o &)
',",i\,:%;/i‘w Politecnico SCU DO

Y T
\{l\m" 1859 B m‘ll” dl Torlno Scuola di Dottorato -~ Doctoral School
pa SN WHAT YOU ARE, TAKES YOU FAR

Doctoral Dissertation

Doctoral Program in Material Science and Technology (36" cycle)

Hybrid Power-Energy Electrodes

By

Roberto Colombo

et sk sk skosk

Supervisor(s):
Prof. C. Francia, Supervisor
Prof. S.Bodoardo, Co-Supervisor

Prof. J. Amici, Co-Supervisor

Doctoral Examination Committee:

David Peralta , Referee, Commissariat a 1’énergie atomique et aux énergies alterna-
tives (CEA).

Prof. Annukka Santasalo-Aarnio, Referee, Aalto University School of Engineering

Politecnico di Torino
2024



Declaration

I hereby declare that, the contents and organization of this dissertation constitute my
own original work and does not compromise in any way the rights of third parties,

including those relating to the security of personal data.

Roberto Colombo
2024

* This dissertation is presented in partial fulfillment of the requirements for Ph.D.
degree in the Graduate School of Politecnico di Torino (ScuDo).



I would like to dedicate this thesis to my loving parents.

"Every day you may make progress. Every step may be fruitful. Yet there will stretch
out before you an ever-lengthening, ever-ascending, ever-improving path. You know
you will never get to the end of the journey. But this, so far from discouraging, only

adds to the joy and glory of the climb."

Sir Winston Churchill



Acknowledgements

Many people have contributed to the realization of this doctoral work, and it would

be impossible to thank them all in a few words, but I will do my best.

First of all, I would like to thank my supervisor, Carlotta Francia, and my co-
supervisors Silvia Bodoardo and Julia Amici for the support they have shown me
during my research activities, which would not have been possible without them.

A special thanks goes to two people who have greatly contributed to my journey
(whether in terms of growth or not is up to them to say) over these years, Nadia
Garino and Daniele Versaci, who have tried to teach me everything they knew
(synthesis and data interpretation) without hesitation, also supporting me in fairly

delicate moments.

I would then like to thank Professor David Peralta and Jeremie Fondard, who
warmly welcomed me at CEA in Grenoble, where I had an enriching experience
both from a human and scientific point of view. I greatly appreciated our meetings,

David, and your work determination, Jeremie.

I would also like to thank all my office mates with whom I shared many of my
hours spent at the Polytechnic (besides bad smells and good music): a sincere thanks
to Andrea, Davide, Piera, and Daniele, without whom everything would have been
much more difficult. Thanks also to all the other people I collaborated with in the
laboratories of the Polytechnic and beyond.

A heartfelt thanks to the Hydra team, with whom I shared two years of teamwork.
With this experience, I learned how important and enriching it can be to work with

other people.

Infinite thanks also to my swimming and climbing mates, Roberto, Andrea,
Alessandro, Davide, and the Escape team. With you, I shared fun moments that
made everything lighter.



Thanks to my longtime friends Giorgio and Luke, the Galferini group, and other

friends like Davide, Alessandro, Matteo, and many others.

Finally, I would like to dedicate this thesis work to the people who have supported
me the most from a personal point of view over these years, motivating me even in
moments of uncertainty: thanks to my parents, my sisters, Serena, and Lucy, who
have always made me feel their affection and have accompanied me step by step on

this journey. I am glad to have you by my side, and I hope you feel the same.



Abstract

Nowadays, lithium-ion batteries (Li-ion) represent the dominant technology in
the field of energy storage, where they are used in various areas such as portable
electronics, electric vehicles, and storage for renewable energy applications. This
ever-increasing demand has brought the improvement of this technology and the de-
velopment of alternative chemistries that can provide superior (or at least equivalent)
performance and better environmental and economic sustainability into the focus of
researchers.

In this context, one of the most promising technologies is lithium-sulfur (Li-S) batter-
ies, as they offer high energy density (about 2600 Wh kg~!) and low environmental
impact costs. However, some intrinsic problems of Li-S batteries still need to be
fully resolved to allow the commercialization of this type of battery. The main issues
include the shuttle effect (the migration of long-chain polysulfides from the cathode
to the anode and their reaction with metallic Li) and the significant volume change
that sulfur undergoes from Sg to Li;S.

From this perspective, the research here presented has explored two innovative
materials designed for the cathodes of Li-S batteries: high entropy oxides (HEO)
and a composite of reduced graphene oxide (rGO) with zinc sulfide nanoparticles.
Various physicochemical techniques (XPS, XRD, TGA, SEM) have been applied to
characterize the materials, which were then electrochemically tested in coin cells.
Regarding Li-ion batteries, one of the most interesting approaches to increase energy
density involves raising the operational potential of the cell by using alternative
cathodic materials to the already commercialized NMC and LFP, which operate at
about 4 and 3 V, respectively. From this perspective, spinel materials such as LNMO,
which operates at about 4.8 V, are particularly interesting. Moreover, LNMO is
also more sustainable compared to NMC due to the lack of Co in its composition.
Consequently, the electrochemical behavior of LNMO and two different formula-
tions of a physical blend of LNMO and LFP (2%,,; and 10%,,,; of LFP) obtained



vii

through the technique of Resonant Acoustic Mixing (RAM) have been investigated.
This technique is capable of reducing mixing times and increasing the homogeneity
of LFP dispersion on LNMO particles. In this work, a thorough electrochemical
characterization was conducted to investigate the effect of LFP on the performance
of the cathode. This work was carried out as part of the European HYDRA project,
which involved several partners (CEA, SINTEF, Johnson Matthey, ICSI).

Finally, during my research period abroad, specifically at the Commissariat a
I’énergie Atomique (CEA) in Grenoble, another cathodic material with a spinel
structure, lithium copper manganese oxide (LCMO), was synthesized. This ma-
terial features copper as a substitutive element for Ni, which results in a decrease
in theoretical capacity (from 147 to 95 mAh g~!), but an increase in operational
potential (from 4.7 to about 4.95 V). This material was also chemically over-lithiated,
obtaining a lithium-rich cathode (LRCMO). Both materials were characterized from
a physicochemical perspective, and a deep electrochemical characterization was
performed both in half cells (also in an extended potential window from 1.6-5.1V,

still unexplored in the literature) and for the first time in full cells.
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Chapter 1

Introduction

1.1 European and Global energy transition

Undoubtedly, the most significant challenges humanity must face in the coming
years are climate change and global warming. These challenges are very complex
as they require a radical change of our entire socio-economic model: it is not just
a matter of changing how we produce energy but also how it is distributed and
used by network users. From a practical point of view, this means passing from
a traditional grid to one defined as "smart," (see Figure 1.1) which has numerous
advantages: the assembly set-up is based on microprocessors and digital electronics
(vs. relays, switches, meters, etc.); production and distribution are decentralized;
the excess energy can be re-entered into the grid and the consumers themselves
can contribute to the production; the introduction of numerous sensors makes it
easy to identify any damage/faults and to monitor the distribution of energy; any
failure in the infrastructure can be rerouted to go around the problem area, finally
smart grid involves microprocessor based digital technology which allows the data
communication between the devices of the system and makes the remote control
possible.

However, the objectives to be pursued to carry out this energy transition are very
ambitious: according to the latest IPCC report!, to respect the Paris Agreement

(maximum temperature increase of 1.5°C compared to pre-industrial levels), it is

! Available online: https://www.irena.org/
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necessary to cut 37 gigatonnes (Gt) of CO, emissions from 2022 levels, while the

annual deployment of some 1 000 GW of renewable power is needed.

Fig. 1.1 An example of a smart grid, where all the components are inte-
grated with each other to increase the efficiency of the system. Source:
https://www.unicusano.it/blog/didattica/master/smart-grid/

In this sense, a significant acceleration, is needed across energy sectors and tech-
nologies, from deeper end-use electrification of transport and heat to direct renewable
use, energy efficiency, and infrastructure additions. The 1.5°C scenario envisions
electricity as the primary energy carrier, accounting for over half of the total final
energy consumption (TFEC) (see Figure 1.2). Renewable energy deployment, energy
efficiency advances, and electrification of end-use sectors all contribute to this trend.
Furthermore, modern biomass and hydrogen are expected to play more significant
roles, accounting for 16% and 14% of TFEC by 2050.
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Fig. 1.2 The figures above include only energy consumption, excluding non-energy uses.
For electricity use, 28% in 2020 and 91% in 2050 are from renewable sources; for district
heating, the shares are 7% and 84% respectively; for hydrogen (direct use and e-fuels), the
renewable energy share (i.e. green hydrogen) would reach 94% by 2050. Hydrogen (direct
use and e-fuels) accounts for total hydrogen consumption (green and blue) and other e-fuels
(e-ammonia and e-methanol). Electricity (direct) includes the consumption of electricity that
is provided by all sources of generation: renewable, nuclear and fossil fuel-based. Traditional
uses of biomass refer to the residential TFEC of solid biofuels in non-OECD countries.
Modern bioenergy uses include solid biomass, biogas and biomethane used in buildings
and industry; and liquid biofuels used mainly in transport, but also in buildings, industry
and other final consumption. Remaining fossil fuels in 2050 correspond to natural gas
(mainly used in industry and transport, and to a lesser extent in buildings), oil (mainly in
industry and transport, and to a lesser extent in buildings) and coal (corresponds to uses
in industry - cement, chemicals, iron and steel). Others include district heat and other
renewables consumption. EJ = exajoule; OECD = Organisation for Economic Co-operation
and Development; TFEC = total final energy consumption. Source: International Renewable
Energy Agency (IRENA).

Another field in which it is necessary to work hard is the reduction and capture
of CO,. In fact, in this sense, the effort is enormous since it is needed to go from

about 35 GtCO, (gigatonne of CO;) in 2022, to zero emissions (net zero scenario, in
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which the CO; produced is equal to that capable of being reabsorbed by the planet) in
2050. In this sense, the most effective measures, according to IRENA (International
Renewable Energy Agency), are the replacement of fossil fuels with renewable
energies (25% reduction of CO; emissions), the increase in energy conservation and
efficiency (25%), and electrification in the end use sectors (19%), with only 8% of
emissions reduction due to direct carbon capture and storage.

In this global context, Europe is moving with numerous new regulations and policies,
such as the "European Green Deal," a document that sets the green transition am-
bitions in stone, including the climate targets towards net zero by 2050. Alongside
with the REPowerEU plan (which is focused on the move away from fossil fuels)
and the Circular Economy Action Plan, the Green Deal sets the framework for the
trasformation of EU’s industry for the net zero age. From a financial point of view,
Europe has already mobilized considerable resources (around 250 billion with the
Recovery and Resilience Facility, RRF) for green measures, including investments
supporting the decarbonization of industry. At the same time, in the rest of the world,
the leading economic powers are investing a lot of resources to implement the zero
net scenario (the United States Inflation Reduction Act will mobilize over USD 360
billion by 2032, while Japan’s green transformation plans aim to raise to EUR 140
billion).

In this context, Europe has activated five Important Projects of Common European
Interest (IPCEI), large development projects undertaken by several Member States
to fund new technologies in strategic areas: one in microelectronics, two in batteries,
and two in hydrogen, with more projects in preparation. The public investment
envisaged for these projects amounts to approximately 18 billion.

It follows from the above that developing adequate technological devices in energy
storage, such as batteries, is crucial for implementing the ecological transition in
the next thirty years. In particular, because of their importance in developing zero-
emission mobility and storing intermittent renewable energy, batteries are critical
to the EU’s transition to a climate-neutral economy. Batteries are also crucial in
powering the booming digital economy and the ever-increasing quantity of portable
devices. Global battery demand is predicted to rise 14 times by 2030, driven by
the electrification of transportation and the deployment of batteries in electrical
grids. According to the "New EU regulatory framework for batteries"? the EU could
provide 17% of that demand.

2 Available online: www.europarl.europa.eu
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In particular, a sector in which batteries are proving to be crucial is transport: au-

tomotive Li-ion battery demand increased by approximately 65% to 550 GWh in
2022, from around 330 GWh in 2021 (see Figure 1.3, mainly owing to the growth

of electric passenger vehicle sales, with new registrations rising by 55% in 2022

compared to 20213 .
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Fig. 1.3 In the left chart is represented the battery demand (for the automitive Li-ion market)
by typology of vehicles, where LDVs stands for Light-duty-Vehicles, while on the right
charte is shown the battery demand for the automotive sector by region. Source: IEA.
International Energy Agency, Global EV Outlook 2023.

The demand for crucial raw materials has increased as a direct result of the

massive growth in demand for batteries. Despite a 180% increase in production since
2017, lithium demand surpassed supply in 2022 (as it did in 2021). As Figure 1.4
shows, in 2022, EV batteries represented around 60% of lithium, 30% of cobalt, and
10% of nickel demand. Only five years ago, in 2017, these percentages were about
15%, 10%, and 2%, respectively.

3Available online: www.iea.org
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Fig. 1.4 Overall supply and demand of battery metals by sector in the time frame between
2016 and 2022. Note: The metals category includes alloying applications. Supply refers to
refinery output and not mining output. Source: IEA. International Energy Agency, Global
EV Outlook 2023.

In this global scenario, one can understand how important it is to invest economic
and human resources in scientific research to support as much as possible the energy

transition, which is increasingly urgent.

1.2 Goal of the dissertation

Under the scenario presented in the previous paragraph, it is clear that the need for
better-performing and more sustainable batteries from an environmental point of
view will increase considerably in the coming years. In particular, the scientific

community is focusing its efforts on the following topics: [1]

¢ Substitution of critical raw materials (CRM) in the cathode with more sus-
tainable and abundant ones. This is accomplished by the development of low
Co-containing NMC (nickel-manganese-cobalt oxide) materials [2], as well as
the study of innovative Co-free cathode materials with high capacities, such
as Li-Ni-Mn-oxide (LNMO) systems or battery cathodes based on Li-iron
phosphate (LFP) [3]
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* The development of different anode technologies, where the Li™ charge carrier
is substituted by others ions such as Na*, Mg?*, AI’T, or Zn?". [4]

* The development of conversion-based systems such as the Li-sulfur [5] and Li-
O; [6], which are very promising alternative to Li-ion batteries, since they have
very high theoretical capacities and they rely on abundant and unproblematic

raw materials.

* The development of all-solid-state batteries (ASSB) could allow for greater
storage capacity and safety by replacing the current liquid electrolyte in bat-
teries with a solid ion conductor. With a solid-based system, the usage of
lithium metal would be far more accessible, thus increasing the battery’s energy
density. [7]

Based on the considerations made in the previous paragraphs, the work carried out
during my Ph.D. was mainly focused on two aspects of the four just listed above: (I)
the synthesis and characterization of high-energy hybrid cathode materials for Li-S
batteries and (II) the development of high-voltage cobalt-free cathodes for Li-ion
batteries; Figure 1.5 helps to graphically visualize where the work done in these
three years fits into the general picture of the various generations of batteries and

materials used in the cathodes and anodes of batteries.
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Fig. 1.5 Schematic representation of the technologies and materials currently used in the
field of batteries, together with those that will likely be used in the future and those studied
during my PhD. Modified from [8]

Chapter 2 provides a comprehensive overview of Li-ion batteries, explaining
their operating principles and detailing the main parameters of Li-ion batteries. The
chapter also delves into the various materials which are used inside these batteries,
with a specific emphasis on the cathode materials.

Chapter 3 delves into Li-S batteries, exploring their operating principles and the
significant challenges associated with this technology, as well as the advantages it
may provide over traditional Li-ion batteries. Additionally, this chapter emphasizes
the development of cathode materials, highlighting their importance in advancing
Li-S battery technology.

Chapter 4 is centered on High Entropy Oxides (HEO), starting with a general in-
troduction of the material and its applications in Li-S batteries. The second part of
the chapter discusses the synthesis method of the material and its chemical-physical
characterization, followed by the preparation of sulfur based electrodes and electro-
chemical testing.

Chapter 5 discusses a composite material consisting of reduced Graphene Oxide
and Zinc Sulfide nanoparticles, which was developed to be used in Li-S batter-
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ies. After an initial introduction to the material, the chapter outlines the synthesis
method.The chapter continues with a description of the synthesis process, followed
by the chemical-physical and electrochemical characterization of the cathodes pro-
duced by infiltrating sulfur into the rGO-ZnS.

Chapter 6 marks a departure from the previous ones as it focuses on two cathode
materials for Li-ion batteries, LNMO and LFP. These two materials are described in
detail from both a structural and electrochemical point of view. The chapter contin-
ues with the production of a cathode based on the blending of these two materials
through physical mixing. The chapter concludes with the complete chemical-physical
and electrochemical characterization of full-cells based on this cathode. The work
presented in this chapter is the result of collaboration with several partners (ICSI
ENERGY Department, Johnson Matthey, SINTEF) in the context of the European
project HYDRA.

The final chapter details the work conducted on the synthesis and investigation
of the chemical-physical and electrochemical properties of a high-voltage cathode
material for Li-ion batteries, lithium copper manganese oxide (LCMO). The material
underwent a chemical over-lithiation process to produce a Li-rich material, which
was tested in both half-cell and full-cell configurations. This research was carried
out in collaboration with the Commissariat a 1’énergie atomique (CEA), where 1
spent a total of six months during the second year of my doctoral studies.

Finally, a brief chapter summarizes the conclusions and future perspectives in the
field of Li-ion and Li-S batteries, providing a summary of the work accomplished
and the potential for further research.



Chapter 2

Li-ion batteries

2.1 General overview of batteries

The beginning of the history of the energy storage sector can be fixed in the 18"
century (see Figure 2.1 when Alessandro Volta invented his "pila" consisting of
alternating layers of zinc and copper (the electrodes), separated by a layer of card-
board soaked in salt water (electrolyte). One could be surprised to discover that the
operating principle of the Volta battery is the same that is still found today in every
modern battery. At this point, it may be helpful to give a definition of battery: it can
be defined as an electrochemical storage device in which energy is stored in chemical
bonds [9]. The advantage of batteries lies in the conversion mechanism of the chemi-
cal energy: it can be transformed into other types of energy (mechanical, electrical)
with minimal heat dispersion, i.e., with high efficiency. Depending on whether or not
a battery can be recharged, it is defined as primary (non-rechargeable and converts
chemical energy into work only once) or secondary (rechargeable and capable of
converting chemical energy into work and vice versa with a quasi-reversible mecha-
nism). Following the significant development of electrical applications in the 19"
and 20" centuries, progress was also made in the field of energy storage: in 1854
Gaston Plante created the lead-acid battery (the first of the secondary type), while
in 1899 Jungner developed the Nickel Cadmium (NiCd) battery, which was then
improved almost a century later by replacing cadmium (due to its toxicity) with a

hydrogen-absorbing alloy, thus also obtaining a higher energy density. However, in
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the last 50 years, technological progress and the development of electronic devices

have had a boost never seen before.

Fig. 2.1 Timeline of the hisory of batteries, from the first prototype developed by Volta to the
latest generation of Li-ion devices.

Consequently, the demand for ever more performing batteries has prompted
researchers to develop new battery designs and materials.The turning point in the
world of batteries is represented by the development of electrochemical devices in
which lithium ions are used as internal energy carriers. This step took place for the
first time in 1960 when metallic lithium was used as an anode. [10, 11] The primary
reason why lithium-based technology is very advantageous is that lithium is the most
electropositive element (-3.04 V vs. Standard Hydrogen Electrode). Consequently,
using lithium allows for producing batteries with high voltage differences at their
terminals. [12] However, due to lithium metal’s strong instability and reactivity, this
battery design was shelved, and graphite was used as anode material instead, with
this transition that took place between the 1980 and 1990. In particular, the first
Li-ion battery put on the market was proposed by SONY in 1990, and since then,
this type of technology has been continuously studied and improved in all its aspects.
On the anodic side, new high-energy conversion materials are being developed, such
as silicon. [13] Simultaneously, the cathode materials have evolved from the use of
LiCoO; [14] to more sustainable and higher voltage alternatives such as NMCS811
[15] and LNMO."[16] At the same time, an enormous effort is also required in the
development of new electrolytes capable of withstanding the high voltages of the
new cathodes and guaranteeing a good level of safety (in this sense, ionic liquids [17]
and polymeric electrolytes [18] seem to represent the future. However, this work of
optimization of Li-ion batteries can never exceed the intrinsic theoretical capacity
of the materials that can be used in the electrodes; therefore, it is logical to invest
resources in other types of systems, such as batteries based on conversion mechanism

or on different types of internal energy carriers. In the first case, the reference is to
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Li-S and lithium-air batteries, which, although presenting intrinsic problems that
hinder their commercialization, are very promising in terms of energy density (2600
Wh/kg for Li-S and Up to 11140 Wh/kg, including oxygen from the air, for the
Li-Air) and environmental sustainability, since Li-S batteries utilize sulfur as the
cathode material, which is abundant, inexpensive, and has a lower environmental
impact compared to the cobalt and nickel used in Li-ion batteries. Li-air batteries, on
the other hand, employ oxygen from the air as a reactant, significantly reducing the
need for mined materials and thus minimizing the environmental footprint associated
with material extraction and processing. In the second case, systems such as aqueous
rechargeable metal batteries, based on using Na™, Mg2+, AR, or Zn%" ions and
water as an electrolyte, can guarantee better safety and lower costs. However, this

type of battery also needs further studies and research to be developed and marketed.

2.2 Battery parameters and terminology

Batteries are characterized by various parameters regarding their electrochemical
performance, the materials used or economic data. Consequently, it may be useful to

provide a list of definitions of parameters and terms used in the thesis work.

Open-circuit voltage (OCV): The voltage between the positive and negative elec-
trodes when no external current flows (i.e. when there is no load). The chemical
potentials of the electrodes are compared to compute it. To get the highest possible
value, the chemical potential of the positive electrode should be greater than that of
the negative electrode.

Overpotential: During the discharge phase, the overpotential (1) is defined as the
difference between the OCV and the cell potential, whereas during the charge phase,
it is defined as the difference between the cell potential and its OCV.

Cell capacity: Defined as Q, it is the total energy available in a battery or total
charge stored in a battery, measured in ampere-hours (Ah), with 1Ah = 3600 C. It
is essentially the amount of current that the battery can supply over a certain time
period. As a result, the higher the current, the more power may be discharged. The
capacity stored/released in a battery between two instants t1 and t2 is defined by
Equation 2.1:
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12
0= /l1 1(t)dt (2.2.1)

Equation 2.2 can be used to calculate the theoretical capacity Qt, which is equal
to the maximum electric charge from the cell, depending on the quantity of active

material present inside the cell:
Q=x-n-F (2.2.2)

Where n represents the number of equivalent electrons involved in electrochemical
reactions, F is the Faraday constant and x is the mole of active material in the elec-
trode. The specific capacity of a battery is defined as the amount of charge that a
battery can accumulate/deliver per unit of mass (Ah g~ 1).

C-Rate: The C-rate is a measure of how quickly a battery gets charged (or dis-
charged) in comparison to its maximum capacity. This feature is related to the time
necessary for the cell to fully charge/discharge. A charge at C/5 and 2C, for example,
means that the charging current is such that the time required to fully charge the cell
is 5 and 0.5 hours, respectively.

Coulombic efficiency: The coulombic efficiency, Y, is the ratio between the capacity
supplied by the cell during the discharge (Qgischarge)Step and the capacity stored in
the same cell (Q¢pqrge) during the charge phase:

_ Qu ischarge
Qcharge

Y (2.2.3)
Energy: The energy (E) that an electrochemical power source can provide, given in
Joule (J) or, more typically, Watt hour (Wh), is linked to capacity and voltage by the
equation:

E=Q0-V (2.2.4)

State of charge (SOC): A measure of how much capacity or power is left in a battery.
In particular, the SOC measures how much is left after a specified period of time
for a particular application. Namely: The ratio of stored energy in a storage system
(kWh) to its usable capacity (kWh).

Depth of discharge (DOD): The ratio of discharged energy (kWh) to usable ca-
pacity (kWh) Cut-off voltage: The final voltage between two electrodes during the

complete charge or discharge process.
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Cycle life: The number of (equivalent) full cycles that can be delivered by a storage
system until its end of life, under given conditions where the Equivalent full cycle:
The ratio of overall energy throughput (kWh) to the usable capacity (kWh).

Self-discharge: Self-discharge is the loss of a battery’s capacity under open-circuit

circumstances caused by internal chemical processes and/or short-circuits.

2.3 Li-ion battery fundamentals

Nowadays, Li-ion batteries represent the state-of-the-art of the electrochemical
storage devices. Thanks to their high efficiency, gravimetric energy density, high
operating voltage and relatively simple design, they are widely used in numerous
applications, such as electric cars and electronic devices. The term battery derives
from the fact that it is made up of several fundamental power elements (cells, see
Figure 2.2 for a schematic representation of a Li-ion cell) assembled together in

various possible designs.

Fig. 2.2 A schematic representation of the structure of a typical Li-ion cell.
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The fundamental components of any rechargeable battery (and consequently this

also applies to Li-ion) are four: [19]

* Cathode (Positive Electrode): Generally composed of lithium metal oxide;
it is the electrode at which the reduction reaction occurs and electrons are
captured. During the charge process, Li™ ions flow from the cathode to the
anode via the electrolyte, and electrons flow via the external circuit. During
discharging, electrons go from the anode to the cathode via the external circuit,
while Li* ions migrate back to the cathode via the electrolyte. Therefore, the
cathode undergoes reduction during discharging and oxidation during charging,

depending on the operating conditions.

* Anode (Negative Electrode): Generally made up of carbon; it is the electrode
at which the oxidation reaction occurs and electrons are released. During
the charge process, the anode receives Li™ ions from the cathode via the
electrolyte and releases electrons via the external circuit. During discharging,
the anode releases Li™ ions back to the cathode and provides electrons to the
external circuit. Hence, the anode undergoes oxidation during discharging and

reduction during charging, depending on the operating conditions.

* Electrolyte: Usually a lithium salt in an organic solvent; the primary role of
the electrolyte is to guarantee the mobility of the Li* ions, so that they can
migrate, through the separator, between the anode and the cathode.

* Separator: Composed of an electronically insulating material (typically, glass
fiber or polyethylene), in order to avoid short-circuiting the cell, but which

allows the passage of ions.

The energy storage mechanism of Li-ion batteries is quite straightforward. As a
result of the ease with which lithium ions and electrons may be transported back into
the negative electrode, LIBs are rechargeable. [20] These movements of the lithium
ions are also sometimes referred to as the “rocking chair” effect or as “shuttling” of
lithium ions due to the back-and-forth nature of the reactions.

It is important to underline that the reduction reaction always takes place at the
cathode (positive electrode) and the oxidation reaction always takes place at the

anode (negative electrode). This means that during charging, the cathodic (reduction)
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reaction occurs at what is referred to as the anode since it oxidizes and releases
electrons. In contrast, the anodic (oxidation) reaction takes place at the cathode
since it reduces and gains electrons. When the cells switch to discharging, the
cathodic reaction takes place at what we would consider the cathode, as it is here
that the electrons are gained as they follow the circuit from the anode side, where
an anodic oxidation reaction occurs to release these electrons. In conclusion, both
electrodes cover the roles of anode and cathode depending on the operating conditions
(charge/discharge) of the cell.

These movements of the lithium ions are also sometimes referred to as the “rocking
chair” effect or as “shuttling” of lithium ions due to the back and forth nature of the
reactions.

The first lithium ion battery, which employed LiCoO; as the cathode and graphite
(C) as the anode, was invented by SONY in 1991, thanks to the joint efforts of
research carried out in previous years by John Goodenough, Stanley Whittingam,
and Akira Yoshino, who received the Nobel prize for chemistry in 2019. In particular,
Whittingam discovered the titanium disulfide (TiS,), an exceptionally energy-rich
compound that was utilized to build new intercalation cathodes in lithium-metal
batteries [21]; Goodenough concentrated on the study of layered oxides (general
formula LiMO,, with M = Co, Ni or Mn) as cathode materials, while Yoshino studied
in depth the anodic part of the cell, discovering the great suitability as anode material
of several carbonaceous materials. [22]

The cell based on LiCoO; and graphite was able to provide high energy density (180
Wh kg~1), high discharge potential (3.7 V) and long cycle life. Furthermore, due
to the fact that lithium was already incorporated into the structure of the cathode
material, the safety level was also increased compared to cells based on lithium metal
as anode.

The reaction mechanism occuring in the LiCoO,/C cell is described by the following

equations:
Cathode side: Li(;_,yCOy +xLi* +xe” = LiCO, (2.3.1)
Anode side: Li,Cs = 6C +xLit +xe™ (2.3.2)
Overall reaction: Li,Cg + 2Li(1,x)C02 = 6C+2LiCO, (2.3.3)

To move electrons from the anode to the cathode, some form of energy potential
must promote this process. The major driving factor for LIBs is the gradient of the

electrochemical potential of Li between the anode and cathode. In particular, Li*
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ions reversibly move between two electrodes in a 'rocking chair’ mechanism without
significant structural change for the hosting materials. The concentration of lithium
ions in the electrolyte remains constant regardless of the degree of charge or discharge.
However, it fluctuates with charge and discharge states in the cathode and anode.
The driving force that pushes the alkali ion and electrons from one electrode to
the other is the battery voltage (E). In particular, according to the second law of
thermodynamics and Nernst equation, the voltage is proportional to the Gibbs free
energy.

AG = —nFE (2.34)

Where A G is the variation in Gibbs free energy due to the reaction during the dis-
charge/charge process, n is the number of electron transferred and F is the Faraday’s

constant (96485.3 C mol~!). Considering the definition of free energy,
AG =AH —TAS (2.3.5)

And comparing both equations,

_ AH-TAS

%4
nkF

(2.3.6)

Introducing the change in internal energy, AU;,,, the pressure P and the variation in

volume change AV, we obtain,
AG = AU;; — PAV —TAS 2.3.7)

Thus, at low temperatures, the variation of internal energy U;, is considerably
higher compared to the other thermodynamic parameters, that can be consequently
neglected. Therefore,

AG = AUjy, (2.3.8)

Thus, the voltage of a battery can be estimated in terms of a change in Gibbs free
energy owing to the Li™ intercalation process depending on the concentration of the

intercalated ion (x), and is represented as:

AG(x) AUy (x)
Ax  Ax

AV (x) = (2.3.9)
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Where Ax is the variation of Li™ concentration during the de/intercalation process.
Considering equation 2.8, the equilibrium potential of a battery is given by:
AG(x)

Vi) =22 (2.3.10)

Considering a particular state of charge where the lithium concentration is x (rel-
ative to the initial value xg), the Gibbs free energy for a battery results from the
combination of the free energy of the cathode (G¢) and the anode (Gy).

AG(X) = [Gc(x) - Gc(xO)] - [GA()C) - GA(X())] (2311)

The total number of electrons (n) is determined by the valence of the working ion

(z), where F is Faraday’s constant.
n=zF(x—xo) (2.3.12)

Consequently, the voltage of the battery con be expressed as follow

V(o) = -10et) = el [0, =Gyt 0313

By introducing the definition of chemical potential (4 = §G/Jx) in equation 2.17,

we obtain:
e (x) — pa(x)
7F

Consequently, the theoretical potential of the cell at equilibrium is directly propor-

V(x) = — (2.3.14)

tional to the difference between the chemical potentials of lithium at the cathode and
anode. This potential, also known as V,. or OCV (open circuit potential, i.e. when
no current is passing through the external circuit) is a fundamental parameter of a
battery, since the higher it is, the higher the energy stored inside of the battery. [23]
[24] However, the considerations just made are valid on a theoretical level. Still, on a
practical level, the reaction mechanisms inside a battery are often complicated, devi-
ating behavior from the ideal one. For example, in this discussion, the electrolyte has
been considered a passive component that plays the sole role of Li-ion carrier, with
only the electrodes involved in redox reactions. In reality, there are often parasitic re-
actions involving the electrolyte. Furthermore, although it is desirable to increase the
cell working voltage as predicted by equation 2.18, the electrolyte’s electrochemical

stability voltage window must be considered. In particular, the relative electron ener-
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gies in the electrodes and electrolyte of a thermodynamically stable battery cell with
an aqueous electrolyte are displayed schematically in Figure 2.3. The cathode plays
the role of the oxidant, and is characterized by an electrochemical potential ¢, the
anode is the reductant (with an electrochemical potential t4) and the "electrolyte’s
window" is the energy separation Eg of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO). In general, a cathode
with a ¢ below the HOMO oxidizes the electrolyte unless a passivation layer blocks
electron transfer from the electrolyte to the cathode; similarly, and anode with a u4
above the LUMO reduces the electrolyte (unless a passivation layer on the surface of
the anode material is formed). Therefore, the operating voltage of the battery must lie
within the electrolyte’s window stability; otherwise, a continuous parasitic reaction
will occur between the electrodes and the electrolyte, with consequent consumption

of active material. [25]

Fig. 2.3 Schematic open-circuit energy diagram of an aqueous electrolyte. ¢4 and @c are the
anode and cathode work functions. E, is the window of the electrolyte for thermodynamic
stability. A system with 4 > LUMO and/or e < HOMO can be thermodinamically stable
only if passivation layer (Solid Electrolyte Inteface, SEI) that separates the electrodes and
the electrolyte is formed. Reproduced from [25]

When an electric charge is delivered across battery terminals, the voltage response

evolves with a non linear behavior due to complicated electrochemical events such
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as polarization-diffusion, and double layer formation. Notably, an equivalent cicuit
model as the one depicted in 2.4, known ad Thevenin model, can be used to represent
a battery. By including resistors, voltage sources and capacitors, this model helps to
understand the mechanisms and phenomena that occur inside the cell. In particular,
the Thevenin model implements an ideal voltage source (Voc) to define the battery
open-circuit voltage, R, represents the ohmic internal resistance of the battery, R,
is used to describe the polarized internal resistance, C, is the polarized capacitance
used to describe the transient response during charging and discharging and V; is the

terminal voltage of the battery. [26, 27]

Fig. 2.4 The equivalent circuit based on Thevenin model, used to interpret the phenomena
occuring in the battery through electrical components. [26]

Once the external circuit is closed and the current starts to flow, the V. is lowered

by polarization effects, and the terminal voltage results to be:
Vi=Voe—1-Ry—V, (2.3.15)

Where V,, is the voltage across the R, element. Equation 2.3.15 is meaningful
because it highlights that the polarization of the electrodes lowers the cell potential
in operating conditions. Consequently, the chemical energy stored in the cell is not
totally converted into electrical energy, but a part of it is dispersed as heat. In more

detail, there are three main forms of polarization in a cell (see Figure 2.5:

* Activation polarization: The term refers to the several retarding variables
inherent in the kinetics of an electrochemical process, such as the work function

that ions must overcome at the electrode-electrolyte interface.

* Ohmic polarization: this terms is caused by the internal resistance of all
components in the lithium battery. It is proportional to the current that flows
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in the battery and is affected by the loss of contact between the components of

the battery and the electrolyte resistence.

* Concentration polarization: This factor takes into account the resistance
faced by the mass transfer (e.g. diffusion) process by which ions are trans-

ported across the electrolyte from one electrode to another.

Fig. 2.5 Schematic representation of the three different polarization which typically affect an
operating cell during the discharge process. Reproduced from [28]

All three forms of polarization govern the impact of the current rate on the cell
voltage in practical batteries, and a range of experimental approaches are employed
to analyze internal electrochemical processes. For example, one of the most com-
mon and useful is the analysis of the characteristic current vs voltage profile of the
charge/discharge curve, which allows to evaluate the specific capacity of the cell and
the value of polarization in unction of the applied current (C-rate) or temperature. At
this point it can be pointed out that the performance of a battery are mainly related to
the chemistry of the system (for example the valence of the ion carrier or the specific
capacity of the active materials directly affect the available energy of the cell), but
also other features such as the cell design, the type of electrolyte employed and its
conductivity, the electrodes manufacturing, greatly influence the efficiency of the
whole device.
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2.4 Materials for LIBs and limitations

Active materials are the fundamental components of the cell, as they are primarily
responsible for the energy storage and conversion mechanisms on which batteries are
based. There are different types of materials [29], both cathodic and anodic, which
are characterized by peculiar characteristics (such as, for example, the voltage at
which they operate, their specific capacity, the reaction mechanism with which they
can be lithiated and de-lithiated), and which consequently make them preferable
or not for specific applications. However, other materials are also present in a
cell, which, although not directly involved in the redox reactions, play fundamental
roles in ensuring the correct functioning of the battery. In particular, they are the
conductive carbons as additives, the binder (generally polymeric), and obviously the
electrolyte. In the following subsections, each of these categories will be explored in
depth.

2.4.1 Anode materials

The anode material of a Li-ion cell represents the "host" structure for the lithium
ions when they are forced to leave the cathode material during the discharge process.
The anode is composed of active particles mixed with small quantities of polymeric
binder, ensuring contact with the current collector, which is most often copper. In
simpler terms, the anode is usually identified with the negative side of the battery.
The first requirement is that it can intercalate and de-intercalate large quantities of
lithium ions in a reversible way without the material’s structure being considerably
damaged. Secondly, the material must have high electronic and ionic conductivity to
ensure good kinetics of the redox reactions at the electrolyte interface. Thirdly, its
redox potential with respect to Li/Li* must be as low as possible to maximize the
operational potential of the cell and, consequently, the energy that can be stored in
it. Fourth, the optimal anode must have a high specific capacity, both gravimetric
(mAh/g) and volumetric (mAh/cm?). Fifth, it must be thermally and chemically
stable so it does not dissolve in the electrolyte. Finally, the anodic material should
be as abundant as possible in nature, non-toxic, and easily available. [30]. Ideally,
the gold standard for anode materials is represented by metallic lithium since it has a
high specific capacity (3860 mAh/g) and energy density (11425 Wh/kg), a value very
close to that of gasoline, 11860 Wh/kg. Furthermore, lithium exhibits the lowest
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standard electrode potential (-3.045 V vs. SHE) and high electronic conductivity.
However, despite these exceptional properties, lithium still has substantial drawbacks
that require further research to ensure its use in commercial batteries. One of the most
significant drawbacks of lithium metal is that it is prone to generate lithium dendrites,
which can pierce the separator or solid electrolyte and cause an internal short circuit,
as shown in Figure 2.6. Aside from the short circuit threat, lithium plating affects
cell capacity and cycle life because producing these dendrites consumes lithium that
would otherwise take part in redox processes. Furthermore, it is possible that the
dendrites detach from the main lithium electrode, thus losing electrical contact and
being passivated by the reaction with the electrolyte. This mechanism leads to the
formation of the so-called "dead lithium". Another issue with lithium metal is its
high reactivity, which can be dangerous because the organic solvents commonly
employed in electrolyte composition are not particularly stable in the presence of
strong lithium activity. [31]
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Fig. 2.6 Schematic representation of the dendrite mechanism formation on lithium metal
anode. Reprinted from [32]

However, researchers are investing increasing efforts and resources to solve
these problems related to lithium metal anode, for example, by developing solid
electrolytes (polymeric or ceramic, generally), which significantly reduce the possi-
bilities of short circuit and thermal runaway.

A part from metallic Li, several distinct types of anode materials have been dis-
covered and improved after decades of research. So far, LIB anode materials can
be classified into three groups based on their reaction mechanisms: intercalation,
conversion and alloying anode materials. In Figure 2.7a the main anode materials
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and their related structures (Figure 2.7b) are shown and classified into these three
categories: the intercalation type materials exploit the "rocking-chair" mechanism
already mentioned and include carbonaceous materials (e.g., graphite) and transition
metal oxide (e.g., Ti-based oxides and Nb-based oxides); alloy-typed materials are
mainly metallic (Sn, Sb and Bi, etc.) and semimetallic (Si, Ge and P) materials of
the IVA and VA groups, which can react with numerous lithium ions (thus providing
high specific capacities) to form metal alloys. [33]

Intercalation-type anodes:
Graphite is the most common and well-studied carbon-based anode material with a
layered structure, thanks to its relatively low cost, good capacity and low operating
voltage. In graphite, carbon atoms are hybridized sp? to produce a graphene layer
with a layer spacing of 0.335 nm. Van der Waals forces and 7 interactions stack
these graphene layers on top of one other to generate the typical 3D structure of
graphite.

Fig. 2.7 (a) Elements that are mainly utilized to produce anodes in Li-ion batteries, (b) the
inherent structures of the materials employed as anode materials. Reprinted from [34]

Graphite is markedly anisotropic, having much higher electrical and thermal
conductivity on its basal plane than on its end faces (the plane that is perpendicular
to the c-axis). The unique structure of graphite allows lithium ions to be embedded
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and detached without severely damaging the two-dimensional reticular structure of
graphite. [35] The lithium ion storage mechanism that occurs in graphite, which is

reversible, can be described by:
Li,C, = xLi* +xe” +C, (2.4.1)

During the charge step, Li' ions are incorporated in the graphite interlayer, leading
to the formation of a lithium rich phase, LiC, (x < 6) which is characterized by an
increased layer spacing (from 0.335 nm to 0.370 nm) and volume (no more than 10%)
[36]. It is often accepted that the maximum density of Li™ in the graphitic structure
is one ion for six carbon atoms, thus leading to a specific capacity of 372 mAh g~ .
However, graphite has some substantial issues: it has sluggish lithium intercalation
kinetics and a low lithiation voltage (0.08 V versus Li/Li* ). Large polarization
under high current circumstances (more than 1C) will drive the graphite potential
to the lithium metal deposition threshold (0 V versus Li/Li™ ), resulting in lithium
plating on the graphite surface. The accumulated lithium metal can easily react with
the electrolyte leading to the formation of dead lithium, thus increasing internal
resistance and rapidly depleting battery capacity. In the recent past, several strategies
have been adopted to modify the graphite to overcome its inherent problems. Cheng
et al. [37] used KOH etching to achieve 3D diffusion of Li™ in the graphite structure,
which exhibited increased electrochemical performances. Another way to increase
the mobility of Li* ions is to expand the layer spacing of the graphite. For example
Kim et al. [38] modified natural graphite with a step of oxidation under mild
condition, followed by a regraphitizing step through thermal reduction. As result, the
layer spacing expanded from 0.3359 nm to 0.3390 nm and thus increasing the ion
transport by reducing the kinetic barriers for Li™ motion in the bulk graphite. Another
approach is to modify the surface of the graphite to optimize the solid-electrolyte-
interphase (SEI) structure, in order to get a SEI with higher ionic conductivity
and better mechanical properties. In this sense, several materials have been used
to produce coating on graphite, such as polymers [39] and ceramics.[40] Other
interesting carbonaceous materials are the so-called hard carbons (which partially
graphitize at high temperatures. These carbons are mostly amorphous, and the Li
intercalation mechanism is different from graphite, as they have a "house of cards"
structure with a short-range graphitized domain, numerous pores and voids, and
edges rich in functional groups. The lithium ions can, therefore, be partly intercalated
between the graphitic layers and partly adsorbed on the functionalized edges of the
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material and in the pores. This particular structure gives hard carbons a higher
gravimetric capacity than graphite; however, they also exhibit poor initial coulombic
efficiency (ICE) and a high irreversible capacity loss. [41]

Another intercalation material widely investigated in the literature as an alternative
to graphite is lithium titanate oxide (LisTisO1,, LTO), which has a spinel structure.
During the lithiation process, the Ti atoms are first reduced from Ti** to Ti*T (at
around 1.5V), thus forming a rock-salt structure of Li;Ti5O1,), which is further
lithiated in a second step (which takes place at around 1 V vs Li/Li" ), forming

LigTisO1>. The reaction, described by equation 2.4.2, can deliver 175 mAh g 1.

LisTisO12+5e” +5Lit = LigTis01 (2.4.2)

This material has the peculiarity of having an extremely stable structure during the
lithiation processes and relative phase change, accompanied by a volume variation
of only 0.77%. Furthermore, the working potential of LTO (1.5 V vs Li/Li™ ) allows
for avoiding the lithium plating phenomenon typical of graphite. However, the poor
electrical conductivity (10~13 S cm~!) resulting from its wide bandgap and slow Li™
diffusion rate prevents its large-scale application, especially where fast charging is

required.

Fig. 2.8 Structure evolution of LTO during the lithiation process, reproduced from [42]

Alloy-typed anodes:
Alloy-typed anodes are made of metallic (Sn, Sb and Bi) and semimetallic (Si and
Ge) materials of the IVA and VA groups, which can form alloys with numerous
lithium ions, thus ensuring high specific capacities. Of all the alloy-typed materials,
silicon is the most interesting and studied one. Consequently, it will be explicitly
treated as a representative of this class of materials. Silicon has many characteristics
that potentially make it the ideal candidate as an anodic material: it forms stable

oxides, and more importantly, it is capable of storing four lithium ions for each
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silicon atom (when, for example, in the case of graphite, the ratio was one ion for six
carbon atoms). Consequently, the theoretical gravimetric energy density of about
4200 mAh g~!, is about ten times that of graphite, while its volumetric energy density
is about three times greater. Furthermore, silicon is abundant in nature and does not
present critical environmental issues and its price per ton ($ 1284), according to the
2015 Minerals Yearbook, is competitive with that of graphite ($ 1360). However,
pure silicon cannot be used as an anode material since, during the lithiation reaction
(equation 2.4.3) it undergoes a volume increase of 320%, a value not compatible
with any cell design.

