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RESUMEN

En la préoxima década, a medida que las aplicaciones sigan
creciendo, se espera que aumente significativamente la demanda
de baterias recargables que sean respetuosas con el medio
ambiente. Las baterias de iones de litio son actualmente las baterias
recargables mas potentes y de mayor capacidad disponibles y se
espera que mantengan su posicion de liderazgo en el futuro
previsible. Sin embargo, todavia es necesario aumentar su densidad
energética y durabilidad, asi como abordar los problemas de
seguridad intrinsecos de esta tecnologia hoy en dia. Sin embargo,
el enfoque manual convencional para el descubrimiento de
materiales requiere mucho tiempo y es costoso. Por lo tanto, hay
una necesidad apremiante de métodos innovadores y herramientas
mejoradas para acelerar la identificacién y comprension de nuevos
materiales para baterias. De hecho, se prevé que la combinacién de
deteccion computacional de materiales, técnicas de
experimentacion de alto rendimiento y la integracidn de inteligencia
artificial (IA) dentro de las plataformas de aceleracidon de materiales
(MAP) acelerara notablemente el proceso de descubrimiento vy
desarrollo de nuevos materiales para baterias en un futuro préximo.

Durante esta tesis, en primer lugar, se ha desarrollado con éxito
una plataforma autéonoma para la sintesis eficiente de materiales
inorganicos electroactivos con capacidades de alto rendimiento.
Esta plataforma permite utilizar una amplia variedad de enfoques
sintéticos como sol-gel, pechini y estado sélido. Integra un modulo
interno, llamado Batteryino-I, creado de forma casera, que permite
la mezcla de reactivos minimizando la manipulacion manual vy
ofreciendo versatilidad, ademas permite realizar actualizaciones de
forma sencilla, acordes a las nuevas necesidades que puedan surgir.
La cantidad de muestra sintetizada suele ser de entre 200 y 500
mg, lo que distingue esta plataforma de otros enfoques, como los
de pelicula fina o de gota, en los que se produce una cantidad
mucho menor de muestra final. Este enfoque permite que todas las
caracterizaciones se puedan realizar en la misma muestra



garantizando asi la representatividad. Ademas, Batteryino-I
permite la sintesis de doce muestras de forma simultanea. La
efectividad y reproducibilidad de esta plataforma se demuestra
mediante el estudio de dos sistemas: (i) examinando los
parametros estructurales para la sintesis sol-gel de LiFeo.sMn1.504 y
(ii) realizando la sintesis combinatoria sol-gel en el sistema de 6xido
Li-Mn-Ni. Los resultados obtenidos demuestran la importancia de
esta plataforma automatizada y su papel en el avance crucial hacia
el desarrollo de plataformas de aceleracion de materiales
autéonomas para el desarrollo de materiales inorganicos.

Tras el desarrollo de Batteryino-I, la espinela LiFeo.sMn1.504 ha sido
seleccionada para su estudio debido a su funcionamiento a altos
voltajes, asi como por su bajo coste y su mayor sostenibilidad en
comparacién con otros materiales cominmente usados en baterias
de iones litio. El LiFeo.sMn1.504 exhibe una capacidad tedrica de 148
mAhg* y funciona a voltajes de mas de 5 V frente a Li/Li*. Para
comprender mejor este material se ha llevado a cabo una
investigacién teodrico-experimental de sus propiedades
estructurales y electroquimicas.

Desde un punto de vista tedrico se ha estudiado la estabilidad de
fase y la evolucion del voltaje de diferentes distribuciones metalicas
Fe/Mn en el LiFeo.sMn1.504 durante la deslitizacion/litiacion utilizando
calculos de teoria funcional de la densidad (DFT) con dos enfoques
diferentes: el funcional Perdew-Burke-Ernzerhof (PBE) mas la
correccién empirica U de Hubbard (PBE+U) y el funcional con
aproximacion restringida y normada adecuadamente (SCAN). Los
hallazgos indican que la distribucion de metales de transicién dentro
de LiFeo.sMn1.504 tiene un impacto minimo en su estabilidad de fase
y comportamiento de voltaje, y sugieren que el proceso
electroquimico se lleva a cabo a través de un mecanismo de solucion
sOlida. La actividad redox, estudiada mediante cdlculos de carga
Bader y caculos de densidad de estados, de LixFeosMni1sO4 esta
principalmente gobernada por el par redox Mn3*/4* en el rango de 1
> x = 0.5, mientras que el par redox Fe3*/4* opera en la region de
0.5 = x = 0. Una investigacion adicional del proceso redox revela
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una contribucién aniénica que, en el caso del funcional SCAN, se
muestra reversible.

A este analisis computacional ha sido seguido de un estudio
experimental de alto rendimiento, mediante el uso de Batteryino-I,
en el que se ha sintetizado LiFeq.sMn1.504 en diferentes condiciones
estudiando una seleccién de parametros sintéticos (temperatura de
recocido, tiempo de recocido, rampa de enfriamiento, rampa de
calentamiento, tiempo de formacién de gel, posicién en el modulo
automatizado, posicion en el horno y exceso de Li anadido al inicio
de la sintesis) y sintetizando un total de aproximadamente 150
muestras de LiFeosMn1.504. Durante este estudio se ha prestado
especial atencion a la caracterizacidn estructural de los materiales
obtenidos y su correlacion con los parametros de sintesis utilizados.
Empleando diversas técnicas de caracterizacion como la Microscopia
Electronica de Barrido (SEM), la Espectroscopia Mdssbauer, la
Difraccion de Rayos X (XRD), la Difraccion Neutrénica de Polvo
(NPD), asi como la Espectroscopia de Absorcién de Rayos X
Extendida (XANES) y la Espectroscopia de Absorcién de Rayos X con
Luz Sincrotrén Extendida (EXAFS), se ha podido obtener una
comprension detallada de las propiedades y estructuras de las
muestras estudiadas. La caracterizacidon estructural reveld
porcentajes distintos de hierro en posiciones tetraédricas,
conformando defectos de tipo antisite entre las posiciones de Fe y
Li. La presencia de este tipo de defectos ha sido asociada con una
expansion estructural. Los estudios electroquimicos realizados han
demostrado que las muestras con menos defectos antisite generan
un rendimiento superior, con un plateau redox de Fe mas
prolongado, una mayor capacidad de descarga y una mayor
retencion de capacidad mostrando la gran la importancia del control
de la sintesis para optimizar la eficiencia del almacenamiento de
energia.

Ademas, el estudio in operando de Difraccion de Rayos X sincrotrén
(DRXs) ha permitido confirmar el mecanismo por soluciéon solida
sugerido por el estudio tedrico. Gracias al analisis de los procesos
redox realizado in operando de Espectroscopia de Absorcidon de
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Rayos X (EAX), se confirmaron los dos procesos redox distinguidos
mediante el estudio tedrico a aproximadamente 4.0 V y 5.0 V
respecto a Li/Li* atribuidos a los procesos redox de Mn3*/4+ y Fe3+/4+,
respectivamente.

Gracias a los conocimientos adquiridos mediante los estudios
tedrico y experimental, el LiFeo.sMnis04 sintetizado, con baja
cantidad de defectos, opera a voltajes de hasta 5.1 V frente a Li/Li*
y ofrece capacidades de hasta 130 mAhg! a una velocidad de
descarga 1D con un voltaje promedio de 4.4 V. Estos resultados son
los mas altos reportados hasta el momento para este material v,
ademas, representan una densidad de energia de hasta 572 Wh/kg
(y potencialmente capaz de presentar >660 Wh/kg). Este valor
seria superior al del comercial LiNio.sMno.2C00.202 (622NMC), que
posee capacidad de descarga de 170 mAhg™! a voltaje de corte de
4.3 V y con un voltaje promedio de 3.8 V. Ademas, el LiFeo.sMn1.504
da como resultado una reduccion del 66% de los elementos criticos
(Li, Ni, Co).

En resumen, esta tesis representa una contribucidn significativa a
la investigacién de materiales y tecnologia de almacenamiento de
energia. La combinacion de enfoques tedricos y experimentales de
alto rendimiento ha permitido una comprensidon integral de
LiFeo.sMn1.504 como un material prometedor para baterias de iones
de litio. El desarrollo de la plataforma Batteryino-I y la investigacion
subsiguiente resaltan la importancia de la automatizaciéon y el
control de la sintesis para optimizar la eficiencia en el desarrollo de
nuevos materiales para el almacenamiento de energia. Ademas, los
resultados de este trabajo alientan una mayor investigacién sobre
el LiFeosMni1s04, con su excepcional estabilidad, rendimiento
mejorado y bajo costo, como una opcidén interesante para la
proxima generacidon de baterias de iones de litio respetuosas con el
medio ambiente de alto voltaje.

Esta tesis allana el camino hacia la innovacion acelerada en el
campo de los materiales para baterias, ofreciendo una vision



integral de cdmo abordar los desafios clave en el desarrollo de
baterias mas potentes, seguras y sostenibles.
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SUMMARY

Lithium-ion batteries (LIBs) currently stand as the most performant
rechargeable batteries in the market although increasing their
energy density, durability, sustainability, and safety is still needed.
To accelerate materials discovery, high-throughput (HT)
computational and experimental techniques are required, as the
conventional manual approach is time-consuming and costly.

In this thesis, an autonomous platform has been successfully
developed for the synthesis of inorganic materials with HT
capabilities. It integrates an in-house built module that enables the
mix of reagents minimizing manual handling. This platform allows
to synthesize, following different synthetic approaches (i.e., sol-gel,
pechini and solid-state), 200-500mg of 12 samples simultaneously,
ensuring that all characterizations are done on a single batch to
ensure representativeness. The efficiency of this platform is
showcased by performing sol-gel synthesis of two systems: (i)
LiFeo.sMn1.504 (LFMO), to evaluate different synthetic parameters,
and (ii) the Li-Mn-Ni oxide system to explore a part of the phase
diagram.

The high voltage LFMO spinel has been further studied in detail. This
system was selected due to its environmental friendliness and low
cost, as well as, for exhibiting a theoretical capacity of 148mAhg
and operating at high voltage (c.a. 4.4 V vs. Li/Li* in average). To
understand its electrochemical behavior, a computational analysis
considering different Fe/Mn distributions has been performed.
Structural parameters and electrochemical behavior including phase
stability, voltage evolution and redox processes upon (de)lithiation
has been evaluated. Afterwards, a HT experimental screening of
synthetic parameters has been done focusing on the impact of
synthetic parameters and antisite defects on LFMOQO's structural and
electrochemical properties, showcasing the importance of controlled
synthesis in minimizing antisite defects to optimize its energy
storage efficiency. By the combination of theoretical and HT
experimental approaches this thesis sheds light to comprehensively
understand LFMO behavior as a promising material for LIBs.
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CHAPTER 1: General
introduction

1.1. Energy storage scenario

The accelerated release of carbon dioxide (CO;) into the atmosphere
from the combustion of fossil fuels and biomass is intensifying the
adverse impacts of climate change, particularly global warming
(Figure 1). The incessantly increasing energy demand for grid,
transport, and portable applications is therefore becoming a major
challenge in this century. Thus, there is a pressing need to achieve
an environmentally sustainable energy supply, where energy
storage will play an essential role.!

1.2
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Figure 1: Yearly global surface temperature and atmospheric carbon dioxide (1850-2022).

Since the 1980s, there has been a threefold surge in the
consumption of electricity, driven by its usage in residential,
commercial, and industrial sectors. Coal is a major source of CO:
and other harmful pollutants that negatively affect the global
ecosystem. The introduction of renewable energy policies, following
the establishment of the Kyoto protocol (2005) and the Paris
agreement (2016), has boosted the use of these alternatives to coal
usage. The efficient storage of electricity produced by renewable
energies, through the further integration of energy storage systems
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(ESSs) into the power grid, becomes crucial for the successful
implementation and amplification of these new sustainable
technologies playing a vital role in advancing the decarbonization.
These ESSs are also indispensable in remote areas, serving for peak
energy demands and emergency operations.

The field of energy storage encompasses five different technologies
according to the physical or chemical processes that are used:
mechanical, chemical, thermal, electrical, and electrochemical
energy storage. Their main applications are described in Table 1.

Technology Applications
Mechanical Off-grid, black start, hydroelectric ES
Chemical
- | E
(Hydrogen) Seasonal ES
Thermal Process opt|m|zat|<?n and energy efficiency in
industry
Electrical Frequency regulation ESS in the grid
Electrochemical EVs and portable ES

Table 1: Comparison of the characteristics and applications of the energy storage
(ES) technologies.

On the other hand, the growing market of electric vehicles (EVs) is
expected to further amplify the demand for electricity. The
European Commission has set an ambitious target to reduce
greenhouse gas emissions from the transportation sector by more
than 60% by 2050, with EVs being the preferred technology for
facilitating this transition.® It is anticipated that EVs will largely
replace conventional gasoline-powered vehicles in the foreseeable
future. Moreover, recent legislation passed by the European Union
in March 2023 has effectively banned the sale of new vehicles
equipped with combustion engines, hybrids, and plug-in hybrids
from 2035 onwards.*

The rechargeable battery, serving as the essential core component
of EVs, necessitates superior performance.> The automotive
industry seeks batteries with higher energy density and power
capabilities to enhance the performance and competitiveness of EVs
compared to those with internal combustion engines, allowing for
longer driving ranges. Currently, the most promising EVs have a
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range limited, in the very best case, to around 775 km,® while
improving battery safety under demanding operating conditions
remains a significant challenge.

Electrochemical energy storage systems offer high energy
density, and they are usually oriented to short-medium term
storage, i.e., portable energy storage applications and EVs.

1.2, Electrochemical energy storage though
rechargeable batteries

Batteries are electrochemical energy storage (EES) systems that
convert electrical energy into chemical reactions or vice versa
through reduction-oxidation (redox) reactions. Batteries consist of
two electrodes (referred to as positive and negative) separated by
an electrolyte, and whose potential difference indicates the driving
force or electromotive force that enables the flow of electric current
within the system. The redox reactions take place exclusively in
these electrodes and allow to store or use the energy, while the
electrolyte acts as electronic insulator and ionic conductor by
facilitating controlled ion movement and preventing short circuits.

There are two types of batteries depending on their reversibility. On
the one hand, primary batteries in which the redox reaction that
occurs between electrodes is irreversible. They present lower power
and higher capacity than secondary batteries, making them useful
for applications such as watches, pregnancy tests, vehicle keys, etc.
On the other hand, secondary batteries in which the redox
reactions are reversible, allow continuous charge and discharge of
the system increasing their cycle life. Among these rechargeable
batteries, there are five main commercial technologies: Lead acid,
Nickel-cadmium (Ni-Cd), Nickel-metal hydride (Ni-MH), redox flow
batteries and lithium-ion batteries (Li-ion).

The performance evaluation of electrochemical power sources is
done based on several magnitudes. In the following paragraphs the
main magnitudes and concepts are described.
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Cell potential or cell voltage

The cell voltage, U, is the measure of the potential difference
between two electrodes in an electrochemical cell and it is a
crucial magnitude in battery performance. The Gibbs free
energy of the reaction, AG, is the maximum accessible
energy from a cell and the cell voltage is derived from the
free energy of the chemical reaction as described in the Nerst
equation (1). If we ignore entropic effects, the chemical
potential can be approximated to the total energy computed
by DFT calculations, as it represents the partial molar
quantity of the Gibbs free energy.

—AG®

(1) U° = AE® = EO) — (OO = —

[V]

E%(") = positive electrode potential
E%() = negative electrode potential
n= number of transferred electrons
F= Faraday’s constant

Current density

The current density, j, is the ratio of the total current flowing
through an electrode, I, to its surface area, A.

(2) ji&y =" [A/m2]
Charge capacity

Charge capacity, Q, refers to the overall quantity of electric
charge that can be provided by a cell.

(3) Q= 1(0).dt [Ah]
Coulombic efficiency

The coulombic efficiency is commonly employed to
characterize the effective battery capacity. In rechargeable
batteries, it denotes the proportion between the discharge
capacity following a complete charge and the charging
capacity within the same cycle.
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Discharge capacit
(4) CE = B2 P2 x 100 [%]
Charge capacity

It is influenced by factors such as electrolyte breakdown,
material aging, environmental temperature, and variations in
charge-discharge current rates; all of them impact the
battery's discharge effectiveness.’

Theoretical specific capacity and volumetric energy
density

The theoretical specific capacity, g, is the amount of charge
per kg of reactants, m;, and is given by:

(5) Gin = o [Ah/kg]

Xim;

The theoretical volumetric energy density, Qv is calculated
by dividing the total charge by volume of the reactants, V..

n.F

(6) Qen = 54 [Ah/I]
The charge-discharge rate

The charge-discharge rate, also known as the C-rate and D-
rate, is a measure used to describe the number of hours
required for a complete charge or discharge of a cell. In this
context, C represents the theoretical charge capacity of the
cell in ampere-hours (Ah) and D represents the theoretical
discharge capacity of the cell in ampere-hours (Ah). Hence,
for example, 2C and C/2 stand for a current theoretically
allowing a full discharge in 30min and 2h, respectively. It can
be expressed as follows:

charge or discharge current

(9) C —rate or D — rate =

Theoretical capacity

Discharging the cell at higher currents usually results in a
decrease in the achievable final capacity due to Kkinetic
limitations stemming from both the battery's internal
resistance and the resistance at the electrode-electrolyte
junction. These constraints impede the internal mechanisms
responsible for the movement of charged particles,
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subsequently leading to voltage drops, a phenomenon known
as polarization.

Rate capability

The rate capability is the discharge or charge capacity of a
material or cell at different currents. In this thesis, the term
rate capability will be used to describe the capacity of the
electrochemical cell during cycling at various C-rates and D-
rates.

Theoretical specific power and power density

Specific power p, and power density, Py, are normally used to
describe the rate capability of cells. They represent the
amount of power delivered per unit mass or unit volume of a
cell respectively.

0

(7) P = o= g AE° [W/kg]
0

(8) Py = 0 = Quon-AE° [W/1]

Self-discharge

Self-discharge refers to the natural process by which a
battery loses its stored charge over time, even when it is not
being actively used. This phenomenon occurs due to internal
chemical reactions within the battery that cause a gradual
discharge of energy. It is measured in percentage over time.

Cycle life

Cycle battery life refers to the number of charge and
discharge cycles that a rechargeable battery can undergo
while maintaining a certain level of capacity and
performance. Each complete charge and discharge cycle
contributes to the gradual wear and degradation of the
battery's chemical composition and physical structure,
ultimately leading to a reduction in the battery's overall
capacity and efficiency over time. Monitoring and
understanding the cycle battery life is crucial for estimating
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the usable lifespan of rechargeable batteries in various
devices and applications.

The five main technologies of secondary batteries and their
characteristics are presented in Table 2.

tead | Nicca | Ni-mm | Redox M-ion
acid flow
Porous
electrode
Negative Pb cd In_termeta with Carbon-based
electrode llic alloys anolyte
(V-
based)
Porous
Positive eleviftrﬁde L/Na-based
PbO; Ni(OH)2 Ni(OH)> transition metal
electrode catholyte
compounds
(V-
based)
Aqueous Aqueous
Electrolyte H>S04 solution solution - Organic solvent
(KOH) (KOH)
Energy
density 30-40 40-70 60-120 10-20 270
(WhKg)
Coulombic
efficiency 50-92 70-90 66 80 90+
(%)
Self-
discharge
(% month- 3-20 10 30 5 <1
)
Cycle life 500 1000 1500 15000 4000
Application Vehicle Electronic Electronic Portable
Z)':am le start devices devices Grid ES electronics and
P engine and EVs EVs

Table 2: Comparison of the intrinsic characteristics of the five main
secondary battery technologies.8 13

In the realm of available technologies, Li-based batteries have
emerged as a leading contender due to their exceptional energy
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density and versatile design characteristics (Table 2). Consequently,
they have become the focal point of considerable interest and
scrutiny at both fundamental and applied levels.'* Lithium-ion
batteries are relevant for all types of applications, whether they are
portable, mobility-related, and now that their price is more
competitive, also for grid applications.

1.3. Lithium-ion reversible batteries

Lithium-ion batteries (LIBs) have been commercialized by Sony
since the early 1990s'®>. Compared with other commonly
rechargeable batteries like Ni-Cd, Ni-MH and Lead-acid batteries,
LIBs are featured by high energy and power density, long service
life and environmental friendliness.'® This technology is centered
around the use of lithium-intercalation compounds, which have a
crystalline structure that allows the insertion or intercalation of
lithium ions. During charge, the lithium ions (Li*) move from the
cathode to the anode through the electrolyte, and conversely in the
case of discharge. The insertion/deinsertion of lithium into the
electrodes allows the redox reactions occurring in the host materials
to balance the charges as shown in Figure 2.

e =]

Cu

s

e

Anode Electrolyte Cathode
(graphite) (LiCo0;)

Cathode reaction: LiCo0, — Li;_,C00, + xLi + xe~
Anode reaction: 6C + xLi* + xe™ = Li,Cq
Overall battery reaction: LiCo0, + 6C — Li;_,C00, + Li,Cs

Figure 2: Schematic diagram of Li-ion batteries behavior using as
example a graphite anode and a LiCoO: cathode. The reactions involved
in the process are described below. Reproduced from Goodenough et al.

2013.%7
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In LIBs, graphite-based materials are commonly used as negative
electrodes (referred as to anodes) due to the cost-effectiveness
and widespread availability of carbon. Additionally, graphite is a
popular choice due to its stability in accommodating lithium
insertion.® However, the lithium insertion capacity of graphite, 372
mAhg™, is one order of magnitude lower than that of Li metal
electrodes, 3862 mAh-g!, making it an area of interest for further
improvement.'® Lithium metal electrodes are considered key in
batteries beyond the current LIB technology due to their high
energy density, although they still face several stability challenges
due to the formation of dendrites that compromise the intrinsic
safety of the battery. In recent years, significant efforts have been
dedicated to optimizing negative electrode materials. This has led
to the development of several new materials, including silicon,
alloys, and metal oxides.'® However, these new materials are still
far below the Li metal energy density, 3862 mAh-g (not shown in
Figure 3 because its capacity falls out of scale), being Si-C based
anodes those with the highest capacity, around 1200 mAh-g* (see
Figure 3).

Electrolytes utilized in LIBs can be categorized into two groups:
liquid electrolytes and semisolid/solid-state electrolytes. Liquid
electrolytes typically consist of lithium salts, including LiBF4, LiPFe,
LiN(CF3S02), LITFSI, and LiB(C;04), LiBOB, which are dissolved in
organic carbonates like ethylene carbonate (EC), propylene
carbonate (PC), ethyl methyl carbonate (EMC), dimethyl carbonate
(DMC), and their mixtures.?°

The development of solid electrolytes currently holds significant
importance, mainly driven by concerns regarding the flammability
of conventional liquid electrolytes and, also, because they are more
suitable for the use of Li-metal anodes as they prevent dendrite
growth. Solid-state polymer electrolytes (SSPE) are typically
composed of lithium salts as conducting salts, along with high-
molecular-weight polymer matrices such as polyvinylidene fluoride
(PVDF), poly(ethylene oxide) (PEO), and polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP).2%22 A common way to increase
the conductivity of the polymer is the addition of a plasticizer to
form gels or semi-solid electrolytes. PC, EC and poly(dimethoxy
ethylene glycols) (PEGDME) are the most commonly used
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plasticizing agents.?®* On the other hand, oxide and sulfide families
are the most studied solid state ceramic electrolytes (SSCE).
Among oxide ceramic electrolytes LisLazZr,0:2 (LLZO) and
Liz+xAlxTi2-x(PO4)3 (LATP) are the most common.?#2> Sulfides capture
attention because they are easier to mechanically process but they
react with moisture to release hydrogen sulfide (H;S) that can be
lethal in a certain threshold.?®

Solid-state polymer electrolytes present clear advantages over both
liquid and solid state ceramic electrolytes, offering enhanced safety,
flexibility, density, and design versatility. However, solid state
ceramic electrolytes can be coupled with cathodes operating at
higher voltages. Both solid state polymer and ceramic electrolytes
have the potential to suppress or prevent dendrite growth under
specific conditions.
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Figure 3: Relationship between voltage and capacity depicted for both
positive and negative electrode materials currently in use or being
seriously considered for the next generation of rechargeable Li-based
cells. The yellow area corresponds to moderate operation potentials
within the electrolyte stability window. Adapted from Palacin et al.
2021.%7
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To create efficient and affordable batteries, positive electrode
materials (referred as to cathodes) with good ionic conductivity are
needed to achieve high reversibility. Another concern is their price
and availability, together with its thermal stability. Cathodes
consist of complex lithiated compounds including, among the most
studied materials, the commercial layered oxides LiCoO, (LCO),
LiNi1x-yCoxAlyO2 (NCA), and LiNi1-xyCoxMnyO2 (NMC); spinel LiMn;04
(LMO) and its variations LiM’o.sMn1.504 (LMM'O, M’=Ni, Fe, Co); and
triphylite LIMPO4 (LMP, M=Fe, Mn). The energy density of cathode
materials can be improved either by increasing the voltage by
means of metal substitutions (i.e., Fe for Mn in triphylite or Mn for
Ni in spinels) or by increasing the capacity, a strategy typically
followed for example when increasing the Ni content of layered
oxides. The crystal structures of these three families are shown in
Figure 4. In the following sections, they will be discussed in more
detail to conclude, in Section 1.4.3., with an extended discussion on
the LiFeo.sMn1.504 (LFMO) spinel that has been selected as principal
material of study in this thesis.

