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Abstract

Since their first commercialization in 1991, Li-ion batteries (LIBs) present many
advantages with respect to other commercial battery technologies. In particular,
their higher specific energy and specific power make LIBs the best candidate for
electric mobile transport application. Nowadays, electric vehicles are a concrete
possibility for the future of mobile transport and new high-energy LIBs are the
key to realise it.

Developing the next generation of LIBs requires innovative and cheaper cathode
materials with higher operating potentials. Among these “high-voltage
materials”, LiNigsMn;;0, (LMNO) is one of the most promising candidates
because of its high operating potential (4.7 V vs. Li/Li"), good specific capacity
and low production costs. Unfortunately, standard organic electrolytes are not
stable above 4.5 V vs. Li/Li" and thus, higher operating potentials translate into
electrolyte degradation and fast aging of the electrochemical system.

The cathode material investigated in this work is an innovative LMNO with
tailored particle architecture (LMNO-0). This tailored architecture combines the
low surface area of micrometric particles with the fast kinetics of nanometric
primary crystallites in order to guarantee a good compromise between stability
and electrochemical performance at high potential. Furthermore, LMNO-0
powders present tap-density, surface area and processability, in line with
commercial cathode materials. Additional modifications of crystallite size,
oxygen stoichiometry and particle dimension significantly influence the
electrochemical behaviour of LMNO-0 and allow identifying the optimal
material for LIBs application.

The optimisation of the particles morphology plays a fundamental role also in
reducing the electrolyte degradation rates of LMNO-0 electrodes operating at
high potential. In particular, the low surface area accessible for secondary
reactions and the dense network of crystallites are key parameters in reducing the

surface reactivity and improving the Li-ion diffusion. This remarkable




electrochemical behaviour of LMNO-0 electrodes is even more evident when
using suitable charging protocols, developed in function of the desired cycling
rate.

The particle architecture is a crucial feature for reducing the electrolyte
degradation rate at high potential; however, it does not influence the nature of the
secondary reactions occurring at the particles surface. A valid strategy for
improving the active material/electrolyte interface of the morphologically
tailored LMNO consists in coating the particles with a thin layer of lithium
niobate (LiNbOs;). This stable and homogeneous coating does not compromise
the electrochemical performance of the pristine material but acts as a stable and
ion-conductive passivation layer.

Both the coated and the uncoated LMNO present stable high voltage behaviour,
remarkable coulombic efficiency and good charge/discharge capacity also when
used in full Li-ion cells versus graphite anodes. However, cells using the coated
LMNO present twofold cycling stability and significantly reduced cell aging
(80% capacity retention after 660 cycles) with respect to those assembled with
the uncoated one (80% capacity retention after 335 cycles). These results confirm
the beneficial effects of the particle morphology also in full cells and
additionally, point out the impressive cycling stability achievable with the
LiNbOj; surface coating. Unfortunately, the same results are not reproducible
increasing the testing temperature at 45 °C. In this case, accelerated aging
kinetics lead to lower cycling stability and rapid capacity fade of all the tested
full cells.

Realising high-voltage Li-ion cells suitable for practical application is still an
open challenge both for the scientific community and for the manufacturers. This
study presents very encouraging results, which touch different fundamental
aspects of these complicated systems and delineate possible paths for further

investigation works.
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1. INTRODUCTION

1.1 Li-ion batteries and sustainable energy

The problems related to a fossil fuel based society are nowadays clear and
commonly accepted. The fossil fuels are a non-renewable energy vector and
following the current policies, they will become year after year more expansive
and inaccessible (Figure 1). On the other side, the evolution of the present
society requires increasing amounts of energy, especially in the developing

countries (Figure 2).1
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Figure 1: Average IEA crude oil import price by scenario. © OECD/IEA 2014 World
Energy Outlook, IEA Publishing.” Licence: www.iea.org/t&c.

The extensive use of fossil fuel (e.g. oil, coal and natural gases) constantly
increases the CO, and pollution levels in the atmosphere, with consequent global
warming and changes in the world climate. These changes will become dramatic

without a concrete solution to the current polluting emissions.
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Figure 2: Total primary energy demand and gross domestic product (GDP) in selected
countries, 1971-2012. © OECD/IEA 2014 World Energy Outlook, IEA Publishing. !
Licence: www.iea.org/t&c.

In order to avoid this scenario, new echo-friendly, renewable and harmless
energy suppliers should gradually replace the fossil fuels. Among these new
energy suppliers, the sun and the wind are the most accessible and diffuse
alternatives. Solar panels and wind turbines are already a common technology,
principally employed in supporting the main energy distribution systems.
Unfortunately, the fossil fuels still present key features, which make their
replacement on a global scale a very challenging task. In particular, the ease of
transport, the high energy density and the capacity to supply energy in-
continuous make the fossil fuels more practical and cheap in comparison to the
localized and intermittent energy provide by sun or wind. Adopting efficient and
high-performance energy storage systems allows stocking the produced energy
and then relocating or using it when necessary. This way, it is possible to
overcome the problems related to the continuity and the distribution of the
collected energy.

Batteries are scalable storage devices suitable for both fix and mobile
applications. Moreover, the facile scalability makes this energy storage system

very attractive also for the electric-based mobile transport. Different battery




technologies are already available on the market but among them, Li-ion
batteries are the best candidates as high-energy systems. In comparison with
other battery technologies (e.g. Lead-acid, Nickel-Cadmium or Nickel-Metal
hydrate batteries), Li-ion batteries present many superior characteristics. Among
them, high specific energy and energy density (normally over 150 Wh kg™ or 400
Wh 1), wide operating temperature range (from —10 °C to 60 °C), reduced
charging time, low self-discharge rate (typically 2 — 3 % per month), absence of
memory effect and long cycling life.*”

The road transport sector already adopted Li-ion batteries for different types of
electric vehicles, such as Hybrid Electric Vehicles (HEVs), Plug-in Hybrid
Electric Vehicles (PHEVs) and fully Electric Vehicles (EVs). However, the
current Li-ion batteries still require improvements, especially for a large-scale
EVs diffusion. The market of the electric vehicles requires safer and cheaper
batteries suitable for extended driving ranges and fast recharge. All these issues
depend mainly on the materials adopted in the batteries and thus, on the complex

chemistry and electrochemistry behind these apparently simple devices.




1.2 Batteries

A battery is a device consisting in one or more electrochemical cells connected in
series or parallel and able to convert chemical energy in electrical energy. The
conversion from chemical energy to electrical energy occurs in the
electrochemical cell, where two species react via a redox reaction and generate
an electrons flow through an external circuit.

The electrochemical cells consist in three different main elements:

®* Anode: The anode is the negative electrode, which releases electrons
during the redox reaction (oxidation).

e Cathode: The cathode is the positive electrode, which accepts the
electrons coming from the anode during the redox reaction (reduction).

e Electrolyte: The electrolyte is an ion-conductive media (generally liquid),
which allows the charge transfer between the anode and the cathode in
form of ions flow. The electrolyte is also electronically insulating in order

to prevent short cuts between the electrodes.

The reaction occurring in an electrochemical cell appears as a scheme in Figure

3.
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Figure 3: Scheme of a redox reaction: (a) initial state, (b), (c) proceeding of the redox
reaction (d) final state.

In the reported scheme, A represents the anode material and C the cathode
material. The electrolyte is assumed to contain A* ions free to move between the
electrodes. During the reaction, A gradually oxidises releasing A™ in the
electrolyte. At the same time, an equivalent amount of e” flows from the anode to
the cathode through the external circuit. The A" ions in the electrolyte migrate to
the surface of the cathode, where together with C and the electrons coming from
the anode, react and form the new species P. This process continues until at least
one of the two materials A or C reacts completely. The process described consists
in two half-reactions: one occurring at the anode and defined as oxidation half-
reaction (/.7). The other one occurring at the cathode and defined as reduction

half-reaction (/.2):

A- At +e” (1.1)
A*+C+e > P (1.2)




The overall reaction between A and C is the combination of the two half-
reactions:

A+C ->P (1.3)

If the reaction between the two materials is not efficiently reversible, the
electrochemical cell allows only one single conversion of chemical energy in
electrical energy (discharge). Systems based on these cells are primary batteries
such as alkaline batteries or Zinc-Carbon batteries.

In the case of an efficient reversible reaction, the electrochemical cell allows both
the conversion of chemical energy into electrical energy (discharge) and the
storage of electrical energy in form of chemical energy (charge). Systems based
on these cells are secondary or rechargeable batteries, such as Lead-acid, Nickel-
Cadmium or Nickel-Metal hydrate batteries.

A fundamental parameter in an electrochemical cell is the voltage. The voltage of
an electrochemical cell at the equilibrium (no current flowing) is described by the
Nernst equation (/.4), which, assuming a general redox reaction aA + bB — ¢C

. 5,6
+ dD, is:

o (RTY, ({c}{D}*
E =E"— (E) In <W> (14)

Where E’ is the cell potential at standard-state conditions, R is the gas constant, T
is the absolute temperature, z is the number of mole of electrodes involved in the
reaction, F is the Faraday’s constant (F = 96485 C mol™), {A}, {B}, {C}, {D} and
a, b, c, d are the activities and the number of moles of the involved, respectively.

The voltage observed with no current flow is the open circuit voltage (OCV).
When an appreciable current starts to flow, a voltage drop occurs. This voltage
drop is related to different resistances: (a) the ohmic drop (IR drop), due to the
internal resistances of the cell, (b) The concentration overpotential, due to the

formation of concentration gradients inside the cell and (c) the surface




overpotential, due to the charge-transfer reactions on the surface of the
electrodes.’

A second fundamental property of an electrochemical cell is the theoretical
capacity (Q / Ah), which is defined as the total amount of charge involved in the

reaction according to the equation:6

Q= (1.5)

Where z is the number of electrons transferred from each ion, F' is the Faraday’s
constant, m is the mass of the reacting substance and M is the molar mass of the
reacting substance. In the battery field, the theoretical capacity is often
normalised to the active material mass the studied electrode, obtaining this way

the theoretical gravimetric specific capacity (Qy,.. / Ah gh):

zF

Qspec = ﬁ (1.6)

Both the capacity and the voltage define the energy of an electrochemical cell

according to the equation:6
Energy (Wh) = Capacity (Ah) X Voltage (V) (1.7)

Often, the energy of a battery is normalised according to the weight or to the
volume of the system defining this way the specific energy (Wh kg') and the
energy density (Wh L.

The energy of a battery clearly depends on the chemistry of the cell.
Improvements of the energy density require studying new active materials with

higher capacity or higher operating potentials.




1.3 Li-ion Batteries: Origins, present and next future.

The Li-ion technology is based on the electrochemical insertion/deinsertion of a
small guest (Li") into a stable host crystalline structure.” The choice of Li as
guest depends on its light atomic weight (6.941 g mol™) and its low reduction

—3.05 V vs. SHE), which guarantee considerable specific capacity

potential (E
and thus high energy at the cells level.

One of the first Li-ion batteries consisted in metallic Li coupled with LiTiS, as
intercalation cathode material.”®’ Because of the metallic Li, these batteries had
many safety issues and resulted inappropriate for commercial applications. In the
following years, the Li metal anode was replaced with an intercalation anode
introducing a new concept of Li-ion battery called the Rocking Chair
Battery.lo’n’12 This new concept of Li-ion battery led to the first
commercialization of a Li-ion battery in 1991 by Sony, which used graphite as
anode material and LiCoO, as cathode material. The introduction of the first Li-
ion battery revolutionised the electronic device sector, promoting a large
diffusion of portable devices such as laptops and mobile phones. In the following
years, the Li-ion technology developed continuously both on a cell level and on a
materials level, increasing the specific energy of a single battery from 98 Wh kg™’
in 1991 to more than 200 Wh kg™ in 2015."*"*

Figure 4 shows a schematic representation of an operating Li-ion battery based
on graphite as anode intercalation material and LiCoO, as intercalation cathode
material. The electrodes of a Li-ion battery are metallic current collectors
(generally Cu foil at the anode and Al foil at the cathode) coated with a
composite material containing high percentage of active material. A separator
(generally a porous polymeric foil) soaked with the electrolyte (a mixture of
organic solvents and Li-salt) avoids short cuts between the electrodes and
guarantees the Li-ions diffusion between anode and cathode. The charge of a Li-
ion battery consists in the extraction of Li* from the cathode material

(delithiation) and the simultaneous insertion of Li* into the anode (lithiation).




During delithiation, the cathode material undergoes an oxidation, releasing in the
external circuit a quantity of electrons equivalent to the amount of extracted Li".
At the same time, the anode undergoes a reduction, uptaking electrons from the
external circuit and inserting an equivalent amount of Li* in its structure. The
discharge follows the same principle but the exchange of Li* and electrons occurs

in the opposite direction.

e Discharge

Cu current collector
10}98]|02 JUBLIND |\

Li,Cs Separator and Li,,Co0O,
Electrolyte with Li salt

Figure 4: Representation of a Li-ion battery based on graphite as anode material and
LiCoO; as cathode material.

During the last years, the operating principle of Li-Ion batteries remained
unchanged but the researchers developed and studied many innovative materials
as alternative to graphite and LiCoQO,. Figure 5 compares some of these

materials in terms of specific capacity and operating potential.
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Figure 5: Voltage versus capacity for different anode and cathode materials for Li-ion
batteries.

So far, graphite remains the main anode material for commercial Li-ion batteries
because of its low operating potential, good specific capacity and availability.
Some commercial Li-ion batteries replaced graphite with LisTisO,, (LTO), which
guarantees very high cycling stability and excellent charge and discharge kinetics

because of the high Li* mobility in its structure.'>'*"

The next most promising
anode materials are Si or Sn composite materials, which present very high
specific capacities and thus significant advantages for the energy density at the
cell level.'*1%-20!