Si+4.4Li" +4.4e” = Lig4Si (2.4.3)

Consequently, to limit the effects of this high volumetric variation, it is often blended
with graphite in percentages that typically range from 2% to 20%. The silicon
expansion during cycling is not only a volumetric problem in the strict sense, but it
causes a battery failure mechanism that drastically reduces its cycle life and capacity.
In particular, as shown in Figure 2.9, when lithium reacts with Si, the volumetric
expansion causes the Si particles to move away from each other and the current
collector, thus causing the electrical contact to be lost. In subsequent contraction
and expansion cycles, these particles undergo a microfracture process, as shown in
Figure 2.9. This process damages the SEI, allowing fresh electrolyte to penetrate the
cracks and come into contact with pure silicon, which reacts to form new SEI. The
process is repeated at each charge/discharge cycle, resulting in a thickening of the
SEI and a continuous consumption of electrolyte (and lithium). These, in turn, cause
an increase in cell resistance and a decrease in electrochemical reactivity. Ultimately,
this continuous cycle of contraction, breakdown of the SEI, and new expansion
leads to the breakdown of the silicon into smaller and smaller particles, a process
known as pulverization. When the particles are sufficiently small and surrounded by
electrically insulating SEI, the material can be considered "dead," with a permanent

loss of capacity and a consequent reduction in the cell’s cycle life.
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Fig. 2.9 Mechanism of degradation of the Si particles upon cycling, due to the expan-
sion/contraction and the continuous fracture and thickening of the SEI, modified from [43]

Consequently, the studies carried out in recent years on silicon have primarily
focused on how to alleviate this expansion problem. In particular, it has been shown
that there is a critical particle size (150 nm) below which the microfracture of the
particles is much less pronounced. [44] Furthermore, numerous porous materials,
such as hollow tubular and mesoporous network structures, have been investigated to
provide silicon with stable interfaces to mitigate its expansion during cycling. [45]
Another interesting approach is using silicon oxide (SiO,, with x < 2) instead of pure
silicon due to its lower production cost and volumetric variation. In particular, lithium
silicate (such as Li4Si104 and Li;S1,05) and lithium oxide (Li,O) may effectively
reduce the volume change of SiO,, especially during the early lithiation process,
thus enhancing the cycling stability. [46]

Conversion-typed anodes:

The last class of anode materials is mainly composed of metal oxides, sulfides
fluorides, selenides M, X, (where M=Mn, Fe, Co, Ni, Cu and X=0, S, F, Se) which,
during the lithiation process, react with lithium ions through a redox reaction to form
Li, X and metals pristine elements. Li, X and M can be reconverted to Li and M0,

again in the delithiation process: [47]
My Xy + (b-n)Li" + (b-n)e” = bLi,X +aM (2.4.4)

Li, X formation, as shown in Figure 2.10, is thermodynamically viable in this equa-
tion. On the contrary, the delithiation reaction (i.e. dissolution of Li, X) is markedly
less favored due to the electrochemical inactivity of the Li, X species. For this reason,
the presence of electroactive metal nanoparticles which favor the conversion reaction
is crucial for the reversibility of the system. The reaction mechanism, is generally
capable of providing high theoretical capacities (600-1000 mAh g~!) depending on

the transition metal present in the M,X,. Generally, these conversion materials are
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easy to prepare and abundant in nature, although their environmental compatibility

is undoubtedly lower than that of graphite or silicon.

Fig. 2.10 Typical reaction conversion mechanism of anode metal oxides, reproduced from
(48]

Most transition-metal compounds have reaction potentials regulated by the ionic-
ities of M-X bonds that vary between 0.5 and 1.0 V against Li/Li" , making them
good candidates as anodes. [49]In particular, the latter feature of these material is
beneficial to avoid the nucleation and growth of the dendrites, a pivotal problem
for a safe anode material. Nevertheless, conversion-type anode materials still face
significant challenges because of intrinsically poor electronic and ionic conductivity,
which translates into low rate capability performance. Moreover, these materials
exhibit relatively large volume expansion (<200%), leading to pulverization issues
and continuous electrolyte consumption; [50] finally, the electrolyte can undergo
decomposition process due to the highly active M nanoparticles generated during the
lithiation step. Over the last two decades, enormous efforts have been undertaken to
cope with the mentioned problems of conversion-type materials. In particular, a strat-
egy that has proven successful in this sense is nanoengineering. [51] In general, it has
been shown that decreasing the size of the active material increases the reversibility
of the conversion reaction because the metal nanoparticles formed during the lithi-
ation step exhibit an enhanced electrochemical activity toward the decomposition
of Li, X. Furthermore, electrodes with nano-sized active materials exhibit a shorter
diffusion length, a factor that helps take on the poor conductivity of these materials,
thus ensuring better performance at high C-rates. In particular, Wu et al. [52] demon-
strated that the introduction of 1D and 2D nanostructures significantly improved the
electronic conductivity of the electrodes. At the same time, three-dimensional (3D)
hierarchical porous structures and hollow structured nanomaterials can alleviate the

problem of the volumetric expansion of the conversion-typed materials. [53]
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2.4.2 Conclusions and future perspective for anode materials

To summarize, over the last twenty years, graphite has been developed and optimized
as an anode for commercial LIBs, and its electrochemical performances are now
close to the theoretical ones of the material, which, however, has intrinsic limitations
such as the poor performance at C-rates above 1C and lithium plating. Consequently,
as illustrated in the previous paragraphs, alternative materials have been developed in
recent years. The radar plot reported in Figure 2.11 compare the main characteristics
of the classes of materials discussed above. In particular, it can be noted that none of
the families of materials can cover all the requirements of an ideal anode material:
intercalation transition metal oxides (TMOs) lack high specific capacity, while TMOs
that exploit the conversion mechanism perform well in every considered area of
Figure 2.11, but they do not excell in any of them. Alloy-type materials, on the
other hand, have a very high specific capacity, however, their cycle life must be

significantly improved so that they can be used in commercial cells. [54]

Fig. 2.11 Radar plot comparing the cycle life, specific capacity, safety, cost, work voltage
and fast charging capability of the families of material discussed in the anode material’s
section. Modified by [55]
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Consequently, while waiting for significant improvements in solid state technolo-
gies, which could make the use of metallic lithium possible, the idea of using an
anode composed of different active materials appears to be very interesting for the

next generation of batteries.

2.5 Cathode materials for LIB batteries

The cathode of a Li-ion battery is commonly referred to as the "positive side/electrode
of the cell and is generally made up of four main components: (I) the current collector
(often aluminum), (II) a carbonaceous additive to ensure electronic conductivity in
the electrode, (III) a binder and (IV) active material, which represents the focus of
this section. To begin, the material must exhibit an elevated free energy reaction with
lithium, resulting in a high voltage. Moreover, it must be capable of reversibly ac-
commodating a large amount of lithium ions, which implies high energy density and
rechargeability. This process, as in the case of anodes, should occur without severely
altering and damaging the material’s structure to provide a prolonged cycle life.
The ability to intercalate lithium ions quickly, which implies having a high lithium
ion diffusivity, is another essential aspect for a cathode material. Furthermore, the
active material of the positive electrode should be a good electrical conductor and
should also be stable towards the electrolyte, so as not to generate parasitic reactions
harmful to both components of the cell. Finally, the material should be economical
and non-toxic to ensure safety and health standards. Additionally, it should have
a low environmental impact, meaning it should have a low carbon footprint, and
be easily recyclable. The cathode materials found in current commercial LIBs are
all based on the "rocking chair" de/intercalation mechanism and are derived from
transition metal oxides, which are suitable materials for energy storage applica-
tions due to their incomplete outer energy shells, which enable the formation of
cations when electrons are withdrawn. These materials can be classified based on
their crystalline structure which can be layered, spinel or olivine. In the following
sections each of these families will be described in detail. As with anode materials,
also in the case of cathode materials some of them are not based on the rocking chair
mechanism, but rather on the conversion one. In particular, among the conversion
materials, metal fluorides are the most promising as a result of their relatively high
theoretical potential (3.55V vs. Li/Li* for CuF,) and gravimetric capacity (713
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mAh g~! for FeF3). However, they are characterized by poor cycle behavior, low
electronic conductivity and complex synthesis routes. [56] Conversion materials are
fascinating in the long term perspective, provided these drawbacks will be overcome,

but at the current state, they are still far from being used in commercial cells.

2.5.1 Layered materials

The materials defined as "layered" were the first cathode materials for Li-ion batteries
to be successfully developed. These oxides, with the general formula A,MO, (where
A=alkali-metal ions, M=transition metal-ions) have a particular crystalline (layered)
lattice, which significantly affects the material’s electrochemical characteristics. In
particular, Figure 2.12 shows all the possible structural variants of these materials.
In general, in these materials, the oxygen atoms coordinate the transition metals
(MOg) octahedrically, forming (MO»)n layers between which the A ions are arranged.
Alkali ions can be coordinated in tetrahedral (T), octahedral (O), and prismatic (P)
environments. In particular, it can be seen how the coordination of alkaline ions is

determined by the oxygen stacking sequence in the various layers.

Fig. 2.12 Schematic representation of several A;\MO, layer oxides including T1, O3, P2, and
P3 types. (A: Alkali metal ions, M: transition-metal ions). Reproduced by [57]

The "father" of this family of materials is considered lithium cobalt oxide, also
known as LiCoO; (LCO), and was the first to be commercialized in 1991. It exhibits
numerous interesting characteristics such as the nominal voltage (around 3.8V vs
Li /Li*), a high specific capacity (theoretical 274 mAh g~ !, practical 150 mAhg~!
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when cycling between 3 and 4.3V) and good stability during cycling. However, this
material also presents numerous problems, including the high cost and toxicity of
cobalt. Furthermore, at high temperatures, LCO is not remarkably stable and can
experience the start of thermal runaway around 150°C and complete thermal runaway
about 200°C. [58] For these reasons, other layered materials have been developed
in the last twenty years. Undoubtedly, one of the most successful and the widely
used materials in commercial Li-ion cells, is Lithium Nickel Manganese Cobalt
Oxide, known as LiNiMnCoO; or NMC. The general chemical formula of NMC is
reported as LiNiyMn,Co,0, (x + y + z = 1), as it originated by partially replacing
the Co in LiCoO; with Ni and Mn in order to simultaneously improve the electro-
chemical performance and reducing the cost of the active material. Usually, the most
common investigated chemistries for NMC materials are the LiNi; 3Mn; 3Co; /30,
(NMC333), LiNig4Mngy4Co020, (NMC442), LiNig5Mnp3Co020, (NMC532),
LiNig ¢Mng 2Cog 20> (NMC622), and LiNig gMng ;Cog. 1O, (NMC811). [59] These
different stoichiometries were studied because, essentially, each transition metal
provides specific properties, so it is possible to modify the composition of the ma-
terial to meet particular requirements. For example, an NMC richer in Mn is more
thermally stable and has a better cycle life, while a more significant presence of Ni
translates into a higher specific capacity. Obviously, there are also disadvantages
to replacing Co with Ni and Mn: an excess of Ni leads to faster degradation of the
material’s structure (due to the mixing between Ni and Li) over cycling. In contrast,
a material rich in Mn will have limited capacity (due to the inactivity of Mn** ions
in redox reaction with Li). Additionally, the Co content cannot be excessively low,
as it is essential to have electronic conductivity and it also helps to give structural
stability to the material. As a result, there is plenty of opportunity to adjust the
composition of the ternary material NMC in order to achieve an optimal behavior in
terms of cyclability, structural stability, rate capability and capacity. [60] A peculiar
characteristic of layered materials is the diffusion kinetics of Li* ions within the
crystalline lattice, which is described as a consecutive migration between a vacant
octahedral site and another via two mechanisms: tetrahedral site hopping (TSH) and
oxygen dum bell hopping (ODH), both shown in Figure 2.13, where the letter M
indicates a transition metal ion. In the oxygen dumbbell hopping (ODH) process, the
Li ion takes the shortest path to the neighboring unoccupied octahedral site through
a bond of O atom. In order to accomplish this process, ionic connections must be

formed with two transition metal ions (Mn™ or Ni™) on the opposite sides of the
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oxygen structure. [61] The tetrahedral site hop (TSH) adds a further step to the
process, since it is based on constant ionic bonding and debonding between each Li™

and a neighboring transition metal as the ion moves through octahedral sites.

Fig. 2.13 (a) Oxygen dumbell hopping (ODH) and (b) tetrahedral site hopping (TSH) Li™
ion diffusion mechanism in layered oxides. [61]

Both processes are only probable if energy activation barriers associated with
Li-transition metal ionic bonds are overcome. Furthermore, because TSH de-
mands Li divacancies, ODH prevails at the initial stage of charging. Considering
ODH only takes place if both ionic bonds (one on each side) are broken, TSH is
the most favored mechanism, assuming there are enough Li divacancies. Figure
2.14 shows the different properties of different chemistries of NMC materials de-
pending on their composition. Several approaches have been tried to improve the
electrochemical performance of this family, including synthesizing NMC particles
with a Mn-rich outer shell and a Ni-rich core (to have stability with the electrolyte
without capacity loss) [62], applying protective coatings on the surface of the NMC
and doping the pristine materials. [63]
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Fig. 2.14 A comparative graph of the capacity retention, thermal stability and specific
discharge capacity of the different NMC chemistries. [64]

Another interesting layered material is Lithium Nickel Cobalt Aluminum Oxide,
NCA. It is similar to NMC and is typically made of 80% nickel, 15% cobalt, and 5%
aluminum (LiNip gCoq 15Alp 0502). Aluminum doping is justified by introducing
inactive AI’T ions instead of Ni**, which reduces the risk of overcharging and, thus,
thermally stabilizes the material. However, the problems of cost and toxicity of the

material remain due to the presence of Co. [65]

Among the cathode materials that have aroused the most interest in recent
years, there are certainly the Li-rich cathode materials with the chemical formula
xLioMnOj3 (1-x)LiMO, (0 < x < 1,M = Ni, Mn, Co, etc.), which generally exhibit

I and an operating voltage higher than 3.5V vs

specific capacity up to 250 mAh g~
Li/Li* . Furthermore, they are less expensive and environmentally problematic than
NMC. The high specific capacity is due to the particular arrangement of lithium in the
material’s structure, with Li atoms stored in the transition metal layers. However, this
particular crystalline structure is subject to substantial changes during the charging
process (as shown in Figure 2.15). In particular, in the first charge, the Li™ ions
are extracted from the structure of the material and evolution of oxygen, with the
transition metals that can migrate into the neighboring Li slabs and consequent

transition of the crystalline lattice into spinel or rock-salt structures. This phase
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transition, repeated periodically during cycling, is spontaneous and detrimental to
electrochemical performance since it involves decreased operational potential and
specific capacity. Several approaches have been investigated to solve the problems
of these materials, including cationic doping to stabilize the crystalline structure
and alleviate the voltage reduction, or using a surface coating to prevent the phase
transition. [66]

Fig. 2.15 The structure evolution of a Li-rich material upon cycling. [66]

2.5.2 Spinel and Polyanion-type materials

Since two materials (lithium nickel manganese oxide, LNMO and lithium iron
phosphate, LFP) belonging to these two classes of materials were the object of study
in this thesis, they are described more precisely in chapter 6 , while in this section
only the general properties of these two families of materials are discussed. Olivine-
type materials LIMPO,4 (M = Fe, Mn, Co, Ni) are cathode materials characterized by
high thermal and chemical stability, good capacity (170 mAh g~—1), and good power
performance. They present a well-defined charge/discharge curve at 3.4 V, however,
this family of compounds suffers from poor electronic conductivity and sluggish
Li" diffusion, it is very often necessary to apply a carbon coating on their surface.
Spinel-type materials such as LiMn,O4 and LNMO are very attractive for the next
generation of Li-ion batteries due to their low cost, high operating potential (> 4.5V
for LNMO), good rate performance and absence of Co in their composition. The

main limitations of these materials at the moment are the non-extraordinary specific
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capacity (147 mAh g~! for LNMO), the dissolution of Mn during cycling and, above
all, the stability of the electrolytes at high voltages.

2.5.3 Conclusions and future perspectives for cathode materials

Table 2.1 summarizes the main characteristics of the cathode materials described in

this section, together with their level of development.

Table 2.1 Comparison of different cathode materials for LIBs.

Material  Specific capacity ~ Voltage plateau  Energy Density Status
[mAh g~ '] [V vs Li/Li" ] [Wh L]

LiCoO, 160 3.7 400-600 Commercialized
LiMn,04 130 4.0 250-360 Commercialized
LNMO 140 4.7 500-650 Research
NMC 180 3.7 300-330 Commercialized
NCA 185 3.7 450-600 Commercialized
LiFePO4 160-170 3.3 190-300 Commercialized

Nowadays, almost all commercial LIBs cells are based on NMC (811 or 622),
NCA, or LFP as cathode material, depending on the application. However, as
reported in figure 2.16, which depicts the different generations of batteries according
to the standards of the European Commission, these materials will have to be
integrated in the immediate future (2025) by Li-rich NMC and high voltage spinels
(LNMO), and then move on to other more promising systems (such as Li-S batteries)
on the medium-long term. Consequently, in recent years, many scientific research
efforts in the field of batteries have been directed towards the development of high
voltage cathodes (LNMO) and conversion cathodes, with metallic lithium as the
anode (Li-S batteries), and my doctoral thesis fits into this context since both of these

areas were investigated during the three years of study.
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Fig. 2.16 Classification of the generation of batteries.

2.5.4 Inactive materials

In addition to the active materials present at the cathode and anode, a typical Li-ion
cell (but in general, this is valid for any secondary cell) is composed of other elements,
called "inactive," but decisive in the overall good functioning of the cell. These
elements are the current collectors (made of aluminum for the cathodic side, copper
for the anodic side), the separator (generally made of glass fiber or thermoplastic
material), carbonaceous additives (useful for guaranteeing electronic conductivity
inside the electrode), the binder and the electrolyte. In this section, the last two
elements will be explored in depth since they are certainly the most interesting from
the research point of view.

Electrolyte: A liquid electrolyte for Li-ion batteries is generally made up of organic
solvents, lithium salt, and very often additives, and each of these components per-
forms specific functions. Depending on the materials used, the working potential
range of the cell, and the application, the composition of the electrolyte can vary con-
siderably. In general, the necessary requirements of an electrolyte are several: it must
have a high ionic conductivity, a wide electrochemical stability window (ESW), be
electrochemically inert towards the cell components, thermally stable and non-toxic.
[67] Solvents represent approximately 80% of the weight of a liquid electrolyte, so
they are crucial in determining its final properties. In particular, they must meet the
following requirements: 1) solvate the dissolved lithium salt, ability directly propor-
tional to the dielectric constant 2) low viscosity to favor the diffusion of Li*. This is

in contrast to the first point because usually solvents with high dielectric constant
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have high viscosity 3) broad ESW 4) provide adequate interfacial properties, helping
to form a stable SEI 5) be chemically inert towards cell components. In current
commercial cells, a mix of two aliphatic carbonate solvents is generally used: cyclic
carbonates (e.g., ethylene carbonate EC, which have a high dielectric constant), and
linear carbonates (e.g., dimethyl carbonate, DMC or diethyl carbonate DEC), which
have a low viscosity. These two classes of solvents are different from the point of
view of interfacial, chemical, and thermal properties. [68] Considerable efforts have
been made to replace, at least partially, organic carbonates in order to increase the
ESW and improve the thermal stability of the electrolyte. One approach integrates
more electronegative components, such as fluorine, cyano, or sulfone groups, into
commonly utilized organic solvent molecules. These components exhibit reduced
HOMO/LUMO levels compared to classical carbonates; consequently, their addition
into the electrolyte shifts the ESW towards higher potentials. In particular, one of
the most recently studied compounds as a co-solvent is fluorinated ethylene carbon-
ate (FEC), which has proven to be a beneficial element in the overall composition
of a high-performance electrolyte. In particular, it has been demonstrated that its
introduction into the electrode helps to reduce the irreversibility of the first cycle
(allowing the formation of the anodic SEI at potentials higher than the pristine EC)
and to increase thermal stability. Furthermore, Hu et al. [69] studied a FEC-based
electrolyte for high voltage LiNiy sMn; 504/graphite couple, which proved to be
remarkably stable even during temperature cycling, while Suo et al. proved the
beneficial effect of FEC towards the formation of a stable F rich SEI layer on the
lithium metal anode. [70] Another successful approach to obtain stable electrolytes
up to 5.4 V was to combine FEC and Lithium Bis(fluorosulfonyl)imide (LiFSI)
with non-polar solvents. [71] Furthermore, the introduction of linear fluorinated
carbonates such as (e.g., ethyl(1-fluoroethyl)carbonate) can be decisive for improv-
ing the safety of the electrolyte since their use allows the replacement of LiPFg
with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), whose advantages will be
described in the following lines. [72] The importance of the lithium salt is pivotal in
Li-ion batteries. Obviously, the introduction of salt complicates the system, but it
is necessary to ensure adequate ionic transport. The lithium salt must meet specific
requirements to be suitable for use: 1) it must dissociate completely in the electrolyte.
Typically, lithium salts for this function are composed of complex, Lewis acid stabi-
lized anions 2) be stable in the window of potential use 3) be chemically inert towards

the components of the cell, although in reality, sometimes, the decomposition is
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"controlled" and can be a benefit as in the case of LiPFg which can form a passivating
layer on the Al collector 4) be thermally stable 5) be non-toxic and benign from
an environmental point of view. The most widespread salt in previous generations
of LIB was certainly LiPFg given that it shows a broad ESW, chemical inertia, and
excellent ionic conductivity. However, it is also affected by safety problems since its
degradation occurs at relatively low temperatures (100 °C) or in the presence of a
few ppm of H>O. Consequently, different types of alternative salts have been studied
in recent years. Imide-based lithium salts are among the most interesting substitutes,
with LiTFSI being this family’s most widely used compound. They generally have
superior electrochemical, thermal, and chemical stability compared to LIPFg, thus
guaranteeing superior electrochemical performance and safety. However, imide-
based lithium salts cannot passivate the Al collector, which degrades at voltages
above 3.8V. Consequently, as with solvents, good performance can also be achieved
for lithium salts using a mix of different salts. For example Xu et. al. proved that a
mixture of LiTFSI, Li(CF3S0,), and Lithium bis(oxalato)borate (LiBOB) in nitrile
groups-based solvents could exhibit a wide voltage window of 6.0 V vs. Li/Li" .
[73] The main lithium salts currently used and studied are shown in Table 4.2, with

their relative advantages and disadvantages.

Table 2.2 Comparison of different lithium salts for LIBs, with their advantages and disadvan-
tages.

Lithium salt Advantages Disadvantage

LiPFg High solubility and ionic conductiviy; it forms a stable passivation layer on Al Easy to decompose (T and water)

LiBF4 Thermal stability, enhance the film formation capability of electrolyte to electrodes, inhibiting Low ion conductivity
aluminum foil corrosion

LiAsFg Excellent conductiviy, stability and C-rate performance Toxicity

LiBOB High electrical conductiviy, large ESW, good thermal stability passivation of Al collector Low solubility

LiTFSI High solubility and conductivity, excellent thermal stability 300-330 °C, not easy to hydrolyze Corrosion of Al foil when > 3.7V

LiPF,0, High performance at low T, reduce battery impedance Low solubility

LTBP Improved cycling stability and coulombic efficiency Low conductivity, high molecular

weight and viscosity

Another approach that has been investigated is to significantly increase the salt
concentration (>3M) to prevent corrosion of the Al collector and extend the ESW
above 4.5V; however this method also has disadvantages such as high cost and low
conductivity. [74, 75] Finally, in recent years, an enormous amount of research has
been devoted to the development of gel-polymer electrolytes (GPE), solid-polymer
electrolytes (SPE) [76], ionic liquids (ILs) [77] and solid-state electrolyte. All these
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systems are fascinating because they significantly increase the safety of the cell com-
pared to the liquid electrolytes based on organic solvents currently in use. However,
their development is still at an experimental research stage, so it will take a few years
before these technologies can appear on the LIBs market.

Binder: The binder is an essential component in the overall composition of the
electrode, in fact its main function is to provide adequate adhesion and interaction
between the active material particles and the current collector during cycling. Further-
more it must provide a mechanical network inside the electrode and have the ability
to accommodate the volume variations of the active materials without breaking, as
well as being electrochemically inactive in contact with the battery components.
Other fundamental aspects of the binder are its compatibility with the electrode
manufacturing process (typically tape casting), cost and toxicity. At the moment, the
most used binder in LIBs is Polyvinylidene fluoride (PVDF), which ensures cohesion
between the particles of active material and adhesion with the current collector,
combined with a carbonaceous additive which ensures adequate conducibility to the
entire electrode. However, this type of system presents drawbacks that must be over-
come. First of all, the apolar structure of PVDF can form only weak intermolecular
interactions with the active material and the current collector, so during the charge
and discharge cycles , the original structure of the electrode is considerably damaged
due to volumetric changes, resulting in delamination and loss of capacity. Sec-
ondly, the toxicity issues associated with the solvent N-Methyl-2-pyrrolidone (NMP),
which is utilized in the tape casting process of PVDF electrodes, must be considered.
[78] Developing new binders is essential because new conversion materials such
as silicon or sulfur exhibit high volume variations compared to graphite or typical
cathode materials. In this sense, polymers with a high concentration of carboxyl
groups, such as carboxymethyl cellulose (CMC), which is usually combined with
styrene-butadiene rubber (SBR) [79], poly(acrylic acid) (PAA) [80], and alginate
[81], have recently been much studied. These polymers can establish more robust
bonds with the active material particles, help form a more stable SEI, and provide a
high elastic modulus capable of accommodating volume variations. However, even
with this type of binders, the use of conductive carbon additives is still necessary. In
this regard, conductive polymers like polyaniline (PANI) or Polypyrrole (PPy) are
an intriguing option since they combine the ability to operate as conductive additives
and adhesive elements in a single component. [82]

Separator: The separator is another important component in a battery since its task
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is to prevent physical contact between the anode and cathode and therefore electrical
short circuit; at the same time it must allow the passage of Li* ions. A separator must
therefore possess the following characteristics: electrically insulating, mechanically
robust and chemically inert in the internal environment of the battery and possess
good wettability in the liquid electrolyte used. The most common separators are
microporous polymers such as polyethylene (PE) and polypropylene (PP) or based
on glass fiber. [83] Also in this case the development of new materials in the field of
polymeric and ceramic electrolytes will be of great importance in replacing the cur-
rent separators. Ceramic electrolytes (such as NASICON) are completely inorganic
and have great thermal stability, minimal flammability, and a broad electrochemical

window; however, they suffer from poor interfacial contact and flexibility.



Chapter 3
Lithium-sulfur batteries

Lithium-sulfur batteries (LSBs) have recently emerged as a promising alternative to
other electrochemical devices, as these batteries provide a high theoretical specific
capacity (1675 mAh g~!) and energy density (2600 Wh kg~!, a value that is around
2-3 times higher than a typical LIB, see figure 3.1) while maintaining a relatively low
production cost and environmental benignity. However, the practical energy density
of Li-S batteries lies between 350-500 Wh kg~! [84], a value still considerably
higher than those provided by LIBs (200-250 Wh kg~!). Because of the great
benefits of Li-S batteries, the scientific community has concentrated on developing
this technology, with an exponential growth in the number of research publications

and citations reported from 2011 to present. [84]

Fig. 3.1 Volumetric energy density vs Specific Energy density of various energy storage
devices based on different technologies. [85]
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However, various drawbacks of this technology prevent it from being fully
technologically transferred to commercial applications. Significant progress has
been achieved in recent years, but there are still numerous obstacles to overcome
before this technology can be widely adopted. The next sections describe the

fundamental operation and shortcomings of Li-S batteries.

3.1 Operational mechanism of Li-S batteries

Lithium—sulfur cells utilize a very similar architecture as today’s Li ion cells, since
they are essentially constituted by a lithium metal anode, a separator, an organic
electrolyte and a cathode. The latter is made up of a combination of highly porous
carbon, which offers electronic conductivity as well as an electrochemically active
surface; sulfur, which is the active material in this electrode; and binder, which binds
the structure together. The combination of a high energy safe and abundant material
like sulfur and the most electropositive metal is the key of the interesting properties
of this technology. [86] The operating potential of a Li-S cell is determined by the
difference between the potential of lithium metal (E° = -3.040 V) and sulfur cathode
(E° =-0.445 V) and is normally around 2.4 - 2.5V. The general process that occurs
in a Li-S cell during discharge is the progressive formation of dissolved polysulfides
(LipSs. 4 < x < 8) by breaking the S-S covalent bonds of solid cyclo octasulfur
(Sg); then these lithium polysulfides (LiPSs) are further reduced into solid Li,S
through multistep reactions. During the charge process Li™ ions diffuse through the
electrolyte towards lithium metal, with Li»S being converted back to LiPSs and Sg,
as reported in equation:[87]

Ss+ 16Lit16e~ = 8Li»S (3.1.1)

Consequently, the reaction mechanism of a Li-S cell is very different from the
rocking chair one typical of LIBSs, in fact in the case of the former, there is the
continuous formation and breaking of chemical bonds during the reactions, so the
Li-S is based on an active materials conversion mechanism. As can be guessed
from the general reaction, each sulfur atom is able to accept 2e-, which is why the
specific capacity is so high (1675 mAh g~!). [88] In general, the complete reaction

mechanism of a Li-S cell is much more complex than that described by equation
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3.1.1, which can, in fact, be broken down into different reaction steps listed below:

Sg+2Li" +2¢” — LinSy  (2.39V vs Li/Li") (3.1.2)
3LipSg +2Lit +2e~ — 4LiyS¢  (2.37V vs Li/Li") (3.1.3)
2LiyS¢ +2Lit +2¢~ — 3LiS,  (2.24V vs Li/Li™) (3.1.4)

In particular, the equations (3.1.2), (3.1.3) and (3.1.4) describe the opening of the
solid-state sulphur (aSg) and the subsequent reduction in long chain LiPSs (Li,S,. 4
< x < 8). During this stage of the discharge some reaction of disproportionation and
chain growth are possible, so multiple species of LiPSs can be formed, even though
the most probable products are Li;S¢ and Li;S4. In a typical Li-S discharge curve

-1

these reaction deliver around 419 mAh g~ and they occur in correspondance of the

plateau at 2.4V. [89]. The reaction path continues as follow:
LipSq+2Li" +2e~ —2LirSy  (2.2V vsLi/Li") (3.1.5)

LipSy +2Li" +2e~ — 2Li,S  (2.15V vs Li/Li") (3.1.6)

The second part of the discharge profile is described by the equations (3.1.5) and
(3.1.6), where long-chain LiPSs are further reduced to low-order polysulfides; this

process is assigned a theoretical capacity of 1256 mAh g~!

at a voltage between
2.15 and 2.1 V. Finally, the discharge process ends with the deposition of Li;S; and
Li,S on the cathode surface. The presence in the system of numerous chemically
diverse species results in a complex voltage-time profile during discharging, which
may be separated into four zones for the sake of description, as illustrated in Figure
3.2. The first region (I) is associated with the reduction of (0.25 e~ for S atom) Sg to
Li;Sg which is generally soluble in the electrolyte and results in a minor decrease in
potential (from 2.4 to 2.2 V against Li/Li" ). In the second region (II) the reduction
continues with 0.25 e~ per S atom and there is a progressive decrease in the length of
the LiPSs chains from eight to four sulfur atoms (Li»Sg). In this region the potential
decays quickly to about 2.1 V. It should be mentioned that the viscosity of the
electrolyte rises throughout these two phases due to an increase in the concentration
of long-chain polysulfides. Between regions (II) and (III) there is usually a minimum
point in the voltage curve, which is associated with an overpotential required for the
nucleation of a solid phase (and in particular, it is thought that at this point, there is a
supersaturation of Li;S, which then begins to precipitate as a solid).
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Fig. 3.2 Typical discharge/charge curve of a lithium sulfur battery. Reproduced from [90]

Region (II) is characterized by a relatively stable plateau (2.1 V vs Li/Li" ),
during which tetrasulfide is reduced to Li;S; and the latter to Li;S. Finally, in the
last region (IV) fully reduced sulfide is formed. Unlike long polysulfides, both Li;S;
and Li,S are insoluble in most electrolytes.

In a nutshell, the charging process (see Figure 3.3) involves the conversion of in-
soluble Li,S and Li;S; to soluble long polysulfides, which are in turn oxidized
to elemental sulfur. The charging process is as complex as the discharging one,
and it is generally recognized that it is not exactly the inverse of the latter, in fact
between the two charging/discharging voltage curves, shown in Figure 3.3, one can
note the presence of a significant hysteresis. [91] This hysteresis is explained by
taking into account the relative ease with which the different reactions associated
with the two processes can take place: the reduction of elemental sulfur, which is
indeed an insulating species (10 - 30 S cm™1), but is also very soluble in aprotic
solvents, occurs with little difficulty. In contrast, the oxidation of Li,S is a much
more hindered process due to its insulating nature and insolubility. Consequently, an
overpotential (also known as "activation kick") is usually present at the beginning
of the charge; the more consistent this kick is, the more difficult the Li;S oxidation
process is. Furthermore, the difference between the charging and discharging path-
ways can also be noticed by observing the formation (discharging) and consumption
(charging) of Li;S, as reported by Walus et al. [91] In particular, it can be seen how
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the formation of Li,S during the discharge is initially relatively fast, and it is the
only product of the reaction, while in a second step the formation of Li;S; becomes
dominant over that of Li;S. Charging process can also be divided into two steps: in
the first part, there is the oxidation of approximately 75% of Li,S formed during the
discharge into Li»S4, while in the second part, the formation of Li;S is slower than
the reduction of Li;S4 in long polysulfides. The reasons for this difference in reaction
pathways can be attributed to the different properties of the species involved such
as their insoluble/soluble nature. Moreover, the dynamic balances that regulate the
concentration of different LiPSs species are very complicated, and as consequence,
the reactions that are energetically and kinetically favored during the charging and

discharging process they are not the same. [91]

Fig. 3.3 Discharge/charge profiles of a Li-S cell along with the evolution of the area of the
peak (111) of Li,S during cycling. The blue arrow refers to the discharge process, where
the Li,S is formed and the area of (111) increases, while the red arrow refers to the charge
process where Li,S is converted into LiPSs. Reproduced from [91]
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3.2 The Fundamental Challenges of Li—S Batteries

Despite the great advantages that Li-S technology offers, it still presents several key
problems (see Figure 3.4) that must be addressed to allow its commercialization.

* "Shuttle effect': it is a parasitic phenomenon typical of the Li-S system that
occurs during the charging process. In particular, it occurs when the charge
state of the cell becomes deeper and the oxidation of Li,S and Li,S; in long
LIPSs considerably increases the concentration of the latter on the cathode side
of the cell. [92] At this point the long LiPSs begin to diffuse towards the anode
side, where they react with the metallic lithium via disproportionation reaction.
A certain amount of the reaction products are short/medium polysulfides that
return towards the cathode side, while the rest of the polysulfides react directly
on the lithium surface, forming insoluble Li,S and Li,S,, thus causing its
passivation, loss of capacity and low coulombic efficiency ( because in this
way the charging process is lengthened and in extreme cases can lead to the
cell never reaching the cycling cut-off value). [93, 94]

* Volumetric expansion: Due to the considerable density difference between
elemental sulfur and Li,S (1.66 vs 2.07 g cm™3), there is significant expan-
sion (about 75%) [95] during the cell discharge process, which can result in

pulverization and delamination of the cathode.

* The conductivity of S and Li,S: Both discharge/charge products are elec-
tronic insulators, and their Li* ion transport properties are also poor, thus
making the related formation reactions of these species difficult, leading to
poor use of the active material. Additionally, during cycling, the precipitation
of Li,S as a passive coating on both the anode and cathode surfaces causes a

rise in overpotential and reduced discharge capacity output.

* Growth of lithium dendrites: Dendrites are potentially capable of penetrating
the SEI, leading to continued electrolyte consumption and the formation of
dead lithium, thus reducing the useful life of the cell. Furthermore, the
dendrites can, in extreme cases, lead to a short circuit of the cell by penetrating
the separator. [96]

* Side reaction: Due to the high activity of lithium metal, it is possible for side

reactions to occur when it is brought into contact with the electrolyte, resulting
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in potential gas development, a clearly dangerous factor when it comes to
sealed systems such as batteries. [95]

* Self discharge: during a possible resting of the cell, the sulfur reacts directly
with the lithium ions present in the electrolyte generating lithium polysulfides,
resulting in self-discharge of the cell. [97]

Fig. 3.4 The main challenges that must be overcome to make the Li-S suitable for future
commercial application. Reproduced from [98]

3.3 Approaches to improve the Li-S technology

The typical problems of LSBs described in the previous section are very general

and concern different components of the cell; furthermore, it must be taken into
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consideration that LSBs are not standardized like LIBs, consequently the problems
encountered in a particular cell design can also vary considerably depending on the
materials and electrolytes used. In the same way, therefore, the strategies applicable
to solving these problems are multiple and may concern more specifically the cathode,
the electrolyte or the anode. Since the PhD research over the past three years has
been focused on cathode materials for Li-S batteries, more space will be dedicated

to this topic in the subsequent sections.

3.3.1 Cathode development

Over the past few years, several strategies have been explored to improve the per-
formance of cathode materials used in LSBs, where sulfur is typically incorporated
into electrically and ionically conductive matrices. In particular, the two most used
approaches are based (I) on the physical confinement of the polysulfides (II) on
a strong chemical interaction between the cathodic active material and the LiPSs.
The figure summarizes the development of the cathode materials used in LSBs,

underlining the methods that have been used in this thesis work.

Fig. 3.5 The developement of cathode engineering for LSBs over the last years, Reproduced
from [99]
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Carbon based cathodes:
Carbonaceous materials are currently the most used to provide adequate conductive
and flexible structures capable of hosting sulfur and ensuring its electrochemical
activity. In particular, these materials are very versatile because their porosity,
morphology, degree of functionalization, and level of graphitization can be modified
during the synthesis phase. An important aspect is certainly the porosity of these
materials: as shown in the figure, mesoporous carbons (2-50 nm) have a high specific
area and an adequate pore size to physically confine the LiPSs and ensure good
sulfur loading, while microporous materials (<2 nm) can encapsulate only the shorter
LiPSs; consequently they can effectively mitigate the shuttle effect by reducing the

amount of dissolved LiPSs, but this also results in poor sulfur loading and utilization.
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Fig. 3.6 Schematic representation of the microscopic and macroscopic structures of a typical
cathode composed of carbonaceous material and sulfur, reproduced from [86]

In the past years, one-dimensional (1D) carbon nanotubes (CNT) and nanofiber
[100], two-dimensional (2D) graphene [101], or three-dimensional (3D) carbon
aerogels and sponge structures [102] have all been used to develop sulphur cathodes.
In particular, the 2D structures deriving from graphene have excellent conductive and
mechanical properties, which are fundamental to have a good utilization of sulfur
and structural stability of the cathode upon cycling; furthermore, the functional
groups present on the so-called rGO (reduced graphene oxide, obtained through the
chemical or thermal reduction of graphene oxide, GO) can chemically interact with
the LiPSs, reducing their dissolution in the electrolyte. [103] Moreover, heteroatom-
doped rGO shows good electrochemical performance, since the presence of charged
sites increases the conductivity and adsorption capability of the graphitic structure.
[104] The most used synthesis methods to obtain a composite S/C are all based on



52 Lithium-sulfur batteries

incorporating sulfur into the carbon structure. In the melt or vapor phase infiltration,
the composite is heated in such a way as to reach the lowest possible viscosity of the
sulfur, which is included in the carbon structure. In solution infiltration, a solvent is
used to solubilize the sulfur, which can then permeate into the carbonaceous material;
the solvent is then evaporated. With chemical reaction deposition, sulfur is deposited
starting from different precursors such as Na;S. Finally, the mechanical intrusion
involves a ball milling step to reduce the size of the sulfur and increase its contact
area with the carbon; however in this case, the adhesion between S and C is relatively
weak. [105]

Metal Oxides and Sulfides as trapping agent for LiPSs:
Carbonaceous materials are extremely attractive for use in Li-S battery cathodes;
however, the conjugate non-polar carbon planes have limited sites to firmly anchor
polar molecules (e.g., lithium polysulfides and (di)sulfides). The insertion of polar
sites onto carbon planes via doping by heteroatoms (N, O, P) or surface functionaliza-
tion (-OH, -O- groups) has been proposed to provide anchoring sites for chemically
attaching the polysulfide intermediates. It has been shown that nanostructured oxides
and sulfides are efficient conductive polar host materials that effectively adsorb
polysulfides during discharge and prevent the detachment of lithium (di)sulfides
into the electrolyte. Additionally, these inorganic host materials can speed up con-
verting lithium polysulfides to lithium (di)sulfides or the opposite process due to
their superior reactivity and abundant surface sites (see Figure 3.7 for a schematic
representation of the proposed conversion mechanism in presence of metal oxides
and sulfides). [106] All these features of polar inorganics endow Li—S batteries with
improved reversibility, better stability, and longer lifetimes.

In metal oxides where the oxygen anion is in the O~ oxidation state, a strongly polar
surface is usually present. However, due to metal oxides poor electronic conductivity,
they must be coupled with carbonaceous matrices. One of the most studied oxides
is certainly TiO;, which was introduced into a Li-S cell for the first time by the
Nazar group. [107] In particular, nanostructured TiO, with different morphologies
have then been investigated as cathode host materials in Li—S batteries, such as
mesoporous hollow TiO; spheres,[108] TiO, nanofibers,[109] nanoparticles,[110]
and nanotubes. [111] A sulfur—amorphous-TiO; yolk—shell structure for the sulfur
cathode of Li—S batteries was reported by Cui et al. [112] Furthermore, to over-

come the problem of the intrinsic poor electronic conductivity of TiO,, Nazar et al.
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introduced a high-surface-area Magnéli phase oxide Ti4O7 with a theoretical bulk
conductivity of 2 x 10° S cm™! at 298 K (about three fold greater than graphite) as a
metallic and polar host for Li—S batteries. [113, 114]

Fig. 3.7 Schematic representation of the Li,S catalytic oxidation on the substrate surface and
the sulfur conversion process. (a) Sulfur binds to the surfaces of carbon and a polar host
to generate Li;S,, which is poorly adsorbed by nonpolar carbon and strongly bound to the
polar host (step 1). In the second step, Li,S, converts into Li,S, which is primarily absorbed
by the polar host. Isolated islands of Li,S are then deposited on the carbon surface. (b) The
substrate promotes the oxidation of Li,S to Li,S, near the substrate surface and, ultimately,
to sulfur (steps 3 and 4 in A). [115]

Using MnO as a polar host material for polysulfides was first proposed by Liang
et al. [116] and by Zubair et al. [117] Ultrathin monoclinic birnessitis A-MnO,
nanosheets were synthesized by reducing graphene oxide with KMnQy4. The material
obtained proved to be able to interact strongly with LiPSs, providing excellent perfor-
mance (it displayed an initial capacity of 1300 mAh g~! at C/20, 1120 mAh g~ ! at
C/5, and 950 mAh g~ ! at 1C). Additionally, numerous additional polar metal oxide
composites, such as Fe3O4, CeO,, NiFe 04, Si/Si0,, Co304, V205, and MoO,,
have been employed as sulfur hosts to anchor the polysulfides, which considerably
enhances the electrochemical performance of the Li-S batteries. [118—120] It should
be mentioned that most oxide nanostructures are coupled with conductive polymers
or carbon materials to enhance the overall conductivity of the cathode rather than
relying on the intrinsic low conductivity to achieve the best service performances
in the Li—S batteries. Metal sulfides are another class of typical polar inorganics
that can accommodate sulfur and anchor polysulfides in Li—S batteries; in particular
they have several intrinsic benefits in: (I) the strong sulfiphilic property to sulfur
containing species and (II) low lithiation voltages vs Li/Li™ , which can avoid over-
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lap in the working voltage window of Li—S batteries. For example, one of the first
materials of this family to be used in LSBs was the pyrite-type CoS,, which exhibits
a conductivity of 6.7 x 1073 S cm™! at 25 °C. [121] Furthermore, DFT calculations
showed good binding energy between CoS; and LiS4, and the interfaces between
CoS; and the electrolyte also provide strong adsorption and activation sites for polar
polysulfides, accelerating their redox reactions. Another type of polar metal sulfide is
Co9Sg, which has a high conductivity of 290 S cm™! at ambient temperature. Chen
et al. created unique CogSg inlaid carbon hollow nano polyhedra and employed them
as an efficient sulfur host for Li-S batteries. [122] TiS, has also been studied in Li-S
batteries due to its high electronic conductivity and the polar nature of its surface.
Cui and co-workers proposed a Li,S@TiS, core—shell nanostructure synthesized
by an in-situ reaction method as a cathode for Li—S batteries. [123] Various other
metal sulfides, such as MoS, [124, 125], SnS; [126], NiS; [127], WS, [128], ZnS
[129] and CuS [130], have also been investigated as polar hosts in Li—S batteries.
Although the conductivity of metal sulfides is substantially higher than metal oxides,
carbon-based compounds are still used to reduce internal resistance and improve the

effective use of the active material.

3.3.2 Electrolyte formulations for Li-S batteries

The electrolyte is an essential component in Li-S batteries. In addition to the
properties usually required in a typical Li-ion battery, in the case of LSBs the
presence of polysulphides (PS) must also be considered. Generally, the electrolytes
used are based on two groups of solvents: (I) organic carbonates, such as ethylene
carbonate (EC) propylene carbonate (PC); (II) ethers, such as 1,3-dioxolane (DOL),
1,2-dimethoxyethane (DME). Most of the time, they can be coupled in the same
electrolytic solution to optimize as many parameters as possible (volatility, viscosity,
conductivity, etc.). The use of carbonates has decreased significantly lately since their
tendency to react with polysulfides has been demonstrated (in particular, partially
negatively charged sulfur atoms tend to attack carbonates) [86]. On the other hand,
ethers are more stable in contact with PS, especially in the presence of anion S,
radicals. Furthermore, they have a lower viscosity, which favors the diffusion of Li*
ions between the cathode and anode and a better impregnation of the cathode. The
most used are cyclic ethers, such as DOL, and linear ethers such as DME. Alternative
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solvents commonly used in electrolyte formulation are: tetraethylene glycol dimethyl
ether (TEGDME), polyethylene glycol dimethyl ether (PEGDME), tetrahydrofuran
(THF) and ionic liquids. [131] From the point of view of the lithium salts used
in LSBs, the most common ones also used for LIBs (LiPFg, LiBOB, LiBFg, etc.)
are generally unsuitable due to their reactivity with lithium polysulfides and their
tendency to initiate DOL polymerization; consequently one of the most used salts in
this type of battery is lithium bistrifluoromethanesulfone imide (LiTFSI). [132, 133]
Another challenge in Li-S is establishing the correct ratio of electrolyte to sulfur
because a low E:S ratio limits the production of polysulfides and thus alleviates the
shuttle effect, but on the other hand, leads to a high viscosity, which inhibits the
mass transfer and increases the internal resistance of the cell, resulting in a loss of
capacity. A high E:S ratio, however, guarantees better ionic conductivity, allowing
the electrochemical reactions to occur faster and with fewer overvoltages. However,
at the same time, precisely because it favors a higher utilization of sulfur (Figure
1.19) during the first cycles, it involves a more consistent formation of insulating
lithium sulfide on the cathode, so the performance (capacity loss) of the cell drops
more markedly as cycling proceeds, compared to what happens with lower E:S ratios.