Figure 4: Crystal structures of a) triphylite, b) layered oxide and c)
spinel. Green spheres represent lithium, red spheres oxygen, gray
tetrahedra PO4 and brown, blue and purple octahedra MQOe.?8-30

1.4. Main families of positive electrode materials
1.4.1. Polyanionic phospho-olivine triphylite

The polyanionic phospho-olivine triphylite, LiFePOs (LFP), whose
structure is depicted in Figure 6-a, was first tested as cathode
material by Padhi et al. in 19973, It has become the most
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extensively studied compound within this family and s
commercially available, also with Mn partial substitution to enhance
the operation voltage (LFMP). Triphylites crystallize in the
orthorhombic Pnma space group. The structure comprises corner-
shared FeOs (MnQO¢) octahedra, and LiOs octahedra sharing edges
parallel to the b-axis and interconnected by PO4 tetrahedra. In the
fully lithiated phase, Fe?* (Mn?*) oxidizes to Fe3* (Mn3*) upon
complete lithium extraction.3?33 Its three-dimensional structure
allows high reversibility, exceptional thermal stability, and
performance, even at high rates. Additionally, this material is cost-
effective and exhibits low toxicity. LFP has a theoretical capacity of
170 mAh/g at 3.4 V vs. Li/Li*,?*3> resulting in limited energy
density. It has however low electronic conductivity (10™° S.cm™ at
room temperature), which requires carbon coating and/or
nanosizing to enhance electron transport.3®

Various types of insertion materials have been reported by
combining polyanionic units with other elements possessing high
electronegativity. An especially attractive classification of cathodes
consists of alkali metal fluorophosphates that display increased
redox potentials attributed to the intrinsic electronegative nature of
fluorine. Expanding on this concept, Barker et al. were pioneers in
reporting LiVPO4F as a cathode with an operational potential of 4.1
V wvs. Li/Li* in 2003.3” This breakthrough initiated a surge of
investigations into a multitude of fluorophosphate cathodes such as
LioCoPO4F, LiTiPO4F and Li.FePO4F.38

1.4.2, Transition metal layered oxides

Transition metal layered oxides have been extensively studied as
cathode materials for LIBs since 1980 when Mizushima et al. first
proposed LiCoO2 (LCO) as cathode material.3® LCO demonstrated
outstanding performance, leading to the commercialization of the
first Li-ion battery by Sony. It crystallizes in trigonal R-3m space
group with CoOs and LiOe octahedra alternating in layers as can be
seen in Figure 4-b in a closed packed array. During charge, Co3*
oxidizes to Co**. However, when highly delithiated, the material
undergoes irreversible structural changes and becomes chemically
unstable posing safety risks. For this reason, in practice, its practical
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capacity is limited by this irreversibility reaching only ~150 mAh g-
! slightly above half of its theoretical capacity.*® LiNiO> (LNO) was
explored as an alternative but faced challenges due to the similar
cation size between Li* and Ni?*, resulting in lithium-deficient
phases (Lii-xNi1+xO2) where Ni?* cations occupy the lithium layer,
hindering ion diffusion.*! Incorporating cobalt and aluminum doping
addressed these issues, leading to the commonly used composition
LiNio.s0C00.15Al0.0s02 (NCA). This modification enhances thermal
stability and prolongs the battery's lifespan due to stronger bonding
between aluminum and oxygen (Al-O) delivering a relatively high
capacity of > 180 mAh.g?' at 3.7V vs. Li/Li* and is now used
commercially in vehicle battery applications.*?=** Manganese has
also been studied as an affordable alternative, but direct synthesis
of LiMnO; is difficult due to the Jahn-Teller effect of Mn3*. The
synthesis including Ni leads to structural defects while this is
restricted in presence of cobalt, enabling LiNii;3Mny/3C01/302
(333NMC)*°. Different formulations like LiNio.sMno.3C00.202
(532NMC)?*® and LiNio.6sMno.2C00.202 (622NMC)#7#®, with higher nickel
content have been explored, but still thermal stability becomes a
concern. Nowadays, LiNig.sMno.1C00.102> (811NMC) has garnered
significant interest due to its benefits compared to cathodes with
lower nickel content having a capability of 200 mAhg? and an
average voltage of 3.8V vs. Li/Li*.*=>! Core-shell structures with a
nickel-rich core and manganese-rich shell offer a solution by
combining high capacity with thermal stability. Concerns regarding
the use of cobalt, due to the scarcity of cobalt resources and high
price fluctuations, have renewed interest in cobalt-free
compositions, such as Ni-rich®?> and Mn-rich layered oxides.>3

Another popular strategy to increase the capacity of layered oxides
are Li-rich compositions (i.e., Li1+xM1xO2 materials that
accommodate extra lithium atoms in the TM positions of layered
oxides). Analyzing the band structure of these compounds has
revealed that one of the oxygen's 2p orbitals exhibits weak bonding
characteristics, behaving in a manner similar to a non-bonding
orbital. This is attributed to its minimal overlap with the 2s orbital
of lithium (Figure 5-A). As a result, along with the formation of the
anti-bonding (M—0)* band resulting from the metal-oxygen bonds,
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the presence of this extra non-bonding orbital (also called as
Li—0—Li) facilitates the extraction of additional electrons when
cations undergo oxidation. This leads to an enhanced capacity
without compromising the structural stability of the electrode
material. By altering the characteristics of transition metals (3d, 4d,
5d) and consequently modifying the relative positioning of the
(M—=0)* and Li—0-Li bands, it becomes feasible to manage and
regulate the redox reactions of both cations and anions. According
to this, the band structure can be classified in three cases, as can
be seen in Figure 5-B-D: the typical cationic redox process (B) occurs
when O and metal bands do not overlap, reversible anionic redox
(C) occurs when electron removal results in a two-band redox
process giving extra capacity, and irreversible anionic redox (D)
occurs when electron removal results in a one-band redox leading
to O, gas release upon electron removal. The Li-rich research is
focused in achieving reversible anionic redox processes within these
family as oxygen redox processes contribute to the total capacity of
the material.>*

Li;;sM,/50, slab in
A) Li-rich layered Li,MO,
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O 2p non-
-” bonding
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Figure 5: Li-rich layered oxide crystallographic and band structures (A)
and the classification of its band structure in three scenarios: B) Cationic
redox, C) Reversible anionic redox, and D) Irreversible anionic redox.
UHB and LHB denote the upper and lower Hubbard bands respectively.
Reproduced from Assat et al. 2018.>*

30



1.4.3. High voltage Manganese-based spinel
oxides

Spinel-type materials, typically with the formula AB>O4 (where A
and B represent metal ions), are popular for their capacity to host
a variety of metals. This kind of materials have been used in many
fields such as semiconductors®>°®, catalysis®” and conductive
films>8>5 and have demonstrated to be effective cathode materials.
LiMn.04 was first proposed by Thackeray et al. in the early 80's%0:61,
In Figure 4-c the LMO structure is depicted. It adopts the cubic Fd-
3m space group, where manganese forms octahedral units (MnQs)
that share corners with lithium tetrahedra (LiO4) and edges with
additional manganese octahedra (MnQg).52 LMO provides good ionic
and electrical properties, high electronic conductivity, low cost, high
theoretical capacity (148 mAhg™), and environmental friendliness
when compared to other materials.®3%* Furthermore, Mn spinels are
characterized by their high voltage (~4.0 vs. Li/Li* in LMO for the
redox couple used commercially, Mn3*/4*) in comparison with
layered oxides and polyanionic compounds and by their noteworthy
intrinsic 3D lithium conductivity.

In 1996, NEC became the first company to commercialise LiMn,04
as a LIB cathode material in small portable devices, marking a
significant milestone in the development of this technology. Since
then, it was used in some rechargeable LIBs for electric vehicles,
and currently, LMO is used in blends to enhance the power capability
of layered oxides such as nickel cobalt aluminium (NCA) and nickel
manganese cobalt (NMC)®. These blends allow for optimized
performance by combining different lithium metal oxides, achieving
a balance of characteristics necessary for specific battery
applications®-68,

In LMO, manganese exhibits an average oxidation state of +3.5 and
can both accommodate and donate lithium ions. When the material
is charged, lithium ions abandon the structure and all the
manganese oxidizes to Mn**, resulting in the formation of Mn,0a.
Conversely, during discharge, extra lithium ions are inserted into
the structure, forming the Li2Mn,04 phase where all manganese ions
are in the Mn3* state.®' However, LMO has a major drawback that
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originates from the fact that Mn3*is a Jahn Teller (JT) active ion,
which causes large distortions in the crystal structure of the
material during the charging and discharging, leading to poor
capacity retention over prolonged cycling. An average oxidation
state of manganese lower than +3.5 induces JT effect, thus, the
extra lithium insertion when passing from LiMn;04 to LizMn,04 has
been observed to lead to rapid capacity degradation due to the
structural deterioration. Additionally, Mn3* disproportionates into
Mn2* and Mn**, and Mn?* is irreversibly dissolved in the electrolyte
in presence of acidic species and associated factors such as pH
changes and side reactions. This results in loss of active material,
impedance rise, and Mn?* migration-deposition on the anode,
significantly impacting its long-term performance. Consequently,
the redox activity of this spinel is practically limited to the
Mn,04/LiMN,04 reaction, which restricts its energy density. These
effects can be minimized by making partial substitution of Mn in the
LMO by other transition metal divalent and trivalent ions, such as
Co?*, Ni2*, Fe3*/2* Mg?*, Cr?*, Zn?*, Cu?*, AlI**, or Sc3* %9772, These
substitutions have been shown to improve the cycling stability
within the 4 V region, and in certain cases provide additional
electrochemical activity at higher potentials vs. Li*/Li.

In this context, LiMo.sMn1.504 (M = Fe, Co, Ni)’3 compositions have
attracted substantial research attention because they allow for
significantly increasing the average voltage. Table 3 summarizes the
most relevant parameters related to these metal substitutions in
relation to LMO and the voltage-capacity curve of these materials is
shown in Figure 6. The most relevant characteristics of these metal
substitutions will be further discussed next.
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Discharge
Theoretical | operating | Transition
. . . . - Metal
Spinel capacity voltage metallic | Sustainability cost
(mAh-g) | vs. Li/Li* | ordering
V)
LiMn20. 148 4'3 alnd No High Low
. 4.0 and Very
LiC0o.5Mn1.504 147 5.1 No Very low high
Yes,
depending
4.7
LiNio.sMn1.504 147 Oand | = 0 the Low High
4.75 i
synthetic
conditions
No,
. 4.0 and according .
LiFeo.sMn1.504 148 50 to this High Low
work

Table 3: Comparison of relevant parameters among LMO, LCMO, LNMO
and LFMO spinels30,>%74-81,
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Figure 6: Experimental curves for LMO, LCMO, LNMO and LFMO adapted
from refs.”47882,83
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LiC00.5Mn1.504 (LCMO)

LCMO has been studied from a theoretical point of view revealing
that it can operate in the 5V regime within the LiCoxMn;«04 (x= 0,
1, 1.5, 2) composition, much higher than other studied materials.
It was predicted to operate at voltages between 3.95V, for x=0, and
4.47V vs. Li/Lit, for x=1.8% Experimentally it has been observed that
it operates at voltages up to 5.1 V vs. Li*/Li, where the Co3*/4* redox
couple plateau is observed,’> and no cation ordering has been shown
between transition metals in the structure.®® However, as it can be
seen in Figure 6, LCMO does not reach the theoretical capacity. In
addition, the high toxicity and cost of cobalt, as well as the
geopolitical and ethical issues associated with its extraction, render
Ni and Fe substitutions more appealing.

LiNio.sMn1.504 (LNMO)

LNMO spinel has been intensively investigated since the 2000's8>:8¢
due to its ability to operate at higher voltage than LMO while
keeping its theoretical capacity of 147 mAhg. LNMO presents an
extended two-step plateau centered at around 4.7V vs. Li*/Li,
which is attributed to Ni?* oxidation to Ni** and Ni**, with both
processes separated by ~0.05 V, as depicted in Figure 6. Both
experimental and theoretical studies have shown that the voltage
and composition curves of LNMO are altered depending on the
distribution of Ni2* and Mn** ions within the crystal structure’6.81:87,
Indeed, LNMO undergoes a reversible order-disorder transition from
a disordered (Fd-3m) structure into a transition-metal ordered one
(space group P4332) around 700°C. From a theoretical perspective,
different Ni/Mn distributions have been considered to compute the
corresponding voltage curves using density functional theory (DFT)
calculations and proving that disordered distributions are
energetically more favorable than the ordered one.®® Furthermore,
for LixNio.sMn1.504, the ordered distribution shows no stable
arrangements of Li ions and Li vacancies (Vi) over 0 < x < 1, while
the disordered phases exhibit several stable intermediate Li/Vy
configurations for x > 0.5%. However, the use of nickel has
significant drawbacks, including toxicity, environmental impacts of
its extraction, high and volatile market prices, and limited
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availability. To address these challenges, manage cost instability,
and assure long-term sustainability, it is necessary to investigate
alternative materials and technologies.

LiFeo.sMn1.504 (LFMO)

LiFeo.sMn1.504 (LFMO) spinel has deserved much less attention than
LNMO although it offers advantages in terms of cost and
sustainability.”8:89:20

Interestingly, in contrast to LNMO, no transition-metal ordering has
been reported so far for LFMO, and thus the cubic structure of LFMO
is described with the usual spinel Fd-3m structural model that
corresponds to Figure 4-c, in which Mn and Fe occupy the octahedral
sites and Li the tetrahedral sites in the structure.’* However, antisite
defects, in which Fe partially occupies the tetrahedral sites, are
sometimes reported.’>7>86:91,92 |j et al. studied the magnetic
properties of LFMO concluding that it presents an antiferromagnetic
ordering below a Neel temperature (Tn) of 34K.%1/93

Aiming at improving cyclability and higher capacities, as well as, to
understand better its structure, this material has been studied
experimentally considering different synthetic methods such as sol-
gel’3.74:89,92,94 = golid-state’> 788691959 = standard ceramic, auto-
ignition®%, solvothermal, impregnation and template-hydrothermal
methods®*. Actually, Pico et al. was able to control the morphology
of LFMO by using different synthetic methods.°*

LFMO operates at high voltages presenting two distinct pseudo-
plateaus, one in the 4 V region vs. Li*/Li corresponding to the
Mn3*/4* redox reaction and a second one in the 5 V region vs. Li*/Li
corresponding to the Fe3*/4* redox couple, as shown in Figure 6.
Shigemura et al. studied the valence state of LFMO during cycling
by in situ Moéssbauer spectroscopy and x-ray absorption
spectroscopy measurements corroborating these changes in the
oxidation states but observing just a partial redox activity of Fe.”>°>
The theoretical capacity is indeed not reached, and the highest
capacity obtained until now is 125mAhg at 0.1mAcm*! with a high
capacity fading,”® opening the path to further investigations to
increase its capacity.
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As described in Section 1.3, the electrolyte can suffer from
degradation processes at high voltage. FMO has successfully been
coupled with certain solid and liquid electrolytes (Li;LazZr.012°7, 1M
LiBF4 in in EC and DMC’8), with enhanced stability at high voltage.
However, additional investigation is needed in this field to enable
long cycling at high voltage without electrolyte/cell degradation.
Further research is thus still needed to improve the knowledge and
properties of these kind of materials to address the urgent demand
of new battery materials with superior performance in terms of
energy density, lifespan, and safety. In this regard, the
conventional trial-and-error traditional approach in materials
discovery is time-consuming and expensive and new approaches
and better tools to accelerate the discovery and understanding of
new battery materials are necessary.

1.5. High-Throughput and automation needs

Computational materials screening and  high-throughput
experimental approaches, combined with artificial intelligence (AI)
within so-called Materials Acceleration Platforms (MAPs), are
expected to drastically accelerate the pace of discovery and
development of new battery materials in the next few years.53:98-100

Theoretical approaches to identify new advanced materials are an
appealing and promising option since they require fewer resources
in terms of time, labor, materials, and infrastructure than traditional
experimental approaches. One strategy recently explored consists
in the systematic screening of materials databases to identify
structures possessing desirable properties for high-performance
battery materials. For example, one such crucial property is the
existence of favorable migration pathways for alkali cations.!°! Yet,
the high-throughput screening of thousands of entries is costly and
time consuming, and, therefore, fast and efficient evaluation
methods are required. In this regard, procrystal electron density
analyses!??-104 and Bond-Valence Site Energy calculations!01.105-108
have shown to be good approximations for evaluating migration
pathway and migration energies. The Materials Genome Initiative
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(MGI)!% was launched in the United States in 2011 and aims to
expedite the discovery and deployment of new advanced materials
with tailored properties across various applications, including
energy, electronics, and healthcare, amongst others. This initiative
employs an approach that combines computational modeling, and
data-driven methodologies!10:111, By leveraging these
multidisciplinary tools, MGI strives to overcome the limitations of
traditional methods and expedite the development of new battery
materials.

After a first theoretical screening, the next crucial step involves
experimental validation to assess the suitability of the selected
candidate materials. Although theoretical screening is timesaving
initially, it often generates a significant number of appealing
candidate materials. Consequently, conducting thorough
experimental validation becomes a laborious and resource-intensive
undertaking. As a result, this experimental stage remains a
bottleneck in the development of new battery materials,
necessitating acceleration (Figure 7). In 2021, the first goal of the
strategic plan of MGI passed to be the unification of Materials
Innovation Infrastructures (MII) including experimental (synthesis,
characterization, and processing) tools.%°

Computational
screening

N
Experimental
validation

N
Acceleration of rate of production of samples

Experimental screening of
identified families

Figure 7: Scheme of the experimental bottleneck generated by the
computational identification of materials indicating the need of
accelarating the experimental validation step.
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A crucial aspect of the MAPs is the implementation of efficient and
effective automated high-throughput experiments, which should
enable the rapid synthesis, testing, and screening of large libraries
of materials. In the 1960s, pioneers Merrifeld and Stewart
revolutionized the field of automated organic compound synthesis
by developing the first automated system for synthesizing peptides.
This groundbreaking development significantly reduced the time
and materials required for each addition and purification steps.!!?
Today, high-throughput synthesis (HTS) is a standard practice in
fields such as pharmaceutical research.13.114

However, when it comes to electrochemical devices and systems,
inorganic compounds are often preferred as electrode materials!t>
due to their exceptional combination of electrical conductivity,
stability, durability, and specific electrochemical properties, as it has
been highlighted in Section 1.4 in the specific case of LIBs.
Unfortunately, the development of HTS methods for inorganic
compounds lags significantly behind that of organic compounds.
This discrepancy arises from the fact that organic reactions often
occur under mild conditions and are compatible with a broader
range of solvents and reaction conditions, making them more
amenable to automation and HTS. This flexibility facilitates the
development of automated systems that can handle multiple
reaction types efficiently while inorganic synthesis may require
more rigorous control over parameters such as temperature,
pressure, and atmosphere. Moreover, the reactants are often to be
handled, mixed, and reacted in powder form, making automation
more challenging. And, organic synthesis paths can be partitioned
in @ sequence of consecutive individual steps, whose reactions
generally consist in modifying functional groups of hydrocarbon
skeletons that are in general well understood and follow well-
established reaction conditions and protocols (rationalized using, for
example, concepts such as nucleophilic and electrophilic reactions
as well as steric effects). Conversely, inorganic syntheses
encompass a wide range of elements from the periodic table and
are typically carried out through single or limited-step large-scale
reactions. These inorganic reactions may involve more intricate
reaction mechanisms than in organic synthesis due to the nature of

38



inorganic compounds and their diversity in terms of structures,
geometries, and properties. Often, inorganic reaction mechanisms
involve electrostatic interactions, changes in the coordination of
metal atoms, electron transfer, and bond activation processes.!16:11’

Only a limited number of research groups have proposed automated
tools to perform combinatorial or high-throughput inorganic
syntheses of functional materials, specially focusing on oxides with
different combination of metals such as Li-Mn-Ni,!8-120 Lj-Nj-Co, %!
Li-Ni-Mn-Co,*??2 Li—Al-Mn,*?° and Na-Fe-Mn,'?* as well as
perovskites like Li-La-Ti-0O%?* and metal halides.!?> These initiatives
have enabled the efficient screening of new materials for various
applications, including batteries, photovoltaic devices, and
optoelectronics proposing different synthetic approaches such as
sol-gel, solid state, electrostatic atomization, and other high-
throughput strategies to increase the sample throughput. Methods
such as the utilization of Cartesian Pixsys solution processing
robots, and liquid handling robots like the Opentrons OT-2 robot
have been employed, some examples of these robotic solutions are
displayed in Figure 8. These strategies enable the simultaneous
processing of a large number of samples and facilitate the screening
of a wide range of compositions within a short timeframe. However,
it is worth noting that despite these advantages, the resulting
sample quantities typically range from 2 to 30 mg. This amount is
frequently insufficient for comprehensive characterizations or
further studies on the same batch, and it is imperative to develop
methodologies that can generate larger sample sizes, facilitating
more comprehensive analyses and investigations.
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Figure 8: Examples of robotic solutions utilized in HT inorganic synthesis.
A and B are examples of solution dispensing modules and C is an
example of Cartesian processing robot.

The growing trend towards adopting a more comprehensive and
globally integrated approach that incorporates Al to expedite
experimental exploration has launched different initiatives in
accelerating materials discovery including BIG-MAP in the European
Union,!?% the Accelerated Consortium at the University of Toronto,*?”
and the DIADEM project led by CNRS.'?® These initiatives have
garnered significant interest from both the academic and industrial
sectors. Within this context, HT synthetic approaches represent a
unique opportunity to accelerate the rational development of
improved electrode materials.

1.6. Scope and objectives of this thesis

Considering the aforementioned imperative to automatize the
synthesis of inorganic materials and the increasing market demand
for sustainable cathode material with increased voltage and
capacity, it becomes crucial to address this need

The aim of the present thesis is thus the development of a HT
methodology to accelerate the study of the promising family of
spinel compounds through the use of autonomous modules and
computational tools. More specifically, the LFMO spinel has been
selected for a deep structural study from both theoretical and
experimental points of view to elucidate the impact of the metal
ordering and structural defects on its electrochemical performance.
This spinel material has been selected for their study due to its
operation at high voltages, as well as for its environmentally
friendliness and low cost.
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In chapter 2, an automated module for the high-throughput
synthesis of laboratory-scale samples (200-500mg) of inorganic
materials is presented. This module is designed to automatically
handle and mix solutions of precursors in appropriate
stoichiometries, and to perform a wide range of synthesis routes
such as solid-state, sol-gel, Pechini, and other hydro/solvothermal
methods while prioritizing structural control and scalable
approaches. Its suitability for battery materials is shown with two
case studies: (i) sol-gel synthesis of the high-voltage spinels
LiFeo.sMn1.504 (LFMO) and (ii) combinatorial sol-gel synthesis on the
Li-Mn-Ni oxide system.

In chapter 3, a theoretical DFT-based study of LFMO’s
electrochemical behavior has been performed to better understand
the impact of Fe/Mn disorder in the electrochemical performance to
further elucidate the intrinsic mechanisms of this material. The
LixFeo.sMn1504 composition was selected to evaluate the
electrochemical properties of various metal distributions, including
the voltage composition curve, phase stability upon delithiation, and
the redox activity of the elements using the Perdew-Burke-
Ernzerhof (PBE) functional plus the empirical Hubbard U correction
(PBE+U), and strongly constrained and appropriately normed
(SCAN) functional.

In chapter 4, the automated module described in chapter 2 is used
to perform a high-throughput screening of the synthetic parameters
on the more than 150 synthesized LFMO spinel samples. The impact
of these parameters in the LFMO structure, and more particularly,
in the crystallization of antisite defects, and the impact of these
defects on the electrochemical properties are thoroughly studied.

In chapter 5, a general discussion is followed by a summary of the
thesis conclusions and an examination of the future perspectives.

In chapter 6, the theoretical and experimental methodologies
followed during the present work are described.
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CHAPTER 2: Development
of an automated module
for solid-state syntheses
of inorganic compounds

2.1. Abstract

This chapter introduces the creation of an automated module
referred to as Batteryino-I. This module has been designed for the
laboratory-scale high-throughput synthesis of inorganic materials,
enabling the exploration of both known and new battery materials
while facilitating microstructure control and further scalability.
Batteryino-I significantly minimizes manual handling, offers
enhanced versatility, and allows for easy upgrades. The capabilities
and performance of this module are demonstrated through two
selected case studies: the sol-gel synthesis of LiFeo.sMn1.504 (LFMO)
and the Li-Ni-Mn oxide system. The results demonstrate the
significance of this module and its role as a crucial advancement
towards the development of a self-driving MAP for inorganic
materials.

2.2, Description of the module

Transitioning from conventional manual synthesis to automated
synthesis requires furnishing the chemical laboratory with robotic
equipment to accelerate sample production rates. Despite the
availability of commercial solutions to automate laboratory
procedures that can save researchers time and offer other benefits
like being ready-to-use, technical support, warranty and
maintenance, these solutions also come with drawbacks. They tend
to be expensive, are designed for specific tasks, lack flexibility for
modifications or upgrades, and involve reliance on the manufacturer
to get supplies or replacements. Furthermore, commercial solutions
are limited to produce very small or high amounts of final product
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as they are designed for pharmaceutical research or industrial
purposes, respectively. However, in some fields of material
research, the production of quantities ranging from hundreds of
milligrams to a few grams is often necessary. In such cases, opting
for in-house hardware development offers advantages over
purchasing commercial solutions. For example, it requires a
significantly lower financial investment while providing the
opportunity to tailor the equipment to meet the specific needs of
the researcher. This customization allows for enhanced versatility
and the ability to implement self-upgrades as needed.

Building in-house equipment comes however with its own set of
challenges.'?° Firstly, it requires the development of both hardware
and software, which demands time and expertise from the
researchers involved. Secondly, ensuring the reliability and
accuracy of the equipment requires addressing various issues such
as determining valid calibration intervals, guaranteeing the
inertness of system components to reactants, and verifying the
precision of module components, among other considerations.
Commercial solutions often offer guidance and support to overcome
these challenges, nevertheless it is still advisable to independently
verify the provided information to ensure its accuracy and suitability
for specific research requirements.

Herein, we describe the development of a versatile automated
station designed for the high-throughput preparation of reactant
mixtures for a wide range of inorganic synthesis processes. It has
been developed during this thesis and used to synthesize LFMO and
LNMO materials through sol-gel synthesis. The station comprises
one module, Batteryino-I, that is dedicated to wet-syntheses,
including techniques like sol-gel and Pechini methods, and also to
solid-state synthesis. In Figure 9, Batteryino-I is depicted and its
components, that will be discussed in more detail later in this
chapter, are highlighted.
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Figure 9: Automated liquid-handling module, Batteryino-I, designed to

handle and mix precursor solutions at suitable stoichiometries for the

mixing of inorganic solids in solution (i.e., sol-gel synthesis). Its main
components (A-F) are highlighted.

This in-house designed module is based on a robotic set-up that
automates liquid handling, dispensing, and mixing. This approach
minimizes manual intervention, reduces human error, and
contributes to overall process optimization. This choice was made
(as opposed to working directly with solid reactants) to prioritize
the streamline of these tasks and to ensure cost-effectiveness.
Liquid handling automation offers enhanced ease of operation,
allowing for efficient and precise handling of the materials involved.
Moreover, the operation of the liquid handling robot requires the
dispensing of reactants as uniform solutions, wherein the solubilities
of reactive components determine the maximum chemical
concentration range suitable for reactions. A series of pumps are
used to dispense the reactant solutions (Figure 9-A). Atlas scientific
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programable pumps were selected as they enable accurate
dispensing of quantities that are compatible with our systems, and
they are also easy to calibrate (see Section 2.4.1). The reactant
solutions are combined and stirred in a round flask mixer (Figure 9-
B) before being introduced into the crucibles (Figure 9-C). This
approach offers the advantage of being able to add one reactant
mixture into another that has already been pumped into the
crucibles, which allows for achieving precise control over the mixing
process and ensuring thorough homogenization of the reactants to
promote efficient reaction kinetics as well as pH control. Moreover,
this sequential addition capability enables the creation of complex
reaction schemes by gradually introducing different reactant
mixtures, facilitating the synthesis of a wide range of desired
materials. In Figure 10, an example of the process for the synthesis
of LFMO/LNMO can be seen. In this example there are 5 operating
pumps for reagents that can be added in the desired order into the
mixer before being pumped into the crucibles.
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Figure 10: Map of solutions, pumps and crucibles for the developed
module, Batteryino-I. The reactants shown in the figure correspond to
the synthesis of LFMO/LNMO.
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To dispense the solutions into the crucibles, two options were again
considered: (i) a multi-axis robotic arm and (ii) a two-axes (x-y)
Computer Numerical Control (CNC) table. While a robotic arm
provides greater movement flexibility, it also entails more
complexity in terms of programming, calibration, and maintenance.
In contrast, the CNC table (Figure 9-D) proved to be a more
accessible alternative, less costly and technically demanding, that
offered the advantage of adaptability to the available space
dimensions and proved to be more precise and reliable over time
(designh schemes can be seen in Annex I). Lastly, the module
includes a multi-position heating and mixing plate (Figure 9-E),
placed below the CNC table, which allows stirring and heating the
solutions for conducting reactions and/or concentrating the
resultant mixtures. Mixing of the solution is done with classical
magnetic stirring.