A different scenario appears for the cathode active materials. The expensive and
toxic LiCoO, was gradually replaced by new active materials such as LiFePO,
(LFP), LiNig 33Mny 33C0( 330, (NMO), LiMn,0, (LMO) and
LiAlg ¢sNiggoCo0g.150, (NCA), which are nowadays the state of the art for Li-ion

batteries.”>>** Systems based on these materials are successfully adopted for

portable electronic devices and also for electric mobile transportation. In this last
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application field, the energy and the power of the current Li-ion batteries meet
the goal for HEV and PHEV. However, the future of the electric transport are the

fully EV, which require higher specific energy (Figure 6) and lower cell cost.””
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Figure 6: Ragone plot comparing different battery technologies. Reproduced
(“Adapted” or “in part”) from Chem. Soc. Rev., 2015, 44, 5926 with permission of The
Royal Society of Chemistry.25 License Number: 3871920800244.
http://dx.doi.org/10.1039/c4cs00442f

According to this prospective, key issues for the next-generation Li-ion batteries
are the increase of the specific energy and the reduction of costs by adopting
available and eco-friendliness raw materials. This target is achievable by
developing new cathode materials, with reduced or absent Co-content, higher
operating potential or higher capacity. Among these materials, the spinel
structured LiNijsMn; 04 (LMNO) is one of the best candidates for the next

. .. . 23.24
generation of Li-ion batteries.*”
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1.4 High-energy cathode materials

As already mentioned in the previous chapters, adopting high-capacity cathode
materials increases the specific energy of Li-ion batteries. Among the cathode
materials for Li-ion batteries, layered oxide materials (Li; MO, where M = Co,
Ni or Mn) present remarkable specific capacities above 270 mAh g™
Unfortunately, the structure of these materials becomes unstable when deeply
delithiated (generally for x > 0.5) and their actual capacity is limited to a half of
the theoretical value.”**"***** For M = Co or Ni, the structural instability is due
to oxygen losses and to the migration of metal ions into Li-depleted layers. For
M = Mn, the deeply delithiated structure converts to the more stable spinel
structure. Structural stabilisations of these materials were achieved by

31,32 .
These materials were

introducing the lithium-manganese-rich layered oxides.
prepared by including Li,MnO; domains in the structure of the pristine layered
oxides, obtaining this way a structurally integrated “layered-layered” compound
(x)Li,MnO5(1 - x)LiMO,. Recent studies focalised their attention on
(x)LioMnO;5°(1 — x)LiNi1;,Mn;,,0, and on further partially substituted materials
adopting small stoichiometric amount of Co or Cr. These materials deliver a
discharge capacity between 250 and 280 mAh g with a maximum value of 310
mAh g'1 reported by T. Ohzuku et al. for Li[Lio_zNiMMno_6]02.33

This class of materials presents different electrochemical behaviours such as a
gradual activation during the first cycles. This activation consists in structural
rearrangements of the atoms in the structure and leads to a progressive increase
of the capacity. Unfortunately, among their electrochemical features, “layered-
layered” compounds also present limited capacity retention and gradual reduction
of the operating potential upon cycling (Figure 7). The reason for this behaviour
is the oxygen loss from the guest structure and the progressive and irreversible

. . . 4 7
conversion of the layered phase into spinel phase.**?>-¢73%%
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Figure 7: Voltage profiles of the Li;>Nipo:MngsO, electrodes during cycling.
Reproduced (“Adapted” or “in part”) from J. Mater. Chem. A, 2015, 3, 9915 with

permission of The Royal Society of Chemistry.39 License Number: 3871970359256.
http://dx.doi.org/10.1039/c5ta01214g
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1.5 LiNiys Mn; 504 as high voltage cathode for Li-ion
batteries

A second approach to increase the energy density of a Li-ion battery consists in
increasing the cell voltage. Graphite-based anodes are already optimal electrodes
for this purpose because of their operating potential very close to lower limit of
0 V vs. Li/Li". Increasing the cell voltage requires then new cathode materials
operating at higher potential with respect to the standard cathode materials.
Suitable classes of materials for high-voltage application are the phospho-
olivines LIMPO, (where M = Mn”** or Co®*) and the substituted spinel-type
materials LiMMn,_, O, (where M = Fe’*, Ni**, Cr’*, Co’"...) which work at
potentials close to 5 V vs. Li/Li*.* In particular, the family of the substituted
spinel materials is the best candidate for practical application because of their

good rate capability and cycling stability.*"*>**

Among the spinel-type
materials, Ni-substituted LiNi,Mn;,O4 (LMNO) is the most promising high-
voltage material for Li-ion batteries. LMNO presents good theoretical specific
capacity (147 mAh g™'), high-voltage activity at ca. 4.7 V vs. Li/Li* and a 3D

45,46,47,48 4 i
24647489950 Ryrthermore,  this

spinel structure optimal for Li-ions diffusion.
material is cheap, Co-free and easy to synthesise.
The stoichiometry of LMNO is adjustable during the synthesis by modifying the
Ni content according to the formula Li[Ni(I[);Mn(Ill);,x Mn(IV);]O,.
Modifications of the Ni content “x” modify the oxidation state of the Mn(III) in
the structure and lead to the formation of Mn(IV). LMNOs containing both
Mn(III) and Mn(IV) show low-voltage activity (ca. 4 V vs. Li/Li") related to the
Mn(II)/Mn(IV) red/ox couple and a high-voltage activity (ca. 4.7 V vs. Li/Li")
related to the Ni(II)/Ni(IV) red/ox couple. In the case of x = 0.5 (fully-substituted
spinel) all the manganese in the structure converts to Mn(IV) and the material
presents only the high-voltage activity related to the Ni(I[)/Ni(IV) red/ox couple
(Figure 8a).

It is possible to vary the stoichiometry of LMNO, and thus the Mn(IIl) content,

also by introducing oxygen deficiencies in the structure. The introduction of
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oxygen deficiencies is possible by applying appropriate secondary thermal
treatments, which consist in re-calcinations of LMNO at high temperature (e.g.
800 °C) followed by fast cooling down.”'”* Considering the fully-substituted
LMNO (LiNiysMn; 5s0,4), introducing oxygen deficiencies (8) modifies the
stoichiometry of the material according to the formula
Li[Ni(II)g sMn(II1),sMn(IV) 5.25]O4.5. As reported in Figure 8b, oxygen-deficient
LMNOs show both the 4 V plateau related to the presence of Mn(IIl) and the
high-voltage plateaus typical for the Ni(II)/Ni(IV) redox couple. Moreover,
oxygen-deficient LMNOs present partially disordered spinel structure described
by the Fd-3m space group (Figure 8d), which differs from the highly-ordered
structure (space group P4332) typical for stoichiometric LiNigsMn,; 5O, (Figure
8¢).”>**> The introduction of oxygen deficiencies in a stoichiometric material is
a reversible process. It is possible to restore the initial oxygen content via long
annealing at high temperature (e.g. 700 °C for 48 h) followed by slow cooling
down.”

The fully-substituted and stoichiometric LiNiysMn; 504 1s an attractive choice for
cathode material application in Li-ion batteries. The absence of Mn(IIl)
guarantees an operating potential of 4.7 V vs. Li/Li" which is beneficial for the
final cell energy. In addition, the tetravalent manganese avoids the Jahn-Teller

distortion typical for Mn(Ill)-containing materials and it also reduces the aging

phenomena related to manganese disproportion and dissolution in the electrolyte:
56,57,58,59,60,61

Mnsoiiay = MN{Someey + MNSoria (1.9)

The stoichiometric phase seems anyway to present lower ionic and electronic

conductivity with respect to the not-stoichiometric ones.***
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Figure 8: Representation of (a) fully-stoichiometric spinel structure and (b) oxygen-
deficient spinel structure. Reproduced with the permission from Adv. Mater. 2012, 24,
2109-2116. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA.®* License
Number: 3872450012137. Voltage vs. capacity curves for (c) LiNigsMn;sO4 (d)
LiNigsMn;sO4s. Adapted with permission from Chem. Mater. 2004, 16, 906-914.
Copyright 2004 American Chemical Society.”

The main problem related to high-voltage materials is the instability of standard
electrolytes at high potentials versus Li/Li*. The electrolytes for Li-ion batteries
are generally mixtures of Li-salts (e.g. LiPF¢) and organic solvents such as
ethylene carbonate (EC), Dimethyl carbonate (DMC), diethyl carbonate (DEC),
ethyl methyl carbonate (EMC) and propylene carbonate (PC). Both the lithium
salt and the organic compounds start to decompose at potentials above
4.5V vs. Li/Li". The onset potential and the products of these decomposition
phenomena depend both on the electrolyte mixture (e.g. EC:DMC mixtures

results more stable than other mixtures) and on the material used as working
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electrode.” For instance, adopting Pt as working electrode, the electrolyte
degradation occurs at different potentials than using Al or active materials such
as Ni-substituted spinels. The mechanism of the electrolyte decomposition on
LMNO electrodes was extensively investigated in the past years and it has been

possible to identify the principal by-products form.°¢%76%¢

The degradation
process leads to a large variety of compounds such as Polycarbonates, LiF,
Li,POJF,, B-diketonate, Ni(Il) and Mn(ID/(III) complexes, Ni(Il) and Mn(II)
oxalates and carbonates. The formed by-products can both depose on the cathode
as a film and dissolve in the electrolyte reaching all the cell
components.’*®" %70 Eor this reason, the aging of a high-voltage Li-ion cell
strongly differs from what observed in a standard Li-ion cells. In standard Li-ion
cells, the anode (graphite) works outside the potential stability window of the
organic electrolytes. Nevertheless, during the first charge/discharge cycles, part
of the electrolyte decomposes on the surface of the anode forming a passivation
layer called Solid Electrolyte Interface (SEI). This SEI stabilises the anode and
blocks further electrolyte decomposition. On the cathode side, the potential does
not overcome the stability window of standard organic electrolytes and does not
lead to significant electrolyte decomposition. In a high-voltage Li-ion cell, both
the anode and the cathode work outside the stability window of standard organic
electrolytes. During the first charge/discharge cycles of these cells, part of the
electrolyte decomposes both at the anode forming the SEI and at the cathode
forming passivation films and soluble decomposition by-products. The dissolved
by-products are free to diffuse in the cell and reach the anode surface, where they
further react and compromise the quality of the SEI. Keeping cycling, the
electrolyte decomposition still occurs both on the anode and on the cathode,
leading to continuous film thickening, by-products formation, SEI damaging and
thus charge consumption. Additionally, using LMNO as cathode material leads
to Mn dissolution (lower for stoichiometric materials), which contributes to all
the above mentioned aging phenomena.’"’>">7+7376

Optimising the morphology of LMNO particles is a valid strategy to limit the

electrolyte decomposition rates. This way, it is possible to reduce the surface
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reactivity of the active material and guarantee at the same time the required
electrochemical performance. A second valid strategy to stabilise the active
material/electrolyte interface of LMNO consists in coating the particles with a
thin layer of a coating material. In this case, the selected material must present
suitable characteristics such as good ionic conductivity and good stability on the
particles surface. Different coating materials present these properties and have
been already reported in literature (e.g. Bi,03, Al,O3, AIPO,, ZrO,, Si0,, MgF,,
Li;PO,) obtaining different effects on the electrochemical behaviour of the
pristine material.”’787-80:81

The scientific effort and the growing interest in high-voltage systems based on
LiNigsMn; 5O, underline the importance of studying this innovative cathode
material. Every single contribution in understanding and improving LMNO
cathodes is a step forward in the direction of cheaper and more performing

energy storage systems.
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2. AIMS OF THE THESIS

This thesis includes results from the project “Funktionsmaterialien und
Materialanalytik zu Lithium-Hochleistungsbatterien” founded by the German
Research Association (DFG) and the project “Advanced High Performance
Polymer Lithium Batteries for Electrochemical Storage” (APPLES) founded by
the European community. These projects aimed to investigate materials for high-
energy and performing Li-Ion batteries. These kinds of batteries are the key for a
sustainable mobile transport based on innovative electric vehicles and thus, their
feasibility attracts the attentions of both research and industry.

The purpose of this work is to study an innovative and morphologically
optimised LMNO as promising cathode material for stable and performing high-
voltage Li-ion cells.

The first part of this scientific work wants to explore the relationship between
material features and electrochemical behaviour of LMNO. Fundamental
characteristics such as particle architecture, crystallite size and particle
dimension are the first and most important instrument for tuning the
electrochemical behaviour and the technological features of new active materials.
Only by optimising the particle morphology of LMNO it is possible to increase
its electrochemical performance, reduce the electrolyte decomposition
phenomena and obtain powder density in line with commercial cathode
materials. Realising stable high-voltage Li-ion batteries is a task that goes also
beyond the optimisation of the single cathode material and requires a careful
investigation of the entire electrochemical system. For this reason, the second
part of the work aims to point out key strategies to improve the cycling life of
graphite/LMNO full Li-ion cells. This task includes also the study of LiNbO; as
coating material for LMNO and its effects on the full cells aging.

The entire work also takes in account technological aspects such as materials
processability and density, electrodes loading and operating conditions, in order

to give a real contribution to the state of the art of these promising systems.
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3. EXPERIMENTAL

3.1 Materials

3.1.1 LiNi0_5Mn1,504

As discussed in Chapter 1.5, stoichiometric LiNigsMn; 504 is one of the most
promising candidates as high-voltage cathode material for Li-ion batteries. This
cathode material presents operating potential of ca. 4.7 V vs. Li/Li" and
147 mAh g theoretical specific capacity. Additionally, the 3D spinel structure
(Figure 9) facilitates the Li* diffusion during the intercalation/deintercalation
processes.

The availability of the raw materials and the absence of Co make this material
rather cheap. Furthermore, synthesis of LMNO is easy and suitable for large-

scale application.

12d MnO,

4b NiO,

8¢ LiO,

Figure 9: Representation of the spinel structure LiNigsMn;s04 Reproduced
(“Adapted” or “in part”) from J. Mater. Chem., 2007, 17, 3668-3677 with permission
of The Royal Society of Chemistry.”> Licence Number: 3874820112217
http://dx.doi.org/10.1039/b707040n
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The materials studied in this work were synthesised according to a continuous
two-steps method consisting in: precipitation of mixed manganese-nickel
precursors and calcination in presence of Li salt. The precursors were obtained in
alkaline environment from aqueous solutions of ammonia containing Ni and Mn
nitrates (1:3 stoichiometric ratio). The obtained precursor underwent a
calcination step at 700 °C for 10 h together with LiOH as lithium precursor.
Finally, the calcined material was slowly cooled down to room temperature in
order to reach the final oxygen stoichiometry. This synthesis allows controlling
the transition metal stoichiometry within a short range, described by the formula
LiNig5.,Mn, 5,,04 (0 <y <0.02).

The crystallite size strongly affects the kinetics of the active materials. Thus, part
of the stoichiometric LiNiysMn; 5O, underwent a secondary thermal aiming to
increase the size of the primary crystallites. This secondary thermal treatment
consisted in calcining the pristine LMNO at 800 °C for 5 h and then annealing it
at 700 °C for 48 h in order to reinstate of the oxygen stoichiometry in the final
material (LMNO-T1).

The material used in Chapter 5 as reference material (LMNO-R) was a
LiNigsMn; 5O, purchased from Sigma-Aldrich. The material was dried under

vacuum at 100 °C before using.

3.1.2 LiNi0,5Mn1,504-(5

Chapter 1.5 described the effects of introducing oxygen deficiencies in the
LMNO structure. These oxygen deficiencies influence the electrochemical
behaviour of LMNO and are an interesting modification for a comprehensive
investigation of the material.

Variations in the oxygen stoichiometry of LMNO were obtained by secondary
thermal treatments at high temperature. Calcinations of the stoichiometric

LMNO for 1 h at 800 °C allow introducing oxygen deficiencies in the structure
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without significant increase the crystallite size. The cooldown step determines
the amount of oxygen deficiencies remaining in the structure of the final
material. Slow cooldown rates leave lower amount of oxygen deficiencies in the
structure (LMNO-T?2), while direct quenching in air leads to higher amount of

oxygen deficiencies in the final material (LMNO-T3).

3.1.3 LiNbO;-treated LiNiysMn; ;0,4

As discussed in Chapter 1.5, the main problem in operating at high potential
versus Li/Li" is the electrolyte degradation occurring at the cathodes surface. A
possible strategy for inhibiting the electrolyte decomposition phenomena consists
in coating the surface of LMNO particles with a suitable material.