This ratio generally varies between 5-30 ul of electrolyte per mg of S.

Fig. 3.8 a) Percentage drop in capacity of a Li-S cell as a function of the number of cycles
and the E:S ratio, b) percentage of sulfur utilization as a function of the number of cycles
and the E:S ratio, reproduced with modifications from [86]

Various additives have been studied to increase the stability of the interface
between lithium metal and electrolyte. Among these, one of the most interesting
is lithium nitrate LiNO3, which effectively modifies the composition of the SEI
and counteracts the shuttle effect. In particular, it was observed that the addition of
LiNOs3 in an equimolar solution of DME and DOL is able to lead to the formation of
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a SEI which inhibits the parasitic reaction between the polysulfides and the anodic
lithium, significantly reducing the shuttle effect. The analysis of the SEI formed
on lithium metal from an electrolyte solution of DME and DOL with addition of
LiNOj3 shows that the upper layer consists of inorganic species such as LiN,O, and
organic species such as ROLi and ROCO;Li. Below the surface layer, a second layer
is formed whose composition includes ROCO;Li, LiN,O,, Li,O and Li3N; these
insulating species prevent the continuous transfer of electrons from lithium metal
towards the electrolyte solution, thus inhibiting parasitic reactions. [134] However,
as in Li-ion batteries, liquid electrolytes suffer from high PSs solubility, flammability,
and high volatility, leading to short cycle life, poor safety, and marked self-discharge.
For these reasons, solid-state electrolytes (SSEs) have been much studied in recent
years since they can avoid the dissolution of LiPSs, prevent lithium degradation, and
act as separators simultaneously. These types of electrolytes can be classified into
four types: solid polymerd electrolyte (SPE), gel electrolyte, and ceramic electrolyte.
SPEs consist of a polymer matrix (e.g. PAN, PMMA, PEO) containing lithium salts.
Gel polymer electrolytes (GPE) are obtained by adding plasticizers into the SPEs
to increase ionic mobility and mechanical stability towards the dendrites. Despite
these very attractive characteristics, solid electrolytes cannot provide the same ionic
conductivities as liquid electrolytes, so further research is still needed to make them

competitive.

3.3.3 Shuttle effect inibition

From a scientific point of view, the most studied problem of LSBs in recent years
has certainly been the shuttle effect, described in section 3.2 of this chapter. It
derives from the inevitable presence of polysulfides in the electrolytic solution; they
are present in two forms in balance with each other: the singly charged radical
monoanion (S,) and the dianion (S%_). PSs have strong chemical reactivity and
sensitivity to oxygen and moisture, and their state and behavior depend highly on
solvent choice, so it is extremely difficult to isolate and characterize a single specie
of LiPSs. Despite these drawbacks linked to the presence of LiPSs, they are still an
integral part of the system since their dissolution in the electrolyte near the cathode
favors the kinetics of the conversion reaction and reduces the resistance to charge
and ionic transfer. The approach that has proven to be most effective to alleviate the
shuttle effect is to retain the LiPSs on the cathode side of the cell. This method is
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generally based on the retention of LiPSs via physical and chemical adsorption on

the cathode, which can be achieved in different ways:

¢ Polarization treatment of carbon matrix in cathode: In this case, the carbon
matrix is doped with heteroatoms (N, O and S) so that the polysulfides are
adsorbed via a coordination bond-like mode between doping atoms and lithium
atoms. For example, Huang et al. designed a porous 3D nitrogen-doped
graphene (3D-NG) as a sulfur host for Li-S batteries [135].

* Introducing functional inorganic materials in cathode: Inorganic materials
with nanosized structures and unique properties, such as inorganic oxide [136],
metal sulfide [137], 2D metal carbides/nitrides [138, 139], and metal organic
framework (MOF) [140], have been shown to have significant benefits as

polysulfide trapping agents in Li-S batteries. (see section 3.3.1)

* Introducing functional organic molecules in cathode: The functional groups
of organic compounds and polymers are capable of creating electrostatic
attraction or chemical binding interactions with polysulfide. Chen et al. [141]
discovered that the keto groups of anthraquinone (AQ) can not only stick to the
surface of graphene by -7 stacking, but also create a strong Lewis acid-based
chemical bond with polysulfide.

» Using functional binders in cathode: the goal in this situation is to replace the
inert PVDF towards LiPSs with functional binders. For example, Xiong et
al. created a hyperbranched binder called PPA by crosslinking poly (ethylene
glycol) diglycidyl ether (PEGDGE) and polyethylenimine (PEI). PPA was
proven to have strong confinement capabilities of LiPSs. [142]

* Functionalization of the separators: this approach is usually based on the
modification of commercial separators on the cathode side in order to block
the LiPSs: The separators can be modified by introducing physical/chemical

barrier materials such as graphene, MOF, Mxene and metal oxide/sulfide.[143]

¢ Introduction of functionalized interlayer: This case differs from the modified
separator in that the interlayer is self-standing [144]; the inserted interlayer
can adsorb the polysulfide before it passes through the separator and offer
additional reaction sites for further electrochemical reaction. Generally, these
interlayers are made of conductive polymers (polyaniline, PANI; polypyrrole
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PPy), or they are based on carbon nanotube (CNT), carbon fiber and their

composite with inorganic materials.

In conclusion, several strategies have been proposed to address the problems
related to Li-S batteries, and research in this sense is proceeding rapidly since the
number of publications regarding LSBs has increased significantly in recent years.
In the case of this thesis dissertation, two different approaches to mitigate the shuttle
effect and produce cathodes for Li-S batteries based on innovative materials (High
entropy oxides, HEO, and heteroatomic doped reduced graphene oxide embedded
with ZnS nanoparticles, SN-rGO/ZnS) have been investigated. Consequently, in
the next two chapters, the synthesis methods of these two materials, their chemical-
physical characterization, as well as the production of cathodes for Li-S based on

them, and the electrochemical results obtained will be discussed.



Chapter 4

High entropy oxides (HEQOSs)

4.1 Entropy stabilization and HEOs properties

The concept of high entropy material is relatively recent; the first publications
relating to this topic date back to 2004 [145], [146], and was initially applied to
metallic materials in order to investigate the possibility of obtaining new alloys
characterized by a very varied composition. The definition of high entropy alloy
(High Entropy Alloy, HEA) was not immediately unambiguous: initially, HEAs
were defined based on the complexity of their composition ("alloys made up of at
least five metallic elements, each of which with a molar concentration between 5
and 35%"); to date, to define an alloy, but more generally any material, as "highly
entropic”, it must be characterized by a threshold value of configurational entropy

[147] The configurational entropy is given by the Boltzmann equation:
AScony = —kpInW 4.1.1)

Where k;, is the Boltzmann constant (1.381- 10723 J. K1) and W denotes the number
of ways in which the sample’s atoms or molecules can be organized while retaining
their total energy unchanged (in other words, W represents the number of isoenergetic
microstates that the system can adopt).

For a solid solution consisting of n-components, in which the i-th component is
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characterized by a mole fraction Xi, its ideal configurational entropy is given by:

n
AScony = —R Y XiInX; (4.1.2)
i=1

Where R is the constant gas 8.314 J - mol~'K—1. Considering a solid solution of an
equi-atomic metal alloy consisting of n components, its configurational entropy is

given by:

1.1 1 1 1.1 1
AScony = —kpInW = —R(—ln— +—-In—+...+ —ln—) = —RIn- =RInn
n n n n n o n n
(4.1.3)
As shown in the Table 4.1, the configurational entropy of an alloy strongly depends

on n:

Table 4.1 Values of AS,,,r in function of n

n 1 2 3 4 5 6 7 8 9

AScony 0 069 1.10 139 1.61 1.79 195 2.08 220

According to the most recent definition of HEAs, a high entropy alloy (but more

generally a material) must satisfy the following condition (at 25°C):
ASconf > 1.5R 4.1.4)

In the case of an alloy that is generated by the mixing of different elemental compo-
nents, the formation of a phase is thermodynamically controlled by the Gibbs free
energy, G, which is linked to the enthalpy, H, and the entropy through the following
equation:

AGpix = AHpjx — T ASpix (4.1.5)

The temperature T is the temperature at which the different elements are mixed. The
term AH,,;, includes various contributions (configurational, vibrational, electronic
and magnetic), but the most important one, which makes the others negligible,
at least as far as this discussion is concerned, is the configurational one. [147]
From equation 4.1.5 it can be understood that it is the competition between the
factors AH,,;, and -TAS,,;, that determines the formation of solid phases following
the mixing of the elemental components. A markedly negative AH,,;, value favors



4.1 Entropy stabilization and HEOs properties 61

the formation of intermetallic compounds and bulk metallic glasses (BGMs). On
the other hand, the entropic contribution pushes towards systems made up of solid
solutions characterized by a highly heterogeneous structure in the case of HEAs.
Therefore, At high temperatures, AS,,;x can significantly lower the free energy and

favor the generation of solid solutions. The AH,,;, is given by the following equation:

AH,ix = i AAH M x;x (4.1.6)
i=1,i#j
Where N is the number of elements present in the alloy (usually no more than six)
and x; and x; are the atomic percentages of the i-th and j-th elements in the alloy, and
is the enthalpy of mixture of the equiatomic AB alloy. Just as in binary alloys, also
in HEAs the difference in atomic radius & affects the formation of solid solutions;
for a high entropy alloy, 0 is defined as:

N N2
5= Zx,-(ll\,—dl) 4.1.7)
i=1

i= jxjdj

Where d; and d; are the atomic radii of the i and j-th species. From Figure 4.1 it can
be seen that there are ranges of combinations of the three aforementioned parameters
that lead to the stabilization of solid solutions, intermetallic compounds or bulk
metallic glasses. In particular, HEAs made up of solid solutions have a AS,,;, within
arange of 12-17.5 J/(molK) and low values of 8, intermetallic compounds prevail
if the AS,,;, range varies from 11 to 16 J/(molK) and for higher 6, while BMGs are

favored for low AS,,;., high 6 values and negative AH,,;,.
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Fig. 4.1 Effect of the AS,,;x and AH,,;, on the formation of high entropy alloys, intermetallic
compounds and BMGs.

The first high entropy oxides were synthesized by Rost and others in 2015 [148]
starting from an equi-molar mixture of MgO, ZnO, CoO, CuO, NiO. The selection

of the starting binary oxides was made following these guidelines:

* Crystal structure diversity for at least two components

» The presence of at least one pair of oxides that do not have extensive and

mutual solubility.

* The metals of the oxides must be isovalent in order to guarantee electroneu-

trality even when the cation ratios are varied.

The material obtained by Rost’s group through sintering at 1000°C exhibited a
chaotic multiphase to single rock salt phase transition around 850-900°C. In order to
verify the role of pushing force played by entropy in this transformation, it is useful
to refer to figure 4.2 (a), which reports the value of configurational entropy in a solid
solution of N components as a function (I) of the number of oxides/components (N)
present in the material and (II) their concentration Mol%, Xy. In particular, it can
be seen how, as the number of species present in the composition of the material
increases, the entropy increases and how, with the same N, the maximum entropy

value is reached in correspondence with the condition of equimolar composition. As
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a consequence, as shown in Figure 4.2 (b-f), the temperature at which the system
becomes monophasic has a minimum when all N components are present in an
equimolar ratio, confirming the key role of configurational entropy in stabilizing the
structure of the single phase material.

Fig. 4.2 a) Value of configurational entropy in a solid solution of N components as a function
(D) of the number of oxides/components, N, present in the material and (II) their concentration
Mol%, Xy. (b-f) Partial phase diagrams show how the single-phase transition temperature
varies as a function of composition. It can be noticed that for each component, the transition
temperature is minimal in correspondence with the equimolar composition. Reproduced
from [148]

4.2 HEQOs in Lithium-sulfur batteries

Since HEOs are relatively recent materials, their fields of application still need to be
explored in depth. In the context of LSBs, it has already been mentioned (section

3.3.1) that metal oxides are materials widely used to produce cathodes capable of
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alleviating the shuttling of LiPSs. Catalytic activity is mainly related to metal cation
centers, and recently, multicomponent metal oxides have been shown to be an effi-
cient regulator of soluble LiPSs due to the synergistic effect of several metal cations.
For example, materials such as the spinel NiFe,O4 and NiCo,04 demonstrated to
have enhanced chemical adsorption of LiPSs when compared to the single metal
oxides. [149] In this sense, HEOs are very interesting materials for applications in
LSBs since they possess a highly polar surface capable of offering active sites for
chemically anchoring and catalyzing the conversion of LiPSs. The first to verify
the effective interaction between HEOs and LiPSs were Zheng et al. [150], who
performed theoretical density functional theory (DFT) calculations to evaluate the
binding energy and bond distance between the (100) plane of HEOs with Li;Se.
The results showed great potential for interaction between the two materials. The
theoretical results were confirmed by x-ray photoelectron spectroscopy (XPS) carried
out on the pristine HEOs powders and on the same materials after interacting with
a LiPSs solution. The Ultra Violet-Visible Spectroscopy (UV-VIS) technique was
also used to evaluate the presence of LiPSs in the supernatant of a solution that
interacted with HEOs, and even in this case, the result highlighted a good interaction
HEOs/LiPSs. Similarly, Tian et al. [151] synthesized HEOs nanofibers and carried
out the same chemical-physical tests, obtaining similar results to Zheng ones.

Consequently, it was decided to investigate the possibility of using these high-
entropy materials in the context of Li-S batteries, using the "double-layer" approach
which aimed to mitigate the shuttle effect by restraining the LiPSs on the cathodic
side. The outcomes of the synthesis, characterization, and application of these mate-

rials within a Li-S cell are discussed in subsequent sections of this chapter.

4.2.1 HEOs synthesis and chemical-physical characterization

Typically, HEOs are synthesized by mixing the precursors via ball milling followed
by a solid-state reaction at high temperatures. However, this approach is both
energy and time-consuming. In this work, the synthesis that was used was similar
to the hydrothermal one, but significantly faster and energy-saving. [152, 153] A
hydrothermal synthesis usually consists of two steps: a first in which the precursor
solution is heated to around 150-180 °C for a long time (5h to 2 days) and a second
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calcination step at high temperatures. In the case of this synthesis, although the
second calcination step is still necessary, the first step is significantly reduced in
terms of time (1h) and temperature (130 °C) thanks to the use of a microwave oven
(see Figure 4.3 for a schematic representation of the synthesis route). In particular,
Nickel sulfate hexahydrate (NiSO4.6H,O; Merck), copper sulfate pentahydrate
(CuS04.5H,0; Merck), magnesium sulfate heptahydrate (MgSO4.7H,0; Merck),
cobalt sulfate heptahydrate (CoSO,4.7H,0; Merck) and zinc sulfate heptahydrate
(ZnS0O4.7H,0; Merck) were used as nickel, copper, magnesium, cobalt and zinc
precursors, respectively. Equimolar amounts of the metal salts were separately
dissolved in deionized water to obtain 0.02 M solutions. Then, 40 mL of the aqueous
salt solution (0.1 M) was added to 10 mL sodium hydroxide NaOH solution (1.2 M)
and was magnetically stirred for 15 min. Subsequently, the solution was placed in
the microwave oven (Milestone flexiWAVE) and exposed to microwave irradiation
at 130 °C for 1 h, with a heating time of 5 min (21 °C/min). The solution was then
centrifuged at 7000 rpm (by Thermo Scientific SL16 centrifuge, Thermo Fisher) to
separate the precipitated powder from the solution. The powder was washed several
times with deionized water and ethanol (Aldrich). After drying, the powder was
treated at 930 °C, in air, for 5 h.

Fig. 4.3 Microwave synthesis route of HEOs materials. (1) preparation of the equimolar
acqueous solution 0.1M (2) addition of the NaOH solution 1.2M (3) microwave heating (4)
calcination step in air.

The percentage yield of the reaction, after the necessary washing steps and high
temperature heat treatment, is in the range 23-25%.
Microwave effects: At this point, it may be helpful to delve deeper into the particular-
ities that distinguish the synthesis approach via microwave heating. In a microwave
treatment, heating occurs due to two major mechanisms: dipolar polarization and

ionic conduction. Microwaves commonly heat any material having mobile electric
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charges, such as polar molecules or conducting ions in a liquid or solid. During
microwave heating, polar molecules such as water molecules attempt to orient with
the fast changing alternating electric field; hence, heat is generated by the rotation,
friction, and collision of molecules (dipolar polarization mechanism). In the case of
ions, any ions present in solution will move within the solution based on the orienta-
tion of the electric field, and because this is constantly changing, the ion will proceed
continually shifting directions through the solution, causing a local temperature rise
due to friction and collision, as depicted in Figure 4.4 (a). [154] Figure 4.4 depicts a
comparison of temperature profiles produced by (b) microwave heating and (c) oil
bath heating. Microwave technology, as a result of these principles, can enable quick
volumetric heating with shorter response times and higher reaction rate, selectivity,
and yield when compared to conventional heating methods. Conversely, traditional
heating often includes the use of an electric furnace or an oil bath to heat the reactor
walls and subsequently the reactants by convection or conduction. The reactor serves
as a medium for thermal energy to be transferred from the external heat source to the
solvent, and then to the reactants. The sample’s core takes substantially longer to

reach the desired temperature.

Fig. 4.4 (a) dipole polarization of water molecules in an electric field, (b) temperature profile
of a vessel under microwave heating and (c) in the case of an oil bath.

This type of route often results in heat gradients across the bulk media, as well
as inefficient and nonuniform reactions, which can cause major problems in scale-
up production. Microwave heating, on the other hand, can heat specific materials
without heating the entire furnace or oil bath, saving time and energy. It has been
proven by numerous experiments that microwave heating is capable of increasing

the speed of chemical reactions by several orders of magnitude. However, despite
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numerous efforts to determine precisely the mechanism by which the reaction is
accelerated, a single answer has yet to be identified. In particular, today’s debate
is focused on whether there are the “specific microwave effects” or “non-thermal
microwave effects”. [155, 156] Examples of "specific microwave effects" consist
of superheating, selective heating of polar species in a microwave transparent (or
at least less absorbing) medium, the formation of "molecular radiators" by direct
coupling of microwave energy to specific reagents in homogeneous solution, and
the elimination of vessel wall effects caused by inverted temperature gradients. Mi-
crowave heated liquids can have boiling points that are 10-20 °C higher than the
usual boiling point at atmospheric pressure, making comparison of reaction rates
under conventional and microwave heating problematic. Variations in activation
energy, higher collision efficiency due to mutual orientation of polar molecules, and
probable excitation of rotational or vibrational transitions are among the reported
"nonthermal microwave effects". Perreux et al. postulated that microwave irradiation
boosts the pre-exponential factor A in the Arrhenius law k = A exp(-AG/RT), which
represents the probability of effective molecular impacts. The mutual orientation
of polar molecules participating in the process can significantly influence collision
efficiency. Other studies [157, 158] report the fact that in most cases the increase
in the speed and efficiency of the reaction is simply due to thermal effects deriv-
ing from the reaction temperatures that can be rapidly reached with this heating
method. Conner and Tompsett [159] argued that the major effect of microwave
irradiations on chemical processes is that they can change the reaction profile (or
relative temperatures) instantly and/or periodically. These variations are caused
by large disparities in microwave absorption by molecular species, particularly at
interfaces. Microwave irradiation can thus greatly boost reaction rates by periodically
supplying a more favorable reaction coordinate. In conclusion, it can be said that
the scientific debate on how microwave radiation influences the speed with which
reactions occur is still open and requires further clarification. However, all the cited
studies still observed the beneficial effect of the efficiency of this type of heating
compared to the traditional one.

Physical-chemical characterization - Results

The physicochemical techniques used to characterize the HEO materials and the
electrochemical techniques used to study the Li-S cells based on double layered
cathodes with HEO materials are reported in Appendix B.1.

Figure 4.5 shows the XRD patterns of the powders produced by microwave synthe-
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sis before and after calcination. The visible presence of distinct peaks suggested that
at least a portion of the microwave-irradiated powder was crystalline even before the
thermal treatment at high temperature. Co(OH), (card no. 98-002-6763, hexagonal,
marked as 4) and ZnO (card no. 98-002-6170, marked as ¢) crystalline phases can
be identified in the sample; however, the presence of brucite Mg(OH);, and Ni(OH),
phases cannot be ruled out because their XRD reflexes are partially overlapped
with those associated with the identified phases. The XRD distinctive peaks of the
hydroxide vanished after calcination at 900 °C, but the pattern remained multiphasic
(evident presence of ZnO phase). The diffraction peaks at 20 values of 36.8, 42.7,
62.0, 74.1, and 78.2 are characteristic of (111), (200), (220), (311) and (222) planes
of the rocksalt crystal structure (CoCuMgNiZn)O HEO (peaks designated as &,
space group Fm-3 m) [160] respectively, but tiny peaks due to hexagonal ZnO are
also seen. However, by raising the temperature to 930 °C, it can be noted that the
material becomes monophasic, with the disappearance of the peaks associated with

the ZnO phase and leaving only those relating to the rocksalt structure.

Fig. 4.5 (a) XRD of the materials as extracted and washed from the MW vessel (black
line), after the calcination step at 900 °C (blue) and after the calcination step at 930 °C. the
measurements were performed with Cu K, radiation.
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Furthermore, the relative intensity of the major peaks, (111) and (200), in the
experimental spectra shown in Figure 4.5 is reversed compared to the theoretical one
of the rocksalt structure: The peak connected with the (200) plane is usually more
prominent than the one associated with the (111) plane. In addition, the XRD pattern
displays a noticeable peak broadening of the (200), (220), and (311) reflections, but
not the (111) and (222) reflections. This could be due to anisotropy in crystallite size
or anisotropic lattice disorder, which occurs frequently in HEO materials as a result
of cation/oxygen displacements in the lattice with respect to their theoretical position.
The divergence from the ideal rocksalt structure, as reported by Berardan et al. [161],
is mostly determined by the sample’s thermal history, and the broadening along the
(200), (220), and (311) reflections can be attributed to greater cationic site density
along these crystallographic planes [162]. The N, adsorption/desorption study of
HEO reveals a type IV isotherm [163] (see Figure 4.6 a), with pore size distribution
showing the presence of mesopores (Figure 4.6 b), and a cumulative pore volume of
0.0847 cm?/g. The BET SSA is 32.29 m?/g, which is similar with HEO BET values
obtained using mechanical ball milling [164]. The SSA may be an additional factor
in cell capacity stabilization via surface adsorption of LiPSs, but it plays a limited
impact in this case compared to the chemical interaction [165] because the value is
fairly low.

Fig. 4.6 (a) N, adsorption-desorption isotherms of HEO and (b) pore-size distribution curve
of the same sample.

In order to investigate the morphology of HEOs, FESEM analysis was conducted
on the powders obtained with the calcination treatment at 930°C, the results of which

are shown in Figure 4.7, where FESEM micrographs at different magnification are
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reported. As can be seen, HEOs are made up of grains of agglomerated particles
with a fairly irregular shape whose dimensions are within the nano-micrometric scale
and with well distributed small pores located at the grain boundaries (Figure 4.7) and

similar in morphology and size to those obtained by hydrothermal synthesis. [166]

Fig. 4.7 FESEM micrograph of the HEO powders at different magnification, which highlights
the typical morphology of the synthesized materials.

Energy-dispersive X-ray spectroscopy (EDX) also allowed mapping of the exam-
ined samples to verify their homogeneity from a compositional point of view. The
results of the EDX signals for the K emission energies (4.8) of Mg, Ni, Zn, Co and
Cu confirm the chemical and microstructural homogeneity of the sample since their
distribution is highly uniform throughout the entire analyzed area at the micrometer
level. Furthermore, the compositional analysis performed at the punctual level (right
side of Figure 4.8) allowed to estimate the average atomic composition of O, Mg,
Co, Ni, Cu, and Zn in HEO to be around 49.43%, 9.43%, 9.80%, 9.19%, 9.45%, and
12.7%, respectively, which is nearly equiatomic among the metals, excluding the

possibility of a particular element segregating on the sample surface.

Fig. 4.8 EDX micrographs of the HEO powder which highlights the uniform distribution of
the different metals in the sample. In the right part of the figure is reported a punctual EDX
analysis and the calculated atomic percentages.
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The Transmission electron microscopy (TEM) technique then highlighted (see
Figure 4.9) the presence of lattice fringes, whose average distances between adjacent
lattice planes were identified and calculated using the instrument software in two
different areas. The values obtained, 0.241 nm and 0.21 nm can be associated with
the (111) (Figure 4.9 a) and (200) (Figure 4.9 b) crystalline planes of the material,
respectively, in agreement with the X-ray diffraction data.

Fig. 4.9 TEM micrograph of two different area of the HEO sample, from whose it was
possible to estimate the distances between adjacent lattice planes. (a) Fringes of (111) planes
and (b) of the (200) planes.

In order to evaluate the polysulfide adsorption capability of HEOs material,
a visual adsorption test under argon atmosphere was performed. More precisely,
a solution 0.1 M of Li»S¢ was prepared, directly reacting Li»S and Sg (ratio 1:5
in weight) into a mixture of DME and DIOX (1:1 by volume) for 72 h at 70 °C,
under continuous stirring in an argon atmosphere. The resulting brownish-red Li>S¢
solution was then diluted to 1 mM solution for the polysulfide adsorption test.
Afterward, 50 mg of HEOs powders were added to 4 ml of the prepared 1 mM
solution, which was stirred and allowed to stand for 12h.
As can be seen from Figure 4.10 a, which shows the pristine 1 mM Li,S¢ solution
used as a reference on the left and the one that interacted with the HEOs on the
right, the latter became almost transparent after 12 h. Afterward, the solid product
(HEO-Li,S¢) was filtered and dried in glove box in such a way as to subject it to XPS
analysis, while the pristine Li,S¢ solution and the supernatant of the solution that
had interacted with the HEOs were loaded into quartz cuvette sample holders inside
the argon-filled glove box, then sealed and placed in closed vials. The vials were
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brought out of the glove box to the Jenway 6850 double beam spectrophotometer to
perform the UV—vis analysis, the results of which are shown in Figure 4.10 b. The
pristine Li»Sg solution’s UV-vis adsorption spectra exhibits three UV absorption
bands between the 310-350 nm, 400-450 nm, and 550-650 nm regions. S62* absorbs
strongly at roughly 310 nm [167], with weaker bands observed around 420 nm (S4>7)
and 610 nm S32~ [168]. When the solution is exposed to HEO powder, the typical
bands of Li»S¢ disappear; only a faint peak in the region from 300 to 400 nm arises
from the interaction between HEO and Li;S¢, revealing HEO’s ability to adsorb
LiPSs [169].

Fig. 4.10 (a) Picture of a Li,S¢ adsorption test result using HEO powder; b) UV-vis absorp-
tion spectra of the pristine LiyS¢ solution and the supernatant of the solution after having
interacted with HEO powder.

Moreover, further confirmation of the chemical interaction between HEO and
LiyS¢ is offered through XPS analysis of HEO powder both before and after the
Li,S¢ adsorption test, as depicted in Figure 4.11. The more evident interactions are
observed in the high-resolution spectra of Ni2p, Mgls, and Zn2p [150]. In the case of
Ni2p, Figure 4.11 (a), the spectra can be fitted with two spin-orbit doublets and two
shake-up satellites. The symmetric shape of the primary Ni2p peaks and the presence
of a prominent satellite peak at a higher binding energy point to the coexistence
of Ni>T and Ni** states in the HEO material [170]. All peaks exhibit a shift of
approximately 0.40 eV towards higher binding energies after the Li,S¢ adsorption
test. This shift is symptomatic of the alteration of the chemical surroundings of the

surface of the Ni atoms, providing evidence of a chemical interaction between nickel
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and Li;Se [150]. Additionally, the high-resolution spectra of Mgls and Zn2p exhibit
similar, shifts, with increases of 0.3 eV and 0.1 eV in binding energy, respectively
(Figure 4.11 ¢ and d). These results are attributed to the electropositive nature of
magnesium and zinc, which induces electron displacement away from the metal core
in the presence of LiPSs, resulting in increased binding energy [171]. Figure 4.11 (b)
presents high-resolution O1s spectra, which can be deconvoluted into three distinct
peaks [172]. The peak at 529.3 eV corresponds to lattice oxygen and originates from
the ionic metal-oxygen bond. At 531.3 eV, there is a peak attributed to adsorbed
oxygen species, while the peak at 532.6 eV is linked to -OH groups from adsorbed
moisture in HEO. Following contact with Li;Sg, all of these peaks shift by 0.3 eV
towards higher binding energies. In this context, Zheng et al. [150] proposed through
DFT calculations that an interaction occurs between oxygen species in HEO and
lithium within LiPSs due to the interfacial compatibility between HEO and LiPSs. It
is worth noting that the 0.3 eV binding energy shift in the O1s spectra of Figure 4.11
is relatively small, and the peak intensities remain largely unchanged from pristine
HEO. Consequently, the formation of a chemical bond between lithium polysulfides
and oxygen appears unlikely. In summary, XPS analysis indicates that the primary
factor contributing to the absorption of Li;S¢ is the multi-cation system within the
HEO material.
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Fig. 4.11 High resolution XPS analysis of HEO powders before and after the absorption test
in LipS¢ solution of a) Ni 2p, (b) Mg 1s, (c) Ols and (d) Zn2p (to better visualize the shift,
only the Zn2ps ; peak is shown).

4.2.2 Preparation of double layered HEO based cathodes and
Electrochemical characterization

In order to investigate the electrochemical behavior of HEO in a Li-S cell, I adopted
the "double-layer" approach, in which a second layer of HEO covers a defined "stan-
dard" sulfur cathode. In this way, the HEOs, which are not particularly electronically
conductive nor capable of hosting sulfur in their porosities, are not mixed directly
in contact with the sulfur. The latter is in the first layer in close contact with the
conductive carbon alone, in such a way as to facilitate electrochemical reactions. On
the contrary, the second layer, rich in HEO, acts as a "barrier" for the migration of
LiPSs towards the anode. The Figure 4.12 shows a scheme of the "double-layer"
electrode configuration and the coin cell 2032 used to perform the electrochemical
characterization of the cathodes. All the working electrodes were prepared by solvent
tape casting method. The slurry for the “standard” S cathode (STD) was prepared
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using sulfur, Ketjenblack carbon (KB, EC-300 J, AkzoNobel) and poly(vinylidene
difluoride) (PVdF, Arkema) in Nmethyl-2-pyrrolidinone (Sigma-Aldrich).

Fig. 4.12 Representative scheme of the approach of a double-layered cathode based on High
Entropy Oxides (HEO) and the components that constitute a coin cell.

The composition of the "standard" electrode was established as 70% sulfur (S),
30% Ketjenblack (KjB), and 10% poly(vinylidenedifluoride) (PVdF) by weight
for all the experiments in this section. This ratio was selected aiming to create a
cathode with a substantial sulfur content. The intention was to achieve this using a
straightforward mixing process while also considering the practical application of
the electrodes and their scalability in an industrial context. The specific quantities of
sulfur and Ketjenblack® were initially mixed by hand in an agate mortar. Afterward,
this mixture was placed into a 2 mL Eppendorf tube. Then, an appropriate amount
of PVdF solution (with a concentration of 10% in NMP) was added, along with
an additional volume of NMP to achieve the desired ink viscosity. Finally, the
Eppendorf tube was sealed and subjected to ball milling for a duration of 15 minutes
at a frequency of 30 Hz. The final mixture was mechanically deposited on the
aluminium current collector by Doctor Blade technique. The blade was adjusted for
200 um deposition using an automatic film applicator (Sheen 1133N) with a speed
of 50 mm s~!. After the slurry deposition the coated aluminium foil dried at 50 °C
in air. For the second layer coating, the selected ratio adopted between HEO, KB
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and PVDF was: 90:0:10 and 80:10:10, respectively, named as STD+HEO90 and
STD+HEO®SO0. The blade was adjusted at 200 um for the second layerdeposition .
After solvent evaporation at 50 °C for 90 min, disks of 1.76 cm? were punched out,
vacuum dried at 40 °C for 4 h (in Buchi Glass Oven B-585), and then transferred
into an argon-filled dry glove box (MBraum Labstar, H,O and O, content 1 ppm) for
cell assembly. In the double-coated cathode, sulfur loading was 1.0 mg/cm™2. The
electrodes were assembled in 2032 coin-type cells with lithium disk (Chemetall Foote
Corporation, & 16 mm diameter) as counter electrode and Celgard 2500 separator,
(25 pm thickness, @ 19 mm diameter). The electrolyte solution consisted of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) as electrolyte with 1.0
M lithium bis(trifluoromethanesulfonyl)imide (CF3SO,NLiSO,CFj3, LiTFSI) and
0.25 M lithium nitrate (LiNO3, 99.9%). The amount of electrolyte was calculated
based on the sulfur content in each cathode, always maintaining a ratio of 10-11 uL
of electrolyte per mg of sulfur.

Electrochemical results

The first electrochemical test that was carried out had the objective of evaluating
the influence of HEOs on the redox reaction and conversion of LiPSs; in this sense,
a very useful technique is cyclic voltammetry (CV), which was performed at the
scan rate of 0.01 mV s~ ! in the voltage range of 1.7-2.8 V vs Li/Li* . This type
of analysis was carried out only on the standard sulfur sample and on the double
coated cathode with the maximum amount of HEOs (90,,; %) since the aim of this
characterization was to investigate the effect of HEOs on the reactions and kinetics
of the Li-S cell. As a result, increasing the percentage of HEOs in the double layer
permits emphasizing their role in this context.

As depicted in Figure 4.13 and Figure 4.14 (a) and (b), the CV profiles illustrate the
characteristic occurrence of two pairs of redox peaks. These peaks are attributed to
the cathodic reduction of sulfur (S) into long-chain lithium polysulfides at 2.27 V,
followed by the conversion of the long-chain LiPSs into lower-order Li»S, and Li,S
at 2.05 V. The two anodic oxidation peaks represent the process of oxidizing Li»S
into LiPSs and sulfur, occurring at 2.34 V and 2.38 'V, respectively. Remarkably,
when comparing the standard (STD) cathode (as seen in Figure 4.13 a and b) with
the STD+HEO90 cathode, the former exhibits broader cathodic peaks with lower
intensities. This observation corroborates the hypothesis of slower redox kinetics of
LiPSs for both liquid/liquid and liquid/solid transformations for the STD electrode
when compared with the double coated one. The CV curves shed to light the
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significant influence of HEOs on the conversion of short-chain lithium polysulfides
(Lip Sy, 1<x<4) into the ultimate Li,S. This is evident as the reduction peak at 2.06
V and the oxidation peak at 2.35 V are more pronounced in the presence of the
STD+HEQO90 cathode compared to the STD cathode.

Fig. 4.13 (a) Comparison of the first cycle of the cyclic voltammetry performed at 0.01 mV
s~! for the STD sulfur electrode and the STD+HEO90 electrode and (b) comparison of the
third cycle of the CV.

The onset potentials and peak potentials values can be found in Table 4.3; the
onset potentials were determined using the method proposed by Yuan et al. [173],
and the differential CV curves (dI/dQ) are presented in Figure 4.14(c) and (d). As
indicated in Table 4.3, the inclusion of an HEO layer leads to a slight increase in the
onset potentials for both the reduction of sulfur (S) and LiPSs. This increase can be
attributed to the faster kinetics facilitated by HEO. In particular, for the STD cathode,
a shift towards lower potentials in the reduction peaks is observed starting from the
second cycle (as shown in Figure 4.13 and Figure 4.14 a ). These differences between
the first and subsequent cycles indicate a redistribution of active sulfur within the
STD cathode towards a less stable state. Conversely, the overlapping peak positions
in the CV of the STD+HEQO90 cathode suggest a more reversible electrochemical
reaction (as depicted in Figure 4.14 b).
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Fig. 4.14 Cyclic voltammetry measurements (four cycles) at 0.01 mV/s in the voltage range
of 1.7-2.8 V vs Li/Li™ of a) STD and b) STD+HEQ90; ¢), d) corresponding derivative dI/dV,
which helped to evaluate the onset of the electrochemical reactions.

Table 4.2 Comparison of different cathode materials for LIBs.

Onset potential [V]

1¥" cycle I n o 1w
STD 237 212 222
STD+HEO 2.39 2.11 2.24

Peak Voltage [V]

15" cycle I on o 1
STD 227 205 233 238
STD+HEO 229 206 236 2.38
3 cycle 1 1) G 1 | G A
STD 225 202 232 237
STD+HEO 229 206 235 237
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To further explore the impact of utilizing a cathode double-coated with HEO on
the redox kinetics of soluble intermediate LiPSs, cyclic voltammetry (CV) measure-
ments were also conducted at different scan rates (from 0.1 mV s~! t0 0.5 s~! mV.
As illustrated in Figure 4.15, the linear correlation observed between the redox peak
currents and the square root of the scan rate suggests that the rate-determining step
in this process is the diffusion of LiPSs. The slopes of the curves in Figure 4.15
(panels c, d, and e) are directly associated with the respective LiT™ diffusion rates
[174] through the Randles-Sevcik equation:

. 5y 3 1
i, = (2.687 x 10°)n2ACy;+ D> 4.2.1)

Where the constant term 2.687 x 10° has the unit of [C-mol’l-V%], n is the
number of electrons transferred in a redox cycle, A is the electrode surface area
[cm?], C;+ is the concentration of LiT inside the cathodic material [mol-cm—3] and
D is the Li* diffusion coefficient [cm?-s~!]. Notably, the steeper slope observed
for the STD + HEO electrode, in comparison to the STD electrode alone, indicates
swifter Li* diffusion processes within the double-coated cathode. In particular, HEO
amplifies the conversion of soluble Li;S, into insoluble Li,S (peak II). [175]

The activity of HEO materials in the Li-S cell is further investigated by galvanostatic
charge/discharge testing at C/10 for the first three cycles, followed by a longer period
of galvanostatic cycling at C/5 (250 cycles). These tests aim to assess the double-
layer contribution and the impact of the layer composition on the performance of the
Li-S cell. To delve deeper into this aspect, cathodes with two different HEO contents
in the double layer, 80% and 90% by weight, were tested. This investigation aimed
to determine which composition could maximize the advantages of HEO materials,
as previously suggested by the results of cyclic voltammetry experiments, while also
addressing their low electronic conductivity (1078 S-em~1) [176]. All potentials
are referenced against Li/Li* . It is important to underline that the mass loading
of active material (sulfur) is very similar for all three samples (1 mg cm2), as is
the quantity of electrolyte used in each cell (10 uL mg~! of sulfur). Keeping these
parameters unchanged, which can significantly influence the performance of a Li-S

cell, allows for more accurate comparisons.
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Fig. 4.15 Cyclic voltammetry measurements performed at different scan rates in the voltage
range of 1.7-2.8 V vs. Li/Li* : (a) STD cathode, (b) double-coated cathode (STD+HEQ90).
The relationship between the peak current and the square root of the scan rate for the different
reaction processes in STD and STD+HEOQO90 is associated to peak I (c), peak II (d), peak III

(e).

As depicted in Figure 4.16, the standard (STD) cell exhibits an initial capacity
of 778 mAh g~! at C/10, whereas the STD+HEO90 and STD+HEOSO0 cells show
initial capacities of 1173 mAh g~! and 1175 mAh g~!, respectively. It is evident
that the inclusion of HEO in the double-layer leads to a higher specific capacity
compared to the standard cell, resulting from more efficient sulfur utilization. A
particularly interesting aspect observable from the discharge profiles of the cells is
that the samples containing the double layer of HEO exhibit a more extended high
potential plateau (2.3-2.1 V) compared to the STD sample. This demonstrates how
the presence of HEO can increase the efficiency of sulfur conversion into long-chain
polysulfides, as the plateau at around 2.2 V reflects the dissolution of Sg in the
electrolyte and its subsequent conversion to LiS4. The higher capacity exhibited by
the STD+HEO samples is therefore attributable to the confinement of LiPSs on the
cathode side and the greater degree of conversion from Sg to LiySy.
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It is worth to note that the addition of 10% carbon in the double layer (STD+HEO80)
does not affect the capacity values at C/10, which remain the same in both STD+HEOS80
and STD+HEQO90 cells. Consequently, the capacity at low current regimes is solely
attributed to the presence of HEO in the double-layer, excluding any significant
contribution from the carbon additive. After 250 cycles at C/5, the specific capacity
of STD+HEO90 and STD+HEOS0 is 528 mAh g~ ! and 650 mAh g~!, respectively.
The capacity retention for STD+HEQO90 is 61%, and for STD+HEOQOSO, it is 69%,
considering the values at the initial cycle at C/5 and after 250 cycles at the same cur-
rent regime. These differences in capacity retention between these cells are primarily
due to the higher conductivity of the double layer in STD+HEOS80, which includes
an additional 10,,;% carbon. In fact, when we increase the C rate from C/10 to C/5
in the STD + HEOO0 cell (as shown in Figure 4.16 c), we observe a 16% reduction
in capacity. In contrast, the STD+HEOSO cell (Figure 4.16 d) only experiences a 7%
capacity loss, indicating a more even distribution of non-conductive sulfur on the
conductive carbon in the STD+HEOS80 cathode. This improved distribution leads to
enhanced performance at higher current rates. Therefore, adding 10,,;% of carbon
in the double layer has the sole effect of improving the specific capacity after 250
cycles at C/5.

It is important to emphasize that, although the capacity retention of the two double
layer samples after 250 cycles at C/5 was similar to that exhibited by the STD
cathode (about 45%), the capacity in absolute terms was higher for both double layer
cathodes (657 and 528 mAh g~! for HEO80 and HEO90 vs 450 mAh g~! for the
STD cathode, with the same sulfur mass loading of the electrodes). These findings
highlight the long-term stability of the STD+HEOS80 and STD+HEO90 cells, and
the coulombic efficiency remains relatively constant at 99.3% and 98.7% over 250
cycles at C/5 respectively, indicating limited side reactions in the double-layered
cells.
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Fig. 4.16 Cycling performance of STD, STD+HEO90 and STD+HEOBSO cells: the protocol
consists of three formation cycles at C/10 followed by 250 cycles at C/5. The panels show
the capacity versus voltage plots for: b STD cell, ¢ STD+HEQO90 cell, d STD+HEOSO0 cell.
Sulfur loading: 1.0 mg cm~2, electrolyte to sulfur ratio: 10 ul mg ~!

The dQ/dV (derivative of capacity with respect to voltage) profiles at different cy-
cle numbers of the cells when operating at C/5 (as shown in Figure 4.17) demonstrate
that STD + HEO90 and STD + HEO80 cathodes contribute more significantly to the
reduction reaction at lower voltages. This is due to the conversion of short-chain
LiPSs into the final product, Li;S. Specifically, the peaks at 2.05 V (during reduction)
and 2.25 V (during oxidation) exhibit greater intensity than those of the STD cathode.
This consistency aligns with the observations from CV measurements. In general,
the comparison of derivative-voltage profiles confirms enhanced process reversibility
in the double-layer cathodes, attributed to the active role of HEO in the conversion
of LiPSs.

To further analyze the capacity characteristics of the double layer in comparison
to the STD cathode, we determined the capacity contributions from the upper plateau
discharge capacity (Q;) and the lower plateau discharge capacity (Q;). The ratio
(Q2/Qq) versus cycle number is presented in Figure 4.17 (d) for both STD and
STD+HEQ90 cells. Manthiram et al. [177] reported that the Q,/Q ratio should
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be equal to 3, as the theoretical capacity attributed to Q; is 419 mAh g~! and that
of Q, is 1256 mAh g~!. However, practical Li-S cells experience deviations from
this theoretical ratio due to shuttle effects and/or inappropriate reactions, causing it
to fall significantly below the theoretical value. As observed in Figure 4.17 d, the
STD+HEQ90 electrode demonstrates higher Q,/Q; values, approximately 2.3 at
C/10 and 2.1 at C/5 over 100 cycles, compared to the STD (which exhibits values of
around 2.2 at C/10 and 1.8 at C/5). This indicates that the double layer containing
HEO facilitates a more efficient conversion of LiPSs and improved sulfur utilization
over 100 cycles at C/5.

Fig. 4.17 dQ/dV curves obtained from the galvanostatic charge/discharge cycles shown in
Figure 4.16 for: (a) STD electrode, (b) STD+HEO90, (c) STD+HEOS0 and in panel (d) the
ratio Q2/Q; for STD and STD+HEO90 vs cycle number is reported.

Figure 4.18 displays the electrochemical impedance spectroscopy (EIS) responses
for the pristine (uncycled) cathodes, and after eight CV cycles, the EIS results were

analyzed using the equivalent circuit depicted in Figure 4.18 d. For all the samples,
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a semicircular feature at high frequencies is evident, intersecting the real impedance
(Zge) axis at the resistance (Ry), and then at R¢+R,;. The diameter of this semicircle
represents the charge transfer resistance (R.). For the three pristine electrodes, this
value is approximately 36 ohms. However, after eight CV cycles, there is a slight
increase in R, for the double-layer electrodes, while it remains relatively stable
for the standard cathode, taking into account small experimental variations. This
increase is more pronounced with a higher content of HEO in the double layer. After
eight CV cycles, the change in R, is attributed to the formation of a more resistive
cathode-electrolyte interface (CEI) on the HEO-modified electrodes. Notably, the
greatest increase is observed in the STD+HEO90 cathode. At lower frequencies,
a linear relationship is observed between Zg, and -Z;,,, indicating processes with
long, constant-time characteristics such as the diffusion of reactive and non-reactive
ions that can accumulate within the electrode pores. This is fitted with a constant
phase element (CPE), denoted as "W" in Figure 4.18 d. Comparing with the pristine
cathodes, the responses of the STD+HEOS80 and STD+HEQO90 electrodes exhibit a
more capacitive behavior as they have steeper slopes, while the STD cathode shows
less capacitive behavior with a shallower slope. After eight CV cycles, the capacitive
behavior diminishes, and the slope at low frequencies decreases. Furthermore, there
are no significant differences between STD+HEO80 and STD+HEQO90. In summary,
the double-layer cathode exhibits an increase in R, after cycling, primarily due to a

more resistive CEI, which is associated with the presence of the second layer.
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Fig. 4.18 Nyquist plots for STD (a), STD+HEOS80 (b), STD+HEO90 (c¢) cathodes, before
and after eight CV cycles. The fittings are represented by solid lines, while the experimental
data by points. In panel (d) is shown the equivalent circuit used to fit the data.

