%) Ratio
LMO_MnO_1000_72 None None None
LMO_MnO_900_5 13 21 1.6
LMO_MnCO3_900_5 42 57 1.4

4.3 DFT-based ssNMR shift calculation of the effects of de-
fects in Li;MnQO;

The use of DFT calculations is generally crucial for the assignment of subtle local environ-
ment changes on ssSNMR shifts. Computed Fermi contact shifts can be used to predict the
ssNMR shift positions and thus unravel the origin of unknown extra bands. In the following
sections the NMR shifts of ideal and defective Li;MnQOj3 structures are calculated as shown
in Section 2.5.1.2. For this calculation magnetic molar susceptibility is needed, which is

calculated as shown in Section A.3.1 in Appendix A.

4.3.1 Choice of Hubbard corrective potential value and unit cell size

The choice of the Hubbard corrective potential (U) can be tricky as it is an empirical
value which varies for each element and its coordination sphere. Its value is generally set
empirically to the parameters in study, e.g. the voltage of a cell. [247, 248] In this case the
property in study is the Fermi contact shift so the value which fits best with the experimental
one will be chosen.

Four different U values (0, 3.9, 4.5 and 5 eV) found in bibliography for Li,MnO3 have
been tested. [5, 199, 248, 249] The atomic positions have been relaxed but the unit cell
size is fixed to a defined value. Three different unit cell parameters have been tested: one
corresponding to experimental refined values of LMO_MnO_1000_72 (a = 4.927(3) A, b
= 8.523(3) A c= 5.024(2) A and B = 109.39(3)°), and the other two obtained relaxing
the unit cell with no U value (U =0 eV) and with a U value of 5 eV. Figure 4.5 shows the
experimental and all the calculated positions for the ssSNMR shifts. When the U value is
zero the SLi ssNMR shift is too high in comparison with the experimental one. In turn, with
increasing U the electronic charge is more localized and thus, the chemical shift is lower. The
increase of the unit cell parameters reduces the °Li ssNMR shift as well. The best agreement

with the experimental °Li chemical shifts for Li;MnO3 is found with the experimental values
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Fig. 4.5 Experimental and simulated values for °Li ssNMR shifts for LiMnO3 with varying
U values and unit cell sizes.

of the unit cell combined with a U value of 3.9 eV, and therefore these values have been used
in our DFT calculations.

4.3.2 Simulated effect of stacking faults in the 5Li ssNMR spectra

With the optimized U and unit cell values, the calculated ssNMR shifts of ideal and structures
with stacking faults are examined to get further insight into their nature in the ssNMR
spectra of Figure 4.1d. In order to use the same cell size in all cases, a 6-fold along the
c axis supercell of the primitive unit cell has been generated with pymatgen. [250] These
correspond to (a) an ideal structure with no stacking faults, (b) a structure with a single
isolated stacking fault corresponding to a consecutive displacement of (1/3,-1/3,0) of all the
layers above the stacking fault and (c) a highly faulted structure with several alternate layer
displacements of (1/3,-1/3,0) or (-1/3,1/3,0). The ideal structure (Figure 4.6a) exhibits, as
expected, three signals in agreement with the assignments of Figure 4.3 and previous reports,
[70, 231, 238, 241-244] while the presence of stacking faults in LipMnOs splits the three
main resonances of the ideal structure into additional signals (Figure 4.6b,c). The average
calculated shifts of the simulated structures are shown in Table 4.3, together with average
experimental peak positions for comparison. In the simulated spectra, the signals of Li2b and
Li2c of the defective structures are gradually displaced to higher ppm values with increasing
amounts of stacking faults. On the contrary, Li4h exhibits additional signals at both lower
and higher shifts, resulting in an average position that remains almost unmodified. These
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results agree well with the experimental patterns shown in Table 4.3 and in Figure 4.3, where
the same trend is found.

Table 4.3 Computed and experimental average ®Li NMR shifts. The latter correspond
to the deconvolution using one peak per signal. The values in parenthesis correspond to
the difference with respect to the ideal signal (for the case of the simulated shifts) or to
LMO_MnO_1000_72 (for LMO_MnO_900_5 and LMO_MnCO3_900_5).

Computed Li2b (ppm) Li2c (ppm) Li4h (ppm)
Ideal 1342 719 675
Isolated SF 1355 (+13) 738 (+19) 679 (+4)
Consecutive SF 1377 (+35) 760 (+41) 681 (+6)
Experimental Li2b (ppm) Li2c (ppm) Li4h (ppm)
LMO_MnO_1000_72 1499 762 747

LMO_MnO_900_5 1506 (+7) 772 (+10) 750 (4+3)
LMO_MnCO3_900_5 1511 (+12) 787 (+25) 747 (+0)

Li2b'

(a) Ideal stacking

A(b) Isolated SF

/ \ é(c) Consecutive SF

. ) Al
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Fig. 4.6 °Li ssNMR simulated spectra of (a) an ideal structure, (b) a structure with isolated
stacking fault and (c) a structure with consecutive stacking faults. The dashed red lines
show the position for the simulated ideal peaks for Li2b, Li2c and Li4h. The insets show a
reconstruction of the structures simulated with augmented ab plane to better see the stacking
faults.
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4.3.3 Simulated effect of vacancies and substitutions in the °Li NMR

Spectra

The combination of XRD, ssNMR and DFT techniques has led us to relate the extra peaks
shown in the spectra of LMO_MnO_900_5 and LMO_MnCO3_900_5 in Figure 4.3 to new
environments created by the stacking faults. The peak shapes in LMO_MnO_1000_72,
however, cannot be explained with planar defects, as XRD patter has shown to be free of
stacking faults. On one hand, the resonance at 1500 ppm shows at least three different
environments. On the other, even if the peak at 750 ppm of LMO_MnO_1000_72 is
deconvoluted using two peaks, their intensity ratio is opposite to the ideal one for Li2c:Li4h
(2:1 instead of 1:2). These two features suggest that additional overlapped peaks caused by
other unknown structural defects should be considered. For this reason, the ssNMR spectra
of structures with different microstructural defects are simulated to identify the origin of

such extra peaks: Lil/H! exchange, lithium vacancies, oxygen vacancies and Li>O vacancies.

4.3.3.1 Li'/H' exchange

As previously mentioned LMO_MnO_1000_72 exhibits a lower content of lithium ions in
Li2b position with respect to LMO_MnO_900_5 and LMO_MnCO3_900_5. A first scenario
where the Li! are replaced by H! from moisture has been considered. Li'//H! exchange has
been reported to occur in acidic medium as well as when electrochemically oxidized in
non aqueous electrolyte. [72, 79, 251-253] Figure 4.7 shows the computed ssNMR spectra
corresponding to a material with Lij 9¢Hp 04MnO3 formula. Strikingly, less than 2% of
hydrogen severely modifies the local environments which makes the ssNMR signals appear
at much higher ppm than the one calculated for ideal Li,MnO3. We believe that such
difference arises from the fact that in the calculated relaxed structure hydrogen atoms are
displaced from the center of the octahedron. As a consequence, the density charge of the
oxygen atoms is severely modified and this is spread further away. Although the possibility
of having a lower amount of Li'/H! defects in the experimental spectrum is plausible, from
the comparison of the ssSNMR spectra in Figure 4.3 and the simulated one in Figure 4.7 we

believe these defects are unlikely to exist in our material.

4.3.3.2 Lithium vacancies

A second scenario to account for lithium deficiencies in LMO_MnO_1000_72 would be that
the high synthesis temperatures generate lithium vacancies that are charge compensated via
electron hole formation in oxygen atoms, as proposed to occur during the charge process.

[80-82, 5] In order to evaluate the impact of how lithium vacancies modify the ssNMR
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Fig. 4.7 °Li ssNMR simulated spectra of Lij 96Ho.04MnO3 with Lil/H' exchange in (a) Li2b,
(b) Li2c and (c) Li4h positions. The dashed red lines show the calculated position for the
ideal peaks. The insets show the proton marked with a black sphere, not the whole computed
structure.

spectra, a single isolated lithium atom is removed from the structure and its total energy is
calculated. Since the calculated energy when removing lithium from its three crystallographic
positions (2b, 2¢ and 4h) is the same we have considered that any of these three lithium
defect structures would be equally likely to occur. As seen in Figure 4.8a-c lithium vacancies
increase the ssSNMR shifts for all the crystallographic lithium positions. Even if the presence
of electron holes has only been proposed to occur after electrochemical oxidation, [80, 82]
this kind of defect cannot be totally discarded in the pristine sample as they can overlap with

the main signal.

4.3.3.3 Oxygen vacancies

Reductive atmospheres have been used by some groups to synthesize oxygen vacant structures.

[218, 254] Vacancies have been reported to reduce manganese to Mn'!

, which improves
the conductivity, enhancing charge-transfer ability and the electrochemical performance.
[218, 254, 255] The experimental detection and quantification of such vacancies would be
very interesting and useful to support these synthetic efforts. Oxygen vacancies in both
O4i and O8] positions were considered and the resultant spectra are shown in Figure 4.9.
In both cases the average formula unit of the computed structure is Li,MnO; g¢. Oxygen
vacancies are found to modify the local environment changing the spin transfer mechanisms
and thus, generating a large set of new peaks. In addition to the resonances close to ideal

signals (shown with a dashed red line), some additional peaks appear in the range 1000-1250
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Fig. 4.8 Li ssNMR simulated spectra of Lij 9¢MnOj3 with lithium vacancies on positions
(a) Li4h, (b) Li2c and (c) Li2b. The dashed red lines show the calculated positions for the
ideal peaks. The insets show the lithium vacancy marked with a gray sphere, not the whole
computed structure.

ppm and 0-200 ppm. These peaks are not observed in the experimental ssSNMR spectra
(Figure 4.1c,d) and again, even if differences between the simulated defect concentration and
the experimental one should be considered, the presence of oxygen vacancies in the material
can be ruled out because the extra peaks would still be present. The absence of a reducing

atmosphere in the synthesis of the material further supports this result.

4.3.3.4 LiyO vacancies

Finally, the combination of lithium and oxygen removal with the loss of Li,O has also been
considered. It is well established that Li,O removal upon electrochemical oxidation occurs.
[66, 72, 73,75, 76, 138, 252, 256-259] In agreement with previous reports [86, 260, 261]
we have found that the structure with an O8j vacancy is more energetically favored (-36.67
eV) that the structure with a O4i (-36.65 eV) so the LiO vacancy has been simulated with a
0§j vancacy. The LioO removal from Li,MnOj3 has been done in two steps. After removing
one O8j atom, one lithium atom is removed. All the possible lithium atoms have been
tested (48 possibilities) and the resulting energy is compared (shown in Figure 4.10a). It
has been found that the lithium atoms directly linked to the vacant oxygen, especially the
Li4h with a 180° angle Li4h-vac.-Li2b, are more likely to leave. Once the most labile
lithium atom is removed, a second lithium atom is extracted. As for previous case, all the

possibilities have been tested and the most energetically favored are again those close to the
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Fig. 4.9 SLi ssNMR simulated spectra of Li,MnO» 9¢ with oxygen vacancies on positions
(a) 41 and (b) 8j. The dashed red lines show the calculated positions for the ideal peaks.
The insets show the oxygen vacancy marked with a gray sphere, not the whole computed
structure.
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Fig. 4.10 Computed energy for Li,MnOj3 structure with (a) an O8j vacancy and one lithium
vacancy (b) a second lithium vacancy after the removal of one O8j and the most labile lithium
atom (Li4h). Lithium, manganese and oxygen atoms are represented in green, purple and
red respectively. The oxygen vacancy is represented in gray and the lithium atoms directly
linked to the vacancy in red, brown and orange.

vacancy, being Li2b the most labile one (Figure 4.10b). The removal of Li4h-O8j-Li2b with a
180°angle has found to be the most favorable, in agreement with Xiao ef al. [5] The ssNMR
simulated spectrum corresponding to the most stable Li; 9oMnO; g6 structure is shown in
Figure 4.11. The removal of two lithium and one oxygen atoms generate a slight shift of

Li2c and Li4h signals to higher ppm values, and a number of new signals around all ideal
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Fig. 4.11 6Li ssNMR simulated spectra of Lij 9oMnQO; g6 with Li4h, Li2b and O8j vacancies.
The dashed red line shows the calculated position for the ideal peaks. The inset shows the
Li»O vacancy marked with a gray sphere, not the whole computed structure.

positions. Simulations including the ideal and new Li2b environments are able to reproduce
the asymmetric lineshape found experimentally, except for the two peaks at 500-600 ppm.
These, which are the consequence of 5-coordinated lithium atoms whose transferred spin
density is reduced with respect to ideal 6-coordinated lithium atoms, are believed to overlap
with the main peak at 750 ppm and thus they are not visible in the experimental pattern. The

presence of Li;O vacancies seems thus reasonable to be present in LMO_MnO_1000_72.

4.3.3.5 Point defect evaluation in LMO_MnO_1000_72

Even if the sample without stacking faults can be deconvoluted using two resonances, their
intensity distribution does not correspond to the expected one. It has been thus concluded
that other types of defects must be present and a deeper study to elucidate the origin of
such deviation has been performed. The effect of Li'/H! exchange and lithium, oxygen and
Li,O vacancies in the ssSNMR shifts have been simulated. On the one hand, DFT calculated
spectra show that single oxygen vacancies and Li'/H! exchange generate shifts which are
clearly not present in our samples. On the other hand, both lithium and Li,O vacancies
result in new environments and shifts to higher ppms that could be in agreement with our
experimental data. However, the shifts obtained for lithium vacancies appear more isolated,
which is why we believe that overall Li;O vacancies better reproduce the experimental
spectrum of LMO_MnO_1000_72. The strong overlapping of the different ssNMR signals
coupled to the low amount of these defects (as they were not detected by XRD) hinders their
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quantification. The dominant effect of stacking faults in the spectra of LMO_MnO_900_5
and LMO_MnCO3_900_5 neither allows assessing the presence of Li,O vacancies in their
structure, although a lesser extent is expected (if any) from the different synthesis conditions
used to prepare these samples. Therefore, while XRD can give us quantitative information
about the degree of stacking faults, ssSNMR is highly sensitive to other defects that are
undetected by other techniques such as XRD or ICP. The decoupling of different types of
defects and their quantification by °Li ssNMR however remains a challenge.