In this work, lithium niobate (LiNbO;) is studied as coating material for LMNO
with the purpose of stabilising the active material/electrolyte interface. The
choice of LiNbO; depends on its interesting properties such as high ionic
conductivity (107° S cm™ at 293 K), low coating resistances, reduction of the Mn
dissolution phenomena and stability at the LMNO operating conditions.** #5887
The surface of LMNO was coated with LiNbO; by following an easy and low
temperature method consisting in: impregnation of LMNO powders with an
ethanol solution of CH;CH,OLi (lithium ethoxide) and Nb,(OCH,CHs)q
(niobium ethoxide), drying of the impregnated powders in air and thermal
treatment at 350°C for 30 minutes.*® The ethoxides used as precursors are
expected to form LiNb(OCH,CH3)¢ on the surface of LMNO particles when
handled under inert atmosphere. The following contact with air and heat
treatment lead to the hydrolysis of LiNb(OCH,CHj)¢ and to the formation of

LiNbOs, respectively.® !
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3.1.4 Graphite

Graphite is the most common anode active material for Li-ion batteries. The
success of graphite as anode material depends on its high theoretical specific
capacity (373 mAh g), good cycling stability, high electronic conductivity, low
cost and large availability of the raw material.

Graphite is made of graphene layers stacked on each other according to an AB
sequence (Figure 10a). Ordered graphite can intercalate one lithium atom each
six carbon atoms, accommodating the guest atoms between the graphene layers.
The intercalation of Li atoms is governed by the energy required to open gaps
between the graphene layers. For this reason, the guest atoms occupy preferential
sites in the structure and graphite passes through four different phases during the

intercalation process (Figure 10b).”?
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Figure 10: (a) Stacking of graphene layers in graphite and (b) Current vs. potential
plot for a graphite anode and Li intercalation stages. Adapted with permission from
J. Phys. Chem. B 1997, 101, 4630-4640. Copyright 1997 American Chemical Society.”

As already mentioned in Chapter 1.5, the operating potential of graphite is very
close to the redox potential of lithium. Standard organic electrolytes are not
stable at such low potential and therefore, they decompose on the surface of the
graphite anode forming the SEI. The formation of the SEI stabilises the graphite

anode in the next cycles, but it also consumes part of the charge available in the
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cell. For this reason, commercial graphite for Li-ion batteries has very high
electrochemical performance and guarantees low charge losses related to the SEI
formation process.

Because of its very low operating potential, graphite is a very interesting anode
material also for high-voltage application. Graphite anodes guarantee the highest
cell voltage achievable together with LMNO cathodes in a full cell and thus, lead
to consistent increase of the energy density.

The graphite used in this work is a commercial material type SMG from Hitachi.

This graphite was dried overnight at 130 °C under vacuum before using.
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3.2 Analytical Methods

3.2.1 Inductively Coupled Plasma - Optical Emission Spectroscopy
(ICP-OES)

ICP-OES is a spectroscopic technique performed on atoms excited or ionised by
a plasma torch. These species emit typical electromagnetic signals, which allow
their direct identification. The ICP-OES allows also quantitative analyses by
evaluating the intensity of the emitted electromagnetic emissions.

In this work ICP-OES analysis were performed with a SPECTRO ARCOS High
Resolution ICP-OES spectrometer (SPECTRO Analytical Instruments GmbH).
The instrument adopts a quartz plasma torch and an array of 32 CCD detectors
with an overall wavelength detection range between 130 and 770 nm. This
instrument is designed for liquid state analysis, thus solid-state samples were
prepared according to the following method: 250 mg of the selected material
were dissolved under heating in an acid solution (3 ml HCI + 1 ml HNO;) and
then diluted with Millipore H,O up to 50 ml of volume. The obtained solution

was cooled-down to 20 °C and analysed.

3.2.2 Laser diffraction analysis

Laser diffraction analyses are widely adopted for determining the particle size
distribution of powders suspended in solutions. This technique consists in
projecting a laser beam through a suspension containing the desired sample and
analysing the resulting scattered light. Larger particles scatter the laser light at
lower angles, while smaller particles scatter it at larger angles. The instrument
can evaluate the diffracted light signals and calculates the overall particle size

distribution of the sample.
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In this work, the particle size distribution was determined with a Mastersizer
MICRO analyser (Malvern Instruments). The sample preparation consisted in
dispersing the powders of the desired sample in Millipore H,O until obtaining a

laser beam obscuration of ca. 20 %.

3.2.3 Nitrogen adsorption porosimetry

Nitrogen adsorption porosimetry is a technique based on the physisorption of
liquid nitrogen on the surface of materials. This technique is widely used to
evaluate the surface area and porosity of the analysed samples.

The analysis procedure consists in injecting known amount of N, (at a
temperature of 77 °K) on the sample and measuring the value of the equilibrium
pressure reached. Plotting the volume of adsorbed/desorbed N, as function of the
relative pressure p/p’ (ratio between the measured pressure p and the vapour
pressure of liquid nitrogen po), it is possible to graphically represent

adsorption/desorption isotherms (Figure 11).

—
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Figure 11: Types of physisorption isotherms.
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The shape of the isotherms depends on the interactions between the samples’
surface and the injected N,. For instance, Type I isotherms are typical for
microporous samples with small external surface, Type II are related to non-
porous or microporous samples and Type IV regard mesoporous samples, where
a capillary condensation leads to the appearance of a hysteresis loop. One of the
most diffused theories to interpret the surface/gas interactions is the Brunauer-
Emmett-Teller (BET) theory, which expands the Langmuir theory admitting also
the formation of multilayers. According to the BET, it is possible to determine
the surface area of the investigated samples.

The samples here reported were investigated with a Sorptomatic 1990
porosimeter from Thermo FElectron Component. Before the analysis, the
materials were degassed under vacuum at 150 °C for 10 h. The surface areas
where calculated evaluating the isotherms between 0.05 and 0.33 p/p° according

to the BET theory.

3.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray Spectroscopy (EDX)

The SEM 1is a powerful technique, which allows detailed investigation of
materials surface. The scanning electron microscope irradiates a sample with an
electrons beam and evaluates the signals generated from the interactions between
beam and samples surface. The electrons beam can inelastically interact with the
atoms of a sample, inducing this way the emission of secondary electrons. A
microscope equipped with a suitable detector can collect these low energy
electrons and generate an image of the samples surface.

Scanning electron microscopes can also include an X-rays detector. In this case,
it is possible to determine the atomic composition of samples surface by
performing the Energy Dispersive X-ray Spectroscopy (EDS or EDX). This
technique employs the electrons beam for removing electrons from the internal

shells of the atoms. This ionisation induces another electron from higher levels to
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fill the vacancy releasing energy in form of X-rays (Figure 12). These X-ray
emissions depend on the electronic structure of the ionised atoms and allow the

1dentification of the species on samples surface.

Typical
Radiation
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" ® xLMN
Q
Extracted
Electron

Figure 12: Radiation emission principle in the Energy Dispersive Spectroscopy.

The microscope used in this work is a Leo 1530 VP using a field emission
electron gun (Tungsten) as electron source. This microscope was equipped with
both a detector for secondary electrons and a detector for X-rays. The electrons
in the beam were accelerated with a voltage between 10 — 20 kV. All the
measurements were performed in a vacuum chamber with a pressure in the order

of 10 mbar.

3.2.5 Tap-density

The tap-density of powders depends on the particles density and on their capacity
to pack together. Li-ion batteries require active materials with high tap-density in
order to guarantee good processability and high electrode loadings. The
processability of active materials influences the quality of the final electrodes and

the quantity of resources needed for their realisation (e.g. energy and solvents).
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The electrodes loading is beneficial for the specific energy (Wh kg') and energy
density (Wh L™) of the final cell.”****>%¢%7

In this work, the tap-density of the active materials was determined by tapping
the samples powders 2500 times with a JEL jolting volumeter STAV 2003. The
tap-density value (mgcm™) was then calculated dividing the volume of the

sample at the end of tapping by its mass.

3.2.6 X-ray diffraction on powders (XRD)

XRD analyses use a monochromatic X-rays beam to irradiate the powders of the
desired sample and collect structural information from the intensity and the
position of the diffracted radiation. The radiations diffracted by the atoms in
different lattice planes interact with each other leading to constructive and

destructive interferences (Figure 13).

Figure 13: Lattice leading to a destructive interference (left) or to a constructive
interference (right) of the diffracted X-rays.

The Bragg’s law describes the conditions for constructive or destructive

interferences according to the equation:

nl = 2dsin@ (3.1
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Where n is a positive integer number, /A is the wavelength of the X-radiation, d is
the distance between the planes in the lattice and 6 is the angle between the X-
radiation and the surface of the lattice plane. Each crystalline phase presents a
unique combination of atoms in the lattice and generates a typical diffraction
pattern, which allows its direct identification. Additionally, XRD analyses allow

calculating the crystallites size (D) according to the Scherrer’s equation:

094
~ Bcosb

(3.2)

Where A is the wavelength of the X-radiation, f is the full width at half maximum
of the diffraction peak and @ is the angle between the X-radiation and the surface
of the lattice plane.

In this work, all XRD analyses were performed on a Siemens DS5000

diffractometer with an X-rays source based on the Cu Ka radiation (0.154 nm).
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3.3 Electrodes Preparation

LMNO electrodes were prepared both on small scale and on large scale. Small
scale preparations consisted in coating a dispersion of N-methylpyrrolidone
(NMP), LMNO, carbon black (Timcal, Super P) and polyvinylidene fluoride
(Solvay, Solef 5130) on Al foil (used as current collector). The dispersions were
coated via the “doctor blade” technique controlling the electrodes loading by
adjusting the blade height. The ratio between LMNO, carbon black and
polyvinylidene fluoride was set according to the purpose of the preparation. The
coated Al foil was dried overnight at 45 °C and then punched into circular
electrodes (area of 1.13 or 2.01 cm?). The obtained electrodes were pressed at
5 tons cm’, dried overnight at 130 °C under vacuum and finally transferred in an
Ar-filled glovebox with O, and H,O concentration below 0.1 ppm.

The large-scale preparation consisted in coating the LMNO dispersions with a
large-scale coater (Lacom) working with minimum 1 kg of active material per
batch. In this case, the LMNO : carbon black : polyvinylidene fluoride ratio was
fixed to 88 : 8 : 4 wt.%. The coated Al foil was dried and then calendared at
100 °C applying a force of 250 N. Circular electrodes (2.01 cm® area) were
punched from the coating, pressed at 0.5 tons cm™ and dried overnight at 130 °C
under vacuum. The dried electrodes were transferred in an Ar-filled glovebox
with O, and H,O concentration below 0.1 ppm.

Graphite anodes were prepared according to the large-scale preparation described
above. The graphite dispersion consisted in 90 wt.% graphite and 10 wt.%
polyvinylidene fluoride. The current collector was in this case Cu foil. The
electrodes pouched from this coating (area 2.01 cm®) were pressed at
0.25 tons cm, dried and stored in glovebox as already described for LMNO

electrodes.
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3.4 Electrochemical Characterisation

3.4.1 Cells configurations

3.4.1.1 T-Cells

T-Cells are commonly used for basic electrochemical studies. This kind of cells
has T-shaped form, which allows using a working electrode (WE), a counter
electrode (CE) and a reference electrode (RE) as shown in Figure 14. According
to this cell geometry, the WE directly faces the CE, while the RE takes its place
in the upper part of the cell without touching the other electrodes. In order to
avoid shortcuts, one or more separators soaked with the desired electrolyte stand
between the WE and the counter CE. An excess of electrolyte fills the empty
spaces in the cell and keeps all the electrodes wet. The three electrodes are
connected with the outside by metallic pistons, which also seal the cell and keep

the electrodes in the right position.
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Figure 14: Schematic representation of a T-Cell.

The T-Cells used in this work were assembled in half-cell configuration, using
circular electrodes (1.13 cm’ area) as WE and metallic Li discs (also 1.13 cm’
area) as CE and WE. The electrolyte was a mixture of EC:DMC (1:1 wt.)

+ 1 M LiPF¢ (from UBE, Japan). Three discs of glass fibre (Whatman GF/A)
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soaked with the electrolyte were used as separator. The cells were assembled in

an Ar-filled glovebox with O, and H,0 concentration below 0.1 ppm.

3.4.1.2 Coin cells

The coin cells (or button cells) are single-cell batteries mainly adopted in small
portable devices. These cells accommodate only WE and CE without any
additional RE. Figure 15 shows a representation of the various cell components
and their position in the final cell. The assembling procedure of coin cells is easy
and consists in staking the various components in the right order. The WE lays
inside the can in order to expose the coated face to two (for half-cells) or three
(for full cells) separators (GF/A Whatman). The CE (metallic Li discs for half-
cells or graphite anodes for full cells) lays face down on the separators. Finally, a
metallic spacer and a metallic spring complete the upper part of the stack. The
can containing the stack is then filled with electrolyte (EC:DMC 1:1 wt.
+ 1 M LiPF), closed with a metallic cap and sealed using a crimping tool.

The coin cells used for this work were MTI Al-Clad CR2032 Coin Cell
assembled in an Ar-filled glovebox (O, and H,0O concentration below 0.1 ppm)
and used for long-term stability tests and two-electrode impedance spectroscopy

on full cells.

== o

<— Metallic spring
—_— Metallic spacer

e <— CE

— } GF/A separators
<— WE

= ——
S <— Al-coated can

Figure 15: (left) representation of the coin cells components, (right) coin cell ready for
using.
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3.4.1.3 ECC-Ref electrochemical cells

ECC-Ref (EL-CELL GmbH **) are electrochemical cells suitable for research
applications. These cells present the same geometry of coin cells but they also
include a reference electrode (Figure 16).

ECC-Ref cells were assembled by stacking the WE, four glass fibre separators
(GF/A from Whatman), the CE and a piston in the same order described for coin
cells. When the cell is closed, a golden spring presses the stack applying a
reproducible force on it. The RE consisted in a tip of metallic lithium stuck on a
metal pin and facing the separators between WE and CE (Figure 16, left side).
The electrolyte was again a mixture of EC:DMC (1:1 wt.) + 1 M LiPFg (from
UBE, Japan). The cell design and the position of the RE make these cells the

system of choice for three-electrode impedance measurements.

- <>
Separators{ % "
- <>

Figure 16: ECC-Ref cell from EL-CELL.

3.4.2 Electrochemical Techniques

3.4.2.1 Galvanostatic charge/discharge cycling

Galvanostatic charge/discharge cycling is a diffused technique for evaluating

electrochemical performances and cycling stability of batteries. This technique
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consists in cyclically increase and decrease the cell potential between two limit
values by applying a constant current.

In full cells, the “charge” process occurs when the cathode undergoes an
oxidation reaction (Li extraction) and the anode undergoes a reduction reaction
(Li insertion). In this case, the current applied to the cathode is positive and the
cell voltage varies from an initial value E; to a final value E;. The “discharge” of
a full cell is the inverse process, occurring when the current flows in the opposite
direction. In this case, the cell voltage varies from the Ef value to the E; value.
Charge and discharge together correspond to one galvanostatic cycle (Figure 17),
while E; and Eyare the lower and the upper cell cut-offs, respectively.

It is possible to extend the concept of “charge” and “discharge” also to half-cells.
In this case, the “charge” corresponds to the oxidation of the investigated
electrode (Li extraction) and accordingly, the “discharge” corresponds to the

reduction (Li insertion).

I A

I+

Figure 17: (a) Current variation in function of the time and (b) voltage variation in
terms of time during a charge/discharge cycling test.