For solid-state syntheses, the reagents are first dissolved and mixed
in solution and later the solvent fraction is entirely evaporated prior
to the annealing step, for which the crucibles containing the mixture
of reactants are transferred to the ovens using quartz trays (Figure
11). These customized trays also ensure consistent placement of
the crucibles inside the oven, which allows correlating the crucible
position in the oven with the final material’s features (see Section
2.4.3). The muffle and tubular furnaces used to perform syntheses
under air and controlled atmospheres, respectively, are equipped
with programmable temperature controllers. These controllers play
a role in maintaining precise control over the heating and cooling
ramps during the synthesis processes, ensuring optimal
reproducibility of the experiments by facilitating comparison and
validation of results.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration

Figure 11: Photography of the 12 crucibles placed in the quartz tray
inside of the oven. The thermocouples used for the oven calibrations can
be observed inside of three of the positions. The labelling of the crucibles

is also indicated by a combination of columns (A, B and C) and lines (1,
2, 3,4).

2.3. Workflow

For the control and coordination of the entire hardware system
described earlier, an Arduino Mega board was chosen as the
microcontroller (Figure 9-F). Arduino is an open-source electronics
creation platform based on free hardware and software. It has
played a pivotal role in simplifying the process of building and
programming hardware, creating a pathway for individuals to
develop their own electronic devices and projects.!3:132 The Arduino
Mega is based on the ATmega2560 microcontroller, which is a high-
performance 8-bit AVR microcontroller. It operates at a clock speed
of 16 MHz and has 256 KB of flash memory for storing program
code. Compared to other Arduino boards or microcontrollers, the
Arduino Mega boasts a significantly higher number of I/O pins and
extra memory. This makes it suitable for projects that require
simultaneous connections to numerous sensors, actuators, or
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external devices. It provides flexibility in handling multiple inputs
and outputs, enabling the integration of complex systems.

The experimental parameters are first written in the Arduino code
for each set of experiments (an example can be found in Annex I).
This code is subsequently wuploaded onto the Arduino
microcontroller and, once the code is read, it takes charge of
orchestrating the experimental workflow according to the
predefined parameters. The experimental workflow for sol-gel
syntheses is illustrated in Figure 12 where the sequence of steps and
actions necessary to carry out successful synthesis processes within
the system is outlined.

At the beginning of the experimental process, the reactant solutions
are prepared in large quantities at the desired concentrations. The
reactant solutions are stored for a certain set of syntheses
depending on the amount required. Final concentrations of the
solutions are diligently examined prior to each set of syntheses
using chemical titration or ICP analysis. Solutions containing
reactants prone to oxidation (such as Fe?*-based solutions) are
continuously degassed with N, bubbling.

Batteryino-I module is designed to simultaneously prepare 12
samples. The reactants for the first sample are pumped into the
mixer from the different solutions. Then, they are stirred in the
mixer for a specific duration. Subsequently, the CNC table moves to
align with the first crucible, into which the reactants mixture is
transferred. Following this, the dispensing system undergoes a
series of washing steps with distilled water (DW). Afterwards, the
system is ready to start the process again for the second sample.
In a typical series of sample preparation, this process is repeated
12 times for 12 crucibles that are continuously stirred. Once all
samples are prepared, they are left to stir overnight. Then, the
solutions are evaporated by heating at 80°C until a solid mixture is
obtained. Once the evaporation stage is complete, the crucibles are
transferred into the quartz tray, which is directly placed in a muffle
or tubular furnace to carry out the annealing step. After the thermal
treatment, 300-400 mg of each sample are typically recovered. This
amount of sample allows for the execution of all the required
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characterization techniques on a single sample, ensuring
consistency and representativeness in the analysis.

Automated sol-gel
synthesis

N= Sample number

Nmax= Maximum number of samples
i= Washing iteration number

imax= Maximum number of washing

o
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sample N into mixer TranSfer
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Figure 12: Program workflow for sol-gel synthesis followed by
Batteryino-1. The volume of pumped reactant solutions is specific for
each sample, N, and is indicated in the code.
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2.4. Reproducibility considerations

Calibrations, optimization, and reproducibility validation are
essential for maintaining accuracy, reliability, and transparency in
scientific research, engineering, and data analysis. Achieving full
reproducibility of the system was a challenging endeavor, given the
multitude of variables that necessitated thorough consideration
(calibrations; thermal distribution in the heating plate, ovens, and
crucibles; evaporation homogeneity, ventilation of the environment,
etc.). For example, a study on the thermal distribution in the
heating plate was undertaken to improve the evaporation conditions
and provide uniform behavior across all positions to enable accurate
and optimal operation of the module and ensure the quality of the
results. Furthermore, both the pumps and the ovens are calibrated
on a regular basis to ensure precision and reliability. The most
relevant actions undertaken to attain reproducible results are
described below.

2.4.1. Pumps

For the pump calibration, a specified volume is chosen, then the
amount of distilled water pumped is weighed manually and this
number is returned to the software, which corrects the value. The
calibration for that volume is then completed.

The tolerance limit for the solution delivery has been established at
0.1 mL since the amount of metal moles in solution at this volume
is insufficient to produce a measurable difference in our samples.
Furthermore, the molarities of the solutions have been chosen to be
sufficiently low to prevent exceeding this limit. To ensure that the
quantities pumped remain within the tolerance limit throughout
time, two tests were performed. On the one hand, the calibration
was done using the same volume used by that specific pump during
the synthesis and then the same amount of distilled water was
pumped 50 times and weighed each time to detect any fluctuations
over time. On the other hand, the pump was calibrated at 5 mL and
then configured to pump distilled water 5 times 3 mL, 5 times 5 mL,
and 5 times 8 mL. The pumped volume is then weighted to monitor
pump stability. Figure 13 shows how all pumps produced similar
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results upon the number of orders within a tolerance value of
0.1mL.

+0.1mL tolerance value

Volume (mL)

0 20 40 60 80 100
Number of order

Figure 13: Calibration of one pump dosing different volumes (3, 5 and 8
mL) versus the number of orders. The lines indicate an error tolerance of
0.1 mL.

2.4.2, Study of the thermal distribution of the
heating plate

The thermal uniformity of the heating plate was checked to assure
reproducibility during the sol-gel synthesis. This was accomplished
by employing an infrared camera (See Chapter 6, Section 6.2.2).

Figure 14-a shows the temperature evolution of the reactants in the
crucibles when these were in direct contact with the heating plates.
The data obtained shows that the temperature distribution across
the 12 positions was not uniform. Variances as high as 10°C were
observed between different positions, highlighting the need for
temperature control optimization in the system. This was solved by
placing silicone oil or silicon grease at the bottom of the crucibles
to improve contact between the two surfaces. Following this
approach, the appropriate temperature was obtained faster and
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remained consistent during the evaporation, as shown in Figure 14-
b for one of the crucibles.
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Figure 14: Temperature evolution of the reactant solutions in the
crucibles. (a) Temperature corresponding to different positions measured
under identical conditions and with direct contact between the crucibles
and the plate; each position is represented by a different color. (b)
Temperature corresponding to a single alumina crucible positioned in the
heating plate under different conditions: direct contact (blue), adding
silicone grease (black) and silicone oil (red) at the bottom of the alumina
crucible.
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2.4.3. Muffle and tubular furnace

The platform includes two types of heating systems: a muffle, to
perform annealing processes under air, and a tubular furnace to be
able to work under controlled atmosphere (i.e., Ar/Hz, Ar, O2). Both
the muffle and the tubular furnaces have been calibrated. To ensure
sample traceability, a specific tray has been designed for each. The
tray designed for the muffle includes 12 positions (Figure 11), while
the tray for the tubular furnace has 8 positions. For the muffle
furnace, the labelling of the positions corresponds to a combination
of columns (A, B and C) and lines (1, 2, 3, 4). For the tubular
furnace, the labels correspond to the right (E) and left (D) parts of
the tube and, for each side, positions are numbered (1, 2, 3, 4).

Thermocouples were employed for the furnaces calibrations, placing
them in each crucible position. For the muffle furnace, the
temperature was screened from 700°C to 950°C, measuring each
50°C. For the tubular furnace, a screening of five temperatures from
200°C to 950°C weas done. The measurements were done after 1h
of stabilization of the temperature.

Figure 15 illustrates the temperature gradient in each of the 12
positions of the muffle furnace for four different sets of
temperatures. In the Figure, each calibrated temperature is
accompanied by the average value (A) and the standard deviation
(SD) of the measurements. The data indicates that the temperature
inside the muffle is not uniform, leading to fluctuations of
approximately £10°C across different sample positions. The tubular
furnace faces a similar issue but with a more significant variance
(Figure 16), reaching up to -38°C in locations closer to the open
parts of the tube. These positions were therefore discarded for the
synthesis. In the rest of the positions, the variation fluctuates from
-7°C to 28°C with respect to the targeted temperature. Since it was
not possible to solve these differences, the average temperature,
and the standard deviation (corresponding to 3 measurements)
with respect to the selected temperature for each position is used
as metadata for each sample.
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Figure 15: Results of the muffle furnace calibration conducted at different
temperatures for the 12 crucible positions in the muffle furnace.
Variations with respect to the selected temperatures are given in

different tonalities.
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Figure 16: Results of the tubular furnace calibration conducted at
different temperatures for the 8 crucible positions in the tubular furnace.
Variations with respect to the selected temperatures are given in
different tonalities.
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2.5. Experimental validation of the module - Case
studies

Once the module was optimized, two Li-ion electrode systems were
selected as case studies to validate the efficiency of the automated
module: LiFeo.sMn1.504 (LFMO) and Li-Ni-Mn oxides. For the first, 12
samples were synthetized under identical conditions in all 12
crucible positions in order to assess the reliability and reproducibility
of the module. Next, a combinatorial synthesis of 48 samples of the
Li-Ni-Mn-O pseudo-ternary phase diagram. This screening process
aimed to demonstrate the capability of the module to facilitate high-
throughput synthesis and enable the exploration of several
compositions of the phase diagram. The results obtained in these
validation processes are described below.

2.5.1. Case study 1: Reproducibility validation of
the sol-gel synthesis of LiFeo.sMn1.504

Twelve LFMO samples were prepared using the sol-gel method with
Batteryino-I under identical conditions. The detailed synthetic
procedure is described in Chapter 6. X-ray diffraction (XRD) was
employed to characterize the samples after they were synthesized.
Figure 17 compares the XRD patterns of the 12 synthesized
materials. It demonstrates that, in all the 12 positions of the
module, a pure spinel phase of LFMO is achieved. No significative
change in relative intensity, nor in peak broadening is observed.
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Figure 17: Comparison of the XRD patterns of the LiMni.sFeo.504 spinel
samples synthesized in the 12 positions of the automated module
(labeled from A1 to C4). An enlargement around the diffraction peak
(222) is shown on the upper left part of the figure.

The pseudo-Rietveld refinements of the 12 patterns against the
cubic spinel structure of LiMnisFeos04 were performed using the
FullProf Suite!33:134, Full Rietveld refinements were not performed
as atomic parameters were fixed for simplicity, but cell parameters
and profile parameters were refined for all samples, and the
background was introduced using the automatic background tool of
WInPLOTR?!3> (see Section 6.2.2. in the Methods chapter for more
details). The obtained results are shown in Figure 18, Table 4 and
Table 5. The refined unit cell parameters of the twelve samples were
found to be comprised between 8.297(2) and 8.307(2) A, with an
average cell parameter of 8.301 A (Table 4). Although there are
slight variations in the effective annealing temperature of the 12
samples resulting from the use of different positions in the muffle
furnace (as explained in section 2.4.3), the obtained structural
parameters are comparable. This demonstrates the reproducibility
of the synthesis approach, indicating that the method consistently
yields similar outcomes despite minor temperature discrepancies.
Furthermore, the same synthesis has been carried out in the same
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crucible position on different days, obtaining reproducible results
with differences in the fourth decimal of the cell parameter (not
shown). The LFMO system synthesized using Batteryino-I will be
further studied in Chapter 4.
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Figure 18: Pseudo-Rietveld refinements of the LFMO synthesized in the
12 crucible positions of the automated platform. In green the Bragg
positions, in black the calculated XRD pattern, in red the observed

patterns are represented and, in blue the difference between observed

and calculated is shown.
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Unit cell LiFeo.sMn1.504

Sample Al A2 A3 A4 Bl B2
Cell par. 8.304(2)|8.298(18) | 8.304(2)|8.300(4) [ 8.305(2) | 8.306(2)
a/b/c (R) . . . . . .
Volume (A3) |572.7(3)| 571.4(2) |572.6(3)[571.8(4)|572.9(3)| 573.1(2)
Sample B3 B4 C1i Cc2 C3 C4
Cell par.

a/bje (h) |8:302(3)] 8:297(2) |8.299(2)|8.301(2)|8.299(3) | 8.296(15)

Volume (A3) |572.3(3)| 571.2(2) |571.7(3)|572.0(3) [571.7(3) | 571.1(18)

Table 4: Unit cell parameters obtained from the pseudo-Rietveld
refinements of the XRD patterns of the 12 LFMO samples synthesized in
the same conditions using the automated module Batteryino-I.

Conventional
Rietveld R- LiFeo.sMn1.504
factors
Sample Al A2 A3 A4 B1 B2
Rp 28.5 18.8 30 36.2 31.8 24.1
Rwp 35.3 26 34.7 39.5 36.9 31.2
Rexp 15.49 13.6 15.68 15.98 14.98 13.13
RBragg 2.55E-03 | 0.00576 | 9.99E-03 | 1.97E-03 | 6.18E-03 | 1.53E-03
Rf 2.45E-03 | 0.00577 | 2.05E-01 | 5.65E-03 | 8.68E-03 | 8.57E-04
x? (Bragg) 5.18 3.65 4.91 6.1 6.06 5.64
Sample B3 B4 C1i Cc2 C3 (or
Rp 34 21.1 22.4 25.6 26.5 13.8
Rwp 36.8 25.4 27.1 30 35.4 20.9
Rexp 16.13 14.65 14.45 15.05 15.36 12.72
RBragg 2.07E-02|2.21E-03 | 1.22E-02 | 5.06E-02 | 2.59E-03 | 6.18E-03
Rf 2.69E-02 | 3.21E-03 | 1.73E-02 | 4.08E-02 | 1.51E-02 | 2.84E-02
X2 (Bragg) 5.19 3 3.53 3.98 5.31 2.7

Table 5: Conventional Rietveld factors for the Pseudo-Rietveld
refinements of the 12 LFMO samples synthesized in the same conditions
using the automated module Batteryino-I
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2.5.2. Case study 2: screening of Li-Ni-Mn oxide
ternary phase diagram by sol-gel synthesis

In this case, 48 Li-Ni-Mn oxide samples were synthesized via sol-
gel process under the same conditions, but with different
stoichiometries for each sample to illustrate the capabilities of the
platform to perform combinatorial synthesis. The synthetic
procedure is described in Chapter 6 (Section 6.2.1.). The module
enabled to successfully explore a subset of compositions of the Li-
Ni-Mn ternary phase diagram by varying the Li:Ni:Mn ratio. Figure
19 illustrates the Li-Ni-Mn ternary phase diagram, highlighting the
specific phase domains that were identified during the study.
Synchrotron XRD was used to characterize the samples after they
were synthesized. The XRD patterns of the 48 synthesized materials
are compared in Figure 20 following the same color code as in Figure
19. These patterns were subjected to pseudo-Rietveld refinements
using our in-house developed program called FullProfAPP. The
results of the refinements for 4 selected samples are shown in
Annex I.

According to the results obtained, the samples can be categorized
into three distinct regions that are highlighted in Figure 19 and
Figure 20 in different colors:

1) Region 1, with nominal composition LiNiop.5+xMn1.5.x04 (0<x<1),
in yellow: For x=0, spinel LiNip,sMn1504 is obtained. As the
value of x increases, a second phase, identified as a rock-salt
appears. This rock salt phase has ubiquitously been reported
as secondary phase in samples that deviate from the
theoretical stoichiometry.®” As proposed by our group, this
rock-salt phase contains both Mn and Ni in a lower ratio than
in the spinel phase (ca. 2to 1 vs 3 to 1) and is indexed with a
cell parameter of 8.28 A corresponding to a 2a2b2c supercell
(only the doubling of the cell parameter allows indexing the
reflections shown in Figure 21 at 10-25°).13¢ Qur results thus
suggest that the spinel phase cannot accommodate additional
nickel, and as Ni increases, the amount of rock salt phase
increases. The two phases coexist throughout the whole
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2)

3)

compositional range, although little spinel is left at the
composition with the highest Ni amount.

Region 2, with nominal composition LiyNio.5+xMn1.5xO4
(0<x<0.5; 1<y<2), in blue: For x=0, LiNio.sMn1504 spinel is
obtained. As the values of x and y increase, and thus, the Ni
and Li content, firstly a phase identified as Li-MnOs (C12/m1)
layered oxide appears to compensate the Li excess and,
secondly the same rock salt found in Region 1 appears in this
region to compensate the Ni excess. Furthermore, with the
increase of these phases, the LiNio.sMn1.504 spinel content
decreases. No changes in the cell parameters of these phases
are observed in this range, which indicates that no solid
solution domains are identified for none of the phases. At the
end of this region a layered oxide (R-3m) seems to appear at
the expense of the Li-rich phase, however the different phases
are hard to identify due to the structural similarity and the
quality of the data.

Region 3, with nominal composition LiyNio.5+xMn1.5x04
(0.5<x<1; 2<y<3), in green: A single-phase solid-solution
domain of a layered oxide LiaNio.5+6Mno5502 (R-3m) is
identified. It can also be highlighted that, in contrast to Regions
1 and 2, no rock salt phase was found in this region.
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Figure 19: Pseudo-ternary phase diagram obtained for the Li-Ni-Mn oxide
system. Black points represent the targeted compositions, and the
colored lines represent the single/two-phase regions obtained for the
different areas. The obtained phases are indicated as headings for each
Region. A, B, C and D points correspond to the refinements shown in
Annex 1.
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Figure 20: The diffractograms obtained for the 48 synthesized samples.
The colored arrows indicate the increasing amount of Ni and Li in the
targeted composition, according to the arrows showed in Figure 19, and
the obtained phases are indicated as headings for each Region.

Intensity (a.u.)

-
[

20 12

Intensity (a.u.)

T 7 ==
2
hﬂ_
|
C—
=
> —
=

10 1‘2 ;.4 | 16 1h8 — .20 | ‘2.2 ;4 26
20
Figure 21: Zoom of the refinement of point C (see Figure 19) indexed

with LNMO and a rock-salt with a cell parameter of 4.14 A. The arrows
indicate the non-indexed peaks.

62



2.6. Conclusions

An advanced automated platform for inorganic synthesis has been
successfully developed and validated for sol-gel synthesis during
this thesis. This module paves the way for faster material
development and improved repeatability, reducing R&D costs and
time. To validate the effectiveness of this platform, different
experiments using two electroactive compounds (LFMO and LNMO)
have been conducted. Remarkably, by employing Batteryino-I, the
capability to perform sol-gel synthesis on 12 LFMO samples
simultaneously using the same equipment has been demonstrated.
Despite minor temperature variations among different oven
positions, the results obtained were comparable. This enables rapid
and precise combinatorial synthesis, as exemplified by the
successful creation of 48 Li-Ni-Mn oxide samples within the ternary
phase diagram.

Overall, it has been put forward that the presented automated
platform might contribute to enable the implementation of self-
driving MAPs for inorganic materials, which have the potential to
revolutionize the field by enabling continuous autonomous
exploration and optimization of materials, leading to accelerated
innovation and breakthroughs in energy storage and beyond.
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CHAPTER 3: Theoretical
study of the
electrochemical properties
of LiFeo.sMn1.504 using
SCAN and PBE+U
functionals

3.1. Abstract

This chapter presents an investigation of LiFeosMn1.504
electrochemical properties performed by first principles
calculations. We examine the phase stability and voltage evolution
of LFMO during delithiation using density functional theory
calculations with two different approaches: PBE+U and SCAN
functionals. The findings indicate that the transition metal
distribution within LFMO has minimal impact on its phase stability
or voltage behaviour, and that the electrochemical process is
suggested to take place through a solid solution mechanism. The
redox activity of LixFeo.sMn1.504 is primarily governed by the Mn3+/4+
redox couple in the range of 1 > x > 0.5 whereas the Fe3*/4* couple
operates in the region of 0.5 > x > 0. A further investigation of the
redox process reveals an anionic contribution that is shown to be
reversible in the case of SCAN functional. With its exceptional
stability, improved performance, and low cost, these results
encourage further investigation of LFMO as an interesting option for
the next generation of high-voltage, environmentally friendly
lithium-ion batteries.
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3.2. Computational approach

In the computational model of LFMO we have started from an ideal
structure, ignoring the possibility of having defects although in
chapter 4 the impact of the antisite defects in the electrochemical
performance will be further studied from an experimental point of
view. The present chapter specially addresses the configurational
disorder in terms of Fe/Mn and Li vacancies (Li/V.). To generate
these configurations the clusters approach to statistical mechanics
(CASM) code!?¥’, described in Chapter 6, have been used. The
Fe/Mn distinct distributions within the LiFeo.sMn1.504 composition
have been generated using a supercell containing 8 LiFeo.sMn1.504
formula units (f.u.). The energies of the 22 resulting possible
structures have been computed using the common used PBE+U
functional'*® and they are shown in Table 6. From these structures,
the most stable Fe/Mn distributions with energies in the range of
the thermal energy at room temperature (<19 meV/f.u. from the
absolute energy minimum, depicted in green in Table 6) were
considered for a deeper analysis. In total, six distinct Fe/Mn
distributions, plotted in Figure 22, have been taken into
consideration for a deeper study.
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Total energy Difference with respect to
Structure (meV/cell) the most stable structure
(meV/cell)

1 -376.2 0.0

2 -376.1 16.3
3 -376.1 16.0
4 -376.2 3.1

5 -376.1 16.1
6 -376.1 17.6
7 -376.0 195
8 -376.0 20.0
9 -376.0 350
10 -376.0 8.2
11 -376.0 28.7
12 -376.0 591
13 -375.9 38.8
14 -375.8 26.3
15 -375.8 48.4
16 -375.8 555
17 -375.5 87.8
18 -375.3 107.5
19 -375.2 122.6
20 -375.2 130.0
21 -375.0 151.3
22 -375.3 118.7

Table 6: Energies of the lithiated structures calculated via PBE+U and
difference with respect to the most stable one. In green the structures
selected for this study are remark.
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Figure 22: Structures of the six most stable Fe/Mn distributions
considered for this study. The Mn polyhedral are shown in purple, Fe
polyhedral in yellow, and Li atoms in green.

PBE+U method is extensively utilized in the energy storage field for
its accurate calculation of electrochemical curves and intercalation
voltages. However, it fixes the U parameter that is dependent on
the transition metal, the structure, and the experimental voltage.
Particularly, when dealing with mixed transition metals, more recent
approaches are recommended, such as SCAN method that does not
require fitted correction. SCAN have been shown to be more
accurate in predicting the total energies and relative stabilities of
solid compounds,!3°-14? formation energies of Mn-based oxide
polymorphs'#* and electrochemical properties of some prototype
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cathode materials (such as LiNiO2, LiCoOz, and LiMnO;)!%4. However,
is currently unknown whether this method is capable of accurately
reproducing the electronic structure of spinel-type materials. For
this reason, SCAN functional has been selected to perform a
comparative study respect to PBE+U functional of the six most
stable structures identified by PBE+U (Table 6) in terms of cell
volume, voltage composition curve, phase stability upon
delithiation, and redox activity of the involved transition metals. All
the DFT energies calculated using both functionals were performed
by VASP14>14¢ described in Chapter 6, and considering the LFMO
spinel ferromagnetic as first approximation as it is usually done in
DFT.

As described in Section 1.2, the voltage at OK was calculated by
taking Li metal as the reference anode and approximating the
chemical potentials by DFT computed energies according to the
following formula:

(10) v = (ELiszeolsMn1_504 - ELixlFeolsMn1_504 —Ep; - (x2 —x1))/(x2 —x1) [V]

where Ej; e, mn, <0, IS the total energy per formula unit of the least
lithiated phase, E;_,re,.mn,0,iS the total energy per formula unit of

the most lithiated one, E. is the total energy per Li atom of bulk bcc
metallic Li, and x> and x; are the lithium contents of both phases.

To wunderstand the phase stability upon (de)lithiation the
configurational disorder in terms of Li/Vy was constructed using
CASM, including supercells of volumes up to 3. It can be noted that
the six Fe/Mn distributions considered have different symmetry, and
thus, their primitive cells are different. Volume 1 is the volume of
the smallest supercell (primitive cell of Structure 1), containing 4
LiFeo.sMn1.504 formula units, and Volume 2 is the volume of the
supercell of structures 2 to 6, which contains 8 LiFeo.sMn1.504
formula units. Likewise, volumes 2 and 3 of the supercells contain
8 and 12 formula units, respectively, and they can be obtained
expanding the smallest supercell. This allowed to thoroughly
explore the Li/Vu configurational space, within our available
computational resources. In the case of volume 1 and 2 systems,
the total energy of all symmetrically inequivalent Li/Vy
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arrangements were calculated. However, the number of Li/Vyu
configurations exponentially increases for volume 3 supercells,
making unfeasible the computation of all possible combinations;
therefore, randomly the 15% of the total number of possible Li/Vy
configurations were considered (971 in total). Also, the total
number of configurations of volume 2 calculated for Structure 1
(449) is higher than for Structures 2 to 6 (256, 140, 140, 160 and
160, respectively). In summary, a total of 1305 Li/Vy different
arrangements for volume 1 and 2 models, and 971 additional ones
of volume 3 were computed (the latter only with PBE+U).

The formation energies (AfE) of partially lithiated LixFeo.sMn1.504
phases at OK were calculated considering the following reaction and
formula:

xLiFeysMn,; 504 + (1 — x)Feg sMn,; 50, — Li,FegsMn,s0,,
(11) (AfE = ELi FeyMn, 0, — 1- X)EFeO.SMnl_SO‘l — XELirey Mn, <041

where  Ejipe, .mn, 0, 1S the energy of the totally lithiated phase,
Ere,.mn, <0, 1S the energy of the totally delithiated phase and x is the
lithium content of the formula unit (x= 0.125, 0.25, 0.375, 0.5,
0.625, 0.75, 0.875, 1).