4.4 Conclusions

In this chapter LioMnO3 samples with different microstructures have been selected and
their ssSNMR spectra have been elucidated with the help of DFT and XRD data. Samples
prepared at 900 °C were found to mainly exhibit stacking faults resulting in additional peaks
in their ssNMR spectra. DFT calculations have accurately reproduced the peak assignment
of the ideal structure and structures with stacking faults. Their quantification by °Li ssNMR
is only possible if these are isolated, however, the comparison of the number of modified
environments with XRD results can be used to characterize their trend to locally concentrate.
From XRD data it was concluded that the sample prepared at 1000 °C was stacking faults-
free, but a close inspection of its ssSNMR spectrum suggested other structural defects instead.
DFT calculations were used to discriminate between Li'/H! exchange and lithium, oxygen
and Li»O vacancies, being the latter the scenario that could best reproduce the additional
ssNMR features. While XRD gives accurate information about the degree of stacking faults,
ssNMR is shown to be highly sensitive to other microstructural defects which are not easily
detected with XRD. Both techniques are thus complementary and combined provide an

accurate description of the microstructural complexities LioMnO3 can exhibit.






Chapter 5

Theoretical assessment of the stacking
faults impact in Li;MnQO3; and analysis of
substitution strategy

Give me six hours to chop down a tree and I will spend the first four sharpening the axe.
Abraham Lincoln

In this chapter, based on DFT calculations, the phase stability of ideal and defective
Li,MnOs has been analyzed. Firstly, the energy of ideal structure and different stacking
sequences have been calculated and compared. Secondly, differences between the delithiation
mechanisms of the ideal and the defective structures have been sought by comparing the
formation energies of ground states at different delithiation level of ideal and defective
structures. Thirdly, the stability of the oxygen atoms in the delithiated structures has been
studied with a Bader charge analysis. Finally, the effect of different lithium substituent (Na,
K, Be, Mg) in the structural stability upon delithiation is tested.
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5.1 Introduction

Intensive theoretical work has been done aimed to understand the structural stability of
Li,MnOs3 upon delithiation and its relationship with the undesired capacity and voltage
fading. The lithium removal from the structure, which was found to happen in both the
lithium and the transition metal layer, was calculated to be at approximate 4.6 V and it
was accompanied by a oxygen oxidation. [5, 6, 85, 88, 89] Several ground states upon
the delithiation of Li,MnO3 were found in the 2 > x > 1 range using cluster expansion
technique. [5, 6] However, due to their proximity to the Hull, a solid solution or weak
two-phase behavior was proposed. Even if the stability of ideal and stacking faults containing
Li,MnOs have been studied and both structures have shown to be energetically degenerated,
[70, 85] there are no studies about the structural stability of the defective structure upon
delithiation.

At higher delithiation levels the structure was no longer stable and was found to suffer
modifications. Preliminary studies found that at x = 0.5 the structure transformed to O1.
[85, 86] Regarding that the degradation of Li,MnOs3 has been experimentally attributed
to the layered-to-spinel transformation, consequence of manganese migration to lithium
layer, [79, 108, 215] this migration, which most likely happens thought a tetrahedral site,
was theoretically studied. Lee er al. found with a ternary cluster expansion that at x < 1
the manganese was thermodynamically favored to migrate the lithium layer, even if it was
kinetically sluggish to happen (1.9 eV at x = 1 and 0.7 eV at x = 0.5). [6] Other works,
on the contrary suggested spontaneous manganese migration to the lithium layer at x <
0.75. [87] In any case, experimental works found transformation to spinel at early stages of
delithiation, [73] so a non homogeneous delithiation was suggested, which could generate
locally overdelithiated zones where the manganese migrates even if the overall lithium
content is x > 1. [249, 262]

Even if different theories have been suggested to explain the redox activity of Li,MnOs3,
the most accepted and widely studied one is that the oxygen atom is the main redox active
atom. The oxidized oxygen atom is thought to eventually form O, molecule and leave the
structure, as a result of its instability. Highly undercoordinated oxygen atoms (coordinated
to less than three atoms in octahedral environment) have been suggested to be behind the
O, formation. [263] However, the point at which the oxygen leaves in Li,MnO3 is not clear
and varies from x < 1.5, to [5] x < 1 [6, 86, 88] or to x < (0.5. In any case, the oxidation of
the oxygen has been suggested to precipitate the manganese migration. [87-89, 264] Other
works have suggested that molecular O, could remain trapped in the structure and reversibly
be reduced in the discharge. [5, 89, 264] Radin et al. hypothesized that the formation of
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in-lattice O, could induce a manganese migration to tetrahedral positions and oxidation to
MnY!, which explains the voltage hysteresis these compounds are known to suffer. [264]

As a strategy to avoid the structural transformation caused by the manganese migration
cationic substitution of manganese has been attempted, which in addition improves the capac-
ity. [125, 126, 265-267] Nickel, cobalt and/or aluminum are generally used to considerably
enhance the electrochemical properties, as they can act as stabilizers and/or active redox
center. Theoretical studies have found that aluminum, iron, molybdenum and ruthenium
preferentially occupy the manganese site while magnesium occupies the lithium site. Nickel
on the contrary does not have site preference. [265] The doping of the lithium site, which
was theoretically found to be plausible at synthesis temperatures, [268] is believed to have
detrimental effects on the battery performance, as it can block diffusion pathways. Neverthe-
less, experimental works have shown that magnesium doping improves the electrochemical
performance in layered oxides. [269-275] In addition, lithium has also been successfully
substituted with sodium [129, 276] or potassium [131, 277] among others. These substitu-
tions have however only been done in dopant range (low contents of lithium is substituted).
Large amount of dopant evenly spread along the structure (partial cationic substitution of the
lithium atom) could avoid the formation of undercoordinated oxygen atoms and thus, inhibit
the oxygen release and subsequent layered-to-spinel transformation.

In this work, the stability of different stacking sequences in the totally lithiated Li,MnO3
has been firstly described. Later, the effect of stacking faults upon delithiation have been
studied by comparing the formation energies of ground states at different delithiation levels
of ideal and stacking faults containing structures. In addition, the stability of the oxidized
oxygen atoms in the delithiated structures has been studied. On the other hand, the cationic
substitution as manganese migration inhibitor has been proposed. Different cations have been
tested and sodium and magnesium have been found as promising candidates. The stability of
the delithiated phases in Li,Nag sMnOs3 and Li,Mgy sMnO3 have been then studied and the

predicted structural evolution upon the delithiation has been described.

5.2 Investigation of stacking defects in Li,MnQO;

In order to analyze the structure stability of stacking faults in Li,MnO3 a number of different
structures with varying stacking sequences were built and their total energy was calculated
and compared with the ideal one. In Figure 5.1 the two types of stacking faults that result
from layer gliding considered in this work are shown. Both can coexist in the structure but
cannot be visualized from the same direction, only after a rotation of the structure 30° through

the ¢ axis. In the first one (Figure 5.1a) the O3 stacking is maintained as the transition metal
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layer together with the oxygen atoms of the monoclinic unit cell £1/3b are displaced. This
induces a cationic disorder denoted by R, P and P’ [3, 4] as described in Section 3.1. In
order to differentiate these stacking faults from the O1 stacking faults described below, in
this chapter we will refer to them as cationic stacking faults. The second type of stacking
fault here considered, described in Figure 5.1b, consists on a displacement of +1/3a of the
transition metal layer together with the oxygen atoms, followed by a transition metal layer
extra displacement of -1/6a (maintaining the oxygen atoms in the previous position), which
generates a O1 type stacking fault in a O3 matrix.

(a) (b)

a/3

-b/3 b/3

Fig. 5.1 Displacement of the layers involved in the formation of (a) cationic stacking faults
and (b) O1 type stacking faults.

In order to analyze the effect of diluted and concentrated cationic stacking faults, a
1x1x6 supercell of the primitive unit cell has been built. In addition to the ideal structure
(Figure 5.2a) the total energy of a series of hypothetical Li;MnOs structures has been
calculated. Figure 5.2b shows an structure formed of ideal blocks of three layers linked with
an isolated stacking fault, the structure in Figure 5.2¢ contains a large block of ideal stacking
sequence linked with two concatenated stacking faults, the structures in Figure 5.2d,e are
formed of an ideal block and a faulted block and finally, the structure shown Figure 5.2f
contains a highly faulted stacking sequence. On the other hand, in order to study the effect
of O1 type stacking fault, the energy of a structure with this defect is as well calculated
(Figure 5.2g). This unit cell is made of 8 layers instead of 12 following the stacking sequence
ABCACABC. As the total energy of the structure depends on the number of atoms, the
calculated energy values have been normalized to the number of atoms of the formula unit.

The total calculated energy of the studied structures with cationic stacking faults (Fig-
ure 5.2a-f) is -37.01 eV, with an energy difference between them of less than £0.001 eV.
This energy difference is very small so all the structures are thought to be energetically
degenerated and therefore, in principle there is not any preferential stacking sequence and

both ideal and stacking faults containing configurations are equally likely to occur. The
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Fig. 5.2 Relaxed structures analyzed by DFT calculations with a different number of stacking
faults. (a) Ideal stacking and structures with one (b), two (c) three (d,e) and five (f) stacking
faults. (g) Structure with an O1 type defect.

result agrees well with the previously calculated energy difference (£0.002 eV) of the ideal
structure with stacking faults containing structures (using P3112 and C2/c space groups). [70]
In our case, a broader study with many different stacking sequences has been performed and
it shows that this small energy difference is maintained regardless the stacking sequence, so
the long range ordering does not have a strong impact the total energy of the system. On the
other hand, the structure containing O1 stacking faults (Figure 5.2g) have an energy of -36.91
eV, 0.1 eV higher than the ideal stacking. This difference is significant, so we believe that
the O1 type stacking faults are unlikely to occur in the fully lithiated Li;MnQO3. This results
agrees with the FAULTS analyses in Chapter 3, where a wide range of cationic stacking

faults have been experimentally found but there was no evidence for O1 type stacking faults.

5.3 Computational study of stacking faults in the delithia-

tion mechanism of Li;MnO;

Even if both, ideal and stacking faults containing structures are equally likely to be formed,
the atomic environments created by stacking faults could have an impact in the delithiation
mechanism of LipMnOs3. In view of the large amount of stacking faults that the best
performing sample exhibits (see Chapter 3), in this section, the effect of stacking faults
in the delithiation process is considered. To do so, the energies of different configurations
at different values of x in Li,MnO3 of an ideal and a defective structure are calculated and
compared.

The ground states for ideal Li,MnOj3 at different values of x previously found using

cluster expansion method [5, 6] are shown in Figure 5.3. According to Xiao et al., [S] the
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ground state for Li; sMnO3 looses half of the Li4h and half of the Li2b (Figure 5.3b1)
and for LiMnOs is that without the second half of Li2b (Figure 5.3c1). On the other hand,
according to Lee et al., [6] at Li; 25MnO3 the ground state looses half of the Li2b and all the
Li2c (Figure 5.3b2) and latter at LiMnOs the remainder Li2b (Figure 5.3c2). Nevertheless,

there are not reported ground states for stacking faults containing structures.

(b1) Li; ,sMnO3 Xiao et al. (cl) LiMnO; Xiao et al.

(a) Li,MnO, —_—
2¢ 4480 (b2) Li; ,5sMnO; Lee etal. (b2) LIMnO; Lee et al.
2b
—_—

Fig. 5.3 Ground states of Li,MnO3 proposed by Xiao et al. and Lee et al., with a x value of
1.25 and 1. [5, 6]

Since structures with stacking faults have a lower symmetry, a larger unit cell needs to be
used to describe them. The structure used in this calculation consists on a unit cell 2x2x3 of
the primitive one, involving 144 atoms. This large unit cell can be detrimental when using
typical methods to find the ground states such as cluster expansion and makes the calculation
time consuming. In this work an alternative procedure is used to find the most stable ground
states. Its validity will be first tried with the ideal structure, where stable ground states are
reported [5, 6] and then applied to a structure with stacking faults. The method we have used

follows the steps here listed:

1. The energy of the fully lithiated and the fully delithiated structures is calculated.

2. For each delithiation step (x = 1.25, 1 and 0.5 for Li,MnQO3), the structure is randomly
delithiated 10,000 times and the Ewald’s energy of each structure is calculated using
pymatgen module [250] (see Section 2.5.2 for information about the Ewald’s energy
calculation).

3. The DFT energy of the 10 most stable structures of the step 2 is calculated.
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4. Using Equation 2.19 in Section 2.5.1.1, the formation energy of each structure is

calculated and plotted in a convex Hull.

5.3.1 Ground states of ideal Li;MnO3

Figure 5.4 shows the computed formation energies of Li,MnOs3 at different delithiation
stages (x = 1.25 and x = 1) of the ideal structure. For a comparison with those proposed
in bibliography, the structures proposed by Xiao et al. and Lee et al. are reproduced and
the calculated formation energy is plotted with red and blue symbols. We found that, the
ground states proposed by Lee et al. are energetically more favored than those proposed
by Xiao et al. With this sampling method we have been able to find structures with similar
and even lower energy than those proposed in the bibliography so this procedure can be
considered to be effective for finding the most energetically favored structures. In the 2 > x
> 1 range, different structures have found to be close to the Hull which means that they could
be accessible at room temperature (green area in the plot), so a solid solution like delithiation
mechanism is expected, as previously predicted. [6] As seen in Figure 5.4b,c, the ground
states calculated in this work have some lithium atoms in tetrahedral position which increase
as the number of x is lower (5% for Li; ,sMnOj3 and 14% for LiMnQO3). This is indicative
that some lithium atoms in the tetrahedral positions somehow stabilize the structure among
the delithiation [249] as it will be studied in more detail in Section 5.3.3.
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2
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Fig. 5.4 Formation energies of Li,MnOs (2 > x > 0). (a) Relaxed Li;MnOs3 structure.
Ground states for Lij 25sMnO3 and LiMnOj3 are shown in (b) and (c) respectively. The lithium
atoms in tetrahedral positions are marked with a green tetrahedron.