In the battery field, the current is often defined in terms of “C-rate”. Applying a
current (or a C-rate) of 1C, the cell delivers (discharge) or accumulate (charge)
all its capacity in one hour. Accordingly, multiples or fractions of C define higher
or lower currents, respectively. For instance, a C-rate of 2C corresponds to twice

the current of C (complete charge or discharge in 30 minutes), while a C-rate of
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0.5C (or C/2) corresponds to half the current of C (complete charge or discharge
in two hours).

Along with the electrochemical performance and the cycling stability,
charge/discharge cycling tests allow determining the coulombic efficiency of a
system. The coulombic efficiency is the ratio between discharge and charge
capacity (often expressed in percentage) and defines the amount of reversible
capacity obtained at the end of each galvanostatic cycle.

The here reported charge/discharge cycling tests were performed on three-
electrodes, two-electrode, half- and full cells. Half-cells were always tested at
room temperature (RT), while full cells were tested both at RT and at 45°C. The
instruments used for charge/discharge cycling tests were either a VMP-3
Potentiostat/Galvanostat from Biol.ogic Science Instrument (France) or a cell test

system from BaSyTech GmbH (Germany).

3.4.2.2 Linear Sweep Voltammetry (LSV)

The Linear Sweep Voltammetry (LSV) is a potentiodynamic electrochemical
technique consisting in a linear potential scan of an electrode. The potential scan
runs from an initial value E; to a final value E; as illustrated in Figure 18a.
During the measurement, a potentiostat guides the potential sweep according to a
defined scanning rate. At the same, it measures the current variations related to
eventual electrochemical processes occurring at the electrode interface (Figure
18b). LSV measurements allow evaluating the different redox reactions occurring
at the electrode within the desired potential window.

The LSV measurements here reported were always performed at RT using a

VMP-3 Potentiostat/Galvanostat from BioLogic Science Instrument (France).
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Figure 18: (a) Linear potential scan from an initial value (E;) to a final value (Ey) and
(b) measured current during the potential scan.

3.4.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a very powerful electrochemical
technique, which provides information about interfaces and the processes
occurring at them.

Impedance spectroscopy measurements often consist in perturbing the
investigated system with a single-frequency signal (voltage or current) and then
measuring the phase shift and the amplitude of the response signal at that same
frequency.99 The system is normally investigated in a wide range of frequencies
(from mHz to MHz) in order to study processes presenting different kinetics.

An impedance spectroscopy measure starts with the application a sinusoidal
signal to the system. A Frequency Response Analyser controls the frequency of

the applied signal (for example a voltage signal) according to the equation:
V(i) = V,sin(wt) (3.3)
Where V, is the amplitude of the perturbation, w is its angular frequency and ¢ is

the time. The applied signal induces a response signal from the system (in this

case a current signal):
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1(0) = I, sin(wt + 6) (3.4)

Where I, is the amplitude of the response signal and 6 is its phase shift with
respect to V(i). Both I, and 6 depend on the processes occurring in the
investigated system. The Frequency Response Analyser processes the response
signal, integrates it according to the Ohm’s Law and originates this way the
impedance signal (2).

It possible to represent Z as complex number in a vector diagram. According to
this representation, the vector Z can be described in function of its real

component (Z’) and its imaginary component (Z’’):”

Z=27+iz" (3.5)

Where i is the imaginary unit Vv—1. The real component Z’, the imaginary

component Z’’ and the modulus |Z| of the impedance are accordingly defined as:

Z'=|Z|cosH (3.6)
Z" = |Z|sin6 (3.7)
1Z| = [(2")2 + (2)2] /= (3.8)

This representation of impedance is the so-called Nyquist’s plot (Figure 19).
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Figure 19: Nyquist’s plot of impedance.

It is possible to fit the experimental impedance data with elements of ideal
circuits. These elements give typical impedance responses (Figure 20a, b, ¢) and
when conveniently combined in series or parallel, they can accurately fit
complex experimental signals. In the case of electrode-electrolyte interfaces, the
impedance signal can be fit according to the Randles circuit reported in Figure
20d.

The impedance measurements here reported were performed at RT with a VMP-
3 Potentiostat/Galvanostat (BioLogic Science Instrument, France) equipped with
a Frequency Response Analyser. The cells used for impedance spectroscopy
measurements were two-electrodes coin cell or three-electrodes ECC-Ref (EL-
Cells). The studied electrodes were always potentiostatically polarized for 1.5 h
at the desired potential before performing the measurement. The impedance
results were fitted with the program Equivalent Circuit according to the method

of Boukamp.
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Figure 20: Nyquist’s plots for (a) a resistor, (b) a capacitor, (c) a Warburg semi-
infinite diffusion element and (d) a Randles circuit for electrode-electrolyte interfaces.
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4. RESULTS AND DISCUSSION - Part I

4.1 Characterisation of the Pristine LiNiysMn; sO4

4.1.1 Morphology and composition of LMNO-0

The first material investigated in this work (LMNO-0) was obtained via the
continuous co-precipitation method presented in Chapter 3.1. The aim of this
synthesis was to realise high-performance LiNiysMn; 0, presenting features in
line with commercial cathode materials used in Li-ion batteries. For this purpose,
the material was designed with specific particle architecture, consisting in
spherical micrometric particles made of a large number of nano-sized crystallites

in very close contact with each other (Figure 21).

Figure 21: Representation of the desired LMNO particle architecture.

This specific architecture aims to minimize the particles’ porosity and increase
the density of the material. At the same time, the primary crystallites form a

network of grain boundaries, which is expected to facilitate Li-ion and electron

100,101

diffusion between the bulk and the surface of the particles. Furthermore,
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micrometric particles are easy to handle and present good processability during
the electrode preparation process.

Figure 22 displays the SEM pictures of the synthesized LMNO-0.'"?

1um

Figure 22: SEM images of the synthesized LMNO-0 at different magnifications.
Reprinted from J. Power Sources, 301, (2016), 151-159. Copyright 2015, with
permission from Elsevier. ' Licence number 38752402615 10.

The reported images show spherical particles with dimensions between few
micrometres and few tens of micrometres. As discussed above, this specific
particle architecture should guarantee dense materials with very low surface area.
The density of LMNO-0 powders was the determined by tap-density
measurements and resulted 2.26 g cm™, which is a value suitable for Li-ion

. . s 9394959697
batteries application.

This high tap-density value is also due to the
particle size distribution of LMNO-0. As shown in Figure 23, LMNO-0 presents
particle dimensions between 3 and 50 pm, with d90 = 26 um, d50 = 14.4 ym and

d10 = 7.6 um.
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Figure 23: Particle size distribution of LMNO-0. Reproduced in part with permission
from J. Electrochem. Soc., 163, A470 (2016). Copyright 2016, The Electrochemical
Society. 103

This particle distribution allows smaller particles to fill the empty spaces between
bigger particles obtaining a better packing of the powders. Furthermore, the
micrometric size of the particles guarantees low surface area, which results
below 1 m> g from BET analyses. The low surface area reduces the surface-
reactivity of the active materials and guarantees higher stability for Li-ion battery
applications.

An additional key aspect of this LMNO is the metal stoichiometry and the
eventual presence of oxygen deficiencies. The fully substituted LiNiysMn; 504
only presents high-voltage electrochemical activity (ca. 4.7 V vs. Li/Li") and
leads to higher specific energy in Li-ion cells. ICP analyses on LMNO-0 report a
metal composition of 4.03 wt.% Li, 47.31 wt.% Mn and 16.86 wt.% Ni, which
correspond to the Li : Mn : Niratio of 1.0: 1.5: 0.5.

Further XRD analyses on LMINO-0 powders confirmed its exact stoichiometry.

As described in Chapter 1.5, stoichiometric LiNiysMn; sO4 presents a highly-
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ordered structure described by the space group P4;32. According to this
structure, the atoms occupy specific position in the lattice: 8c sites for Li, 4a sites
for Ni, 12d sites for Mn, 8c and 24e sites for O. The highly-ordered lattice typical
for fully-substituted LMNO gives rise to additional superstructure reflections in
the XRD patterns at ca. 15°, 24°, 35°, 40°, 46°, 57° and 75° 20 angles.53’54’55
Figure 24 displays an XRD pattern obtained for LMNO-0 powders and its

fitting.
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Figure 24: XRD pattern and fitting for LMNO-0 powders.

The pattern presents a phase-pure spinel structure with a clear superstructure
reflection at 15°. The other superstructure reflections result more difficult to
individuate because of their typical low intensities very close to the instrumental
noise. Nevertheless, the XRD analyses confirm the structure typical for
stoichiometric LMNO and the obtained data can be fit according to the P4;32

space group. The fitting results report a lattice parameter a = 8.1694(6) A (in
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agreement with the data reported in literature) and mean crystallite size of
44(1) nm, which proves the presence of nano-sized primary crystallites in the
particles, 354104105
The analyses performed on LMNO-0 confirmed all the features desired for the
pristine material. The sample presents tailored particle architecture, consisting in
spherical particles made of a network of nano-sized crystallites in densely
connected with each other. The particle architecture and the particle size
distribution of LMNO-0 guarantee high tap-density beneficial for the

processability and the loading of the electrodes. Furthermore, the sample is a

fully substituted LMNO, beneficial for reducing the aging effects related to
M+ 56396061
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4.1.2 Electrochemical Performance of LMNO-0

The next step for the characterisation of LMNO-0 consists in studying its
electrochemical performance in standard organic electrolyte. The LMNO
electrodes described in the entire chapter contained 90 wt.% of active material,
6 wt.% carbon black and 4 wt.% polyvinylidene fluoride. The active material
loading was ca. 10 mg cm™.

Figure 25 shows the electrochemical performance of the LMNO-0 electrodes

cycled between 3.5 — 4.9 V vs. Li/Li*.'”
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Figure 25: (a) Charge/Discharge cycles, (b) Potential vs. Specific capacity and (c), (d)
corresponding differential curves for LMNO-O0 electrodes. Adapted and reprinted from
J. Power Sources, 301, (2016), 151-159. Copyright 2015, with permission from
Elsevier.'” Licence number 3875240261510.

These electrodes show stable discharge capacity of 133 and 123 mAh g at C/5
and 1C, respectively. This stable discharge capacity confirms the beneficial

effects of the selected particle architecture on the cycling stability of LMNO-0

46



electrodes in standard organic electrolyte. The irreversible capacity (difference
between charge capacity and discharge capacity) obtained at the first cycle is ca.
13 mAh g (8 %). In the next cycles, it stabilizes at ca. 3mAh g’ (2 %) and
0.4 mAh g' (0.3 %) at C/5 and 1C, respectively. The irreversible capacity
corresponds to the charge consumed by irreversible processes such as film
formation and electrolyte decomposition. The irreversible capacity calculated at
the first cycle suggests the formation of a passivation film on the surface of the
electrode. %70 The significantly lower irreversible capacities determined in
the next cycles are ascribable to ongoing electrolyte decomposition reactions,
which are significantly reduced by the initial passivation of the electrode.

Figure 25a clearly shows the effects of the cycling rate on the electrochemical
performance of LMNO-0 electrodes. Cycling at 1C leads to lower discharge
capacity and lower irreversible capacity than cycling at C/5. The
lithiation/delithiation kinetics of LMNO-0 will be discussed in Chapter 4.2.2 and
Chapter 5. However, the decrease of the irreversible capacity at 1C is probably
due to shorter exposition of the electrolyte at the high operating potential of
LMNO electrodes during each cycle.

Figure 25b displays the potential/specific capacity curves obtained from LMNO-
0 electrodes. These curves present two very close high-voltage plateaus at ca.
4.7V vs. Li/Li*, related to redox couple Ni**/Ni**. These two plateaus are easier
to identify in the differential curves reported in Figure 25c and Figure 25d. In
particular, the differential curve at C/5 (black line) shows two distinct peaks
related to high-voltage plateaus at 4.72 and 4.74 V vs Li/Li* during charge and at
473 V and 4.71 V vs Li/Li" during discharge. Wang et al. associated these two
high-voltage plateaus to the transition between three different cubic phases
through the lithiation or delitiation process of LMNO.' Figure 25b do not show
further electrochemical activity at 4 V vs. Li/Li*, confirming the absence of
significant Mn®" traces in the sample.

According to the obtained results, LMNO-0 electrodes present high and stable
discharge capacities, low irreversible capacities and no Mn** activity at

4V vs. Li/Li*. These results confirm the beneficial effects of the particle
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architecture on the electrochemical performance of LMNO-0 in standard organic
electrolyte. Additionally, the stoichiometric composition of LMNO-0 leads to
only high-voltage electrochemical activity, which is beneficial for the specific

energy achievable in full Li-ion cells.
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4.2 Modification of the Pristine Material

4.2.1 Crystallite Size Effects

LMNO-0 electrodes showed remarkable electrochemical performances and
confirm the importance of tailoring the particle architecture of active materials.
Nevertheless, it is possible to adjust different basic features of the pristine
material in order to further modify its electrochemical behaviour. Accordingly,
basic features of LMNO-0 like crystallite size, oxygen stoichiometry and particle
dimension were singularly modified and investigated keeping unchanged all the
other characteristics. The aim of this study was to find out the most suitable
material Li-ion cells application.

The crystallite size of LMNO-0 was modified by the secondary thermal treatment
described in Chapter 3.1.1. This treatment aimed to increase the crystallites
dimension of LMNO-0, without modifying the final oxygen stoichiometry.
Figure 26 shows the SEM images of the material after the thermal treatment

(LMNO-T1).

Figure 26: SEM images of the sample LMNO-TI. Reprinted in part from J. Power
Sources, 301, (2016), 151-159. Copyright 2015, with permission from Elsevier.'”
Licence number 3875240261510.

The images confirm that no changes occurred to the particle architecture and

morphological features of the pristine material. Also the metal composition
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determined by ICP analyses did not change after the secondary thermal treatment
and the sample still presented the Li : Ni: Mn ratio of 1.0 : 0.5 : 1.5.

The structure of LMNO-T1 was investigated by XRD analyses in order to
confirm the absence of oxygen deficiencies and determine eventual impurities
formed during the thermal treatment. Figure 27 reports a diffractogram and the

relative fitting obtained from LMNO-T1 powders.
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Figure 27: XRD pattern and fit for the sample LMNO-T].

LMNO-T1 shows again the superstructure peak at ca. 15°. Accordingly, the
fitting of the experimental data was performed according to the space group
P4332. The obtained cell parameter (a) results 8.1680(5) A, which is once again
in agreement with what expected for highly ordered LMNO.>**!%+10 Ag
expected, the crystallite size of LMNO-T1 increased to 83(2) nm. According to

the collected data, this material results suitable to evaluate the role of the
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crystallite size on the electrochemical performance of LMNO keeping unchanged
all the other pristine features.

Both LMNO-0 and LMNO-T1 electrodes were tested between 3.5 — 49 V vs
Li/Li" at different C-rates. Figure 28 displays the potential/specific capacity

profiles obtained from these cells.
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Figure 28: Potential vs. Specific capacity profiles obtained for (a) LMNO-0 and (b)
LMNO-TI1. Reprinted in part from J. Power Sources, 301, (2016), 151-159. Copyright
2015, with permission from Elsevier. ' Licence number 3875240261510.