Finally, the rate capability of the cathodes was assessed by applying an increasing
current over 5 cycles, ranging from C/10 to 1C, as illustrated in Figure 4.19. In
this testing conditions, it was observed that the STD+HEOS8O cell exhibited the best
performance. Starting with an initial capacity of approximately 1000 mAh g~! at
C/10, it delivered capacities of 930, 840, and 520 mAh g_1 at C/5, C/2, and 1C,
respectively. The results from the rate capability tests emphasize that there are limited
advantages in terms of high C rates for the STD+HEO90 cathode when compared to
the standard one. In fact, there is a noticeable voltage hysteresis between the charge
and discharge curves for the STD+HEQO90 cell, especially at C/2 (as shown in Figure
4.19 (e). This is primarily due to the low conductivity of S (approximately 5x 1073
S cm~! and HEO in the electrode. However, in contrast to the standard cell, when the
C rate is reduced to C/10, the voltage hysteresis of the STD+HEO90 cell significantly
diminishes (as indicated in Figure 4.19 (f)). Most of the reversible capacity, around
1065 mAh g~!, is recovered, with very gradual capacity degradation of just 0.15%
per cycle from the 45" to the 100" cycles. This underscores the synergistic affinity
of the multi-element composition in HEO for lithium polysulfides, leading to stable
cycling performance (as depicted in Figure 4.19 b).
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Fig. 4.19 Results of the rate capability test carried out on the three cathodes. (a) Enlargment
of the cycles where the current was progressively increased (b) capacities of the cells over
the entire test. In panels (c), (d) and (e) are reported the charge/discharge profiles of the
three cathodes over the rate capability test, while panel (f) shows the profile curves of the
STD+90HEO cathodes for the cycles performed at C/10 after the rate test.

Finally, Table 4.3 summarizes the works published so far in which HEOs have
been used in the context of Li-S batteries, together with some information regarding
the performance of the various materials/cathodes reported. The sulfur loading,
electrolyte/sulfur ratio, C-rate, long cycling capacity, cycle number, and year of

publication are summarized for various cathode materials. Notably, our work on the
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S@HEOpgupleLayer Shows a competitive performance with a long cycling capacity
of 410 mAh g! at a C-rate of 0.2C and 500 cycles, demonstrating the potential of
double-layer HEO structures in enhancing battery performance.

In summary, the data illustrates that while different configurations of HEO-based
cathodes offer varying advantages in terms of capacity and cycle stability, there is a
clear potential for optimizing these materials to achieve both high capacity and long
cycle life in Li-S batteries.



Table 4.3 Table of comparison of the published work involving HEO in the Li-S batteries literature.

Cathode S‘Eﬁ‘;rj;af‘j?g Elec[tﬁlr}g;/,sl ]r A0 pae  LOME [Criiﬁli “ ]p acity Cycle number Year of publ. Ref.
S@HEO/KB 1.2 - 0.5 479 600 2019 [150]
S@HEOyano fivers/ CNT 1.4 20 1C 544 500 2023 [151]
S@HEOg,parator - - 0.5C 689 200 2023 [178]
S@HEOpubieLayer 1.0 10 0.2C 410 500 2022 our work [179]
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Chapter 5

Reduced Graphene Oxide/Zinc
Sulfide based cathode

In this case, the approach to obtain an innovative and good-performing cathode
for Li-S batteries was quite different compared to that used in the double-layer of
HEO. In particular, this work was inspired by the integration of carbon-based mate-
rials, such as hierarchically porous and microporous carbons [180, 181], N-doped
carbon nanofibers [182], and graphene-based porous carbon [183], with inorganic
materials such as Co and CoSe nanoparticles [184, 185], or metal oxides/sulfides.
This approach aims to simultaneously exploit the excellent electrical conductivity of
the former materials and the strong chemical affinity with polysulfides of the latter.
Notably, metal sulfides have been explored as potential cathode materials for Li-S
batteries due to their ease of preparation, high electrochemical activity, and redox
chemistry [186, 187]. Additionally, it has recently been found that certain materials,
such as VS,, TiS;, CoS,, can act as catalysts in promoting the oxidation of Li,S
[188]. Consequently, utilizing sulfide-based cathodes presents a promising means to
mitigate the shuttle effect, enhance sulfur utilization, and significantly improve the
characteristics of Li—S batteries [189]. In this context, Zhang et al. [190] developed a
composite cathode employing ZnS nanoparticles to facilitate the conversion of LiPSs,
while Liu et al. [191] introduced an interlayer embedded with ZnS nanoparticles
to trap LiPSs and reduce the shuttle effect. In our study, we developed an innova-
tive composite material consisting of a graphene framework doped with nitrogen
and sulfur on which zinc sulfide nanoparticles were directly formed by a one-step

microwave synthesis. This combination of materials has proven successful in the
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production of a cathode material that is well-suited for lithium-sulfur batteries. The
graphitic network provides excellent electronic conductivity for sulfur conversion,
and the doping with graphene, together with the presence of ZnS nanoparticles, pro-
vides robust interaction and catalytic activity towards LiPSs, effectively mitigating
the shuttle effect.

5.1 SN-rGO and SN-rGO/ZnS synthesis and cathodes

preparation

In order to evaluate the electrochemical effect of ZnS nanoparticles, two different
samples were prepared: one named as sulfur-nitrogen doped rGO (SN-rGO) and a
second one referred as sulfur-nitrogen doped rGO embedded with ZnS nanoparticles
(SN-rGO/ZnS). Their synthesis was carried out according to the procedure described
below. For the SN-rGO sample, 105 mg of graphene oxide (GO), purchased from
Cheap Tubes Inc, Cambridgeport, VT, USA, was added to a 100 mL Teflon reactor
equipped with pressure and temperature sensors (Milestone FlexyWave, Milestone
Inc, Shelton, CT, USA). This GO was mixed with 50 mL of deionized (DI) water
and subjected to 30 minutes of sonication using an Elmasonic P 30H sonicator.
Subsequently, 71 mg of thiourea were added to the mixture and sonication was
continued for an additional 30 minutes. The resulting uniform slurry was irradiated
in a microwave at 200°C for 15 minutes, with a gradual heating ramp of 2 step
minutes to reach the desired temperature. The maximum pressure reached during
this process was 15 bar. The reactor was then allowed to cool to room temperature
(RT) and the resulting suspension was collected in small containers, washed with DI
water and subjected to freeze-dried using a Lio 5P freeze dryer (5Pascal, Trezzano
sul Naviglio Milano, Italy) until all the water was removed. The synthesis of SN-
rGO/ZnS followed a similar procedure: 105 mg of GO and 219 mg of zinc acetate
were dispersed in 35 mL and 15 mL of DI water, respectively. After 30 minutes of
sonication, the two solutions were combined and 142 mg of thiourea were added.
The microwave synthesis parameters remained consistent with those used for the
SN-rGO sample. In order to load the two samples SN-rGO and SN-rGO/ZnS with
sulfur, a melt infusion procedure was carried out for both. Pure sulfur (99.5% Sigma
Aldrich) and the SN-rGO (as well as SN-rGO/ZnS) powders were gently mixed in a

3:1 weight ratio using a mortar and pestle. The resulting mixture was then placed
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in a furnace tube under a stream of argon, where it was heated to 155 °C with a
gradual increase in temperature at a rate of 2.5 °C per minute to reach 155 °C(step 5
of the scheme shown in Figure 5.1). This heating process lasted 12 hours allowing
for the sulfur to infiltrate the carbonaceous material. The microwave synthesis
method employed in this study to produce SN-rGO and SN-rGO/ZnS is illustrated in
Figure 5.1. Initially, an aqueous dispersion of graphene oxide (GO) underwent 30
minutes of sonication. This step aimed to increase the negative charges on the GO’s
surface, facilitating the attraction of Zn>* ions through electrostatic interactions and
generating defective sites [192, 193]. While the temperature increased, the thermal
reduction of GO began, but it was not entirely completed. As the temperature reached
200°C, thiourea decomposed, yielding highly reactive N/S-rich species, including
H,S, NHs, and CS;. These reactive species readily reacted with the aforementioned
defective sites generated by the removal of oxygen-containing groups on GO, thus
completing the reduction and doping process [194, 195]. Simultaneously, ZnS
nanoparticles nucleated and grew on the surface of rGO due to the coordination of

S2~ ions, originating from CS,, with Zn>t ions.

Fig. 5.1 Scheme of the microwave-assisted synthesis of the SN-rGO, SN-rGO/ZnS, and the
following melt infusion step to produce the SN-rGO/Sg and SN-rGO/ZnS/Sg samples

It is important to highlight the optimization of the entire synthesis process in
terms of time and steps required. Thiourea served both as a precursor for GO doping
and as a sulfur source for the generation of ZnS nanoparticles. The yield of the
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reactions was calculated to be 45.5% and 85.7% for the doped rGO/ZnS and doped
rGO, respectively. Additionally, the microwave heating process was significantly

faster compared to the traditional hydrothermal method.

The physicochemical techniques used to characterize the materials, the method
of preparing the electrodes, and the electrochemical techniques used to character-
ize the Li-S cells based on rGO/ZnS and rGO materials are reported in Appendix B.2.

5.2 Physical-chemical characterization

The morphological investigation of the SN-rGO and SN-rGO/ZnS samples was
carried out using the FESEM and TEM techniques, as reported in Figure 5.2. In
particular, the micrograph of the former is shown in Figure 5.2 (a) while the one of
the latter in 5.2 (b). Notably, both specimens showcase the characteristic exfoliated
structure of reduced graphene oxide, along with the evident presence of evenly
distributed nanoparticles on the carbonaceous surface in the sample synthesized in
the presence of zinc acetate. The average size of these nanoparticles is around 80 nm,
as it is shown in Figure 5.2 (c). The TEM analysis was exclusively performed on the
SN-rGO/ZnS sample, in order to deeply investigate the morphology and cristallinity
of the nanoparticles, and the results are shown in Figure 5.2 (d) (e) (f). Basically,
this investigation brought to light the fact that the ZnS nanoparticles are made up
of primary particles much smaller than 80 nm, as can be seen from Figure 5.2 (d);
moreover, it was possible to evaluate the crystallinity of the ZnS nanoparticles by
estimating the distance between the (111) planes to be around 3.07 A, in conformity
with the previous literature [196, 197].
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Fig. 5.2 FESEM micrographs of (a) SN-rGO sample (b) SN-rGO/ZnS sample (c) enlarge-
ment of the SN-rGO/ZnS sample, from which it was possible to estimate the nanoparticles
size. TEM micrographs of the SN-rGO/ZnS sample, (d) a conglomerate of ZnS primary
nanoparticles (e) enlargement of the previous micrograph from which some lattice fringes
are visible (f) estimation of the interplanar distance between the (111) planes.

The superficial elemental distribution of the two samples was investigated with
the EDS analysis (see Figure 5.3). For each sample, three different areas were
analyzed to obtain reliable information about the average composition of the elements.
As expected, zinc is present only in the sample called SN-rGO/ZnS, while all the
other elements used in the synthesis phase were detected in both samples. In the
case of ZnS nanoparticles (Figure 5.3 b) the weight and atomic percentages of sulfur
and zinc are much higher than those observed on a larger area of the sample (Figure
5.3 a), however the other elements (C, N, O) are present in non-negligible quantities,
probably due to the very nature of the type of analysis. Regarding the SN-rGO
sample, the results align with what was expected since N and S are in significantly
lower quantities than carbon. All weight and atomic percentage values of the EDX

analysis are shown in Table 5.1.
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Fig. 5.3 EDX superficial analysis standard for (a) SN-rGO/ZnS wide area, (b) ZnS nanoparti-
cles, (¢) SN-rGO wide area.

Table 5.1 EDS element analysis reported values for the three samples reported in Figure 5.3

(a) SN-rGO/ZnS (b) ZnS nanoparticles (c) SN-rGO
Wt% Atomic% Wt% Atomic% Wt% Atomic%

Element

C 25.64  40.27 16.99 36.15 81.59 85.50
N 21.29 28.66 7.19 13.12 4.28 3.84
O 9.04 10.65 3.32 5.31 12.98 10.20
S 25.74 15.14  42.05 33.52 1.15 0.45
Zn 18.29 5.28 30.45 11.91 - -

Total 100 100 100 100 100 100

The investigation of the functional groups and surface chemical composition of
SN-rGO and SNrGO/ZnS was conducted using X-ray photoelectron spectroscopy
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(XPS). The survey spectra for both samples, depicted in Figure 5.4, reveal S2p, Cls,
and N1s peaks at approximately 164, 284, and 400 eV, respectively. As expected,
the Zn2p peak at around 1021.4 eV is exclusively detected in the SN-rGO/ZnS
sample. Initial insights from the survey spectra include the confirmation of nitrogen
and sulfur incorporation into the graphene networks, supporting the hypothesis of
heteroatoms doping. Furthermore, the presence of thiourea appears to enhance the
reduction degree of graphene oxide (GO), as indicated by the C/O ratio of 3.01 for
SN-rGO and 4.62 for SN-rGO/ZnS, surpassing typical values for GO. The nitrogen
content in SN-rGO and SN-rGO/ZnS is 8.9 at.% and 7.4 at.%, respectively, while
sulfur doping is quantified as 7.25 at.% for the former and 6.5 at.% for the latter
(Table 5.2).

Fig. 5.4 XPS survey spectra for (a) SN-rGO and (b) SN-rGO/ZnS samples.

Table 5.2 Atomic percentages of the element detected in the XPS surveys of SN-rGO and
SN-rGO/ZnS

Sample C (at%) O (at%) N (at%) S (at%) Zn(at%) C/O

SN-rGO 66.3 £0.5 20.2+03 89+04 7.2+£03 - 3.01
SN-rGO/ZnS 663 £0.7 148 £0.5 74+0.5 65402 50+03 4.62

Detailed examination of the chemical environment of C, N, S, and Zn atoms
was performed through high-resolution Cls, N1s, S2p, and Zn2p spectra, presented
in Figures 5.5 (a) (b) (¢) for SN-rGO and Figure 5.5 (d) (e) (f) and Figure 5.6 for
SN-rGO/ZnS. Deconvolution of the Cls spectrum (Figures 5.5 a and d) highlights
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the reduction in the intensity of oxygen-containing functionalities of GO, such as
C-0O/C=0 and O=C-OH, with the introduction of N and S into the carbon network
for both SN-rGO and SN-rGO/ZnS. The high-resolution S2p peak for SN-rGO/ZnS
exhibits peaks (Figure 5.5 e) associated with the Zn-S bond (160.8 eV), thiophenic
-C-S-C- (162.4 eV), and conjugated -C=S- bond (163.6 eV), confirming the forma-
tion of ZnS nanoparticles. In contrast, the S2p spectrum of SN-rGO (Figure 5.5
b) shows a peak at 164.3 eV attributed to -C-S-C- and -C=S- bonds, without the
Zn-S bond peak at 160.8 eV, indicating the absence of ZnS nanoparticles in the
SN-rGO sample. Two additional peaks at 162 and 168.5 eV in the S2p spectrum
of SN-rGO suggest the presence of sulfide and sulfate -SOx groups at the graphene
edges. The N1s spectra for both SN-rGO and SN-rGO/ZnS were deconvoluted
into three peaks (Figures 5.5 ¢ and f), indicating the predominance of pyridinic and
pyrrolic N in both samples, with a lower content of graphitic-like N. Notably, the
amount of pyridinic N is almost double in SN-rGO/ZnS compared to SN-rGO, which
is significant for applications where pyridinic N is a preferred adsorption site for
lithium polysulfides (LiPSs) [198—200]. The Zn 2P; /2 spectrum (see Figure 5.6)
was completely deconvoluted with a single peak corresponding to the Zn-S bond,
thus confirming the presence in the sample of a compound with this composition.
Quantitative XPS data for the two samples are provided in Table 5.3.

Fig. 5.5 XPS high resolution spectra of Cls, S2p and N1s of the SN-rGO sample (panels a, b
and c¢) and SN-rGO/ZnS sample (panels d, e ,f)



5.2 Physical-chemical characterization 97

Fig. 5.6 High resolution spectra of Zn 2p for the SN-rGO/ZnS sample.

Table 5.3 : Position in term of binding energy [B.E.] and quantification [Area %] of the peaks
used to deconvolute the XPS data of SN-rGO and SN-rGO/ZnS.

. SN-rGO SN-rGO/ZnS
Species
B.E.[eV] Area[%] B.E.[eV] Area[%]
C-C 284.80 68.17 284.50 84.40
C-O/C-N 285.67 15.35 286.20 5.90
s CIS C=0 286.43 8.80 287.40 3.70
§ 0O=C-OH 287.43 4.48 288.90 4.70
7y n-m* 288.74 3.12 291.30 1.30
.§ S-Zn - - 160.80 42.80
% Sulfide 162.05 6.17 - -
§ S2P -C-S-C 164.31 82.83 162.40 41.10
= -C=S- - - 163.60 16.10
-é” Sulfate 168.54  11.00 i i

Pyridinic N 398.66 23.14 398.20 52.20
N1S Pyrrolic N 400.09 68.10 399.90 44.90
Graphitic-like N 401.84 8.76 401.90 2.90




98 Reduced Graphene Oxide/Zinc Sulfide based cathode

The physical-chemical properties of the pristine SN-rGO and SN-rGO/ZnS were
further investigated using XRD, BET, and TGA techniques. These analyses were
also applied to examine the materials after the sulfur loading in the tubular oven, as
depicted in Figure 5.1. The resulting samples after the infiltration step are denoted as
SN-rGO/Sg and SN-rGO/ZnS/Sg. The XRD spectra of SN-rGO and SN-rGO/ZnS,
depicted in Figure 5.7, do not show any signal at 260 = 10.6, associated with the (001)
lattice plane and corresponding to a d-spacing of 0.83 nm in GO. This observation
confirms the reduction of GO during microwave synthesis. In the SN-rGO sample,
the removal of oxygen-containing groups results in a broad diffraction peak (002)
between 21° and 30°, corresponding to a d-spacing of 0.38 nm [201]. In the SN-
rGO/ZnS spectra, a crystalline phase is evident, identified by characteristic positions
at 28.5°,47.6°, and 56.3° representing the (111), (220), and (311) lattice planes of
ZnS, respectively. The XRD spectra of the two rGO infiltrated with sulfur, shown in
the upper part of Figure 5.7, exhibit similarities due to the prominent presence of

sulfur patterns obscuring the peaks of the two pristine materials.

Fig. 5.7 XRD spectra of the pristine SN-rGO, SN-rGO/ZnS and their correspectives after the
sulfur melt infusion, denoted as SN-rGO/Sg (light red line) and SN-rGO/ZnS/Sg (light green
line).
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The analysis of nitrogen adsorption-desorption for SN-rGO and SN-rGO/ZnS,
depicted in Figure 5.8 (a) and (b), reveals notable distinctions for the two samples:
the former displays a reversible Type II isotherm indicative of monolayer coverage
and multilayer adsorption in non-porous adsorbents, while the latter exhibits a Type
H3 hysteresis loop, likely attributed to slit-shaped pores formed by the overlap of
multiple rGO layers separated by ZnS nanoparticles [202, 203]. These findings align
with the morphological features observed in Figure 5.2 for the two samples. The
isotherms of the two samples, following infiltration with sulfur (Figure 5.8 ¢ and
d), display a reversible Type II behavior without any discernible porosity, likely
attributed to the insertion of Sg into the cavities of the pristine materials. Using
the Brunauer—Emmett—Teller (BET) model, the specific surface areas of SN-rGO,
SN-rGO/ZnS, SN-rGO/Sg, and SN-rGO/ZnS/Sg were determined to be 30.6 m?- gfl,
56.9m?.g~!,7.9m?.g!, and 8.8 m>-g~!, respectively. It is evident that the presence
of ZnS nanoparticles enhances the surface area by almost twofold, a desirable feature
for increasing available sites for LiPSs adsorption. Similarly, after sulfur infiltration
for both composites, the surface-specific area is comparable, indicating that the pores

induced by the presence of nanoparticles become blocked after sulfur loading.
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Fig. 5.8 (a) N, adsorption-desorption isotherms of SN-rGO (b) SN-rGO/ZnS (c) SN-rGO/Sg
and (d) SN-rGO/ZnS/Sg, with the calculated surface area based on BET model.

The thermogravimetric analysis (TGA) was conducted on all prepared samples
to assess the weight percentage of ZnS nanoparticles in SN-rGO/ZnS and the sulfur
loading in the infiltrated samples. Specifically, Figure 5.9 (a) presents the TGA
results of SN-rGO and SN-rGO/ZnS, revealing a substantial residue (48.11%,,,) in
the case of SN-rGO/ZnS. Based on this data, the estimated weight percentage of ZnS
is approximately 57.6%,,,, considering the ratio between the molecular weight of
ZnS and ZnO, as ZnS is oxidized into the latter at high temperatures [204]. The TGA
curves of the composite materials after the melt infusion step, illustrated in Figure
5.9 (b), exhibit a similar trend over temperature. In particular, the SN-rGO and SN-
rGO/ZnS samples can accommodate around 69%,,; and 63%,,; of sulfur within their
structures, respectively. This discrepancy may be attributed to the distinct pore sizes
of the two materials, as previously revealed by the nitrogen adsorption-desorption
analysis.
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Fig. 5.9 (a) TGA of SN-rGO and SN-rGO/ZnS samples in air from 25 °C to 800 °C.(red and
green line, respectively), (b) TGA curves of the SN-rGO/Sg and SN-rGO/ZnS/Sg samples, in
the same conditions.

Given that one of the critical attributes of the cathode material in lithium-sulfur
batteries is to exhibit a strong interaction and heightened catalytic activity to facil-
itate a quicker kinetic reaction in the conversion of LiPSs, minimizing the shuttle
effect, the adsorption test was performed on the samples to investigate this aspect.
Specifically, the adsorption capability of the materials (pure KjB, SN-rGO, SN-
rGO/ZnS) towards LiPSs was assessed by immersing 30 mg of powders in a 4 mL
DME:DIOX 1:1 mixture containing Li;Sg 0.5 mM. The solution was stirred and left
overnight. The various samples are illustrated in the upper right corner of Figure
5.10. Notably, the color of the solution remains almost unchanged in the case of KjB,
underscoring its minimal adsorption capability. Conversely, the SN-rGO sample
significantly lightens the solution, achieving complete transparency only in the case
of the SN-rGO/ZnS sample.

Ultraviolet-visible absorption spectroscopy was performed to further assess these
interactions, with results in Figure 5.10. A baseline was established using a pure
DME:DIOX 1:1 mixture, while the pure 0.5 mM Li;Sg solution served as a reference
to identify the typical peaks associated with different Li,S, species visible in the
purple spectra of Figure 5.10 (b). Following the adsorption test, it is evident that
the intensity of the LiPSs peaks markedly decreases in the case of SN-rGO and
is nearly eliminated in the SN-rGO/ZnS spectrum. These findings confirm the
ability of the rGO based samples to capture LiPSs, aligning with existing literature.
The simultaneous introduction of nitrogen and sulfur into the graphene structure

generates highly effective sites for LiPSs adsorption. Specifically, the presence of
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pyrrolic or pyridinic N adjacent to thionic sulfur significantly increases the binding
energy between graphene and LiPSs species, rendering SN-rGO an efficient material
for trapping LiPSs [205]. Moreover, the inclusion of ZnS nanoparticles seems to
enhance the interaction with LiPSs, as predicted by DFT calculations by Razaq [192]
and Xu [206], where the adsorption energies on the (100),(110), and (111) facets of
ZnS are notably higher than those on graphene.

Fig. 5.10 (a) pristine 1:1 DOL:DME Li;Sg 0.5 mM solution and the same solution after being
in contact with SN-rGO, SN-rGO/ZnS and KjB (b) UV-VIS analysis of the supernatant of
the previous solutions.

5.3 Electrochemichemical characterization - Results

The electrochemical methods used in this section are reported in appendix B.2.

To assess the impact of the doping process and the presence of ZnS nanoparticles
on the kinetic reaction of LiPSs conversion, cyclic voltammetry (CV) tests were
conducted within the voltage window of -1 to 1 V in symmetrical cells. These cells
were filled with both a catholyte of Li;Sg 0.125 M and a standard electrolyte, as
depicted in Figure 5.12.

As expected, the CV of symmetrical cells devoid of Li;Sg (Figure 5.11 a) exhibited
an almost flat voltammogram, indicative of capacitive current contribution, which
is also relatively low in absolute current values (below 0.1 A g~!). In contrast,
when Li»Sg was introduced into the electrolyte formulation, both SN-rGO and SN-
rGO/ZnS demonstrated a significantly enhanced current response. This improved

response was governed by the characteristic conversion reactions of a Li-S battery,
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overshadowing the contribution from double-layer capacitance. Notably, the SN-
rGO/ZnS sample displayed good reversibility and facile polysulfide conversion,
evident from distinct peaks at -0.092, 0.087, 0.342 V in reduction and 0.079, -0.086,
-0.291 V in oxidation, as shown in Figure 5.11 (b) and further emphasized in the scan
performed at 1 mVs~! (Figure 5.11 c¢). The cathodic scan peaks indicated a stepwise
reduction from the original Li;Sg to insoluble Li»S on the working electrode. At
the same time, oxidation of LiySg occurred on the counter electrode as referred
into Table 5.4 with Equations 5.4.1 - 5.4.8 which describe the reaction path during
the scan [207, 208]. Furthermore, the current response in the symmetrical CVs
followed the order SN-rGO/ZnS > SN-rGO > KjB, supporting the hypothesis that
the kinetics of polysulfide conversion are primarily enhanced by ZnS nanoparticles
and, to some extent, by the heteroatomic doping process of graphene with N and
S. Another interesting feature that can be observed from the symmetrical CVs is
the difference in intensity between SN-rGO and SN-rGO/ZnS for peaks b and ¢ in
reduction compared to peaks b’ and ¢’ in oxidation, which are more prominent in
the sample containing the nanoparticles, thus highlighting their greater contribution
in the oxidation process.
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Fig. 5.11 (a) Cyclic voltammetry of free symmetrical cells using a solution of 1,2-
dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) as electrolyte, performed
in the 1V window at the scan rate of 1 mV s~! (b) cyclic voltammetry of free symmetrical
cells with STD electrolyte 0.125M using a solution of 1,2-dimethoxyethane (DME) and
1,3-dioxolane (DIOX) 1:1 (v/v) Li,SSg 0.125M, performed at 5 mVs~!and (c) I mVs~!.
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Table 5.4 List of the reactions occurring at the working electrode (WE) and counter electrode
(CE) in symmetric cells during cyclic voltammetry within the 4+ 1 V range. It is crucial to
note that for peaks labeled a’, b’, ¢’, and d’, the reactions undergo reversal between the WE
and CE. Even though peaks d and d’ may not be clearly discernible in the voltammograms
presented in Figure 5.11, their presence, evident as shoulders of peaks c and ¢’, is justified
by the widening of these peaks.

Peak Voltage [V] Reaction
WE: LirSg+ SLi" + 3¢~ — SLi" + LirSe

a 0.0754 CE: 8Li»S — 8Li" — 8¢~ — 4Li»Sg
WE: $Li>Se+ Li* + e~ — 2LirSy

b -0.0850 CE: 4Li,S, — ALiT —4e — 2LirS,
WE: 2LiyS4 +4Li" +4e~ — 2Li»S,

¢c  -0.2874 CE: 2Li Sy — LiT — 3= — 3LizSs
WE: 4Li»S> + 8Lit 4+ 8¢~ — 8LirS

d <-0.2874

CE: 3LirSe— 5Lit — 3¢~ — LirSs

The redox dynamics of our specimens during the discharge and charge steps were
explored through current exchange measurements utilizing linear sweep voltammetry
(LSV) with a Li,Sg catholyte solution in a coin cell configuration. Specifically,
Figure 5.12 illustrates the Tafel plot for KjB, SN-rGO, and SN-rGO/ZnS concerning
the cathodic and anodic reactions. An evident deduction from this graph is the
substantial reduction in lithiation and delithiation overpotentials of sulfur, achieved
primarily through the SN doping process and even more prominently with the
presence of ZnS particles on the graphene sheets [209]. Following Nazar’s protocol
[210], the exchange current densities, indicative of the electron transfer rate, were
derived from the Tafel plot. The calculated values (0.51 uA cm? for KjB, 0.89 nA
cm? for SN-rGO, and 1.31 uA cm? for SN-rGO/ZnS) underscore the accelerated
charge transfer kinetics facilitated by the ZnS nanoparticles.
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Fig. 5.12 Tafel plots of the Li,Sg solution redox on KjB, SN-rGO and SN-rGO/ZnS materials,
derived from positive and negative LSV scans

Another crucial consideration in Li-S batteries pertains to the process of con-
verting long polysulfides into Li,S, transitioning from a liquid to a solid state.
Particularly, given the insulating properties of Li,S, achieving a highly controllable
deposition of solid Li;S is paramount. To examine the deposition process of lithium
sulfide on various samples, we conducted an experiment wherein cells (refer to
Section 5.3 for cell assembly details) were discharged at a current of 100 yA until
reaching 2.15 V. Subsequently, a potentiostatic step at 2.02 V was applied until the
recorded current reached zero. Figures 5.13 (a) and (b) depict the results of the
Li,S deposition test for the SN-rGO and SN-rGO/ZnS samples, respectively. In a
qualitative assessment, the initial drop in current-time response is attributed to the
formation of a non-faradaic double-layer and the reduction of long-chain polysulfides
into mid-chain polysulfides [211]. The subsequent portion of the curve reflects a
nucleation and growth process. Initially, during nucleation, the increasing current
indicates a growth in the electroactive area due to either the proliferation of Li,S
nucleation centers or the enlargement of each nucleus precipitated on the electrode
surface [212]. Subsequently, during the growth phase, the current decreases as a
result of coalescence between neighboring nuclei centers and the overlap of the
adjacent hemispherical diffusion developed by the sparsely distributed nuclei to an

infinite linear concentration gradient [213]. Delving into more specifics, according
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to Faraday’s law, the Li;S deposition capacities on SN-rGO and SN-rGO/ZnS are
242.2 and 258.5 mAh g~ !, respectively. This discrepancy implies that the presence
of ZnS nanoparticles offers more active sites for the nucleation and growth of Li;S.

Fig. 5.13 (a) current transients obtained during the potentiostatic step of the Li,S deposition
test the for SN-rGO; and (b) for the SN-rGO/ZnS

To comprehensively explore the impact of both sample morphology and ZnS
nanoparticles on the kinetics of Li,S nucleation and deposition, dimensionless
electrochemical deposition models based on current-time transient responses were
utilized. These models are based on in the Scharifker-Hills and Beick-Fleischman

equations, as detailed below:

¢ Instantaneous Nucleation (2DI):

. 2
) ;
— =— 3.1
Jm tm xp 2t2 ( )
* Progressive Nucleation (2DP):
it —2(* —12)71 2
_L = —{exp [—< 3 m)] } (5.3.2)
Jm  tm 3z,

¢ Instantaneous Nucleation (3DI):

g (1'9f42)0’5{1 —exp[1.2564<é>} } (5.3.3)

Im
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* Progressive Nucleation (3DP):

ji,.n: (1’2354>0'5{1 _exp [2.3367(5)]} (5.3.4)

Im

The models, namely 2DI and 2DP, signify an instantaneous (I) or progressive (P)
two-dimensional nucleation process with adatom lattice incorporation governing
the Li;S growth rate. On the other hand, 3DI and 3DP imply the nucleation of a
3D hemispherical nucleus with ion diffusion regulating the growth rate [214, 215].
These current-time transients are illustrated in Figure 5.14 (a) and (b) for SN-rGO
and SN-rGO/ZnS, respectively.

The experimental curve of SN-rGO exhibits a resemblance to a 2D-type nucleation
and growth model, although no clear distinction between the instantaneous or pro-
gressive process is evident. This observation leads to the hypothesis that a relatively
large number of Li,S nucleation centers form on the SN-rGO surface and subse-
quently grow laterally, completing the 2D structure of the deposited Li;S. In contrast,
the SN-rGO/ZnS curve shows a trend more akin to a 3DI model during the nucleation
phase and the initial part of the growth. As the deposition reaction progresses, the
curve gradually settles into a hybrid 3DP/2D model. This trend suggests that the
interfacial sites provided by ZnS nanoparticles may guide radial Li,S development,
thereby balancing surface lateral atomic diffusion and mass transfer in the electrolyte,
as ion diffusion primarily controls the growth rate in a 3D-type deposition process.
Therefore, the 3D deposition process of Li,S is attributed to selective nucleation and
growth near ZnS-rGO heterointerfaces with high activity [211], thus preventing the

complete 2D passivation of the substrate and enabling a higher deposition capacity.
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Fig. 5.14 (a) current transients obtained during the potentiostatic step of the Li,S deposition
test the for SN-rGO; and (b) for the SN-rGO/ZnS

In order to evaluate the electrochemical performance of Li—S cells based on
SN-rGO and SN-rGO/ZnS, coin-cell batteries were assembled with a sulfur loading
ranging from 1.1 to 1.3 mg cm~2 and subjected to electrochemical testing. Figures
5.15 (a) and (b) depict the cyclic voltammetry (CV) outcomes for Li-S batteries
with sweeping rates escalating from 0.05 mV s~! to 0.5 mV s~! for SN-rGO and
SN-rGO/ZnS, respectively. Both samples reveal two distinct peaks at 2.25 V (P1,)
and 2.05 V (P2,) in the cathodic scan, corresponding to the reduction of Sg to high-
order soluble Li;S, (4 < x < 8) and the subsequent reduction to low-order insoluble
Li»S,/Li,S. In the anodic scan, a single prominent peak around 2.4 V (denoted as
P,) is observed, showing a shoulder at approximately 2.35 V for SN-rGO and a
secondary shoulder at about 2.48 V for SN-rGO/ZnS. These sub-peaks indicate
the gradual oxidation mechanism of Li,S to polysulphides and eventually to Sg
[216-218]. Moreover, the positive catalytic activity exhibited by ZnS nanoparticles
was assessed by changes in the onset potentials for the redox peaks during CV in
both reduction and oxidation. The voltage values of the baseline currents right before
the onset potential of the relative peaks in the voltammograms were defined thanks
to the derivatives of the cyclic voltammetry (dI/dV) shown in Figure 5.16 (a) and
Figure 5.17 (a); in particular, the baseline voltage and current density are defined as
the last point where the variation on current density is the smallest, namely dI/dV=
0. Following a commonly used definition in electrocatalysis, the onset potential is
identified when the current density surpasses 10 gA cm~? relative to the baseline

2

current density (specifically, 10 gA cm™~ more negative than the baseline current
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density for cathodic peaks or 10 uA cm ™2

more positive than the baseline current
density for anodic peaks). The presence of ZnS reduces the onset potential of the
anodic peak P, while increasing those of the cathodic peaks compared to the pristine
SN-rGO electrode (refer to Table 5.5 for onset values), indicating enhanced kinetics
facilitated by the nanoparticles [217]. Additionally, the analysis of dI/dV derivative
curves obtained from the CVs (Figure 5.18 for SN-rGO and Figure 5.19 for SN-
rGO/ZnS ) allowed the identification of potential values at which the peaks P,, P1,,
and P2, occur (reported in Table 5.6). In this context, the trend observed in onset
reaction potential is reaffirmed, with the SN-rGO/ZnS characterized by lower E P,
and higher E P1, and P2, suggesting reduced susceptibility to polarization in the

SN-rGO/ZnS cell.

Fig. 5.15 (a) CVs of the SN-rGO/Sg-based cathode at various scan rates (b) CVs of the
SNrGO/ZnS/Sg-based cathode at different scan rates.
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Fig. 5.16 (a) Differential CV curves for SN-rGO . The baseline voltage and current density
are defined as the values where the variation in current density is minimal, i.e., [‘l’—{, =0.
Dotted lines indicate baseline voltages, with corresponding values marked in pink for the
cathodic scan and in red for the anodic scan. (b) CV of the SN-rGO sample at a sweeping
rate of 0.05 mV s~!, along with the determination of the onset potential for the anodic peak

and two cathodic peaks (P,, P1., P2,)
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Fig. 5.17 (a) Differential CV curves for SN-rGO/ZnS. The baseline voltage and current
density are defined in the same way as was done for the SN-rGO sample. (b) CV of the
SN-rGO/ZnS sample at a sweeping rate of 0.05 mVs~!, along with the determination of the
onset potential for the anodic peak and two cathodic peaks (P,, P1., P2.)
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Table 5.5 List of onset potentials for current peaks in cyclic voltammetry analysis for SN-rGO
and SN-rGO/ZnS samples.

Sample  Eouser Pa [V] Eopger P1c [V] - Eopser P2 [V]

SN-rGO 2.140 2.376 2.102
SN-rGO/ZnS 2.132 2.409 2.109

Table 5.6 : List of the voltages at which the current peaks (Pa, P1, and P2,) occur in the
cyclic voltammetry analysis for SN-rGO and SN-rGO/ZnS samples.

Sample EP,[V] EP1.[V] EP2. [V]

SN-rGO 2.437 2.253 2.000
SN-rGO/ZnS 2421 2.270 2.005

Further information can be extracted from CV by increasing the scanning rate;
in this way, an exploration of lithium diffusion into the electrodes was conducted
using the Randles-Sevcik equation. According to this equation, the peak current (I,)
demonstrates a linear correlation with the square root of the scanning rate, and the
slope is a factor determined by the lithium diffusion coefficient within the material
[219]. Figure 5.20 displays the linear representation of peak current values against the
square root of the scanning rate for the three peaks observed in the voltammograms.
A higher slope indicates a greater diffusion coefficient. In Figure 5.20 (d), the
computed values of Li™ diffusion coefficients are graphed in relation to the fraction
of converted Li* in the cathode [219]. The estimation of the latter was carried out by
assuming that at the conclusion of the cathodic scan, all sulfur had transformed into
Li,S, signifying the fraction of lithium as maximum and conventionally equal to 1.
The fraction of lithium within the cathode material was determined by dividing the
area under the maximum current of the considered peak by the area under the entire
reduction branch for the P1. and P2, peaks and the oxidation branch for the P, peak.
As depicted in 5.20 (d), the Li* diffusion coefficient is marginally higher in the case
of SN-rGO/ZnS, thus affirming the advantageous role played by ZnS nanoparticles
in the cathodic formulation.
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Fig. 5.18 Panels (a) and (b) report the magnification of the anodic and cathodic branch
performed at 0.05 mVs~! for the SN-rGO sample, while panels (c) and (d) show the potential
values where the derivative j—{, = 0 (associated with a sign variation), enabling the precise
identification of the current peaks (yellow dotted circles) (P,, P1., P2.)
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Fig. 5.19 Panels (a) and (b) report the magnification of the anodic and cathodic branch
performed at 0.05 mVs~! for the SN-rGO/ZnS sample, while panels (c) and (d) show the
potential values where the derivative % = 0 (associated with a sign variation), enabling the
precise identification of the current peaks (yellow dotted circles) (P,, P1., P2,)
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Fig. 5.20 (a) linear fitting of the reduction current peak P1. values (occurring at 2.0-2.1 V),
(b) of the peak P2, (occurring at 1.8-2.0 V) and (c) of the peak P, (occurring in the range
2.3-2.5 V) as a function of the square root of the applied scan rate for SN-rGO (red) and
SN-rGO/ZnS (green) (d) comparison of the Li™ diffusion coefficient within the cathode
material as a function of the fraction of converted Li* for SN-rGO and SN-rGO/ZnS.

The electrochemical impedance spectra (EIS) were conducted on the untested
cell and after each CV at various scan rates to gather additional insights into the
reaction kinetics within our cells. As depicted in Figure 5.21, the Nyquist plots
primarily featured a single semicircle at high and medium frequencies, representing
the charge transfer resistance (R.;), along with a straight line at lower frequencies
indicative of lithium diffusion impedance (Z,,) in the cathode. The corresponding
equivalent circuit employed for data fitting is illustrated in Figure 5.21 (h). Notably,
the fresh SN-rGO/ZnS cell displayed an increased R.; compared to SN-rGO, likely
attributed to the lower electronic conductivity of ZnS nanoparticles in comparison
to pure rGO. Conversely, a noteworthy reversal in trend was observed after the
initial cycle at 0.05 mVs~! [220], where the R,; of SN-rGO became significantly
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higher than that of SN-rGO/ZnS, as demonstrated in Figure 5.21 (i). This shift
could be attributed to distinct deposition mechanisms of Li»S on the two materials.
ZnS nanoparticles seem to play a crucial role in alleviating the passivation of the

cathode surface, resulting in lower resistance and increased activity towards lithium
polysulfides (LiPSs).
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Fig. 5.21 Electrochemical impedance spectroscopy (EIS) conducted on the coin cell, where
lithium metal served as the anode, and SN-rGO/Sg and SN-rGO/ZnS/Sg were utilized as
cathodes. The impedance testing was carried out under various conditions, including (a) the
initial state of the cell without being tested, (b) after cyclic voltammetry at 0.05 mVs~! at
2.8V, (c) following cyclic voltammetry at 0.1 mVs~!, (d) post cyclic voltammetry at 0.2
mVs~!, (e) subsequent to cyclic voltammetry at 0.3 mVs~!, (f) after cyclic voltammetry at
0.4 mVs~! and (g) after cyclic voltammetry at 0.5 mVs~! while the panel (h) depicts the
equivalent circuit employed for fitting the EIS data and panel (i) reports the comparison of
the R,; values for the two different materials recorded at 2.8 V after the second cycle of CV
at each different scan rate.

To assess the electrochemical performance of our cathodes, we tested them with
an extended galvanostatic cycling test within the potential range of 1.85-2.6 V vs.
Li/Li" at a current density of 0.5 C for 750 cycles. Prior to the long cycling, three
formation cycles were conducted at 0.1 C. The outcomes are illustrated in Figure
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5.22, revealing that the SN-rGO/ZnS/Sg-based cathode outperforms the SN-rGO/Sg
sample over cycling. It exhibited an initial discharge specific capacity of 786 mAh
g~ ! during the first cycle at 0.5 C, which decreased to 379 mAh g~ ! after 750 cycles
(retaining 48.2% of its capacity). The fading decay rate was 0.07% per cycle, and
the coulombic efficiency (CE) ranged between 99.0% and 96.0%. In contrast, the
SN-rGO/Sg displayed a higher initial discharge capacity (832 mAh g~! during the
first cycle at 0.5 C). However, its decay over cycling was more pronounced (0.09%
per cycle with a final capacity retention of 32.5%), and it exhibited a lower CE
(97.1% at the first cycle at 0.5 C and 95.0% at the 750th cycle). The charge-discharge
voltage profiles at the third cycle at 0.1 C are depicted in Figure 5.23 (a), allowing
the extraction of the polarization potential AE (Q ! ) between the second discharge
plateau and the charge plateau. The polarization values for both SN-rGO/ZnS and
SN-rGO over the 750 cycles are presented in Figure 5.23 (b), indicating that at low
C-rates, the AE (Q 1 ) is not particularly pronounced, while at 0.5 C, the polarization is
consistently higher for the SN-rGO/Sg-based cathode. These findings align with the

different onset potentials and peak potentials extracted from the CV measurements.

Fig. 5.22 Comparison of specific capacity over cycling at the current density of 0.5 C for 750
cycles of the SN-rGO/Sg- and SN-rGO/ZnS/Sg-based cathodes

Additionally, Figure 5.23 (c) provides a magnification of the initial charge step of
the third cycle at 0.1 C, offering insights into the activation energy required to initiate
the oxidation process of Li;S. The potential jump exhibited by the SN-rGO/Sg-based
cathode is significantly higher than that needed for the SN-rGO/ZnS/Sg (20.7 mV
vs. 4.9 mV), confirming the hypothesis of the 2D passivation of graphene sheets by
Li,S as previously proposed. Another crucial parameter extracted from the charge-
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discharge profiles is the ratio between the capacities associated with the two distinct
plateaus, denoted as Q; and Q; in Figure 5.23 (d). The Q,/Q ratio, indicative of the
catalytic activity of the cathode material towards lithium polysulfides, is consistently

higher for SN-rGO/ZnS over the 750 cycles, suggesting superior catalytic ability.

Fig. 5.23 (a) comparison of the charge-discharge voltage profiles of SN-rGO and SN-
rGO/ZnS samples at the third cycle at 0.1 C (b) visualization of the values of overpotential AE
(Q.) between the lower discharge plateau and charge plateau over cycling; (c) magnification
of the charge profile of the third cycle at 0.1C which highlights the lower overpotential
needed to activate the Li;S oxidation in the case of the SN-rGO/ZnS/Sg-based cathode (d)
comparison of the Q,/Q; ratio values over cycling for the SN-rGO/Sg and SN-rGO/ZnS/Sg-
based cathodes.

Finally, the rate performance at increasing current density was tested for the
two distinct cathodic formulations, as illustrated in Figure 5.24. In this scenario
as well, the SN-rGO/ZnS/Sg-based cathode demonstrated the capability to deliver
significantly higher specific discharge capacities as the current density increased, as
detailed in Table 5.7, which also provides the reversible capacity for each scan rate.
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Furthermore, Figure 5.24 (b) reveals that the polarization between the low discharge
plateau and the charge plateau gradually rises for both SN-rGO and SN-rGO/ZnS,
albeit with the latter exhibiting a notably lower absolute value. This trend persists
until reaching 1 C, suggesting a potential intrinsic limitation of the material in coping

with the escalating current.

