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ABSTRACT

Lithium-Rich Layered Oxides (LRLO) are opening new frontiers for high-capacity/high-voltage
positive electrodes in Li-ion batteries to meet the challenges of green and safe transportation as
well as cheap and sustainable stationary energy storage from renewable sources. LRLO exploit the
extra-lithiation provided by the Li1.2TMo.sO2 stoichiometries to disclose specific capacities beyond
200-250 mAhg* and working potentials in the 3.4-3.8V vs Li. In my thesis, | demonstrated a novel
doping strategy by the substitution of cobalt in the transition metal layer of the lattice with
aluminum and lithium, resulting in new optimized layered materials, i.e. Li12+xMno.54Nio.13C00.13-
xyAlyO2, with outstanding electrochemical performance in full Li-ion batteries, improved
environmental benignity and reduced manufacturing costs compared to the state-of-the-art.
Furthermore, the last step deals the application of over-lithiation to demonstrate experimentally a
Co-free over-lithiated LRLO material, i.e. Li125Mno.e25Nio.12502. After that, my research focused
on a novel approach to investigate the structural complexity of pristine materials, involving the
use of supercells, i.e. unit cells larger than the conventional ones, and FAULTS software, to take
into account the staking faults defects. A combination of ex situ techniques has been used as a tool
to understand the structural evolution of Li128Mno54Nio.13C00.02Al0.0302. This part of the research
identified that significant changes occurred during electrochemical cycling, showed the
irreversible changes in the cell parameters and the presence of a new phase. Finally, innovative
non-aqueous electrolytes for Li-ion batteries with superior safety features were investigated. Three
ionic liquid, Pyr,nTFSI with n=4,5,8, have been used as addditive to improve liquid electrolytes.
These electrolyte formulations have been analyzed by comparing chemical-physical properties and

electrochemical stability.



1 INTRODUCTION

1.1 LITHIUM-ION BATTERIES

An electrochemical cell is a device that can convert chemical energy in electrical energy and
nowdays, in general, a battery is practically the synonym of electrochemical cell'. Batteries can
be divided in: 1) primary batteries, i.e. batteries can be used and disposed, and 2) secondary
batteries, batteries can be recharged and reused?. In particular, Lithium-ion Batteries (LIBs)
belong to the second category of batteries.

LIBs are compact and light devices with an operation voltage of 3.8-4V and, today, with a specific
energy around 200 WhKg™ 13, Typically, Lithium-ion battery consists of three main components:
1) a positive electrode (cathode), 2) a negative electrode (anode) and 3) a membrane immersed in

an electrolyte solution*®. A pictorial representation of the components is shown in figure 1.1.

Anode Separator Cathode
(Graphite) with (LiCo00,)
Electrolyte

Figure 1.1: Main components of a typical lithium-ion battery.

The two electrodes are separated by the membrane, this allows to prevent electrical contacts
between them while permitting the diffusion of Li ions during the charge and the discharge”®. In
a commercial LIBs, the active component of the cathode is a lithium metal oxide, in particular
LiCoO,° the active component of the anode is graphite'® and the electrolyte is a solution of a

lithium salt (e.g. LiPFs) in a mixed organic solvent (e.g. ethylene carbonate-dimethyl carbonate,
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EC-DMC). During the discharge, Li ions flow from the graphite anode to the cathode through
the electrolyte solution. At the same time, electrons flow from the anode to the cathode through
the external circuit, therefore the anode is oxidized while the metals in the cathode are reduced.
During the charge, the energy is supplied through the external circuit to obtain the reverse reaction,
where the Li ions come from the cathode to the anode. The electrode materials are able to
reversibly incorporate the Li ions in the lattice host depending on the charge or discharge

processes. The redox reactions involved can be describe as:

Cathode: LiCoO2 S Li@-xCo02 + XLi* + xe”

Anode: 6C + xLi* + xe” 5 LixCs

LIBs can be used for very different applications and, today, represent the most important energy
storage system available in the market. For these reasons, the development of more performing
LIBs is a critical point to enable/support additional applications (stationary, automotive etc...), in
particular with regard to energy density delivered, time life and safety.