The electrodes exhibit the potential plateaus related to the redox couple
Ni(II)/Ni(IV) and typical for stoichiometric LMNO. The potential profiles of
these electrodes also show hysteresis between the charge and the discharge
plateaus, related to the IR drop and to the lithiation/delithiation kinetics. The IR
drop depends on the applied current and thus, higher C-rates leads to the
enlarging of the hysteresis and to the approaching of the charging plateaus to the
upper cut-off potential (4.9 V vs. Li/Li"). This behaviour leads to a premature
interruption of the charge and explains the lower discharge capacities obtained
for LMNO-0 and LMNO-T1 electrodes at higher C-rates.

As shown in Figure 29, cycling LMNO-0 and LMNO-T1 electrodes at C/5 leads
to comparable discharge capacity (ca. 135 mAhg"') and potential hysteresis
(ca. 50 mV). This is not anymore valid at higher C-rates, where LMNO-T1
electrodes present larger hysteresis and lower discharge capacities than LMNO-0

electrodes (samples LMNO-T2 and LMNO-T3 will be discussed in the next
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paragraph). This different electrochemical behaviour at higher C-rates suggests
slower delithiation/lithiation kinetics in the case of bigger crystallites, which lead

to longer diffusion paths for the Li-ions inside the material.
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Figure 29: (a) Trend of the hysteresis and (b) of the discharge specific capacity in
function of the applied C-rate for LMNO-0 and LMNO-TI1, LMNO-T2 and LMNO-T3
electrodes. Reprinted in part from J. Power Sources, 301, (2016), 151-159. Copyright
2015, with permission from Elsevier. "% Licence number 3875240261510.

LMNO-0 and LMNO-TT1 electrodes show sudden capacity drop down at 3C and
2C, respectively. This phenomenon is probably due to the potential peak
appearing at the beginning of the charging process at higher C-rates (Figure 28).
When this potential peak reaches the upper cut-off potential, the charging process
suddenly stops without any significant delithiation of the electrodes. This
potential peak is characteristic for stoichiometric LMNO and will be further
discussed in Chapter 4.2.2 along with the electrochemical behaviour of not
stoichiometric LMNO.

The investigation of the crystallite size pointed out slower kinetics for bigger
crystallites and no improvements on the electrochemical performances. Thus,

smaller primary crystallites are the best choice to obtain better rate capabilities.
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4.2.2 Changes in the Oxygen Stoichiometry of LMNO

Performing secondary thermal treatment, allows introducing different amounts of
oxygen deficiencies in the LMNO structure. The oxygen deficiencies modify the
stoichiometry of the material and the oxidation state of the manganese according
to the formula Li[Ni(II)g sMn(III),sMn(IV); 5.05]O4.s.

In order to investigate the role of these oxygen deficiencies on the
electrochemical behaviour of LMNO-0, two secondary thermal treatments were
performed on the pristine material as described in Chapter 3.1.1. The obtained
materials are expected to contain low amounts (LMNO-T2) and high amounts
(LMNO-T3) of oxygen deficiencies, keeping unchanged the other fundamental
features of the pristine LMNO-O0.

Figure 30: SEM images of (a) LMNO-T2 and (b) LMNO-T3. Reprinted in part from J.
Power Sources, 301, (2016), 151-159. Copyright 2015, with permission from Elsevier.
1% Licence number 3875240261510.

The SEM images of LMNO-T2 and LMNO-T3 powders show the same particle
architecture observed in the pristine LMNO-0. Also ICP analyses did not report
any variation of the pristine Li : Ni: Mn (1.0 : 0.5 : 1.5).

Figure 31 compares the XRD patterns and relative fittings of LMNO-0, LMNO-
T1, LMNO-T2 and LMNO-T3.
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Figure 31: XRD patterns and fits for LMNO-0O, LMNO-TI, LMNO-T2 and LMNO-T3.
Reprinted from J. Power Sources, 301, (2016), 151-159. Copyright 2015, with
permission from Elsevier. 192 I icence number 38752402615 10.

The oxygen-deficient materials do not present any superstructure reflections
typical for highly ordered spinel structure. Thus, the diffraction patterns of
LMNO-T2 and LMNO-T3 were fitted according to the Fd3-m space group,
where Li atoms occupy the 8a positions, Mn and Ni atoms occupy the 16d

positions, and O atoms occupy the 32e positions.53’54’55

Furthermore, the oxygen-
deficient materials show asymmetric broadening of some peaks at lower angles
(marked with “+” in Figure 31). The broadening of these peaks indicates that
LMNO-T2 and LMNO-T3 contain electrochemically inactive Rock-salt
impurities, which are typical for not-stoichiometric materials prepared by thermal
treatments.***'"” LMNO-T3 presents larger peak broadening than LMNO-T?2,
suggesting a correlation between the quantity of impurities and the amount of

oxygen deficiencies. Table 1 resumes the results of the XRD fittings performed

on LMNO-0, LMNO-T2 and LMNO-T3 diffraction patterns.
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Table 1: XRD fits results for LMNO-0, LMNO-T2 and LMNO-T3.

Space Crystallite Size | Latt. Parameter Phases
Group (nm) A)
LMNO-0 P4532 44(1) 8.1694(4) Ordered spinel
Disordered spinel
LMNO-T2 Fd3-m 55(1) 8.1732(8) Rock-salt imp.
Disordered spinel
LMNO-T3 Fd3-m 63(1) 8.2022(7)

Rock-salt imp.

The fittings of the XRD patterns report increases of lattice parameter
proportional to the amount of oxygen deficiencies. This result is in agreement
with the literature and confirms that part of Mn** converted in Mn?*.>?04106.108
Unfortunately, applying secondary thermal treatments is not possible to
completely exclude the crystallite growth.

In order to evaluate the electrochemical behaviour of oxygen-deficient materials,
electrodes made of LMNO-T2 and LMNO-T3 were cycled at different C-rates
and compared with LMNO-0 electrodes. Figure 32 compares the potential
profiles and the discharge capacities obtained from these electrodes. The
potential profiles of LMNO-T2 and LMNO-T3 electrodes appear immediately
different from those of LMNO-0 electrodes. The most evident difference is the
electrochemical activity of Mn’" at ca. 4 V vs. Li/Li*. LMNO-T3 electrodes show
the longest low-potential plateau and the shortest high-potential plateaus among
all the tested materials. This behaviour depends on the high amounts of Mn**
converted in Mn’* during the secondary thermal treatment and leads to a
conversion of the high-voltage capacity in low voltage capacity. The higher is the
amount of oxygen deficiencies in the material, the stronger is the low-voltage
contribution.

Also increasing the C-rate reduces the length of the high-voltage plateaus but it
does not influence the length of the low-voltage plateau. The reason of this high-
voltage capacity loss was already discussed in Chapter 4.2.1 and regards the

earlier reaching of the upper potential cut-off during delithiation.
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Figure 32: Potential vs. specific capacity profiles for (a) LMNO-0, (b) LMNO-TI, (c)
LMNO-T2 and (d) LMNO-T3 electrodes. Reprinted in part from J. Power Sources, 301,
(2016), 151-159. Copyright 2015, with permission from Elsevier. ' Licence number
3875240261510.

Oxygen-deficient materials always show lower discharge capacities than LMNO-
0, probably because of the electrochemically inactive phases formed during the
secondary thermal treatments. The rate capabilities of LMNO-0, LMNO-T2 and
LMNO-T3 electrodes are similar up to 2C but then, LMNO-0 electrodes show
the sudden capacity drop-down described in the previous chapter (Figure 29b).
According to the literature, not stoichiometric LMNO phases show better ionic

62,63
Howeyver,

and electronic conductivity with respect to the stoichiometric one.
the rate capability of stoichiometric and not stoichiometric materials are
comparable up to 2C. Furthermore, the capacity drop-down observed for LMNO-
0 electrodes is more likely ascribable to the steep potential increase at the
beginning of the delithition process of stoichiometric materials (Figure 28
Chapter 4.2.1 and Figure 32). Figure 33a clearly shows that the potential
maximum value (U,,,,) for LMNO-0 electrodes is very close the upper cut-off of

4.9 V vs. Li/Li" already at 2C. Extrapolating U,,,, and Ui at 3C (Figure 33b),
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the calculated U, value is higher than the cell cut-off potential and it is
probably the reason of the sudden charge interruption. On the contrary, the
calculated plateau potential (U, at 3C is still lower than the cut-off potential

suggesting that it would be still possible to charge LMNO-0 electrodes at this C-

rate.

5.00A ; ) . + 5.00

4.95A - 4.95
: U /
= U .. 7z ]
5 - 2¢.4.901 Cell autoff 490 1Gell cutoft
E' L 4.85-
g AP QN0O0un000000000000|
5
2 L 4.80-
o

+ 4.754
6 é 1Y0 15 2YO 2Y5 30 0 { é 3
Charge specific capacity (mAh g™) Charging rate

Figure 33: (a) Uy and Uy at 1C and 2C for LMNO-O0 electrodes. (b) Increase of Uy
and U,yq, with the C-rate and extrapolation at 3C for LMNO-0 electrodes.

In order to better understand the origin of this initial potential maximum in
stoichiometric materials, impedance measurements were performed at 3.5 V vs.
Li/Li" (lithiated status) and at 4.9 V vs. Li/Li* (delithiated status) on both
LMNO-0 and LMNO-T3 electrodes. Figure 34 reports and compares the results
of these impedance measurements. The semicircles observed at high to medium
frequencies for LMINO-0 are larger in the lithiated status (discharged) than in the
delithiated status (charged). The larger semicircles related to the discharged
electrode suggest higher resistances for the lithiated phase then for the delithiated
phase. This difference in the resistance between lithiated and delithiated phase
can explain the rapid increase of potential at the beginning of the charging
process (Unax) and the consecutive reduction to the plateau value (Ug,) as the
material undergoes the delithiation process. Oxygen-deficient materials present
similar semicircle size both in the lithiated and in the delithiated phase. Thus,
they neither present U,,,, values nor incur into the sudden capacity fade observed

for stoichiometric materials. However, the semicircles obtained from charged
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electrodes are smaller for LMNO-0 than for LMNO-T3, suggesting lower
resistances and better kinetics for the delithiated phase of the stoichiometric
material. This hypothesis is supported also by the hysteresis observed for
oxygen-deficient materials (Figure 32), which are larger than those observed for

the stoichiometric material.
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Figure 34: Impedance spectra for LMNO-0 and LMNO-T3 electrodes in (a), (b)
lithiated status and (c), (b) delithiated status. Reprinted from J. Power Sources, 301,
(2016), 151-159. Copyright 2015, with permission from Elsevier. 192 Jicence number
3875240261510.

According to the obtained results, the stoichiometric LMNO-0 presents different
positive features with respect to the two oxygen-deficient materials. LMINO-O0 is

a single phase material, without any impurities formed during the primary
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thermal treatment. This guarantees higher discharge capacity for LMNO-0
electrodes than for LMNO-T2 and LMNO-T3 electrodes. Furthermore, the
stoichiometric material presents only high-voltage activity, which is beneficial
for increasing the specific energy of Li-ion cells. Finally, LMNO-0O electrodes
show rate capabilities comparable with LMNO-T2 and LMNO-T3 electrodes up
to 2C and faster kinetics in the charged status. The only problem of LMNO-0
electrodes is the initial potential peak, which requires the study of suitable

charging procedures (see Chapter 5.2).
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4.2.3 Role of the particle dimension in LMNO-0 electrodes

The synthesis process described in Chapter 3.1.1 allows obtaining different
LMNO batches with tuned particle size. Nevertheless, it is better to use the same
LMNO-0 batch for the complete investigation of the pristine material. For this
reason, the effect of the particle dimension on the electrochemical performance
of LMNO was evaluated by sieving the pristine material in different batches. The
sieving process allowed dividing LMNO-0 in four different batches according to
the particle size: <20 um (LMNO-XS), 20 -25 um (LMNO-S), 25-32 um
(LMNO-M) and 32 — 40 um (LMNO-L).

Figure 35 shows SEM images of the different sieved samples.

20 pm

20 pm

20.pm

Figure 35: SEM images for (a) LMNO-L, (b) LMNO-M, (c) LMNO-S and (d) LMNO-
XS. Reprinted from J. Power Sources, 301, (2016), 151-159. Copyright 2015, with
permission from Elsevier. ' Licence number 38752402615 10.

The SEM images clearly show comparable particle dimensions for all the sieved

samples, with the exception of few very small particles visible in all the fractions.
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These smaller particles did not pass through the mashes during the sieving
process. However, their amount is considerably small and not enough to
significantly influence the electrochemistry of the main fraction.

Figure 36 summarises the electrochemical results obtained with the four
different sieved materials. Because of the charge interruption observed for
LMNO-0 at high C-rates, the electrodes were always charged at C/2 and then

discharged at different C-rates.
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Figure 36: Potential vs. Specific capacity profiles for (a) LMNO-XS, (b) LMNO-S, (c)
LMNO-M (d) LMNO-L and (f) reversible specific capacity for the same electrodes.
Reprinted in part from J. Power Sources, 301, (2016), 151-159. Copyright 2015, with
permission from Elsevier. ' Licence number 38752402615 10.
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The reported potential profiles and specific discharge capacities show the
significant effect of the particle dimension on the electrochemical performances
of the different electrodes. By increasing the particle dimension, the electrodes
present lower rate capability related to slower intercalation kinetics. The reason
for this behaviour is probably the longer Li-ion diffusion path between the
surface and the bulk of bigger particles. It is also worth to notice that LMNO-0
electrodes show the best rate capability after LMNO-XS electrodes. Additionally,
the difference between the charge and the discharge potentials for LMNO-0
electrodes is smaller than for LMNO-XS electrodes. This result is more likely
ascribable to inter-particle effects than to particle size effects. As discussed in
Chapter 4.1, the wide particle size distribution of LMNO-0 allows smaller
particle to fill the empty spaces between bigger particles. Thus, it is probable that
the close packing obtained with a wider particle size distribution increases the
amount of inter-particle contacts available for the migrating electrons.

According to the obtained results, adopting LMNO-XS as cathode material leads
to the best rate capability among all the tested batches. This improved rate
capability is probably due to the shorter Li-ion diffusion path between the surface
and the bulk of the particle. However, also LMNO-0 electrodes show remarkable
rate capability and lower potential hystereses between charge and discharge
potentials. Furthermore, bigger particle size leads to reduction of the surface
area, which is beneficial for reducing the surface-reactivity of the material.
Summarising all the results presented in Chapter 4, the pristine LMNO-0 seems
to be the best candidate in terms of electrochemical performance. Thus, it is the

material of choice for electrolyte stability studies.
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S. RESULTS AND DISCUSSION - Part 11

5.1 STUDY OF THE ELECTROLYTE STABILITY ON
LMNO-0 ELECTRODES.

As described in Chapter 1.5, cycling high-voltage cathode materials leads to a
large variety of electrolyte decomposition reactions. The electrolyte
decomposition by-products are the main reason for the deterioration of all the
cell components. Thus, realising stable high-voltage cells requires materials with
low electrolyte degradation rates.