Fig. 5.24 (a) The rate capability performance at increasing C-rate was compared between the
SN-rGO/Sg-based and SN-rGO/ZnS/Sg-based cathodes. (b) The polarization between the
low discharge plateau and the charge plateau for the different cells was plotted against the
applied C-rate.

Table 5.7 List of onset potentials for current peaks in cyclic voltammetry analysis for SN-
rGO/Sg and SN-rGO/ZnS/Sg samples.

Sambple 01C 02C 05¢C 1C Reversible Reversible Reversible
P [mAh] [mAh] [mAh] [mAh] capacity capacity capacity
0.2C[%] 0.5C[%] 1C [%]
SN-rGO/Sg 872 769 653 547 96.1 93.1 90.0
SN-rGO/ZnS/Sg 1017 903 766 613 97.3 93.6 90.2




Chapter 6

LNMO-LFP blended cathodes for
Li-ion batteries

In the contemporary landscape, Li-ion batteries find widespread use in powering
mobile electronic devices, such as smart devices, laptops, and cameras. However,
for Electric Vehicles (EVs), there is a pressing need for substantial advancements in
energy density, cost efficiency, and safety features. [221]

As we approach the era of cathodes without cobalt, various potential alternatives
(depicted in Figure 6.1) have been devised or are currently under development.
Notably, LiFePO4 and LiMn;04, despite their commendable thermal stability and
cost-effectiveness, may not stand out as the optimal choices. The primary drawback
of LiFePOy lies in its inadequate electrical and low voltage plateau at 3.3 V, impos-
ing constraints on its specific energy density. Moreover, the LiFePO,4 system has
undergone extensive scrutiny, making further enhancements in this direction excep-
tionally challenging. [222] Turning to LiMn,O4 (LMO), the first cathode material
synthesized in 1958, it faces challenges due to significant volumetric changes during
cycling, attributed to the Jahn-Teller distortion associated with Mn3*. Conversely,
novel polyanion-type cathode materials like LiIMPO,4 [223], LIMBO3 [224], (where
M represents Fe and Mn) have been thoroughly investigated. However, their adop-
tion in industrial applications remains distant due to their relatively modest specific
energy densities, low-temperature performance, and intricate synthesis procedures.
Despite the potential of Li-rich oxides, Ni-rich layered oxides, and LNMO (spinel) as
promising cathode materials with favorable performance and cost-effectiveness, prac-

tical implementation faces several challenges. In the case of high-voltage LNMO,
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developed based on spinel lithium manganese, it demonstrates reversible capacities
of approximately 146.7 mAh g~! and a high working voltage of 4.7 V vs Li/Lit .
[225] Nonetheless, severe interfacial side reactions between LNMO and electrolyte
at elevated voltage or temperature levels pose significant challenges. Additionally,
the by-products of these side reactions, such as Mn?* and Ni’", tend to migrate
toward the anode, compromising the solid electrolyte interphase (SEI) and depleting
active Li™, ultimately leading to the degradation of overall cell performance. [226]
In some instances, the relatively unstable Mn3* ions in disordered LNMO (spinel)
undergo disproportionation into Mn** and Mn?* ions, further contributing to the
deterioration of cycling performance in full cells.

Fig. 6.1 Comparison of different cathode materials NCA: Li[NiggCoq 15Alp05]102;
NCM: Li[NiggCoggMng 1]O,; LCO: LiCoO;; LFP: LiFePO4; LMO: LiMn,04; Polyan-
ion: LiMnPOg4; Ni-rich: Li[Nig9Mng 1]O,; Li-rich: Lij»Nig2MngO, and LNMO:
LiNip 5sMn; 5sO4. Reproduced from reference [227]

A promising approach to improve the features of a single cathodic material
involves blending different lithium insertion materials to design advanced electrodes
for future LIBs. The concept of a "blended cathode" entails a mixture of multiple
lithium insertion compounds, aiming to combine the favorable properties of indi-
vidual active materials and enhance energy or power density, cycling, and storage
durability. An important aspect that should be underlined about this work is that it
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was carried out within the framework of the European project HYDRA, on which I
worked during all the years of the duration of the PhD and thanks to which I was able
to come into contact with different realities and researchers from whom I learned
a lot. Specifically, in this project, the blend consists of LNMO and LFP in two
different formulations (LNMO+2%,,; LFP and LNMO+10%,,; LFP). In this context,
the combination of diverse insertion materials may be seen as a delicate equilibrium

seeking to enhance the strengths of each individual component (see Figure 6.2)

Fig. 6.2 Simple representation of the principle underlying mixing between two different
active materials. Reproduce from [221]

However, recent findings in the literature also propose synergistic effects arising
from blending, wherein the collective properties of the blend surpass those of each
constituent material. It is worth mentioning that there are essentially two strategies
for obtaining a blending of two different materials. In one case, defined as chemical
blending, the two materials are directly synthesized in the same process or in different
sequential steps, resulting in core-shell structures [228, 229] or different composites
[230, 231]. This strategy is undoubtedly interesting due to the particular structures
that can be obtained and the high degree of interaction between the two materials. In
the second case, defined as physical blending, the two materials are previously and
individually synthesized and are then mixed through physical processes. This type of
approach is simpler than the first and it is also preferable from an industrial point of
view. For example, layered-type materials exhibit high capacities and energy densi-
ties but face cost challenges, thermal stability, and rate capability. Olivine-structured
cathode materials offer improved thermal stability but lower electrode potentials,
reducing energy density. Spinel-type compounds exhibit higher operating voltages,
lower cost, higher rate capability, and better thermal stability but suffer from low
discharge capacity and poor cycle life.
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Blending different insertion materials helps balance these advantages and disad-
vantages, improving overall cathode material performance. This strategy allows
customization of Li-ion battery characteristics for specific applications, from small-
scale devices to large-scale energy storage systems. Recent investigations have
focused on blended cathodes using commonly employed active materials like NMC,
LMO, LFMP, and LFP. However, understanding the beneficial effects of blending
cathode materials remains challenging, requiring further efforts in the mixing pro-
cedure and electrode design. Recent emphasis has been put on environmentally
friendly, cobalt-free, and cost-effective cathode materials like LNMO (spinel) and
LFP (olivine). In particular, LNMO offers high voltage and specific capacity but
faces challenges of cation leaching and electrolyte decomposition, compromising
safety, while LFP stands out for safety and stability but has lower energy density.
Consequently, blending LNMO and LFP presents an opportunity to balance high
energy density and stable cycle life, making them a viable solution for the next
generation of LIBs. Despite the existing context, the exploration of blended ma-
terials, specifically the combination of LNMO with LFP, has been given limited
attention. At the time of writing this work, apart from a few studies involving the
application of a layer of FePO4 or LFP to LNMO particles, the physical mixing
of these two materials has not been extensively investigated [232—234]. Therefore,
the primary objective of the work reported in this chapter is to delve into the elec-
trochemical properties of blended LNMO/LFP cathodes. More specifically, two
different LNMO/LFP ratios were explored, meticulously examining the influence
of each component on the electrochemical performance through various techniques.
The results were systematically correlated with the morphological aspects of the

electrodes.

6.1 Lithium Nickel Manganese Oxide (LNMO)

6.1.1 Structure and electrochemical performance of LiNijy sMn; 504

The LiMn;O4 spinel is a commonly used cathode material valued for its cost-
effectiveness, environmental friendliness, and safety attributes. The MnO; frame-
work offers 3D pathways for Li™ diffusion, ensuring high-rate capability. However,
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LiMn;, 04 faces significant challenges related to capacity fading, particularly when
subjected to repeated cycles at elevated temperatures. The capacity decay arises from
irreversible structural shifts from spinel to tetragonal structures due to the Jahn-Teller
distortion of Mn>*, and the dissolution of Mn ions in the electrolyte caused by H*
corrosion. Furthermore, the energy density of LiMn;0Oy4 is not competitive due to
its standard electrode potential (4.0 V vs. Li/Li" ) and theoretical capacity (148
mAh g~!). Fortunately, substituting Mn with other metal ions has proven effective
in enhancing LiMn,O4 performance. Dopants are able to alleviate the Jahn-Teller
distortion and improve structural stability, resulting in improved cyclic performance.
Among the doped LiMn;04 (LMO) materials, the LNMO cathode has garnered
attention for its enhanced cycling behavior and discharge voltage (plateau at 4.7 V vs.
Li/Li™ ) compared to the undoped spinel. LNMO exhibits a higher energy density
(650 Wh kg~!) than LiCoO, (518 Whkg~!), LiMn,Oy4 (400 Wh kg~ !), LiFePO4
(495 Wh kg 1), and LiCoy 3Ni; 3Mn; 302 (576 Wh kg~!), making it promising
for practical use. Despite its advantages, LNMO faces challenges, particularly a
potential corrosion reaction between the cathode surface and electrolyte at the high
voltage of 5 V, leading to poor rate stability, especially at elevated temperatures.
[235]

LNMO is derived from an arrangement of oxygen atoms in a cubic close-packed
structure, where transition metals (TMs) occupy half of the octahedral sites, forming
a stable 3D framework of MOg octahedra that share edges. Lithium atoms are
situated at 1/8 of the tetrahedral sites, and LiOg4 tetrahedra share their vertices with
MOg octahedra and faces with vacant octahedral sites, facilitating the 3D mobility
of Li* ions. The ordering of TMs in LNMO is influenced by synthesis parameters.
In the disordered LNMO (structure reported in Figure 6.3 a) , Ni and Mn atoms are
randomly distributed on specific sites, while Li atoms occupy 8a sites in the Fd-3m
cubic unit cell. In the ordered LNMO (Figure 6.3 b), achieved at a higher synthesis
temperature, Ni and Mn atoms order at 4b and 12d sites of the P4332 cubic cell,
respectively, and Li atoms are positioned at 8c sites. [236]

The disordered spinel-based materials may contain a Ni-rich rock-salt phase impurity,
leading to the formation of Mn3* in the Fd-3m spinel phase and affecting Mn redox
activity, as well as introducing additional charge carriers. Several investigations have
concentrated on comprehending the influence of diverse physicochemical charac-
teristics, such as particle shape, size, exposed facets, oxygen, TM stoichiometry,

and the degree of TM ordering on the electrochemical performance of LNMO. The
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electrochemical performance of the disordered Fd-3m phase has been a subject of
debate, with some studies claiming its superiority, while others have contested this
perspective. During the charging process, Li* diffusion within the spinel structure
occurs in three dimensions, with lithium ions migrating to adjacent octahedral posi-
tions. The established understanding is that the diffusion path of lithium in spinels
forms a comprehensive three-dimensional network. In spinels like LiMn;QOy, lithium
undergoes migration from one tetrahedral site to the next through a vacant octahedral
site. [237] In the case of the ordered LiNiy 5Mn; 504, a distinct Ni site in 4b and
a Mn site in the 12d position of the P4332 space group are created. Correspond-
ingly, vacant octahedral sites are categorized into 4a and 12d sites. The 4a site is
surrounded by three Ni and three Mn atoms, while the 12d site is surrounded by
one Ni and five Mn atoms. The migration of lithium between tetrahedral sites takes
place through intermediate vacant octahedral sites. Given that each tetrahedral site
is surrounded by one 4a and three 12d sites, two separate lithium diffusion paths
emerge, as depicted in Figure 6.3 (c). Following the path I, three Ni atoms undergo
a transition from 2" to 4, resulting in an escalation of electrostatic repulsion and
activation barriers during the Li™ delithiation process along this route. In contrast,
the activation barriers in path II are noticeably lower than those in path I, both in the
lithium-rich phase and the vacancy-rich phase. [238] In the case of the disordered
Fd-3m structure of the LNMO, however, since it lacks a long-range cationic order,
the diffusion mechanism of lithium ions does not follow preferential paths as in the
case of the ordered structure but rather is very similar to the phenomenon that occurs

in the original lithium manganese oxide.
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Fig. 6.3 (a) Crystal structure Fd-3m of the disordered LNMO (b) Crystal structure P4332 of
the ordered LNMO (c) Diagram depicting two separate routes for lithium migration within
structured LNMO. Green spheres represent lithium ions, while red spheres represent oxygen
ions. The first lithium diffusion route, labeled as Path I, is illustrated by blue arrows, with
the blue sphere indicating the 4a site situated in the middle of Path I. The second lithium
diffusion route, Path II, is highlighted by dark scarlet arrows, with dark scarlet spheres
representing the 12d sites along Path II. Reproduced from [239] and [238].

Now suppose to consider the charging process of the LNMO (which occurs with
consequent de-insertion of Li* ions), taking into account the electronic structure
shown in Figure 6.4. The crystal field splits the 3d levels of Mn and Ni octahedrally
coordinated with oxygen into e, and tp, levels. For Mn3*, among the four 3d*
electrons with majority spin (1) three electrons are on t,(1) and one electron is on
eg(1). The 3d8 electrons of Ni?T have six electrons on the t2¢(1]) levels and two
electrons on the eg(1) level. When an electron is taken away from Mn>* (and this is
the case in which the LNMO appears in its disordered structure, Figure 6.4 (b)), it
is removed from the Mn e, (1) state that has an electron binding energy at around
1.5-1.6 eV, and this explains the appearance of the plateau occurring at 4.1 V, which
is present in the charge/discharge profiles shown in Figure 6.4 (c). When there are
no more electrons left on Mn e, (1) (which means that all Mn are oxidized to Mn*t,
and this is instead the case of the LNMO with ordered structure), then electrons are
removed from Ni e, (1) that has an electron binding energy of about 2.1 eV, and the
voltage plateau moves up to 4.7 V vs Li/Li* because of the increased energy needed
to extract electrons. Anyway, it is widely accepted that disordered LNMO has higher
electronic conductivity than that of ordered LNMO in a low state of charge (SOC).
But after full delithiation, the electronic conductivity of both is almost the same.
[240]
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Fig. 6.4 (a) Diagram showing the electronic levels of Mn3*, Mn**, Ni** and Ni** in
LMNO material, reproduced from [241] (b) disordered structure of LNMO, (c) typical
charge/discharge profile of the disordered LNMO cycled in the 3-4.9 V vs Li/Li" potential
window, showing the 4.1 V plateau due to the presence of Mn>* (d) ordered LNMO structure
and (e) typical charge/discharge profile of the ordered LNMO cycled in the 3-4.9 V vs Li/Li*
potential window, reproduced from [242]

6.1.2 LNMO limitations and possible approaches

At present, the capacity fade, the relatively short cycle life, and low coulombic
efficiency are the main drawback of spinel LNMO, as a result of bulk structural
and surface chemical instability, as well as a lack of suitable electrolyte for high-

voltage operation, hindering the commercialization and further application of LNMO.

Structural and surface chemical instability: The surface stability of LNMO is
certainly one of the aspects that can be improved in this material, since it contributes
to rapid capacity decay, which usually involves the parasitic dissolution of transition
metals, particularly Mn, into the electrolyte (especially if based on carbonate solvents
and salt LiPF¢) during cycling. In particular, Mn dissolution in spinel LiMn;O4 has

been explained by the surface disproportionation reaction:

Mt — Mn*t + Mn*t 6.1.1)
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The average oxidation state of Mn in LMO is +3.5 (50% Mn>* and 50% Mn**),
and one of the most straightforward approaches to mitigate Mn dissolution in LMO
is increasing the average oxidation state of Mn by partly substituting Mn with
monovalent (Lit) and/or divalent cations (such as the Ni>* in LNMO). However,
as already specified previously, depending on the synthesis conditions (in particular
temperature is the most important parameter in this sense), the LNMO can present
itself in its ordered structure (T < 700 °C), which contains a very low quantity
of Mn3", or disordered (T > 700 °C) which is formed with a loss of oxygen in
the structure and a consequent formation of Mn3" to maintain electroneutrality.
In particular, Pieczonka and others conducted an in-depth study on the dissolution
mechanisms of Mn and Ni using an electrolyte of "standard" composition (1 M LiPFg
in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:2 volume ratio)), evaluating
the effect of different parameters such as:

 State of charge (SOC): in this case, electrodes at different SOCs were im-
mersed in fresh electrolyte and stored at 60 °C for 60 days. The amount of TM
dissolved in the electrolyte was evaluated by X-ray fluorescence (XRD) and
the results are shown in Figure 6.5 (a). It can be noted that the amount of TM
dissolved in the electrolyte increases slightly when the SOC is around 50%,
and then increases considerably when the cathode is completely de-lithiated
(SOC > 75%). An interesting aspect is that not only is manganese affected by
the dissolution mechanism, but also Ni has high concentration values at high
SOC.

» Storage temperature: in this scenario, the observed pattern can be elucidated
by the hydrolysis of LiPFg in the presence of limited amounts of water within
the electrolyte composition, leading to the subsequent generation of HF, as
depicted by the following equations [243, 244]:

LiPFs = LiF + PFs (6.1.2)
PFs+H,O = OPF;+2HF (6.1.3)
OPF; + 2xLi* + 2xe~ = LixPF5_,O + xLiF (6.1.4)

OPF;+3H,0 = PO4H3 +3HF (6.1.5)



6.1 Lithium Nickel Manganese Oxide (LNMO) 131

According to findings from the differential scanning calorimetry (DSC) mea-
surement, the mentioned hydrolysis reaction was noted to occur approximately
at 60 °C, and the resultant HF is responsible for the additional dissolution of
Mn, as reported in 6.4 (b); with the increase in temperature, both the hydrolysis
reaction of LiPF¢ and the dissolution reaction of TM are accelerated.

* Storage time: In this case, the trend of the TM concentration in the electrolyte
is more complicated: it increased significantly during the first 20 days of
storage and then reached a plateau. The explanation for this behavior was
attributed to the fact that the electrode immersed in the electrolyte was com-
pletely de-lithiated, so Pieczonka et al. [245] hypothesized that there was a
re-lithiation phenomenon (or self-discharge of the LNMO) over time. This
phenomenon was evaluated via XRD, evaluating the lattice parameter of the
LNMO after storage at 60 °C, which was found to be very similar to that of the
lithiated LNMO (SOC 0%). Consequently, since the LiPFg degradation and
dissolution reactions are strongly influenced by the composition (at LNMO
SOC=0% with the LMNO fully lithiated), one can understand why, after a
long period of storage and consequent self-discharge of the electrode, the

concentration of TM reaches a stationary value.

* LNMO crystal structure: about this feature, as illustrated in Figure 6.5 (d),
the disparity in the dissolution of transition metals in the electrolyte appears
to be minimally affected by the crystalline structure of the LNMO. However,
this outcome may seem unexpected given that the disordered form contains
a higher concentration of Mn>*, which is prone to undergo a disproportiona-
tion reaction. Although Pieczonka and his group did not offer an exhaustive
explanation for this trend, a possible explanation can be sought in studies pub-
lished subsequently. Notably, Quiao et al. [246] observed through in situ soft
X-ray spectroscopy (sXAS) studies that the presence of Mn>* on the electrode
surface is higher at high State of Charge (SOC) levels (when LNMO is fully
delithiated, and theoretically, all Mn should be oxidized to Mn2+). This trend
was observed for both ordered and disordered LNMO. Consequently, it is sug-
gested that the SOC exerts a significantly greater influence than the crystalline
structure of LNMO on the dissolution of TMs. Furthermore, Sun et al. [247]
delved into the impact of TM dissolution and LNMO crystal structure on the

electrochemical performance of the cell. Their study involved sXAS analyses
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on electrodes cycled for 200 cycles, examining ordered LNMO, disordered
LNMO, and a blend of both. Interestingly, they noticed that the disordered
LNMO sample was the one that presented the highest Mn>* concentration
values on the surface. Nonetheless, the electrochemical performances of the
ordered sample were the poorest, while the blended sample exhibited superior
performance, with the disordered LNMO in the middle. Consequently, they
concluded that the phenomenon of TM dissolution should be comprehended
within a broader context, emphasizing that lithium delithiation/lithiation behav-
iors are fundamentally holistic chemical processes within cathode materials,
encompassing both surface and bulk structures. Thus it can be concluded that
the degradation of LNMO capacity is closely linked to, but not restricted to,

variations in surface or structural chemistry.
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Fig. 6.5 Results of the TM dissolution tests from the stored LNMO electrodes under different
conditions: (a) influence of different SOC of LNMO on TM dissolution after being stored
at 60 °C for 60 days; (b) dissolution of TM in disorderd LNMO vs different temperature
(electrode stored at 100% SOC for 60 days); (c) time dependence of TM dissolution for an
electrode at 100% SOC. (d) Comparison of the amount of Mn and Ni dissolution in aged
electrolyte samples from disordered LNMO and ordered LNMO electrodes at 100% SOC,
after being stored at various temperatures for 60 days. Reproduced from [245])

In light of the aforementioned points, the surface instability of LNMO, irrespec-
tive of its ordered or disordered structure, proves challenging to be isolated within
the broader environment that constitutes an electrochemical cell. For instance, the
composition of the electrolyte stands out as a crucial parameter capable of profoundly
altering the surface degradation mechanisms of the electrodes. Another significant
factor is the nature of the anode; if made of graphite for example, the dissolution of

Mn?T in the electrolyte can trigger the subsequent reactions:

Mn** +2LiCe — Mn+2Li* + graphite (6.1.6)
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This reaction promotes the loss of active Li™ through the formation of thick solid

electrolyte interface (SEI) layers, leading to substantial capacity decay in full cells.

A plausible mechanism theorized by Choi et al. [248] and depicted in Figure 6.6
illustrates the involvement of LiPFg, the most widely used salt in Li-ion batteries.
As previously emphasized, the dissolution of TM and electrolyte degradation are
interconnected phenomena. The mechanism in Figure 6.6 underscores how initial
steps could involve either the thermal degradation of the salt to form PFs or its
oxidation.

Delithiated LNMO, charged up to 4.9 V vs. Li/Li™ , exhibits oxidative characteristics,
readily accepting electrons from electron-rich PF, anions in the electrolyte. This
process forms PFg- radicals through the oxidation of PF, anions, which then generate
phosphate-carbon complexes (P-O-C group) by reacting with carbonates. This
sequence of events results in the reduction of Mn** to Mn>*, where the presence
of Mn3* in disordered LNMO may not be the determining factor. Subsequently,
trivalent manganese ions undergo a disproportionation reaction, releasing divalent
manganese ions and yielding tetravalent ones. The divalent manganese ions dissolve
into the electrolyte, while tetravalent manganese ions may form MnO; compounds
on the cathode surface. At this stage, radicals and PF5 can react with trace amounts
of H,O in the electrolyte, forming PFO3 and HF, which can then combine with Mn>*

ions to precipitate as MnF», in accordance with the equation [249]:

4HF +2LiNiy sMny 504 — 3Nigr5Mng 7502 +0.25NiF> +0.75MnF, + 2LiF +2H»
(6.1.7)
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Fig. 6.6 Image showing the dissolution mechanism of Mn in a delithiated LiMn;O4 cathode
via (a) attack by HF and (b) anion oxidation. Reproduced from [250]

Electrolyte instability and degradation: This issue, typical of high-voltage
cathodes, is probably the most complex to address to allow its commercialization. It
is closely correlated with the problems of surface and structural stability of cathode
materials since the electrolyte constitutes the component of the cell in direct contact
with the particles of active material, so it is essential to take into account the effects
that the composition of the electrolyte could have both in terms of its stability in
the working potential range of the cell, but also from the point of view of interfacial
stability towards both the cathode and the anode.

Ideally, an electrolyte suitable for utilization with a high-voltage cathode like LNMO

should possess the following characteristics:

* Elevated boiling point, high flash point, low melting point, and characteristics

of low toxicity and flame retardancy: these attributes serve as prerequisites
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for widespread practical applications in high-voltage cells featuring LNMO

cathodes.

* High ionic conductivity (exceeding 107* S cm™!) at room temperature to
facilitate the lithium transfer: ionic conductivity stands out as the paramount

parameter for electrolytes in LIBs.

* High dielectric constant and low viscosity: these features are crucial for
dissolving more lithium salts and facilitating the easier transport of lithium

ions.

* Inert chemical and thermal stability: these attributes confer electrolytes with
reduced side and exothermic reactions, thereby enhancing overall safety for

cells.

* Broad electrochemical stability window: electrolyte systems with high oxida-
tion decomposition potentials (>5.2 V vs Li/Li* ) can be used in high-voltage
LNMO-based LIBs without undergoing severe oxidative decomposition.

Nowadays the electrolytes currently used in commercial cells are essentially made
up of a mix of organic solvents such as ethylene carbonate (EC) Dimethyl carbonate
(DMC), a lithium salt such as Lithium hexafluorophosphate (LiPFg), or Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and various additives aimed at stabi-
lizing the solid electrolyte interphase (SEI) on the negative electrode or cathode
electrolyte interphase (CEI). However, this formulation is problematic when coupled
to high-voltage cathodes due to its intrinsic instability at potentials of 5V. The oxi-
dation processes occurring within a cell are complex, involving the participation of
electrolyte salts, [251] [252] with solvents believed to be the primary component in
commercial electrolytes responsible for catalytic decompositions on fully oxidized,
delithiated cathode surfaces. Regarding the Solid Electrolyte Interphase (SEI) on
the anode, both salts and solvents contribute to its formation. Recent investigations
suggest that the EC solvent poses a dual impact in Li-ion batteries. On one hand,
it demonstrates an excellent protective effect on graphite anodes, attributed to its
proficient SEI-forming capability at the graphite/electrolyte interface. [253] On the
other hand, being one of the carbonate solvents with the least resistance to oxidation,
EC also has an adverse effect on the electrochemical properties of high-voltage cath-

odes. This is manifested through the formation of a less robust Cathode Electrolyte
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Interface (CEI) layer.

Several carbonate degradation mechanisms have been proposed, such as nucleophilic
attack, [254] electrophilic attack, [255] dehydrogenation reactions, and ring-opening
reactions, [256] which lead to the cathode reconstruction and transition-metal dissolu-
tion at the high-voltage delithiated cathodes. In particular, the nucleophilic reactions
between the oxygens on the surface of the delithiated cathodes and electrolytes lead
to the decomposition of the electrolyte solvents and the formation of Li alkoxides
and semicarbonates. In this sense, Martha et al. [257] have demonstrated that the
nucleophilicity or basicity of the O atoms in the delithiated layered Li,MO; is higher
than that in the spinel Li,M,0,4 and olivine Li,MPO,4 compounds, therefore, the
Li,MO; exhibits a more aggressive reactivity to the carbonate electrolytes than
LiyM;04 and Li,MPO,4 compounds. In the olivine compounds, the P atoms with
the +5 valence could partially shield the nucleophilic nature of the O atoms. The
dehydrogenation mechanism of organic solvents instead consists of the transfer
of an electron from the solvent molecule towards the inert electrode with the con-
sequent formation of a radical cation. In particular, recent computations showed
that the EC-based electrolytes could be chemically dehydrogenated and oxidized
on delithiated high-voltage cathode surface, especially with increasing Ni content.
The increased reactivity of the cathode surface with a higher degree of delithiation
promotes the accumulation of decomposition products such as the polymeric and
salt-derived (PF;0, Li,NiO,F,, Li,PF,0,) species in the CEI layer. [258] Regarding
the ring-opening reaction mechanism, Musgrave et al. [259] revealed that the Lewis
acid-base complexation between the EC molecule and either delithiated LCO or PF5
weakens the C—O bonds of the EC ring and accordingly reduces the barrier of EC
ring-opening reactions. This reaction catalyzed by the delithiated cathode surface
and PF5 Lewis acid leads to the formation of CEI layers composed of an organic and
organofluorine film. This mechanism was applied to LCO and summarized by the
following two equations,

Co*(s)+EC+ PF, — Co— OCOOCH,CHF ™~ + PFs (6.1.8)

2EC + PF5s — PFs — OCOOCH,CH, — OC(OCCH>)» (6.1.9)

This mechanism was then taken up and investigated by Lutch and others [260] for
the LNMO: they investigated the surface of the LNMO via FTIR and XPS and
found that at potentials higher than 4.7V a poly(ethylenecarbonate) passivation film
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was formed on the LNMO surface (process shown in Figure 6.7, indicating that
the organic-based CEI cannot effectively block the continuously parasitic reactions
between the delithiated cathode and the electrolytes at high voltages. The EC solvent
is also susceptible to oxidative breakdown, leading to the formation of a radical

cation (EC+), particularly at the high-voltage cathode, as is depicted in Figure 6.7
(b).

Fig. 6.7 Two possible mechanisms of EC decomposition: route (a) involves the PFs as a
strong acid, leading to the formation of PEC, route (b) is the oxidative decomposition which
is favored at high potentials.

It should be pointed out that these proposed EC degradation mechanisms are not
isolated but intertwined to some extent, each of which highlights some aspects of
decomposition reactions. Further strict experimental characterization and rigorous
calculations are needed on the model cathodes to bridge the understanding of the
formation of the CEI layers (Li,CO3, LiF, Li,PF,O,, ROCOF, ROCO,Li, RCOOR,
polymeric species etc.) on the cathode surface and released gases (CO, CO; etc.),
and evaluate the proposed reaction mechanisms. For example, He et al. [261]
investigated the stability of typical alkyl-carbonate electrolytes during cycling of
LNMO-based electrodes by performing in situ gas analysis. Their analyses were
carried out using electrolytes based on the standard of 1 mol/L LiPF¢ in EC-DMC,
but with various weight ratios of the EC-DMC co-solvents. In particular, they arrived

at the following conclusions:

* Hj, CO, CO;,, and POF; are the predominantly formed volatile species during
electrochemical cycling of LNMO in EC-DMC electrolytes (with LiPFg salt),
with the detailed reaction routes reported by Moshkovich [262]
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* Electrolyte Li salts participate directly or indirectly in the electrolyte decom-
position processes. Electrolytes based on LiClOy salts display a higher extent
of electrolyte decomposition (despite the absence of POF3) compared with
those based on LiPFg.

* According to the equation reported below, the self-discharge of LNMO caused
by the reactions between the fully delithiated LNMO and the electrolyte could

explain the additional gas evolution around 5.0 V.

Ni()VSMI’l1.504 —|—)CLi+ -|—EC/DMC — LixNi0,5Mn1,504+
decomposition products + gas (6.1.10)

* Elevated levels of DMC in the electrolytes under examination result in a
notable increase in gas production. This phenomenon can be attributed to
the facilitation of electrolyte decomposition by mass transport, a process that

occurs due to the reduction in viscosity brought about by the presence of DMC.

Given these considerations, it is clear that current electrolytes consisting of carbonate
solvents and lithium salts will need to be significantly improved or possibly even
replaced to support the development of next-generation batteries. These batteries
are characterized by their utilization of high-voltage cathodes (up to 5V) and anodes
made of silicon or lithium metal. Specifically, the performance of Si microparticle
(SiMP) anodes is notably limited in EC-based electrolytes. This limitation is due to
the formation of an organic-inorganic SEI layer that cannot withstand the substantial
volume changes occurring during lithiation and delithiation cycles, leading to its
cracking. Similarly, metal anodes also exhibit rapid degradation and low cycling CE
in EC-based electrolytes. To mitigate the distortion of the SEI layer, it is crucial that
this layer exhibits minimal affinity towards the Si/Li anodes. This would allow the
lithiated Si or the deposited Li to move at the interface during volume fluctuations

without inflicting damage to the SEI layer.

Possible solutions for LNMO surface and structural instability: In an effort to
enhance the structural and interfacial stability of LNMO, researchers have explored
various strategies. One such strategy involves using nanostructured LNMO, like
nanoparticles or nanofibers, which have been shown to provide shorter paths for Li™
diffusion and exhibit improved electrochemical performance. [263] However, these

nanostructures can increase the surface area, potentially leading to more unwanted
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side reactions at the electrode-electrolyte interface. Consequently, the focus has
shifted towards developing spinel materials in micrometer sizes. [264] In an inte-
grated approach, Liu and colleagues combined LNMO microspheres with nanorods,
which resulted in enhanced electrochemical performance. [265]

Additionally, optimizing the external surface orientation of LNMO has been iden-
tified as a possible approach to mitigate surface instability. The orientation signif-
icantly influences the dissolution of transition-metal ions, Lit transport kinetics,
and electrode-electrolyte interface compatibility. For instance, Sun et al. [266]
discovered that the (111) planes are superior due to higher Li™ diffusion in this
direction, and Hai et al. confirmed that Li* diffusion is considerably greater across
the (111) faceted LNMO compared to (112) faceted plates. [267] Chemelewski et
al. [268] found that the undesirable reactions at the electrode-electrolyte interface
could be reduced at the (111) planes, especially at high voltages, attributing this to
the planes low surface energy, dense ion arrangement, and reduced transition-metal
dissolution.

Structural stabilization has also been achieved through doping LNMO with various
elements, including Na™, Mg?™, Cu?T, Zn?*, AI*+, Cr’t, Co’t, Fe’ ™, and others.
Transition metal elements with a +3 oxidation state in the 3d energy level can reduce
Mn?* dissolution from Mn>* through the mitigation of Jahn—Teller distortion. [269]
Doping with elements that have a stronger bond energy than Mn-O can help pre-
vent structural collapse during cycling and suppress Jahn—Teller distortion, thereby
improving cycling performance and reducing capacity fade. Additionally, Na and
Mg substitution is reported to enhance the electronic conductivity of LNMO and
decrease voltage polarization during cell operation. [270] However, it is important to
note that single ion doping may not be sufficient to significantly improve the rate
capacity or cycling stability of spinel LNMO, particularly at higher temperatures.
Research has extensively focused on the surface modification of LNMO to achieve
three main objectives: stabilizing the LNMOY/ electrolyte interface, minimizing side
reactions between LNMO and the electrolyte, and curtailing the dissolution of tran-
sition metal ions. Surface engineering in this context is generally categorized into
three types: chemically protective coatings, lithium-ion conductive coatings, and
electrically conductive coatings.

For chemically protective coatings, metal oxide layers like TiO,, SnO;, and V,05
have been found effective in shielding LNMO from HF attacks. However, metal

fluoride coatings such as AlF3 have shown even more promising results. The de-
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velopment of lithium-ion conductive coatings is critical as high ionic conductivity
at the electrode-electrolyte interface is vital for the optimal functioning of the cell.
These materials typically include lithium-ion conductive ceramics such as LigSiOy,
LizPOy4, Li4P>07, and Li,SiO3. Besides providing excellent ionic conductivity, these
coatings also need to offer substantial protection against electrolytes and prevent
the dissolution of transition metals. Regarding electrically conductive coatings, this
method aims to improve electrochemical reaction kinetics. This technique has been
successfully applied to other cathode materials like phosphate materials, LiCoO3,
and LiNiO,, yielding positive results. For instance, Yang et al. [271] have explored
the impact of carbon coatings with varying contents on the physical and rate proper-
ties of LNMO.

It is important to note that these surface modification strategies for LNMO must
be finely tuned. The coatings need to be effective ionic conductors without being
overly thick, which could otherwise compromise the gravimetric capacity of the
cathode. Additionally, achieving a high uniformity in the coating and considering
cost-effectiveness are crucial factors. Therefore, combining element doping with
surface coating might be a reasonable and effective approach to balance the enhance-

ment of specific energy density and cycling stability.

Possible solutions for electrolyte degradation In this area, the research work
carried out in recent years has been enormous and it would be impossible to enclose
it in a section of this thesis, the aim of which is not to study this component of the
cell, however, some of the approaches that have proven most interesting to be applied
in high voltage cathodes are briefly discussed below.

Early investigations by scientists revealed the potential benefits of utilizing fluo-
rinated solvents. The presence of C-F bonds in organic molecules significantly
influences the HOMO and LUMO levels of these solvents, enhancing the interfacial
chemistry for both Li-ion and Li-metal batteries. Notable examples include FEC and
3,3,3-trifluoropropylene carbonate (TFPC). [272] Compared to their non-fluorinated
counterparts, fluorinated molecules exhibit several advantageous properties, such as
markedly lower melting points, increased surface tension, and enhanced stability at
elevated temperatures, making fluorinated electrolytes prime candidates for batteries
operating across a broad range of temperatures and potential windows. Furthermore,
the high capability of fluorinated electrolytes to form SEI layers renders them highly

compatible with graphite and Li metal anodes. For instance, Dahn and [273] col-
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leagues tested graphite NMC442 pouch cells at a high cut-off voltage of 4.5 V using
a fluorinated electrolyte mixture (1 M LPFq FEC/TFEC + x% prop-1-ene-1,3-sultone
(PES)). These cells, in comparison to those employing commercial carbonate or
sulfolane-based electrolytes with added blends, demonstrated superior capacity re-
tention, reduced polarization over extended cycling, and diminished voltage drops.
This indicates that fluorinated electrolytes can create a more dense and compact
SEI/CEI layer on the electrodes.

Another very interesting approach is to greatly increase the concentration of salt
in the electrolyte (3M), in order to create a system called "solvent-in-salt". These
high-concentrated electrolytes contain few free carbonates and as a consequence, the
ion-transference mechanism of high-concentrated electrolytes is different from the
one that occurs in free carbonate solvents. Specifically, with increasing concentration,
there are fewer free solvent molecules and more ions in the electrolyte coordinating
into multidimensional networks, in which ion transfer mainly depends on ion hop-
ping along the network chains. [274] In addition, the solvent molecules coordinated
with lithium ions exhibited improved oxidation-resistant properties owing to their
lower HOMO energy levels than the free solvent molecules. These unique solution
systems deliver superior electrochemical and thermal properties, and safety, such
as high oxidative stability, superior antireductive abilities, Al anticorrosion, fast
electrode reactions, high thermal stability, and low volatilities. [275, 276] However,
solvent-in-salt electrolytes suffer poor wettability to the separators and the electrodes,
increased viscosity, and decreased ion conductivity, all of which are adverse for the
electrochemical devices. [277]

From a physicochemical perspective, ionic liquids (ILs) are essentially special salts
that exist in a liquid state at ambient temperatures, attributed to the relatively weak
electrostatic forces between their anions and cations. The primary benefits of using
ILs in electrolytes include their potentially broader electrochemical windows, en-
hanced safety characteristics, high thermal resilience, and minimal volatility. [278]
As a result, ILs dissolved in lithium-ion salts have been identified as a promising
substitute for conventional carbonate-based electrolytes. Nonetheless, their path
to industrial-scale adoption is hindered by several challenges, such as their high
cost, significant viscosity, and low compatibility with electrodes. ILs featuring TFSI
and FSI anions have garnered considerable attention in research due to the anions’
electron-delocalizing structure within the sulfonyl imide groups. A notable strategy

for augmenting the performance of these electrolytes involves blending different
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ILs to harness synergistic effects. For instance, the work by Fox and colleagues
[279] systematically explored the behavior of binary IL mixtures of PY, TFSI (x = 1
through 5), revealing that for an IL-blended electrolyte to achieve high conductivity,
the melting transition (T,,) between the two ILs should be minimal, their crystal
structures distinct, and the cation sizes within each IL markedly different. Beyond
these ILs, recent advancements have led to the development of novel ILs formulated
with innovative cations and anions, like the FTFSI and FPSI anions, [280] aimed at
further reducing viscosity, enhancing conductivity, and expanding the operational
voltage range.

The most studied approach in recent years, however, has been the modification of
the composition of carbonate solvent-based electrolytes with additives capable of
improving their stability and electrochemical performance. Considering the ease
of preparation and the low cost of additives, it is believed that in the near future,
this type of solution will remain dominant. These electrolyte additives could be
divided into several categories according to their functions, such as SEI/CEI forming
improver, overcharge protectant, salt stabilizer and fire-retardant agent.

One of the most studied families of additives is that of unsaturated carbonate deriva-
tives, which include vinylene carbonate (VC), vinyl ethylene carbonate (VEC), and
vinylene trithiocarbonate (VTTC). In particular, VC undergoes polymerization at
both the anode and cathode surfaces, creating protective poly(VC) layers. [281] Thus,
VC can yield a positive effect on the electrochemical performance with a better CE,
lower side reactions, and enhanced capacity retention. [282] Vinyl ethylene carbon-
ate (VEC) was first proposed as a good film-forming additive for the graphite anodes,
which could create a similar SEI as VC on the edges of the graphite. Moreover, VEC
shows an evident oxidation potential at 4.4 V and generates an effective CEI film on
the high-voltage cathodes, favoring the cells with a high working voltage of 4.5 V.
[283] Fluorinated compounds constitute a distinct category of additives. While they
have been acknowledged as potential alternatives to carbonate solvents, their sub-
stantial cost limits their use to concentrations below 10%, hence their classification
as additives. These compounds are noted for their ability to form CEI/SEI layers con-
sisting of fluorinated species/polymers. Such layers prevent potential side reactions
between the core solvents of the electrolyte and the oxidized surface of the cathode.
Notably, FEC and LiPO;F; emerge as the most recognized among these fluorine-rich
additives, having gained widespread adoption as commercial electrolyte additives.

Their effectiveness extends across various anode materials including graphite, Li
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metal, and Si-based alloys, as well as enhancing the performance of high-voltage
cathodes through superior film formation capabilities. Unlike the sluggish CEI
formation in EC-based electrolytes, FEC accelerates the creation of protective CEI
films on high-voltage cathodes, resulting in a more effective protective layer com-
pared to those derived from EC oxidation or those formed by VC or ES-derived
CEI layers. Recent advancements have seen the exploration of novel fluorinated
additives. For instance, Jimsol et al. [284] explored the stabilization effects of 5% wt
methyl (2,2,2-trifluoroethyl) carbonate (FEMC) on NMC532 cathodes, while Kim et
al. [285] introduced a dual-function additive, ethyl 4,4,4-trifluorobutyrate (ETFB),
capable of passivating graphite anodes and simultaneously stabilizing Ni-rich NMC
cathodes.

Boron-based additives represent another innovative class, attributed to the electron-
deficient nature of boron, which enables complexation with anions to stabilize
carbonate electrolytes. Initial studies on lithium tetrafluoroborate (LiBF,), lithium
bis(oxalate)borate (LiBOB), and lithium difluoro(oxalate)borate (LiDFOB) iden-
tified them as potential Li salts. Subsequent research indicated their preferential
decomposition on delithiated cathodes, creating a borate-rich, durable interphase that
boosts the electrochemical performance of high-voltage cathodes. Experiments with
compounds like Trimethyl borate (TMB-1)[286] and Trimethylboroxine (TMB-2)
[287] on various cathodes, including LNMO, showed that these are oxidized during
the initial charging, forming a borate-based CEI layer that curbs electrolyte oxidation

on the catalytic surface.

6.2 Lithium Iron Phosphate (LFP)

6.2.1 Structure and electrochemical performance of Lithium iron

phosphate

Ever since Goodenough and his team first revealed the electrochemical potential
of LiFePO, as a cathode material for Li-ion batteries in 1997, LiFePO4 and its
derivatives have garnered significant attention due to its abundance, eco-friendliness,
and low cost. Also, LiFePOy is characterized by its high chemical and thermal

stability, enhancing its safety and cyclability. Its charge-discharge profiles are notable
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for a flat voltage plateau around 3.4 V versus Li/Li™ , albeit with a modest theoretical

capacity of about 170 mAh g~ .

Despite its low conductivity (around 1072 S
cm™!), significant enhancements in electrochemical performance are achievable
through various methods, including nanostructuring, carbon coating, and doping.
Although its theoretical working potential and energy density (about 580 Wh/kg) are
relatively modest compared to other cathode materials, its operational voltage range
1s beneficial in reducing cathode-electrolyte side reactions, particularly under the
condition of high-rate charging. [288]
LiFePO, also presents intriguing aspects in terms of its electrochemical insertion
mechanism, which operates through a biphasic mechanism that remains a topic of
ongoing debate and research. Despite the biphasic mechanism between the end
members LiFePO4 and FePOy4 leading to a volume change of approximately 6.8%
during the delithiation process, LiFePO,4 nanoparticles have the notable ability to be
cycled at high current rates.
LFP is characterized by an olivine-type structure with orthorhombic symmetry,
classified under the Pnma space group. It features a unique distorted hexagonal
arrangement of anions. In this structure, Li and Fe occupy octahedral sites, while
phosphorus atoms are placed in a tetrahedral configuration. As shown in Figure 6.8,
the architecture of LiFePO4 shows each FeOg octahedron linking to four others at
the corners, forming a zigzag configuration along the (b, c) plane. The arrangement
of these layers along the a-axis, by means of sharing an edge and two corners of
POy tetrahedra, results in the formation of a three-dimensional framework. This
structure gives rise to one-dimensional channels that host the Li™ ions. The original
crystalline structure of LFP is largely maintained during delithiation, forming FePQy,
with a consequent volume reduction of approximately 6.8%, thus giving the material
excellent stability and resistance to cycling.
The removal and insertion of Li™ from and into the LiFePOy, structure occurs via a
dual-phase reaction:

LiFePO4 = FePO4+Li" + e~ (6.2.1)

Which results in a flat plateau of charge/discharge around 3.4 V versus Li/Li* /.
Understanding and optimizing the performance of the cathode hinges significantly
on the mechanism of lithium insertion and extraction, thus making the study of
these processes in LiFePOy4 a subject of considerable interest. In particular, several
models have been proposed that can describe how the intercalation and de-insertion
phenomena of Li* ions proceed within the LFP particles. The first of these, pro-
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posed by Goodenough et al, was called the "core-shell" model and envisaged that as
de-lithiation proceeded, the LiFePO4 was converted into FePO,4 forming a two-phase
interface.