For x = 0.5, the most stable configuration is that with all the lithium atoms in the 2¢

position and with O1 stacking sequence, as proposed in bibliography. [85, 86] We have
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however found that this transformation is not always achieved and depends on the lithium
removal sequence. As it is seen in Figure 5.5a, if in the O3 configuration all the lithium
atoms are in the 2¢ position a saddle point is reached and it does not transform to O1. On the
other hand, it the lithium atoms are in the 4Ah position (Figure 5.5b,c), the layers will glide
so that the lithium goes to the 2¢ position, inducing O3 — O1 transformation and a layer
shrinkage from ~4.7 Ato~4.1 A. This shrinkage could additionally promote the interlayer
formation of peroxo-like bonds.

(a)

Li2c 03
ﬁ
Li2c 03
Lize 03
(b) (c)
Li2c 03 Li4h o1
Li4h 01 Li4h o1
Li2c 03 Li4h 01

Fig. 5.5 Initial and DFT relaxed structures of Lip sMnO3 when the lithium atoms in the O3

configuration are (a) in the 2c site, (b) some in the 2¢ site and others in the 44 site and (c) in
the 4h site.

5.3.2 Ground states of defective Li;MnQO;

As the Ewald’s sampling method has been successfully used to find ground states in the ideal
structure, the same approach has been followed to sample structures in the stacking faults
containing Li,MnOj3 and the results are shown in Figure 5.6. As a starting point, a highly
faulted structure has been used as initial structure as shown in Figure 5.6a. In the x = 1.25
and x = 1 range the Hull has similar shape to those of the ideal ones: several configurations
energetically degenerated are close to the convex Hull and the ground states contain some
lithium atoms in tetrahedral positions (Figure 5.6b,c). The percentage of lithium in tetrahedral
positions for Lij 25sMnO3 and LiMnOs3 (5% and 16% respectively) is similar than that in the

ideal structure so the lithium migration to tetrahedral position is independent on the stacking
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sequence. However, at x = 0.5 the shape of the convex Hull differs from the ideal one. For

the stacking faults containing structure the O1 structure is no longer the most stable one.

(b) Li; 5sMnO;

(a) Li,MnO,

(c) LiMnO,

-0.4-

Formation energy (eV/fu)
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Fig. 5.6 Formation energies in Li,MnO3 (2 > x > 0) for a stacking faults containing structure.
(a) Relaxed LioMnOs structure. Ground states for Lij; ,sMnQO3 and LiMnQOj3 are shown in
(b) and (c) respectively. The lithium atoms in tetrahedral positions are marked with a green
tetrahedron.

5.3.3 Study of oxidation state of the oxygen atoms

In this section the oxidation state of the oxygen atoms is followed with a Bader charge
analysis. [278-280] Note that Bader analysis will not give the exact oxidation state of the
oxygen atoms but it can be useful to compare oxygen atoms in different oxidation states.
Table 5.1 shows the average Bader charge of each studied composition and its comparison
with the expected oxygen oxidation state at that lithium content, assuming that the oxidation
state for the manganese and lithium are Mn'Y and Li!. From these values a linear regression
has been carried out, which will be later used to relate the obtained Bader charge to the
expected oxidation state of the oxygen atoms (see Figure A.3 in Appendix A). The oxygen
charge for the pristine material (-1.18) agrees well with those found in bibliography. [5, 88]

For a more detailed analysis the individual oxidation state of each oxygen has been ana-
lyzed in two ideal and two defective Lij 5MnO3 structures and in two ideal and two defective
LiMnOs3 structures (more than 500 different oxygen atoms). Interestingly, the oxidation
state of each individual oxygen does not depend on the total oxidation state of the structure.
Instead, it depends on the coordination number of each individual oxygen, i.e. the number

of lithium and manganese atoms the oxygen is linked to. For instance, a pentacoordinated
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Table 5.1 Relationship between the calculated Bader charge and the expected oxidation state.

Structure Average Bader charge Expected O oxidation state
Li;MnO3 -1.18 -2

Li1.25MnO3 -0.98 -1.75

LiMnOj3 -0.91 -1.67

Li0,5MnO3 -0.76 -1.5

MnOs3 -0.62 -1.33

oxygen atom in Lij 5MnO3 has the same oxidation state than a pentacoordinated oxygen
atom in LiMnO3.

Figure 5.7 shows the average Bader Charge of the oxygen atoms from Tables A.3-A.6 in
Appendix A with respect to their coordination number together with their expected oxidation
state, calculated using the lineal regression from Figure A.3 in Appendix A. As expected,
the oxidation state of the oxygen atoms increases when lowering their coordination number.
Note that the hexacoordinated oxygen is as well partially oxidized when there are lithium
vacancies, as their average oxidation state is -1.91, meaning that there is a initial general
charge compensation at the first stages of delithiation. As seen in Figure 5.7, when the
oxygen atom is linked to lithium atoms in tetrahedral position its oxidation state is lower
regardless its coordination number. The shorter tetrahedral Li-O bonds in comparison with
the octahedral ones (~1.96 A vs. ~2.15 A) reduces the degree of oxidation of the oxygen
atoms and this reduces the total energy of the system, which could explain why the computed
convex Hull shows an evidence of spontaneous migration to tetrahedral sites. However,
note that even if the lithium in tetrahedral positions stabilizes the adjacent oxygen atoms
when a lithium atom migrates from a octahedral position to a tetrahedral one its coordination
number decreases from 6 to 4, so overall, two oxygen atoms loose one lithium in their
coordination sphere. Therefore, there is a trade-off between both phenomena. Finally, few
stable configurations with oxygen atoms with a coordination number of 2 have been found,
meaning that this local configuration is highly unstable. Indeed, these tetravacancies have

experimentally been found to induce undesired O, release. [263]

5.3.4 Discussion

As proposed in bibliography, in the range 2 > x > 1 several ground states have been found
close to the convex Hull for ideal Li,MnOs. [5, 6] This behavior has been reproduced for
stacking faults containing structure, meaning that the lithium will irregularly leave the struc-
ture following a solid solution like reaction regardless the degree of stacking faults. In both
cases, some lithium atoms migrate to the tetrahedral position to stabilize the overdelithiated
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Fig. 5.7 Average Bader oxidation states for the oxygen depending on the number of atoms
coordinated to the oxygen and to the number of lithium atoms which are in tetrahedral
position.

oxygen atoms. The Bader charge analysis has allowed us to find that the oxidation state
of the oxygen atoms depends only on their local coordination environment, and not in the
total oxidation state of the structure. The overdelithiated oxygen atoms as a consequence of
lithium removal from the structure become highly unstable. The lithium atoms migration to
tetrahedral position shortens the Li-O bonds, reducing the oxidation state of the oxygen and
thus, this migration stabilizes the implied oxygen.

At x = 0.5, the ground states of the ideal and the defective structures are different. In the
O3 stacking sequence, the lithium in the lithium layer share octahedral edges with lithium and
manganese in the transition metal layer, as seen in Figure 5.8a. This means that, regardless
the structure has or not stacking faults, the Li2¢ will share edges with two manganese and
one Li2b atoms. In the O1 stacking sequence, on the contrary, the metal atoms in the lithium
layers share octahedral faces with the atoms in the transition metal layers. In the ideal
stacking, the two Li2b atoms are aligned with the Li2c as seen in Figure 5.8b. This means
that at highly delithiated states the absence of the Li2b permits Li2c¢ to accommodate between
these vacancies and, as it is the only occupied site in the lithium layer, the interlayer distance
is reduced. If stacking faults are present (Figure 5.8c), on the contrary, the Li2b atoms are no
longer aligned so the Li2c¢ shares faces with one Li2b and with one manganese. As a result,
the layer shrinkage is hindered by the Mn-Li2c repulsion.

Figure 5.9 shows a comparison of the O1 configurations for both ideal and defective
Lip5sMnO3. In the ideal stacking configuration, the distance between the transition metal
layer and the lithium layer shrinks to ~2.06 A. In contrast, in the defective structure this
shrinkage only occurs for one layer (where Li2c¢ and the vacant Li2c are aligned), while the
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Fig. 5.8 Li2c¢ local environment differences between O3 and O1 ideal and defective stacking
sequences.

face shared with the manganese maintains at the distance relative to the O3 configuration
(~2.84 A). This Li-Mn repulsion increases the energy of the system so as a result, the
defective O1 configuration is less favored than the O3 configuration, as it can be seen in
the Hull of Figure 5.6. Mortemard de Boisse et al. found that, in isostructural defective
NayRuO3, at x = 0.5 the structure transformed to ideal O1 configuration. [281] This means
that, contrary to Li,MnQO3, the larger Ru-O and Na-O interlayer distances allow the layers to

self order.
(a) Ideal O1 stacking (b) Defective O1 stacking
506 Al :2.06 A
2.06 A: 2.84 A
2.06 A: :2.06 A
2.06 A: _2.84 A

Fig. 5.9 Comparison between ideal and defective O1 structure for Lip sMnOs.

In summary, we have found a different delithiation mechanism for ideal and defective
LiMnOs at high delithiation states. In Section 3.5 we found that structures with low degree
of stacking faults convert faster to spinel that highly faulted structures so it was deduced that
the manganese migration is hindered by stacking faults. However, in our electrochemical
experiment we did not reach the x = 0.5 value, so, in principle, the transformation to O1
should not be achieved yet. In any case, finding a metal which can be stabilized in the 2¢

position could thus be an effective strategy to avoid undesired structural transformations.
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5.4 Atomic-scale analysis of substitution strategies to miti-

gate the manganese migration

Several experimental and theoretical works have reported that the high instability of the
oxidized oxygen is thought to be behind the manganese migration and oxygen release. [87—
89, 263, 264] The 2c¢ site has shown to be key for the stabilization of the O3 configuration
and avoid structural transformations. The presence of a non-mobile atom in 2¢ position
sets the minimum coordination number of all the oxygen atoms to three so it avoids its
undercoordination. In this section the substitution of the Li2¢ atom for a non mobile atom
is tested which could act as a pillar which stabilizes the structure. Regarding that most of
the transition metals are reported to preferentially occupy the manganese position [265] in
this section alcali and earth-alcali sodium, potassium, beryllium and magnesium metals are
used for this purpose. The substitution of the 2¢ position with M gives a composition of
Li; 5Mp5MnOs. In the the relaxation of these structures a good energy convergence has been
achieved so in principle they can be considered as stable. Even if the replacement of lithium
by an inert metal diminishes the total specific capacity, this will still be considerably higher
than those commercially available nowadays (shown in Table 1.1 in Chapter 1). For instance,
the specific capacity of Li; sMgosMnO3 would be 320 mAh/g.

In order to follow the effect of the dopant in the unit cell parameters, the interlayer
distance (defined here as the distance between two transition metal layers) and the ab plane
area have been followed, which are shown in Table 5.2. The larger Na and K metals increase
the interlayer distance. A higher interlayer distance will presumably lower the intercalation
voltage due to weaker Li-O bonds, as calculated to happen for Na,MnOs. [282] Beryllium
and magnesium, on the contrary, do not significantly vary the interlayer distance as they have
similar or lower cationic size. The ab plane does not suffer from drastic changes related to
the dopant size. For the case of the sodium the ab plane area remains similar. However, the
bigger size of potassium enlarges the plane. For the case of magnesium, its higher oxidation
state partially reduces the manganese atoms, increasing its size and thus, the ab plane. Finally,
in the case of beryllium even if it as well reduces the manganese, its smaller cationic size
decreases the ab plane distance. The relaxed structures drawn in Figure 5.10 show that while
sodium, potassium and magnesium maintain the same Li,MnOs structure, the beryllium
atom will preferably occupy the tetrahedral position. As a consequence, half of the O8j atoms
lose their Be-O bonding and become pentacoordinated and the unit cell symmetry is reduced
from C2/m to Cm. Its preference for the tetrahedral site makes beryllium not suitable for the

purpose of substituting lithium so it will no longer be considered in this work.
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Table 5.2 Cationic size of the dopant, interlayer distance and ab plane of Li; sMy sMnOs.

M in Li; sMysMnO3; Cationic size Interlayer distance (A) ab plane area (Az)

Li 90 4.78 43.2
Na 116 5.01 43.9
K 152 5.35 46.0
Be 59 4.73 44.9
Mg 86 4.82 45.1
(a) Liy sNagsMnOs (b) Li; sKpsMnO5 (c) Liy sBegsMnO; (d) Li; sMgosMnO;

Fig. 5.10 Relaxed structures of Li; sMpsMnO3 when M = (a) Na, (b) K, (c) Be and (d) Mg.

In addition to the pristine structure stability, the volume changes upon delithiation and
the intercalation voltage are key for the suitability of a compound as a cathode material.
While the former one is approximated by comparing the fully lithiated and fully delithiated
structures, the operational voltage is calculated using the computed total energy calculated
by DFT as proposed by Zhou et al. [248] as follows:

_ELil.sMo.sMnOs — EmysMno; +1.5-Ep;
1.5
Table 5.3 shows the volume difference and the intercalation voltage for Li; sMy sMnOs.

V=

(5.1)

The volume change for the structure with potassium is 30%, while for Li; sNagsMnO3 and
Li; sMgosMnOs are less than 4% and 5% respectively. Large volumetric changes are known
to be detrimental for cathode durability. [52, 283, 284] In addition, the lithium intercalation
voltage for the potassium containing material is too low for a lithium ion battery, as a
consequence of the large interlayer distance induced by its presence, so potassium would
neither be suitable to be used as a substituent. Sodium and magnesium, on the contrary could,
in principle, be adequate for a deintercalation process. Therefore, in the following sections,
the structural modifications upon delithiation in Li; 5Nag sMnO3 and Li; sMgosMnO3 are
studied by DFT.