The rate of the electrolyte decomposition processes and the performances of the
electrodes are firstly affected by the morphology of the cathode material. Many
works in literature support the adoption of tailored nanometric sized materials in
order to obtain better kinetics and improve the electrochemical

48,49,50,109,110,111

performance. Unfortunately, these nanometric sized materials have

lower processability than micrometric sized materials. Furthermore, their high
surface area leads to lower cycling stability in standard electrolytes.112’“3’114 The
particle architecture of LMNO-0 was designed to reach a good compromise
between high electrochemical performance and low electrolyte decomposition.
According to this architecture, the micrometric particles guarantee low surface
area available for electrolyte decomposition. At the same time, the network of
nanometric crystallites provides good kinetics and electrochemical performance.
In order to verify the effects of the particle architecture, the electrolyte
decomposition rates for LMNO-0 and LMNO-R electrodes were studied and

compared.

Figure 37 compares SEM images of LMNO-0 and LMNO-R powders.

63



Figure 37: SEM images for (a), (b) LMNO-R and (c), (d) LMNO-0 samples.

The reference material LMNO-R does not have any specific particle architecture
and consists in a dispersion of micrometric particles together with sub-
micrometric particles and aggregates. According to these images, LMNO-R
seems to present smaller particles and broader particle size distribution than
LMNO-0. The light scatter analyses reported in Figure 38 confirms what
observed in the SEM images and reports a size distribution of d90 =34.1 um,
d50=8.8 um, d10 =0.5 um. The smaller particles and the absence of a dense
morphology in LMNO-R lead to higher surface area (18 m® g') and lower tap-
density (0.67 g cm™) in comparison to LMNO-0.
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Figure 38: Particle size distribution for LMNO-R powders. Reproduced in part with
permission from J. Electrochem. Soc., 163, A470 (2016). Copyright 2016, The
Electrochemical Society. '

Figure 39 shows an XRD pattern and the relative fitting obtained from LMNO-R
powders. This material exhibits no superstructure reflections suggesting the
presence of Mn®" in the structure. Accordingly, the fitting of the diffractogram
was performed adopting the Fd3-m space group. Furthermore, the diffractogram
shows peaks in agreement with traces of rock-salt impurities. The obtained cell
parameter (a) results 8.168(1) A and suggests that LMINO-R does not contain
significant amounts of Mn®**, which would lead to larger (a) values. The
calculated crystallite size for LMNO-R is 43 (£1) nm and results comparable
with the crystallite size of LMNO-0. In summary, LMNO-R is a spinel material
without tailored particle architecture, which presents smaller particle size, lower
tap-density and higher surface area than LMNO-0. On the other hand, LMNO-R
contains very low amounts of Mn®" in the structure and presents a crystallite size

comparable with LMNO-0. These characteristics allow comparing the

65



electrochemical results of LMNO-R and LMNO-0 electrodes in order to better

understand the role of the morphology on the high-voltage -electrolyte

degradation.
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Figure 39: XRD pattern and fit for the sample LMNO-R. Reproduced in part with
permission from J. Electrochem. Soc., 163, A470 (2016). Copyright 2016, The
Electrochemical Society. 103

The electrochemical tests were performed on electrodes containing 87 wt.%
active material (either LMNO-0 or LMNO-R), 7 wt.% conductive carbon and
6 wt.% polyvinylidene fluoride. The loading of the electrodes was ca. 10 mg cm’
based on the active material weight.

The first tests performed on both LMNO-0 and LMNO-R electrodes aimed to
estimate the amount of electrolyte degradation occurring before and after the
operating potential of LMNO. For this purpose, pristine LMNO-0 and LMNO-R

electrodes underwent a linear sweep voltammetry from OCV up to 6 V vs.

Li/Li". During the potential scan, the current values before and after the working
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potential of LMNO depend mainly on eventual secondary reactions occurring at
the electrodes surface. Figure 40 displays the results of these potential sweeps

for LMNO-0 and LMNO-R electrodes obtained at a scan rate of 0.1 mV s’
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Figure 40: Linear potential sweep for LMNO-0 and LMNO-R electrodes. Reproduced
with permission from J. Electrochem. Soc., 163, A470 (2016). Copyright 2016, The
Electrochemical Society.'”
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The first significant current appears at the potentials related to the Ni(I)/Ni(IV)
redox couple and suggests that no significant electrolyte degradation occurs
before the beginning of the delithiation process. Actually, LMNO-R electrodes
show very low current values starting from ca. 4 V vs. Li/Li". However, these
current values regard the electrochemical activity of some Mn?* present in the
structure of the active material and are not ascribable to -electrolyte
decomposition reactions. At 5 V vs. Li/Li*, the current related to the nickel
oxidation process decreases and reaches a stable value, which suggests a
complete delithiation of the electrodes. Starting from this potential, the current
measured at the electrodes mainly depends on the collateral oxidation reactions.
Above 5 V vs. Li/Li", both LMNO-0 and LMNO-R electrodes present the same
current trend, which suggests the same nature of secondary reactions occurring at
the electrodes surface. However, LMNO-R electrodes show significantly higher
current values than LMNO-0 electrodes and thus, higher electrolyte degradation
rates. These results clearly show a relation between the degradation rates and the
particle morphologies of the samples but unfortunately, they do not allow
determining the onset potential of the degradation processes. For these reason,
new LMNO-R and LMNO-0 electrodes underwent further specific
electrochemical tests.

Figure 41 shows the potential and current profiles of LMNO-0 and LMNO-R
electrodes obtained by applying potentiostatic steps of 8 hours at 4.72, 4.76, 4.90
and 5.00 V vs. Li/Li" during charging. The aim of these potentiostatic steps is to
reach the maximum electrodes delithiation at the applied potential and then
measure the equilibrium current without the contribution of Ni (end of the
potentiostatic step). Since no delithiation process occurs at the end of the
potentiostatic step, the value of the equilibrium current mainly depends on the
electrolyte degradation rate at the applied potential: higher -electrolyte
degradation rates lead to higher equilibrium currents. Before starting the test, the
electrodes were galvanostatically cycled two times between 3.5 —4.9 V vs. Li/Li"
at C/5. Thereafter, they were charge according to the described procedure and

discharged at C/5 for 10 times.
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Figure 41: Potential profiles and current trends for (a) LMNO-0 and (b) LMNO-R
electrodes obtained by holding the potential at 4.72, 4.76, 4.90 and 5.00 V vs. Li/Li".
Reproduced in part with permission from J. Electrochem. Soc., 163, A470 (2016).
Copyright 2016, The Electrochemical Society.'”
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Table 2 reports the values of the equilibrium currents measured at the end of the

potentiostatic steps. The reported values are the mean values obtained from 10

testing cycles.

Table 2: Equilibrium current values measured at the end of the potentiostatic steps.

4.72V Current | 4.76 V Current | 4.90 V Current | 5.00 V Current
(mA g (mA g (mA g (mA g
LMNO-0 0.19 0.20 0.35 0.52
LMNO-R 1.10 1.11 1.76 2.84

LMNO-0 and LMNO-R electrodes show no significant increase of the
equilibrium current between 4.72 and 4.76 V vs. Li/Li". This suggests that the
electrolyte degradation rate does not increase along the charging plateaus of the
electrodes. The situation looks different at 4.90 and at 5.00 V vs. Li/Li*, where
the equilibrium currents are 1.7 and 2.6 times higher than at the 4.76 V vs. Li/Li".
This increase in the equilibrium current points out the onset of significant
electrolyte decomposition reactions and underlines the importance of keeping the
upper potential cut-off as close as possible to the last high-voltage plateau. The
onset potential is the same for both LMNO-0 and LMNO-R electrodes. This data
suggests once again that the nature of the decomposition reactions does not
depend on the particles morphology. On the other hand, LMNO-R electrodes
show values of equilibrium current ca. 5 times higher than LMINO-0 electrodes,
confirming the key role of the morphology in limiting the electrolyte degradation
rate at high potential. Also the coulombic efficiencies obtained during these tests
(Figure 42) report similar results. The trend of the coulombic efficiency during
cycling is again the same for LMNO-0 and LMNO-R electrodes but the values
obtained at each cycle are significantly higher for LMNO-0 electrodes.
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Figure 42: Trend of the coulombic efficiency for LMNO-0 and LMNO-R electrodes
cycled two times between 3.5 and 4.9 V vs. Li/Li" and then 10 times holding the
potential at 4.72, 4.76, 4.90 and 5.00 V vs. Li/Li* during charging.

As mentioned in Chapter 1.5, the electrolyte decomposition processes form
different by-products, which can depose on the surface of LMNO electrodes and
form a passivation film. As previously described, also graphite anodes form a
passivation film (SEI), which is stable during cycling and prevents further
electrolyte degradation without compromising the Li* diffusion. In the case of
LMNO electrodes, the formed film partially limits further electrolyte
decomposition and thus, it is keeps growing during cycling. This thickening
process consumes charge and electrolyte at each cycle leading to capacity fade
and aging of the cells. Additionally, the formation of thick films increases the
electrodes resistance and causes an early reaching of the upper potential cut-off
similar to that described in Chapter 4. It is possible to investigate and compare
the film formation process on LMNO-0 and LMNO-R electrodes by impedance
spectroscopy measurements during cycling. Generally, the impedance spectra of
LMNO electrodes consist in the combination of: a semicircle at high frequencies
related to the surface film, a second semicircle at high to medium frequencies
related to the charge-transfer process and a slopping line at low frequencies

associated to a Warburg-type diffusion.®”’" Figure 43 reports the impedance
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spectra and the related fittings for LMNO-0 and LMNO-R electrodes recorded at
4.9 V vs. Li/Li*. The impedance spectra were fitted according to the equivalent
circuit shown in Figure 43a, where R, is the uncompensated resistance, Cr is the
capacitance of the film, Ry is the resistance of the film, Ccr is the capacitance of
the charge-transfer, Ry 1s the resistance of the charge transfer and W is the
Warburg diffusion element. According to this circuit, the small semicircle at high
frequencies allows determining and comparing the resistances of the surface

films (Rr) formed on LMNO-0 and LMNO-R electrodes during cycling.
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Figure 43: (a) Equivalent circuit, impedance spectra and relative fittings obtained at
the (b) 6™ (c) 1 0" and (d) 1 4" cycle of LMNO-0 and LMNO-R electrodes. Adapted and
reproduced with permission from J. Electrochem. Soc., 163, A470 (2016). Copyright
2016, The Electrochemical Society.HB
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Figure 44 displays and compares the Ry values determined for LMNO-0 and
LMNO-R electrodes. Both these electrodes show the same Ry trend during
cycling, which suggests similar film formation processes. The larger increase of
Ry between the 6™ and the 10™ cycle is ascribable to initial significant thickening
of the films. The formed films partially passivate the surface of the electrodes
and lead to lower resistance increase between the 10™ and the 14™ cycle. LMNO-
R electrodes show Ry values ca. 5 times higher than LMNO-0 electrodes. This
difference suggests the formation of more extend films on the LMNO-R
electrodes surface and points out a relation between the electrolyte degradation
rate and the film thickening during cycling. According to these results, the
particle morphology of LMNO-0 does not influence how the passivation films
form on the electrodes but it significantly reduces thickening process during

cycling and guarantees lower electrodes resistances.
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Figure 44: Trend of the Ry during cycling for LMNO-0 and LMNO-R electrodes.
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The results presented in this chapter clearly point out the role of particle
morphology on electrolyte degradation processes. According to these results, the
optimized particle morphology of LMNO-0 drastically reduces the rate of the
electrolyte degradation processes and the aging of the electrodes during cycling.
On the other hand, the nature of the degradation processes does not depend on
the particle architectures. This suggests that the decomposition reactions and the

formed by-products only depend on the surface chemistry of LMNO.
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5.2 CHARGE OPTIMIZATION OF LMNO-0
ELECTRODES.

As shown in the previous chapter, the onset of significant electrolyte
decompositions reactions for LMNO electrodes is just above its operating
potential. Thus, it is possible to limit the electrolyte decomposition also by
defining suitable charging protocols, which guarantee complete electrodes
delithiation with upper cut-offs close to the operating potential.

Applying a potentiostatic step at the end of the galvanostatic charge guarantee
full electrodes delithiation and lower cut-off potential. However, during the
potentiostatic steps, the electrolyte can incur significant degradation processes. It
is not easy to determine whether a potentiostatic step is beneficial or not for
LMNO electrodes and it is necessary to evaluate different factors, such as the
selected cut-off potential, the length of the potentiostatic step and the desired
charging rate.

The first parameter to define is the upper potential cut-off suitable for the
potentiostatic step. This parameter was evaluated by charging LMNO-0
electrodes up to different potentials (C/5), exposing them to a potentiostatic step
and finally discharging them (C/5) to 3.5 V vs. Li/Li* (Figure 45a). The different
investigated potentials correspond to the beginning of the first delithiation
plateau (4.73 V vs. Li/Li"), the beginning of the second delithiation plateau (4.75
V vs. Li/Li"), the conclusion of the second delithiation plateau (4.8 V vs. Li/Li")
and the standard LMNO upper cut-off (4.9 V vs. Li/Li"). In these tests, the
applied potentiostatic steps lasted until the measured current decreased below
C/20. In order allow the formation of a passivation layer, the test included two

initial galvanostatic cycles between 4.9 - 3.5 V vs. Li/Li".
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Figure 45: (a) Potential and specific current profiles, (b) discharge specific capacity
and coulombic efficiency for LMNO-0 electrodes charged with a potentiostatic step at
different cut-offs. Reproduced with permission from J. Electrochem. Soc., 163, A470
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According to this procedure, the discharge capacities point out the maximum
electrodes delithiation achievable with the selected potential cut-off. At the same
time, the coulombic efficiencies allow estimating the contribution of the
potentiostatic step to the electrolyte decomposition (Figure 45b). The lowest cut-

off (4.73 V vs. Li/Li*) provides discharge capacities related only to the first
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intercalation plateau of LMNO (63 mAh g'l). The second cut-off (4.75 V vs.
Li/Li") allows using also the second high-voltage plateau and leads to a discharge
capacity of 120 mAh g'. The maximum discharge capacity (ca. 126 mAh g™) is
achievable at both 4.80 and 4.9 V vs. Li/Li". However, the coulombic efficiency
at 4.9 V vs. Li/Li" is worse than at 4.8 V vs. Li/Li".

According to the obtained results, the cut-off potential suitable for potentiostatic
steps is 4.8 V vs. Li/Li".

Once determined the suitable cut-off potential, it is possible to determine the
optimal duration of the potentiostatic step and the benefits achievable at different
charging rates. This second investigation consisted in cycling LMNO-0
electrodes at different C-rates according to three different charging methods:
Method I: galvanostatic charge and discharge between 4.9 —3.5 V vs. Li/Li".
Method 2: galvanostatic charge and short potentiostatic step (current
limit = C/10) at 4.8 Vvs.Li/Li" followed by galvanostatic discharge to
3.5V vs. Li/Li".