Fig. 6.8 (a) The olivine LiFePO, structure, viewed along [001], features FeOg and POy
tetrahedra building a framework with red Li ions, interconnected via corner-sharing in the
(b, ¢) plane. (b) A different view of LFP structure shows Li, Fe, and P arranged among
hexagonal close-packed oxygen-dense layers, with LiOg octahedra edge-sharing, allowing
Li ion diffusion along [010] and [001]. Reproduced from [289]

Subsequently, the team led by Srinivasan introduced a "shrinking core" model to
explain the lithiation process in FePO,4. According to this model, which is schemati-
cally shown in Figure 6.9, a single-phase region is created at the boundaries of the
two-phase coexistence area. In this region, lithiation begins at the surface of the
particle and pushes the two-phase boundary inward. During the charging phase,
a FePOy shell is created, and the boundary between FePO4 and LiFePO4 moves
further into the particle. The inefficient removal of lithium from LiFePOy4 located
at the center of larger particles often results in a decrease in capacity. Moreover,
this shrinking-core model effectively describes the behavior observed in the electro-
chemical charging and discharging cycles at different C-rates. However, this model

is based on the hypothesis that the de-intercalation of Li™ ions occurs isotropically
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in the crystalline structure of the material, while several studies [290, 291] have
demonstrated that lithium diffusivity in this material is very anisotropic. In particular,
Ceder and colleagues [292] highlighted a significant disparity in ionic conductivity,
noting it is substantially higher in the b-direction tunnels while being markedly
lower in the other olivine structure directions. Consequently, the core-shell model
may have been acceptable for describing how de-lithiation proceeds at the level of
agglomerated particles, but not within the primary particles themselves. A model
that could better explain this phenomenon was therefore provided by Laffont et al.
[293], who applied high-resolution electron energy loss spectroscopy (HREELS) to
study the mechanism of (de)intercalation in the LFP. Unlike the earlier shrinking core
model, the findings indicate that the interface consists of both FePO,4 and LiFePOg4
without detecting any Li, FePO, solid solution phase where x varies from O to 1.
According to this new core model, Li* diffusion in the [010] direction is highly
preferential, and the Li,FePO4 particles always maintain the structure with the shell
of FePOy4 and core of LiFePOg4. This model, called the "new core-shell model" was
also supported by the results of Prosini [294] and Zhang. [295]

Fig. 6.9 Schematic representation of the shrinking-core model used to explain the de-lithiation
and lithiation of LFP. Reproduced from [296]
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The approach suggested by Laffont was later implemented by Delmas and col-

leagues [297]. In particular, by utilizing data from X-ray diffraction (XRD) and high-
resolution transmission electron microscopy, they formulated a "domino-cascade"
model to elucidate the phase transition process in LiFePO4 nanoparticles. This
model revealed that the expansion of the FePO, phase, at the cost of the LiFePO,
phase, occurs significantly quicker than the formation of a new domain (based on
the principle that the growth of a phase requires less energy than the nucleation of a
new one). According to the "domino-cascade" model, lithiation/delithiation occurred
completely and rapidly in some LiFePO4 nanoparticles during the charge/discharge
cycles.
The model is easier to understand with the help of Figure 6.10. In particular, the
deintercalation process in the LFP occurs with a consequent constraint for the mate-
rial’s structure in the vicinity of the LiFePO4/FePO, interface, as shown in Figure
6.10 (a). More specifically, when a boundary plane is generated, it propagates in
the a direction across the crystal as lithium de-intercalates. The movement can be
viewed as a wave propagating across the crystal with no energy barrier, allowing
lithium intercalation/deintercalation to occur extremely fast. Figure 6.10 (b) illus-
trates the forward movement of the interface where intercalation/deintercalation and
subsequent structural distortion takes place within a single crystallite. In contrast, the
far right part of the figure showcases how the interface progresses within a particle,
leading to a shell of LiFePO4 and a core of FePOj,.
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Fig. 6.10 (a) The oval region represents the distoted zone in the ac plane between the lithiated
and de-lithiated phase in the LFP material during the Li* de-intercalation/intercalation
process. (b) Illustration of the "domino-cascade" mechanism for used to describe the de-
intercalation/intercalation in LFP. Reproduced from [297]

At this point in the discussion, it is worth underlining that the size of the LFP
particles plays an important role in the LFP reaction mechanism; in fact, Kobayashi
et al. [298] demonstrated that LFP nanoparticles exhibit a narrower miscibility gap
compared to larger particles. This thesis was also supported by Gibot et al.[299], who,
conducting in situ XRD, observed that particles of about 40 nm of LFP exhibited
a continuous shift of the diffraction peaks, a typical characteristic of materials that
undergo a single-phase reaction.

Consequently, the hypothesis took hold that (de)intercalation in the LFP could occur
without the formation of an intermediate phase. In this sense, Bazant’s group [300]
proposed in 2011 a new electrochemical-phase field model, which envisaged a
variable mechanism depending on the applied current: at low currents the phase
separation occurs either via nucleation or spinodal decomposition, while above a
critical current threshold, I, phase separation reaches its kinetic limit, leading to its
suppression, and the system then operates similarly to a quasi-solid solution. Hence,
this model could account for the LFP impressive electrochemical performance at high
currents, since the absence of a phase transition involving structural rearrangements
and significant volume variations (6.8% between LiFePO,4 and FePO,) is generally
recognized as a key factor in this sense.

The findings of Bazant’s group were further validated by studies carried out by Grey
et al. [301], who used the time-resolved in situ x-ray powder diffraction technique
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to study the mechanism of (de)intercalation on LFP nanoparticles at high C-rates
(up to at 20C). In particular, their results strengthened the thesis that the application
of high currents favors, in the LFP, the formation of a metastable solid solution,
which bypasses the classical nucleation process (see Figure 6.11) and allows a faster
(de)intercalation of the Li ions.

Fig. 6.11 In the upper part of the figure is reported the delithiation mechanism in LFP material
proposed by Grey et al., which occurs with the formation of a metastable solid solution phase
Li,FePOy, represented by intermediate purple color, in contrast with the classical proposed
route (lower part of the figure), which instead is based on the nucleation and propagation
of a new phase. During a relaxation step, the LFP particles turn back to their equilibrium
condition of single phase LiFePO4 or FePO4. Reproduced from [301]

6.2.2 Challenges and solutions of lithium iron phosphate

Despite the many positive aspects of the LFP, it still obviously shows some draw-
backs. For example, the limited volumetric energy density of the LFP derives from
its low tap density, in fact, this property of the material does not only depend on
its intrinsic density but is also affected by the particle size and morphology [302].
In this sense, it is challenging to find a compromise since it is well known that for
the LFP the rate capability improves as the particle size decreases [303], while the
tap density decreases. Another problem of the LFP is its intrinsic poor electronic
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conductivity, which must necessarily be improved in order for it to perform well at
high currents. In this sense, numerous studies and approaches have been investigated
in recent years. In particular, one of the methods that has proven to be most effective
is the application of carbon coating on the surface of the LFP particles, which is
generally carried out by means of solid-state reactions at high temperatures starting
from carbonaceous organic compounds precursors. [304] The resulting carbon layer,
if well optimized, can significantly improve the cycling stability of the LFP and its
conductivity, as well as being eco-friendly and inexpensive. An in-depth review on
this topic was written by Sun et al . [305]

Another approach that has been attempted to improve the properties of LFP is to dope
the material with other metal cations (for example Zr*+, Mg?™, AI’T), however, this
route has proven not to be particularly satisfactory, since the divalent and trivalent
cations can replace Li" ions in the structure, thus reducing diffusion pathways. In
the case of Zr**, Nazar’s group [306] found that the improvements in electronic con-

ducibility were due to the presence of impurities such as Fe, P or iron phosphocarbide.

6.3 Blending of LNMO and LFP and physical-chemical

characterization

HYDRA project: As previously mentioned, this work was carried out within the
framework of the European project HYDRA, funded by the European Union’s
Horizon 2020 innovation program under grant agreement number: 875527. This
project involved many different partners across Europe such as the French Alternative
Energies and Atomic Energy Commission (CEA), Johnson Matthey, ICSI, German
Aerospace Center (DLR), Solvionic, SINTEF, Vianode, UCI Louvain, and Uppsala
University and of cours, Politecnico di Torino (see Figure 6.12).
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Fig. 6.12 Map of the european partners involved in the HYDRA project.

The goal of the project was to investigate the possibility of implementing state-
of-the-art technology in the three main components of a Li-ion cell to develop and
demonstrate, in a sustainable way, hybrid electrode-based batteries combining high
power with high energy density. Specifically, from the perspective of the materials
used at the cathode, the idea was to use a blend of LNMO and LFP, due to the
characteristics already mentioned in the previous paragraphs (essentially, the high
voltage of LNMO and the high power of LFP). Within the project, the pristine LNMO
and LFP materials were supplied by Johnson Matthey. From the anode perspective,
the focus was on developing a silicon-graphite blend, with partner Vianode being
more involved in this aspect. The electrolyte was studied extensively by Uppsala
University in collaboration with Solvionic, and in this regard, significant work was
done in terms of additives (FEC, VC), salts (LiBOB), and ionic liquids.

The role of Politecnico di Torino, and therefore my PhD work, were mainly centered
in the production of blended LNMO/LFP cathodes and their electrochemical charac-
terization. In particular, the approach followed in this work was focused on using an
innovative, effective, and scalable method such as Resonant Acoustic Mixing (RAM)
to study the properties and possible synergistic effects between LNMO and LFP in
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the cathodic composition, noth in half-cell and full-cell configuration.

Resonant Acoustic Mixing: The two cathode materials were mixed using a
LabRAM I ResonantAcoustic® Mixer from Resodyn Acoustic Mixers. The instru-
ment is able to automatically tune its resonant frequency between 60 and 61 Hz;
the mixing was carried out for 5 minutes at an acceleration of 100 g. The RAM
technique is a very efficient technology to blend powders and slurries, thanks to the
fact that it can produce significant mixing energies by always functioning at the sys-
tem’s resonant frequency. Typically, machines of this kind have their own resonant
frequency that oscillates between 58 and 62 Hz, which is constantly monitored and
adjusted during operation. In this way, the RAM mixer is able to continuously and
homogeneously apply forcing energy (up to 100g) to the processed powders/slurries
and optimize the power consumption. The mixing process using RAM was carried
out by one the partner (ICSI Energy Department) of the HYDRA project; the pow-
ders were then sent to the laboratories of the Polytechnic di Torino where they were
physicochemically and electrochemically characterized.

In this study two different compositions of LFP and LNMO were investigated,
one containing 2%,,; of LFP (denoted as LNMO+2%LFP) and one 10%,,; of LFP
(denoted as LNMO+10%LFP). These percentages were selected to ensure good
dispersion of LFP, as its primary nanometric particles tend to form micrometric
aggregates (the aggregation increases with increasing LFP content), and to allow
the LFP to serve as a lithium donor in the cathode, a role that will be explained in
subsequent sections.

Physical-chemical characterization of blended LNMO/LFP: The Brunauer-Emmett-
Teller (BET) specific surface area (SSA), the X-ray diffraction (XRD), and Field
Emission Scanning Electron Microscopy (FE-SEM) analysis were carried out using
the same equipment reported in the previous sections.

Figure 6.13 shows the FE-SEM micrographs of the pristine LNMO at different
magnifications. In particular, most of the particles appear as regular octahedrons

with dimensions laying between 1 and 100 pum.
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Fig. 6.13 FE-SEM micrograph of the pristine LNMO at (a) 2.5 kX, (b) 5kX, (¢) 25 kX.

The results of the FE-SEM for the LNMO+2% LFP sample are presented in
Figure 6.14, clearly showing the presence and homogeneous distribution of LFP
nanoparticles, which are indicated with orange arrows. These nanoparticles exhibit
morphology and dimensions that are markedly different from those of the LNMO.

Fig. 6.14 FE-SEM micrograph of the blended LNMO+2%LFP at (a) 2.5 kX, (b) 5kX, (c) 25
kX.

Finally, Figure 6.15 reports the micrographs of the LNMO+10%LFP sample. It
can be seen that in the case of blended samples, the LFP particles are dispersed in
such a way as to partially cover the surface of the LNMO and the voids between the
octahedral particles.

Fig. 6.15 FE-SEM micrograph of the blended LNMO+10%LFP at (a) 2.5 kX, (b) 5kX, (¢)
25 kX.



6.3 Blending of LNMO and LFP and physical-chemical characterization 155

The EDX analysis was carried out on the two blended samples to better inves-
tigate the effective dispersion of the LFP on the surface and between the LNMO
particles after the RAM treatment. This analysis was conducted by the partner John-
son Matthey in their laboratories. As can be seen in Figure 6.16, despite the presence
of some particle clusters, the LNMO+2%LFP sample presents a more homogeneous
distribution of LFPs (which is identified by the purple color of the P element in the
figure) compared to the LNMO+10 %LFP, which instead clearly shows less mixing
between the two materials. It is important to underline that good dispersion of the
LFP can result in a microstructural configuration of the electrode that improves the
electronic and ionic transport between the two materials, with possible synergistic

effects and improvements in electrochemical performance. [307]

Fig. 6.16 Panels (a) and (c) report the EDX analysis on the LNMO+10%LFP sample, while
in (b) and (d) the EDX analysis on the LNMO+2%LFP sample is shown. This analysis was
conducted by the partner Johnson Matthey.

The XRD analysis of the blended electrodes shows that their crystalline structures
match the expected patterns of each component, as illustrated in Figure 6.17 (a). In
particular, for the LNMO+2%LFP sample, the peaks relating to the LFP are difficult
to identify due to the low added percentage, while in the LNMO+10%LFP sample, it
is possible to observe the diffraction peaks typical of the olivine structure of the LFP
(see Figure 6.17 b). It is worth highlighting that the XRD analysis of the blends does
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not show the presence of any new phases or impurities, indicating that the individual
components maintain strong stability with each other, without any apparent chemical
interactions or degradation of the samples taking place throughout the blending

process.
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Fig. 6.17 (a) XRD spectra comparison of the pristine LNMO, the LNMO+2%LFP and
LNMO+10%LFP samples (b) magnification of the range between 18 and 26.5 26, where
the most intense peaks of the LFP fall. The spectrum of the pristine LFP has been added to
facilitate the identification of its peaks.
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In order to further investigate how the addition of different percentages of LFP
modified the chemical-physical properties of pristine LNMO, the specific surface
area of various samples was assessed using N adsorption/desorption isotherms. As
depicted in Figure 6.18, LFP shows a notably higher surface area (15.9 m?g~1),
mainly due to its smaller particle size. On the other hand, pure LNMO has a much
smaller surface area, around 1.0 ng_l. For the mixed cathodes, adding LFP in-
creases the surface area to 1.3 m?>g~! for 2%LFP and to 3.7 m*g~! for 10%LFP.
This is equivalent to a 30% enhancement in specific surface area for 2%LFP and an
impressive 370% boost for 10%LFP in comparison to pure LNMO. These findings
on surface area align well with what is observed in FE-SEM images, suggesting an
LFP particle distribution within the electrode that could alter the contact surface

between active materials and the electrolyte.

Fig. 6.18 The figure summarizes the specific surface area calculated by nitrogen adsorp-
tion/desorption isotherms of the pristine LNMO, LFP, and the two blended samples.
6.3.1 Electrochemical results

The elecrochemical methods used to characteriza the LNMO and the blended cath-
odes are reported in Appendix B.3.
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In order to be able to evaluate the effect of the addition of LFP on the performance
and electrochemical behavior compared to the pristine LNMO, the areal mass load-
ing of the produced electrodes was standardized as much as possible and was kept
in the range of 10.5-11.5 mg cm~2 of active material. In fact, this parameter is
of non-negligible importance in evaluating the performance and electrochemical
responses of a cathode. [308]

Another aspect that should be highlighted about the preparation of these electrodes is
that they did not undergo any pressing or calendering treatments in order to maintain
the electrode’s natural porosity. This feature is designed to reduce potential issues
related to the infiltration of the electrolyte into the pores, thereby enhancing the
movement of lithium ions.

The electrochemical characterization of both pure and mixed electrodes was initially
carried out through cyclic voltammetry (CV) tests using a three-electrodes cell setup.
According to Figure 6.19, all samples showed clear peaks within the explored volt-
age spectrum between 3.0 and 4.9 V (against Li/Li™ ). In particular, every sample
exhibited a smaller peak at 4.1 V, which is linked to the manganese oxidation process
(from Mn** to Mn**). Moreover, within the voltage range of 4.65 to 4.75 V, the
voltammograms exhibit a doublet of peaks that is ascribed to the successive oxidation
stages of nickel (from Ni>* to Ni** and Ni** to Ni**, respectively). In the case of
the blended cathodes, an extra redox peak was visible, corresponding to the iron
oxidation (from FeZt to Fe31), showcasing that the electrochemical reaction of LFP
within the mixed electrodes is consistent and reversible in both cases. Notably, the
area related to the LFP reversible redox activity was fivefold larger in the electrode
blend containing 10 wt.% LFP compared to the one with only 2 wt.% LFP, high-
lighting a direct relationship between the LFP capacity and the quantity of its mass
incorporated through the physical blending process in the electrode composition.



160 LNMO-LFP blended cathodes for Li-ion batteries

Fig. 6.19 Image (a) shows the voltammograms at the fifth cycle of the LNMO,
LNMO+2%LFP and LNMO+10%LFP samples carried out at 0.1 mV s~!, while in (b),
the enlargement allows to better observe the current peak attributed to the LFP in the two
blended samples.

Figure 6.20 (a), (b) and (c) show all five cycles performed at the scan rate of
0.1 mV s~! for the three samples. A characteristic that seems to be common for all
samples is the presence of a marked polarization between the cathodic and anodic
branches during the first cycle, with a relative stabilization in subsequent cycles.
In particular, the pristine LNMO sample appears to be the least capable of stabi-
lizing the potential at which the oxidation and reduction peaks occur during the
potential scan, while the LNMO+2%LFP sample exhibits perfectly overlapping
voltammograms starting from the second one, lastly the LNMO+10%LFP sample
presents an intermediate behavior, with a percentage of peak overlap higher than the
LNMO, but lower than the LNMO+2%LFP. Overall, it can be concluded that the
mixed cathodes exhibit remarkable stability within the examined potential window,
showing no negative interactions between the materials or evidence of unexpected
chemical reactions.
Cyclic voltammetry was performed also at various scan rates (0.1, 0.2, 0.3, 0.4 and
0.5 mV s~!) in the same voltage window (3 - 4.9 V) using a three-electrodess setup
to assess the kinetics of Li* insertion/extraction and calculate the apparent diffu-
sion coefficient employing the Randles-Sevéik equation (Eq. 4.2.1, as previously
discussed). The results are reported in Figure 6.20 (d), (e) and (f) for the pristine
LNMO, the LNMO+2%LFP and LNMO+10%LFP.
As can be seen in the 6.20, as the scan rate increases the voltammograms exhibit less
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defined and more prominent oxidation and reduction peaks due to a slower charge
transfer in the material. By analyzing the disparity in the oxidation and reduction
peak values, two pairs of peaks were identified for the calculation of the apparent Li*
diffusion coefficient (Dy;): O1/R1 (attributed to the Mn3+/4+ transition) and O2/R2 (
attributed to the Ni3*/4* transition), as reported in 6.21 (a) and (b), respectively. The
linear relationship between the peak current (I,) and the square root of the scan rate
(v1/2), depicted in Figure 6.21, allowed for the determination of Dy; from the slope
of the linear fit, with results summarized in Table 6.1. The table reveals a significant
variation in Dy; across the O1/R1 and O2/R2 reactions, albeit the average diffusion
coefficient is consistent with values found in the existing literature. [309, 310]

All three samples under investigation show diffusion coefficients that are closely
matched across each distinct reaction observed. Nonetheless, it is significant to
mention that the composite cathodes reveal a marginally increased lithium diffusion
coefficient Dy; for both the O1 Mn3*/4*and the R2 Ni**/4* reactions. This implies
that the inclusion of LFP in the cathodes might boost the kinetics of specific reactions,

which occur at different states of charge/discharge of the cathode.
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Fig. 6.20 Cyclic voltammetry profiles (scan rate 0.1 mV s~! in the voltage range of 3-4.9 V)
for pure LNMO (a), LNMO +2%LFP (b), LNMO +10%LFP (c). In panels (d), (e) and (f)
are reported the cyclic voltammetry profiles at different scan rates (0.1, 0.2, 0.3, 0.4 and 0.5
mV s~ 1) pure LNMO (a), LNMO +2%LFP (b), LNMO + 10%LFP (c).
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Fig. 6.21 (a) Linear plot of the peak current vs square root of the scan rate for the O1/R1
peaks, (b) Linear plot of the peak current vs square root of the scan rate for the O2/R2 peaks.
The slope was used to determine the Dy; using the Randles-Sevéik equation.

Table 6.1 Values of the apparent lithium diffusion coefficients calculated from CV measure-
ments for different O/R reaction peaks.

Sample Apparent diffusion coefficient D;; [em? s~ !]
01 02 R1 R2
LNMO 44810712 2.43.107° 2.02-10°'"  549.10710

LNMO+2%LFP 5.19-107'2 2.29-10° 1.76-10°'' 7.00-10°1°
LNMO+10%LFP 4.73-107'2 1.94.107° 1.75-10°!1  8.68.10°10

To assess the impact of LFP incorporation on the cathodic reaction kinetics, cy-
cling protocols focusing on the rate capability and capacity retention were conducted
using half-cells (coin-cell 2032 configuration) with lithium metal serving as the
counter electrode. These evaluations were carried out within a voltage window of 3.0
-4.9V vs. Li/Lit at room temperature, with the specific capacities of all tested elec-
trodes normalized against the combined mass of the active materials (LNMO+LFP).
The study initially sought to understand how LFP inclusion affects the performance
of the cells concerning their rate capability. The reasoning behind this investigation
arises from the hypothesis, which was supported by the FE-SEM analysis, that
blending two materials of differing particle sizes and morphology might improve the
interface contacts among the constituents of the cell, such as the current collector,
carbon black, and notably, the cathode materials themselves.

For these rate capability experiments, the cells underwent charging and discharging
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at a constant rate of ~C/10 during the first three formation cycles, followed by a
sequence of cycles at varying C-rates (from C/10 up to 5C) for discharging, while
maintaining a constant 1C rate for charging. The discharge profiles at the different
current regimes of the three samples taken into consideration are shown in Figure
6.22(a), (b) and (c) for LNMO, LNMO +2%LFP and LNMO +10%LFP, respectively.
It can be seen that for the blended samples (very small in the case of LNMO +2%LFP,
more accentuated in the case of LNMO +10%LFP) there is an additional discharge
plateau at around 3.3V, corresponding to the electrochemical activity of the LFP.
This result is in agreement with cyclic voltammetry previously shown. The discharge
capacity at different C-rates of each sample was assessed through a rate capability
test (see Figure 6.23) and the results are summarized in Table 6.2. As can be seen,
the performances of the three different cathodes are very similar at low C-rates, while
as the current increases it seems that the pristine LNMO is able to maintain a slightly
higher discharge capacity compared to blended cathodes.

However, further considerations can be made on the results of the rate-capability
tests; for instance, Liebmann et al. [311] highlighted an important observation regard-
ing the effective C-rate experienced by materials in blended cathode formulations.
Specifically, the effective C-rate on a given material escalates markedly as its propor-
tion within the cathode blend diminishes. This implies that with the low percentages
of LFP used in this study, the current intensity impacting the LFP is substantially
high. For example, in the hypothesis of applying a positive charging current of 0.1C
calculated on the total capacity of the cathode (thus based on the weight fraction
of LNMO and LFP and their specific capacity), this current would initially affect
only the LFP particles within the cathode. It would then impact the LNMO at a
later stage, owing to the distinct potential windows in which these materials operate.
As a result, this hypothetical current of 0.1C would effectively become an actual
current of around 4C for the 2%,,,LFP and 0.8C for the 10%,,,LFP. Additionally,
the rate capability is further affected by several other variables such as the electrode
homogeneity, porosity, as well as the quantity and dispersion of carbon black and
binder [311]. This suggests that not all LFP is actively involved in the lithiation
and de-lithiation processes, thereby not fully contributing to the reversible capacity,
especially at higher C-rates (like 2C and 5C) where the LFP capacity contribution is

barely noticeable.
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Fig. 6.22 Discharge profiles of the LNMO (a), LNMO +2%LFP (b), LNMO +10%LFP (c) at
different C-rate.
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Fig. 6.23 Rate capability performance in discharge; panel (a) shows the comparison of all the
discharge capacities over the test for three representative cells, while (b) is the comparison
of the mean discharge capacity for each sample at different C-rate.

Table 6.2 The table summarizes the discharge capacity values obtained for the three samples
in half-cell configuration during the rate capability test.

C-rate Average discharge capacity, [mAh g~']
LNMO LNMO+2%LFP LNMO+10%LFP

C-10 126.11 129.56 125.55
C/3 117.53 116.34 108.90
1C 117.39 116.12 107.49
3C 114.14 110.83 97.43
5C 108.91 103.56 89.12

However, the results of the rate capability test also show that the LFP is indeed
electrochemically active in its potential window (below 3.9 V vs Li/Li™ ) up to
currents of around 1C, even in the case of the sample at 2%wt, suggesting that it can
effectively act as lithium source in the cathode.

To assess the potential impact of LFP on cell performance under demanding con-
ditions, the three different samples underwent cycling in half-cells at a consistent
current density of 1C for both charging and discharging over 1000 cycles. It should
be remembered that this type of testing turns out to be particularly stressful not only
for the cathode but also for the liquid electrolyte used in this study, which has a fairly
traditional composition with the addition of 5%,,; of FEC.

Figure 6.24 showcases the discharge capacity comparison for the three types of
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cathodes, with capacities normalized against the total active material mass of LNMO
plus LFP. As shown in Figure 6.24 and further detailed in Table 6.3, the pure LNMO
cathode demonstrates a higher initial specific capacity, corroborating the observa-
tions from prior rate capability evaluations. Nonetheless, as the cycling progresses,
the LNMO cathode begins to show a significant decrease in capacity. Notably, after
roughly 800 cycles, the blended cathode containing 2%, LFP starts to outperform
the pure LNMO in terms of capacity, and a similar trend is also observed for the
10%,,; sample over 900 cycles.

Upon closer inspection of the capacity retention data for each cathodic composition
(plotted in Figure 6.24 (b) and numerically summarized in Table 6.4), it is evident
that after 800 cycles, the LNMO cathode undergoes a notable reduction in capacity
retention, plummeting to approximately 70% by the 900" cycle. Conversely, the
cathodes that include LFP demonstrate consistently higher capacity retention, which
constantly exceeds 80%. Remarkably, the LNMO+2% LFP composition maintains
its capacity retention above 80% even after 1000 cycles, revealing its enhanced

stability and reduced capacity loss over extensive cycling.
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Fig. 6.24 Panel (a) compares the discharge capacities of the three different cathodes over
1000 cycles at the current of 1C, while panel (b) shows the capacity retention (calculated
on the base of the 5 cycle at 1C) of the three different samples over the cycling with a
sampling of 100 cycles.
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Table 6.3 The table summarizes the performance in terms of discharge capacity and coulom-
bic efficiency of the three different cathodic compositions over the long cycling test performed
at 1C for 1000 cycles.

Cycle number Discharge capacity, [mAh g—'] Coulombic Efficiency, [ %]

LNMO 2%,,LFP 10%,,LFP LNMO 2%,,LFP 10%,,LFP

5" (1C) 113.8 107.8 104.2 99.4 99.3 98.4
100" (1C) 117.5 112.5 104.9 99.6 99.5 99.5
200" (1C) 1152 110.8 102.3 99.6 99.5 99.6
300 (1C) 112.7 108.3 99.5 99.6 99.6 99.6
400" (1C) 112.4 107.0 97.4 99.6 99.5 99.6
500" (1C) 109.7  105.36 95.8 99.6 99.6 99.6
600" (1C) 107.7 93.8 93.3 99.6 99.6 99.6
700" (1C) 102.7 100.1 91.3 99.6 99.6 99.7
800" (1C) 98.2 98.7 86.9 99.6 99.6 99.7
900" (1C) 82.5 93.9 85.1 99.7 99.6 99.7

1000 (1C) 79.7 95.1 80.3 99.7 99.6 99.7
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Table 6.4 Discharge capacity retention values for the three samples over the long cycling
(1000 cycles at 1C).

Discharge Capacity retention
Cycle number [%] vs. 5" 1C
LNMO 2%,,LFP 10%,,;LFP

5% (1C) 102.6 103.5 102.1
100 (1C) 103.6 104.4 100.6
200" (1C) 101.3 102.7 98.2
300" (1C) 99.1 100.3 95.5
400" (10) 98.7 99.3 93.5
500" (1C) 96.4 97.7 92.0
600" (1C) 94.6 94.8 89.5
700" (1C) 90.3 92.8 87.6
800" (1C) 86.3 91.6 83.5
900" (1C) 72.4 87.1 81.6
1000 (1C) 70.0 88.2 77.1

The progressive degradation that occurred in the cells tested with the long cycling
protocol is more easily interpreted with the help of Figure 6.25, which shows, on
its left side (panels a, b and c) the discharge/charge profiles of the three different
cathode compositions for some selected cycles throughout the test, while on the
right side (panels d, e and f) the differential curves (dQ/dV) extrapolated from the
discharge/charge profiles at the 5, 500"" and 1000"" cycle are shown. In the dQ/dV
profiles from the 5" cycle, displayed in Figure 6.25 (d) for each electrode variant, a
distinct peak in the 4-4.2 V range is observed across all samples, which is attributed to
the Mn3*/4* redox transitions. Additionally, two peaks above 4.6 V, associated with
the Ni2t/4* redox transitions, are evident for all the tested compositions. Notably,
for the cathode with 10% LEP, an extra peak below 3.6 V, derivative from Fe2+/3+
transitions, is distinctly visible. Over the course of the cycling test, the Fe peak
vanishes, and there is a noticeable drift of both Mn and Ni peaks towards higher
voltages. A closer inspection of the Ni peak shift, especially pronounced in the pure
LNMO variant, shows that by the 1000 cycle, the Ni>*/4* oxidation peak at 4.9
V disappears entirely, with a significantly reduced intensity for the reduction peak
in the pure LNMO cathode. This phenomenon, as Howeling et al. [312] describe,
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may result from reduced lithium intercalation into the spinel lattice, highlighting
increased polarization and progressive degradation of the pure LNMO cathode over

cycling, leading to significant capacity reduction.

Fig. 6.25 Discharge and charge profiles of selected cycles for the three samples over the
long cycling performed at 1C. Panel (a) shows the profiles of the pristine LNMO, while the
profiles of LNMO+2%LFP and LNMO+10%LFP are shown in (b) and (c), respectively. The
right part of the figure (panels, d, e, f) reports the dQ/dV profiles for the three samples of the
5. 500" anf 10005 cycles, respectively.
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In order to better understand how the addition of different percentages of LFP
to the pristine LNMO could affect the apparent diffusion coefficient of lithium
ions and how this parameter varies as the state of charge of the battery varies,
the Galvanostatic Intermittent Titration Technique (GITT) tests were carried out.
This technique enabled the calculation of the apparent diffusion coefficients of Li™
throughout the charge and discharge steps in a half-cell setup. The protocol for this
test consisted of a current pulse at 0.1C lasting 10 minutes, followed by a relaxation
step of 2 hours; the potential range in which the cells were tested was between 3 and
49 V.

In particular, Figure 6.26 (a-f) reveals that while the GITT profiles for the three
samples are broadly comparable, both in charge (panels a,c and e) and discharge
(panels b, d and f), distinct variations are evident at lower potentials.

In fact, by carefully observing the reported GITT curves, they can be divided into
three distinct regions: one at low potential (below 4 V), one of intermediate transition
(4 - 4.5 V) and one at high voltage (> 4.5 V). In particular, focusing on the first region,
it can be noted how the pristine LNMO and LNMO+2%LFP are characterized by
low overpotential values (AE), while the LNMO+10% LFP sample displays higher
polarization values that seem to be related to a higher amount of LFP in the cathode
composition. In the intermediate region, the three samples do not show substantial
differences and are all characterized by a more marked AE, while the high potential
zone turns out to be the one where AE is less evident, regardless of the considered
sample.

The calculation of the apparent diffusion coefficient from the GITT was performed

based on the equation reported below:

4 ( IV, dE/d, \* 12
Dy =— << 6.3.1
L= (ZaFS) (dE/d\/? ) Dy (63.1)

where "I" represents the current applied, "Vj," is the volume of the molecule, "Z,"

indicates the charge of the carrier, "F" stands for the Faraday constant, "S" denotes
the electroactive surface area, and "E" is the voltage recorded over the duration "t"
and composition "x".

An interesting feature that can be observed in the trend of the D;;+ is the progressive
shift to higher SOCs that its minimums undergo depending on the amount of LFP
present in the blends (see Figure 6.26 c-f). This trend is in line with observations
made by Rahim et al. [313], highlighting that the modest reduction in the Li™ diffu-
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sion coefficient correlates with the oxidation from Mn>* to Mn** during the initial
phase of lithium de-intercalation (at lower voltages) and with the oxidation from
NiZ+/3+ to Ni**/4* at more advanced stages of lithium de-intercalation (at higher
voltages).

The diffusion coefficients for the three cathode formulations exhibit comparable
values that are in agreement with results obtained from cyclic voltammetry analysis,
as well as with values reported in scientific literature, which are generally around the

25—1. Moreover, a detailed examination of the diffusion

maximum value of 10719 cm
coefficient comparisons for the samples (referenced in Figure 6.26 g-h) reveals that
the blended samples with LFP exhibit slightly higher diffusion coefficients compared
with pristine LNMO. This deviation of the D;;+ for the blended cathodes becomes
particularly noticeable for SOCs ranging from 20 to 40% and, to a lesser extent, for
SOCs between 50 and 70%.

The observation of slightly higher diffusion coefficients in the blended samples
strongly suggests that the presence of LFP exerts a significant influence, particularly
at lower charge states. This indicates a potential interaction between the two mate-
rials, reflecting findings from cyclic voltammetry tests. Such an interaction might
be triggered by the disparate redox potentials at which the two cathode materials
become electrochemically active. Furthermore, the increased diffusion coefficient
at lower voltages is directly associated with a higher oxidation state of manganese
(Mn**), corroborating earlier report. [314] This aspect proves to be significant,
as a higher oxidation state of manganese reduces the risk of dismutation and the
subsequent formation of Mn?*, along with the leaching of this species from the
LNMO structure. [315] [316]
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Fig. 6.26 GITT measurement profiles carried out both in charge and discharge, alongside the
calculated Li* diffusion coefficient on the Y, axis. Panels (a), (c) and (e) report the charge
GITT profiles for the charge of the pristine LNMO, LNMO+2%LFP and LNMO+10%LFP,
while in (b) (d) and (f) the discharge profiles are shown. The comparison of the D;;+ of the
three samples over charge is plotted in (g), while in (h) the Dy;+ values are referred to the
discharge step.



6.3 Blending of LNMO and LFP and physical-chemical characterization 175

Alongside GITT measurements, EIS was also performed at different states of
charge (10, 50, 75, and 100% within the potential range of 3.0 — 4.9 V) to investigate
the changes in internal resistance across various cathodes. This EIS evaluation was
carried out during the fourth cycle of charge, subsequent to three initial formation
cycles at a C/10 rate.

The profiles of the charging curves during which the impedance tests were carried
out are shown in Figure 6.27. The impedance measurement was preceded by a
relaxation time of 1h to stabilize the potential; the regions of interest are highlighted
by colored rectangles at different states of charge.

Figure 6.28 reveals that each Nyquist plot, regardless of the considered sample and
the SOC, is characterized by three semicircles, followed by a diffusion line that
moves from the high to the low-frequency areas. The impedance data have been
analyzed with the ZView software, employing an equivalent circuit model (R1 +
R2/CPE1 + R3/CPE2 + R4/CPE3 + W), as shown in Figure 6.28 (d). Delving deeper
into details, the equivalent circuit model applied for fitting each Nyquist plot consists
of an uncompensated resistance, R1, arranged in series with three R/CPE parallel
configurations (where CPE denotes the constant phase element) and a Warburg
element. The resistance encountered at high frequencies (R1) integrates various
factors, including the ionic resistance of the separator and the electronic resistance
associated with the external contacts of the electronic cell. The second resistance
(R2), linked to the initial semicircle in the high-frequency domain (approximately
15000 Hz), is mainly due to the contact resistance encountered between the porous
electrode and the current collector [41,42]. Generally, this resistance does not change
significantly during the entire charging cycle. However, in the high-frequency
area, another semicircle emerges, and the related resistance (R3) is ascribed to the
resistance of the passivating surface layer on the particles. [43] Approaching the mid-
frequency area, a distinct third semicircle emerges, illustrating a resistance (R4) that
derives from both charge transfer and the resistance encountered in the pores at the
electrode/electrolyte boundary. This part of the circuit precedes a Warburg diffusion
component (W) detectable at reduced frequencies, which reflects the semi-infinite
linear movement of Li™ ions within the electrodes solid framework [40—45]. The
Nyquist plot demonstrates that the semicircles corresponding to various processes
are intertwined, thus challenging the differentiation of contributions from individual
cathode materials. Specifically, the regions representing charge transfer and contact

resistance for LNMO and LFP are indistinguishably overlapped, as it can be clearly
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seen in the EIS spectra reported in Figure 6.28. However, it is also interesting to note
that the R4 decreases as the SOC increases, in particular from 10% towards 50%
and 75%, and this is a trend already reported in the literature [317] for materials that
contain Mn, which oxidizes from 3+ to 4+, with a consequent reduction in charge
transfer resistance. Moreover, the impedance spectra reveal that R4 maintains low
values as it approaches the 4.7 V threshold, indicative of nickel oxidation reactions.

Fig. 6.27 Charge profiles during which the EIS measurements were carried out. The colored
rectangles highlight the different SOC at which the charge was stopped and the EIS had been
collected.

The resistance values extracted from the fitting process at various SOCs (10%,
50%, 75% and 100%) are listed in Table 6.5. As can be seen, a general characteristic
is that the total resistance of the cathodes is higher at low SOCs, (i.e., when the
cathode is rich in lithium) compared to higher charging stages. It can also be noted
that at low SOCs, the presence of the LFP seems to lead to an increase in charge
transfer resistance (R4) compared to the pristine LNMO sample. According to
findings by Liebmann et al., [311], blending materials with distinct intercalation
potentials typically results in elevated charge transfer resistance in comparison to

single-material electrodes.
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Fig. 6.28 (a) EIS spectra for pristine LNMO at different SOCs (b) EIS spectra for
LNMO+2%LFP at different SOCs (c) EIS spectra for LNMO+10%LFP at different SOCs,
(d) the equivalent circuit used to fit the EIS spectra
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In summary, the impedance spectra consistently demonstrate that the LFP pres-
ence (even in low quantities) influences the cathode response at low SOC, indicating
its effect at reduced potentials, while LNMO’s influence becomes significantly more
pronounced at elevated states of charge. When the state of charge reaches 100%, the
overlapping contributions make it impossible to distinguish individual resistances,
thus only the values of R1 and R4 can be found in Table 6.5. In this regard, for all
the samples analyzed, R1 seems to increase more markedly as SOC increases, while

the variation of R4 towards higher values is more limited.

Table 6.5 Detailed impedance values at various states of charge for cathode compositions:
pure LNMO, LNMO blended with 2% LFP, and LNMO blended with 10% LFP.

SOC % Sample R1[Q] R2[Q] R3[Q] R4[Q]

LNMO 6.60 8.45 8.37 5.98
10 LNMO+2%LFP 5.06 1255 1098  17.21
LNMO+10%LFP  6.17 7.78 11.38  26.21

LNMO 6.71 8.66 7.8 0.87
50 LNMO+2%LFP 4.36 10.62 8.96 248
LNMO+10%LFP  6.81 5.08 9.23 2.68

LNMO 6.98 6.25 7.48 1.35
75 LNMO+2%LFP 4.09 11.76 8.98 297
LNMO+10%LFP  6.76 5.16 8.96 3.22

LNMO 17.98 - - 6.56
100 LNMO+2%LFP 2242 - - 6.65
LNMO+10%LFP  18.69 - - 9.89

At this point in the discussion, it is appropriate to remember that the data pre-
sented so far were obtained in a half-cell configuration (i.e. with the cathode coupled
to an anode made up of metallic lithium) while from this point forward in the chapter
the data reported refer to complete cell (using graphite as anode material). This
different pairing of electrodes has been studied for several reasons: firstly because
graphite is commercially the most used anode material, secondly because the limi-
tations of LNMO (capacity fading, Mn dissolution, and loss of active lithium) are

more pronounced in full-cell, since lithium metal, acting as an infinite reserve of Li
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ions, can partially mitigate these problems. Consequently, the effect of LFP in the
cathode composition can also be very different in the two cell designs.

Given the fact that the reversible capacity of the full cell is based on the active mass
of LNMO in the cathode, the areal capacity of the graphite negative electrode was
calibrated to match the capacity of the positive electrode, aiming for an N/P ratio
(anode capacity/cathode capacity) of about 1.00 to 1.1. In particular, the following
data in full cell configuration were obtained with these N/P ratios: LNMO 1.07,
LNMO+2%LFP 1.02 and LNMO+10%LFP 1.08. Moreover, to avoid excessive
strain on the electrolyte, the cells were cycled in a voltage window of 3 to 4.75 V at
room temperature.

The results of a galvanostatic cycling test consisting of five cycles at C/10 followed
by 100 cycles at 1C on the three samples vs graphite anodes are shown in Figure
6.29. It can be seen how in the formation cycles (Figures 6.29 c and d) the cathodes
with LFPs exhibit higher capacities both in terms of areal capacity, approximately
1.2 mAh cm™2 vs. the 1.05 mAh cm™2 of the pristine LNMO, and gravimetric
capacity, 110.60 mAh g~! vs 96.30 mAh g~!. From the second cycle onwards, the
two blended samples exhibit a Coulombic efficiency (CE) above 93%, in contrast to
the LNMO sample which maintains a CE below 86%; however, by the completion
of the forming cycles, all samples achieve a CE greater than 95%. In this regard,
the increased Coulombic Efficiency detected in the formation step for the blended
cathode suggests that the integration of LFP may effectively mitigate this irreversible
behavior typical of LNMO-based cathodes.

Shifting the focus to the part of the test carried out at a higher current (1C), the
capacity performances confirm the trend shown by the three samples during the
formation cycles, with the blended cathodes outperforming the pristine LNMO. In

more detail, the areal capacity of the blends is around 1.1mAh cm 2

, compared to
about 0.9 mAh cm~?2 for the pristine LNMO, while the gravimetric capacities show
more varied values among the samples (see Figure 6.29 b) but are nonetheless greater
for both blends.

In terms of capacity retention, which was calculated based on the value obtained at
the first cycle carried out at 1C, both blended samples exhibit values above 80% at

the end of the cycling test, while the LNMO presents values below this threshold.
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Fig. 6.29 The figure shows the electrochemical performance of the three cathodes coupled
with a graphite-based anode; (a) areal capacity of the full-cells over cycling, (b) gravimetric
capacity of the full-cells over cycling, panels (c) and (d) show a zoom of the formation
cycles performed at 0.1C in terms of areal and gravimetric capacity, while in panel (e) and
(f) are plotted the coulombic efficiency (CE) and capacity retention of the three samples over
cycling, respectively.

In contrast to half-cells configuration, the cells coupled with graphite as anodic
material present more complex differential capacity (dQ/dV) profiles, which were

derived from their charge/discharge curves, as depicted in Figure 6.30. In particular,
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all samples exhibit two significant peaks at 4.59 V and 4.68 V, indicative of the
stepwise oxidation process of nickel (Ni** to Ni** and then to Ni**). Notably, the
pure LNMO and the LNMO with the addition of 10% LFP display an extra peak at
around 4.63 V, which progressively fades over subsequent cycles, as seen in Figure
6.30 (d) and (f). This additional peak in the dQ/dV profiles of full LNMO/graphite
cells is presumably connected to electrolyte degradation, as Zou et al. [318] pointed
out in earlier research. On the other hand, examining the dQ/dV profiles of the
LNMO+2%LFP sample in panels (b) and (e) of Figure 6.30, it can be observed
that they consist of two main, well-defined, and reproducible peaks across the five
formation cycles analyzed, without the presence of the additional peak at 4.63 V
shown by the other two samples.

Upon closer examination of the dQ/dV profiles at lower voltages (as shown in Figure
6.30 g, h, and 1), a pronounced peak around 3.9 V is noticeable for all samples. This
peak, which derives from the oxidation of manganese, shows a gradual shift with
increasing cycles. Notably, in the case of the pure LNMO cathode, this peak becomes
invisible after the first two cycles. It should be noted that the peak does not vanish
but rather moves to considerably higher voltages (4.45 V), which is evident in the
profiles from the third to the fifth cycle. On the other hand, in cathodes that incorpo-
rate LFP, the peak associated with manganese oxidation remains noticeable through
several cycles, and a higher concentration of LFP in the cathode (10%,,,) appears to
be beneficial in counteracting the shift of the peak towards higher potentials, as can
be seen in panel (i) of Figure 6.30. This observation suggests that the inclusion of
LFP markedly reduces the polarization within the cell. Moreover, the distribution
of LFP particles inside the cathode seems to play an important role, acting as a
shield to prevent direct contact between LNMO particles and the electrolyte, thereby
lessening the degradation of the latter.

In the testing protocol of the full-cell, a relaxation step of 30 minutes was incorpo-
rated between each cycle to enhance accuracy in determining the potential of the
cells and to evaluate how effectively materials were utilized in a non-polarized state.
Figure 6.31 illustrates the open circuit potential (OCP) for the three different samples
after the rest step, reporting the OCP values at the 1%, 5, 10/, and 50" cycles.
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Fig. 6.30 Panels (a), (b), and (c) display the dQ/dV of the full-cells for the first five cycles
conducted at 0.1C for pristine LNMO, LNMO+2%LFP, and LNMO+10%LFP, respectively.
In panels (d), (e), and (f), enlargements of the same curves in the high potential zone 4.2 -
4.8 V are shown, where the electrochemical activity of Ni is concentrated. Finally, panels
(g), (h), and (1) present the dQ/dV in the low potential zone 3.5 - 4.3 V, characterized by the
activity of Mn.

Although the 30 minutes of relaxation may not allow every cell to achieve
complete equilibrium (in fact the electrode potentials would relax further if allowed),
it offers a pragmatic approach for approximating their equilibrium potential without
significantly inducing calendar aging, as highlighted in the work of Klett et al. [319]
In particular, starting from the second cycle onwards, the relaxation potential exceeds
3.5 V for the pure LNMO cell, whereas, for the two blended cathode samples, it
stays below 3.2 V after the five cycles at 0.1C (see Figure 6.31 e). As the charge rate
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increases to 1C, the relaxation potential for the blended samples maintains lower

levels for the initial 50 cycles.