5.4.1 Convex Hull and oxygen oxidation in Li; sNaygsMnO3

The Ewald’s sampling procedure explained in Section 5.3 has been here applied to generate
the different structures of the delithiated Lij sNagsMnOs3 and the DFT energy of the ten
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Table 5.3 Calculated volume change and intercalation voltage for Li; sMp5MnO3 with M =
Na, K and Mg.

M in Li; sMpsMnO3  Volume change (%) Voltage (V) )

Na 3.8 4.2
K 30.2 1.6
Mg 4.6 39

most electrostatically stable structures have been calculated with DFT. Figure 5.11 shows
the formation energies of Li,NaypsMnOj3 in a delithiation range of 1.5 > x > 0, calculated as

follows:

1.5—
1.5

. X X .
Ef()C) = E(leNa0_5MnO3) — ( )E(NaolsMnO3) — EE(L11_5N8.(),5M1’103) (5.2)

In contrast with Li,MnOs3, all the intermediate phases are found to have higher formation
energies than the end members so a two phase mechanism would be expected. However,
at x = 0.5 and x = 0.25 the energies of some ground states are close to the Hull and could
be accessible at room temperature (green area in Figure 5.12) as found to happen in other
cathode materials. [285]
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Fig. 5.11 (a) Formation energies in Li,NaygsMnO3 (1.5 > x > 0). (b-d). The green area
indicate the thermal energy at room temperature.

Even if the formation energies are positive the path along the ground states could represent
a driving force upon delithiation. From the Hull three different mechanisms are proposed,

depending if these ground states are formed or not. In the first one, the phase transformation
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would be hindered and the structure would maintain the O3 stacking sequence. In the second
one, a direct O3-Li; 5Napg sMnO3 — O1-Nag sMnOj3 reaction would occur. Finally, in the last
path a two step mechanism O3-Li; sNagsMnO3 — P3-LipsNagsMnO3z — O1-NagsMnO3
is proposed, as found to happen in sodiated layered materials such as NaCoQO,. [286—288]
The calculated average intercalation voltage using the approximation of Zhou et al. [248]
1s 4.2 V, lower than for Li,MnO3 (4.7 V), but still appropriate for a lithium cell. The larger
interlayer distance in comparison with LioMnOj3 due to the presence of larger sodium atoms
in the lithium layer weakens the Li-O bonds and thus, its extraction from the structure
happens at lower voltage. [282] This lower voltage of the first charging plateau is interesting
because it can be useful to experimentally study the processes involved in it without the

inconvenience of the electrolyte decomposition occurring at high voltages.
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Fig. 5.12 Oxygen and manganese average oxidation states according to Bader charge calcula-
tion in Li,Nag sMnQO3.

The Bader analysis of the oxygen and manganese in the three possible ground states of
Li,NapsMnOj3 (structures are in Figure 5.11 as insets) shows that oxygen is the main redox
active center. According to our calculation, the oxidation states of the oxygen atoms are
comparable with those for Li,MnOs3 seen in Table 5.1 at the same delithiation level, so the
substitution of some lithium by sodium will not alter the oxygen oxidation, even if there is
structural change upon the delithiation. The presence of 0.5 sodium per formula unit sets the
maximum oxidation state of the oxygen to -1.5. On the other hand, the manganese remains
inactive among all the delithiation process.

The homogeneous sodium distribution along the structure presents several advantages
in comparison with the delithiated phases of Li,MnQO3. On the one hand it avoids oxygen
overoxidation as the highest level of vacancies it can have is three. This could minimize the

metal migration to the tetrahedral positions which are thought to be behind the transformation
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to spinel. [289, 290] On the other hand, the larger size of the sodium in comparison with the
lithium inhibits the layer shrinkage in the O1 phase. Nevertheless, for both Li,MnO3 and
Li; 5NapsMnO3 DFT calculations predict that O3 — P3 — O1 layer gliding could occur,
which is known to cause fading in the materials as a result of lattice invariant shear in layered
oxides [288, 291] and should therefore be avoided.

5.4.2 Convex Hull and oxygen oxidation in Li; sMgysMnO3

The stability upon the delithiation of Li; sMgp sMnO3 with all the Mg in the 2¢ position has as
well been studied using the same Ewald’s sampling method used in previous sections and the
DFT energy of the ten most electrostatically stable configurations per composition is plotted
in Figure 5.13. The substitution of 0.5 lithium for a divalent cation reduces the manganese
oxidation state to 3.5+. This lower average oxidation state enables the redox participation
of the manganese in the electrochemical activity and thus, could avoid the strong oxygen
oxidation. Oxidation states lower than Mn>-* are reported to induce an undesired Jahn-Teller
distortion in spinel structures, but at this oxidation state the structure is reported to be stable.
[40, 292] Torres-Castro et al. synthesized magnesium doped Li,MnO3 (Li; sMgp25MnO3,
LiMgsMnOs3 and LigsMgp75sMnO3) [274] and showed that the increase in magnesium
improved its capacity and the cycling stability, even if the XRD patterns showed important

amounts of spinel phase.
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Fig. 5.13 Formation energies in Li,MgosMnOs3 (1.5 > x > 0). In green the ground states
which could be accessible by temperature are shown.

Figure 5.13 shows the convex Hull of Li,Mgy sMnOj3 in the 1.5 > x > 0 range calculated

from the energies as for Li,Nayg sMnOj3 in Equation 5.2. Opposite to its sodium homologous,
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a deep convex Hull is obtained, and for all compositions ground states with negative formation
energies are found, being that with the lowest energy at LiMgp sMnO3. In addition, the O3
configuration is maintained along the whole Hull. This represents an advantage against the
sodium containing layered oxides because structural changes are known to cause capacity
and voltage fading. [288, 291]
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Fig. 5.14 Oxygen and manganese average oxidation states according to Bader charge calcula-
tion in Li,Mgp sMnOs.

The electrochemical activity of the redox pairs has been studied performing a Bader
analysis. Figure 5.14 shows the average oxidation states of the manganese and the oxygen.
In contrast with Li,MnOj3 and Lij 5sNag sMnOs, the fully lithiated structure contains half of
the manganese atoms in Mn'!' state and half in the Mn!Y. The oxidation states show that
the charge of the manganese is delocalized in the oxygen atom. Note that the oxidation
state of the oxygen atoms is lower than for Li; sNagsMnO3. This could be a consequence
of charge delocalization from the reduced manganese. The removal of the first 0.5 lithium
atoms oxidizes this delocalized charge. Further lithium removal oxidizes the oxygen atoms
as in previous cases. As a results of the manganese redox activity, the final Mgy sMnOj3 state
contains oxygen atoms at -1.67 oxidation state, less oxidized than its sodium homologous.

The calculated lithium intercalation voltage of this compound is split into two plateaus;
the first one at 2.9 V for the first 0.5 Li (where the delocalized charge of the manganese in
the oxygen atoms is oxidized) and a second plateau in the x range of 1 > x > 0 at4.3V,
related to the oxygen activity. The manganese redox activity diminishes the oxygen activity
so the formation of peroxo like bonds remains unlikely. So, even if has a penalty in the total
capacity in comparison with Li,MnQO3, this compound would have a suitable operational
voltage, absence of phase transformation and small unit cell volume changes, so it could be

promising for electrochemical testing.
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5.5 Conclusions

In this chapter the phase stability of both ideal and faulted Li;MnOj3 is studied by first
principle calculations. The DFT energies of fully lithiated Li,MnO3 structures with cationic
stacking faults and O1 type stacking faults have been calculated. The results show that,
contrary to O1 type stacking faults which are not likely to be found, cationic stacking faults
are thermodinamically favored to happen. Among the delithiation of ideal and defective
Li,MnO3, no big differences have been found in the 2 > x > 1 range. In both cases,
lithium migration to tetrahedral position has found to stabilize the structure and no phase
transformation is predicted. At Li = 0.5, however, the ideal stacking shows preference
for the O1 stacking. Blocking the 2¢ position with a non mobile atoms (Na, K, Be, Mg)
has been tough as a strategy to impede undesired structural modifications. From these,
sodium and magnesium have been selected as possible candidates and their stability towards
delithiation has been studied. Lij sNagsMnO3 has shown undesired phase transformation
at high delithiation states, whereas its magnesium homologous maintains the O3 stacking
sequence upon all the delithiation process. In addition, the lower average oxidation state of
the manganese enables it to participate in the redox activity, lowering the total oxidation of

the oxygen and thus hindering the peroxo formation.






Chapter 6

Structural analysis and study of
activation mechanism in

Li; 2Mny ¢Nip 20,

Never memorize something you can look up.
Albert Einstein

This chapter is divided into two parts. In the first one the different microstructural models
proposed for Li-rich compounds are explored using diffraction techniques. These materials
have been proposed to crystallize as an intergrowth of two phases or as a solid solution.
XRD and NPD FAULTS simulations have been carried out considering several different mi-
crostructural arrangements for Li; 2Mng ¢Nig203: 1) two phase mixture of Li[Li;;3Mny/3]02
and LiMng sNig 50, ii) layered and 3D two phase intergrowth models and iii) single phase
solid solution. The results obtained from the different models are discussed and compared
to experimental data. In the second part of the chapter an operando synchrotron XRD
experiment is performed for Li; 2Mng ¢Nip20>. The patterns have been refined using a solid
solution model and the use of the C2/m space group (instead of the generally used R3m in
published operando experiments) has resulted in new insights in the structural modification

occurring upon cycling.
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6.1 Introduction

In previous chapters the complex microstructure of the Li,MnOj3 (or Li[Li;;3Mny/3]02)
model material has been studied and the impact of size, morphology and stacking faults in
the electrochemical performance has been investigated. Li[Lij;3Mny/3]0,, represents the
worst case scenario model material because related compounds where manganese is partially
replaced by other transition metals like nickel or cobalt deliver much higher experimental
capacities. However, these materials suffer from the same degradation phenomena (voltage
and capacity fading). As mentioned in Chapter 1, there is still intense debate regarding
the exact structural arrangement of these compounds. Some authors have proposed they
crystallize as an intergrowth of two-phase (Li[Li;;3Mny/3]O, and LiMO;, where M = Mn,
Ni, Co...), as first proposed by Thackeray et al., [7, 8, 43, 138-140, 203] while others have
proposed a single phase solid solution (Lij4+,Mj_,0O2), according to Dahn’s group. [99, 141—
145] The origin of this debate is the similar structure of Li[Li;;3Mny/3]02 and LiMO,. Even
if they crystallize in different space groups (C2/m for the first one and R3m for the latter)
they both share the same NaCl-type atomic array, and the only difference resides on the extra
cationic ordering of Li[Li;3Mny/3]O5.

Local techniques such as TEM, usually combined with long range techniques (XRD, NPD,
Raman), have been widely used to discriminate between the two phases and the solid solution
models. Cobalt containing Li-rich compounds were found to segregate into two different
domains involving Li[Lij;3Mny/3]O;-like and LiCoO;-like domains. For instance, according
to Wen et al., as seen in Figure 6.1a HAADF-STEM images were indicative of a segrega-
tion with clusters below 2-3 nm in Li; »Mng 4Co040;. [7, 293] Similarly, in Figure 6.1b
HAADF and annular bright field (ABF) STEM images showed that Li[Li;;3Mn/3]O,-like
and LiCoO»-like zones could be distinguished in Li; 2Mng 567Nig.166C00.06702. [8] Never-
theless, Genevois et al. found that Lij 20Mng 54Cog 13Nig.1302 crystallized as solid solution.
[294] For the case of cobalt free samples, there is as well controversy. Boulineau et al.
found a layered stacking comprising Li[Lij;3Mnj/3]0, and LiMng 5Nip 5O, domains in
Li; 2Mng¢Nip20> as seen in Figure 6.1c, [9] Jarvis et al. described the same compound
as a solid solution. [295] In addition, Shukla et al. showed in different samples that
Li; 2Mng¢Nig20, crystallized as a solid solution and proposed that the existing discrep-
ancies arose from the fact that several different structures can give the same projections,
especially in the [010],, direction. [145] Different models have been proposed using the
same characterization methods and the only reconciling explanation found so far has been
the differences in the synthetic method. [137]

XRD and NPD have been as well used to try to distinguish between an intergrowth
of two phases [113, 144, 296] or a solid solution generally using the R3m space group
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(a) Liy ,Cog,4Mnyg 40, (b) Li1Az'\./|no4567Ni0A166C00A06702 () Li; ,Mng gNig ,0,

Fig. 6.1 TEM images for Lij+;M;_,0O,, showing two phase model. (a) HAADF images
of Li1 2Cop.4Mng 40, revealing the coexistence of Li[Lij;3Mnjy/3]0;-like (dot contrast) and
LiCoO»-like (continuous contrast) areas. [7] (b) Left HAADF and right ABF-STEM im-
ages for Li; »Mng 567Nig.166C00.06702. In top the LiMO»-like structure and in bottom the
Li[Li;;3Mnjy/3]0;-like structure are shown. Insets in right images are the crystal-structure
image of the LiMO; and the Li[Li;;3Mny/3]0,-like structures. [8] (c) HAADF-STEM im-
age of Li; 2Mng ¢Nip 20, containing Li[Li;;3Mnj/3]0, domains (blue) and LiMO, domains
(green). Reflections characteristic of the ordered slabs are circled in blue and those related to
the disordered ones are pointed with green arrows on the Fourier transform in the inset. [9]

[109, 141] without a concluding result. As mentioned in Chapter 1, the use of R3m space
group represents an oversimplification as it excludes the superstructure peaks at 26 = 20-35°.