The Li/Vu arrangements with lower negative formation energy at
each lithium content and, thus, the stable phases of minimum
energy, are called ground states. The energies of these ground
states, for each of the six selected Fe/Mn configurations, were used
to construct the respective convex hulls. The convex hull itself
consists in a plot of formation energy with respect to the
composition which connects the phases with lower negative energy.
It helps to determine the stability of the studied compositions and
whether they have a solid solution or a multiphasic behavior upon
(de)lithiation depending on the situation of the ground states. If the
majority of ground states lie on the convex hull line, then a
preferred solid solution mechanism is obtained.

To describe the redox processes, related to both transition metals
in the spinel structure, an analysis of electronic structure aspects
of LixFeo.sMno.s04 have been performed using the Bader approach
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implemented in the Bader code.'*” A Bader charge is an estimation
of the distribution of electric charge on the atoms of a molecule and
it helps to understand how electrons are distributed around atomic
nuclei and how electronic density is linked between atoms in a
molecule. The charge enclosed within the Bader volume is a good
approximation to the total electronic charge of an atom and,
although the Bader charge does not correspond directly to the
oxidation state of a particular atom, it can be related to it. To further
understand these redox processes, the projected density of states
was also computed. The projected density of states (PDOS) gives
the projection of a particular orbital of an atom on the density of
states and by the sum over all the projections gives the total density
of state (DOS) that can be related to the oxidation state of the
studied atoms.

3.3. Structural parameters

By relaxing the six most stable Fe/Mn distribution structures (shown
in Figure 22), using both PBE+U and SCAN functionals, the cell
parameters were obtained, as depicted in Table 7. In agreement with
Csonka et al.'*8, it was found that PBE+U systematically yields
larger cell parameters and volumes than SCAN, with SCAN being in
overall better agreement with experimental values, as generally
reported in literature!#®150, The average difference with respect to
the experimental value obtained for LFMO sample (8.244(2) &,
sample Lcp-358, see Chapter 4) is 1.647% for PBE+U and -0.144%
for SCAN functionals. It is important to note that the computed
supercell structures deviate from the expected cubic structure.
These deviations have been analyzed to understand if the affected
cell parameters were deviated due to the elongation of the Mn-0O
bonds caused by the Jahn-Teller effect. And, in fact, as depicted in
Figure 23, a clear correlation has been observed between the cell
parameter distortion and the distortion caused by the Jahn-Teller
effect across all structures. Although the Jahn-Teller effect is
depicted just for the six selected structures calculated via PBE+U,
since elongated axis coincides for both functionals, the same
correlation is expected for the structures calculated via SCAN.
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Average Difference
aA) [ bA) | cB [a) B | vC) | ool | oanmantal | | A
(R) value (%)
Experimental
(sample 8.244 | 8.244 | 8.244 | 90.00 | 90.00 | 90.00 8.244 - 560.29
Lcp-357)
1 | 8.091 | 8.432 | 8.178 | 90.00 | 90.00 | 90.36 8.234 -0.122 557.99
2 | 8.146 | 8.455 | 8.097 | 89.99 | 89.44 | 89.74 8.233 -0.136 557.70
3 | 8.090 | 8.431 | 8.180 | 90.00 | 90.00 | 90.37 8.234 -0.125 557.94
SCAN 4 | 8.128 | 8.128 | 8.443 | 89.99 | 90.01 | 89.69 8.233 -0.138 557.71
5 | 8.175 | 8.175 | 8.337 | 89.40 | 90.60 | 90.00 8.229 -0.177 557.25
6 | 8.264 | 8.264 | 8.162 | 90.19 | 89.82 | 90.20 8.230 -0.170 557.42
1 | 8.261 | 8.558 | 8.327 | 90.00 | 90.00 | 90.41 8.382 1.677 588.75
2 | 8.377 | 8.317 | 8.432 | 89.82 | 90.18 | 89.93 8.376 1.596 587.51
3 | 8.459 | 8.459 | 8.228 | 89.81 | 90.19 | 90.06 8.382 1.677 588.80
PBE+U 4 | 8.308 | 8.308 | 8.512 | 90.01 | 89.99 | 89.99 8.376 1.607 587.62
5 | 8.412 | 8.412 | 8.320 | 89.87 | 90.13 | 90.15 8.381 1.667 588.75
6 | 8.432 | 8.432 | 8.278 | 89.55 | 90.45 | 90.21 8.381 1.661 588.61

Table 7: Structural parameters for the different Fe/Mn distributions
calculated via SCAN and PBE+U compared with the experimental value.
The deviation in the average cell parameter value with respect to the

experimental value is also reported for each calculation.
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Figure 23: Representation of Mn-0O bonds and Oxygen and Mn3* atoms
for each of the 6 fully lithiated metallic distributions calculated via
PBE+U. In the yellow squares the cell parameters of each cell are

indicated, in bold the longest axis. The Mn-0O JT related bonds distances
are indicated, and the arrows indicate the direction of the JT elongation
(red for a, green for b and blue for c axis).

3.4. Electrochemical behavior

The average voltages calculated for each of the six Fe/Mn
configurations are displayed in Figure 24. The voltage between
LiFeo.sMn1.504 and FeosMn1.504 was calculated according to formula
(10). Our results reveal that the average computed voltage is not
significantly affected by the Fe/Mn distribution either using PBE+U
(4.390+£0.018 V) or SCAN (4.096+0.025 V). Yet, the PBE+U
calculations seem to be more accurate than SCAN results in
reproducing the experimental average voltage of the LFMO spinel
structures (4.4 V, obtained by measuring the area below the
experimental curve of sample Lcp-358 shown in Figure 26 and
plotted in a dash green line in Figure 24).
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Figure 24: Comparison of the averaged lithium extraction voltages
calculated using SCAN (red) and PBE+U (black) for the most stable
Fe/Mn structures shown in Figure 22. The green dashed line indicates the
average experimental voltage for samples Lcp-357.

The formation energies of partially lithiated LixFeo.sMn1.504 phases
for the Li/Vau configurations at each x are depicted in Figure 25.
These energies were calculated, from both PBE+U and SCAN
results, according to formula (11) to further study the phase
stability of LFMO during (de)lithiation. Independently of the method
used, all the Fe/Mn distributions that were taken into consideration
display a consistent behavior upon (de)lithiation (Figure 25): i) The
majority of them exhibit negative formation energies, ii) they all
yield the minimum formation energy at x = 0.5, and iii) for a given
amount of lithium, the difference in formation energies between the
most stable Li/Vy configuration and next alternative metastable
structures forms a continuous and increasing range. Moreover,
when analyzing the full range of computed Li/V. configurations, a
representative convex hull is observed, wherein the majority of the
lowest energy configurations for each value of x lie along the hull
line. In Figure 25, the squares placed in each ground state represent
the relative affection of temperature and it can be highlighted that
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even including a temperature of 298K (E= KT= 25meV) few Li/Vay
configurations lie into the same energy range. This result suggests
that the (de)lithiation mechanism of LixFeo.sMnos04 proceeds
through the formation of a solid solution.
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Figure 25: Formation energy (in eV/LixFeo.s Mn1.504 per formula unit) as a
function of Li content for the 6 selected Fe/Mn distributions calculated
using PBE+U (black) and SCAN (red). The difference in energy at x=0.5
between the ground states of both functionals is indicated in green. The
squares represent the 25 meV/f.u. related to TK at T=298K to examine
the effect of temperature in the system. In Annex II (Figure 57) the
formation energies calculated via SCAN and PBE+U can be seen
separately indicating the difference in between the different Fe/Mn
distributions.

The voltage-composition curves have been computed using the
resulting energies of the convex hull ground states for both
functionals according to formula (10) (described in Section 3.2.).
The comparison of the resulting voltages with the experimental
curve is displayed in Figure 26. The formation energies of the
ground states are higher for PBE+U functional compared to SCAN,
using PBE+U exhibits a voltage window that is 0.4 V higher for Mn
and 0.25 V higher for Fe related plateaus. We predict an almost 1 V
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voltage jump at x = 0.5 from the OK voltage composition curve of
each Fe/Mn distribution for both PBE+U and SCAN functionals. This
behavior is shared by all the considered Fe/Mn distributions within
a voltage range of 3.5-5.0 V for PBE+U and 3.0-5.0 V for SCAN
calculations, wherein PBE+U proves to be more accurate in
predicting the experimental voltage plateaus and reproduces the
experimental curve remarkably well. It should be considered that
the experimental curve has the voltage jump at x=0.4 which may
be due to the unfinalized Fe redox process and, thus, the 5V vs.
Li/Li* plateau is shortened.
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Figure 26: Voltage-composition profiles for the 6 selected Fe/Mn
distributions calculated using PBE+U (black) and SCAN (red) functionals,
as compared with the experimental voltage curve (green) corresponding

to the discharge curve of sample Hcp-357.

The effect of the metal mixing on the voltage profile in layered
oxides (LiMO2; M= Cr, Mn, Fe, Co, Ti, V, and Ni) was studied by
Ceder and co-workers,1*>2 who observed an increase in both the
average voltage and slope of the voltage plateaus with metal
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ordering. However, in our case study, the ionic radii of Fe and Mn
are similar, making metal ordering unlikely. Therefore, we expect
the experimental voltage curve to be an average of various Fe/Mn
pseudo-ordered distributions, where periodic boundary conditions
are employed. Essentially, taking the average of the voltage profiles
of the different Fe/Mn distributions would bring minor voltage jumps
and result in a smoother plateau.

3.5. Electronic structure analysis

Herein the focus is on the analysis of electronic structural aspects
to further understand the redox processes along the (de)lithiation
of LixFeo.sMno.sO4. Firstly, Bader charges were computed to study
electron transfer processes. To this end, the structures of the
lowest-energy Li/Vu configurations was at each investigated Li
content were considered, as reported in Figure 25, for each metallic
distribution. The Bader charge of all Fe, Mn, and O atoms within
each supercell was calculated using both PBE+U and SCAN
functionals. Table 8 shows a comparison between the obtained Bader
charges of the different atoms in the LFMO and their oxidation state
with respect to various cathode materials in bibliography. It should
be noted that the Bader charges of atoms with the same oxidation
state can slightly change between materials as they can also be
affected by the polarization nature of the surrounding environment.

Bader charges
System Li* |Mn3* | Mn**| Fe3* |Fe* (o Ly
. LiFeo.sMn1s04 | 0.89 | 1.71 | 1.84 | 1.78 - -1.13
This work

Feo.sMn1.504 - - 1.82 - 1.83 -0.91

;'Oitlfs'; LiMNn204 0.89 |1.71 [1.84| - | - 122 Eg:i:;
Xiao et al. |Li2MnOs3 0.89 - 1.72 - - -1.17
2012154 LiMnOs 0.90 - 1.75 - - -0.88
Kubota et al. | NaFeo.5C00.502 - - - 1.85 - -1.3
20161'>° Feo.5C00.502 - - - - 1.97 -0.89

Table 8: Comparison of the Bader charges associated to the different
oxidation states in bibliography. Owmn3z+ and Owmna+ refers to the oxygen
atoms surrounded by Mn3* or Mn** jons, respectively.
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The fully lithiated structure should contain 33% of Mn3* and 66% of
Mn%* according to charge valence, considering all Fe3*.78147 Taking
this into account, the oxidation states for each Bader charge are
considered in bases of the resulted Bader charges of the fully
lithiated and fully delithiated structures, and, thus, it is not exact,
when Mn3+/4+ and Fe3*/** are referred, it is an approximation, and
thus the real value could vary (i.e. when Mn**is considered it could
be Mn38), The oxidation of the transition metals occurs
sequentially, with manganese oxidizing first, followed by iron, as
expected. Table 9 represents the example of the Bader charges
calculated via PBE+U for structure 1 in which the percentages of
Mn3* in each x value, calculated according to the type of Mn atom
identified from their Bader charges (i.e., highest charge
corresponds to Mn** and lower charge to Mn3"), is indicated. A good
correlation is obtained with the % of Mn3* and Mn** expected from
the lithium content. As the lithium content decreases, the
proportion of Mn3* also decreases, and at x = 0.875, the percentage
of Mn3* drops to 25%; at x = 0.75, it decreases to 11%; and finally,
at x = 0.5, only Mn** is present. In Table 10, the example for
structure 1 calculated via SCAN is shown. In this case the average
Bader charge indicates the same Mn oxidation trend, but the charge
localization of the individual atoms is not as clear as for PBE+U.
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X in LixMn1.5Fe0.504

0 0.125 0.25 0.5 0.75 0.875 1
Bader Bader Bader Bader Bader Bader Bader
Atom charge| Atom charge|Atom charge|Atom charge|Atom charge |Atom charge |[Atom charge
Fe 1.81 |Fe 1.82 |Fe 1.81 |Fe 1.81 |Fe 1.82 Fe 1.82 Fe 1.80
Fe 1.81 |Fe 1.83 |Fe 1.81 |Fe 1.81 |Fe 1.81 Fe 1.82 Fe 1.80
Mn 1.82 |Fe 1.82 |Fe 1.82 |Li 0.90 |Fe 1.81 Fe 1.82 Li 0.89
Mn 1.82 |Fe 1.82 |Fe 1.81 |Li 0.90 |Fe 1.81 Fe 1.81 Li 0.89
Mn 1.80 |Li 0.89 |Li 0.89 |Mn 1.81 |Fe 1.81 Li 0.89 Li 0.89
Mn 1.82 |Mn 1.83 |Li 0.89 |Mn 1.81 |Fe 1.82 Li 0.89 Li 0.89
Mn 1.82 |Mn 1.83 |[Mn 1.82 |Mn 1.80 |Li 0.89 Li 0.89 Mn 1.82
Mn 1.82 |Mn 1.83 |[Mn 1.81 |Mn 1.84 |Li 0.90 Li 0.89 Mn 1.86
Mn 1.84 |Mn 1.83 |Mn 1.83 |Li 0.90 Li 0.89 Mn 1.82
Mn 1.83 |[Mn 1.82 |Mn 1.82 |Li 0.89 Li 0.89 Mn 1.84
Mn 1.83 |[Mn 1.81 Li 0.90 Li 0.89 Mn 1.71
Mn 1.84 |Mn 1.79 Li 0.89 Mn 1.83 Mn 1.72
Mn 1.83 |[Mn 1.82 Li 0.90 Mn 1.84 33% Mn3+ (1.7)
Mn 1.84 |Mn 1.83 Li 0.89 Mn 1.82
Mn 1.84 |[Mn 1.83 Li 0.90 Mn 1.84
Mn 1.83 |Mn 1.83 Mn 1.83 Mn 1.82
Mn 1.83 |[Mn 1.81 Mn 1.83 Mn 1.84
Mn 1.82 Mn 1.83 Mn 1.82
Mn 1.83 Mn 1.84
Mn 1.83 Mn 1.71
Mn 1.83 Mn 1.71
Mn 1.84 Mn 1.83
Mn 1.84 Mn 1.71
Mn 1.84 | 25% Mn3+(1.7)
Mn 1.84
Mn 1.84
Mn 1.82
Mn 1.70
Mn 1.83
Mn 1.84
Mn 1.72
Mn 1.83
Mn 1.71

11% Mn3+ (1.7)

Table 9: Bader charges (Li, Fe, Mn,) calculated via PBE+U for structure 1.
The percentage of Mn3+ is indicated below for the x in which it can be

found. The Bader charges of O can be seen in Annex II.
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x in LixFe0.5Mn1.504

0 0.125 0.25 0.5 0.75 0.875
Atom Bader Atom Bader Atom Bader Atom Bader Atom Bader Atom Bader Atom Bader
charge charge charge charge charge charge charge
Fe 1.81 Fe 1.81 Fe 1.81 Fe 1.81 Fe 1.80 Fe 1.81 Fe 1.76
Fe 1.83 Fe 1.84 Fe 1.83 Fe 1.79 Fe 1.81 Fe 1.81 Fe 1.80
Mn 1.90 Fe 1.85 Fe 1.84 Li 0.90 Fe 1.80 Fe 1.80 Li 0.90
Mn 1.89 Fe 1.81 Fe 1.82 Li 0.90 Fe 1.81 Fe 1.81 Li 0.90
Mn 1.88 Li 0.90 Li 0.90 Mn 1.87 Fe 1.81 Li 0.90 Li 0.90
Mn 1.90 Mn 1.91 Li 0.90 Mn 1.86 Fe 1.81 Li 0.90 Li 0.90
Mn 1.90 Mn 1.90 Mn 1.88 Mn 1.86 Li 0.90 Li 0.90 Mn 1.87
Mn 1.90 Mn 1.88 Mn 1.88 Mn 1.89 Li 0.90 Li 0.90 Mn 1.83
Mn 1.90 Mn 1.87 Mn 1.89 Li 0.90 Li 0.90 Mn 1.53
Mn 1.89 Mn 1.87 Mn 1.88 Li 0.90 Li 0.90 Mn 1.85
Mn 1.91 Mn 1.87 Li 0.90 Li 0.90 Mn 1.85
Mn 1.90 Mn 1.87 Li 0.90 Mn 191 Mn 1.87
Mn 1.91 Mn 1.88 Li 0.91 Mn 1.92
Mn 1.91 Mn 1.88 Li 0.91 Mn 191
Mn 1.91 Mn 1.88 Li 0.90 Mn 191
Mn 1.90 Mn 1.89 Mn 1.01 Mn 1.94
Mn 1.91 Mn 1.87 Mn 1.91 Mn 191
Mn 1.88 Mn 1.91 Mn 191
Mn 1.90 Mn 191
Mn 1.91 Mn 1.76
Mn 1.01 Mn 1.75
Mn 1.91 Mn 191
Mn 1.91 Mn 1.75
Mn 1.91
Mn 1.75
Mn 1.01
Mn 1.90
Mn 1.91
Mn 1.75
Mn 1.91
Mn 1.76
Mn 1.92
Mn 1.91

Table 10: Bader charges (Fe, Mn, O) calculated via SCAN for the
structure 1. The Bader charges of O can be seen in Annex II.
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The average Bader charges of the Fe, Mn, and O ions during the
(de)lithiation process for the six Fe/Mn distributions studied are
shown in Figure 27. The general trend observed for Mn in the tables
is well reproduced by both SCAN and PBE+U functionals (Figure 27-
A). Considering the range 1 = x = 0.5 in LixFeo.sMn1s504, no
significant changes have been seen in Fe Bader charges and, thus,
it has been considered to be in the oxidation state 3+ in this range.
From x=0.5 the oxidation of iron begins. However, for
LixFeo.sMn1.504 in the range 0.5 = x = 0, the PBE+U approach fails
to provide an accurate charge localization for Fe ions, whereas SCAN
calculations consistently yield an increase in Bader charge from
Lio.sFeo.sMn1.504 to FepsMn1.504, indicating the redox conversion of
Fe3* to Fe** 78147 (Figure 27-B). Furthermore, the large differences
between configurations for both manganese and iron atoms
(observed in the error bars of Figure 27-A,B) indicate that the
cationic redox activity depends on the Fe/Mn distribution
represented in the model and such dependance becomes more
significant during the redox activity of each transition metals.

The average Bader charges of oxygen, calculated using PBE+U and
SCAN functionals, are depicted in Figure 27-C. This average, and
thus the oxidation state, gradually changes throughout the
(de)lithiation process, from -0.90 to -1.13. Xiao et al. reported
changes in the Bader charges from -0.88 to -1.17 attributed to the
redox activity of oxygen during the lithiation process of Li,MnQ3.1>*
According to this, also LFMO could present oxygen’s redox activity
for the calculations performed by both functionals. Oxygen changes
oxidation state to balance the charges in the delithiated structures
due to the non-complete redox processes of Fe and Mn. Moreover,
Figure 27-C demonstrates that the influence of the Fe/Mn
distribution on the anionic redox processes is negligible throughout
the (de)lithiation process, as reflected by the narrow error bars. The
Bader charges upon (de)lithiation for structure 1, calculated with
PBE+U and SCAN, are shown as example in Annex II.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration
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Figure 27: Representation of the average Bader charge of Fe (A), Mn (B)
and O (C) ions for the 6 Fe/Mn distributions calculated using PBE+U and
SCAN.
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To further support the conclusions extracted from the Bader charge
analysis, we also computed the projected density of states of Fe,
Mn and O atoms at various degrees of delithiation using both PBE+U
and SCAN functionals. In terms of occupation state, it is expected
that for Fe3* species, the five available d states (three tg- and two
eq-like states) were occupied by one electron each, whereas in the
case of Fe** one of the g4 states should be unoccupied. This scenario
is indeed consistent with the electronic structure computed with
SCAN for a representative partially delithiated LFMO system as
shown in Figure 28, where spin-up unoccupied states are observed
indicating the presence of well-localized electrons within the d
states of Fe**. Yet, as previously evidenced by the Bader charge
results (Figure 27-B), it can be seen from Figure 28 how PBE+U
struggles to yield an adequate electronic structure representation
of Fe ions. Specifically, spin-up unoccupied states are essentially not
present in the DOS computed with PBE+U, suggesting that all iron
ions are in Fe3*/3:5* mixed states and no Fe** species are present.

30
Occupied states |Unoccupied states
20 + ) t29
10 +
3
a 0
-10 4
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—— Fe SCAN g™ Fg
-30 ¥ T Y T T T
-10 -5 0 5
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Figure 28: Computed Fe-projected DOS of the partially lithiated

Lio.25sFeo0.5sMno.504 ground state considering Structure 4 (see Figure 22)
using PBE (black) and SCAN (red).
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Focusing now on oxygen redox activity, it is important to
acknowledge the growing significance of accurately characterizing
anionic redox processes, as they have the potential to enhance
battery capacity, as explained in Chapter 1 (Section 1.4.2). In
conjunction with Bader charge analysis, the computed projected
DOS also offers interesting insights into the oxygen redox
mechanisms in LFMO. Figure 29 highlights an essential observation:
when employing the SCAN functional, the occupied states of O
overlap with those of the transition metals within the -1.0 to 0.0 eV
range, in particular with the spin-up Mn states. This suggests a
reversible anionic redox process facilitated by the electronic
interaction between the oxygen and the transition metal. This
interaction should allow the efficient transfer of electrons between
them, avoiding structural destabilization or oxygen loss through O
(gas) release. Essentially, the overlaping states can effectively
facilitate the removal and insertion of oxygen electrons during the
redox process, enabling the reversible interconversion of different
oxidation states and providing additional capacity. Conversely, when
using the PBE+U functional, the overlap between oxygen states and
the metals just below the Fermi level, in the same energy range,
appears to be less pronounced. This would suggest a weaker or less
favorable electronic interaction between oxygen and the transition
metal, rendering the anionic redox mechanism more
irreversible>*1%6, It can be concluded that using different functionals
for DOS calculations results in a different description of the anionic
redox reversibility of the LFMO behavior. Thus, further experimental
studies are needed to elucidate the anionic redox processes for
oxygen in LFMO which falls beyond the scope of this work.
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Figure 29: Projected DOS of the Fe0.5Mn0.504 for Fe, Mn and O
calculated via PBE+U (up) and SCAN (down) for the Structure 4 model.

The region of interest to understand the anionic redox interactions is
highlighted in light yellow.
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3.6. Conclusions

In this chapter a thorough examination of the electrochemical
properties of the six most stable Fe/Mn distributions in the
LiFeo.sMn1.504 composition has been conducted wusing DFT
calculations with both PBE+U and SCAN functionals. Comparison of
cell parameters and volumes showed that the SCAN functional
exhibited better agreement with experimental data, with an
average error of 0.15% compared to the experimental values.
However, the PBE+U functional provided more accurate descriptions
of the average voltages, yielding a value of 4.390+0.018V
compared to the experimental 4.4V vs Li/Li*. To examine the
electrochemical features, the convex hulls for the six Fe/Mn
distributions were computed using both PBE+U and SCAN. The
phase stability upon (de)lithiation and the voltage behavior were
found to be unaffected by the Fe/Mn distribution and the large
amounts of ground states bear the convex hull suggested a
preferred solid solution mechanism in this material. The voltage-
composition curves obtained with PBE+U and SCAN functionals
displayed a voltage window of 3.5-5.0V for PBE+U and 3.0-5.0V for
SCAN, both showing two plateaus with a voltage jump at x = 0.5.
Notably, the PBE+U functional demonstrated a better agreement
with the experimental data.

The redox processes during (de)lithiation were studied through
Bader charge calculations for various LixFeo.sMno 504 compositions
along the ground states of the convex hull. Both SCAN and PBE+U
calculations revealed a transition from Mn3*/4* to Mn%*" as the
proportion of Mn3* gradually decreases from 33% in LiiFeo.sMng.s04
to around 0% in Lio.sFeo.sMno.sO4. Additionally, the SCAN functional
provided clearer identification of Fe Bader charges, indicating a
redox transition from Fe3* in Lio.sFeo.sMno.s04 to Fe** in
Feo.sMno.sO4. These results are consistent with the experimental
voltage curve, which displays a plateau associated with Fe redox at
voltages around 5V vs Li/Li* and a plateau associated with Mn redox
activity at voltages around 4V vs Li/Li*. Moreover, both functionals
also predicted an oxygen redox contribution to the electrochemical
mechanism. DOS calculations were performed for different stages
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of dethitiation, confirming that the SCAN functional more accurately
captured Fe redox activity by revealing the coexistence of both Fe3*
and Fe** distinct species, while PBE+U only identified Fe3*/3->* mixed
states. Finally, the DOS analysis using the SCAN functional
suggested that the anionic redox in LMFO to be reversible.
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CHAPTER 4: Experimental
study of LFMO. Interplay
between synthesis
parameters,
microstructure, and
electrochemistry

4.1. Abstract

In this chapter, the impact of synthetic parameters on the structural
and electrochemical properties of LiFeo.sMnis04 is investigated
following a high throughput approach using the Batteryino-I module
described in Chapter 2. Over 150 LFMO samples were synthesized
under varying conditions, and structural characterization revealed
distinct percentages of iron in tetrahedral positions, conforming
antisite defects, whose amount was correlated with the synthetic
parameters. The presence of antisite defects was associated with a
structural expansion. Electrochemical studies demonstrated that
samples with fewer antisite defects exhibited superior performance,
with a longer Fe redox plateau, higher discharge capacity and
capacity retention. This research highlights the significance of
controlling defects to optimize LFMQO's electrochemical behavior,
providing valuable insights for developing high-performance battery
materials and advancing energy storage technologies. The
presented LFMO operates at voltages up to 5.1 V vs. Li/Li* delivering
capacities up to 130mAhg™ at a 1D discharge rate with an average
voltage of 4.4V. This represents an energy density up to 572 Wh/kg
(and potentially able to deliver >660 Wh/kg). Such value would be
superior to that of the commercial LiNip.sMno.2C00.202 (622NMC)
(170 mAh.g! discharge capacity at 4.3 V cut-off voltage and with
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an average voltage of 3.8 V), in addition, LFMO results in a
reduction of 66% of critical elements (Li, Ni, Co).