Method 3: galvanostatic charge and long potentiostatic step (current limit = C/20)
at 4.8 V vs. Li/Li* followed by galvanostatic discharge to 3.5 V vs. Li/Li".
Figure 46 summarises the discharge capacities and the coulombic efficiencies

obtained for LMNO-O0 electrodes cycled according these methods.
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Figure 46: (a) Discharge capacity and (b) coulombic efficiency of LMNO-0 cycled
according different charging procedures. Adapted and reproduced with permission
from J. Electrochem. Soc., 163, A470 (2016). Copyright 2016, The Electrochemical
Society.]w

The discharge capacities in Figure 46a show no improvements related to the
potentiostatic steps by charging the electrodes at rates below 1C. This result
indicates that Method 1 is sufficient to obtain a complete charge of LMNO-0

electrodes using C-rates < 1C. The obtained coulombic efficiencies (Figure 46b)
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result very high and always above 98% (except at the 1* cycle). Increasing the
C-rate to 1C and 2C, the potentiostatic steps significantly affects the obtained
discharge capacities and thus, it is possible to completely delithiate LMNO-0
electrodes only using Method 2 and Method 3. The presence of potentiostatic
steps influences also the coulombic efficiencies of the electrodes. However, the
lower cut-off of Method 2 and Method 3 limits the electrolyte decomposition and
the difference in the coulombic efficiency between the tested methods is
acceptable. Starting from 3C, LMNO-0 electrodes charged with Method 1 show
the typical capacity drop down already discussed in Chapter 4.2.2. Applying the
potentiostatic steps allows avoiding this phenomenon and leads to good
delithiation of LMNO-0 electrodes also at higher C-rates. Above 3C, Method 3
guarantees better discharge capacities than Method 2. However, cycling LMNO-
0 electrodes above 3C does not lead to any capacity uptake during the
galvanostatic step and the entire charging process takes place along the
potentiostatic step. Thus, using C-rates >3C does not lead to significant
improvements in the overall charging time of LMNO-0 electrodes. Furthermore,
also below 3C, longer potentiostatic steps always require longer charging times
without leading to significant improvements of the discharge capacity.

According to the obtained results, Method I is the best charging procedure for
LMNO-0 electrodes cycled at C-rates < 1C, while Method 2 allows faster and
efficient charge at 1C and 2C. Further increases of the C-rate do not lead to any
improvements on the charging time and therefore, they are not useful for LMNO-

0 electrodes.
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6. RESULTS AND DISCUSSION - Part 111

6.1 LINbO; SURFACE TREATMENT OF LMNO

The electrochemical performance of LMNO and the rate of the electrolyte
degradation considerably depend on the particles morphology. The optimised
LMNO particle architecture described in the previous chapters was identified as
the best compromise between electrochemical performance and reduced
electrolyte degradation rate. As discussed in Chapter 1.5 and Chapter 3.1.3, it is
possible to further improve the stability of the active material/electrolyte
interface by coating the particles surface with a suitable material. Among the
possible coating materials, lithium niobate (LiNbO;) presents different attractive
features, which make this material a potential candidate for the treatment of
LMNO particles. Thus, LMNO powders presenting optimised particle
architecture were traded with LiNbQO3, obtaining the coated sample LMNO-T.
The metal composition of LMNO-T was investigated by ICP analyses obtaining
a Li: Ni: Mn ratio of 1.0:0.5: 1.5. Additionally, LMNO-T presents a Niobium
content of 0.5 wt.%, corresponding to 0.8 wt.% in terms of LiNbOs.

Figure 47 reports the SEM images obtained from LMNO-Nb. This sample
shows exactly the same particle architecture observed for LMNO-0 and no
morphological alteration due to the LiNbO; treatment. Indeed, the LiNbO;
treatment is expected to involve just the surface of the primary crystallites

without modifying the tailored particle architecture and its properties.
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Figure 47: SEM images of LMNO-T at different magnifications.

The surface of the LMNO-T sample was investigated via TEM-EDX and TEM-
EELS analyses at the Natural and Medical Sciences Institute (NMI) at the
University of Tiibingen. Figure 48 reports the obtained TEM images together
with the corresponding EDX and the EELS analyses. From these analyses, it is
possible to verify the bulk elemental composition of the sample, confirm the
presence of the Nb on the particles surface and evaluate the quality of the
coating. The EDX analyses reported in Figure 48 clearly show intense Ni, Mn
and O signals mainly related to the LMNO bulk composition. LMNO-T also
presents Nb signals homogeneously distributed on the crystallites surface. High-
resolution TEM-EELS analyses (Figure 48d, f, h, j), confirm once again the bulk
composition of the particle and clearly show a thin Nb film homogenously
distributed and localised on the surface of primary crystallites. These analyses
confirm the validity of the coating method and the very good quality of the film
deposed on LMNO particles.
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Figure 48: (a); (b) TEM images, (c); (e); (g); (i), EDX analyses and (d); (f); (h); (j)
EELS analyses of LMNO-T particles. The green, blue, red and light blue colours
correspond to the detected Mn, Ni, O and Nb, respectively. Adapted and reproduced
with the permission from ChemSusChem. 2016, DOI: 10.1002/cssc.201600278.
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. *® License Number:
3883560968998
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The uncoated LMNO samples and the coated LMNO-Nb were also investigated
by X-Ray Photoelectron Spectroscopy (XPS) at the Institute of Surface
Chemistry and Catalysis at the University of Ulm. The first fundamental
difference between the coated and the uncoated samples was detected in the
Nb(3d) region of the XPS spectra (Figure 49a), where only LMNO-T shows the
peak component related to Nb(V) at 207.0 eV. This peak confirms the presence
of Nb on the surface of LMNO-T and results in very good agreement with the
value obtained in literature for LiNbO; (207.1 eV).115 116 A second key difference
between the coated and the uncoated LMNOs appears in the Mn(3p)/Li(1s)
region of the spectra (Figure 49b). In this region, LMNO-T presents two Li(1s)
peaks (53.9 eV and 55.0 eV), while the uncoated sample shows only one peak at
53.9 eV. The Li(ls) peak visible in both samples (53.9 eV) corresponds to the
lithium inside the LMNO structure, while the additional peak observed for
LMNO-T (55.0eV) is again in goods agreement with the data reported in

literature for LiNbO5. !> 116117
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Figure 49: XPS spectra for LMNO-T and LMNO (a) in the Nb(3d) and (b) in the
Mn(3p)/Li(1s) regions. Adapted and reproduced with the permission from
ChemSusChem. 2016, DOI: 10.1002/cssc.201600278. Copyright 2016 WILEY-VCH
Verlag GmbH & Co. KGaA.* License Number: 3883560968998

The results of the XPS analyses and their good agreement with the literature

suggest a successful coating of the LMNO surface with LiNbO;. However, this
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technique cannot provide a univocal identification of the LiNbOj; phase and the
coated material could also present additional similar phases on the surface.

Figure 50 displays the XRD patterns obtained from LMNO-T powders. The
pattern presents peaks related to the LMNO spinel phase but it does not show
peaks ascribable to LiNbOj crystalline phase. The absence of these peaks is not
unexpected and it is probably related to the very low amounts of LiNbOj present
in the sample. Additionally, the low-temperature coating procedure should form

mainly amorphous LiNbOj3, which is barely detectable via XRD analyses.
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Figure 50: XRD patterns of LMNO-T.

Electrodes made with LMNO-T were tested in half-cells configuration in order to
compare the electrochemical performances of this material with the results
obtained for LMINO-0 electrodes. All the cathodes presented in this chapter had a
composition of 88 wt.% active material, 8 wt.% conductive carbon and 4 wt.%
polyvinylidene fluoride. The active material loading was in line with commercial

cathodes for Li-ion batteries (ca. 15 g cm'z).
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Figure 51 reports the discharge specific capacity and the coulombic efficiency of
LMNO-T electrodes. These electrodes were always charged at C/3 and then
discharged at different C-rates.
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Figure 51: Discharge specific capacity and coulombic efficiency of LMNO-T
electrodes. Reproduced in part with the permission from ChemSusChem. 2016, DOI:
10.1002/css¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. %
License Number: 3883560968998

The obtained results show high discharge capacities, stable coulombic efficiency
above 98 % and very good capacity retention during cycling. The
electrochemical performance obtained from LMNO-T electrodes in half cells are
in very good agreement with those obtained with LMNO-0 electrodes. This
suggests that the LiNbO; coating does not compromise the electrochemical
performances guaranteed by the tailored particle morphology. The
electrochemical results obtained from LMNO-T electrodes in half-cells do not
show any further improvement or difference related to the coating. In facts, the
metallic lithium adopted as counter electrode guarantees a continuous Li* source

and avoids all the aging phenomena related to full Li-ion cells. Thus, LMNO-T
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electrodes are suitable for full cell tests, where the aging effects strongly depend

on the interactions between cathode, anode and electrolyte.
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6.2 REALIZATION OF GRAPHITE/LMNO FULL
CELLS

The optimised particle architecture described for LMNO-0 guaranteed
remarkable electrochemical performance and high coulombic efficiency when
tested in half-cells versus Li. The LiNbOj coating described in the previous
chapter does not compromise these electrochemical performances but on the
other hand, it does not show any visible improvement to the already remarkable
results obtained with LMNO-0O electrodes in half-cells. In order to better
characterise these materials, the effects of both particle architecture and LiNbO;
coating were evaluated versus graphite anodes in full Li-ion cells.

Graphite anodes operate at potentials close to 0 V vs. Li/Li* guaranteeing high
cell voltage and high specific energy. On the other hand, these low potentials can
lead to Li plating and dendrites formation at the anode surface drastically
increasing the risk of short-cuts and thermal runaway of the cell. For safety
reasons, it extremely important to balance the active material loadings of the
electrodes in order to guarantee charge excess at the anode. This way, the Li
extracted from the cathode during charging is not enough to fully lithiate the
graphite and the anode potential remains far enough from the critical value of
0V vs. Li/Li". Because of the low operating potentials, graphite anodes also
consume part of the available Li for the SEI formation process during the first
charge. Thus, it is important to not exceed the amount of extra anode charge
required for avoiding the Li plating.

Full Li-ion cells assembled with LMNO as cathode material lead to electrolyte
degradation phenomena at high potential and thus, it is extremely important to
reach the right upper cut-off potential during cycling. Also in this case, the cell
balancing plays a key role in order to achieve at the same time a safe potential at
the anode and the right cut-off potential at the cathode during charging.

In the case of Graphite/LMNO cells, the balancing was carried out considering
the practical capacity of LMNO cathodes and graphite anodes. Cycling at C/3,
LMNO cathodes showed discharge capacities of ca. 130 mAh g, while graphite
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electrodes presented discharge capacities of 310 mAh g™ after few cycles in half-

cell (Figure 52).
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Figure 52: Voltage profiles and specific capacity of Graphite anodes cycled in half-
cells at C/4. Reproduced with the permission from ChemSusChem. 2016, DOI:
10.1002/¢s5¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA.*®
License Number: 3883560968998

The assembled full cells had a Graphite : LMNO weight ratio of ca. 1.7, which
correspond to 40 % anode charge excess according to the practical capacities of
the electrodes. In order to determine the most suitable operating voltage window,
Graphite/LMNO cells were tested in three-electrode configuration using Li as
reference electrode and controlling separately anode and cathode potentials.
Figure 53 displays the cell voltage and electrodes potential (vs. Li/Li*) reached
in a balanced Graphite/LMNO cell at the 31 cycle.
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Figure 53: Electrodes potential profiles and cell voltage of a Graphite/LMNO full cell.

According to the measured electrodes potentials, it is possible to reach 4.9 V vs.
Li/Li" at the cathode and 0.1 V vs. Li/Li" at the anode by setting the upper and
the lower cell cut-off voltage at 4.8 and 3.1 V, respectively.

The first generation of full cells were assembled using the morphologically
optimised LMNO as cathode material and aimed to point out the effect of the
particle architecture on the electrochemical performance. Figure 54 shows the
potential profile and the cycling stability of a Graphite/LMNO coin cell cycled at
C/3 between 4.8 — 3.1 V.
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Figure 54: (a) Potential profiles and (b) cycling stability of a Graphite/LMNO full cell.
Reproduced in part with the permission from ChemSusChem. 2016, DOI:
10.1002/css¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. %
License Number: 3883560968998

These cells present high-voltage electrochemical activity, with a charge plateau
at ca. 46 V and a discharge plateau at ca. 4.5 V. During the first

charge/discharge cycles, the electrodes undergo SEI and film formation
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processes. Therefore, these cells show ca. 108 mAh gjyno ' discharge capacity,
which correspond to 83 % of the initial capacity available in cathode. The
capacity fade of these cells during cycling follows a linear trend, which is in

74,75,76

agreement with what already reported for similar systems. However,

Graphite/LMNO cells show still 92% of the initial capacity after 100 cycles,
which is a very good result in comparison with recent literature.”’
Graphite/LMNO cells reach the end of their cycling life (80 % of the initial
capacity) after more than 300 cycles. This high cycling stability is in agreement
with their high coulombic efficiencies. Namely, Graphite/LMNO cells reach
99 % coulombic efficiency after 10 cycles and the maximum value of 99.8 %
after 50 cycles. This coulombic efficiency trend indicates and initial stabilization
of the system and results in agreement with the film formation occurring on
LMNO electrodes within the first 10 cycles (Figure 44). Additionally, the high
coulombic efficiency values suggest reduced electrolyte decomposition rates and
confirm the results shown in the Chapter 4.

The aging of these full cells was further investigated by impedance spectroscopy
measurements. Figure 55 reports the impedance spectra Graphite/LMNO cells
(in the discharge state) recorded within the first 96 cycles. The obtained
impedance spectra were fitted according to the equivalent circuit inserted in
Figure 55 and consisting in: an uncompensated resistance (R)), a semicircle

capacitance (Csc), a semicircle resistance (Rgc) and a Warburg-diffusion element

W).
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Figure 55: Impedance values and fittings for Graphite/LMNO cells in the discharged
state. Reproduced in part with the permission from ChemSusChem. 2016, DOI:
10.1002/¢s5¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. %
License Number: 3883560968998

All the impedance spectra of Figure 55 present a single semicircle at high to
medium frequencies is the result of both films and charge-transfer contribution.
The significant enlargement of this semicircle during the first 36 cycles depends
on a rapid increase of the Rgc, which indicates film thickening processes at the
electrodes and increase of the charge-transfer resistances. Keeping cycling, the
Rgc becomes gradually stable and reaches a value of ca. 14 Q between the 66"
and the 96" cycle. Unfortunately, it i1s not possible to estimate the exact
contribution of the film resistances on the overall resistance. However, the trend
of the Rgc along with the coulombic efficiency increase during the first cycles
suggest stronger initial passivation of the electrodes, which guarantees reduced
electrolyte decomposition rates and cell aging in the next cycles.
Graphite/LMNO cells clearly point out the importance of the LMNO particle
morphology in reducing the aging processes of full cells. However, the particle

architecture alone is not sufficient to completely suppress the high voltage
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effects, which still lead to charge consumption, films thickening and increase of
charge transfer resistances.

As reported in Chapter 6.1, coating LMNO particles with LiNbO; allows
improving the stability of the active material/electrolyte interface and thus,
further suppress the high-voltage cell aging of full cells. In order to evaluate the
effects of the LiNbO; coating, a second generation of full cells was assembled
replacing the morphologically optimised LMNO with the coated LMNO-T. No
other cell component or parameter were modified with respect to the first
generation Graphite/LMNO cells.