This unsolved controversy has actually led to a million dollar battle between two battery
companies and therefore still deserves attention. BASF licensed the patent of Argonne
National Laboratory (ANL) which describes NMC compounds as a composite or a two phase
material. Umicore, on the contrary started manufacturing NMC material which, according
to their research, was single phase solid solution. On 30 March 2015 BASF and ANL
complained on the U.S. International Trade Commission (ITC) alleging the infringement
of two patents. On December 16 2016 the ITC notified its decision of the infringement
of these two patents. Finally, in 25 April 2017 both companies reached an agreement that
allows Umicore to sell their Li-rich NMC product under the patent of BASF and ANL. [146]

The structural complexity of the pristine material is not the only issue to solve in these
materials. The structural transformation occurring in the first charge is neither well under-
stood. As discussed in Chapter 3 for LiMnOs the first charge is usually described as two
different regions. In the first one, up to ~4.5 V, the compound operates as a classic layered
oxide and the electrochemical activity is attributed to the oxidation of the transition metals.
[99, 100, 222, 297] In the second one, easily identified with a voltage plateau at ~4.7 V,

an irreversible structural reorganization occurs which includes 1) transition metal migration
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within the transition metal layer or to the lithium layer, which causes a reduction or a loss of
the honeycomb like ordering [103, 222, 290, 298, 299] and i1) oxidation of the oxygen which
can be either reversible and described as the loss of the labile electron from the unhibridized
2p orbital, [84, 89, 102, 264, 300-303] or irreversible as a consequence of peroxide species
formation and partial lattice oxygen loss. [74, 77, 100, 102, 222, 225, 251, 290, 304]

In this chapter the FAULTS program will be used to build different structural models
that take into account the microstructural features described in the bibliography. The use
of FAULTS opens the possibility to simulate structural models that combine stacking faults
and intergrowth structures and explore the capability of XRD and NPD to discriminate
between the two main proposed models. The selected composition for the simulations is
Li; »Mng ¢Nig20,, which is known to exhibit good electrochemistry [67, 98, 112, 140, 201,
305-308] and it is cobalt free. Later, this compound is synthesized and the experimental
results of an operando XRD experiment are analyzed. The use of C2/m space group has

allowed to identify novel aspects related to the oxygen evolution not reported up to date.

6.2 FAULTS XRD and NPD simulations of different mi-

crostructural models corresponding to Li; ;Mng ¢Ni 20>

In this section the XRD patterns of the different structural models are simulated. These
correspond to: i) a two phase model, ii) intergrowth model and iii) solid solution model.
Note that the nomenclature of Li;MnQOj3 affect the stoichiometry. Lij 2Mng ¢Nip 20, can be
described as a 1:1 mixture of LioMnO3; and LiMng 5Nig50; or as a 0.6:0.4 for mixture of
Li[Li;;3Mny/3]0, and LiMng 5Nip50,. In this chapter, for an easier comparison, we will
refer to LioMnOs as Li[Li;3Mny/3]0,. As Li[Lij;3Mny/3]O, and LiMng sNig 5O, share the
same skeleton both can be described with a common unit cell. The steps for the unification
of both unit cells are shown in Figure 6.2. Firstly, the primitive unit cell of each structure is
found according to certain standards defined in Reference [309] (Figure 6.2b) using pymatgen
modules for python [250]. Later, these are transformed using the Matrices 6.1 and 6.2 for
LiMng 5Nig 50, and Li[Li;3Mny/3]O; respectively to a common unit cell that is averaged
(same dimensions, but different content) shown in Figure 6.2c. Since the layers described in
FAULTS structural models need to be perpendicular to the stacking direction (i.e. o and 3
need to be 90°) a final transformation is performed (see Figure 6.2d).

-1 -1 0
I -2 0 (6.1)
0 0 1
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Fig. 6.2 Steps followed to transform C2/m and R3m unit cell to a common one suitable for
the FAULTS program. Top shows the transformation of LiMng 5Nip 50, and bottom the
transformation of Li[Li;;3Mny/3]0;.

Table 6.1 Unit cell parameters of LiMng 5Nip 50, and Li[Li;;3Mny/3]O; according to the
different descriptions used in this chapter.

Unit cell Structure a b c o B Y
Conventional LiMng 5Nig 50> (R3m) 2.891 2.891 14.30 90 90 120
Li[Li;3Mny3]0, (C2/m) 4.929 8.532 5.025 90 109.34 90
Primitive LiMng s5Nig 50, 2.891 2.891 5.051 73.37 73.37 60
Li[Li;3Mny/3]0, 4927 4927 5.025 99.54 99.54 119.96
LiMng s5Nig 50, 5.008 5.008 5.051 99.51 109.30 60
Common Li[Li;3Mny/3]0, 4927 4927 5.025 99.54 109.34 59.98
Average 4961 4961 5.041 9933 109.32 59.99
FAULTS cell 4961 4961 4.742 90 90 59.99

This averaged unit cell represents the smallest possible unit to describe both structures.
The atomic positions for the unified unit cell are given in Table A.7 in Appendix A. Depending
on the needs for each model, however, supercells have been built using this cell as basic
structural unit.

On the other hand, in order to compare the simulated patterns with an experimental one,

L1+xNMO_SC_900_5 sample has been synthesized (whose synthesis conditions summarized
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in Section 2.1). A relatively high synthesis temperature of 900 °C has been chosen for a
better definition of the peaks. Its Rietveld refined pattern is shown in Figure 6.3 and the final
refined values are shown in Table A.9 in Appendix A (data acquired at the 11 ID-B beam
line at the APS at Chicago). Below, the different models are described and the resulting

simulations are compared to the experimental XRD pattern.

Yobs.

Ycalc.
Yobs.'YcaIc.

I Li; ;MnggNig ,0,

U i

_T "Iv " "

5 ' 10 15
26(°)

Intensity (a.u.)

Fig. 6.3 Rietveld refined pattern of L ,NMO_SC_900_5 sample.

6.2.1 Two phase model

In this first model Li[Li;;3Mn3/3]0; and LiMng sNig 50, are considered to crystallize as
micrometric independent particles. Figure 6.4a shows the sum of the two simulated XRD
patterns, whose unit cell values are taken from bibliography. [204, 310] As we can appreciate
in Table 6.1, LiMng 5Nip 5O has larger unit cell parameters than Li[Lij;3Mn3/3]0;, meaning
that the diffraction peaks will appear at lower 20 values. As it is better appreciated in
the inset of Figure 6.4a, at low 260 angles the peaks coming from Li[Li;;3Mnj/3]0, and
from LiMng sNig 50, are strongly overlapped and cannot be distinguished. Nonetheless, at
higher 260 values the peaks of the two phases are better resolved. For instance, the peak at
45° is displaced to lower 20 values for LiMng 5Nip 50, and it is easily distinguished from its
Li[Li;;3Mnjy/3]0, homologous peak. Therefore, even if the atomic array of Li[Li;;3Mny/3]0»
and LiMng 5Nig 50, is similar their XRD can be easily differentiated.

This result has been experimentally validated with the experimental pattern of a mixture of
two samples prepared in our laboratory (samples LMO_MnCO3_900_5 and
LNMO_SC_900_5; synthesis conditions summarized in Section 2.1) whose Rietveld refined
patterns are shown in Figure 6.5 and the refined parameters in Tables 6.2 and 6.3. These
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Fig. 6.4 (a) Simulated XRD patterns of Li[Li;;3Mn33]0; and LiMng5Nip50, mixture.
The Bragg positions for each phase are found below; Li[Lij;3Mn3]O; in red and
LiMng 5Nig 50, in blue. (b) Experimental XRD pattern of the mixture of Li[Lij;3Mny/3]02
and LiMng sNig 50, compared to Li; Mng ¢Nip20>.

samples were mixed in a 0.6:0.4 ratio for Li,MnO3:LiMng sNip 50, and the resulting XRD is
shown in Figure 6.4. Note that the intensity differences in some peaks between the simulated
mixture in Figure 6.4a and the experimental one in Figure 6.4b (such as that at ~45°) can
be the consequence of differences between the simulated and experimental atomic positions
and occupancies, as well as the Li/Ni mixing the experimental patterns shows. However,
as seen in the simulations, two diffraction peaks appear at 45° in the mixture, while the
Li; »Mng¢Nip20, patterns exhibits a single reflection in this region. Therefore, it can be
unambiguously concluded that Li; »Mng ¢Nig>O> does not crystallize as a two phase mixture

of micrometric particles and this model can thus be discarded.
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Fig. 6.5 Rietveld refinements of (a) LMO_MnCO3_900_5 and (b) LNMO_SC_900_5 sam-
ples.
Table 6.2 Rietveld refined parameters for LNMO_SC_900_5.
Space group R3m
a,b 2.89402(7)
Lattice parameters (A) c 14.3123(6)
Volume 103.8113
Atomic positions X y z
3a 0.00000 0.00000 0.00000
3b 0.00000 0.00000 0.50000
6¢ 0.00000 0.00000 0.2428(5)
Occupancies 3b M/Li 0.884(4)/0.116(1)
p 3aLi/M 0.884(4)/0.116(1)
Microstructural parameters Particle size (nm) 73
P Strains (%Y%) 13
R, 15.3
wR,, 20.0
Agreement factors Resp 12.3
x? 2.653

(a) LMO_MnCO3_900_5

(b) LNMO_SC_900_5
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Table 6.3 Rietveld refined parameters for LMO_MnCO3_900.

Space group C2/m

a 4.9250(6)

b 8.528(1)
Lattice parameters (A) c 5.0182(4)

B 109.22(1)

Volume 199.198
Atomic positions X y z
2b 0.00000 0.00000 0.00000
4g 0.00000 0.326(2) 0.00000
2c 0.50000 0.00000 0.50000
4h 0.00000 0.84000 0.50000
4i 0.27(1) 0.00000 0.77(1)
8j 0.749(9) 0.844(4) 0.766(6)
Occupancies 4g Mn/Li 0.70(2)/0.30(1)

2b Li/Mn 0.70(2)/0.30(1)
Microstructural parameters Particle size (nm) 120

Strains (% %) 17

R, 22.7
Agreement factors VRvis ?2471

x? 2.89

6.2.2 Intergrowth models

According to the results shown in the previous section, the scenario of intergrowth of two
models would only be in agreement with experimental XRD patterns if both components
share the same unit cell dimensions. This possibility is not totally unlikely, as could be
the result of local composition differences or strained unit cells similar to those occur-
ring in epitaxial growth of thin films. In this section, XRD patterns corresponding to
intergrowth structures of Li[Li;;3Mny/3]02 and LiMng 5Nip 50, are simulated. Two possi-
bilities have been considered: in a first more simplified model the intergrowth of the two
phases is considered to occur only along the ¢ direction, so that layers corresponding to
Li[Li;3Mny/3]0; and LiMng sNig 50, alternate in the structure, as proposed by Boulineau
et al. for Lij »MngNig,0O, (see Figure 6.1c). [9] In the second model an intergrowth in
three dimensions (3D) has been simulated, varying their average size.



108 Structural analysis and study of activation mechanism in Lij 2Mng ¢Nip 20>

6.2.2.1 Layered intergrowth of Li[Li{;3Mn3/3]0; and LiMng s5Ni¢s50>

As a first approach, a random stacking of layers is considered. By varying the stacking
probabilities we are able to build structures made of blocks of different sizes in ¢ so that
the effect of the blocks’ average size in the patterns can be evaluated. The average size
of the blocks has been calculated by varying the stacking probabilities (details given in
Section A.5.3 in Appendix A).

(a) LiMng sNig 5O, (b)
Exp.
Av.:1.2nm  Av.:2.0 nm \ Av.:4.8nm  Av.7.9nm —7.9nm
—4.8nm
—2.0nm
—1.2nm

Intensity (a.u.)

30 32 34 36 38 40
26 (°)

/
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Fig. 6.6 (a) Schematic representation of the structures built where red layers represent
Li[Li;/3Mnjy/3]O; and blue layers LiMng 5NipsO,. Note that the average block thickness
varies from one representation to the other. (b) Simulated XRD patterns corresponding to the
four studied samples. The inset shows a zoom to the 260 range 30-40°

Figure 6.6a shows a graphic representation of the four simulated structures. Red layers
represent Li[Li;;3Mny/3]O,, while blue layers correspond to LiMng5NigsO,. Note that
in Li[Li;;3Mny/3]O, stacking faults have been included considering a completely faulted
structure for a more realistic study. The structure in the black square has the smallest average
block thickness while the blocks in the green square are the largest. Figure 6.6b shows the
simulated XRD patterns corresponding to average thicknesses of 1.2, 2.0, 4.0 and 7.9 nm
for the black, blue, red and green lines respectively. The main reflections are similar in all
cases. Nevertheless, the inset in the figure shows that there is a small peak at 20 = 36° which
becomes weaker with increasing size of the blocks. At 7.9 nm the peak is still visible.

The TEM images published in Boulineau’s work [9] exhibit blocks of about 5-10 layers,
which approximately correspond to 3.5 nm. [9] At these size values this peak should be
visible in the XRD patterns. In our experimental diffraction pattern, however, this peak is not
present. The absence of this peak can therefore be used to discard the intergrowth of pure

layers as a valid model for the structure of our Li; 2Mng ¢Nig 20, sample.
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6.2.2.2 3D intergrowth of Li[Li{;3Mn,/3]0; and LiMny s5Nigs50>

Wen et al. [7] observed a 3D intergrowth of the two phases by TEM. In this section 2D
intergrowth structures are simulated using a large cell of 50x50 A in the ab plane, i.e. a 5x5x1
supercell of the FAULTS unit cell, which has been built using pymatgen module. Three
different layer types have been considered to take into account the effect of domain size. The
first one, shown in the black square of Figure 6.7a, consists in clusters of LiMng sNig 50, and
Li[Li;;3Mnjy/3]0; with a fixed size of 2.5x2.5 nm. In the second and third layer types, shown
in the red and blue squares, the Li[Li;;3Mn»/3]0O> and LiMng 5Nig 50, units are stochastically
distributed. By varying the stochastic distribution average, larger or smaller domains are
obtained (note that the average domains in the red square are larger than in the blue square).
For each simulation 10 different layers (same type of layer but different motif) are used to

build the 3D model in order to minimize the effect of their ordering along the c axis.
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Fig. 6.7 (a) Representation of the layers formed by clusters of Li[Lij;3Mn»/3]O7 (in red) and
LiMng 5Nig 50, (in blue) along the same ab plane used in the simulation of the XRD patterns.
(b) simulated XRD patterns using the layers represented in (a). The inset shows a zoom to
the 260 range 30-40°.