4.2. High throughput screening of synthetic
parameters

The use of the Batteryino-I autonomous module, described in
Chapter 2, allowed the screening of different synthesis conditions
to better understand the synthetic process and the impact of the
different parameters to the final material. The selected synthetic
parameters that were screened are: annealing temperature,
annealing time, cooling ramp, heating ramp, gel formation time,
position in the automated module, position in the furnace and Li
excess added at the beginning of the synthesis. The values sampled
for each variable are described in Table 11 and a table, indicating
the synthetic parameters for each sample, can be found in Annex
ITI. Overall c.a. 150 samples have been synthesized. The synthesis
of part of these samples also contributed to the optimization of the
Batteryino-I module, and therefore many of the samples that were
initially prepared shared the same synthetic conditions until
reproducibility was achieved. Finally, c.a. 70 samples have been
used to establish composition-structure-synthesis correlations.

Once the reproducibility of the set-up was ensured, the set of
synthetic parameters selected for each batch of new samples was
generated by the random.uniform module of python!®’, which
generates pseudo-random sets of conditions taking into account the
given values described in Table 11.

Synthetic parameters Tested values
Position Al-4, B1-4, C1-4
Li excess per f.u. 0.02, 0.04, 0.06, 0.08
Gel formation time (h) 3,3.5,4,4.5,5,5.5
Temperature he_atmg ramp 1,2.5,5
(°C/min)
Annealing Temperature (°C) 750, 800, 850, 900
Annealing time (h) 5,7.5, 10
Temperature cooling ramp .
(°C/min) 2, 5 or quenching

Table 11: Synthetic parameters screened for the LFMO system.
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After the synthesis, the samples were measured by X-ray diffraction
to analyze the structures of the synthesized materials. The XRD
measurements were followed by pseudo-Rietveld refinements
against the Fd-3m space group starting from the lattice parameters
of the corresponding LFMO phase ICSD 187271. Pseudo-Rietveld
refinements (i.e., Rietveld refinements with fixed atomic
parameters) were found to be a good compromise between invested
time and accuracy of the data for a preliminary evaluation of the
large amount of patterns. The background was introduced in the
refinements using the automatic background tool of WinPLOTR.!3>
Selected samples were later Rietveld-refined (see section 4.3.2).

From this analysis it was concluded that the LiMnisFeqs04 spinel
was obtained in all cases, although with different structural
properties and amounts of impurities. Quenched samples, and
samples synthesized at the maximum selected temperature
(900°C) with no Li excess were impure, which is indicative of lithium
evaporation at high temperatures.

On the other hand, the pure samples exhibited a large variability in
the value of the cell parameter, ranging between 8.24 and 8.31 &,
which indicates compositional or structural differences. The samples
also differed in the intensity of certain reflections, in particular (220)
reflection, as will be discussed in section 4.3.2. However, the XRD
patterns of these samples were similar in terms of peak broadening,
indicating similar crystallinity and probably similar crystallite
morphology. In the following section the detailed characterization
of selected samples is presented.

4.3. Structural and morphological characterization of
selected samples

Three samples were selected according to their cell parameter for a
thorough structural and morphological characterization. These
samples are labeled as Lcp-357 (a=8.244(2)R), Mcp-134
(a=8.266(15)A) and Hcp-158 (a=8.294(12)A) where Lcp means
low cell parameter, Mcp medium cell parameter and Hcp high cell
parameter. The conditions used for the synthesis of the selected
samples are described in Table 12. Mcp-134 and Hcp-158 apparently
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share similar synthetic conditions and result in different cell
parameters. This is due to the fact that they were prepared before
all synthetic variables were successfully controlled and thus, in
reality, they do not share exactly the same synthetic conditions (i.e.,
gel formation time, cooling ramp, ventilation, thermal stability in
the heating plate, See Section 2.4.).

Lcp-357 Mcp-134 Hcp-158
Position B2 Al Al
Li excess (f.u.) 0.02 0.02 0.02
Gel formation time (h) 4 NR NR
Heating ramp temperature 5 5 5
(°C/min)
Annealing temperatura (°C) 700 900 900
Annealing time (h) 10 10 10
Cooling ramp temperature
(°C/min) 5 NR NR
Cell parameter (A) 8.244(2) 8.266(15) | 8.294(12)

Table 12: Synthetic parameters of the selected samples for the structural
and morphological study. NR stands for not registered.

4.3.1. Scanning electron spectroscopy

Scanning Electron Spectroscopy (SEM) images corresponding to the
selected samples, Mcp-134 and Hcp-158, are shown in Figure 30.
The morphology of the two samples is very similar with
agglomerates of primary particles with a size of 5-30 um, see Figure
30-a and b. The primary particles, whose size ranges between 1 and
4 um are overall isotropic as can be seen in Figure 30-c and d. Such
morphology is representative of all the samples prepared in this
chapter, from which it can be concluded that the morphology of the
different samples does not vary within the range of the synthetic
parameters explored.
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Figure 30: SEM images for two different samples of LFMO with lower,
Mcp-134, (a, c) and higher, Hcp-158, (b, d) cell parameters at 50um (a,
b) and 5um (c, d) scale.

4.3.2. X-ray diffraction

As mentioned before, besides the cell parameter, differences were
also observed regarding the intensity of the (220) reflection, which
becomes more intense as the cell parameter increases. The Rietveld
refined XRD patterns of the selected samples can be found in Figure
31, and will be further discussed later in this Section.

In spinel structures, transition metals typically occupy octahedral
16d sites, Li atoms occupy 8a tetrahedral sites and oxygen atoms
lie in 32e sites of the Fd-3m space group. As shown in chapter 3,
the phase stability of different Fe and Mn distributions is
comparable, so it is considered that the structure exhibits Fe and
Mn disorder. In ideal LFMO, the (220) reflection has no intensity.
However, it has been shown by other authors that this peak appears
when Fe occupies the lithium 8a sites in the Fd-3m space
group.89°5158 Thijs type of defect (considering that lithium and iron
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atoms exchange positions /.e. antisite defect) is illustrated in Figure
32.

Table 13 indicates the Shannon ionic radius for the different possible
lithium and iron environments in the LFMO structure. Interestingly,
the ionic radius of lithium in octahedral environment is larger than
that of Fe atoms, which would explain the structural expansion
observed in the samples with antisite defects.

Li in Th position
Fe in Oh position

Antisite
defects

Li& Fein
Th & Oh position

Figure 32: Representation of the structures of LFMOs with no
antisite defects (above) and with the exchange in the Li/Fe
atoms corresponding to antisite defects (below).
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Ion Coordination | Ionic radius (A)
Li* 4 0.59
Lit 6 0.76

Fe3* 4 0.49

Fe3+ 6 0.645

Table 13: Shannon ionic radii for Fe and Li**°. Note that it has been
considered that Fe3* ions are high spin in LFMO.86160

The hypothesis of the presence of antisite defects was validated by
the Rietveld refinement of the samples. Different structural models
were considered, through the use of different constrains (i.e., Li/Fe
antisite, Fe in tetrahedral and octahedral sites with no Li in
octahedral positions, Fe occupancy constrained to 0.5 or not
constrained). The antisite model was found to be the one leading to
the best fits of the experimental patterns. This model considers the
general formula [Lii-xFex]sa[ LixFeo.5-xMn1.5]16404 where Fe and Li exist
in both tetrahedral and octahedral positions corresponding to a
strict antisite defect. The occupancies were refined taking into
account that the sum of Li and Fe in tetrahedral sites must be 1 and
their sum in octahedral sites 0.5. The Biso parameters were
independently refined for each site. In all cases, the atomic position
of oxygen was refined and resulted to be around x=0.26 for the
three samples. The results of the refinements can be seen in Figure
33, Table 14 and Table 15. The percentage of Fe in 8a sites, and thus
the quantity of antisite defects, was calculated considering the Fes;
occupancy with respect to the total amount of iron and resulted to
be 6(4)%, 15(4)% and 27(3)% for samples Lcp-357, Mcp-134, and
Hcp-158 respectively, and thus confirming a direct correlation with
the cell parameter.
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Figure 33: Rietveld refinements corresponding to [Lii-xFex]sa[LixFeo.s-
xMn1.5]16404, for samples Lcp-357, Mcp-134 and Hcp-158 with cell
parameters of 8.244(2)A, 8.266(15)A and 8.294(12)A, respectively. In
the upper-right part of each refinement the enlargement of the (220)
diffraction peak related to the quantity of Fe occupying tetrahedral
position can be observed. In green the Bragg positions, in black the
calculated XRD pattern, in red the observed patterns are represented
and, in blue the difference between observed and calculated is shown.
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Lcp-357 Mcp-134 Hcp-158
Cell p"’(';')a/b/c 8.244(2) | 8.266(15) | 8.294(12)
Volume (A?) 560.3(3) | 564.9(18) | 570.6(15)
Rp 14.9 17.5 14.6
Rwp 22.1 21.7 18.1
Rexp 14.96 11.83 11.73
RBragg 2.62 4.49 3.7
Rf 3.56 3.81 4.83
X2 (Bragg) 2.19 3.38 2.38

Table 14: Unit cell parameters and conventional Rietveld factors for the
XRD Rietveld refinements of the selected LFMO selected samples.

Lcp-357 Mcp-134 Hcp-158
Biso |Occupancy| Biso |[Occupancy| Biso | Occupancy

Lisa 3(3) 0.96(2) 3(2) 0.92(2) 1(1) 0.86(1)
Fesa 3(3) 0.03(2) 3(2) 0.07(2) 1(1) 0.13(1)
Liizea |0.2(1)| 0.03(2) 0.5(1) 0.07(2) 0.6(1) 0.13(1)
Feisa [0.2(1)| 0.46(2) 0.5(1) 0.42(2) 0.6(1) 0.36(1)
Mnied | 0.2(1) 1.5 0.5(1) 1.5 0.6(1) 1.5
Os32¢ (0.2(3) 4 1.1(3) 4 1.8(3) 4
Ox/y/2 0.260(9) 0.262(1) 0.261(8)

Table 15: Rietveld refinement results of atom occupancies, Biso
parameters and atomic position of oxygen for the LFMO selected samples

4.3.3. Combined X-ray and neutron powder
diffraction study

In order to validate the cation distribution and the lithium
environment, Neutron Powder Diffraction (NPD) measurements
were performed, followed by combined XRD-NPD Rietveld
refinements against the cubic spinel structure of Lcp-357 and Hcp-
158 using the FullProf Suite!33134, Again, the antisite model
corresponding to [Lii-xFex]sa[ LixFeo.5-xMn1.5]16d¢04 was found to be the
one leading to the best fit of the experimental patterns as for the
single XRD refinements.

Due to the lower signal-to-noise ratio of the NPD diffractograms the
combined XRD-NPD refinements were performed in a 70:30 weight
ratio. The overall isotropic displacement factor, Bov, was refined

95




since it was difficult to assign the Biso parameter to each site due
to the quality of the NPD data. In both cases, the atomic position of
oxygen was refined and resulted to be around x=0.26 for both
samples at the 32e sites in the space group of Fd-3m. The results
of the refinements can be seen in Figure 34, Table 16 and Table 17.
The percentage of antisite defects resulted in 4(2)% and 24(2)%
for samples Lcp-357 and Hcp-158 respectively, which is in
agreement with the 6(4)% and 27(3)% that resulted from the single
XRD Rietveld refinements. NPD allowed to confirm that Li can be
found in 16d positions. The differences in the results obtained with
different techniques are discussed in Section 4.3.6.

Lcp-357

la
S
s
.é. ‘5‘
%]
5 8
£

3-..,_._| SR U S— SU— S

10 20 3[3 40 50 60 76 8020 40 ‘60 80 IlOO 120 140 160

20 (°) 26 (%)
Hcp-158

c. {d 24(2)% Fe,,|
e
)
Z
@
= . B
AR
- i l i I A

— [ S WWWW&M

10 20 30 40 50 60 70 8020 40 60 80 100 120 140 160
26 (°) 26 (%)

Figure 34: Combined XRD-NPD Rietveld refinements for samples Lcp-357
(a, b) and Hcp-158 (c, d). The percentage of antisite defects are written
for each sample. In green the Bragg positions, in black the calculated
XRD patterns, in red the observed patterns are represented and, in blue
the difference between observed and calculated patterns are shown.
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XRD
Lcp-357 Hcp-158
Cell par. a/b/c (R) 8.245(15) 8.294(15)
Volume (A3) 560.5(18) 570.6(15)
Rp 15.7 15.3
Rwp 22.6 18.5
Rexp 14.97 11.75
RBragg 8.62 7.52
Rf 5.85 6.13
X2 (Bragg) 2.29 2.48
NPD
Lcp-357 Hcp-158
Cell par. a/b/c (R) 8.240(3) 8.291(9)
Volume (A3) 559.5(7) 570.(1)
Rp 97.8 114
Rwp 45.9 38.3
Rexp 36.71 36.41
RBragg 40.4 12.7
Rf 32.5 10.5
X2 (Bragg) 1.56 1.11

Table 16: Unit cell parameters and conventional Rietveld factors for the XRD (above)
and NPD (below) combined Rietveld refinements of the LFMO selected samples.

XRD-NPD
Lcp-357 Hcp-158
Biso | Occupancy Biso |Occupancy
Lisa 1.44491 0.97(1) 1.44491 0.87(1)
Fesa 1.44491 0.02(1) 1.44491 0.12(1)
Liied 0.44216 0.02(1) 0.44216| 0.12(1)
Feied 0.44216 0.47(1) 0.44216| 0.37(1)
Mnied 0.44216 1.5 0.44216 1.5
O32e 0.80536 4 0.80536 4
Bov XRD -0.4(1) 0.1(17)
Bov NPD -0.1(3) 0.4(3)
O x/y/z 0.261(9) 0.262(6)

Table 17: Rietveld refinement results of atom occupancies and biso
parameters of the XRD-NPD combined refinements for the LFMO selected
samples.
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4.3.4. MoOssbauer spectroscopy

>’Fe MoOssbauer spectroscopy can help to identify different iron
environments and iron oxidation states, being very useful to
quantify the percentage of defects in this case. Two of the previously
characterized samples, Mcp-134 and Hcp-158, have been analyzed
by Méssbauer. The samples were fitted with two doublet peaks and,
considering the IS parameter, the oxidation states of iron in both
cases corresponded to Fe3*. Table 18 shows the values of the isomer
shift (IS), quadrupole splitting (QS), line width (WID) and iron
percentage (%Fe) corresponding to each component. The doublets
with highest IS, 0.34 mm/s, were assigned to Fe in octahedral
position (Figure 35, green line) and the doublets with the smallest
isomer shifts, 0.22 and 0.21 mm/s, were assigned to Fe in
tetrahedral position (Figure 35, blue line) for both samples as
referred in bibliography®161, The percentage of each kind of iron is
calculated by the ratio between the area of both doublets.

Thus, Mdssbauer spectroscopy confirmed that there is Fe in
octahedral and tetrahedral positions in different proportions
depending on the synthetic parameters and that Fe is in oxidation
state 3+. In sample Hcp-158, the quantity of Fe found in tetrahedral
positions was 26(3)%, while for sample Mcp-134 the quantity of Fe
found in tetrahedral positions was 9(3)% (Table 18). The comparison
between the results of the different techniques will be discussed in

Section 4.3.6.
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Figure 35: >’Fe Mdssbauer spectra fits of Mcp-134 and Hcp-158 samples
measured at room temperature, both collected at 3 mm/s velocity. The
reference used for the IS was a-Fe at room temperature.
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Fe (16d Octa) Fe (8a Tetra)

IS Qs WID Fe IS Qs WID

-1 -1 -1 -1 -1 -1 Fe %
mm.s mm.s mm.s % mm.s mm.s mm.s

Sample

Mcp-134 0.34 0.71 0.28 91(3) 0.21 0.29 0.24 9(3)

Hcp-158 0.34 0.66 0.27 74(3) 0.22 0.35 0.32 26(3)

Table 18: °’Fe Mdssbauer spectra fitting values at room temperature of
Mcp-134 and Hcp-158 samples. Reference is a-Fe at room temperature.
Moéssbauer values for the fitted spectra, isomer shift (IS), quadrupole
splitting (QS), line width (WID) and iron percentage (%Fe).

4.3.5. X-ray absorption spectroscopy

The two LFMO samples were also analyzed via dual-edge X-ray
absorption spectroscopy (XAS) on both TM edges to extract
information on the oxidation states of both Mn and Fe and on the
local structure around the absorbing atom. The X-ray absorption
near edge spectra (XANES), depicted in Figure 36 for Mn (left)
and Fe K-edge (right) respectively, indicate that the two samples
have distinct Mn oxidation state but similar iron oxidation state. In
fact, sample Mcp-134 Mn k-edge is shifted to higher energy
compared to Hcp-158, which reflects a higher average oxidation
state of the absorbing Mn. With the help of metal reference
fingerprint, the approximate oxidation state can be estimated.
However, in the case of Mn both samples have an oxidation state in
the range between 3.4 and 3.6, respectively, while in the case of Fe
the oxidation state is in vicinity of Fe3* which is in accordance with
the Mdssbauer results. Another noteworthy observation is the
increased Fe K-edge pre-edge feature of the Hcp-158 as compared
to Mcp-134. The increase of a dipole forbidden transition hints a
larger share of tetrahedrally coordinated iron as a result of a larger
overlap of p and d orbitals in such non-centrosymmetric
coordination.
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Figure 36: Comparison of the Mn K-edge (left) and Fe K-edge (right) of
XANES spectra of Mcp-134 and Hcp-158 along with the reference spectra
of relevant metal oxides, MnO2 (Mn**), Mn203 (Mn3*) and Fe20s3 (Fe3")
(dash dotted lines).

The analysis of the extended X-ray absorption fine structure
(EXAFS) of the two samples allows to gain insights on the local
structure around the absorbing atom. In both samples the Fourier
transform of Fe K-edge EXAFS spectra are dominated by two
features, see Figure 37, which can be attributed to Fe--O and Fe--
TM shells, respectively. It is salient that while both shells are at
similar distance (R) from absorbing atom in both LFMO samples,
their intensities are damped and broadened in the case of Hcp-158.
This is reflected in a higher Debye Waller (ss) factor in the EXAFS
fitting, see Table 19. An elevated Debye Waller factor indicates a
greater local disorder which could be the result of a broader
distribution of bond lengths due to the coexistence of different Fe
coordination for sample Hcp-158 because of antisite defects.
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Figure 37: Fourier transform of the Fe K-edge EXAFS plots of Mcp-134 vs

Hcp-158.
Mcp-134 Hcp-158
R (A) ss (A?) R (A) ss (A?)

Fe-O1 |2.008(5)|0.0071(4)|1.99(1)|0.0094(9)

Fe-TM |2.956(5)|0.0068(3) |2.91(7) | 0.0085(6)

Fe-02 | 3.93(3) | 0.011(5) |3.62(3)| 0.003(4)

Table 19: Fe K-edge EXAFS fitting parameters of the two LFMO samples.
The amplitude reduction factor was fixed at 0.95 and Enot at -0.4,
coordination number was kept at 6. R indicates the radial distance and ss
the Debye Waller factor that measures the disorder.

A tentative estimation of the approximate number of ligands for the
first shell (Fe—O) revealed that, in Mcp-134, Fe is coordinated by
approximately 5.6 oxygen, while, in Hcp-158, it is coordinated only
by 4.8. This supports the hypothesis that an increased share of
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tetravalent coordinated Fe is present in the Hcp-158 sample in
agreement with the previous results of diffraction and Mdssbauer.

4.3.6. Discussion

As it has been shown by means of XRD, NPD and Mdssbauer
spectroscopy the selected samples crystallize with antisite defects,
although differ the percentage of iron located in tetrahedral
position. The increasing amount of antisite defects correlates with
a larger cell parameter. This hypothesis was also supported by the
XAS results. Slight differences in the quantification of such defects
have been found between techniques, as shown in Table 20. The XRD
and the combined XRD-NPD results show a good agreement in the
guantification while, when compared with M&ssbauer spectroscopy,
a higher difference in the percentage of defects is observed for
sample Mcp-134. This can be attributed to the very small intensity
of the (220) diffraction peak and/or to the low quality of the NPD
patterns, which exhibit a low signal-to-noise ratio. However, all
values are in accordance when considering their standard
deviations.

XRD XRD | XRD-NPD | Mossbauer
Cell parameters (A) Fesa (%)
Lcp-357 8.244(2) 6(4) 42) ]
Mcp-134 8.266(15) 15(4) - 9(3)
Hcp-158 8.294(12) 27(3) 24(2) 26(3)

Table 20: Comparison on the resulting percentage of iron in tetrahedral
position with the different characterization techniques.

The structure that has demonstrated to unify all the results is the
strict definition of the antisite defect, [Lii-xFex]sa[LixFeo.s-
xMn15]16d0s, where Fe and Li exist in both tetrahedral and
octahedral positions maintaining their stoichiometry, and Fe is in
the oxidation state +3, confirming the initial hypothesis. Once the
structural definition and the correlation between cell parameters
and percentages of iron in tetrahedral sites was clarified, it is of
interest to analyze the impact of these defects on the
electrochemical performance. For this evaluation, the percentage of
antisite defects considered will be the ones extracted from the XRD
Rietveld refinements as it is a trustable technique, and, at the same
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time, it is easier to access compared with NPD or Mdssbauer
spectroscopy. Before the deep study of the electrochemical
performances a study of the correlations between structure and
synthetic parameters is presented.

4.4. Correlations between synthetic parameters and
structure

Herein, the correlation between the intensity of the (220)
reflection and the cell parameter was confirmed for the rest of
synthesized samples as shown in Figure 38, where the area of the
(220) diffraction peak is plotted as a function of the cell parameter.
The area of this peak was automatically measured using a python
routine. The selected synthesis conditions described in Section 4.2.
(Table 11) allowed obtaining a set of samples with a large variability
of antisite defects. In this section, the individual impact of each
synthetic variable in the final structure will be discussed.
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Figure 38: Correlation between the area of the (220) diffraction peak of

the F-3dm unit cell and the cell parameters for the synthesized samples.

The diffraction peak (220) for the different samples is shown in the upper
left part.
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In Figure 39-a-d, cell parameters of the LFMO main phase are plotted
with respect to different synthetic variables. Figure 39-a shows the
correlation with annealing temperature. It can be observed that,
overall, the cell parameter increases with the annealing
temperature. However, a high variation is also observed for samples
prepared with the same annealing temperature because other
parameters such as Li excess (represented in different colors) also
contribute. Overall, for a same annealing temperature, the cell
parameters were higher when a lower amount of Li was added
(Figure 39-a). This is confirmed in Figure 39-b, which shows the
evolution of the cell parameter with the Li excess at a fixed
temperature (750°C). This can be correlated to Li evaporation
during the annealing at higher temperatures®?163, which would
favor having a larger amount of Fe in tetrahedral positions.

The correlations observed for the different annealing times in
Figure 39-c match with the correlation described for the annealing
temperature, higher temperatures give higher cell parameters.
However, since longer annealing times were employed for higher
temperature, further sampling would be needed to understand if a
correlation between annealing time and cell parameter exists.

Figure 39-d shows the cell parameter obtained for different gel
formation times for samples for which the rest of parameters were
fixed. The results indicate that the gel formation time does not
affect the final structure of the material as only variations in the
third decimal of the cell parameter are observed for samples
prepared using the same amount of excess Li.
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Figure 39: Correlations between cell parameters of the pure LFMO
synthesized set of samples and A) the annealing temperature and Li
excess added at the beginning of the synthesis, B) the Li excess for a fix
annealing temperature of 750°C, C) the annealing time and the Li excess
at different annealing temperatures, D) the gel formation times for
different Li excess at 850°C. It can be highlighted that the error bars are
included in this graphic, but they are so small that cannot be
distinguished.

Finally, for the cooling and heating ramps important changes
were not expected nor found. Although it is important to remember
that quenched samples were impure.

4.5. Electrochemical characterization of LFMO
samples

Structural defects have shown to have an impact on the
electrochemical performance of cathode materials such as LFP or
layered oxides like NMC and NCA.%* To study how the antisite
defects affect the electrochemical behavior of LFMO, different
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experiments have been performed. Five different samples, with
different cell parameters ranging from 8.257(3) to 8.304(2)A, and
thus different quantity of antisite defects, have been selected for
this purpose. The synthetic conditions and structural characteristics
of these five samples are described in Table 21 indicating the
percentage of antisite defects of each sample determined form
Rietveld refinements of the XRD patterns. The percentage of defects
was calculated considering [Lii-xFex]sa[ LixFeo.5-xMn1.5]16404
composition in the Rietveld refinements. Owing to sample
availability issues, from the samples characterized in Section 4.3,
only Mcp-134 could be used for the electrochemical
characterization, however a good correlation between cell
parameter and %Fes, is also obtained for this set of samples as
depicted in Figure 40.

LFMO-290 | Mcp-134 | LFMO-325 | LFMO-323 | LFMO-234
Position Cc1 Al Bl A3 Al
L ex‘f:euss per 0.08 0.02 0.02 0.02 0.02
Gel formation
time (h) 3.5 NR 3 3 4.5
Heating ramp
temperature 2.5 5 5 5 5
(°C/min)
Annealing
Temperature 750 900 800 800 900
(°C)
Annealing time 75 10 10 10 10
(h)
Temperature
cooling ramp 2 NR 5 5 5
(°C/min)
Cell t
€ ""z;a)me e | 8.257(3) | 8.265(15) | 8.281(2) | 8.290(2) | 8.304(2)
A“t's't‘:/:')efeds 14(4) 15(4) 22(5) 26(2) 35(5)

Table 21: Synthetic and structural characteristics of the five selected
samples for the electrochemical study. In blue the percentage of antisite
defects, calculated from the Rietveld refinements of XRD data, is
highlighted. NR means Not Recorded.
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Figure 40: Correlation between cell parameter and antisite defects for
the selected samples. It can be highlighted that the error bars are
included in this graphic, but they are so small that they cannot be

distinguished.

The selected materials were cycled vs. Li/Li* at a C-rate of C/10 in
a voltage window from 3 to 5V vs. Li/Li* using 1M LiBF4 in EC:DMC
(3:7 by wt.) as electrolyte and assembled in EL PAT-type cells in
half-cell configuration. LiBFs-based electrolytes offer promising
advantages in terms of thermal stability, passivation, cycling
performance, and water tolerance in comparison with other
electrolytes, such as LiPFs-based ones. Indeed, it has been proved
that using LiBF4 salt the amount of HF produced during cycling is
reduced leading to less Mn dissolution®>. The electrode formulation
and preparation are described in Chapter 6 (Section 6.2.2.).

Figure 41 presents the voltage-capacity curves of the galvanostatic
cycling and their corresponding dQ/dV plots for the 15t (Figure 41-
a,b) and the 10t cycles (Figure 41-c, d) for the selected materials.
As expected from previous reports, the voltage curves exhibit two
pseudo-plateaus; a first pseudo-plateau close to 4V vs. Li/Li,
usually attributed in the literature to the Mn3+/4+ redox activity, and
a second one close to 5V vs. Li/Lit, attributed to the Fe3+/4* redox
activity’>°>161 As also shown in Table 22 a very clear correlation is
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obtained between the amount of antisite defects and both the
discharge capacity and the total average voltage for the discharge
(obtained by measuring the area below the experimental curve).
Antisite defects are thus found to be detrimental for the
electrochemical properties of LFMO, as the electrochemical
performance changes from a discharge capacity of 102.47mAhg
and an average voltage of 4.28V (14(4)% of defects, LFM0O-290) to
66.56mAhg™* and 4.12V (35(5)% of defects, LFM0O-234).