Necessarily, the improvement of LIBs is related to the development of new materials and
electrolytes or at least to their physical-chemical modifications. Regarding the anode, as explained
before, graphite is the most used negative materials. Its specific capacity is 372 mAg™ with a
intercalation mechanism?*2. At the first lithium intercalation, a solid electrolyte interface (SEI) film
is formed on the surface of the graphite due to the decomposition of the organic solvent at low
negative potential’®. The SEI allows Li* migration and contemporary prevent further
decomposition of the solvent molecules. Novel negative materials have been developed in the last
years. LisTisO12 (LTO) shows low reactivity with the electrolyte and better rate capability
compared to graphite®. In fact, LTO has a high operation voltage that prevents lithium plating and
SEI formation. Moreover, some elements can alloy with lithium ions, reaching very high specific
capacities. For example, Si can be used as a negative electrode and is able to accommodate Li*
with a theoretical specific capacity around 4000 mAhg™ 45, Nevertheless, silicon suffers from a
large volume change, leading to the pulverization of the electrode and poor electrochemical
stability. Recently, Si nanoparticles wrapped by few-layer graphene flakes have been used to

mitigate this drawback, showing very stable performance in cells®®.



On the positive component, several cathode materials have been proposed with different
stoichiometries and structures. A more detailed discussion is reported in section 1.2. The cathode
material is the key component for improving of the energy density of LIBs and further efforts are
needed to develop new materials.

1.2 POSITIVE ELECTRODE MATERIALS

Fundamental characteristics for a cathode material arel’:8:

o reversibility of electrochemical process;
¢ high cycle efficiency:
e no phase transition;

e electrochemical and thermal stability.

Since the commercialization of LiCoOg, as a cathode material, by Sony*®, research on other types
of cathode materials was pursued with different stoichiometry and structure. In the following

sections, the most studied and popular cathode materials are described.

1.2.1 Layered structure compounds

The most important cathode materials are lithium metal-layered oxide (LiMO2)?°>%. In particular,
LiCoO; (LCO) has been the most widely-used cathode material in commercialized LIBs because
of its easy preparation and stable electrochemical performance?*-2%. LCO have an O3-type layered
structure, which can be described in the R-3m space group?’. Figure 1.2 shows the structure of
LiCoO.. The oxygen anions have a closed—packed arrangement in ABCABC stacking sequence.
Lithium and transition metals form Li layers and transition metal layers stacked alternatively. An
O3 structure is represented with a unit cell that has three transition metal oxide (CoO.) slabs and
the transition metals occupy the octahedral sites. In between the MO slabs, Li atoms occupy the

octahedral sites.



Figure 1.2: Structure of layered material LiCoO2 (R-3m space group). Li is represented in green,
Coin blue and O in red.

The theoretical specific capacity of LCO is 280 mAhg™ and the redox reactions are based on the
couple Co*/Co®*" 28, However, the practical specific capacity is limited to 140 mAhg? because,
for x>0.5 in Li1.xCoO2, the material undergoes irreversible structural change?®. Furthermore, cobalt
is expensive and toxic.

Significant research efforts have been made on the investigation of new layered materials?>3°, such
as the isostructurals LiNiO2 (LNO) and LiMnO. (LMO) in order to overcome the limits of LiCoO..
LNO is particularly interesting because is cheap and shows high reversible capacity®-*2. However,
it is difficult to synthesize an ordered phase due to the cation mixing of Li* and Ni** in lithium
planes and it can release oxygen exothermically in the charged state at elevated temperatures
raising safety issues®. Layered LiMnO2 (LMO) has also been studied due to its low cost and
environmental compatibility®**®. As for LNO, its use in lithium cell is limited because it is not
electrochemically stable due to an irreversible phase transition into a spinel structure during
charge/discharge3®*’.

Two and three-component systems, combining the features of Nickel, Cobalt and Manganese, have
also been explored*38, LiNixC01.xO2, in which the substitution of Co® ions with Ni** ions



decreases cation mixing, was extensively prepared but, when tested in lithium cell, showed
capacity fading upon cycling®. The electrochemical stability was improved by the introduction of
A" ions in the structure obtaining the so-called NCA materials, with chemical formula
Li[NixCoyAl1x,]O2 4042, Nevertheless, it was found that after prolonged cycling in lithium cell,
also NCA materials display a capacity fading due to surface reactions and degradation®. The
combination of Ni, Co and Mn can lead to a group of compounds with different stoichiometry, the
so-called NMC compounds**4. Among the various members of this family, Li[Ni1;sMn13C01/3]O2
4546 has been studied extensively for its promising electrochemical performance, thanks to higher
specific capacity. However, also in this case there are several issues, such as capacity fading and

poor electrochemical performance at high voltage*’“8.

1.2.2 Spinel structure compounds

The most studied spinel structure material is LiMn,O4 due to its lower cost and toxicity**°.
LiMn2O4 belongs to the space group Fd3m where the oxygen anions have a closed—packed
arrangement in ABCABC stacking sequence, while Li occupies tetrahedral sites and Mn
octahedral sites®®. Therefore, Li* can diffuse through vacant tetrahedral and octahedral interstitial

sites in the three-dimensional structure. The structure of spinel LiMn2QO4 is shown in figure 1.3.