Figure 6.7b shows the simulated XRD patterns obtained using these models. Note that the
colors of the diffractogram match with the colors of the boxes. In addition, the experimental
XRD pattern is included for comparison. The XRD pattern for the structure in the black box
shows extra peaks (marked with green arrows) as a consequence of the regular motif in the
ab plane. In contrast, the XRD patterns for the stochastically distributed domains show no
additional peaks regardless the average size of the domain and no difference is observed
between them. In this case, the XRD patters reproduce well the experimental patterns.
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Again, the intensity differences between the simulated and the experimental patterns are
consequence of slightly different atomic positions and occupancies. It can be thus concluded
that, as long as the domains are stochastically distributed, Li; »Mng ¢Nig 20O, can be formed
of nanodomains of Li[Li;;3Mny/3]O2 and LiMng sNig 50;, regardless their size.

6.2.3 Lij2Mng¢Nig.203 solid solution

In this section, the solid solution model is studied. Firstly, the Ewald’s sampling method is
used to find the most electrostatically stable metal distribution, which is later corroborated
with DFT calculations. Secondly, the XRD patterns of the resulting solid solution structure

are simulated.

6.2.3.1 Atomic distribution in the transition metal layer

In order to study the atomic distribution in the transition metal layer a supercell is built by
applying the transformation Matrix 6.3 to the FAULTS unit cell.

I 1 0
5 =50 (6.3)
0 0 1

Two different approaches have been considered. In the first one the superstructure of
Li[Li;;3Mnjy/3]O; is partially maintained and nickel replaces some manganese and some
lithium atoms. In this case, the transition metal layer is modified from [Li} /3]25[Mn;3]4, to
[Lig.2Nig.13)25[Mno 6Nio.07)4¢. In the second approach the atoms are randomly distributed
along the transition metal layer. For the first possibility the amount of possible structures
is limited to 140, whose Ewald’s energy is shown in Figure 6.8a. The structure shown as
an inset is a representation of one of the structure maintaining the superstructure ordering.
For the second case, on the contrary, the number of possible different structures is much
higher and the Ewald’s energy of 10,000 structures have been calculated (Figure 6.8b). The
structures in the figure show two selected points, one with low energy and a second one
with high energy. Note that the energies of the structures from Figure 6.8a are included
in the green square in Figure 6.8b for comparison and are considerably more stable than
any configuration with randomly distributed transition metals. The random distribution of
the metals can lead to cationic clustering where manganese rich zones and lithium/nickel
rich zones are generated. In order to maintain local neutrality, in manganese rich zones
manganese will be reduced as Mn'! and in Ni/Li-rich zones the nickel will be oxidized



6.2 FAULTS XRD and NPD simulations of different microstructural models corresponding
to Lij »Mng ¢Nig 202 111

as Ni'll or Ni'V' (with respect to the most stable configuration: Mn!Y and Ni'"). Therefore,

manganese and nickel segregation is not favored.
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Fig. 6.8 Ewald summation energy of different Li; ,Mng ¢Nip20> configurations (a) main-
taining the superstructure ordering and (b) with all the metals randomly distributed in the
transition metal layer.

The validity of these results is tested by calculating the DFT energy of some selected
structures (A-H points in Figure 6.8). The results in Table 6.4 suggest that while the
superstructure is maintained (structures A-F), different energetically degenerated states are
achieved and are equally probable at room temperature, but as soon as the order is broken
(G, H) the energy of the system considerably increases. Maintaining the initial lithium and
manganese positions is thus the most energetically favored metal distribution.

Table 6.4 Calculated DFT energies for structures with different layer transition metal distri-
bution corresponding to the points indicated in Figure 6.8.

Ordered structures  Energy (eV)
-36.10
-36.10
-36.10
-36.09

-36.09

Mmoo O w >

-36.09

Disordered structures

Energy

G
H

-35.92
-35.54
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6.2.3.2 XRD pattern simulation of solid solution

The FAULTS simulations have been performed using the transition metal distribution with
the lowest Ewald’s energy. Figure 6.9 shows simulated XRD patterns using a different
number of layers: one, three and ten (those with the lowest energy in Figure 6.8a are used).
In addition, a small unit cell with partial occupancies corresponding to [Lig2Nig.13]25» and
[Mng ¢Nig 714 1s used as a simulation of infinite different types of layers. If only one type
of layer is used in the simulation to describe the whole structure (i.e. the same layer is used
to build a stack of layers), extra peaks are present in the diffractogram (some marked with
green arrows) as a result of the ordering of the atoms in the ab plane which is repeated along
c. As the number of different layers is increased, the intensity of these peaks decreases. If an
infinite number of different layer types is reproduced (with the use of partial occupancies)
the peaks related to this ordering disappear. The XRD pattern generated by the use of partial
occupancies reproduces the experimental pattern, which means that this structural model is
as well valid for the description of Li-rich compounds.
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Fig. 6.9 (a) XRD patterns for different solid solution simulations. (b) Zoom of the suprestruc-
ture zone.

Overall, three different structural models have been studied to describe the structure of
Li; 2»MngNig,0,. The two phase model has been rejected as the different unit cell sizes
of Li[Mng 5Nip5]O> and Li[Li;,3Mny/3]O; result in additional peaks in the XRD patterns
which are not present in experimental patterns. The layered intergrowth model proposed by
Boulineau et al. has been discarded as well because it generates a peak at 36° which is not
present in experimental patterns. The 3D intergrowth model on the contrary does not present

any additional peak so this model could be used to describe the structure. Similarly, the solid
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solution structural model has as well shown to be possible. These results confirm that the use
of XRD to distinguish between the two models is extremely challenging. However, NPD
data could provide interesting information because of the different scattering factor between
nickel lithium and manganese, especially in the superstructure zone, where distinguishing
between nickel and manganese could be key. In the following section the results obtained in

NPD simulations of these two models will be analyzed.

6.3 NPD simulations of Lil.zMn0.6Ni0.202

As explained in Section 2.2, lithium barely diffract X-rays, and nickel and manganese are
indistinguishable as a result of its similar scattering factor. In NPD, on the contrary, nickel
has a high positive coherent b scattering factor (10.3 fm), while lithium and manganese have a
negative coherent b scattering factor (-1.9 and -3.73 fm respectively), meaning that nickel can
be easily distinguished from manganese and lithium. Therefore, complementary information
about the layer ordering can be extracted from NPD patterns. To illustrate the significant
differences between XRD and NPD for this family of compounds, the effect of stacking
faults in the superstructure reflection peaks of NPD is firstly studied in Li[Li;;3Mny/3]05.
Secondly the NPD patterns of the 3D intergrowth model and the solid solution model for
Li; 2Mng ¢Nig O, are compared.

6.3.1 Effect of stacking faults in the NPD pattern of Li[Li{/3Mny/3]0>

Figure 6.10 shows the comparison between NPD patterns of ideal and defective
Li[Li;3Mny3]0;,. For an easier comparison with XRD patterns, all the NPD patterns
in this chapter have been simulated with the same wavelength as for XRD (A¢, = 1.54056
A). The negative scattering of both manganese and lithium significantly reduces the peak
intensity arising from the Li/Mn honeycomb ordering compared to XRD, as can be seen in
the inset of the figure. As a result, the superstructure peaks become invisible. Added to the
intense background experimentally obtained, consequence of the inelastic scattering factor
of manganese, the superstructure peaks remain invisible even in samples without stacking
faults. [311]

6.3.2 NPD simulations for 3D intergrowth versus solid solution models

Once the weak intensity of the superstructure peaks in Li[Li;;3Mny/3]O> has been shown, the
NPD simulations of the 3D intergrowth between Li[Li;;3Mn3/3]0; and LiMng 5Nig 50, de-
scribed in Section 6.2.2.2 and the solid solution structural model described in Section 6.2.3.2
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Fig. 6.10 NPD simulations for ideal and defective Li[Li;;3Mn33]0; (maximum degree of
stacking faults). The inset shows a zoom of the superstructure zone.

are presented in Figure 6.11a. Both patterns show the same diffraction patterns and the same
intensities, with the exception of the superstructure region. While in the intergrowth model
the (020),, reflection is not present, in the solid solution model, a weak signal can be seen.
The intensity of the peak is, however very small so it could still be hidden by the background
asin Li[Li1/3Mn2/3]02. [31 1]

In order to understand the presence of the peak in the solid solution model but not in the
intergrowth model we have to take into account that the origin of this peak is the scattering
difference between 2b and 4g positions i.e. the honeycomb ordering. In the intergrowth model
the structure can be treated as separate domains of Li[Mng sNig 5]O; and Li[Li;;3Mny/3]0»
(Figure 6.11b). No atomic ordering has been considered for Li[Mng 5Nig 5]O2, so no signal
is expected in this region. In Li[Li;3Mn,/3]O; the signal in the superstructure zone comes
from the atomic contrast is between Li and Mn. Both atoms have small negative scatter-
ing factor so, as we have seen in the previous section, the contrast is small. As a result,
the peak remains invisible. In the solid solution model the structure can be described as
Li[Lig»Nig.13]125[Mng ¢Nig 0714402 (Figure 6.11c). The composition for the 4g position is
90% Mn and 10% Ni. The composition for the 2b position, on the contrary is 60% Li and
40% Ni. The total scattering factor of the 2b position will thus be considerably larger than
for 4g position and the contrast will thus be noticeable.

The presence or absence of the superstructure peak in the NPD patterns could be a key
element to distinguish between a solid solution and an intergrowth. However, the weak
signal, linked to the large background consequence of the inelastic scattering factor of the

manganese could hide this peak as for the case of Li[Lij;3Mny/3]O;. This means that, if in
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Fig. 6.11 (a) NPD simulations for the intergrowth of two phases and for the solid solution
models. The inset of the figure shows a zoom of the superstructure zone. (b,c) Composition
of the transition metal layer in the intergrowth of two phases and the solid solution structural
models.

experimental patterns the (020),, peak is present the structural model for Li; 2Mng ¢Nip 20>
is unambiguously a solid solution, but if the peak is not present the results will not probably

be conclusive. This possibility has been experimentally explored.

6.3.3 Analysis of the NPD experimental pattern of Li; 2Mng ¢Nig 202

Figure 6.12 shows the NPD pattern of L ,NMO_SC_900_5 (see Section 2.1 for synthe-
sis information and Section 2.2.4 for NPD measurement conditions). The zoom of the
superstructure region seen in the inset shows no presence of superstructure peaks. There-
fore, using XRD and NPD we cannot discriminate between the solid solution or the 3D
intergrowth model for this composition. These results illustrate that it is extremely chal-
lenging to distinguish between the proposed models for Li-rich compounds as a result of
the low signal of the superstructure peak and the large background in the NPD patterns
inherent to the manganese atom. This work could however be useful to evaluate other related
compositions with enhanced diffraction contrast like manganese free Li-rich compounds
which have been used as models to understand the behavior of the materials such as those in
References [90, 92, 96, 312-315].
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Fig. 6.12 Experimental NPD pattern of L;;,NMO_SC_900_5 with a A = 1.623400 A. The
inset of the figure shows a zoom of the superstructure zone.

6.4 Li;»;MnyeNip,0O; structural and electrochemical char-

acterization

In order to get further insight on the structural transformations occurring in the first cycle
of Li; sMng ¢Nig 203, a synchrotron X-ray operando experiment was carried out at the APS
using the AMPIX cell described in Section 2.6. Since the electrochemical performance of
samples synthesized at 900 °C is poor (see Chapter 3), the experiment has been carried
out with a sample synthesized at lower temperature (labeled as L;,NMO_SC_700_5,
synthesized as explained in Section 2.1), because it is expected to fully activate upon
the first cycle. Figure 6.13 shows the HR XRD pattern of this sample compared with
L xNMO_SC_900_5, both acquired at the 11 ID-B beamline at the APS. For an easier
comparison with laboratory XRD patterns, the wavelength was changed to 26¢, (A = 1.54056
A), while the original 26 value is maintained in the top x axis. As expected, the XRD pattern
for L1, NMO_SC_700_5 has considerably wider peaks than that of L;,,NMO_SC_900_5
as a result of its smaller particle size (which in turn is a requirement for electrochemistry).
Similarly, the peak shape in the superstructure zone suggests that the degree of stacking
faults also is higher for the sample synthesized at lower temperature. The intensity ratio of
(001),, at 19° and the (131),, and (202),, pair at 45°, defined as

L3, T 302),,

(6.4)
Loo1),,
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can be qualitatively used to analyze the amount of nickel in the lithium layer. [316, 317]
The large ratio for L1 ,NMO_SC_700_5 (1.21) with respect to that of L; ., NMO_SC_900_5
(1.18) is indicative of a larger amount of nickel in the lithium layer for the former.

20sync. (°)
4 6 8 10
£ o
é = —900 oC
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20 40 60 80
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Fig. 6.13 High resolution XRD patterns of Li; sMng ¢Nig20; synthesized at 700 and 900°C.

In order to follow the structural evolution of the sample the Rietveld method has been
used. Although contrary to FAULTS stacking faults cannot be accounted for, the main
structural properties can be followed at a reasonable computational speed. In view that there
is no evidence that the intergrowth of two phases model better describes the structure than
the solid solution model, the refinement of the patterns is going to be done assuming a solid
solution, which is easier to handle with. The refined pattern is shown in Figure 6.14 and the
refined values are listed in Table A.9 in Appendix A.

Table 6.5 compares the refined parameters for L;;,NMO_SC_700_5 and
L1 ,NMO_SC_900_5. The unit cell parameters of the samples are slightly different.
L1 +xNMO_SC_700_5 has lager a and b, and shorter c. As expected from the peaks in-
tensity ratio of the XRD patterns, the amount of nickel in the lithium layer is almost three
times larger for L ,NMO_SC_700_5 than for L;,NMO_SC_900_5, which can explain the
different unit cell parameters. Ni'l and Li! have similar cationic size but different oxidation
state, so the larger concentration of nickel in the lithium layer in L ,NMO_SC_700_5
contracts the interlayer distance as a result of the stronger Ni-O bond in comparison with
Li-O bond. At the same time, the Ni-Li electrostatic repulsion in the lithium layer is as well
more intense than that of Li-Li ions, so a larger size in the ab plane is expected.
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Fig. 6.14 Rietveld refinement pattern of L, NMO_SC_700_5 sample.