In Figure 41-b it can be observed that the Mn3*/4* plateau involves
in fact two processes, covering a broad voltage range, although for
the samples with smaller cell parameter the redox peak becomes
more symmetric in the 10™ cycle. To understand better these
processes further mechanistic studies, such as Potentiostatic
Intermittent Titration Technique (PITT) experiments, or in operando
XRD would be needed.

In Figure 41-b and d it can be observed that the iron redox processes
are not finished at 5.0V as the dQ/dV curves intensity is still
increasing when the cut-off is reached. This fact indicates that the
electrochemical performance could be improved by increasing the
voltage window.

In order to obtain further insight in the different redox processes,
the discharge capacities related to each pseudo-plateau have been
separated by considering 4.5V as lower voltage limit for the Fe3+/4+
and as maximum voltage limit for the Mn3*/4* redox pseudo-
plateaus. Figure 42 depicts the discharge capacities and the average
voltages of the overall curves for the 1%t discharge curve (Figure 41-
a) of each pseudo-plateau vs. the quantity of defects found in each
sample. Both Mn and Fe discharge capacities and average voltages
showed to be affected by the percentage of antisite defects. For Fe,
the higher the quantity of antisite defects, the lower the capacities
are; and, in the case of Mn, although the sample with lower quantity
of defects presents a slightly smaller discharge capacity, the same
trend is observed. With respect to the average voltage of the overall
curve, both transition metals exhibit the same tendency, the higher
the quantity of antisite defects, the lower the average voltage of the
overall curves. This suggests not only that the Fe in tetrahedral
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position is not electrochemically active, but also that it introduces
an environment in which the mobility of lithium for its extraction
and insertion into the structure is hindered and also hampers the
redox activity of Mn during cycling. Moreover, this trend is
maintained after 10 cycles as it can be seen in Figure 41-c.
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Figure 41: First (a, b) and tenth (c, d) cycles at C/10 in a 3.0-5.0V vs
Li/Li* voltage window for the five selected LFMOs with different quantity
of antisite defects. In the left part-a & c- the voltage curves are shown
and, in the right part -b & d-of the figure the dQ/dV for the same cycles

are depicted. The arrows indicate the increase in the percentage of
antisite defects.
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Antisite Discharge capacity | Total average
defects (%) | 15t cycle (mAhg?) voltage (V)
LFMO-290 14(4) 102.47 4.28
Mcp-134 15(4) 107.99 4.21
LFMO-325 22(5) 103.05 4.20
LFMO-323 26(2) 94.75 4.17
LFMO-234 35(5) 66.567 4.12

Table 22:Discharge capacity and average voltage for first cycle of the
five selected samples cycled at C/10 in a 3-5V vs. Li/Lit voltage window.
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Figure 42: Discharge capacity and total average voltage of the first
discharge pseudo-plateaus, related to Fe3>*/#* at 4.5V (A) and Mn3*+/4+ at
3V (B) vs. the percentage of Fe in tetrahedral positions.
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The evolution of the discharge capacity over cycling is shown in
Figure 43. The trend observed during the first cycle is maintained
during the first 35 cycles, resulting in higher discharge capacities in
the samples with lower quantity of defects (black curve) than in the
samples with higher quantity (purple curve). Furthermore, the
sample with a greater quantity of antisite defects presents a faster
capacity decay. It should be noted that at such high voltage the
instability of the electrolyte at high voltages also contributes to the
capacity decay. Indeed, as shown in Table 23 the coulombic
efficiency of the half cells does not exceed 61.17% in the first cycle
(15(4)% of antisite defects, Mcp-134) nor 69.12% in the 35 cycle
(35(5)% of antisite defects, LFMO-234). However, samples with
little quantity of defects are more stable maintaining 81.67% of
capacity retention (LFM-290), while samples with high quantities of
defects maintain only 31.43% of the initial capacity (LFMO-234).
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Figure 43: Discharge capacity within the first 35 cycles at C/10 in a 3-5V
vs. Li/Li* voltage window for the five LFMOs selected with different
guantity of antisite defects.
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Capacity Coulombic Coulombic

retention efficiency efficiency

35th cycle 1st cycle 35th cycle
(%) (%) (%)
LFMO-290 81.67 57.99 64.37
Mcp-134 73.88 61.17 67.93
LFMO-325 65.78 58.72 60.08
LFMO-323 61.79 56.01 51.43
LFMO-234 31.43 37.87 69.12

Table 23: Capacity retention for the 35" cycle and coulombic efficiencies
for both 15t and 35 cycles of the selected samples cycled at C/10 in a 3-
5V vs. Li/Li* voltage window.

Preliminary rate capability experiments of the samples with higher
and lower quantity of defects have been first performed at different
charge-discharge-rates (C(D)-rates), applying the same rate to
both charge and discharge processes, and within the same voltage
window as for the C(D)/10 galvanostatic tests (3-5 V vs. Li/Li*). To
do so, 5 cycles were run for each C-rate (C(D)/20, C(D)/10, C(D)/5,
C(D)2, C(D)) and again C(D)/20 to evaluate the reversibility. In
Figure 44 the evolution of the discharge capacity over the 30 cycles
is represented.

The discharge capacity for the sample with the higher quantity of
defects (LFMO-234) decays drastically as only 12.64% of capacity
retention is obtained after 25 cycles and the initial capacity value is
not recovered when coming back to low C(D)-rate (reaching only
46.12% of the initial capacity at the 30" cycle C(D)/20). For the
sample with the least amount of antisite defects (LFMO-290), it is
remarkable that the capacity retention for the 25 cycle at C(D) is
still 87.38% and it increases to 91.29% for the 30% cycle at
C(D)/20.
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Figure 44: Discharge capacities vs cycle number for the Rate Capability
experiment on the LFMOs with the higher (pink) and lower (black)
guantities of antisite defects in a voltage window of 3-5V.

The composition that has shown the best electrochemical
performance is the less defective sample, thus, the one with smaller
cell parameter, LFMO-290 (a=8.257(3)R). This sample has been
subjected to further tests and higher C- (charge), D- (discharge)
and C(D)- (charge and discharge) rates to better understand the
LFMO kinetic limits due to the fast insertion, during discharge, or
fast extraction, during charge, of the lithium ions.

Figure 45 shows the rate capabilities in a 3.5-5V voltage window vs.
Li/Li* performed in Swagelok-type cells. In Figure 45-a, the C(D)-
rate capability is depicted indicating the discharge capacities for
each cycle. C(D)-rates were performed from C(D)/10 to 20C(D)
intercalating two cycles at C(D)/10 between C(D)-rates to ensure
the equilibrium of the material before every change. The discharge
capacity decreases with the increase in C(D)-rate from 117 mAhg!
at the 15t cycle at C(D)/10 to 0 mAhg™ at 20C(D) in the 34%" cycle.
When cycling again at C(D)/10, 85.5% of the discharge capacity is
recovered with respect to the first cycle.

In Figure 45-b, the C-rate capability is depicted indicating the
discharge capacities for each cycle. Discharges were performed at
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C/10 while charges went from C/20 to 50C. The discharge capacity
increases for the first 5 cycles at C/20 until 103 mAhg™ at C. Then,
the discharge capacity decreases at faster C-rates until 0 mAhg™ at
40C. However, within the 5 cycles performed at each C-rate, the
discharge capacity remained stable.
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Figure 45: Rate capability tests performed on LFMO with low quantity of
antisite defects for a) from C(D)/10 to 20C(D) intercalating 2 cycles at
C(D)/10 between C(D)-rates and, b) from C/20 to 50C, in this case
discharges were performed at D/10. Dot lines indicate the change in the
C-rate.
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In the previous C-rate experiments, a limitation of the material
while cycling at fast C-rates was found. The capacity decays while
increasing the C-rates and it was not possible to cycle faster than
30C. In Figure 46-a, the discharge capacities for the D-Rate
capability are depicted charging the cell at C/10 and discharging
from D/20 to 700D increasing 20D the D-rate every five cycles. It
should be noted that the cells were cycled in constant current mode
CC (and not constant current constant voltage, CCCV) to avoid
degradation of the electrolyte at the highest voltage. The discharge
capacity slightly decreases with the cycle number, which can be due
not only to the limitations of the material but also to the degradation
of the electrolyte at high voltages during charge. However, the
material exhibits a remarkable capacity, even when discharged at
very fast rates. Indeed, the discharge capacity is maintained in D/20
and D and, at 700D, 30% of the capacity is still maintained.

Figure 46-b depicts the voltage curves for the first cycle of 6 of the
D-rates tested (D/20, D, 60D, 120D, 360D y 700D corresponding to
the following discharge times: 20h, 1h, 1min, 30s, 10s and 5.2s,
respectively). It can be observed that, as expected, polarization
increases with the discharge rate. After cycling at D, both plateaus
decreased at faster D-rates obtaining a decrease in the discharge
capacity from 105mAh/g in the 1%t cycle at D/20 to 29mAh/g in the
210t cycle at 700D.

The results obtained from the different rate capability tests suggest
that extracting the lithium ions from the structure is more kinetically
limited than inserting them and impressive discharge kinetics are
observed.
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4.6. In operando XRD and XAS study of LFMO

To further understand the electrochemical and structural behavior
of LFMO upon cycling, in operando synchrotron XRD (sXRD) and
XAS experiments on three samples with different quantities of
antisite defects have been performed at NOTOS beamline in ALBA
synchrotron. The synthetic conditions and quantities of defects of
the selected samples, Lcp-358, Mcp-359 and Hcp-244, are indicated

in Table 24.

Lcp-358 Mcp-359 Hcp-244
Position A2 B2 C3
Li excess (f.u.) 0.02 0.02 0.02
Gel formation time (h) 4 4 4.5
Temperature heating 5 5 c
ramp (°C/min)
Annealing temperatura 200 200 900
(°C)
Annealing time (h) 10 10 10
Temperature cooling 5 5 5
ramp (°C/min)
Cell parameter (A) 8.246(3) 8.267(3) 8.299(2)
Not detected
isi 0,
Antisite defects (%) by SXRD 22(4) 33(3)

Table 24: Synthetic parameters used to synthesize the selected samples
for the in operando study and their resulting cell parameter.

The electrodes of each sample, with around 6mg of mass loading,
were assembled in a special in situ cell with Be window%® in half-
cell configuration and cycled at a C-rate of C/10 and a D-rate of D,
in the case of Lcp-358, and D/10, in the case of Mcp-359 and Hcp-
244, in a voltage window from 3.5 to 5V vs. Li/Li* using 1M LiBFs4 in
EC:DMC (3:7 by wt.) as electrolyte. The electrode preparation and
the equipment specifications are described in Chapter 6 (Section
6.2.2.).

As observed in Figure 47, independently on the quantity of defects
present on the sample, a solid solution behavior was observed, as
expected from the calculations performed in Chapter 3. For Lcp-
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358, a discharge capacity of 130 mAhg* was obtained. Although
Mcp-359 and Hcp-244 were discharged 10 times slower than Lcp-
358, the discharge capacity decreased with the increase in the
quantity of defects, obtaining 111 mAhg? and 87.8 mAhg™ of
discharge capacity for Mcp-359 and Hcp-244, respectively. While
comparing the sXRD patterns at OCV and at the end of the
discharge, both patterns overlap for Lcp-358, indicating that
reversibility was completely achieved. On the contrary, for Mcp-359
and Hcp-244 patterns did not overlap and, thus, the cell volume
after the contraction of the structure due to the lithium extraction
was not recovered. These results indicated that the reversibility was
poorer for higher quantity of defects.

The in operando sXRD patterns of Lcp-358 and Mcp-359 samples
were refined performing pseudo-Rietveld refinements, as the
quality of the data did not allow to refine the structure of the
materials due to the short 2theta range studied. However, the
evolution of their cell parameters was studied, as depicted in Figure
48. It is worth noting that for Mcp-359 the initial cell parameter
values (a= 8.2647(9)A) are not recovered at EOD (a= 8.2525(9)A).
In addition, during charging there is a change in the slope denoting
a different charge mechanism. This observation may be due to the
affection of the antisite defects upon delithiation. It can be
hypothesized that it is easier to extract the initial lithium atoms
during the Mn redox activity (Patterns 0-10) and less preferred
during the Fe redox activity (Patterns 11-25) as the charge in the
slope reflects a slower contraction of the cell in this plateau. In the
case of Hcp-244, it was not possible to perform the refinements due
to the lower quality of the data, see Figure 49-a, due to the presence
of different particle sizes and the impossibility of measuring at
different angles while moving the cells during cycling in NOTOS
beamline. This hypothesis was confirmed by measuring the same
sample in a rotating capillary in MSPD beamline, in ALBA
synchrotron, and observing that the peaks were well defined in this
kind of measurement, see Figure 49-b.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration
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Figure 47: 2D plot for the in operando XRD patterns for the 15t cycle at

C-rate of C/10 and a D-rate of D, in the case of Lcp-358, and D/10, in

the case of Mcp-359 and Hcp-244, in a voltage window from 3.5 to 5V
vs. Li/Li.
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Figure 49: Hcp-244 diffraction patterns measured under different
conditions: a) measured at NOTOS beamline in static mode in the in situ
cell, and b) measured at MSPD beamline under rotation in a capillary.
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In operando XAS measurements were performed simultaneously
with the sXRD measurements. The XAS results obtained confirmed
that, for all samples, during the charge Mn reacted first followed by
Fe. The 2D plots of the Fe and Mn K-edge spectra obtained during
the in operando measurements are depicted in Figure 50. With the
measurements performed via in operando XANES, the Fe oxidation
states during cycling have been elucidated, as presented in Table
25, by fitting the data using Fe, Fes04, FeO and Fe,Os as reference
materials (Figure 51, above). Sample Lcp-358 was the one
achieving a higher Fe oxidation state of +3.3(1) at the end of charge
(EOC) at 5.1V wvs. Li/Li*. It also presented high reversibility,
obtaining +3.0(1) at the end of discharge (EOD) at 3.5V vs. Li/Li*,
the same value obtained at OCV. In the case of Mcp-359 and Hcp-
244 only +3.2(1) was achieved at the EOC with lower reversibility
respect to Lcp-358.
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Figure 50: 2D plot for the in operando Mn K-edge (left) and Fe K-edge
(right) XAS spectra for the 1%t cycle at C-rate of C/10 and a D-rate of D,
in the case of Lcp-358, and D/10, in the case of Mcp-359 and Hcp-244,
in a voltage window from 3.5 to 5V vs. Li/Li*. Black dash lines indicate
the end of the charge and blue dash lines indicate the half charge with
indication of the Mn3*/4* redox couple contribution and the Fe3*/4* redox
couple contribution.
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Lcp-358 Mcp-359 Hcp-244
Edge position at OCV 7123.1 7123.1 7123.1
(eV)
Fe approx. oxidation
P n ot OCY 3.0(1) 3.0(1) 3.0(1)
Edge position at EOC 7124.4 7123.8 7123.9
(eV)
Fe approx. oxidation
o et EOC 3.3(1) 3.2(1) 3.2(1)
Edge position at EOD 7123.3 7122.9 7123.6
(eV)
Fe approx. oxidation
D e EOD 3.0(1) 2.9(1) 3.1(1)

Table 25: Fe Edge position and oxidation states obtained by the XAS
measurements of the selected samples during in operando experiments.

The Mn oxidation states upon cycling revealed by XAS, by fitting the
data using MnO MnO;, Mn304 and Mn;0s as reference materials
(Figure 51, below), are presented in Table 26. The three studied
samples presented comparable Mn oxidation states at OCV and
EOC. Regarding the EOD, a trend could be identified in which more
antisite defects lead to lower reversibility in the Mn oxidation state.

Lcp-358 | Mcp-359 | Hcp-244

Edge position at OCV
(eV)

Mn approx. oxidation
state at OCV
Edge position at EOC
(eV)

Mn approx. oxidation
state at EOC
Edge position at EOD
(eV)

Mn approx. oxidation 3.2(1) 3.3(1) 3.4(1)
state at EOD ) ) )
Table 26: Mn Edge position and oxidation states obtained by the XAS
measurements of the selected samples during in operando experiments.

6548.3 6547.8 6547.9

3.2(1) | 3.1(1) 3.2(1)

6550.3 6550.8 6550.7

3.8(1) 3.9(1) 3.9(1)

6548.3 6548.6 6548.9
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Figure 51: Oxidation states fitting for Mn references (below) and Fe
references (above) used to elucidate the oxidation states during the in
operando XAS measurements.
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4.7. Microstructural design to optimize LFMO

During the previous sections the impact of synthetic parameters in
the final structure of LFMO samples was clarified. This knowledge
gained made possible to optimize the synthetic conditions to get
LFMO with minimized quantity of antisite defects and thus, the best
electrochemical performance. Sample Lcp-358, whose synthetic
conditions are specified in Table 24, was cycled in a Swagelok-type
cell at C/10 in a 3.5-5.0V vs. Li/Li* voltage window as depicted in
Figure 52. This sample showed a discharge capacity of almost
130mAhg with an average voltage of 4.4V, as depicted in Figure
52. The obtained values are the highest values ever reported for
LFMO as the quantity of defects have not been controlled until the
present work.
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Figure 52: Second cycle at C/10 in a 3.5-5.0V vs. Li/Li* voltage window for
LFMO-358.

Table 27 presents the synthesis method and the electrochemical
results of the most relevant bibliographic studies performed on
LFMO. In the literature only three studies reported rate capability
results, in all cases significantly inferior to the ones herein
presented. Indeed, LFMO had never been cycled at rates higher
than 20C until now.
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Sc":::l'(ﬁc Synthesis Rate capability Co":_';zzlizn of
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Sol-gel >100mAh/g at D & fir§t cycleat C/10
synthesis 29mAh/g at 700D with 5.2V cut-off
This thesis using (cycle 210th) with -See Fig.52- with
nitrates 5.1V cut-off-See ~829% of capacity
Fig. X- retention
-See Fig. 43-
Bhaskar et Pechini using cyzzg)r;tA;(/Ig (():nlAuI:/g 120mAh/g in 'Fhe first
73 acetate | cycle at C/2 with 5.3V
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20179 and carbonate x75mAh/g at 1D cycle at C/10 with 5V
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precursors cut-off
Solid state 125mAh/g in the first
Ohzuku et al. using Not reported cycle at 0.17mA/cm?
20015%° hydroxide P with 5.2V cut-off (only
precursors first cycle shown)
ui?r']'d State ~125mAh/g in the first
Shigemura et h dg id ! Not rted cycle at C/10 with
al. 2001 am’j' craor)gor?:,te ot reporte 5.3V cut-off (high
capacity fading)
precursors
Solid-state
. using 123 mAh/g at C/10
E;tf';'(‘);ggt carbonates Not reported with 5.3V cut-off
and (only 1 cycle reported)
hydroxides.
Solid-state 125 mAh/g in the first
Kawai et al. using cycle at 0.5mA/cm?
1998161 carbonate Not reported with 5.3V cut-off (high
precursors capacity fading)

Table 27 Bibliographic study of the LFMOQO literature.
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The presented LFMO thus reaches an energy density of 572 Wh/kg
and is potentially able to deliver >660 Wh/kg. Such value would be
superior to that of the commercial 622NMC (170 mAh.g™ discharge
capacity at 4.3 V cut-off voltage and with an average voltage of 3,8
V), in addition, LFMO results in a reduction of 66% of critical
elements (Li, Ni, Co) compared to 622NMC.

4.8. Conclusions

In this study, the impact of various sol-gel synthetic parameters on
the structure of LFMO has been investigated. The structural
characterization performed via SEM, Mdssbauer, XRD, NPD, XANES
and EXAFS revealed the presence of antisite defects that were
guantified and correlated with cell parameters. Through systematic
variations on the synthetic parameters, it was found that higher
annealing temperatures and lower nominal Li excess per f.u.
resulted in an increased of antisite defects in the LFMO spinel
structure.

The presence of antisite defects has a very strong influence on the
electrochemical properties of LFMO. A significant decrease in
discharge capacity and in the average voltage of the Fe and Mn
redox plateaus was observed in the presence of these defects.
Additionally, the C-rate and capacity retention were adversely
affected. By controlling the quantity of antisite defects in the
material, the electrochemical properties of LFMO have been
effectively optimized maximizing its overall performance. Thanks to
the control of these defects in the LFMO structure the best
electrochemical results ever published in literature are reported in
this study, reaching 130mAhg? with 4.4V vs. Li/Li* of average
voltage at 1D and with 30% of capacity retention at 700D (5.2 s).

The analysis of the redox processes conducted through in operando
X-ray Absorption Spectroscopy (XAS) confirmed the presence two
distinct redox processes at approximately 4.0 V and 5.0 V vs. Li/Li".
These processes were attributed to the oxidation of Mn3* into Mn4*
and the oxidation of Fe3* into Fe** across all the tested electrodes.
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These findings shed light on the complex electrochemical behavior
of the LFMO and provide valuable insights for further research and
development in energy storage applications.
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CHAPTER 5: Summary and
future perspectives

5.1. General conclusions

The research conducted in this PhD thesis represents a significant
contribution to the field of materials research and energy storage
technology. The combination of theoretical and high-throughput
experimental approaches has enabled a comprehensive
understanding of the behavior of LFMO as a promising material for
lithium-ion batteries.

Batteryino-I automated platform has been designed for the
efficient synthesis of electroactive inorganic materials on a lab-scale
with high-throughput capabilities. This module is specifically
engineered to handle and mix precursor solutions in precise
stoichiometries, enabling various synthesis routes such as solid-
state, sol-gel, Pechini, and other hydro/solvothermal methods. The
high-throughput capabilities of this platform allowed for the efficient
exploration of various synthesis parameters and the creation of a
wide range of materials. The successful demonstration of the
use of the module for sol-gel synthesis of LFMO and Li-Ni-Mn
oxide showcases the platform's versatility and its potential to
accelerate the discovery and development of new battery materials.
This automation not only reduces manual handling but also ensures
repeatability and consistency in the synthesis process, thereby
saving time and resources in research and development.

LFMO has been shown to be an interesting high-voltage cathode
material that operates at an average voltage of 4.4V vs. Li/Li* with
a theoretical capacity of 148mAhg! and that allows reducing
notably the quantity of critical elements (such as Li, Ni, Co) in
comparison with other cathode materials such as NMC, NCA or other
Mn-spinels. In this work, it has been suggested, by a computational
study via density functional theory (DFT) using SCAN and PBE+U
functionals, that LFMO operates by a preferred solid solution
mechanism during the lithium (de)insertion process and that the
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phase stability and voltage behavior are unaffected by the
Fe/Mn distribution. While the SCAN functional exhibited better
agreement with experimental cell parameters and volumes, the
PBE+U functional provided more accurate average voltages. Bader
charge calculations confirmed a transition from Mn3+/4+ to Mn** and,
the Bader analysis performed via SCAN functional clearly identified
Fe redox transitions from Fe3* to Fe*', consistent with the
experimentally described redox process. Additionally, both
functionals predicted an oxygen redox contribution to the
electrochemical mechanism, and the SCAN functional suggested
the anionic redox in LFMO to be reversible.

It has been experimentally shown that antisite defects in the LFMO
structure significantly influence its electrochemical behavior, a fact
that was not understood from previous works. Samples with fewer
antisite defects exhibited superior electrochemical
performance, with higher discharge capacity, Fe and Mn
redox plateaus, and capacity retention. Through the synthesis
of more than 150 LFMO samples under varying conditions using
Batteryino-I, it was shown that synthetic conditions, such as the
annealing temperature and the excess of lithium added at
the beginning of the synthesis, are key parameters to control
the percentage of antisite defects in the final LFMO
performance. The controlled synthesis of LFMO with minimized
defects represents a crucial step in optimizing the electrochemical
performance and advancing the efficiency of this kind of cathode
materials. Furthermore, the solid solution mechanism was
confirmed experimentally by in operando measurements.

The research conducted in this thesis demonstrates the importance
of interdisciplinary approaches and the integration between
experiments and theory in materials research. It provides a solid
foundation for future studies in battery materials and energy
storage technologies, promising further innovations and
breakthroughs. The knowledge gained from this work is not limited
to LFMO but can be extended to other battery materials,
accelerating the discovery of advanced materials for the next
generation of energy storage devices. Overall, this PhD research
has significant implications for the development of greener and
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more efficient energy storage solutions, contributing to a
sustainable and cleaner future.

5.2. Future perspectives

In this work the enormous potential of high throughput
experimentation for the acceleration of materials research has been
shown. For this reason, future work should be focused on the
creation of material acceleration platforms (MAPs) aimed at
designing and test new materials in an autonomous and faster way
combining robotics, artificial intelligence, and advanced computing
with material science. These platforms should integrate, not only
synthesis modules as we did in this work, but also other
experimental steps that have represented a bottleneck in this work.
These could include autonomous modules dedicated to the grinding
of the samples and the preparation of the XRD and electrochemical
measurements. Moreover, machine learning experimental planners
should be considered to extract reliable correlations with the
minimum number of experiments. Additional applications that allow
automatic data treatment, such as the in-house developed
FullProfAPP program for XRD data treatment, would be really useful
to accelerate developments in the field. This would allow to move
forward self-driven platforms that generate a closed-loop
experimental process that integrates the feedback from theoretical
calculations, synthesis outcomes, and characterization data.

Furthermore, during the study of the LFMO in the present work,
there have been some open questions as how the lithium ions
migrate during (de)lithiation in the defective LFMOs, and the oxygen
redox mechanism of this material upon lithiation and delithiation. A
computational study of the defective LFMO should be performed to
better understand the ionic paths and the role of the tetrahedral
iron. In operando NPD would also be useful to clarify the lithium
behavior in the structure. Other mechanistic studies using for
example Potentiostatic Intermittent Titration Technique (PITT)
experiments are also recommended. The oxygen redox mechanism
has been clearly identified from a computational point of view but
must be studied from an experimental perspective to better
understand its reversibility and mechanism. Future efforts should
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also be directed towards further optimizations (i.e., coatings to
stabilize the electrode/electrolyte interphase at high voltage) and
upscaling of the defect-free LFMO.