Figure 1.3: Representation of spinel LiMn204 (Fd3m space group). Li is represented in green,

Mn in violet and O in red.



The theoretical specific capacity of LiMn,Oa is 148 mAhg™ but, experimentally, it is possible to
achieve around 120 mAhg™ due to a nonreversible phase transition from cubic to tetragonal. It
suffers from severe capacity fade, especially at elevated temperatures. This capacity fade is
connected to many factors: irreversible reactions with electrolyte, Mn disproportion, Mn
dissolution, and formation of tetragonal LizMn,O4 5253,

In order to mitigate the problems of LiMn204, Mn has been partly replaced by other metals to
obtain materials with general stoichiometry LiTMxMn,-<Oa4 14, The substitution of Mn leads to
an increase of its oxidation state and mitigates its disproportion. The result is a greater stability

and enhanced life.

1.2.3 Olivine structure compounds

LiFePO4 (LFP) is the most famous material that adopts an olivine structure with Pnma space
group®®>’. In M2XOj4 olivine structure, 50% of octahedral sites are filled with M while 1/8 of
tetrahedral sites in the hexagonal close packed oxygen are occupied by X %8, The typical olivine

structure of LFP is shown in figure 1.4.

Figure 1.4: Olivine structure of LFP (Pnma space group). Li is represented in green, P in light

grey, Fe in ochre and O in red.



During Li removal, the FePO4 phase is formed and coexists with LiFePO4. Upon charging the
FePOsincreases and LiFePO4 decreases; as a consequence, the two phase gives a flat voltage curve
at around 3.4V>°%°_ The theoretical specific capacity that LFP can achieve is 170 mAhg?, while
the main drawbacks are the low average potential and low electrical and ionic conductivity®8,

Many authors studied several methods to improve the electrochemical performance of this
material, such as carbon coating, doping with other metals or the decreasing of particle size,
leading an experimental specific capacity of 165 mAhg™. This strategies lead to an increase of

electronic conductivity and shorter diffusion lengths of Li".

1.3 LiTHIUM RICH LAYERED OXIDES

Lithium Rich Layered Oxides (LRLOs) are the candidates to replace the common cathode
materials presented in section 1.257%, LRLOs belong to the layered family compounds and they
are able to deliver a specific capacity above 250 mAhg™ with high working voltage.

Ideally, LRLOs can be derived from classical layered materials when the latter have an excess of
lithium in the stoichiometry. Therefore, Li ions fill the lithium layers and the excess is collocated
in the TM layers. LioMnOs can be used an ideal example of LRLOs. In fact, the formula can be
also written as Li[Li1sMn3]O2 8485, This formula shows well how 1/3 of the site of TM is actually
occupied by Li ions.

Further investigations have expanded the amount of LRLOs explored and the following section is

devoted to explain the main features of this class of compounds.

1.3.1 Notation and structure of LRLOs

In general, LRLOs are reported in literature with two different notations: 1) xLi-MnOs-(1-
X)LiTMO; or 2) LiixTM1xO2 %% The two notations express different ways to see the
composition. The first says that the materials are made up of domains of LizMnOz and LiTMO:..
The monoclinic Li2MnO3 (C2/m space group) and the rhombohedral LiTMO2 (R-3m space group)
coexist and the materials are represented as a nano-composite '°’2, On the other hand, the second
notation express simply the lithium excess into the material compared to normal layered

compounds and LizMnOs and LiTMO; are deal as a solid solution’>"®. Both the notations have



advantages and are used interchangeably in the literatures. Figure 1.5 shows the unit cells of both

domains.

Figure 1.5: a) R-3m unit cell of LITMOz. b) C2/m structure of LioMnQOa. Li is represented in
green, Mn in violet, Co in blue, Ni in yellow and O in red.

Superstructure peaks
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Figure 1.6: Example of experimental XRD pattern obtained for LRLOs.

The structure of LRLOs is still debated. The most relevant difference in the XRD pattern compared

to other layered materials is the presence of extra peaks between 20°-35°. An example of a



representative XRD pattern is shown in figure 1.6. According to the nano-composite perspective,
the extra peaks are due to the LiMng cation ordering in the Li,MnO3 domains’®. Regarding to the
solid-solution perspective, superlattice peaks are related to long-range lithium ordering in the TM
layers’’.