Fig. 6.31 Panels a, b, c and d show the relaxation potential profiles of the three different
samples at the 1%, 5, 10"* and 50" cycle, respectively. In the two bottom panels are reported
the OCP values after the relaxation step for the formation cycles (e) and during the 100
cycles at 1C (f).
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Beyond this point, the sample containing 2%,,; LFP exhibits a gradual increase
in relaxation potential, eventually matching the value observed in the pristine LNMO
cell. In contrast, the cell featuring the LNMO+10% LFP cathode takes around 80
cycles to reach the same relaxation potential value, as shown in Figure 6.31 (f). This
phenomenon underscores the significant influence of LFP, which becomes more pro-
nounced at lower C-rates and varies according to the amount of LFP introduced into
the cathodic formulation. The relaxation potential incrementally rises throughout the
cycling, indicating that lithium is being released from the LFP, effectively increasing
the amount of cyclable lithium. This process appears to compensate for the continual
depletion of electrochemically active lithium, likely due to persistent side reactions
and the development of an unstable SEI layer.

To delve deeper into the impact of LFP on cathode performance, three-electrodes
cells were assembled and tested using lithium as a reference electrode. The opera-
tional voltage of the cell was set from 3.0 to 4.75 V to closely examine the separate
responses of the anode and cathode over five formation cycles at a C/10 rate. The
possibility of observing the anode and cathode potentials individually can be very
useful to undersand the possible causes of capacity fading during the cycling of
full-cells, in which it is generally not possible to separate the contributions of the
anode and cathode due to the cell design itself. Indeed, by defining a voltage range
for a full-cell to operate, without separately monitoring each electrode, the voltage
response observed by the potentiostat is the potential difference between the cathode
and anode. This difference can change significantly depending on the state of charge
of the cell. Therefore, although the overall cell potential may be within the estab-
lished range, the potentials of the individual electrodes can be outside of this. For
example, the cathode potential typically exceeds the upper threshold, going beyond
5V, while the anode potential can drop below 0 V, thus favoring lithium plating.
[320-322]

The results of the galvanostatic cycling for five cycles at 0.1C of the three-electrodes
full-cells are shown in Figure 6.32, which reports the full cycling test, and in Figure
6.33, where the first and fifth cycles are compared for the three samples. In particular,
it can be seen that the voltage profiles for all the cathodes display the characteristic
plateaus of Ni oxidation/reduction that were previously identified in half-cell studies.
Additionally, for the blended cathodes, there is a noticeable plateau that corresponds
to the redox reaction of iron. Simultaneously, the process of lithium being interca-

lated into and deintercalated from graphite takes place in several steps at potentials
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below 0.2 V.

In more detail, by observing the charge and discharge profiles presented in Figure
6.33 and comparing them, it can be noted that the cells assembled with blended
cathodes exhibit, during the cell’s discharge process (and thus the de-lithiation of
graphite), a lower increase in the anode potential (a phenomenon often referred to
as "anode slippage"). Indeed, for the pristine LNMO sample, the anode potential
at the end of the discharge step during the 5 formation cycles was always over 1 V,
whereas in the case of LNMO+2%LFP, the anodic potential was around 0.5V at the
end of the first cycle with a slight increase in the subsequent ones. In the case of the
LNMO+10%LFP sample, this trend was even more pronounced, with the anodic
potential consistently being below 0.5 V throughout the entire cell formation. This
finding indicates that incorporating LFP with LNMO in the cathode composition
can effectively mitigate the potential growth of the graphite anode, with notable
implications for cycling stability.
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Fig. 6.32 Full-cell voltage profiles with the charging and discharging steps that are shown
continuously vs time for (a) pristine LNMO vs graphite (b) LNMO+2%LFP vs graphite and
(c) LNMO+10%LFP vs graphite.



6.3 Blending of LNMO and LFP and physical-chemical characterization 187

Fig. 6.33 The first cycle of the three-electrodes cells of each sample is shown in panels (a),
(b) and (c) for the pristine LNMO, LNMO+2%LFP, and LNMO+10%LFP respectively. In
the lower part of the figure, the fifth cycles for the three samples are shown in (d) for LNMO,
(e) for LNMO+2%LFP, and (f) for LNMO+10%LFP.

Another interesting aspect that can be captured by this three-electrodea test is the
cut-off value reached by the positive electrode at the end of the cell charging step. In
particular, when examining the potential profile (see Figure 6.34) of the cathodes
at the fifth cycle, it can be noticed that the pure LNMO cathode reaches a higher
value for the upper cut-off voltage. Consequently, this causes the following CV
step to be carried out at higher potentials compared to those observed for blended
cathodes. It is reasonable to assume that this elevated cut-off value is not lowered in
the subsequent cycles and might become more significant at higher C-rates, imposing
significant stress on the electrolyte. Indeed, reaching and maintaining high potential
values invariably leads to increased degradation of the electrolyte over the cycles,

leading to a more pronounced capacity loss.
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Fig. 6.34 Comparison of the charge profile of the fifth cycle for the three cathodes; the arrow
highlights the higher potential reached by the LNMO cathode at the end of the charge and
the subsequent constant voltage step.

In order to analyze in more depth the response of the three different positive
electrodes in this type of cell configuration, the profiles of the charging curves of
the first and fifth cycles (Figure 6.35 a and b) were used to derive the respective
differential dV/dQ curves, which are shown in Figure 6.35 (d) and (c). In particular,
the examination of the charge profiles of blended electrode cathodes in the initial
cycle reveals that the oxidation reaction at lower potentials solely affects LFP. This
reaction results in the liberation of an initial quantity of lithium ions from the cathode,
which is consumed in the formation process of the SEI layer on the surface of the
graphite anode. This stage is crucial for the stability and longevity of the battery. At
high potentials, however, the LNMO undergoes de-lithiation, providing the lithium
needed for the reversible charging and discharging process. It can therefore be seen
how the two cathode components, although operating in two rather different potential
windows, can work synergistically in the different charging stages of the cell. In the
fifth cycle, there is a distinct upward shift in the cathodes potential (for all samples),
clearly illustrated in Figure 6.35 (b). However, this trend is particularly marked in the
case of the pure LNMO cathode. In fact, after five cycles, it consistently maintains a
level above 4 V throughout both the charging and discharging processes, indicating

a significant change in its electrochemical behavior. This highlights that LNMO
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activity is confined to a higher voltage plateau near 4.75 V, and does not extend to
lower voltages, thus bypassing the 4 V plateau, where Mn>* to Mn** oxidation
occurs. Furthermore, these findings highlight the fact that the cut-off potential of 3
V (i.e. the lower discharge limit after which the full-cell returns to charging), being
calculated as the difference between the cathodic and anodic potential (and E,,, -
Ec.), is reached prematurely due to the growth of the graphite potential above 0.8V.
This suggests that a fraction of the lithium fails to be efficiently de-intercalated from
the graphite, resulting in its depletion during the renewal phase of the SEI layer.
[312]

The differences in the electrochemical behavior between the pure LNMO cathode and
the two blends are more prominently outlined through differential voltage analysis
(DVA or dV/dQ), as depicted in the figures 6.35 (c) and (d). Particularly, in this form
of galvanostatic cycling data analysis, peaks emerge in relation to the state of charge
of the battery and each peak corresponds to transitions from one voltage plateau to
another in the charging and discharging curves when the potential of the cell (or
the cathode potential, in this case) is plotted against the state of charge. Indeed,
the peaks observed in Figures 6.35 (c) and (d) are located at SOC values where, in
Figures 6.35 (a) and (b), there are significant potential transitions.

Thus, DVA emerges as a valuable method to evaluate and compare the decay and
degradation of the cell over cycling. In particular, by comparing the SOC positions
of the peaks exhibited by the three cathodes at the first and fifth cycle, it can be
observed that there is a shift of the peaks towards lower SOC levels; however, this
displacement of the peaks is not uniform across the three samples. Indeed, for the
pristine LNMO, it is clear that the shift of the peaks is much more pronounced (the
peak at the beginning of charge SOC~/0 is not visible) compared to the blended
samples, with the LNMO+10%LFP sample showing the least potential variation of
its peaks in dV/dQ curve.

One aspect worth focusing on involves the upper and lower potential cut-off values
when operating in a full-cell configuration. Indeed, especially when working with
high-voltage cathodes (such as in the case of LNMO), the electrolyte is subjected to
significant stress, and a too high cut-off value can accelerate capacity fading. On the
other hand, a cut-off potential that is too low would prevent utilizing the full reversible
capacity of the cathode. In this sense, the value of 4.75 V, intended as the overall cell
cut-off potential, has proven to be a good compromise. Similarly, the anode also has

an ideal potential window within which it should always operate. Indeed, as Michalak
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et al. [321] have highlighted, the SEI layer starts to deteriorate when the potential of
graphite during discharge equals or exceeds 0.9 V. This breakdown of the SEI layer
leads to the exposure of new reactive areas on the graphite anode, necessitating the
use of additional lithium and electrolyte to form a new SEI layer. Concurrently, the
cathode begins to produce detrimental oxidation by-products, further exacerbating
anode degradation through an interactive mechanism between the electrodes, also
known as "cross-talk". [320] This ongoing depletion of lithium and electrolyte
incrementally raises the discharge potential for both LNMO and graphite electrodes
with each cycle, speeding up their degradation [54] and contributing to an increase
in the internal resistance of the cell. [323]

Fig. 6.35 (a) Comparison of the charge profile of the first cycle for the three cathodes (b)
Comparison of the charge profile of the fifth cycle for the three cathodes; (c) Comparison
of the dV/dQ curves of the first cycle for the three cathodes(d) Comparison of the dV/dQ
curves of the fifth cycle for the three cathodes; the arrows highlight the shift of the peaks i
nthe dV/dQ plots towards lower SOC.
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The mitigation in the rise of discharge potentials of the graphite in cells with
blended cathodes highlights the beneficial impact of LFP on SEI layer stabilization.
In particular, the LFP addition seems to effectively diminish the consumption rates of
lithium and electrolyte in the early stages of cycling and influences the cut-off poten-
tials of the electrodes. This phenomenon could be largely due to the SEI formation
occurring at potentials well under 4.5V vs Li/Li* , a range that steers clear of the
formation zone for adverse secondary products stemming from parasitic oxidations
at the cathode. [324] At the same time, the lithium initially supplied by the LFP
proves to be beneficial for the overall cell operation since, in this way, the LNMO is
able to recover more lithium during cycling, reducing the overall irreversibility of
the system.

In conclusion, it can be said that RAM is an effective and scalable technique for
generating blended active materials for Li-ion batteries. In the particular case of
LNMO and LFP, the amount of LFP most homogeneously distributed through this
process was found to be a low amount (about 2%). From an electrochemical point
of view, the LFP appears to be reversibly active up to currents of 1C in half cells.
Moreover, it has been noted that the impact of LFP is more significant at lower states
of charge, affecting the diffusion coefficient of Li™ in the electrode and, as a result,
the performance of LNMO at reduced potentials (for example, 4.1 V). The most
marked effect of LFP, however, appears to be on capacity retention in both half-cell
and full-cell configurations with graphite as an anode. In this scenario, a reduced
potential polarization of the cell was noted, attributed to LFP acting as a "lithium
donor" and its impact on generating a stable SEI layer on graphite throughout the
formation cycles.

Fascinatingly, the advantageous influence of LFP is most pronounced when used in
minimal concentrations (such as 2%, ), which boosts the capacity retention while
not substantially affecting the total capacity of the system. Ultimately, the uniform
distribution of particles in the electrode, together with the reduction in lithium in-
ventory loss and electrolyte degradation, underscores the significance of achieving a
compromise among mixing methodology, morphology, physicochemical properties,

and ultimate electrochemical outcomes.



Chapter 7

Lithium Copper Manganese Oxide
cathodes for Li-ion batteries

The last part of the thesis focuses on the synthesis and chemical-physical and elec-
trochemical characterization of the high-voltage cathode material LiCug 4Mn; ¢O4
(hereinafter referred to as LCMO) for Li-ion batteries. This work was the result of
a collaboration with the research group of the Commissariat a I’énergie atomique
(CEA)-LITEN in Grenoble, where a significant part of the research activities de-
scribed below were carried out.

7.1 Pyshical-chemical and electrochemical properties
of LCMO material

From a structural point of view, lithium copper manganese oxide (like LNMO) is
derived from LiMn;0O4 and therefore, like the latter, has a spinel structure. The
idea of partially replacing Mn with other transition metals (Ni, Cr, Co, Cu, etc.)
arises primarily from the need to improve the electrochemical stability, electronic
conductivity and working potential of the material. Structurally, LCMO exhibits a
certain degree of cation mixing between divalent Cu?* ions and tetravalent Mn**
ions, which occupy the 16d octahedral sites of the spinel structure. Theoretically,
electroneutrality is achieved when all the manganese ions are tetravalent and the
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copper ions are all divalent and distributed across the 16d sites. However, some
ion exchange between copper and lithium could also occur in this material, both in
the tetrahedral 8a sites because, as reported by Shannon et al. [325], tetrahedrally
coordinated Cu®* has a smaller ionic radius than LiT (0.57 versus 0.59 A), and in
the octahedral 164 sites due to the small difference in ionic radii of only 0.03 A.
The typical spinel structure of LCMO along various crystallographic orientations is
shown in Figure 7.1, thanks to which the different positions assumed by the Cu, Li,

Mn, and O atoms in the crystal can be appreciated.

Fig. 7.1 Representation of the LCMO structure along the plane (111), (100) and (110).
Oxygen atoms are reported in red, lithium atoms in green, manganese atoms in purple and
copper atoms in dark orange.

LCMO was first synthesized and characterized by Eli et al. in 1998 [326] with
different amounts of copper as a substitute for Mn (LiCu,Mn,_,O4 with (0 < x <0.5).
As noted by Molenda et al. [327], the introduction of copper into the structure leads
to an increase in electrical conductivity compared to the undoped spinel LiMn;Oy;
in particular with x = 0.4, the conductivity value was found to be increased by two or-
ders of magnitude as Cu can participate in the electronic transport process. Moreover,
Meng et al. [328] investigated how the substitution of Mn with different metallic
ions (Cu, Ni, Cr, Fe, Ti) in the octahedral sites affects the diffusion activation barrier
of Li ions. The results showed that this barrier remained essentially unchanged in
the case of Ni and Fe, while it was significantly lowered by the presence of Cu.
From an electrochemical point of view, the samples synthesized by Eli exhibited
a gradual decrease in overall capacity as the copper content increased (from about
119 mAh g~! for x = 0.1 to about 71 mAh g~! for x = 0.5). Specifically, observing
the charge and discharge profiles of the various samples, Eli and his collabora-
tors found that, as the content of Cu?* increased, the capacity associated with the
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plateau between 3.3 and 4.5 V (characteristic of LiMn;0O4 and associated with the
Mn3*t/4+ redox reaction) decreased, with the simultaneous appearance of an addi-
tional plateau around 4.9 V, which was instead attributed to the oxidation of Cu2t/3+,
The electrochemical behavior exhibited by the samples was thus consistent with their
stoichiometry, since a greater quantity of copper resulted in a lower percentage of
Mn>7 capable of reacting in the lower potential region.

The cation exchange between Cu and Mn in the octahedral sites also impacts the
electrochemical performance.

In fact, a material with the composition Lij g;Cug3oMnj 704, rewritten in the typ-
ical notation of spinel materials as (Lig9Cug.1)g,[Mnj ¢7Cug22Li0.11]16404, has a

theoretical capacity of about 95 mAh g~!

, corresponding to the extraction of 0.65
moles of Li* and the complete oxidation of 0.33 mole fraction of Mn>** to Mn**
(in fact, the average oxidation number of Mn in this composition would be 3.8) and
0.32 mole fraction of Cu”>* to Cu®*. A cathode with this capacity and an average

discharge potential of about 4.4 V would therefore have a specific energy of about
350 Wh-Kg~!.

7.2 Overlithiation of materials with spinel structure

It is well known that the spinel materials like LiMn,O4 and LiNiy sMn; 504 can
be electrochemically or chemically lithiated/delithiated in the compositional range
Li,Mn,04 0 < x < 2.5 in the potential window from 5 to 1.5V. In particular, for the
overlithiated LNMO of formula Li;Nig sMn; 504 the average oxidation state of Mn
is 3.3T, with Mn** ions still available until the composition Liy 5Nig sMnj 504 is not
reached. This further lithiation step, which occurs between 1.9 and 1.5V corresponds

to approximately 75 mAh g~!

. Consequently, by extending the overall potential
range between 5 and 1.5V, the LNMO is able to provide a notable energy density of
approximately 1190 Wh kg~!. [329]

Figure 7.2 shows a galvanostatic discharge curve of a cathode based on LiNig sMn; 504
chemistry. When this material is brought below 3V (i.e. when the number of moles
of lithium exceeds 1), the Li*" ions are arranged in the unoccupied octahedral sites
16¢ of the cubic structure, with a consequent reduction of the Mn*t ions to Mn3t.

However, this further insertion of ions involves a structural modification of the cubic
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material, which converts into a tetragonal spinel structure which is formed by vertex
sharing between MnQOg octahedrons and LiOg octahedrons, and face sharing between
LiO4 tetrahedrons and MnOg octahedrons, as shown on the right side of Figure 7.2.
The transformation from a cubic to a tetragonal crystal structure leads to a 16%
increase in the ¢/a ratio and a 6.5% expansion in unit-cell volume. This modification
of the crystal structure is identified as the Jahn—Teller effect which is ascribed to
the interactions or electrostatic repulsion among the non-bonding electrons in the p
orbitals of the coordinating oxygen anions and the electrons in the d orbitals of the

metal (M = Mn, Ni, Cu) cation at the center of the oxygen octahedrons. [330]

Fig. 7.2 On the left is a characteristic discharge curve of an LNMO in the potential range
between 5 and 1.5V, on the right the structural changes of the spinel structure due to the
Jahn-Teller distortion which occurs below 3V. Partially modified from [329]

The additional potential plateau at around 2.1 V during electrochemical lithiation
is observed above 1.6 lithium per formula unit and has been reported for both ordered
and disordered LNMO. However, manganese spinel (without Ni) does not show a
similar behaviour, exhibiting a single plateau at around 2.8 V. Consequently, this
peculiarity characterising LNMO has been the subject of various studies. [331]
For example, Lee et al. [332] attributed the splitting of the plateau at 2.8 V to the
formation of two different tetragonal phases (T1 and T2) and justified the overvoltage
required to generate the T2 phase by a more difficult insertion of Li™ ions into the
octahedral sites 16¢. Furthermore, according to this study, the occurrence of this
second plateau appeared to be closely related to the degree of cationic ordering of
the material, with the T2 phase (and hence the plateau at 2.1 V) predominating in



196 Lithium Copper Manganese Oxide cathodes for Li-ion batteries

the case of a disordered spinel structure. More recently, Jobst et al. [329] applied
different electrochemical techniques (GITT, EIS) to investigate this phenomenon,
concluding that the plateau at 2.1 V is due to a different chemical composition
between the core (poor in lithium) and the shell (rich in lithium) of the particles.
These regions with different potentials (2.8 V and 1.51) react with each other at the
interface and recombine, resulting in a region with a mixed potential of around 2.13
V.

In general, the utilisation of the low potential region of spinel materials is very
attractive due to the associated higher specific energy, but difficult due to the strong
structural changes that the material undergoes and which lead to a rapid drop in the
capacity of the cell. However, it has been shown [324] [333] that the overliation
(x > 1 LiyMg s5Mn; 504) of these materials can be very useful to compensate the
irreversible capacity loss that occurs in the formation of full cells where graphite or
graphite/silicon-based anodes require an additional amount of lithium to generate
the SEL

Therefore, in this section of the document, for the first time, we explored the possibil-
ity for chemically overlithiating the LCMO spinel material, examining its chemical

and electrochemical behaviors in both half-cell and full-cell configurations.

7.3 Synthesis of LiCuj 4sMn; cO,4 and overlithiated LCMO

The synthesis of the LiCug4Mn; 04 and the lithium-rich material was carried out
according to the scheme shown in Figure 7.3. This type of approach proves to be
quite simple and can possibly be implemented on a larger scale. The starting mate-
rials, Li;CO3, MnCOs, CuO and Lil were purchased from Sigma Aldrich without
further modification. Typically, these precursors were mixed in stoichiometric ratios
(with 5% excess Li;CO3 to compensate for loss during the calcination phase) in
cyclohexane for a total time of 8 hours using a planetary mill (PM100, Retsh), which
utilises Coriolis and centrifugal forces to rapidly accelerate the grinding balls and
generate significant comminution forces. The result of this grinding process was a
very homogeneous brownish slurry, which was dried in an oven at 60°C. In the next
step, the dried powder was fired in air in a muffle in two successive stages, once at
600°C for 6 hours, followed by a further 6 hours at 900°C, at the end of which the
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oven was allowed to cool naturally. The powders were then gradually sieved using
the finest 50 um mesh. At this point, the synthesis of the material referred to as
LiCup4Mn; 04 (LCMO) was complete. In order to obtain the lithium-rich spinel
material, an additional step was necessary in which LCMO was mixed with Lil in
a weight ratio of 1:3 in an agate mortar. The powder mixture was then placed in
a quartz crucible in a Buchi B-585 sublimation oven. There, the temperature was
raised to 200°C under vacuum for 2 hours, causing the Lil to decompose into Li and
gaseous I», which was then condensed on a cooling finger present in the furnace.
The synthesis is carried out according to the reaction:

LiCug 4Mn; 04 + Lil — LirCug4Mn; ¢O4 + 0‘512(g) (7.3.1)

However, this equation assumes that all the lithium from the thermal decomposition
of Lil can diffuse into the spinel material, without taking into account possible
secondary reactions that the lithium could undergo (formation of LiOH and Li,O
reacting with moisture/oxygen), as well as possible loss of material during the sub-
limation process. At the end of the thermal process, the final product was washed
several times with absolute ethanol, centrifuged and dried at 70°C under vacuum.

Fig. 7.3 Scheme of the synthesis procedure that was used to produce the LiCug4Mn; 604
and the lithium rich spinel material.
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7.4 Physical-chemical characterization of LCMO and
overlithiated LRCMO

The physical-chemical methods used to characterize the two materials are reported in
Appendix B.4. For simplicity, from this point forward, the samples will be referred
to as LCMO for the pristine material of composition LiCug 4Mn; 04 and LRCMO
for the material that underwent the chemical overlithiation process.

Figure 7.4 displays the outcomes of the ICP-OES analyses and particle size distri-
bution for the two samples. Notably, the ICP results (Figure 7.4 a) corroborate the
theoretical composition of the pristine material, specifically Lig g9Cup30Mnj 6104. It
is intriguing to observe that the sample subjected to chemical overlithiation exhibited
a significant additional lithium content (approximately 0.85 mol), confirming the
effectiveness of the Lil treatment. The ICP-OES results are briefly summarized in
Table 7.1.

Table 7.1 Values of the concentration of the elements in LCMO and LRCMO samples from
ICP and the correspective compositions.

Element wt% .
Sample Calculated composition

Cu Mn Li

LCMO 124+0.1 458=£0.7 3.63 +0.07 Lij ¢Cup33Mn 6104
LRCMO 125+£0.1 4544+0.6 6.39+£0.07 Lij 76Cup33Mny ¢O4

The granulometric analysis was conducted on both the untreated powders and
after they had undergone one minute of ultrasonication in an ethanol-based suspen-
sion. As can be seen in Figure 7.4 (b), the LCMO sample overall presents three
"families" of particles in terms of size, with a strong prevalence of particles around 5
um, followed by a certain quantity of particles around 20 um, and a small portion
of nanoparticles. The effect of the ultrasonication step seems to be more effective on
the latter, as the fraction of nanoparticles increases, while the rest of the distribution
undergoes less marked changes. The LRCMO sample, on the other hand, is charac-
terized by two main families of particles, with the more numerous and quantitatively
significant around 4 um, and the second, less defined around 200 nm. Also in this
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case, ultrasonication (dark blue histogram in Figure 7.4 c) succeeded in breaking up
larger particle agglomerates to significantly increase the fraction of nanoparticles
present in the suspension.

Fig. 7.4 (a) ICP-OES results for the LCMO and LRCMO (b) particle size distribution of the
LCMO after sieving before and after 1 minute of ultrasonication (c) particle size distribution
of LRCMO before and after 1 minute of ultrasonication (d) comparison of particle size
distribution of the pristine LCMO and the LRCMO.

The comparison between the two sample distributions, depicted in Figure 7.4 (d),
shows that the LRCMO generally exhibits smaller-sized particles and more narrowly
distributed, highlighting how the overlithiation step evidently has an effect on this
property of the material.

Figure 7.5 displays the results of the SEM analysis for the LCMO sample, which
exhibits the typical spinel material morphology with predominantly octahedral parti-

cles and medium sizes consistent with the outcomes of the particle size analysis.
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Fig. 7.5 (a) SEM micrograph of the LCMO sample, (b) area of the LCMO sample where the
EDS mapping of Cu, O and Mn where performed, which are reported in panels (c), (d) and
(e), respectively.

The EDS mappings carried out on the sample area shown in Figure 7.5 (b) demon-
strate how the elements Cu, Mn, and O are homogeneously distributed throughout the
particles of the LCMO, without areas of heightened concentration of any particular
element.

Figure 7.6 presents the SEM analysis of the LRCMO sample, with corresponding
EDS mappings in panels b, ¢, d, and e. Morphologically, there are no significant
deviations from the pristine LCMO sample; however, clear fractures on the particle

surfaces are noticeable.
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Fig. 7.6 (a) SEM micrograph of the LRCMO sample, (b) area of the LRCMO sample where
the EDS mapping of Cu, O and Mn where performed, which are reported in panels (c), (d)
and (e), respectively. Particle cracking is visible on the surface of the sample due to the
additional insertion of Li ions.

These fractures are likely due to the mechanical stresses induced by the insertion
of additional Li ions, resulting in a phase transition from cubic to tetragonal, which
involves a significant volume change, as previously discussed in earlier sections.
This phenomenon of particle cracking has also been noted in other studies where
chemical overlithiation was achieved through a different method on the material
LiNig sMn; 5sO4. [334] [333]

Finally, X-ray diffraction was performed to identify the present phases and deter-
mine their structural properties. The XRD spectrum of the pristine LCMO sample,
shown in the Figure 7.7, was analyzed following the Rietveld refinement procedure.

Notably, the fitting of the diffractogram faithfully follows the experimental data
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without evident discontinuities between the two (blue line at the bottom in the Figure
7.7). The quality of the refinement is assessed by the R,,, and x? parameters, whose
values are reported in Table 7.2 and are considered acceptable, although not optimal
(a perfect fit would result in unitary values). Moreover, the XRD analysis also un-
covered the presence of a second phase besides the cubic spinel one, which had not
been identified in previous EDS analyses. The goodness of the fitting significantly
improved by incorporating a monoclinic phase with the C2/m space group into the
refinement, identified as Li;MnOs.

Fig. 7.7 Diffractogram of the LCMO sample with the experimental data in red, the profile
used for fitting in black, and the difference between the two in blue. The measurement was
carried out between 26 values ranging from 10-110 with a step size of 0.0039°, collecting
about 25-103 points.

The analysis results showed that the weight percentage of this impurity was
approximately 4.85%,,, with the remaining 95.15%,,, consisting of the cubic phase
LiCug3sMn; 6104. Another aspect highlighted by the refinement is the presence of
a certain quantity of oxygen vacancies, a fact that aligns with the high temperatures
used in the calcination step of the solid state reaction. Taking this into account, the
composition of the material turns out to be LiCug 33Mnj ;03 9¢. Since the synthesis

process of LRCMO was carried out under vacuum, it was assumed that these O
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vacancies are also retained in the Li-rich material. The parameters extracted from
the refinement of the structure for the cubic phase of the LCMO sample are listed
in Table 7.2. Notably, substituting Li atoms with Cu in the tetrahedral 8a sites
significantly improved the fitting, especially in describing the intensity of the (220)
peak. Therefore, it was assumed that the Li atoms displaced from the 8a sites could
partially occupy the octahedral 16d sites.

Additionally, as reported in the literature by Ohzuku [335] and Yang et al. [336], the
ratio of the integrated intensity of the peaks (400)/(311) is inversely proportional to
the occupancy of the substituting metal ion in the 8a tetrahedral sites. For the LCMO
sample, this ratio is about 0.813, a value that confirms the significant exchange

between Cu and Li atoms in the 8a and 16d sites.

Table 7.2 List of crystallographic parameters extracted from the Rietveld refinement of the
LCMO sample, which is found to consist of two phases, a cubic Fd-3m and a monoclinic
C2/m, present at 95.15%,,, and 4.85%,,, respectively.

Crystal Phase Atom Wyckoff . y . Site
parameter LiCug3sMn; ;04 notation occupancy
Crystal system Cubic Li(1) 8a 0.125 0.125 0.125  0.86(8)
Space group Fd-3m Cu (1) 8a 0.125 0.125 0.125  0.13(2)
a[A] 8.208 Mn 16d 05 05 05 0.81
a 90 Cu (2) 16d 0.5 0.5 0.5 0.12(4)
Cell vol. [A3] 553.04 Li(2) 16d 0.5 0.5 0.5 0.065
20 range 10-110 O 32e 0.265 0.265 0.265 0.98(9)
Ryp 7.23
R, 3.30
X2 4.88

The average size of the crystalline domains of the sample was then evaluated

using the Scherrer equation:

KA
~ BcosO

(7.4.1)
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Where D is the mean size of the ordered (crystalline) domains, K is a dimensionless
shape factor that has a typical value of about 0.9, which was assumed in this case. A
is the X-ray wavelenght and S is the line broadening at half the maximum intensity
(FWHM), in radians while 0 is the Bragg angle in radians.

Applying this equation to the LCMO sample and with the FWHM parameters ex-
tracted from the fitting, the average size of the crystallites is found to be about 90
nm, a value that is in line with those reported in the literature for materials with a
spinel structure like LNMO. [336, 337]

The XRD analysis of the LRCMO sample is shown in Figure 7.8. Since the lithium-
rich material is sensitive to air, the sample was prepared in a glove box, and its
surface was protected with a Kapton film. As a result, a signal due to Kapton film
could be detected at small 26 angles (0-28°) in the diffraction patterns of the pow-
ders, which was then subtracted as part of the background. However, the quality
of the experimental signal was not sufficient to conduct a refinement with values
considered acceptable.

As can be seen, the diffractogram of LRCMO differs significantly from the typi-
cally cubic one of pristine LCMO. In particular, the addition of lithium leads to a
structural change, made evident by the fact that the peaks exhibited by LRCMO are
characteristic of a tetragonal structure with space group /4|/amd (identified by a
light blue cross in Figure 7.8).
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Fig. 7.8 Diffractogram of the LRCMO sample with chemical composition
Li; 76Cup3sMn; ¢O4. The material exhibits a complex structure with the coexis-
tence of three different phases, with the tetragonal phase being largely predominant over the
monoclinic and cubic ones. At the bottom, the characteristic peaks of the three phases and
their corresponding Powder Diffraction Files are shown.

However, the spectrum still shows a small part of the signal coming from both the
Li;MnOj3 impurity and the original cubic structure, identified respectively by a green
triangle and a purple diamond. These structural findings align with the literature on
the overlithiation of spinel materials such as LNMO [338, 339], yet they have not

been documented for a material with this specific chemical composition.

7.5 Electrochemical characterization of LCMO and
overlithiated LRCMO

From the electrochemical perspective, the two materials were first tested in a half-cell
configuration and subsequently in a full-cell configuration. Figure 7.9 shows the
results of the first galvanostatic cycling test conducted against metallic lithium at a
current of 0.1C in the extended potential range of 5.1 - 1.6 V vs Li/Li" . This test
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was conducted to verify the possible influence of the chemical overlithiation process
on the electrodes performance compared to the electrochemical one. In particular,
by observing the profile of the first cycle of the two samples, reported in Figure 7.9
(a), it can be seen how LRCMO exhibits, during charging, two additional plateaus
between 3 and 3.9 V compared to LCMO, with an associated capacity of about 115
mAhg~!, which corresponds to the amount of Li inserted into the material during
the chemical overlithiation process. The capacity provided by the two samples in
the range between 3.9 and 5.1 V, however, is very similar and corresponds to the
extraction of about 0.65 mol of Li, so that in both materials, there are still about 0.35
mol of unextracted Li at the end of the charging processes. In the discharge phase,
the profiles are more similar to each other, however, a significant difference can be
observed in the low voltage region (< 3V) which will be discussed later.
Furthermore, from the comparison of the charge/discharge capacities exhibited by
the two samples, it can be observed how they are able to deliver practically the same
capacity in the initial phase of the cycling, while as the cycles proceed, LRCMO
exhibits a greater capacity retention, as also reported in the first lines of Table 7.3.
This difference can be explained by observing the charge/discharge profiles and the
coulombic efficiency values reported in Figure 7.9 (c), (d), and (e) respectively.
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Fig. 7.9 (a) Charge/discharge profiles of the first cycle of LCMO and LRCMO based cathodes
at current rate of C/10, (b) Specific capacity (charge and discharge) vs cycle number of the
two samples, (c) Charge/discharge profile of the LRCMO at C/10, (d) Charge/discharge
profile of the LCMO at C/10, (e) comparison of the coulombic efficiency over the cycle
number for the two samples. The test was carried out with half-cell configuration.

In particular, it can be noted, as highlighted by the partial charge/discharge values
in Table 7.3 and by their ratio in Table 7.4, that at the beginning of the cycling LCMO

is able to deliver more capacity in the range 3.8 - 5.1 V and more efficiently (C.E.
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of 82.6% vs 77.5%), a fact that is also reflected on the overall C.E., which turns
out to be consistently higher for LCMO until about halfway through the cycling.
However, as the cycles progress, the capacities and the C.E. of the two samples in
this potential range align to the same values, with LRCMO even surpassing LCMO
at the end of cycling. Moreover, when also considering the low voltage region (1.6 -
3.8V), it can be seen how LRCMO is able to provide more capacity from the initial
phases and with D/C values (Table 7.4) much closer to the ideal (100%). Indeed,
the data in Table 7.4 for this voltage region highlight how the insertion of Li is
significantly easier compared to their extraction from the material, a fact that seems
to be particularly true for LCMO.

Table 7.3 The table lists the charge and discharge capacity values for the LCMO and LRCMO
samples during cycling at C/10 in the two potential ranges of interest (1.6 - 3.8V) and (3.8 -
5.1V) for the 2", 25" and 50" cycles.

Sample
Electrochemical data Unit Potential Cycle
range LCMO LRCMO
Disch. cap. retention (vs 2"%) (%] 25th 63.9 71.3
0

Disch. cap. retention (vs 2%) 50th 49.6 56.9
Discharge Cap. 5.1-39V 78.2 67.9
Discharge Cap. 38-16V d 123.6 131.5

[mAh g_l] 21
Charge Cap. 1.6-38V 124.7 130.2
Charge Cap. 39-51V 94.7 87.6
Discharge Cap. 5.1-39V 56.7 55.2
Discharge Cap. 38-16V h 72.2 86.5

[mAh g ] 25!
Charge Cap. 1.6-39V 56.3 71.33
Charge Cap. 38-51V 76.4 74.2
Discharge Cap. 5.1-39V 45.7 48.7
Discharge Cap. 38-16V 254l 65.2

[mAh g~'] 501
Charge Cap. 1.6-38V 33.8 45.1

Charge Cap. 38-51V 68.5 69.8
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However, it is necessary to point out the significant loss of capacity exhib-
ited by both samples at the end of cycling, with poor capacity retention values
(49.6% and 56.9% for LCMO and LRCMO, respectively). Indeed, observing the
charge/discharge curves, it becomes clear that in the region below 2.5V, the elec-
trochemical processes are only partially reversible, with a clear and progressive
reduction of the plateau at 2.2-2.1V. Moreover, the D/C ratio values reported in Table
7.4 for the region below 3.8V indicate a strong irreversibility of the processes and
are likely made possible only by the presence of metallic lithium as an anode, which

can act as a semi-infinite source of Li™ ions.

Table 7.4 Discharge to charge capacity ratio (de facto, C.E.) of LCMO and LRCMO samples
in the two potential ranges of interest (1.6 - 3.8V) and (3.8 - 5.1V) for the selected cycles
during the test conducted at C/10.

Ratio D/C Capacity [ %]
LCMO LRCMO

Cycle Voltage range

5.1-3.8 82.6 77.5
2nd

38-1.6 99.1 100

5.1-3.8 74.1 74.4
251h

38-1.6 128.4 121.1

51-38 66.7 69.8
Soth

38-1.6 163.8 144.5

The analysis of the charge/discharge curves is facilitated by the use of differential
dQ/dV curves shown in Figure 7.10 (a) and (b). Assuming a discharge process
starting from 5.1V, a peak at about 4.9 V is encountered associated with the reduction
of Cu?t/2* with Li* insertion into the tetrahedral 8« sites; moving forward, there is
a double feature with peaks located at about 4.24 and 3.96 V, which are attributed
to a two-step insertion of lithium into the tetrahedral 8a sites [237], resulting in
the reduction of Mn*+/3+. Below 3V, the insertion of Li™" into the octahedral 16¢
sites begins, with a first peak at about 2.7V and a second at 2.2-2.1V, resulting in
a distortion of the crystal lattice to a tetragonal structure. In this region, the two
materials show differences, in fact, LCMO exhibits a peak at 2.7V much less marked
compared to LRCMO from the first cycle up to about the 20/, where the difference
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levels off. The percentage of the capacity below 3.8V represented by these two
peaks (plateau in Figure 7.9) is reported in Figure 7.10 (c) and (d). The reason for
the presence of these two peaks/plateaus will be discussed with the GITT results,
however, it appears clear that the prior chemical insertion of Li™ ions makes this
process easier in the initial phases of cycling, since a higher overpotential is required
for LCMO to continue inserting Li™ into the 16¢ sites. However, just as the plateau
at 2.2 V exhibited a contraction over cycling, so does the corresponding peak in its
intensity in the dQ/dV plot, confirming the only partial reversibility of the process.

Moving to the charging step, a small and poorly defined peak at about 2.1V is noted
in both samples during the first cycle, while in subsequent ones it is no longer present.
At 3V, a very intense peak can be seen which corresponds to the transition from
tetragonal to cubic phase; both peaks are due to the extraction of Li* ions from the
16¢ sites. In particular, it can be observed how the peak at 3V turned out to be more
intense and stable for LRCMO, showing that the process takes place more easily in
the Li-rich material than in the pristine LCMO. These results are consistent with the
higher capacity and C.E. values previously highlighted in the low voltage region for
LRCMO, underscoring how chemical overlithiation proves to be beneficial for the
material to adapt to the strong structural changes that it undergoes in this potential
range.

Proceeding with the charging process, a peak is observed at about 3.8V, whose nature
is not yet fully explained in the literature. However, Lee et al. [332] attributed
this peak in LNMO to the completion of the transition from tetragonal to cubic.
Finally, in the region above 3.8 V, the processes appear completely reversible, with
the de-insertion of Li™ from the tetrahedral 8a sites, resulting in the oxidation of
Mn3*/4* around 4V (double peak) and of Cu?t/3* at about 4.95V.



7.5 Electrochemical characterization of LCMO and overlithiated LRCMO 211

Fig. 7.10 dQ/dV plot derived from the charge/discharge curves performed at C/10 for (a)
LCMO and (b) LRCMO, while in panels (c) and (d), the capacity percentages are presented,
corresponding to the capacity attributed to the two plateaus at 2.7 and 2.1V compared to the
total capacity exhibited by the two cathodes below 3.8V.

In order to have a clear idea of the structural changes that the material undergoes
in a cycle within the extended potential range (1.6-5.1 V), ex-situ XRD measure-
ments were performed on various LCMO cathodes (so the overlithiation is only
electrochemical in this case) obtained by disassembling the cells in an Ar-filled glove
box. The cathodes were then washed with DEC and protected with a Kapton film
on the sample holder. The potentials at which the cells were stopped were selected
based on points of interest in the respective charge-discharge curves. The obtained
diffractograms are shown in Figure 7.11 (a), with the respective rhombohedral mark-
ers of different color representing the points of the equilibrium curve where the
cell was stopped and disassembled. All the tested cathodes underwent an initial
formation cycle and were disassembled during the second one

To better understand how the spectra vary with the state of charge of the cell, Figure
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7.11 (b) reports the evolution of two diffraction peaks (311). and (400), (subscripts
C and T indicate the cubic and tetragonal phases, respectively) in the range 26 =
32-47°. Starting from the discharge process, the peaks of the cubic phase gradually
shift towards lower 20 values, without significant changes in the spectra up to 2.6 V.
However, already in the spectrum at 2.6 V (orange one), the presence of the peak
(220); can be visibly noted, indicating that the transformation may begin just below
3 V. Bringing the spinel material below 2.5 V (red spectra collected at 2.05 V) makes
the transformation from cubic to tetragonal more evident, with the (311). peak being
split into the (103); and (211), and the (400), into the (220),. [237]

Fig. 7.11 In panel (a) are reported the ex-situ spectra of the cathodes that had been stopped at
the desired potentials, which are identified on the charge/discharge curve in the right part of
the figure by the coloured markers, and disassembled to get the XRD data (b) enlargement of
the XRD spectra in the 20 = 32-47° range (c) comparison of the XRD spectra of the cathode
stopped at 2.05V x = 1.7 and the LRCMO obtained with chemical overlithiation with x =
1.76

Moving on to the charging process, it is interesting to note how the structure
changes in the initial phases: in particular, it can be seen how at 2.5 V the tetragonal

phase is still largely prevalent, with the cubic phase beginning to form and becoming
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dominant already at 3 V. As can be seen, the disappearance of the tetragonal phase
occurs between the spectra collected ath 3 and 3.875 V, thereby strengthening the
hypothesis that the peak observed in the dQ/dV at 3.8 V could indeed be attributed
to this phase transition in the material. In the final stages of the charging process, the
peaks shift towards higher values of 20 as the charge proceeds, a fact that is reported
to be accompanied by a decrease in the lattice parameter and therefore a shrinkage
of the crystal lattice. [340, 341]

For spinel-type materials, the evolution of the structure between 3-5 V during the
charging phase is generally described in terms of the lithium mole content x. In
particular, in the very early stages (1 < x < 0.95), the system displays characteristics
of a solid solution (phase P1), then undergoes a first-order transition and moves to a
system where first two and then subsequently three different cubic phases coexist
(P1+P2+P3) in the range 0.71 < x < 0.25. In this range, there is always one phase
in clear minority compared to the other two (P3 and P1 at the beginning and end
of charging, respectively). Below x = 0.25, the system returns to being biphasic
(P2+P3) and ends the charge in a new solid solution for x < 0.1. [341] In the case of
LCMO, and based on the ex-situ data collected here, it is not possible to propose an
accurate model for the evolution of the material’s structure (in-operando XRD could
provide adequate sampling and resolution as SOC varies). However, the variation in
the position of the (311). peak is similar to that reported by Zhu [336] et al., making
it plausible to hypothesize that LCMO also undergoes a first-order transition to a
system that is first biphasic and then triphasic. It should be noted, however, that
at the end of the charging step in LCMO, there are still 0.35 moles of Li, so the
formation of the third phase ( which should be virtually "lithium-free") could be
strongly limited by this factor.

Finally, Figure 7.11 (c) shows the comparison between the XRD spectrum of the
LRCMO obtained through chemical overlithiation with Lil (blue spectrum) and
that of the electrode stopped at 2.05V (red), whose compositions should be very
similar to each other (x = 1.76 and 1.7, respectively). It can be noted how the overall
profile between the two samples is very similar, however, there are some differences
such as the shift towards lower angles of the peaks (103) and (004) in the case of
the electrode, which can be attributed to the different amount of lithium in the two
structures. This comparison highlights the effectiveness of the treatment with Lil to

achieve the overlithiation of the material.
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The GITT technique was applied to the LRCMO sample in the extended potential
range (1.6 - 5.1 V) with current pulses of 0.1C followed by a 2-hour relaxation step.
Since high-voltage spinel materials undergo two-phase reactions during lithiation,
GITT is able to provide only apparent diffusion coefficients, which implies the
movement of Li™ ions as well as the one of the interface between phases. [342] The
results are shown in Figure 7.12 (a) and (b) for the discharge and charge process, re-
spectively. Considering the discharge step, it can be noted that up to 3 V, the diffusion
coefficient D;;+ is around 10~'* m?s~!, and in this range, the difference between
the voltage recorded at the end of the relaxation step (OCV, open-circuit voltage,
depicted with a dashed yellow line in Figure 7.12) and the end of the current pulse
(termed CCYV, closed circuit voltage), which is a direct measure of the overpotential
1M, is minimal and indicative of low cell polarization. The transition zone between the
high and low potential region at a SOC of about 70% (light green shaded area) shows
a strong potential variation so that the cell could not reach an equilibrium condition
to provide significant values of D;;+. In the zone below 3V, it can be observed how
the CCV values faithfully trace the profiles of the galvanostatic discharge curves of
Figure 7.9, highlighting the presence of two distinct plateaus at 2.7 and 2.1V, a fact
that would suggest the occurrence of two different electrochemical reactions. On the
contrary, the practically constant OCV values from 70% < SOC < 20% suggest that
the material, with sufficient relaxation time, is capable of reaching equilibrium, and
that the two plateaus of the CCV represent two distinct steps (requiring a different
1) of the same Li" insertion phenomenon (namely, the metal species being reduced
is always the same, in this case Mn**/3+). The trend of D, ;+ in this area reflects
the difference between the CCV and OCV: for 70% < SOC < 55%, i.e., when the
transition from cubic (C) to tetragonal (T) structure occurs, D;;+ undergoes a drastic
reduction (four orders of magnitude). This strong reduction seems to be particularly
pronounced during the transition between the CCV plateau from 2.7 to 2.1 V, a fact
also observed by Jobst et al. [329]. Subsequently, D;;+ shows a gradual increase that
can be explained by the fact that in the progressively formed Li-rich structure, the
octahedral 16¢ sites are characterized by energy comparable to those of 8a in the
spinel structure. Indeed, the values of D;;+ for SOC = 15% are of the same order of
magnitude as those of the high voltage region, before undergoing a decrease likely
linked to an excessive occupation of the 16c¢ sites with consequent reduced mobility
for the Li™ ions.