131



CHAPTER 6: Methodology

6.1. Theoretical methods
6.1.1. Density functional theory

Density functional theory (DFT) is a highly successful computational
approach used to determine the electronic structure of atoms,
molecules, and solids. Its primary goal is to quantitatively
understand various material properties based on the principles of
gquantum mechanics. In contrast to traditional electronic structure
methods, which aim to find approximate solutions to the intricate
Schrédinger equation for N interacting electrons in an external
electrostatic potential created by atomic nuclei, DFT utilizes the
one-body density as the fundamental variable. This simplification
allows for computationally efficient calculations, even for large
systems, as the dependence is reduced to just three spatial
coordinates instead of the complex 3N coordinates associated with
the wave function. The theoretical foundation of DFT is rooted in
the Hohenberg-Kohn and Kohn-Sham theorems.¢®

DFT's precision and computational efficiency are constrained by the
approximation of its exchange-correlation energy. As of now,
researchers commonly employ the Local Density Approximation
(LDA) and Generalized Gradient Approximations (GGAs) for their
computational efficiency. However, the recently developed non-
empirical Strongly Constrained and Appropriately Normed (SCAN)
meta-GGA exhibits enhancements over LDA and the standard
Perdew-Burke-Ernzerhof (PBE) GGA, particularly for a broad
spectrum of materials with diverse bonding characteristics.
Remarkably, in numerous instances, SCAN matches or even
surpasses the accuracy of computationally expensive hybrid
functionals, offering comparable efficiency to GGAs.16°
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6.1.1.1. Perdew-Burke-Ernzerhof plus the

empirical Hubbard U correction generalized
gradient approximation (PBE+U GGA)
One of the limitations of the LDA and GGA functionals is the
presence of self-interaction. Within the Coulomb potential, an
electron experiences self-repulsion, which is effectively canceled out
in the Hartree-Fock method through the exchange term. However,
in DFT, where the exchange term is approximated, self-interaction
is not completely eliminated. As a result, highly localized Kohn-
Sham (KS) orbitals become unstable, causing unpaired electrons to
delocalize spatially to minimize self-interaction. Consequently, both
the LDA and GGA methods inadequately account for electronic
correlation in systems with highly localized states, as they rely on
the electron gas model to describe electronic interactions. For
instance, the GGA method incorrectly predicts metallic or
semiconductor behavior for many transition metal oxides, whereas
these materials are experimentally known to exhibit strong
insulating properties. In essence, the LDA and GGA approximations
fail to provide an accurate description of the electronic structure of
these highly correlated materials, especially concerning the gap
between the conduction and valence bands.

In GGA the Exc functional, exchange-correlation energy per particle
of a system, can be described as follows:

GGA ] — =
(12) exc Lo =[f(pp)Vd7
In the 1990s, the PBE+U method was developed as an extension of
the approximation functional to address electronic

interactions.'’%17! The term PBE+U is used to denote the method
itself, independent of explicit reference to LDA or GGA (LDA+U or
GGA+U). This approach combines the computational efficiency of
LDA/GGA with an explicit treatment of correlation using a Hubbard-
like model for a specific subset of states within the system. As a
result, the treatment of d and f electrons (which are inaccurately
delocalized by standard DFT) is separated from that of s and p
electrons. For this, a Hubbard-like interaction term, Euuw, is applied
to correct the functional:
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(13) EGGA+U[ P(T)] = EGGA[ P(T)] + Eyup [{ Tlf}] - EDC[{ Tlf}]

In this context, p(r) represents the electronic density, and nic
represents the occupations of the orbitals of atom i with spin o,
which are affected by the Hubbard term. Additionally, an extra term
is introduced to prevent the duplication of interactions present in
Enw and Egea. This term relies on two factors: the Coulomb
interaction (U) and the exchange interaction (J). During the
realization of this thesis, the rotationally invariant formalism
introduced by Dudarev et al.'’? has been used, as implemented in
the VASP code!#514%, In this formalism, the parameters U and J are
combined into a single effective parameter Ueff defined as Ueff=U
-J.

The suitable value of the parameter U for the calculation varies
depending on the material'’? and can be determined from
experimentally derived properties like magnetic moments and band
gaps!’4, lithium insertion voltages!’®, or reaction enthalpies?’e.

For the study of the LFMO in this thesis the values have been taken
from the Materials Projects database!’” (3.9 eV and 5.2 eV for Mn
and Fe, respectively), which were obtained by fitting binary oxide
formation energies!’®

We performed spin-polarized calculations, initializing from a high-
spin configuration. This approach is primarily aimed at enhancing
the electronic convergence of our calculations. It is worth noting
that as the DFT relaxation progresses, the system may naturally
transition to its energetically favorable state. Although, Li et al.
studied experimentally the magnetic properties of LFMO concluding
that it presents an antiferromagnetic ordering below a Neel
temperature (Tn) of 34K°1°3, we restricted our calculations to
ferromagnetic ordering for simplicity, as a practical computational
compromise necessary for conducting a high-throughput study
involving hundreds of distinct atomic geometries!!! considering the
often minimal energy differences between different magnetic
orderings.’817° PBE-based projector augmented wave potentials!®®
were used to replace core electrons, while the Li (1s, 2s), Fe (3p,
3d, 4s), Mn (3p, 3d, 4s), and O (2s, 2p) electrons were treated
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explicitly as valence electrons and their wave-functions were
expanded in plane waves with a cut-off energy of 600 eV. The grid
of k points used for each supercell can be seen in Annex II.

6.1.1.2. Strongly Constrained and Appropriately

Normed meta- generalized gradient

approximation (SCAN mGGA)
Efficient computation of the ground-state energy, electron density,
and related properties of ordinary matter is achieved using
semilocal approximations to the exchange-correlation energy as a
functional of the density. In 2015, Perdew et al.'®® introduced the
first fully constrained meta-generalized-gradient approximation
(mGGA) that satisfies all known exact constraints for a meta-GGA.
This novel approach was also exact or nearly exact for certain
"appropriate norms," such as rare-gas atoms and nonbonded
interactions.

The mGGA approach includes the second derivative of the electron
density. In practice the orbital kinetic energy density is used,
written using the occupied KS orbitals:

(14) r(r) = %zmv%(rnz

where ; is the electron orbital i for a wavefunction that describes a
non-interacting N electron system.

In this case, the Exc functional can then be described as follows:
(15) eRSCAn] = [drf (n,(r)), |V n(r)|, r(r))

The most used mGGA is the SCAN mGGA that demonstrates
remarkable accuracy, particularly for systems where the exact
exchange-correlation hole is localized near its electron, and it excels
in predicting lattice constants and weak interactions.!8!

6.1.2. Clusters Approach to Statistical Mechanics
(CASM)

In this thesis, in Chapter 3, CASM has been used to compute the
configurational disorder of Li/Vac or Fe/Mn within the material of
interest, LFMO, for a further study on its structural and
electrochemical properties.
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CASM is an open-source software package designed for first-
principles statistical mechanical studies of multi-component
crystalline solids developed by the Van der Ven group.®? It offers
powerful tools for systematically enumerating mechanical,
vibrational, chemical, and magnetic configurations within a parent
crystal structure. It enables the exploration of the energy landscape
of a specific crystal, generating the training data necessary to
parameterize cluster expansions of the energy. CASM's capabilities
extend to studying the thermodynamics of systems with multiple
components. 83

The software is open-source and consists of C++ libraries and
Python scripts. It interfaces with first-principles electronic structure
codes, automates the construction and parameterization of effective
Hamiltonians, and subsequently builds highly optimized (kinetic)
Monte Carlo codes to predict finite-temperature thermodynamic and
kinetic properties.

6.2. Experimental methods
6.2.1. Materials and synthesis

Case study 1: LiFeo.sMni1.504

For the synthesis of the LFMO spinels, described in Chapter 2, a
sol-gel synthesis approach was used. This synthetic method
involves converting a liquid mixture containing the metal reactant
solutions required into a solid gel through controlled hydrolysis and
condensation reactions. This results in a three-dimensional network
of linked particles. The gel is then dried and subjected to heat
treatment to remove solvent and organic components and enhance
material properties. The sol-gel method was selected for offering
several advantages, including the ability to control composition and
morphology at nanoscale level. This method was also selected for
allowing working in solution which permits the use of Batteryino-I.

Stoichiometric volumes of the reactant solutions, LiNOs (Sigma-
aldrich >99%) 1M, Fe(NO3)3.9H,0 (Sigma-aldrich >98%) 0.3M,
Mn(NOs3)..H20 (Sigma-aldrich >97%) 0.5M, were pumped into the
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12 crucibles using the autonomous module according to the
program workflow scheme shown in Figure 12. Then, after 1 min of
stirring the metal mix of solutions, citric acid 2.5M was added in a
proportion 3:1 with respect to the metals as a chelating agent that
increases the viscosity of the solution. Afterwards, the solutions
were left under stirring overnight. Once the solutions were well
mixed, ethylene glycol 6M (Sigma-aldrich >99%) was added to the
12 crucibles in a 3:1 ratio with respect to the metals as chelating
agent, to generate the gel together with the citric acid. They were
left to evaporate at 80°C under stirring during 3h. The 12 crucibles
were placed in the oven. The annealing was made at 900°C during
10h. Both the cooling and the heating ramps were set at 5°C /min.

Prior to each synthesis, precursor solutions were flushed with N; to
avoid the oxidation of the transition metals in solution.
Furthermore, before starting each synthesis, to trace the possible
errors and differences between sample batches done in different
days, a certain amount of each reactant solution was stored and
later measured by ICP.

Case Stl.ld! 2: LiNio_5+¥Mn1_5-x04

For the synthesis of the LNMO oxides described in Chapter 2, the
same process as described for Case study 1 was followed using a
solution of Ni(NOs3)2.6H,O (Sigma-aldrich >97%) 0.5M as Ni
precursor. The 48 syntheses were done in 4 sets of 12 samples
changing the stoichiometries of the target composition for each
sample.

High-throughput screening of LFMO synthetic parameters

For the synthesis of the LFMO spinels described in Chapter 4, a sol-
gel synthesis approach was followed using the autonomous module
previously developed in Chapter 2 undertaking the same protocol
as in Case study 1. The parameters that were screened to better
understand the structural properties and synthetic mechanism of
this material were: annealing temperature, annealing time, cooling
ramp, heating ramp, gel formation time, position in the automated
module, position in the oven and Li excess added at the beginning
of the synthesis.
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6.2.2. Characterization techniques

X-ray diffraction

X-ray diffraction, followed by Rietveld analysis!®*, was used to
identify the crystallographic structure of the synthesized powders
presented in Chapter 2, 3 and 4. XRD patterns were recorded on
a Bruker D8 Discovery diffractometer equipped with a Cu source
Kal (accelerating voltage of 40 kV, A = 1.54053 R) in the
Bragg—Brentano geometry. The XRD data for the LFMO were
collected for 26 angles from 5 to 80- with a step size of 0.02- and a
step time of 0.45 s. A reference of corundum was previously
measured to include the instrumental contribution. The software
FullProf Suite!3313* was utilized for structural analysis of the
materials and to confirm their purity.

The pseudo-Rietveld refinements mentioned during Chapter 2
were performed by using an IRF and by refining the cell and profile
parameters, and the background in Rietveld mode. However, atomic
parameters were fixed to ideal values.

In Chapter 4 the complete Rietveld refinement was performed, and
it is described in detail in this chapter. During the course of this
work, the FullProfAPP was developed by our group in collaboration
with the Institut Laue Langevin (ILL), Instituto de Ciencia de
Materiales de Barcelona (ICMAB) and ALBA synchrotron.
FullProfAPP allows high throughput refinements of crystallographic
structures accelerating considerably the data treatment and
allowing the researcher to select the parameters to refine and the
refined order for a large number of datasets. Whenever specified,
the FullProfAPP was used. Otherwise, the refinements were
performed manually.

Representations and analyses of the crystal structures were done
using the program VESTA!8>,

Synchrotron X-ray powder diffraction patterns (sXRPD) of
LNMO, in Chapter 2, were collected at the BL04-MSPD
beamlinel®187 of the ALBA Synchrotron Light Facility (Barcelona,
Spain) with assistance from Francois Fauth using A= 0.8258 & at
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13KeV in the MYTHENZ2 position sensitive detector. The sample
preparation was performed by filling borosilicate 0.7mm capillaries
and closing them with a flame. For sXRPD a reference of
Na.CaszAl;F14 was previously measured to generate the IRF to extract
the instrumental contribution.

Thermal measurements of the Batteryino-I heating plate

To study the thermal behavior of the heating plate contained in the
Batteryino-I module, in Chapter 2, an infrared camera (FLIR
325sc) was used with the support of Jean-Luc Dauvergne. The
camera was configured for data acquisition at 16 Hz in a calibrated
temperature range of -20 °C to 120 ©°C. Conversion of the
radiometric data to apparent temperatures was performed using the
internal calibration curves of the camera and fixing the emissivity
at 0.95. Reflected and atmospheric temperatures were considered
constant (20 ©C). Processing of the recorded data was performed
using the FLIR software ResearchIR Max Version 4.40.11.35.

Electrode formulation and cell assembly

The electrochemical experiments presented in Chapter 3 and in
Chapter 4 were done as follows.

The slurries were prepared by mixing the LFMO samples with
Carbon Black and polyvinylidene fluoride (PVdF) binder in weight
ratio of 80:10:10. The mixing was performed by magnetic stirring
of the PVdF in N-Methyl-2-pyrrolidone (NMP) until its complete
dissolution and adding to this mixture the Carbon and the LFMO for
another 2h of stirring. The coating of the slurries was performed
on Al foil current collector with active material loading around 2.5
mg in a Dr Blade. After cutting and drying, the positive electrode
was assembled in half-cell configuration using Swagelok type cells
and EL PAT-cells in an argon-filled glove-box (< 0.1 ppm H>0 and
02) with a 12mm diameter LFMO positive electrode, a glass fiber
separator (Whatman) and a 11mm diameter lithium metal disc
counter-electrode, using 1M LiBF4 in in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (3:7 by wt.) as electrolyte.

Galvanostatic cycling with potential limitation was performed using
both a Basytec CTS-XL multichannel battery tester and a Biologic
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VMP3 multichannel potentiostat at a C/n rate (expressed as 1
electron reacted in n hours per mole of LFMO). All the
electrochemical tests were carried out at room temperature.

Scanning Electron Microscopy (SEM)

In Chapter 4, SEM has been used to analyze the morphology of the
samples. For sample preparation, a small amount of powder was
deposited on a carbon film and analyzed in a FEI Quanta 200 field-
emission gun Scanning Electron Microscope (SEM). The SEM has
been operated at low voltage (1 keV) and low current (50 pA) to
protect the sample from the exposition to the electron beam and to
achieve a high resolution at magnifications over 20 kX.

Mossbauer spectroscopy

In Chapter 4, Mdssbauer spectroscopy was used for the
characterization and quantification of antisite defects presented in
the LFMO samples. >’Fe Mdssbauer spectroscopy was performed at
the University of the Basque Country, Leioa, Bilbao in collaboration
with Jose Javier Saiz Garitaonandia and Aitor Herran Lopez.
Measurements were done at room temperature in the transmission
geometry using a conventional constant-acceleration spectrometer
with a >’Co-Rh source. Isomer shifts data are relative to a-Fe. The
Mdssbauer spectra were measured at 3 mm/s of velocity.

Méssbauer parameters of isomer shift (IS) and quadrupole splitting
(QS), line width (WID) and iron percentage (%Fe) were determined
by the fitting of the Mdssbauer spectra with two doublet peaks. The
doublets with highest IS, 0.34 mm/s, were assigned to Fe in
octahedral position and the doublets with the smallest isomer shifts,
0.22 and 0.21 mm/s, were assigned to Fe in tetrahedral position for
both samples. The percentage of each kind of iron was calculated
by the ratio between the surface of both doublets.

Neutron Powder Diffraction (NPD)

In Chapter 4, NPD was used for the characterization and
quantification of antisite defects presented in the LFMO samples.
NPD of pristine LFMO samples have been carried out at D2B
diffractometer at the Institute Laue-Langevin (ILL), Grenoble
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France by Emmanuelle Suard. A wavelength of 1.5948 A was used
for the measurements. The samples were mounted on a 6mm
diameter vanadium sample holder and placed on a carousel that
allows automatic sample change. The neutron diffraction patterns
were collected at RT with high statistics to enhance the data
accuracy. Rietveld analysis was carried out using the FullProf
suite!33134, A reference of NaCasAloFi14 was previously measured to
generate the IRF to extract the instrumental contribution.

In operando LFMO characterization

To study the structure and the oxidation states of the pristine
samples and under in operando conditions in Chapter 4, PXRD, XAS
and EXAFS experiments have been performed at the NOTOS
beamline of ALBA synchrotron, Barcelona, Spain. These
measurements have been performed thanks to the help and support
from Carlos Escudero from ALBA and Marcus Fehse from CIC
energiGUNE. Below, the experimental conditions and the data
analysis followed is described. It is important to consider that the
electrodes for the in operando experiments were performed as
described before with the difference of a lower mass loading of
around 6mg per electrode to fit the experimental requirements and
the utilized cells were the specially designed in situ cells with Be
windows recently described.%®

In operando Dual-Edge X-ray Absorption Spectroscopy
(XAS) and Powder X-Ray Diffraction (PXRD)

Quasi simultaneous PXRD and XAS data were conducted. PXRD was
conducted at 11 KeV, this energy was selected to match good
angular range within the geometrical limits of NOTOS beamline
configuration. The cells were mounted on a 3 cells holder that were
sequentially measured following a protocol that allowed to keep
constant data acquisition frequency.

The PXRD measurements were recorded on a two-circle
diffractometer equipped with a Mythen position sensitive detector
(A = 1.127640 R) in the Bragg—Brentano geometry. The data for
the LFMO were collected for 206 angles from 9 to 53° with a step
size of 0.06°. The software FullProfAPP was utilized for structural
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analysis. A reference of LaBe was previously measured to generate
the IRF to extract the instrumental contribution. The LaBgs was
refined from ICSD 40947.

XAS measurements at the Fe and Mn K-edge were performed in
transmission mode. A focusing double-crystal silicon (311)
monochromator was used. The beam size was adjusted to 0.6 x
0.6mm2 (V x H). XAS spectra were continuously acquired
alternating every 20 min during slow charge at C/10 and every 3min
during fast discharge at C between the two transmission metal
edges (Fe and Mn). For energy calibration TM reference foils placed
between the second and third ionization chambers were used.
During charge extended X-ray absorption fine structure (EXAFS)
region data were acquired up to k = 11.9 A-! for both edges.

In operando extended X-ray Absorption Fine Structure
(EXAFS) Fitting

The Fourier transform of EXAFS oscillations with different k weights
was performed in the k range from 2.5 A to 10.9 A-1 for Mn and
Fe. The EXAFS spectra were fitted using the IFEFFIT software
package. The Fourier transform of EXAFS oscillations with different
k weights was performed in the k range from 2.5 A to 10.9& —1 for
Fe. Fitting was performed in the R range from 1.0 to 3.5 & (not
phase corrected) by using k1, k2, and k3 weights. EXAFS
amplitudes and phase shifts were calculated by the software
package FEFF starting from the lattice parameters of the
corresponding LFMO phase ICSD187271. Interatomic distances (R)
and the Debye—Waller factors (02) were calculated for all paths
included in the fits. Amplitude reduction factor and Enot were fitted
and then fixed at 0.95 and -0.4, respectively. The coordination
number of all three shells was kept at 6.
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ANNEX I

Figure 53: Design of the CNC table that integrates the Batteryino-I
automated module. It contains 6 self-designed 3D printed pieces that
serve to hold and attach the servo motors to the xy axis.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration

Figure 54: Design of the two homemade and 3D printed pieces that
connect the servo motors of the x-axis of the CNC table that integrates
the Batteryino-I automated module.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration

Figure 55: Design of the two homemade and 3D printed pieces that
connect the servo motors of the y-axis of the CNC table that integrates
the Batteryino-I automated module.
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A high-throughput experimental approach for high voltage Mn-based spinel
materials exploration

In the following lines the code, written in Arduino, for the automated
module Batteryino-I is presented:

W

- RN T I

11
12
13
14
15
16

13
19
28
21
22
23
24
25
26
27
28
29
3e
31
32

34
35
36
37
38
39
48
a1

#include <MultiStepper.h>
#include <AccelStepper.h>

#include <Wire.h>

W\\\We include the library corresponding to the communication protocol between I2C devices. Mecessary for

simultaneous communication

#define Hipatia 1

\\\\We defined the T2C address for the different pumps

#define Bertozzi 2

#define Lise 83
#define Ada 84
#define Jane 85
#define Valentina
#define Alice @7
#define Grace 8
#define EN 8

#define ¥ _DIR 6
#define Y_STEP 3
#define X1_DIR 7

#define X2 DIR &

#define A DIR 13 /¥ Direction pin jor Aux
#define A_STEP 12 /* Direction pin for Aux

@6

/% Enable pin for all stepper outputs */

/% Direction pin for Y axis */
/% Step pin for Y axis %/

/* Direction pin for X1 axis */
#define X1 _STEP 4 /¥ Step pin for X1 axis */

/* Direction pin for X2 axis */
#define X2_STEP 2 /* Step pin for X2 axis */

#define motorInterfaceType 1

driver. Requires D13 and A-DIR pins to be shorted */
driver. Requires D12 and A-STEP pins to be shorted */

AccelStepper stepperY = AccelStepper(motorInterfaceType, Y_STEP, Y_DIR);
AccelStepper stepperXl = AccelStepper(motorInterfaceType, X1 _STEP, X1_DIR);
AccelStepper stepperX2 = AccelStepper(moterInterfaceType, X2_STEP, X2_DIR);

MultiStepper pareados;

// The volumes to be pumped for each specific set of samples is define in the following matrix where ‘w’ means an order of stirring 1min

String A[7][13] =
//Crucibles  NULL
JENULLTS {"eT,
/*Patita-SAU-Li%,
/*Ada-Fea*/ "
A/*Jane-CA*®/  {"

/*Alice-Mn*/ {"@", "7.60", "7.60",
A, W

/*Grace-Fe8*/
B

{

g
"/
a",

e", "

{"e

W,

W

8", "e", '
"2.48", "2.48", "2.48", "2.48", "2.48", "2.48", "2.48", "2.48", "2.48", "2.48"},
"4.22", "4.22", "4.22"

22", 4,227,
"2.09", "
R

68", "7.68

LW, W,

//The order of addition of reagents is specify in

int o[7][12] = {

J/crucibles
/*ordenNe*/
/*ordenn1*/
/*0ordenN2*/
/*ordenn3*/
/*ordenNa*/
J/*ordenns*/
/*OrdenNe*/

s

e 1 2 3 4 5 6 7 8 918

{e,
{e,

3,

9, 9,
3 3
75 7y
4y 4,
8, 8,
5y 5y
6, 6,

// The x and y axis for each

int p[16][2] = {
V4
/*ORIGEN*/
/*POSICIONI*/
/*POSICION2*/
/*POSICION3*/
/*POSICIONA*/
/*POSICIONS™*/
/*POSICIONG™/
/*POSICION7*/
/*POSICIONS*/
/*POSICIONS*/

X

\4

{0, o},

{-1030,
{-1030,
{-1030,

{-1930,
/*POSICION16*/ {-2380,
/*POSICION11*/ {-2380,
/*POSICIONIZ*/ {-2380,

/*POSICION13*/ {e, o},
/*POSICION14*/ {@, e},

/*POSICIONIS*/ {-350, 800},

b

String Mixvolume = "15";

int WN;

String WashingVolume
string washing2volume = "25";

waste water.

20"

9,
e
75
4,
8,
55
6,

position

280},
738},
1180},
280},
738},
1180},
280},
730},
1180},
288},
730},
1180},

9,
3

9,
35

3y 35 3

o,
E
75
4,
8,
55
6,

are defined

",

6 11 12
"e", "e", "e", "e"},

.22", "4.22", "4.22", "4.227, "4.22"},

v, "2.997, " "2.99", "2.98", "2.99", "2.98", "2.09"},
g, i "o},

, "7.68", "7.50" 68", "7.60", "7.58", "7.68", "7.60"},

W, OUWT, WY, . WL

the following matrix

11
o,
35
75
4,
8,
5;
6,

in

12
o},
3h

the following matrix.

// "Mixvolume" defines the volumen of mixed reagents add to the crucibles

// “WashingVolume’ difines the volumen that would be used for washing the mixer.
// “‘washingvolume’ defines the volumen that would be pumped from the mixer to the
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g0 inty = 1;

81 float s = 0.00;

82 char computerdata[2e];

23 byte received from computer = @;

34 byte code = o; //used to hold the I2C response code.

85 char pmp_data[20]; //we make a 2@ byte character array to hold incoming data from the EZO-PMP.

26 byte in_char = @; //used as a 1 byte buffer to store in bound bytes from the EzZO-PMP.

87 byte i = //counter used for pmp_data array.

88 int time_ = 25@; //used to change the delay needed depending on the command sent to the EZO-PMP.
89

90

91 void setup() { // the system initialization is performed, this code will be run only once when starting the robot.
92

93 Serial.begin(96e0);

94

95 Wire.begin(); //We initialize the I2C communication for its correct operation.

96 /* Configure the steper drive pins as outputs */
97 pinMode(EN, OUTPUT);

98 pinMode(X2_DIR, OUTPUT);

99 pinMode(X2_STEP, OUTPUT);

106 pinMode(Y_DIR, OUTPUT);

101 pinMode(Y STEP, OUTPUT);

102 pinMode(X1 DIR, OUTPUT);

103 pinMode(X1_STEP, OUTPUT);

104 pinMode(A DIR, OUTPUT);

185  pinMode(A_STEP, OUTPUT);

106

107 /* Enable the X, Y, Z & Aux stepper outputs */
108 digitalwrite(EN, LOW); //Low to enable

1e9

110 stepperxl.setMaxspeed(1900.0);

111 stepperxl.setAcceleration(1600.9);

112 stepperx2.setMaxspeed(100.0);

113 stepperx2.setAcceleration(1600.0);

114

113 stepperx2.setAcceleration(1000.0);

115 steppery.setMaxspeed(1560.0);

116 stepperY.setAcceleration(150.0);

117 pareados.addStepper(stepperX1);

118 pareados.addStepper(stepperx2);

119

120 Opciones(); //Execute the function “Opciones’ that shows the menu the first time that you initialize the program.
121 //washing(); //When the program is initialized it automaticate wash the system.

122 |}

123

124 void loop() { V4

126 Menu(); //Initialize the program menu where different options can be selected.
127

128
129 void opciones() {
13e
131 Serial.println(”

KRR KKK AR RIK R RAK | ) 5
3

132 Serial.println("|==*=*==%|patterying|*==#====|");

133 serial.println(”|*~| Menu ==y

134 Ser‘ial_println("‘=K*#******t****t****x********|");

135 serial.println("");

136 Serial.println("select one of the following options:");
137 serial.println("1 STOP at the end of the actual synthesis");
138 serial.println("2 safe position™);

139 Serial.println("3 Run complete synthesis cycle");

149 serial.println("4 Position tester");

141 Serial.println("s Mixer purge");

142 Serial.println("6é Washing");

143 Serial.println("12 Run complete synthesis cycle from synthesis n22");
144 Serial.println("13 Run complete synthesis cycle from synthesis n23");
145 serial.println("14 Run complete synthesis cycle from synthesis ne4");
146 serial.println("15 Run complete synthesis cycle from synthesis nes™);
147 serial.println("16 Run complete synthesis cycle from synthesis nes");
148 serial.println("17 Run complete synthesis cycle from synthesis ne7");
149 Serial.println("18 Run complete synthesis cycle from synthesis nes");
150 Serial.println("19 Run complete synthesis cycle from synthesis n29");
151 Serial.println("2@ Run complete synthesis cycle from synthesis n21e");
152 Serial.println("21 Run complete synthesis cycle from synthesis ne11");
153 Serial.println("22 Run complete synthesis cycle from synthesis n212");
154}

155
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156 void Menu() {

157

158 while (!Serial.available()) {}
159 int i = serial.parseInt();

160

161 switch (1) {

162

163 case 2:

164 serial.println("safe position");

165 posicioen(15);

166 break;

167 case 3:

168 Serial.println("Complete synthesis cycle");
169 y=1;

170 accion();

171 break;

172 case 4:

173 Sserial.println("Positicon tester");

174 delay(1000);

175 Serial.println("");

176 PosselectionMenu();

177 PosSelection();

178 break;

179 case 5:

180 Serial.println("Purgin mixer");

181 posicion(15);

182 bombeo(Lagartija, Washingvolume);

183 break;

184 case 6:

185 serial.println("washing™);

186 washing();

187 break;

188 case 12!