Table 6.5 Main structural parameters obtained from the Rietveld refinement for samples
L1 xNMO_SC_700_5 and L{,NMO_SC_900_5. All the refined parameters are shown in
Table A.9 in Appendix A.

Sample name L, NMO_SC_700_5 L+, NMO_SC_900_5

a 4.960(2) 4.9409(8)

b 8.552(3) 8.553(1)

c 5.009(1) 5.0256(5)

B 109.09(5) 109.29(1)

Volume 200.78 200.45
Particle size (nm) 18 92

Occ. 3a (Li/Ni) 93.8(8)/6.2(8) 97.6(8)/2.4(8)
Occ. 3b (Ni/Li) 93.8(8)/6.2(8) 97.6(8)/2.4(8)

6.5 Operando XRD measurement of Li; ,Mng¢Ni,0,

6.5.1 Qualitative HR XRD analysis

The structural evolution of Lij ;Mng ¢Nig20; has been followed with an operando XRD
measurement for L, NMO_SC_700_5 sample. Although the nickel in the transition metal
layer is known to be detrimental for the electrochemistry, [1, 257, 318] reasonable capacities
were found to evaluate the structural changes occurring upon the first charge. The experimen-
tal conditions for the XRD and electrochemical measurement are explained in Sections 2.2
and 2.6. Figure 6.15 shows the voltage versus capacity curve of the first two operando
galvanostatic cycles, whose first charge has been divided into two different regions. The

charge region 1, shown as a blue rectangle, and covering from open circuit voltage (OCV) to
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4.5V, is usually related with a classic layered oxide like behavior, while the charge region 2,
in the range 4.5-4.8 V, is characteristic from lithium rich layered oxides and it is known to

harbor irreversible structural changes.
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Fig. 6.15 Voltage versus capacity curve of the first two galvanostatic cicles of the operando
measurement of L, NMO_SC_700_5. Points at selected voltages are marked with green
circles.

The corresponding evolution of the XRD patterns is plotted in Figure 6.16a. In addition,
contour plots of the most relevant peaks are presented in Figure 6.16b, with the correspond-
ing time versus voltage curve. Finally, Figure 6.16c-e show selected points (in green in
Figure 6.15) for each of the three regions defined: Figure 6.16c shows the first and last
XRD pattern in the charge region 1, Figure 6.16d shows three different XRD patterns within
the charge region 2 (at the beginning, at the middle of the process and at the end) and
Figure 6.16e shows the initial and final states of the discharge. The pattern of the initial
structure at the OCV is modified in the first charge and it is no longer recovered at the end of
the charge-discharge cycle. Once this phase transformation occurs, the peak profile of the
subsequent cycles are reproducible. From a qualitative point of view, the peaks evolve as

follows:

* Charge region 1: while the position for the (001),, peak does not vary substantially,
meaning that the interlayer distance does not vary, at high 26 values the peaks are
displaced to higher 260 values, indicating a unit cell reduction, most likely in the ab
plane. On the other hand, intensity of (202),, and (131),, peak slightly decreases as a
result of the lithium removal from the lithium layer. Finally, intensity of the (133),,
and (202),, peak also exhibit lower intensity, while that related to (060),, and (331),,

remains constant.
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Fig. 6.16 (a) Waterfall plot of XRD patterns resulting from the operando measurement of
L1 NMO_SC_700_5.(b) operando XRD peaks evolution upon cycling together with the
time versus voltage curve shown as contour plot. (c-e) XRD patterns at selected voltages in
(c) the charge region 1, (d) in the charge region 2 and (e) in the discharge.

* Charge region 2: in this case the (001),, peak is displaced to higher 20 values,
indicating a layer contraction. In addition, the peak becomes smaller and wider.
Similarly, the peak at 6° related to (202),, and (131),, has an important decrease of
intensity as a consequence of lithium removal from the lithium layer and possible
additional structural modifications. The intensity reduction of the (020),, and (133),,
at 8.5 ° continues as the voltage increases, while the intensity corresponding to the
second peak of the doublet corresponding to (060),, and (331),, does not vary.

* Discharge: even if the peaks are displaced to lower 20 values in this range, the peak
shape does not substantially vary. The main peak intensity increase is registered in
the peak at 6° corresponding to (202),, and (131),, reflections as a consequence of
the lithium insertion in the transition metal layers. This means that in this range

the structure does not suffer important changes except for the unit cell increase,
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consequence of the the lithium insertion in the lithium layer (which is as well perceived

in the intensity increase of the peak (202),, (131),,).

Figure 6.17 shows the XRD patterns corresponding to the fully discharged and fully
charged states of the three cycles. Note that in Figure 6.17a, the XRD patterns for the second
and third cycles, which are overlapped, are intentionally shifted from the first one for a better
appreciation of details. The pattern at the OCV has a different shape from the subsequent
ones, which are comparable between them. This is especially noticed in the reduction of
the (001),, and the (202),, (131),, peaks and in the peak positions at high 20 angles. On the
other hand, the XRD pattern of the first fully charged state (Figure 6.17b) has the same shape
as the second one, which is a clear indicator that after the first structural change the structure

does not suffer important changes, in agreement with previous reported works. [98—102]

(a) Discharged state (b) Charged state
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Fig. 6.17 XRD pattern of (a) discharged state of first three cycles and (b) charged states of
the first two cycles.

6.5.2 Rietveld refinement

For a complete view of the evolution of the peaks as well as to unravel the possible processes
occurring upon cycling of the material, the XRD patterns of the first charge-discharge cycle
were refined using Rietveld refinement (excluding the superstructure peaks). Regarding that
there is no evidence of two phases in the operando XRD experiment (e.g. there are no new
peaks) a single phase refinement is carried out using the C2/m space group, which describes
best the structure. The operando XRD refinements performed by other groups have been
done either using the R3m space group [98-102] either with a two phase refinement involving
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two different R3m structures or a R3m and a C2/m structure. [296, 319] The description of
the structure using R3m space group is easier to handle, but all the transition metals and all
the oxygen atoms treated as equivalent, which it could be an oversimplification and thus
result in a loss of important information. Therefore, in this work, the refinement has been
carried out using the C2/m space group. The refined parameters were the scale, the unit cell
lattice parameters, and the atomic positions and occupancies, while the zero offset was set to
0. The crystallite average size does not vary, so the size broadening parameter was refined in
the first pattern and was maintained constant during all the refinement, as done by Fell ef al.
[222] Similarly, the atomic thermal factors were refined in the first pattern and maintained
constant along all the process. Microstrains have been modeled with an anisotropic strain
broadening model using a quartic form in reciprocal space. Background was fitted with a
linear interpolation of selected points refined for each pattern. Even if the scattering factor of
lithium is small, the lithium anode showed diffraction peaks as a consequence of its thickness
and the brilliance of the beam, so it was added as a secondary phase and its intensity was
refined for each pattern. The lithium in the structure, however, has a really small scattering
factor with respect to the rest of the atoms and its contribution to the diffracted intensities
is insignificant in comparison with the rest of the atoms. Considering that this compound
is known to have nickel in the lithium layer, only nickel atoms were included in the model
for the lithium layer. In addition, since nickel and manganese have similar scattering factors
only nickel atoms were donsidered in the model for the transition metal layer. In order to
follow the changes in electron density of the layers due to lithium removal and transition
metal migration, a relative occupancy parameter has been calculated (Occgerqrive), Obtained
by dividing the occupancy of nickel atoms in the lithium layer with the occupancy of nickel

atoms in the transition metal layer, as shown in Equation 6.5.

Y Occupancyy; jayer _ Occupancyy. + Occupancyy,
Z OccupanCyTransition metal layer OccupanCyZb + Occupancy4g

OcCRrelative = (6.5)

A decrease in this ratio indicates that the atomic concentration in the lithium layer is
being reduced with respect to the atomic concentration in the transition metal layer, i.e. there
is an atomic removal in the lithium layer or an atomic increase in the transition metal layer.

Refined patterns at selected charge states are shown in Figure 6.18. The refined values of
a, b, ¢ and B can be found in Figure A.4 in Appendix A. However, as the unit cell values
for R3m and for C2/m are different, for an easy comparison with the bibliographic data two
parameters are used in this work: the ab plane area, which is related to a parameter from the

R3m space group, and the ¢’ interlayer distance value, calculated as ¢ - cos(8 — 90) which
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of the operando experiment of
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is ¢/3 in R3m space group. On the other hand, the electronic scattering density difference
between the experimental data and the simulated one (Fg;7f) has been analyzed to find
possible occupied sites (Figure 6.19). The density maps show that when the sample is
charged at 4.5 V there is some positive scattering factor in the tetrahedral positions, which
indicates that this position is occupied. Therefore, from this point on all the patterns are

refined allowing metal migration to tetrahedral positions.

(a) ocv

O

(b) 45V (c) 4.8V

O O

Fig. 6.19 Electronic scattering density difference (Fy;rr) between the calculated and the
observed experimental pattern at (a) OCV (b) at 4.5 V, (c) 4.8 V. The positive scattering
factor is shown in yellow while the negative is shown in blue. The black circles indicate
tetrahedral positions.

The main refined parameters for L;;,NMO_SC_700_5 are shown in Figure 6.20, which
comprise: the ab plane are, the ¢’ interlayer distance value, OcCg,jqrive, the occupancy in the
tetrahedral position, the O4i-O4i distance and the microstrains along the ab plane and along

c. The following observations have been done:

* In the charge region 1 the ab plane area is reduced as a consequence of the oxidation
of the nickel from Nil! (atomic radio of 0.83 A) to Ni'V (atomic radio of 0.62 A),
consistent with previous operando experiments in the bibliography. [98-102, 319] At
the same time, the OccCgejurive Tatio decreases, meaning that in this range the lithium is
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Fig. 6.20 Refined parameters upon charge and discharge. Green dashed lines mark the end of
the charge region 1 and charge region 2.
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mainly extracted from the transition metal layer. This lithium removal from the lithium
layer does not strongly modify the ¢’ interlayer distance because the nickel atoms in
the lithium layer act as pillars. In this range the absence of nickel in the tetrahedral
positions have been found.

In the charge region 2 the ab plane area is maintained relatively constant because
there is no more transition metal oxidation. The ¢’ distance, on the contrary, suffers an
important contraction, which is linked with transition metal migration to the tetrahedral
position. The shorter M-O tetrahedral bonds are believed to contract the interlayer
distance. In this range, oxygen is believed to be the main redox active center. As
seen in Section 5.3.3, the metal migration to tetrahedral position helps to stabilize the
unstable oxidized oxygen atoms. On the other hand, Occgej4sive 1S cOnstant in this range
(Figure 6.20c ), which suggests that the lithium atom is extracted from both, the lithium
layer and the transition metal layer. Interestingly, we have found a O4i-O4i distance
shortening within the transition metal layer (from 2.75 A to 1.83 A, as shown in
Figure 6.21), which could demonstrate the peroxide-like bond formation. This distance
shrinkage could be the consequence of the absence of Li2b. The combination of
metal migration to tetrahedral sites with oxygen distance shortening has been recently
predicted by Radin et al. [264] According to their study, the manganese migrates to the

tetrahedral position as Mn¥!!

, which induces a peroxide bond formation or a internally
trapped O, molecule which, at the same time, can reduce the Mn"!! to Mn!V, pushing
it to an octahedral position (either to the lithium layer or to the transition metal layer).
In other words, the peroxide formation could be induced by manganese migration to

tetrahedral positions.

(a) Initial (b) 4.8V
O4i 04i
04 O4i
d(04i-04i) = 2.75 A d(04i-04i) = 1.83 A

Fig. 6.21 O4i-O4i distance of the initial structure and the fully charged structure.

* In the discharge, both the ab plane area and the ¢’ increase their value. While the

first one is consequence of the reduction of nickel atoms, the later one is due to the
intercalation of lithium atoms in the lithium layer and migration of the metals in the

tetrahedral position to the transition metal layer. According to the Occgeigive, there
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is more scattering density in the lithium metal layer at the end of the first cycle in
comparison with the beginning, which means that some of the metals which were in
the tetrahedral position do not migrate back to the transition metal layer but go to the
lithium layer. An alternative explanation could be that some 2b positions, which were
initially occupied by lithium could remain unoccupied. Finally, the O4i-O4i distance
goes back to its original state, which suggest that the formation of peroxo/trapped O»

formation is reversible.

Figure 6.20f shows the evolution of the strains in the ab plane (calculated averaging the
strains in the (200),, and (040),, planes) and in c, represented by the strains along the (001),,
plane. The strains in ¢ direction are high at OCV and they increase considerably in the charge
process, while during discharge the approximate initial value is almost recovered. The initial
large (001),, strain can be consequence of the complex microstructure of the compound. The
slightly different atomic composition of each layer will induce differences in the interlayer
distance. In view of our refinement results, three possible explanation are given for the
increase of the strains in ¢ upon delithiation, shown in Figure 6.22a. 1) The absence of lithium
in some layers increases the interlayer distance consequence of O-O coulombic repulsion,
typical of layered oxides. [100, 102] ii) The transition metal migration to the tetrahedral
positions induces layer shrinkage as we have previously proposed. iii) Transition metal atoms
irregularly spread along the lithium layer and can cause undulations in the structure, as found
to happen to other layered compounds. [320, 321] These hypotheses are not excluding and
can occur simultaneously, giving rise to varying interlayer distances.