Figure 56 shows the potential profiles and the cycling stability of
Graphite/LMNO-T cells.
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Figure 56: (a) Potential profiles and (b) cycling stability of a Graphite/LMNO-T full
cell. Reproduced in part with the permission from ChemSusChem. 2016, DOI:
10.1002/css¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. %
License Number: 3883560968998

The potential profiles of Graphite/LMNO-T full cells present the same shape
observed for Graphite/LMNO cells, with a charge and discharge voltage of 4.6 V
and 4.5 V, respectively. The initial discharge capacity for Graphite/LMNO-T
cells is again ca. 108 mAh gLMNO'l but their cycling stability (Figure 56b) is
twofold the cycling stability obtained with the uncoated LMNO as cathode
material (Figure 54b). After 100 cycles, Graphite/LMNO-T cells still show 97 %
of the initial capacity and they reach the end of the cycling life (80% of the initial
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capacity) after more than 650 cycles. Also for these cells, the coulombic
efficiency rapidly increases during the first 10 cycles and reaches a maximum

value of 99.8% after ca. 50 cycles.
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Figure 57: (a) impedance measurements and fittings for Graphite/LMNO-T cells; (b)
comparison between the Rgc of Graphite/LMNO and Graphite/LMNO-T cells. Adapted
and reproduced with the permission from ChemSusChem. 2016, DOI:
10.1002/¢s5¢.201600278. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA. %
License Number: 3883560968998

However, the different aging of Graphite-LMNO-T cells with respect to
Graphite/LMNO cells clearly appears in the impedance measurements of Figure
57. In this case, the Ry values for Graphite/LMNO-T cells of are significantly
lower than for Graphite/LMNO cells (Figure 57b) and suggest reduced aging

related to charge transfer resistances increase, film formation and film
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thickening. Since the only difference between Graphite/LMNO and
Graphite/LMNO-T cells is the surface coating of LMNO-T, the reduced
resistances and the superior cycling stability are only ascribable to LiNbO;. The
exact role of the LiNbOj; coating in full cells is not yet clear and its investigation
requires a complete mechanistic study, which goes beyond the purpose of this
work. Anyway, it is possible that the surface coating of LMNO-T leads to
slightly different high voltage by-products and reduced transition metal
dissolution with respect to the uncoated LMNO. The reported results confirm the
key role of the selected particle architecture in the electrochemical performance
and coulombic efficiency of full cells. Moreover, adopting LMNO-T as cathode
material guarantees twofold cycling live and reduced aging with respect to the
uncoated LMNO.

Different Li-ion batteries applications, such as portable electronics and mobile
transport, require good performance and cycling stability in a wide range of
temperature. Especially by operating at high temperature, Li-ion batteries
undergo faster capacity fade due to faster deterioration kinetics of all the cell
components. This deterioration is even more significant for high-voltage cells. In
this case, the temperature significantly increases the electrolyte degradation rate

and the transition metal dissolution process, which lead to fast cell death.”""*" 1

n
order to have a complete overview on the investigated materials, the effects of
the temperature on Graphite/LMNO and Graphite/LMNO-T cells were evaluated
also at 45 °C.

Figure 58 shows the potential profiles and the cycling stability of both
Graphite/LMNO and Graphite/LMNO-T cells cycled at 45 °C (C/3 between 3.5 —

4.8 V).
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Figure 58: Potential profiles and cycling stability for (a), (b) Graphite/LMNO and (c),
(d) Graphite/LMNO-T cells tested at 45 °C. Adapted and reproduced with the
permission from ChemSusChem. 2016, DOI: 10.1002/cssc.201600278. Copyright 2016
WILEY-VCH Verlag GmbH & Co. KGaA. License Number: 3883560968998

The reported results clearly show the effects of the higher temperature on cells
performance. In comparison with the results obtained at RT (Figure 54b and
Figure 56b), both Graphite/LMNO and Graphite/LMNO-T cells present
significantly reduced cycling stability and ca. 60 % capacity retention after 200
cycles. Also the coulombic efficiency is affected by the higher temperature,
suggesting higher electrolyte decomposition rate and a reduced stabilisation of
the system during cycling.

In contrast to what observed at RT, adopting the coated LMNO-T as cathode
material does not guarantee better cycling stability at 45 °C. The initial discharge
capacity and the coulombic efficiency of Graphite/LMNO-T cells are slightly
higher than for Graphite/LMNO-0 cells, but the capacity retention after 200
cycles is comparable. This similar behaviour for Graphite/LMNO-T and
Graphite/LMNO cells is probably due to stronger effects of the degradation by-
products, which frustrate the effects of the LiNbO; coating.
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7. SUMMARY

LMNO is a promising and cheap cathode material for Li-ion batteries operating
at high potential vs. Li/Li*. Increasing the cell voltage of Li-ion batteries
guarantees higher energy density, which is the key for extending the driving of
new electric vehicles. Unfortunately, LMNO operates above the stability window
of standard organic electrolytes, giving rise to electrolyte decomposition issues
and poor cell cycling life. Realising commercial LMNO-based batteries requires
sensible reduction of the electrolyte decomposition and increase of the cell

cycling stability.

In the first part of this work, a tailored LMNO was systematically studied with
the purpose of obtaining the best electrochemical performance for full cell
application. The morphology and the features of the active material strongly
influence the electrochemical behaviour of LMNO-based cathodes operating in
standard organic electrolyte. Thus, different fundamental aspects such as oxygen
stoichiometry, particle morphology and crystallite size were separately modified
and investigated in order to realise an optimised material. The second part of this
work studied the role of particle morphology on the electrolyte degradation rates
occurring at the surface of LMNO cathodes. Additionally, different charging
methods were evaluated for obtaining the best electrodes performance at
different C-rates. Finally, the morphologically optimised LMNO was
investigated in full cell versus graphite anodes with and without an additional
LiNbO; surface coating. The effects of the optimised morphology and surface
coating on the cell stability were separately studied and evaluated. All the
collected results were of great relevance for optimising the high-voltage
Graphite/LMNO Li-ion cells and pointed out key points for achieving higher

cycling life in standard organic electrolyte.
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The starting material studied in this work (LMNO-0) was a dense LiNiysMn; 50O,
with spherical micro-particles made of a network of nano-crystallites densely
connected with each other. The material showed a Li:Mn:Ni ratio of
1.0:1.5:0.5, and highly-ordered cubic structure described by the P4;32 space
group. Additionally, LMNO-0 presented high tap-density (2.26 gcm'3), low
surface area (< 1m®g') and processability in line with commercial active
materials for Li-ion batteries. The aim of the particle architecture was to obtain
the best compromise between the high cycling stability typical for micrometric
sized particles and the superior electrochemical performance of nano-structured
materials. In this material, the low surface area was expected to minimise the
active material/electrolyte interface and thus limit the electrolyte decomposition
rate while, the network of nanometric crystallites was expected to guarantee good
Li" diffusion inside the particle. The pristine LMNO-0 presented exclusively the
Ni**/Ni** electrochemical activity at ca. 4.7 V vs. Li/Li* along with good
discharge capacity (133 mAh g' at C/5), good rate capability, high cycling
stability and coulombic efficiency.

By performing an additional thermal treatment, it was possible to increase the
crystallite size of LMNO-0 leaving unaltered all the other features. The material
with bigger crystallite size (LMNO-T1) showed discharge capacities similar to
the pristine LMNO-0 when cycled at lower C-rates. However, by increasing the
C-rate, LMNO-T1 electrodes showed significant reduction of the rate capability
and sudden capacity drop at 2C. The worsening of the rate capability is
ascribable to slower delithiation/lithiation kinetics related to the longer Li*
diffusion paths inside the crystallites.

A second fundamental feature of LMNO is the oxygen stoichiometry. By
performing suitable thermal treatments, it was possible to introduce different
amounts of oxygen deficiencies in the LMNO-0 structure. The introduction of
oxygen deficiencies in the pristine spinel led to changes in the oxidation state of
Mn according to the formula Li[Ni(IT)o sMn(III),sMn(IV); 5.05]O4.5. Additionally,
the oxygen-deficient materials assumed partially disordered structure described

by the Fd-3m space group and characterised by larger cell parameter. These
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structural changes strongly affected the electrochemical behaviour of LMNO
electrodes and led to significant changes in the voltage profiles, discharge
capacities and rate capabilities. The potential profiles of oxygen-deficient
materials showed an additional plateau at ca. 4 V vs. Li/Li*, which corresponds
to the electrochemical activity of Mn**. Because of this additional plateau,
oxygen-deficient materials presented part of their electrochemical activity also at
lower potential and thus, reduced high-voltage behaviour with respect to
stoichiometric LMNO. Furthermore, oxygen deficient materials had lower
discharge capacities than LMNO-0, probably because of the inactive rock-salt
impurities formed during the secondary thermal treatments. The rate capabilities
observed for the oxygen-deficient materials and for the pristine LMNO-0 were
comparable up to 3C, and then LMNO-0 electrodes showed a sudden capacity
drop down. Further investigations and data analyses pointed out a possible
explanation for this phenomenon. At the very beginning of the charging process,
LMNO-O0 electrodes show a steep potential increase, which reaches a maximum
value and then decreases down to a lower stable value (the potential of the first
plateau). This initial potential peak is higher for higher charging rates and when
it reaches the upper charging cut-off (4.9 V vs. Li/Li* for LMNO electrodes), the
charge stops without any significant electrodes delithiation. Impedance
measurements on both stoichiometric and oxygen-deficient materials helped
understanding the origin of this initial potential peak. Electrodes with the
stoichiometric material showed higher resistances in the lithiated state than in the
delithiated state. This suggests that the lithiated LMNO phase presents slower
kinetics with respect to the delithiated one, leading to the potential peak at the
beginning of the charge process. The oxygen-deficient materials did not show
significant differences between the lithiated and the delithiated status. Thus, they
presented neither an initial potential peak nor a sudden capacity drop-down by
increasing the charging rate.

Another morphological feature studied for LMNO-0 is the particle dimension.
The pristine sample was sieved in four batches with different particle

dimensions: <20 pum (LMNO-XS), 20-25um (LMNO-S), 25-32pum

100



(LMNO-M) and 32 -40 um (LMNO-L). Electrodes from these batches were
investigated in half-cells in order to point out the effect of the particle dimension
on the electrochemical performance. Adopting smaller particles (LMNO-XS)
guaranteed better rate capabilities with respect to bigger particle, probably
because of the shorter Li diffusion path between bulk and surface. However, also
the wider particle distribution of LMNO-0 led to comparable rate capabilities.
This is probably due to better packing of the powders obtained when smaller
particles fill the gaps between bigger particles. This way, LMNO-0 presents more
inter-particle contacts, which are beneficial for the conductivity. Since smaller
particles lead to increased active material/electrolyte interface, using broader
particle size distribution is the best compromise between cycling stability and
electrochemical performance. According to the obtained results, the material of
choice for further investigations was the stoichiometric LMNO-0 with small
crystallite size and wide particle size distribution.

The relation between particle morphology and electrolyte degradation was
studied by comparing the optimized LMNO-0 with a commercial nano-sized
material with no specific particle architecture (LMNO-R). LMNO-0 and LMNO-
R presented comparable crystallite size, but the morphology of LMNO-R
resulted in lower tap density (0.67 g cm™) and higher surface area (18 m*g").
LMNO-0 and LMNO-R electrodes were electrochemically investigated outside
and inside the operating potential window of LMNO (3.5 — 4.9 V vs. Li/Li") in
order to identify the onset potential and the rate of the electrolyte decomposition
reactions in a wide potential range. These electrochemical tests suggested that
both LMNO-0 and LMNO-R electrodes lead to the same nature of the electrolyte
degradation processes, which probably do not depend on the morphology but
only on the surface chemistry of the material. On the other hand, the morphology
of the active material strongly influences the electrolyte degradation rate, which
result ca. 5 times higher for LMNO-R electrodes than for LMNO-0 electrodes.
The lower electrolyte decomposition rate on LMNO-0 electrodes reduces also the
growth of passivation films on the electrodes surface and their resistances during

cycling. These results confirm that the selected particle architecture allows
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obtaining a good compromise between high electrochemical performances and
low electrolyte degradation.

The electrolyte degradation on LMNO-0 electrodes occurs mainly above the
operating potential (ca. 4.7 V vs. Li/Li") and thus, it is very important to charge
these cathodes keeping the upper potential cut-off as close as possible to the
operating potential. Two different charging procedures allowed obtaining both
high coulombic efficiency and complete charge of LMNO-0 electrodes. At
slower charging rates (< 1C), LMNO-0 electrodes presented the best
performance when galvanostatically charged up to 4.9 V vs. Li/Li", while at
faster charging rates (> 1C) it was necessary to apply a short potentiostatic step
after the galvanostatic charge. This second charging procedure allowed also
reducing the upper cut-off down to 4.8 V vs. Li/Li".

Surface treatments of the cathode active material are also a valid method to
further improve the stability of the electrode-electrolyte interface and limit the
electrolyte degradation. According to literature, LiNbO; is a good candidate as
coating material for LMNO and should guarantee better electrode-electrolyte
interface without compromising the electrochemical performance of the pristine
material. The LiNbO; surface treatment of morphologically optimised LMNO
was performed with an easy and low-temperature method, which allowed
obtaining thin and homogeneous coating on the surface of the particles. The
LiNbO; coating did not altered the remarkable electrochemical performance of
the morphologically optimised LMNO.

Both the uncoated and the coated LMNO were tested as cathode materials in full
Li-ion cells versus graphite anodes. The balancing of the assembled full cells
took in consideration key aspects for Li-ion cells such as electrodes loadings,
electrochemical performance and safety. The aim of these tests was to
individually evaluate the role of the particle architecture and the beneficial
effects of the LiNbOj; coating on the cycling stability of full cells.

Full cells assembled with the morphologically optimised LMNO
(Graphite/LMNO cells) showed high coulombic efficiency up to 99.8 % and
initial discharge capacity of ca. 108 mAh g (based on the weight of LMNO in
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the cathode). After more than 300 cycles, these cells still presented 80 % of the
initial capacity, which is a good result for high-voltage systems. Impedance
measurements on these cells showed an increase of the surface resistances during
cycling, especially within the first 10 cycles. This increase suggests the
progressive stabilization of the system, which is partly ascribable to surface
passivation of the electrodes. Full cells adopting LiNbO;-coated LMNO as
cathode material (Graphite/LMNO-T cell) showed initial capacity and coulombic
efficiency similar to Graphite/LMNO cells but twofold cycling stability (80%
capacity retention after more than 650 cycles). Impedance spectra performed on
these cells showed much lower and more stable surface resistance values with
respect to Graphite/LMNO cells and thus, reduced aging during cycling. The
exact mechanism related to this lower aging requires further investigation.
However, it is plausible that the LiNbO; coating leads to slightly different
electrolyte by-products and lower Mn dissolution with respect to the uncoated
LMNO particle surface.

Graphite/LMNO and Graphite/LMNO-T cells were also tested at 45 °C. Working
at high temperature significantly increases the high-voltage aging phenomenon
and drastically reduces the cycling life. Nevertheless, the tested cells showed a
coulombic efficiency above 99 % and ca. 60 % of the initial capacity after 200
cycles. In the case of high temperature tests, Graphite/LMNO-T cells presented
electrochemical behaviour comparable with Graphite/LMNO cells, probably
because of significantly stronger effects of the degradation by-products at 45°C.
In conclusion, this work investigated different key issues for realising high-
voltage Li-ion cells, such as optimisation of the active material, onset and rate of
the electrolyte high-voltage decomposition, effective charging procedures for the
LMNO cathodes and improvement of full cells cycling stability. The reported
results are useful for improving the performance and the stability of high-voltage
Li-ion batteries. However, these systems still require further studies and

optimisations in order to become the next generation of Li-lon batteries.
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