189 serial.println("Running from synthesis 2...");
190 y =25

191 accion();

192 break;

193 case 13:

194 Serial.println("Running from synthesis
195 y = 3;

196 accion();

197 break;

198 case 14:

199 Serial.println("Running from synthesis
200 y = 4;

201 accion();

202 break;

283 case 15:

204 Serial.println("Running from synthesis
205 y = 5;

206 accion();

2a7 break;

208 case 16:

209 Serial.println("Running from synthesis
210 y = 6;

211 accion();

212 break;

213 case 17:

214 Serial.println("Running from synthesis
215 y =7;

216 accion();

217 break;

218 case 18:

219 Serial.println("Running from synthesis
220 y = 8;

221 accion();

222 break;

223 case 19:

224 Serial.println("Running from synthesis
225 y = 9;

226 accion();

227 break;

228 case 20:

229 Serial.println("Running from synthesis
230 y = 10;

231 accion();
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230 y = 18;
231 accion();

232 break;

233 case 21:

234 Serial.println("Running from synthesis 11...");
235 y = 11;

236 accion();

237 break;

238 case 22:

239 Serial.println("Running from synthesis 12...");
240 y = 12;

241 accion();

242 break;

243

244

245 Opciones();

246

247

248 veoid PosSelectionMenu() {

249

250 Serial.println("Please, select the position you want to try:");
251 Serial.println("Possible options:");

252 Serial.println("");
253 Serial.println("1. Pos

)
254 Serial.println("2. Pos 2");
255 Serial.println("3. Pos 3");
256 Serial.println("4. Pos 4");
257 Serial.println("s. Pos 5");
258 Serial.println("6. Pos 6");
259 Serial.println("7. Pos 7");
260 Serial.println("s. Pos 8");
261 Serial.println("g. Pos 9");

262 Serial.println("1@. Pos 1@");

263 Serial.println("11. Pos 11");

264 Serial.println("12. Pos 12");

265 Serial.println("15. Pos 15 (waste)");
266 Serial.println("18@. Pos @ (origin)™");
267 '}

268 wvoid PosSelection() {
269 int PS = e;
270 while (PS == @) {

271 PS = Serial.parseInt();

272 |}

273 switch (PS) {

274

275 case 1:

276

277 serial.println("\nTrying position 1");
278 posicion(1);

279 delay(1560);

280 posicion(@);

281 break;

282

283 case 2:

284

285 Serial.println("\nTrying position 2");
286 posicion(2);

287 delay(1500);

288 posicion(@);

289 break;

290

291 case 3:

292

293 Serial.println("\nTrying position 3");
294 posicion(3);

295 delay(1500);

296 posicion(@);

297 break;

208

299 case 4:

300

301 Serial.println("\nTrying position 4");
302 posicion(4);

303 delay(1500);

384 posicion(@);

305 break;

306
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380
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case 5:

Serial.println("\nTrying position 5");
posicion(5);

delay(1500);

posicion(@);

break;

case 6:

Serial.println("\nTrying position 6");
posicion(6);

delay(1500);

posicion(@);

break;

case 7:

Serial.println("\nTrying position 7");
posicion(7);

delay(1500);

posicion(@);

break;

case 8:

Serial.println("\nTrying position 8");
posicion(8);

delay(1500);

posicion(@);

break;

case 9:

Serial.println("\nTrying position 9");
posicion(9);

delay(1500);

posicion(@);

break;

Ul can,
case 10:

Serial.println("\nTrying position 10");
posicion(1@);

delay(15e@);

posicion(@);

break;

case 11:

Serial.println("\nTrying position 11");
posicion(11);

delay(150@);

posicion(e);

break;

case 12:

Serial.println("\nTrying position 12");
posicion(12);
delay(150@);
posicion(@);
break;
case 15:
Serial.println("\nTrying position 15 (waste)");
posicion(15);
delay(1500);
posicion(@);

break;

case 106:
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serial.println("\nTrying position @ (origin)");
posicion(@);
delay(1560);
posicion(@);
break;
default:
Serial.println("\nNo pump selected. Try to select again

¥
delay(1000);
}
void accion() {

while (y < 13) {

posicion(15);
for (int x = 1; x ¢ 7; x++) {

delay(1060);
. bombeo(0[x][y], A[(0[x][y])-21[y1]);
delay(20000) ; //stirring
bombeo(Lagartija, "22"); //Purge volume
posicion(@); //CNC table goes to position
delay(100@);
posicion(y); //CNC table moves to fy’ posi
delay(1060);

bombeo(Lagartija, Mixvolume); //The mixed of reagents i
posicion(@);

. \n\n");

1 to avoid decalibration and make it safer.
tion

s pumped in position ‘y’

delay(100@);

posicion(15);

washing(); //The system is washed before starting the next position
pant /7Y 1s increased to execute the next position

/*while (Iserial.available()) {}
int i = Serial.parseInt();
switch (i) {

case 1:

Serial.println("Stopped”);
v = 999;
break;

y=1; //Una vez salimos del bucle while, "y

void bombeo(int bomba, String volumen) {

Wire.beginTransmission(bomba);
wWire.write("d,");
Wire.write(volumen.c_str());
Wire.endTransmission();

if (volumen=="W"){
delay(60000) ;

}

while (s < volumen.toFloat()) {
for (i = 9; 1 <= received_from_computer; i++) {
sample code can recognize the "sleep” command.
computerdata[i] = tolower(computerdata[i]);
}
i=o;

Wire.beginTransmission(bomba);

se reinicia.

//set all char to lower case, this is just so this exact

//reset 1, we will need it Llater

//call the device by its ID number.

Wire.write("r"); //transmit the command that was sent through the serial port

Wire.endTransmission();

//end the I2C data transmission.

if (stremp("r", "sleep") != @) { //1if the command that has been sent wait the correct amount of time

and request data.

delay(time_);
its instruction.
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Wire.requestFrom(bomba, 20, 1);
we need)

code = Wire.read();
separately.

while (Wire.available()) {
in_char = Wire.read();
pmp_data[i] = in_char;

materials exploration

//call the device and request 20 bytes (this may be more than

//the first byte is the response code, we read this

//are there bytes to receive.
//receive a byte.
//load this byte into our array

i+=1; //incur the counter for the array element.
if (in_char == @) {
i=0; //reset the counter i to @
break; //exit the while Lloop.
}
s = atof(pmp_data);
serial.println(s); //print the data.
}
s =0;

void washing () {

posicion(1s); //Position 15 is set as waste water position and it is connected with a jerrycan of waste

WN = 4; // WN = ntumero de Lavados
while (WN > @) {

bombec(Conejillo, Washingvolume);
bombeo(Lagartija, Washing2volume);

WH--3

}
}
void movimientoinfinito() {

for (int 1 = @; 1 < 13; i++) {

stepperxl.moveTo(p[i][e]);
stepperX2.moveTo(p[i][@]);
pareados.runspeedToPosition();

stepperY.runToNewPosition(p[i][1]);

delay(3000);

stepperx1.moveTo(p[e][e]);
stepperxX2.moveTo(p[@][0]);
pareados.runspeedToPosition();

stepperY.runToNewPosition(p[e][1]);

}
}

void posicion(int posicion) {
stepperxl.moveTo(p[posicion][e]);

stepperx2.moveTo(p[posicion][@]);
pareados.runspeedToPosition();

steppery.runToNewPosition(p[posicion][1]
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Figure 56: Pseudo-Rietveld refinements corresponding to the A, B,
C and D points in the pseudo-ternary phase diagram. In green the
Bragg positions, in black the calculated XRD pattern, in red the
observed pattern is represented and, in blue the difference
between observed and calculated is shown. Note that rock-salts
were refined in Le Bail mode as their exact composition is
unknown. The structural models used for the refinements
correspond to LNMO (ICSD90650), Rock-salt (ICSD646099),
LiaNio,5+ano,5-b02 (COD4002582).
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Conventional

Ri’:;‘;;j:;_ Li-Ni-Mn oxides

factors

sampleName | A | B | [ | 0ee | phase | phase

Space group R-3m R-3m Fd-3m Fd-3m Fd-3m Fd-3m
Rp 20.5 15 9.70 25.2
Rwp 21.7 16.3 11.7 29.4
Rexp 2.32 1.24 1.17 1.98
RBragg 16.70 8.88 2.91 2.23 8.12 0.83
Rf 7.32 5.06 2.66 2.37 4.98 2.02
x2 (Bragg) 88 175 100 220

Table 28: Conventional Rietveld factors for the pseudo-Rietveld
refinements of the 4 selected samples A,B,C and D of the studied-
pseudo ternary Li-Ni-Mn phase diagram samples synthesized using

the automated module Batteryino-1. Note that rock-salts were

index in Le Bail mode as their exact composition is unknown.

Unit cell Li-Ni-Mn oxides
Sample C-1st C-2nd D-1st D-2nd
A B

Name phase phase phase phase
Ce"(;")“'a 2.8859(3) | 2.8893(3) [8.1728(3) | 8.28(2) [8.1694(9)| 8.2758(3)
Ce"(";;r'b 2.8859(3) | 2.8893(3) [8.1728(3) | 8.28(2) |8.1694(9) | 8.2758(3)
Ce"(z‘;"'c 14.261(3) | 14.276(3) |8.1728(3) | 8.28(2) [8.1694(9) | 8.2758(3)
chll;-;me 102.86(3) [ 103.21(3) | 545.90(3) | 569.3(3) | 545.2(12) | 566.813(3)

Table 29: Unit cell parameters and volume for the pseudo-Rietveld
refinements of the 4 samples of the studied-pseudo ternary Li-Ni-
Mn phase diagram samples synthesized using the automated
module Batteryino-I. Note that rock-salts were index in Le Bail

mode as their exact composition is unknown.

154




ANNEX 11

Supercell Volume Forn_1u|a Cell parameters KPOINT
numerator units
0.00 | 4.13 | -4.13 4
1 1 4 0.00 | 4.13 | 4.13 4
8.25 | 0.00 | 0.00 3
0.00 | -4.13 | 4.13 4
2 2 8 8.25 | 0.00 | 0.00 3
0.00 | 8.25 | 8.25 2
0.00 | -4.13 | 4.13 4
3 2 8 8.25 | 4.13 | 4.13 2
8.25| 4.13 | 4.13 2
0.00 | 4.13 | -4.13 4
4 2 8 0.00 | 4.13 | 4.13 4
16.50] 0.00 | 0.00 2
0.00 | 0.00 | -8.25 3
5 2 8 0.00 | 8.25 | 0.00 3
8.25 | -4.13 | 4.13 2
8.25 | 0.00 | 0.00 3
6 2 8 0.00 | 8.25 | 0.00 3
0.00 | 0.00 | 8.25 3
0.00 | 4.13 | -4.13 4
7 3 12 0.00 | 4.13 | 4.13 4
24.75| 0.00 | 0.00 1
0.00 | -8.25 | 0.00 3
8 3 12 8.25 | 4.13 | 4.13 2
-8.25| 0.00 | 8.25 2
0.00 | -4.13 | 4.13 4
9 3 12 8.25 | 0.00 | 0.00 3
0.00 | 12.38 | 12.38 2
0.00 | 0.00 | 8.25 3
10 3 12 8.25 | 4.13 | -4.13 2
8.25| 8.25 | 0.00 2
0.00 | 0.00 | -8.25 3
11 3 12 -8.25| 4.13 | 4.13 2
8.25 | 8.25 | 0.00 2
0.00 | -8.25 | 0.00 3
12 3 12 8.25 | 0.00 | 0.00 3
0.00 | 4.13 | 12.38 2
0.00 | 4.13 | -4.13 4
13 3 12 8.25| 4.13 | 4.13 2
8.25 | 8.25 | 8.25 2

Table 30: K points-grid for each supercell.
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Figure 57: Formation energy (in eV/LixFeo.s Mn1.504 per formula unit) as a
function of Li content for the 6 selected Fe/Mn distributions calculated
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xin LixMn1.5Fe0.504

] 0.125 0.25 0.5 0.75 0.875 1
Atom Bader charge Atom Baderchargd Atom Badercharge| Atom  Bader charge| Atom Bader charge| Atom Badercharge| Atom Bader charge
o -0.91 o -0.94 o -0.95 o -0.96 o -1.02 o] -1.12 01 -1.14
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(o} -0.91 o -0.91 o -0.91 (s} -1.15 o -1.08 o -1.07 06 -1.17
o] -0.91 o -0.91 o -1.04 [o] -0.98 o -0.95 o -0.96 07 -1.13
o} -0.92 o -0.92 o -0.91 ¢} -1.16 o -0.92 o -1.12 08 -1.16
o -0.93 o -1.09 o -0.91 [o] -1.10 o -1.09 o -1.10 09 -1.12
o -0.92 o -0.89 o -1.09 o -0.98 o -1.09 o -1.11 010 -1.16
o -0.89 o -0.92 o -0.95 [o] -1.06 o -1.09 o -1.18 011 -1.08
o -0.92 o -0.95 o -0.95 o -0.97 o -1.08 o -1.17 012 -1.13
o} -0.90 o -0.96 o -0.95 [+ -0.91 o -1.10 o -1.13 013 -1.08
o -0.90 o -0.91 o 0.96 Q -1.07 o -1.11 o -1.14 014 -1.09
o -0.88 o -0.93 [e] -1.12 o -0.96 o -0.98 [e] -1.05 015 -1.10
o -0.90 o -0.94 o -0.95 [s] -1.06 o -1.18 o -1.17 016 -1.07
o -0.92 o -0.94 o -L1e o -1.09
o -0.97 o -0.97 o -1.17 o -1.12
o -1.10 o -0.94 o -1.02 o -1.15
o -0.92 o -1.10 o -0.96 o -1.14
o -0.90 o -1.04 o -L11 o -0.91
o -0.91 o] -0.89 o -1.16 o -1.08
o -0.94 o -0.95 o] -1.16 [e] -1.11
o -0.91 o -0.90 o -117 o -1.15
o -0.91 o -0.88 o -111 o -1.07
o -0.92 o -0.90 o -112 o -1.09
o -0.96 o -0.94 o -1.10 o -1.12
o -0.92 o -1.06 o -1.15 o] -0.98
o -1.09 o -1.08 o -0.99 o -1.12
o -0.91 o -0.91 o -1.12 o -1.09
o -0.92 o -0.92 o -1.09 o -1.08
o -0.90 o -0.92 o -1.06 o -1.07
o -1.09
o -0.97
o -1.01
o -115
o -1.08
o -0.92
o -0.92
(] -L12
o -1.10
o -1.10
o -1.10
o -111
o -0.97
o -1.05
o -1.08
o -1.05

Table 31: Bader charges of O calculated via PBE+U for the structure 1.
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 in LixFel.5Mnl.004

1] 0.125 0.25 0.5 0.75 0.875
Atom Bader Atom Bader Atom Bader Aom Bader Atom Bader Atom Bader Atom Bader
charge charge charge charge charge charge charge
o -0.92 o -0.98 (o] -0.97 o -0.97 o -L05 o -113 (o] -110
o} -0.95 o -1.10 (o] -1.06 a -1.09 o} -113 o] -118 (o] -114
o -0.96 o -0.98 (o] -0.94 o -0.93 o -L14 o -112 (o] -Lo8
o} -0.97 o -0.95 (o] -0.95 a -1.07 o} -116 o] -117 (o] -1.08
o -0.94 o -0.94 o] -0.93 o -1.00 o -110 o -110 (o] -111
o -0.94 o -0.96 (o] -0.54 o] -1.16 o -111 o -112 (o] -1.24
o -0.93 o -0.96 (o] -1.06 o -0.99 o -0.97 o -101 (o] -110
o -0.92 o -0.96 (o] -0.94 o -1.15 o -0.96 o -115 (o] -115
o} -0.93 o} -1.12 (o] -0.94 o] -1.11 o -1.09 o] -113 (o] -116
o -0.94 o -0.91 o] -1.11 o -0.99 o -110 o -112 (o] -110
o -0.94 o -0.91 (o] -0.85 o -1.09 o -112 o -118 (o] -109
o -0.92 o -0.97 o] -0.97 o -0.99 o -109 o -118 (o] -112
o -0.95 o -1.00 (o] -0.85 o] -0.97 o -117 o -115 0 -110
o} -0.93 o -0.92 (o] -0.99 a -1.08 o} -114 o] -117 (o] -114
o -0.94 o -0.90 (o] -1.12 o -0.98 o -Lo0 o -105 (o] -111
o -0.94 o -0.97 (o] -0.95 o -1.08 o} -117 o] -1.20 o] -113
o -0.90 o -0.85 o -117 o -112
o -0.98 (o] -0.98 o -118 o -112
o -1.11 o] -0.85 o -105 o -118
o -0.91 (o] -1.11 o -L05 o -117
o -0.94 (o] -1.06 o} -112 o] -0.96
o -0.95 (o] -0.83 o -L17 o -113
o -0.98 (o] -0.97 o} -117 o] -113
o -0.95 o] -0.94 o -118 o -117
o -0.94 (o] -0.94 o -114 o -111
o -0.97 (o] -0.85 o -113 o -114
o -1.02 (o] -0.98 o -L12 o -113
o -0.93 (o] -1.09 o} -113 o] -1.03
o -1.10 o] -1.10 o -105 o -113
o -0.95 (o] -0.94 o -L14 o -112
o} -0.97 (o] -0.96 o -116 o] -111
o -0.94 o] -0.85 o -109 o -112
o -109
o -101
o -1.00
o -117
o} -112
o -0.97
o -0.97
o -114
o -113
o} -113
o -113
o -113
o -101
o -113
o} -1.09
o -112

Table 32: Bader charges of O calculated via scan for the structure 1.
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ANNEX II1I

N R R R N Temperature Cell
. N time gel formation | Temperature heating ramp Temperature time annealing N N
Code | Position Li excess (h) (°C/min) annealing (°C) (h) cooling ramp Purity | parameter
(°¢/min) (A)

158 al 0.02 NR 5 900 10 NR yes 8.2936
162 bl 0.02 NR 5 900 10 NR yes 8.2841
166 cl 0.02 NR 5 900 10 NR yes 8.2944
159 a2 0.02 NR 5 900 10 NR yes 8.2889
163 b2 0.02 NR 5 900 10 NR yes 8.2915
167 c2 0.02 NR 5 900 10 NR No 8.2723
160 a3 0.02 NR 5 900 10 NR No 8.2757
164 b3 0.02 NR 5 900 10 NR No 8.2794
168 c3 0.02 NR 5 900 10 NR No 8.2779
161 a4 0.02 NR 5 900 10 NR No 8.2728
165 b4 0.02 NR 5 900 10 NR yes 8.2856
169 c4 0.02 NR 5 900 10 NR No 8.2732
37 al 0.02 NR 5 700 5 NR No 8.2679
42 b2 0.02 NR 5 700 7.5 NR No 8.2726
43 b3 0.02 NR 5 700 10 NR No 8.2718
38 a2 0.02 NR 5 800 5 NR No 8.2744
a1 bl 0.02 NR 5 800 7.5 NR yes 8.2722
44 b4 0.02 NR 5 800 10 NR yes 8.2967
39 a3 0.02 NR 5 900 5 NR yes 8.2840
40 a4 0.02 NR 5 900 7.5 NR yes 8.2944
45 cl 0.02 NR 5 900 10 NR yes 8.2833
74 a2 0.02 NR 5 800 5 NR yes 8.2714
75 a3 0.03 NR 5 800 5 NR No 8.2777
76 a4 0.04 NR 5 800 5 NR yes 8.2790
78 b2 0.02 NR 5 900 10 NR yes 8.2734
79 b3 0.03 NR 5 900 10 NR yes 8.2749
80 b4 0.04 NR 5 900 10 NR no 8.2771
170 al 0.02 NR 5 900 10 NR yes 8.2951
171 a2 0.02 NR 5 900 10 NR yes 8.2919
172 a3 0.02 NR 5 900 10 NR yes 8.2780
173 a4 0.02 NR 5 900 10 NR yes 8.2785
257 c4 0.04 5.5 1 800 7.5 NR yes 8.2693
258 al 0.08 5 2.5 850 7.5 NR no 8.2878
259 a2 0.04 5 2.5 850 7.5 NR no 8.2916
260 a3 0.06 3 2.5 850 7.5 NR no 8.2916
261 a4 0.06 5.5 2.5 850 7.5 NR no 8.2883
262 bl 0.08 5.5 2.5 850 7.5 NR no 8.2840
263 b2 0 5.5 2.5 850 7.5 NR no 8.2954
264 b3 0.02 4.5 2.5 850 7.5 NR no 8.2898
134 al 0.02 0 5 900 10 NR yes 8.2657
308 b2 0.02 4.50 5.00 900.00 10.00 5.00 no 8.2607
309 al 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2637
310 a2 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2996
311 a3 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2866
312 a4 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2872
313 bl 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2933
314 b2 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2992
315 b3 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2871
316 b4 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2937
317 cl 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2892
318 c2 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2837
319 c3 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2883
320 c4 0.02 NR 5.00 800.00 10.00 5.00 yes 8.2831
321 al 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2955
322 a2 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2738
323 a3 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2902
324 a4 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2998
347 a3 0.02 4.00 5.00 900.00 10.00 5.00 No 8.3151
348 a4 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2730
349 bl 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2739
325 bl 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2814
326 b2 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2693
327 b3 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2970
328 b4 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2804
329 cl 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2767
331 c3 0.02 3.00 5.00 800.00 10.00 5.00 No 8.3013
332 c4 0.02 3.00 5.00 800.00 10.00 5.00 yes 8.2855
333 al 0.02 4.50 5.00 900.00 10.00 5.00 No 8.2658
341 cl 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2651
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306 b2 0.02 4.50 5.00 900.00 10.00 5.00 no 8.2622
344 c4 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2782
345 al 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2643
337 b1 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2726
338 b2 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2759
359 b2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2673
360 a2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2656
361 b2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2557
362 a2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2529
334 a2 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2673
246 al 0.08 4 1 800 7.5 NR no 8.2760
247 a2 0.06 5.5 1 800 7.5 NR no 8.2753
248 a3 0 3 1 800 7.5 NR no 8.2769
249 a4 0.08 5.5 1 800 7.5 NR no 8.2679
250 bl 0.06 3 1 800 7.5 NR no 8.2719
251 b2 0 5.5 1 800 7.5 NR yes 8.2779
252 b3 0.06 3.5 1 800 7.5 NR yes 8.2712
253 b4 0 3.5 1 800 7.5 NR no 8.2748
254 cl 0.08 4 1 800 7.5 NR no 8.2711
255 c2 0.02 4 1 800 7.5 NR no 8.2762
256 c3 0.08 3 1 800 7.5 NR no 8.2730
265 b4 0 3 2.5 850 7.5 NR no 8.2863
266 cl 0.08 5 2.5 850 7.5 NR no 8.2915
282 al 0.04 5.5 2.50 750 7.5 2.00 yes 8.2622
307 b2 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2831
335 a3 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2889
336 a4 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2866
283 a2 0.04 4.5 2.50 750 7.5 2.00 yes 8.2625
267 c2 0.02 5 25 850 7.5 NR no 8.2926
268 c3 0.02 5 2.5 850 7.5 NR no 8.2901
269 c4 0.08 5 2.5 850 7.5 NR no 8.2848
339 b3 0.02 4.50 5.00 900.00 10.00 5.00 No 8.2831
340 b4 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2852
342 c2 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2835
343 c3 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2824
346 a2 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2877
270 al 0.08 5.5 1 850 5 2.00 yes 8.2848
271 a2 0.08 5 1 850 5 2.00 yes 8.2697
272 a3 0.06 4.5 1 850 5 2.00 yes 8.2855
273 a4 0.08 5 1 850 5 2.00 no? 8.2800
351 b3 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2882
352 b4 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2879
354 c2 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2932
355 c3 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2839
356 c4 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2883
274 b1 0.04 4 1 850 5 2.00 yes? 8.2718
275 b2 0.08 5 1 850 5 2.00 no 8.2782
276 b3 0.08 3.5 1 850 5 2.00 yes 8.2772
277 b4 0.08 3.5 1 850 5 2.00 yes 8.2694
278 cl 0.04 5.5 1 850 5 2.00 yes 8.2832
279 c2 0 3 1 850 5 2.00 no 8.2929
280 c3 0.04 5 1 850 5 2.00 yes 8.2890
281 c4 0.04 3.5 1 850 5 2.00 yes 8.2861
284 a3 0.04 4 2.50 750 7.5 2.00 yes 8.2619
285 a4 0.04 4 2.50 750 7.5 2.00 yes 8.2585
286 bl 0.02 4.5 2.50 750 7.5 2.00 yes 8.2603
234 al 0.02 4.50 5.00 900.00 10.00 5.00 Yes 8.3045
236 a3 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.3041
357 b2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2443
358 a2 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2461
237 a4 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.3005
239 b2 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.3065
240 b3 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.3023
241 b4 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2975
287 b2 0 3.5 2.50 750 7.5 2.00 yes 8.2683
288 b3 0.02 5.5 2.50 750 7.5 2.00 yes 8.2518
289 b4 0.06 3.5 2.50 750 7.5 2.00 yes 8.2602
290 cl 0.08 3.5 2.50 750 7.5 2.00 yes 8.2579
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291 2 0 5.5 2.50 750 7.5 2.00 yes 8.2705
292 c3 0.06 5.5 2.50 750 7.5 2.00 yes 8.2561
293 c4 0.02 4 2.50 750 7.5 2.00 yes 8.2677
242 cl 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.3055
243 c2 0.02 4.50 5.00 900.00 10.00 5.00 no 8.2986
364 a4 0.02 4.00 5.00 700.00 10.00 5.00 yes 8.2524
244 c3 0.02 4.50 5.00 900.00 10.00 5.00 yes 8.2996
245 c4 0.02 4.50 5.00 900.00 10.00 5.00 no 8.3014
350 b2 0.02 4.00 5.00 900.00 10.00 5.00 yes 8.2908
| 363 a3 0.02 4,00 5.00 700,00 10.00 2.00 ves 82459

Figure 58: Synthetic parameters for the LFMO samples described in
Chapter 4. Non reproducible samples are marked in orange while the

reproducible samples used to find trends between synthetic parameters

and LFMO structure are marked in green. NR stands for not registered.
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