On the other hand, the stains in the ab are lower at OCV but they increase while charging
and the initial value is no longer recovered. In the charge cycle 1 the strains in the ab plane
do not vary substantially. In contrast, in the charge region 2, the strains in the ab plane
considerably increase, which can be linked with the main processes occurring during this
region, i.e. the metal migration to tetrahedral positions and the O4i-O4i distance reduction.
In the discharge, not all the metals from the transition metal layer return to octahedral
positions, so the microstrain value is maintained constant. Fell ez al. studied the microstrains
isotropically in Lij; ;Mng ¢Nig20; and suggested that their increase came from the activity
of the manganese, which according to his study became redox active and the presence of
Mn!! caused Jahn-Teller distortion which increased the strains. [222]

In summary, we have reproduced the unit cell parameters evolution seen in previous
works in the ab plane, while the behavior in the ¢ plane is different. This difference has been
attributed to the initial nickel content in the lithium layer. At high delithiation states, the
metal migration to tetrahedral position is reproduced, which has been hypothesized to be

consequence of the oxygen oxidation, as explained in Section 5.3.3. The use of the C2/m
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Fig. 6.22 Schematic representation of the origin of strains.

space group has allowed us to find a selective O4i distance reduction, while the O8j maintains
in its position. Finally, the anisotropic strain model used to determine the strains in the
sample has shown that i) the strains in the stacking directions increase during the charge
and decrease on the discharge, as a result of the interlayer distance anisotropy and ii) the
strains in the ab plane increase in the first charge and are not recovered, consequence of the

transition metal migration to the lithium layer.

6.6 Conclusions

XRD and NPD pattern were simulated in order to explore the differences between models
(two separated phases, as an intergrowth of two phases -comprising layered intergrowth and
3D intergrowth- or as a solid solution). XRD has allowed us to discard the two phase model
and the layered intergrowth model. The patterns for both the 3D intergrowth and the solid
solution models match with the experimental XRD patterns, while for NPD patterns small
differences in the superstructure peaks are present. Unfortunately, these are weak and are
hidden by the experimental background. On the other hand, an operando XRD experiment
has been performed in Li; 2Mng ¢Nip 20, to follow the structural changes upon cycling. It
has been found that the ab plane expands and contracts as previously found in bibliography,
but the ¢’ parameter behavior has found to behave different as a result of the nickel content
in the lithium layer. Two different mechanisms have been found to minimize the instability
of the oxidized oxygen at high delithiated states: metal migration to tetrahedral position and
the O4i-O4i distance reduction, which could form a peroxo-like bonds or trapped molecular
O,. Finally, the structural evolution has shown to generate microstrain along ¢ and along
ab plane. While in the first one the strains are reversible, consequence of the anisotropic
lithium extraction, the strains in the ab plane irreversibly increase consequence of the metal
migration to tetrahedral positions.



Chapter 7
General conclusions

By three methods we may learn wisdom: First, by reflection, which is noblest; Second, by
imitation, which is easiest; and third by experience, which is the bitterest.

Confucius
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In this thesis a thorough analysis of the microstructural features of LiMnO3 and
Li; »Mng ¢Nig 20> has been performed, aimed to correlate the microstructure with the electro-
chemical properties. In the case of Li,MnO3, the synthesis conditions have been correlated
with amounts of staking faults, particle size and morphology and the independent impact of
these variables in the electrochemical behavior has been decoupled. For Lij; ;Mng ¢Nig 20,
the controversial microstuctural arrangement and its evolution upon the first cycle have been
studied.

From the structural analysis of Li,MnO3 we have found that the choice of the precursor
and the synthesis temperature has a strong impact in the microstructure of the sample (the
crystallite size, the particle shape and the degree of stacking faults). MnO and Mn;0O3
precursors result in platelet shaped particles while isotropic particles are obtained when
MnCOs; is used. On the other hand, Mn,O3 and MnCOj3 precursors form structures with high
degree of stacking faults, while MnO precursor form structures with low degree of stacking
faults. In turn, the synthesis temperature mainly affects the crystallite size: the higher the
synthesis temperature the larger the crystallite and the particle size. By electron microscopy
images we have shown that samples with low degree of stacking faults contain zones without
stacking faults, zones with a moderate number of stacking faults and highly defective zones,
while samples with a high degree of stacking faults only exhibit highly faulted zones.

The effect of these microstructural variables have shown to affect the electrochemical
performance of Li;MnO3. Crystallite size has the strongest impact in the capacity and
cyclability. While samples with small crystallites have a rapid activation but fast fading, large
crystallites have a slow activation. The sample with a crystallite size of ~200 nm has been
found to have the best activation/fading balance. Alternatively, particles with isotropic size
have a superior capacity and lower voltage fading in comparison with the platelet-shaped
ones. In turn, stacking faults have a minor impact in the delivered capacity, but samples with
low degree of stacking faults have shown to convert to spinel much faster than defective
samples.

Stacking faults have been found to modify the °Li ssNMR spectra of LiMnOj3 as they
generate new peaks, as a consequence of the new lithium environments. The comparison
of samples with low and high degree of stacking faults enables us to assign the signals
of lithium in ideal and defective environments. In fact, DFT calculations have accurately
reproduced the new environments generated by stacking faults and they have helped to find
and rationalize additional NMR environments in a sample synthesized at high temperature,
that were attributed to Li,O vacancies.

The structural stability of LioMnO3 and its behavior upon delithiation has been studied

using first principles calculations. Ideal and faulted LiMnOj3 structures turn out to be
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energetically degenerated so they are equally likely to be formed. For Li,MnQO3, in the 2
> x > 1 range, the delithiation mechanism for ideal and defective structures is the same.
In this compositional range lithium has been found to migrate to tetrahedral positions to
stabilize the oxidized oxygen atoms. At x = 0.5 the ideal structure tends to transform to O1
like configuration, while stacking faults avoid this transformation. On the other hand, lithium
partial replacement with a Li; s M sMnO3 stoichiometry has been proposed to improve the
electrochemical performance. The beryllium-substituted compound is predicted to crystallize
in a different unit cell because beryllium is more stable in tetrahedral sites. The large
size of potassium lowers the operation voltage and induces important volumetric changes
upon delithiation. Sodium and magnesium have been proven to be potential substituents.
However, Li; 5NagsMnOj3 has been predicted to suffer layer gliding which is detrimental
for the electrochemical performance. Li; sMgysMnOs3, on the contrary, maintains the O3
configuration upon the whole delithiation process. In addition, the higher oxidation state
of magnesium in comparison with lithium involves manganese reduction, and therefore
enhances its redox activity and reduces the redox activity of oxygen.

XRD simulations have been used to discriminate between the proposed microstructural
models for Li; Mng ¢Nip207: two phase model, layered intergrowth, 3D intergrowth and
solid solution. The first one has been discarded as a result of the absence of some peaks that
should appear as consequence of their different unit cell sizes. The layered intergrowth of
Li,MnOs3 and LiMng 5Nig 50, model has as well been discarded, as the simulated patterns
show additional peaks not seen experimentally. The 3D intergrowth and the solid solution
model have shown to reproduce the experimental XRD patterns. NPD simulations have
shown small diffraction differences regarding the different superstructure ordering, but the
high background of the experimental NPD pattern inhibits distinguishing clearly between
models.

By operando synchrotron XRD experiment the structural changes upon cycling have
been followed. In the first charge region, the evolution of the ab plane found previously has
been reproduced. The presence of nickel in lithium layer is believed to maintain the interlayer
distance value constant. During the second charge region, metal migration to tetrahedral
positions has been found, which in addition to the O-O distance shortening is considered
to minimize the oxygen oxidation. Finally, microstrains along ¢ direction have shown to
reversibly increase upon charge and decrease upon discharge, consequence of the asymmetric
lithium extraction in the compound, while microstrains in the ab plane irreversibly increase

upon the first charge, due to the appearance of lithium in tetrahedral positions.
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Appendix A

A.1 Chapter 2

Figure A.1 shows the difference between a Lorentzian and Gaussian distribution. The former
one is thinner on the top and wider on the lower part, showing a longer tail. Generally
speaking for XRD, Lorentzian broadening is related with crystallite size (the lower the
crystallite size the higher the Lorentzian contribution will be to the peak shape) and Gaussian

distribution is typically related with crystallite microstrains.

—— Lorentzian
n —— Gaussian

Intensity (a.u.)

26(°)

Fig. A.1 Visualization of Gaussian and Lorentzian profile functions.
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Table A.1 FAULTS unit cell values for the refined samples.

T(C) ab(A) c(A) ()
900 4.92146(1) 4.73833(4) 60.012(1)
LMO_MnO _ 800 4.92197(1) 4.73754(5) 60.029(2)
700 4.92365(1) 4.73819(5) 60.02(2)
900 4.92027(2) 4.74157(4) 60.0186(7)
LMO_Mn203_ 800 4.923002) 4.73879(4) 60.0317(3)
700 4.92192(1) 4.73900(4) 60.031(1)
900 4.92378(1) 4.73783(3) 60.029(1)
LMO_MnCO3_ 800 4.92485(7) 4.73878(3) 60.011(2)
700 4.92394(3) 4.73631(6) 60.0303(6)
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A.3 Chapter 4

A.3.1 Magnetic measurement

The calculation of the C and 0 experimental parameters are calculated plotting the inverse of
the molar susceptibility versus the temperature, as seen in Figure A.2. The obtained values
for C and 0 are 1.75 emu -K-mol~! -21.5 K respectively.

250

C=1.75 emu-K:mol*? .
1 6=-32.2K
200 4
a
35
IS
o
@ 150 4
& 150 q%
S 9
S v S
E <
R
100
-‘\\
50 — T T T T T T T T T T T
0 50 100 150 200 250 300 350

Temperature (K)

Fig. A.2 The inverse of the molar susceptibility in function of the temperature of
LMO_MnCO03_900_5.
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A.4.1 Linear regression of the oxidation state of the oxygen atoms in
Li;MnO3

y =1.1886x - 0.5921
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Fig. A.3 Relationship between the calculated Bader charge and the expected oxidation state.

A.4.2 Bader charges of Li,MnO3

In this section the Bader charges of two different ideal and defective structures for Lij 25sMnO3
and LiMnO3 are shown with their standard deviation and the number of atoms which are

with that configuration in that structure.
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Table A.3 Bader charges of Li; »sMnQj3 ideal structures.

Structure 1
Coord. N N Litetra Aver.
3 1 -0.84
0 -0.81(1)
2 -1.00(1)
4 1 -1.00(1)
0 -0.92(5)
5 0 -1.04(4)
6 0 -1.11(3)
Structure 2
Coord. N N Litetra Aver.
3 1 -0.82(1)
0 -0.80(1)
4 1 -1.00(1)
0 -0.91(4)
5 0 -1.05(3)
6 0 -1.12(2)

Table A.4 Bader charges of Lij 25sMnO3 defective structures.

Structure 1

Coord. N N Litetra Aver.
3 0 -0.80(1)
4 1 -0.99(1)
0 -0.91(5)
5 0 -1.03(4)
6 0 -1.12(3)
Structure 2
Coord. N N Litetra Aver.
3 1 -0.83
0 -0.80(1)
4 1 -0.99(1)
0 -0.92(4)
5 0 -1.03(3)
6 0 -1.12(3)
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Table A.5 Bader charges of LiMnQO3 ideal structures.

Structure 1
Coord. N N Litetra Aver.
2 0 -0.70
3 1 -0.84(2)
0 -0.81(1)
4 1 -0.99(1)
0 -0.91 (5)
5 0 -1.02(4)

Structure 2
Coord. N N Litetra Aver.

2 0 -0.66

3 1 -0.82(1)
0 -0.81(2)

4 1 -0.98(2)
0 -0.92(5)

5 0 -1.02(4)

6 0 -1.11(1)

Table A.6 Bader charges of LiMnOj3 defective structures.

Structure 1
Coord. N N Litetra Aver.
3 1 -0.84
0 -0.81(1)
2 -1.00(1)
4 1 -1.00(1)
0 -0.92(5)
5 0 -1.04(4)
6 0 -1.11(3)
Structure 1
Coord. N N Litetra Aver.
2 0 -0.66
3 1 -0.82(1)
0 -0.81(2)
4 1 -0.98(2)
0 -0.92(5)
5 0 -1.02(4)
6 0 -1.11
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A.5 Chapter 6
A.5.1 Atomic positions for the unified FAULTS cell

Table A.7 Atomic positions for the averaged Li; »Mng Nip 20> structure in the FAULTS unit
cell.

Atom X y Z

Li 0.00000  0.00000 0.00000
Li 0.32617 0.34767 0.00000
Li 0.67383  0.65233 0.00000

Li/Mn/Ni  0.33333  0.00000 0.50000
Li/Mn/Ni  0.00102  0.66463 0.50000
Li/Mn/Ni  0.66565 0.33537 0.50000
O -0.01042 0.34367 0.27272
O -0.00883  0.00000 0.72602
O 0.33325  0.65633 0.27272
O 0.33342  0.34367 0.72728
O 0.67550  0.00000 0.27397
O 0.67708 0.65633 0.72728

A.5.2 Rietveld refinement of Lij 2Mng¢Nip.20>

AS5.3 Stacking probability of LiMno_sNi(),st and Li[Li1/3Mn2/3]02

The use of different stacking probabilities generate blocks of layers whose average block
size (and therefore the average layer size) varies. Table A.8 shows the transition probabil-
ities required to form blocks of a given size, whose final composition must be 0.4:0.6 for
LiMn0‘5Ni0.502 and Li[Lil/3Mn2/3]02.

Table A.8 Transition percentages used in FAULTS program to form blocks with desired the
average number of layers and size.

L1—-L1 LI—=L2 L2—L1 L2—L2 Av.numberlayers Av. layer size (nm)

40% 60% 60% 40% 2.5 1.2
20% 80% 30% 70% 4 2.0
10% 90% 15% 85% 10 4.8
5% 95% 7.5% 92.5% 16.7 7.9

* L1 refers to LiMng sNigp 50, layers and L2 to Li[Li;;3Mny/3]O; layers.
** Av. stands form average.
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A.5.4 Operando XRD patterns refinement results
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Fig. A.4 Refined unit cell parameters (a, b, ¢ and ) upon charge and discharge. Green
dashed lines mark the end of the charge region 1 and the end of charge region 2.
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