During the charging process, as illustrated in Figure 7.12 (b), a noticeable discrep-
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ancy between the CCV and OCV persists up to approximately 4 V/SOC ~ 55%. In
particular, D ;+ significantly decreases up to SOC ~ 25% (3V), coinciding with the
transition from T to C. However, it is also noticeable how the extent of 1 increases
considerably at SOC ~ 30% (3.7 V) up to SOC ~ 50% (3.85 V), indicating a marked
polarization of the cell. This observation is consistent with the data from ex-sifu
XRD measurements performed at 3 and 3.875 V during charging, which showed
that the transition from T to C was only completed at voltages higher than 3.875
V. Consequently, it seems logical to associate the peak of overpotential exhibited
by the material during the charging phase between SOC 30% and 50% (3.7 - 3.85
V) with the completion of the structural transition and with the peak exhibited by
the dQ/dV curves in the same potential range. It should be noted that in this range
of SOC, the cell struggled to reach equilibrium during the relaxation step, and this
is reflected in the values of D;;+ (which progressively increases) and 1 (which
decreases). A longer relaxation time could indeed reveal constant OCV values (about
2.9V, as in the region 5% < SOC < 30%) with consequent stabilization of both Dy ;+
and 1. However, even with these parameters, the GITT measurement was able to
provide valuable information on the electrochemical behavior of the materials in the
low voltage region; moreover, these parameters allow the measurement not to be
excessively prolonged in terms of time.

Fig. 7.12 GITT test carried out on the LRCMO based cathode between 1.6 - 5.1 V with 10
min of applied current 0.1C and 2h rest (a) discharge process, (b) charge process. The figure
reports both the voltage vs SOC of the cell and the values of D;;+ in function of the SOC.

Recently, Jobst et al. [329] and Dose et al.[339] have thoroughly investigated
the nature of the two plateaus in the low-voltage region exhibited by LNMO. Con-
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sequently, since the LCMO analyzed here shows the same type of structure and
electrochemical behavior, and based on the results just described, this work assumes
a similar model. In particular, it can be better understood with the aid of Figure
7.13. The basic assumption is that the insertion of Li™ ions below 3 V involves
a core-shell type reaction mechanism of the LCMO crystallites beyond a certain
degree of lithiation. More specifically, it is possible to hypothesize that a certain
concentration gradient begins to develop at 2.8V (where the GITT discharge curve
shows a first increase in overpotential) between the core of the crystallites (which
remains cubic with Li = 1) and the outer part, which becomes lithium-enriched (1
< Li < 2) and converts to a tetragonal structure. Therefore, during the later stages
of discharge, lithium needs to penetrate this Li-enriched layer. The presence of this
blocking shell thus leads to the formation of a super-lithiated phase in the outermost
part (namely Lij 5Cug4Mnj ¢O4) which has an equilibrium potential of about 1.5
V vs Li/Lit , rather than a lithiation of the LCMO core. During the GITT relax-
ation step, the two reactions shown in Figure 7.13 occur, where the super-lithiated
material reacts cathodically while the core reacts anodically, both transforming into
Li;Cup4Mn; O4 and bringing the system to the OCV of 2.78 V. The mixed potential
generated by the juxtaposition of these two phases turns out to be about 2.13 V [329],
in line with the value of the CCV plateau for SOC > 55%.

Fig. 7.13 Scheme of the proposed lithiation process in a single crystallite of LCMO, including
the simultaneous anodic and cathodic reactions that occur during lithiation in the low voltage
region (for 60% < SOC < 70% on the left and for 60% < SOC < 0% on the right).
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To better study the phenomena that occur during the charge/discharge processes
of the material, various electrochemical impedance tests were conducted during
the cycling of a half-cell in a coin-cell configuration. This test was preceded by a
formation step involving three cycles at 0.1C in the potential range of 1.6 - 5.1 V vs
Li/Li* . As in the case of GITT, the material used for this test was solely LRCMO.
Figure 7.14 shows the charge/discharge profiles and the points where the impedance

spectra were recorded.

Fig. 7.14 The charge/discharge profile of the LRCMO in half cell between 1.6 - 5.1 V with
colored squares thath highlight the points where the EIS was performed.

The spectra obtained during the charging step were reported in Figure 7.15 (a),
while those collected during the discharge were shown in Figure 7.15 (c). Figures
7.15 (b) and (d) displayed the same graphs enlarged for better readability. All col-
lected impedances were fitted using a simplified equivalent circuit consisting of
an initial resistance followed by three RC elements and possibly a constant phase
element (CPE). More specifically, the high-frequency resistance (Ry) accounted for
the ionic resistance of the separator/electrolyte and the external electronic contacts of
the cell and was approximately constant throughout the entire charging/discharging
process (about 10 Ohm). The resistance R1 represented the impedance due to the con-
tact between the current collector and active material and was also quite stable over
the course of cycling (7-10 Ohm); the contribution of this resistance was particularly
evident at high frequencies in the spectra at low SOC in the early stages of charging
(panel b of Figure 7.15). At medium frequencies (935 Hz), the resistance R2 was
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associated with the passivating layer of the LCMO particles and their electronic
conductivity. Finally, the low-frequency region (5-0.1 Hz) was characterized by a
resistance (R3) that could be linked to charge transfer and pore resistance at the

electrode/electrolyte interface.
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Fig. 7.15 EIS spectra at different SOC of the LRCMO sample. (a) EIS spectra collected
during the charge process, (b) magnification of panel (a) for better readability. (c) EIS spectra
collected during the charge process, (d) magnification of panel (c) for better readability. In
(e) is reported the equivalent circuit used to fit the EIS spectra.

This was eventually followed by a Warburg diffusion element (W) at lower fre-
quencies, which indicated the semi-infinite linear diffusion of Li™ ions within the
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solid electrode. The fitting results were summarized in Table 7.5 for the charging
phase and in Table 7.6 for the discharge step.

Analyzing the impedances during the charging process, it was noticeable how R2
decreased until a SOC of 55% (3.6 V). This decrease was in line with other results
reported in the literature [343, 344] since, as delithiation proceeded, the electronic
conductivity of the spinel materials increased due to the mixed valence state of
Mn3+/4+ | At the end of the charging process (SOC 92.5%, 4.9 V), the increase in R2
could be attributed to the complete oxidation to Mn** and the increased resistance of
the CEI at high voltage. The trend of the resistance associated with charge-transfer
(R3) was different: it increased considerably from SOC 5% to SOC 55%, then de-
creased at the end of charging (SOC 92.5%). In particular, at low SOC (that is, when
the material is still over-lithiated), the extraction of Li™ ions results in a shift of the
interface between delithiated material and still Li-rich material towards the interior
of the crystallites, leading to an increase in the resistance associated with charge
transfer. The fact that the maximum value of R3 was identified at approximately the
same voltage (3.6 V) at which the GITT test showed the minimum values of DLi™
and the maximum value of overpotential corroborated this hypothesis. At the end
of the charging phase, R3 presented a significantly lower value, indicative of the
fact that delithiation occurred more homogeneously at these potentials compared
to low SOC. Moving to the discharge process, it was notable that the impedance
recorded at 4.9 V (SOC 93%) was very similar to the last of the charge, although with
slightly different values of R2 and R3. It was significant to note that the minimum
value of R3 was found at a SOC of 74% (corresponding to the maximum of Dy ;+
highlighted by the GITT and minimum overvoltage values). The values of R2 during
the discharge process were less variable compared to the charging process, thus
showing how the contribution of the passivating layer formed at high voltage during
charging was predominant at these frequencies.
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Table 7.5 Fitted impedance values based on Figure 7.15 at different SOC, for the LRCMO
material during the charge step.

Charge

SOC[%] R1[Ohm] R2[Ohm] R3 [Ohm] 22

5 9.3 111.5 5704  7.32:107°
21.5 9.5 80.4 1796 1.57-1074
55 7.0 60.4 4575  3.98.107*
92.5 11.6 214.6 240.4 8.9-107°

Table 7.6 Fitted impedance values based on Figure 7.15 at different SOC, for the LRCMO
material during the discharge step.

Discharge

SOC [%] R1[Ohm] R2[Ohm] R3[Ohm] x°

93.5 9.5 264.8 3249 8271077
75 9.5 254.1 25.4 1.57-10~%
55 10.4 249.2 6883  1.45.10°*
25 10.5 185.1 3852 1.1-1074

The characterization of the two materials in half-cell setups was completed by
performing a long cycling test at a current of 1C for 500 cycles for both LRCMO and
LCMO within the restricted potential range of 3-5.1 V vs Li/Li* , which is of greater
interest as it is also used in the full cell configuration. The results of the cycling test
are shown in Figure 7.16. It can be observed that for both samples, the Coulombic
Efficiency (C.E.) increases over the course of cycling, moving from 97.0% to 98.8%
for LRCMO and from 97.4% to 99.0% for LCMO (the values reported refer to the
first and the 500" cycle at 1C). Additionally, it is noted that in the case of LRCMO,
the cathode exhibits a practically linear reduction in capacity throughout the cycling
process (about 0.079% of discharge capacity per cycle), with a capacity retention
at the end of the test of 60.8%. On the other hand, LCMO shows a more marked
capacity reduction in the initial cycles (particularly at the 4" cycle when switching
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from the three formation cycles conducted at 0.1C to the 1C current), then displays a
recovery up to the 200" cycle and subsequently loses capacity slowly until the end
of the test (loss of about 0.053% per cycle), with a final capacity retention of 74.5%
relative to the first cycle at 0.1C.

Fig. 7.16 Long cycling at 1C for 500 cycles for LRCMO and LCMO at 1C in the potential
range 3-5.1 V vs Li/Li" . The coulombic efficiency is reported on the right y-axis in aqua
green and cyan for LRCMO and LCMO, respectively.

This trend highlights how chemical overlithiation can indeed act as a boost of

available lithium (thereby providing greater capacity, at least up to the 400" cycle
where both LRCMO and LCMO exhibit a capacity of about 63 mAh g~!), but at
the same time damage the structure of the material and thus cause a higher loss of
capacity per cycle.
The charge and discharge profiles of the cycling tests for LRCMO and LCMO are
presented in Figure 7.17 (a) and (b), respectively. Notably, the profiles of LRCMO
exhibit a gradual shift towards lower capacities, whereas this trend is less pronounced
for LCMO.
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Fig. 7.17 Charge and discharge voltage profiles over the cycling test performed at 1C for (a)
LRCMO and (b) LCMO.

Finally, the two materials were tested in a full-cell configuration, using com-

mercial graphite as anode material. Using graphite instead of lithium has two main
consequences: a greater loss of capacity in the first few cycles due to the formation
of the SEI on the surface of the graphite particles (generally quantifiable in the range
of 7-10% in the first cycle) and the lack of a semi-infinite lithium reserve as in the
case of an anode of metallic lithium. In fact, in a full cell, all the lithium comes from
the cathode structure, so any irreversible lithium consumption translates into a loss
of cell capacity. Consequently, the approach of using a lithium-rich material aims
to compensate for this initial loss thanks to the "reserve" of lithium stored in the
cathode.
In this case, the N/P ratio was slightly increased to about 1.3 due to the difference
in theoretical capacity of the two materials within the 3 - 5 V potential window (95
mAh g~! for LCMO and 372 mAh g~! for graphite), which would have led to the
production of excessively light anodes by maintaining an N/P ratio of 1.1. This ratio
has, however, been previously used in the literature for the production of full-cells
based on LNMO-graphite [334, 345].

The three-electrodes setup used for the cell configuration enabled separate moni-
toring of the cathode and anode equilibrium curve evolution. The testing procedures
were differentiated for the two different samples and are reported in Table 7.7 and 7.8
for LCMO and LRCMO, respectively. In particular, the main difference concerns the
formation phase performed at 0.1C: for LCMO the cut-off limits are mixed (Ewg.cg
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and Ecg), while for LRCMO the formation is based on the typical cycling potential
window of graphite (the limit on Ewg_cg is purely for safety and never reached).
This difference is made possible by the overlithiation of the material and aims to
promote the formation of a stable SEI and mitigate the loss of irreversible capac-

ity that occurs during the first cycles. A similar protocol was used by Betz et al. [334]

Table 7.7 Testing protocol for the LCMO-graphite three-electrode cell.

Formation 0.1 C  Cycling 0.3 C

LCMO
Cut off condition Cut off condition
. Ewg.ce <3V Ewg-ce <3V
Discharge
Ecg >08V Ecg > 1.2V
Rest 10 minutes 15 minutes
Ewg.cg >49V Ewg >495V
Charge
Ecg <0.01V -
C.w. - 20 minutes

Table 7.8 Testing protocol for the LRCMO-graphite three-electrode cell.

Formation 0.1 C  Cycling 0.3 C

LRCMO

Cut off condition Cut off condition

- Ewgcg <3V
Discharge WECE
Ecg > 0.8V Ecg >12V
Rest 10 minutes 15 minutes
Ewg.ce > 49V Ewg >495V
Charge

Ecg <0.01V -

C.V. - 20 minutes
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The cycling results for LCMO and LRCMO are shown in Figure 7.18 (a) and
(b), respectively, whereas Figure 7.19, shows some of the more significant cycles
enlarged for better readability. In particular, it can be noted that during the formation
phase, LCMO always reached the condition of Ewg.cg = 4.9 V during cell charg-
ing, while the exit condition of the discharge step was the one set on the graphite
(Ecg = 0.8 V). Therefore, it can be observed that, as the cycles progress, the potential
of the graphite at the End of Charge (EOC) increased, as did the potential of the
cathode at the end of the discharge. This leads to a progressive narrowing of the
potential window in which the two electrodes operate (electrode slippage) [322],
with a consequent significant reduction of the active material utilization and capacity
fade. Particularly, observing Figure 7.19 (a), which shows the last formation cycle
of LCMQO), it is noticeable how a substantial part of the plateau associated with the
Mn3+/4* redox was cut out from the cycling, as well as the last stage of intercalation
of the graphite.

The formation phase of the LRCMO is quite different: since the cathode was over-
lithiated, it could provide all the capacity necessary for the SEI formation to the
graphite without the anode potential curve being cut during the formation cycles. In
this phase, the potential window in which the cathode operated varied significantly
from cycle to cycle due to the increased capacity from the additional lithium in the
structure and the absence of cutoff constraints related to Ewg_cg. In particular, the
window in which the cathode operated was lower (between approximately 2.3 and
4.4 V) in the first six cycles compared to the typical window (3 - 5.1 V), which is
reached in the last formation cycle, as shown in Figure 7.19 (b). The variation in the
window is likely due to the limited reversibility of the reactions that occur at low

potential for the cathode, as already reported in the study of half-cells.
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Fig. 7.18 (a) Cycling of LCMO in a three-electrode cell, the cathode equilibrium curve is
shown in red Ewg, the anode in orange Ecg, and the overall cell potential curve is reported
in black EWE-CE; (b) cycling of LRCMO in a three-electrode cell. The blue curve shows
the cathode potential Ewg, the light blue curve the anode potential Ecg, and the black curve
represents the overall cell potential Ewg.cg. The third electrode is a reference lithium ring.

As aresult, in Figure 7.19 (b), which shows the last formation cycle at 0.1C for
the LRCMO, it can be noted that both the cathode and anode equilibrium curves
were complete (Ecg reaches a potential of 0.01 V at the end of the charge while Ecg
reaches 2.83 V at the end of discharge, EOD), in contrast to those of the LCMO
reported in Figure 7.19.

In the subsequent cycling carried out at a current of 0.3C, the testing protocols were

standardized for the two samples; moreover, a constant voltage (C.V.) step lasting
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20 minutes was introduced at the end of the charge step (Ewg = 4.95 V), in order
to ensure the completion of the cell charge with low currents. Additionally, the
potential limit for the anode was extended to 1.2 V for the discharge phase and it was
removed during the charge phase. As can be seen in Figure 7.18 and in Figures 7.19
(c) and (d), the potential profiles of the anode and cathode in the case of LCMO show
a trend very similar to that already shown in the last cycle at 0.1C. However, in this
case, the EOC of the graphite reaches 1.2 V from the first cycle at 0.3C, and without
the imposed limit, it would have exceeded that, since the cathode equilibrium curve
was still in the middle of the Mn3*/4+ redox plateau. The uncontrolled increase
in Ece can be problematic for the stability of the SEI, which can then crack and
lead to further lithium consumption during its reformation in the subsequent phase
of graphite intercalation. Consequently, as cycling continues, a smaller portion of
the low-voltage region of the cathode is utilized — meaning less lithium returns to
the cathode at the end of discharge due to its immobilization in the graphite SEI.
At the same time, a smaller fraction of graphite capacity is utilized, with higher
voltage plateaus (100 mV) accounting for a larger share of the capacity. [322, 346]
Another interesting feature that can be observed from Figure 7.19 (e) is that at the
transition between the Mn3+/4* redox plateau and the Cu?t/3+ plateau, there is a
corresponding spike in the anode equilibrium curve. Specifically, during the charging
step, this spike is negative, while in the discharge phase, it appears as a positive peak.
This demonstrates how the potentials of the anode and cathode can influence each
other during cycling, an aspect not observable in two-electrodes measurements.

Regarding the LRCMO, it can be seen that switching to a current of 0.3C (see
Figure 7.19 d) results in much less electrode slippage compared with LCMO, since
both typical cathode plateaus are clearly visible and complete in both charging and
discharging, and the values of EOC (0.01 V) and EOD (0.29 V) reached by the
graphite indicate a better utilization of the active material. However, it should also
be noted that at the end of the cycling (Figure 7.19 f), the LRCMO shows a problem
of lithium plating on the anode side, since the cathodic voltage jump during charging
translates into a minimum potential on the anodic curve, with the graphite reaching

negative potentials.
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Fig. 7.19 Panels (a) and (b) show the last formation cycle at a current of 0.1C for LCMO and
LRCMO, respectively. Panels (c) and (d) represent the second cycle performed at 0.3C for
LCMO and LRCMO, while in (¢) and (d) the last cycle (15" at 0.3C) of the test is reported.
The arrows in panela /e) and (f) indicate the voltage jump/drop on the cathode and anod
equilibrium potenzial curve in correspondace of the transition between the Mn3*/4* and
Cu?+/3* plateau.
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To better analyze the phenomenon of electrode slippage, differential voltage
analysis (DVA, dV/dQ) was used for the two samples on significant cycles depicted
in Figure 7.19. The results are displayed in Figure 7.20 (a) and (b) for the charging
and discharging of LCMO, and in Figures (c) and (d) for the charging and discharg-
ing of LRCMO. Features attributable to cathodic reactions are marked with a green
diamond, while various transition phases from one graphite phase to another are
indicated with a red cross [347]. The constant voltage (C.V.) step applied at the end
of the charge is not considered because the resulting dV/dQ would be zero. DVA
was applied on the overall cell equilibrium curve Ewg_cg and normalized to the cell
capacity.

Starting with LCMO, it can be observed that the peak related to the transition between
the Mn3+/4+ and Cu®*/3* plateaus shifts to lower capacities, indicating slippage (as
the separation of peaks in the DVA corresponds to the charge/discharge plateaus in
the potential curves). Similarly, in the discharge phase (Figure 7.20 b), it is notable
how the cathodic peak progressively shifts toward lower capacities during cycling. It
is also interesting to note that in the initial phases of charging, the present peak is
attributable to the sudden decrease in graphite potential during the transition from
S4 to S3.

In the case of LRCMO, the DVA curves from the tenth formation cycle are quite dif-
ferent, as there is still a plateau at about 2.8 V in the charge/discharge curves, which
is reflected in the peak at about 0.1 mAh cm~2 in the charge phase and about 0.275
mAh cm~2 in the discharge phase. The presence of this plateau thus causes the shift
charge capacity values of the transition peak from Mn3*/4+ to Cu?t/3*, which is
visible at about 0.3 mAh cm~2 in Figure 7.20 (c). Nevertheless, it is noteworthy how
the shift of the cathodic peak from the 12" to the 25" cycle at 0.3C in the charging
phase is smaller compared to that exhibited by LCMO. Moreover, in the discharge
phase, it can be seen how the first cathodic peak moves towards higher capacities
from the last formation cycle (black curve) to the second performed at 0.3C (blue
curve). This is likely due to the CV step included in the cycling at higher current and
the expansion of the potential window to 4.95 Ewg. At the end of the cycling (light
blue curve), the peak is practically overlapped compared to the one exhibited at the
last formation cycle, a sign of the good reversibility of the reaction in this region.
Analyzing the initial charging zone, it can be noted that in the last cycle at 0.1C, the
shoulder present at about 0.03 mAh cm~2 is due to both cathodic (transition from

the 2.8 V plateau to the 4 V plateau) and anodic contributions, whereas in the second
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cycle at 0.3C (blue curve), the DVA exhibits a much less pronounced feature. This
is due to the fact that in this phase of the cycling, the EOD values of graphite are
very low (about 0.29 V), so there are no strong voltage variations in this region. At
the end of the cycling, the presence of a shoulder is noted again, due to the voltage
reduction from S4 to S3. Similarly, in the final part of the discharge (Figure 7.20 d),
it can be seen that for the last cycle at 0.1C and the second at 0.3C, there is a peak
attributable to the reduction of the cathodic potential, while in the last cycle at 0.3C
the peak (only partially visible) is instead due to the rise of the anodic potential.
Overall, the DVA curves illustrate how the approach of over-lithiation of the cathode
helps to mitigate the phenomenon of electrode slippage.
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Fig. 7.20 (a) DVA of the charge step of the LCMO sample for the three selected cycles, (b)
DVA of the same cycles for the discharge phase of LCMO; (c) DVA curves for the charge
step of the LRCMO sample and (d) DVA curves for the LRCMO sample in the discharge
step. The DVA were obtained from the overall equilibrium curve potential, Ewg cE.

The performance, in terms of areal capacity and coulombic efficiency, of the
two samples during cycling in a three-electrode cell, are reported in Figures 7.21 (a)
and (b). It can be observed that the LCMO exhibits a lower capacity throughout the
cycling process, with a considerable loss of capacity already during the formation
phase at 0.1C, due to the electrode slippage previously described. The capacity,
as well as the coulombic efficiency, appear to be more stable during the cycles
conducted at 0.3C, where the capacity is largely provided by the electrochemical
activity of Cu?+/3+,

On the other hand, the LRCMO exhibits higher capacity and better coulombic

efficiency from the beginning, although in the last cycles of formation, the latter
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experiences a significant decrease. This is attributable to the progressive variation
of the potential window across different cycles; in particular, it takes a few cycles
before the electrochemical activity of Cu?t/3* can achieve a more acceptable levels
of coulombic efficiency. The superior capacity of the LRCMO is also maintained
in the cycles performed at 0.3C, while the coulombic efficiency (C.E.) levels are
comparable to those of the LCMO, as shown in Figure 7.21 (b).

Fig. 7.21 (a) Areal capacity comparison between LCMO and LRCMO (b) coulombic ef-
ficiency comparison between LCMO and LRCMO for the cyling in three electrode cell
configuration.



Chapter 8
Concluding remarks

This Ph.D. research focused on the synthesis of new cathode materials for Li-ion and
post Li-ion batteries (Li-S batteries), and their comprehensive characterization from
both physicochemical and electrochemical perspectives.

The initiative to investigate cathode materials for two types of batteries with different
chemistries stemmed from the state of art of research and the expected prospects.
Li-S batteries, with their high specific capacity and superior environmental sus-
tainability compared to Li-ion batteries, emerge as potential alternatives to Li-ion
batteries in the near future. Consequently, the first part of this work dealt with the de-
velopment of cathode materials for Li-S batteries. For High Entropy Oxides (HEO),
the approach aimed to limit the shuttling of LiPSs, one of the main degradation
mechanisms in Li-S batteries, by adopting a "double layer" strategy. This involved
applying a second layer of material (in this case, HEO) capable of physicochemically
interacting with LiPSs over the first carbon-sulfur layer. This second layer served
as a barrier against the diffusion of LiPSs towards the anode, and if the material
exhibited catalytic activity towards LiPSs, it re-enabled their participation in the
conversion reaction. The study investigated two different formulations of the double
layer based on HEO (80% and 90%) and compared them to a carbon-sulfur based
standard cathode. Physicochemical and electrochemical characterizations revealed
that HEO improved the performance of the double-layer cathodes, which demon-
strated better rate capability (520 mAh g~! vs. 100 mAh g~! at 1C) and capacity
retention (55.31% vs. 49.341% after 250 cycles at 0.2C) compared to the standard
cathode.

The second cathode material developed for Li-S applications was a composite based
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on reduced graphene oxide and zinc sulfide nanoparticles (rGO/ZnS). Used as a
carbon matrix to be infiltrated by sulfur through melt infusion, this method differed
from the approach used with the HEO. The synthesis process included a microwave-
assisted hydrothermal step, significantly reducing the time required compared to
traditional autoclave hydrothermal synthesis. This process involved the reduction of
GO and its doping with N and S, as well as the formation of ZnS nanoparticles. The
combination of rGO and ZnS nanoparticles was chosen to exploit the synergistic
effect of the two materials such as the good conductivity and interaction with LiPSs
(thanks to S and N doping) of rGO and the catalytic activity of ZnS particles towards
LiPSs. Physicochemical and electrochemical characterizations were carried out to
assess the influence of the nanoparticles on cathode operation, comparing the doped
rGO material with and without ZnS nanoparticles. The catalytic activity of these
materials towards LiPSs was tested through various analyses (UV-Vis of a LiPSs
solution in contact with the two materials, symmetrical CV, and Tafel plot). The
rGO/ZnS sample showed better capacity retention after 750 cycles at 0.5C compared
to the S-N doped rGO (48.2% vs 32.5%) and better performance at higher C-rates
(613 vs. 547 mAh cm~2 at 1C). Additionally, the rGO/ZnS sample demonstrated su-
perior efficiency in using active material, achieving better conversion of polysulfides
and exhibiting reduced cell polarization.

The latter part of the thesis focused on developing high-voltage cathode materials for
Li-ion batteries. This part of the research was closer to potential immediate future
applications of the developed materials. Moreover, the importance of limiting the
use of critical raw materials is currently a key factor in battery research, seeking to
make the battery production chain more sustainable from an environmental point of
view. In this sense, the study of a new high-voltage cathode based on blending two
Co-free materials like LNMO and LFP was conducted in the frame of the European
project HYDRA (Horizon 2020). The blending technique employed was Resonant
Acoustic Mixing (RAM), which can achieve high efficiency in terms of homogeneity
and treatment time, performed by the partner ICSI. The materials obtained were
characterized by XRD, BET, and SEM, and used to produce cathodes with a mass
loading of about 10 mg/cm~2. The work delved into the electrochemical characteri-
zation of the blended cathodes compared to pristine LNMO using techniques such
as GITT, and EIS at different states of charge, and cycling in a three-electrode cell.
The results indicated that LFP stabilized the cathode potential at low states of charge,
reducing cell polarization in both half-cell and full-cell configurations, and acted
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electrochemically to donate lithium up to currents of 1C. The most promising results
were obtained in full-cell configurations, where blended cathodes exhibited superior
areal capacity compared to pristine LNMO (approximately 1.1 mAh cm~2 vs. 0.9),
and better coulombic efficiency and capacity retention (87.5% and 82.5% for the
two blends vs. 80% for pristine LNMO) at the end of 100 cycles.

Finally, the last part of the work was advanced through collaboration with the Com-
missariat a I’énergie Atomique (CEA) in Grenoble, where a high-voltage material for
Li-ion batteries was synthesized. This material, featuring the same spinel structure
as LNMO, was achieved by substituting Ni with Cu (composition LiCuy 4Mn; 6O4),
enhancing the operational potential up to about 4.95 V due to the electrochemi-
cal activity of copper. Additionally, the material was chemically overlithiated to
increase the stored lithium quantity in the cathode structure to counteract the ac-
tive material losses in initial formation cycles in full-cell configurations. The two
materials, LCMO and LRCMO, were characterized structurally and morphologi-
cally, then tested in half-cell and three-electrode cell configurations against graphite.
Techniques such as GITT, EIS at various SOC, and ex-situ XRD were applied to
investigate the electrochemical behavior of the material, particularly focusing on the
potential window between 1.6 - 3 V, a range previously unexplored for this material.
From a performance standpoint, LCMO and LRCMO exhibited similar results in
half-cell configurations (60 mAh g—2 over 500 cycles at 1C), with LRCMO showing
a higher capacity in the initial cycling phase but lower capacity retention (60.8% vs.
74.5%). When paired with graphite anodes, LRCMO outperformed the LCMO in
terms of capacity retention and coulombic efficiency.

In conclusion, this Ph.D. project was dedicated to synthesizing and assessing various
cathode materials for two different types of batteries: it focused on high-voltage
materials for Li-ion batteries to improve a well-established and commercially viable
technology, and it explored materials for the yet-to-be-commercialized Li-S batteries.
Moving forward, several strategies could extend the research of this work, such as
altering the structure of Li-S materials by incorporating defects and/or functional
groups to enhance interaction with LiPSs. For Li-ion batteries, additional combina-
tions of cathode materials with similar operational potentials (like LMFP/LNMO)
could be explored and analyzed using the same methodology applied here, while
chemical over-lithiation might be employed on other cathode materials (such as

LNMO, NMC) to complement high-energy anodes in the graphite/silicon system.
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Appendix A

List of abbreviations

AQ - Anthraquinone

ASSB - All solid state batteries

BET - Brunauer—Emmett—Teller

BGM - Bulk Metallic Glass

C.V. - Constant Voltage

C.E. - Coulombic Efficiency

CMC - Carboxymethyl Cellulose

CNT - Carbon Nanotube

CRM - Critical Raw Materials

CV - Cyclic Voltammetry

DEC - Diethyl Carbonate

DFT - Density Functional Theory

DIOX - 1,3-Dioxolane

DME - 1,2-Dimethoxyethane

DMC - Dimethyl Carbonate

DVA - Differential Voltage Analysis

EC - Ethylene Carbonate

EDX - Energy Dispersive X-ray Spectroscopy
EIS - Electrochemical Impedance Spectroscopy
EOD - End of Discharge

EOC - End of Charge

ESW - Electrochemical Stability Window
EV - Electric Vehicle



254 List of abbreviations

FEC - Fluorinated Ethylene Carbonate

FESEM - Field Emission Scanning Electron Microscopy
FS - Polysulfides

GPE - Gel-Polymer Electrolytes

GITT - Galvanostatic Intermittent Titration Technique
HEA - High Entropy Alloy

HEO - High Entropy Oxides

HOMO - highest occupied molecular orbital

ICE - Initial Coulombic Efficiency

ICP-OES - Inductively Coupled Plasma Optical Emission Spectrometry
IEA - International Energy Agency

ILs - Ionic Liquids

IPCEI - Important Projects of Common European Interest
IRENA - International Renewable Energy Agency KB - Ketjenblack
LCMO - Lithium Copper Manganese Oxide

LCO - Lithium Cobalt Oxide

LIB - Lithium-Ion Battery

LiBOB - Lithium Bis(oxalate)borate

LiDFOB - Lithium Difluoro(oxalate)borate

LiPSs - Lithium Polysulfides

LiTFSI - Lithium Bis(trifluoromethanesulfonyl)imide
LNMO - Lithium Nickel Manganese Oxide

LRCMO - Lithium-Rich Copper Manganese Oxide
LUMO - lower un-occupied molecular orbital

LTO - Lithium Titanate Oxide

MOF - Metal Organic Framework

NCA - Lithium Nickel Cobalt Aluminum Oxide

NMC - Nickel-Manganese-Cobalt Oxide

NMP - N-Methyl-2-pyrrolidone

OCV - Open-circuit Voltage

ODH - Oxygen Dumbell Hopping

PANI - Polyaniline

PC - Propylene Carbonate

PDF - Portable Document Format

PE - Polyethylene
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PEI - Polyethylenimine

PES - Prop-1-ene-1,3-sultone

PPy - Polypyrrole

PP - Polypropylene

PVdF - Poly(vinylidene difluoride)
PVDF - Polyvinylidene Fluoride

RRF - Recovery and Resilience Facility
rGO - Reduced Graphene Oxide
rGO-ZnS - Reduced Graphene Oxide and Zinc Sulfide
SEM - Scanning Electron Microscopy
SEI - Solid Electrolyte Interphase

SOC - State of Charge

SPE - Solid-Polymer Electrolytes

SBR - Styrene-Butadiene

TEM - Transmission electron microscopy
TGA -Thermogravimetric analysis

XPS — X-ray photoelectron spectroscopy
XRD - X-ray powder diffraction



Appendix B

Physical-chemical and
electrochemical characterization -

Conditions

B.1 Chapter 4 - High entropy Oxides in Li-S batteries

Physical-Chemical characterization: X-ray diffraction (XRD) analysis was carried
out by a PANalytical X’Pert (Cu K, radiation) diffractometer. Data were collected
with a 2D solid-state detector (PIXcel) from 10 to 90 (20) with a step size of 0.026
(26) and a wavelength of 1.54187 A. Field emission scanning electron microscopy
(FESEM) analysis was carried out by Zeiss SUPRA™™ 40 with Gemini column
and Schottky field emission tip (tungsten at 1800 K). Acquisitions were made at
acceleration voltage of 3 kV and working distance between 2.1 and 8.5 mm, with
magnification up to 1000 kX. Transmission electron microscopy (TEM) analysis was
performed by High-Resolution JEOL 300 kV. The Brunauer—Emmett—Teller (BET)
specific surface area (SSA) was determined by nitrogen physisorption at 77 K using
a Micrometrics ASAP 2020 instrument. The specific surface area was calculated
with the BET model in the relative pressure range of 0.07—0.30 by assuming 0.162
nm?/molecule as the molecular area of nitrogen. X-Ray PhotoLectron Spectroscopy
(XPS) Measurements Were Carried Out use a Phi Model 5000 Electron Spectrometer
Equipped with an Aluminum Anade (1486 ¢V) Monochromatic Source, with a power
of 25.0 W and High-resolution Scan with 11.75 eV Pass Energy. The instrument
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typically operates at pressures below 5x 108 mbar.

Electrochemical methods: The electrochemical performances were investigated
by galvanostatic discharge/charge cycling (GC) using an Arbin LBT-21084 battery
tester at room temperature. GC tests were carried out in the potential range of 1.8-2.6
V versus Li/Li™ at different current regimes. The C-rate was calculated with respect
to the theoretical capacity of sulfur (1672 mAh g—1). For cyclic voltammetry (CV),
the electrode potential was reversibly scanned from 1.7 to 2.8 V versus Li/Li* at
different scan rates using a Biologic 092-11/2e potentiostat/galvanostat. Electro-
chemical impedance spectroscopy (EIS) was performed in coin cells to analyze the
time-dependent processes that occur on the standard (STD) and modified cathodes
(HEO80 and HEO90), the responses were recorded before and after eight CV cycles.
The impedance was measured at OCV from 103 to 5- 1073 Hz, with a 10 mV ampli-
tude perturbation.

B.2 Chapter S - rGO/ZnS in Li-S batteries

Physical-Chemical characterization: The physical-chemical characterization of the
materials was carried out using the same equipment and tests already mentioned in
section section B.1, except for the Thermogravimetric analysis which was performed
on a TG 209 F Tarsus (Netzsch, Selb, Germany) instrument by heating the samples
at 10 °C min~! from room temperature to 800 °C and 1000 °C in air and nitrogen to
evaluate the sulfur content inside the composite material and to the UV-vis absorp-
tion spectra which were detected by a UV—vis spectrophotometer (Hitachi U-5100
Spectrophotometer, Tokyo, Japan) within the spectral range of 300-550 nm.

Electrode preparation: The cathodes were prepared using the solvent tape cast-
ing method. Active materials, namely SN-rGO/Sg and SN-rGO/ZnS/Sg, were uti-
lized, along with Ketjenblack as a conductive carbon additive, and a polymeric
binder (PVdF, 8 wt.% in N-methyl-2-pyrrolidinone solution). The electrode com-
position was set at a ratio of 80:10:10 wt.% for (SN-rGO/Sg:KjB:PVdF) or (SN-
rGO/ZnS/Sg:KjB:PVdF) in all preparations. These components were mixed and
gently ball-milled to achieve a uniform slurry, which was then mechanically applied
onto an aluminum current collector using the doctor blade technique. The blade was

1

adjusted to deposit a 200 um layer at a speed of 10 mm s~ using an automatic film
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applicator (Sheen-AB4120). After the slurry deposition, the coated aluminum foil
was dried at 50 °C in ambient air. Subsequently, 1.76 cm? disks were cut out and
vacuum-dried at 40 °C in a Biichi Glass Oven B-585 for 4 hours. The dried disks
were then transferred to an Argon-filled dry glove-box (MBraun Labstar, H,O, and
O, content < 1 ppm) for cell assembly. The loading of active material (referred to as
Sg) on both SN-rGO/Sg and SN-rGO/ZnS/Sg based cathodes ranged between 1 and
1.3 mgcem™2,

For the electrodes used in catalytic tests (Tafel, symmetrical cyclic voltamme-
try, and Li,S deposition), a slurry of 80:10:10 wt% (SN-rGO:KjB:PVdF), (SN-
rGO/ZnS:KjB:PVdF), and 90:10 wt% (KjB:PVdF) was cast on carbon paper (CB,
GDL 39BB SGL Carbon, Wiesbaden, Germany) with a thickness of 200 ym. Im-
portantly, these prepared electrodes did not contain any sulfur. The procedure for
cutting and drying was identical to that used for the cathodes.

Electrochemical methods: Symmetric cells of Li,Sg were assembled within an
argon-filled glove box to analyze the kinetic behavior of SN-rGO/Sg and SN-
rGO/ZnS/Sg materials. Specifically, two identical electrodes were integrated into a
CR2032 coin cell with a PP polymeric membrane (Celgard 2500, 25 um thickness)
serving as a separator. A catholyte solution of 50 uL 1,2-dimethoxyethane (DME)
and 1,3-dioxolane (DIOX) 1:1 (v/v) with LiSg 0.125 M was employed. The sym-
metrical cyclic voltammetry (CV) test was also conducted using a blank solution of
1,2-dimethoxyethane (DME) and 1,3-dioxolane (DIOX) 1:1 (v/v). Tafel and Li,S
precipitation tests were carried out on CR2032 coin cells comprising carbon fiber
electrodes of SN-rGO, SN-rGO/ZnS, and KjB against a lithium disk. Linear sweep
voltammetry at 0.005 mVs~! from the open circuit voltage of the cell to £30 mV
was performed after an hour of rest. For the Tafel test, 50 uL of 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DIOX) 1:1 (v/v) Li»Sg 6.25 mM solution was used as
catholyte, while for the Li,S precipitation test, the concentration of Li,Sg was 25
mM.

To assess the electrochemical properties of SN-rGO/Sg and SN-rGO/ZnS/Sg
materials, electrodes based on these materials were assembled in CR2032 coin-type
cells with a lithium disk as the counter electrode and Celgard 2500 as a separa-
tor. The electrolyte comprised a solution of 1,2-dimethoxyethane (DME) and 1,3-
dioxolane (DIOX) 1:1 (v/v) with 1.0 M lithium bis(trifluoromethanesulfonyl)imide
(CF3SO,NLiSO,CFj3), LiTFSI) and 0.25 M lithium nitrate (LiNO3, 99.9%). The

amount of electrolyte was determined based on the sulfur content in each cath-
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ode, maintaining a consistent ratio of 10-11 uL of electrolyte per mg of sulfur.
The cycling performances of the cathodes were evaluated through galvanostatic
discharge-charge cycling (GC) using an Arbin LBT-21084 battery tester at room
temperature. Galvanostatic discharge-charge tests were conducted in the potential
range of 1.85-2.6 V vs. Li/Li" at different current rates, with C-rate calculated
based on the theoretical capacity of sulfur (1675 mAh g~!). Cyclic voltammetry
(CV) was performed in the potential range between 1.7 and 2.8 V vs. Li/Li™ at 0.05,
0.1 mVs~! and between 1.7 and 3.0 V vs. Li/Li* at 0.2, 0.3, 0.4, and 0.5 mVs~!.
CV tests at different scan rates aimed to evaluate the diffusion coefficient of Li™ in
the electrode using the Randles-Sevcik equation:

i, = (2.687 x 105)n3 AC;;- D? (B.2.1)

Where the constant term 2.687x10° has the unit of [C- mol - V’% ], n is the
number of electrons transferred in a redox cycle, A is the electrode surface area
[cm?], C 1+ is the concentration of Li™ inside the cathodic material [mol- cm 3] and
D is the lithium-ion diffusion coefficient [cm?- s~!]. Electrochemical Impedance
Spectroscopy tests (EIS) were performed with Bio-Logic®VSP-3e multichannel
potentiostat equipped with impedance modules. The spectra were recorded in the
frequency range of 100 kHz to 10 mHz, with an excitation potential of 5 mV and 10
points per decade. The EIS spectra were collected at the end of the anodic scan (2.8
V vs Li/Li* for the scan rate performed at 0.05 and 0.1 mVs~!, and 3.0 V vs Li/Li*
for the 0.2, 0.3, 0.4 and 0.5 mVs_l), after 30 min of rest, at each different scan rate

that was performed.

B.3 Chapter 6 - LNMO/LFP blended cathodes

Electrodes preparation: Electrodes were fabricated using the solvent tape casting
technique. The cathode slurry was obtained by mixing 90 wt.% of active material
(pure or blended), 5 wt.% of conducting Carbon Black (TIMCAL C-NERGYTM
Super C65, ImerysCarb.) and 5 wt.% of binder poly(vinylidene fluoride) (PVdF -
HSV900) solution, (10 wt.% in N-methyl pyrrolidone - NMP). Following the com-

plete dissolution of the binder, carbon black and the active component were added to
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the mixture which was uniformly blended with a ball mill at 30 Hz for 15 minutes.
The resulting slurries were spread onto carbon-coated aluminum foil (supplied by
ARMOR Group, with thicknesses of 19.8 um and a carbon layer of 1.1 m) using
a doctor blade set to achieve a layer thickness of 300 um, and an automated film
applicator (Sheen 1133N) at a speed of 50 mm per second.

Following the solvent evaporation at 50 °C for an hour, electrode discs were punched
out to sizes of 0.785 and 1.766 cm?, and then vacuum dried at 120 °C for four hours
in a Biichi Glass Oven B-585. They were subsequently placed in an argon-filled dry
glove box (MBraun Labstar, with H,O and O, levels below 1 ppm) in preparation
for assembling into half-cells and full-cells. The dried LNMO and blended-based
electrodes had a mass loading ranging from 10.5 to 11.5 mg cm?.
Electrochemical methods: Cyclic voltammetry tests using a three-electrodes
Swagelok-type T-cell were performed at room temperature, employing lithium
disks as both counter and reference electrodes, within a voltage range of 3 —4.9 V at
the scan rate of 0.1 mV s~ ! and at increasing rates (i.e. 0.1, 0.2, 0.3, 0.4 and 0.5 mV
s~ 1.

The cycling performances (rate capability and capacity retention test), in half and
full configuration, were investigated by assembling 2032-type coin cells, using
lithium disks (& 16 mm, 0.6 mm-thick, Tobmachine) or graphite anode (& 14 mm
PE16, Elkem) as counter and reference electrode, respectively. All galvanostatic
charge-discharge cycling tests were carried out using an Arbin BT-2000 battery tester
at room temperature, in the potential range of 3 — 4.9 V vs. Li/Li™ for half-cell
configuration and 3 — 4.75 V for full-cell configuration. The charge/discharge rates
were based on the LNMO theoretical specific capacity of 147 mAh g~ !.

The galvanostatic intermittent titration technique (GITT) was utilized on half-cells
to examine overpotentials and changes in the lithium-ion diffusion coefficient across
various states of charge. This involved initial formation cycles at a 0.1C rate, fol-
lowed by GITT cycles with a 10-minute current pulse at 0.1C and a 2-hour relaxation
period.

Potentiostatic electrochemical impedance spectroscopy (PEIS) measurements were
taken using a VMP-3 Biologic multichannel potentiostat to assess internal cell (in
half-cell configuration, i.e. using lithium metal as anode) resistance at various SOC,
applying a 10 mV amplitude across a frequency spectrum from 500 kHz to 50 mHz.
Cycling performance in a three-electrode setup was also evaluated using a PAT-Cell

(EL Cell) and a VMP-3 Biologic potentiostat, with graphite and a lithium ring as the
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counter and reference electrodes, respectively. This configuration helped isolate and
analyze the charge-discharge behaviors of the anode and cathode separately.

All electrochemical experiments were conducted at a standard room temperature of
25 °C, using an electrolyte composed of 1.0 M LiPFg in a 1:1 volume mix of ethy-
lene carbonate (EC) and diethyl carbonate (DEC), with an added 5% fluoroethylene
carbonate (FEC) from Solvionic, absorbed into a glass fiber separator (Whatman
GF/A; 0.63 mm thickness).

B.4 Chapter 7 - LCMO and LRCMO materials

Physical-Chemical characterization : The chemical and physical properties of
the synthesized materials were investigated using SEM, XRD, and particle size
distribution analysis in the laboratories of CEA-Liten. Scanning electron microscopy
and energy-dispersive X-ray spectroscopy were performed using a Zeiss brand MEB
LEO 1530 Gemini microscope. X-ray diffraction (XRD) analyses were conducted on
a BRUKER AXS D8 diffractometer, utilizing a Cu Kot (A = 1.5406 A) anticathode.
The sample was scanned in the range of 10 — 80° with a step size of 0.02° and
10 - 110° with a step size of 0.00396° for a more precise measurement used to
refine the structure of the LiCug4Mn; 04 sample. The XRD measurements on the
dissasembled electrodes and the overlithiated sample, which is sensitive to air, were
performed by protecting them with a Kapton film applied in Argon filled glove box.
As aresult, a signal due to Kapton film could be detected at small 20 angles (0-28°)
in the diffraction patterns of these samples, which was then subtracted as part of the
background. However, the quality of the experimental signal was not sufficient to
conduct a refinement with values considered acceptable. Particle size distribution
was determined using a Mastersizer granulometer series from Malvern Instrument.
The chemical analysis is performed by using ICP-OES (Agilent Technologies 700
Series ICP-OES).
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