Up to now, it is possible to find many references to support one or the other theory. The X-Ray
diffraction is not able to discriminate between nano-composite or solid solution structures.
Rietveld refinement with two phase models leads to good fitting results’®® but, in many cases, the
calculated lattice parameters follow the Vegard’s rule**®°, suggesting a solid solution. Moreover,
the Neutron diffraction should help in the description of the structure due to the sensitivity to the
light element like Li and the different scattering of transition metals. However, refinement with R-
3m and C/2m unit cells or with two phase model lead to the same results®'-83, Raman spectroscopy
has been used to reveal the structure, the spectrum shows the features of both LioMnOz and
LiTMO; but not just a simple combination of the two structures®*69.81.84,

Also for TEM and ED analysis, the discussion is open, in fact, while many authors have found
proofs of two coexisting phases®-8, other references showed evidences of a single phase with
huge amount of stacking faults®®92, Therefore, the question is also complicated by many defects
within the materials. The presence of stacking faults seems to explain better these features
compared to the long-range cationic ordering®”%,

The difficulties of the structural description and the discordant results reported above depends on
the method used to synthetize the materials, the annealing temperature, the precursors used, the

transitional metals present in the stoichiometry and the amount of excess lithium in the TM layers.

1.3.2 Electrochemical behavior of LRLOs in lithium cell

The most important advantage of LRLOs is the high specific capacity, around 250 mAhg™. Figure
1.7 shows the potential profile of a well-known LRLO, Li12Mnos4Nio.13C001302 %%, Upon the
first charge, the potential profile can be divided in two main parts: 1) a sloping part from the OCV
to 4.5V and 2) a voltage plateau part around 4.5/4.6V°"°. This latter process is irreversible, as
can be noted from the figure. The following charge/discharge profiles are different from the first

one and they appear similar to the behavior observed in the other layered materials.
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Figure 1.7: Typical potential profile of LRLOs.

The sloping region is usually connected to the oxidation of transition metals. For example, in the
case of Li1.2Mnos4Nio13C001302 reported in figure 1.5, the oxidation states of metals are Mn**,
Ni2* and Co®". Therefore, the first process is due to the oxidation of nickel and cobalt to Ni** and
Co** 8197 However, the large part of capacity is delivered during the second electrochemical
process, observed in the figure as the high voltage plateau. Since the metals are already oxidized
at lower voltages, in the slope part of voltage profile, that means that Li ions can be extracted
beyond the cationic redox process. The reaction mechanism of this voltage plateau has been
extensively investigated®®°°-101 Many author proposed and then confirmed the occurrence of an
anionic redox reactions, involving the lattice oxygen®:62102-105  Therefore, the further lithium
extraction is balanced by the activation of O%/O redox couple with O release. A more detailed
explanation of this anionic redox will be reported in chapter 3.

As mentioned before the potential profile changes drastically after the first charge, in fact, the
reaction during the plateau is partially irreversible and disappears upon subsequent cycles.
Therefore, a large irreversible capacity loss is connected to the molecular oxygen loss from the
lattice. During the first discharge, Ni and Co are reduced and, moreover, Mn** is also available to
be reduced. In the subsequent cycles, the potential profiles follow a slope both in charge and in

discharge and it is possible to note a voltage decay upon cycling. The voltage decay is considered
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the main drawback of LRLOs and it is associated to the reactions occurring during the first cycle

and with a structural change from layered to spinel-like structurg®”-106-108,

1.3.3 Strategy to improve the electrochemical performance of LRLOs in lithium cell

As outlined above, despite of high specific capacity and energy density, LRLOs displays the

following relevant issues:

e Irreversible capacity lost during the first cycle;
e Working voltage fade;
e Poor rate capability;

e Poor understanding of pristine structure and its evolution upon cycling.

All these problems compromise so far the practical use of LRLOs in a commercial Lithium-lon
Battery. Different strategies are used in order to reduce or eliminate these issues. The adopted
strategies included different synthetic processes, doping (cationic or anionic), surface coating, as
well as the control of the composition and the electrolyte optimization3861.98:109-111

For example, doping was shown to be able to reduce the voltage decay and the irreversible capacity
loss during the first cycle. Nayal et al.1%” prepared a series of Al-doped lithium rich materials,
Li12Nio.16Mno.s6xAlxC000802 (x= 0.02, 0.05, and 0.08) where aluminum is used to replace
manganese in the structure leading to a doped material with x=0.05 showing a specific capacity of
200 mAhg™ and capacity retention of 98% after 100 cycles. Bao et al.!*? prepared a series of Yb
doped lithium rich materials, Li1.2Nio.13C00.13xYbxMnos402. The best materials obtained, with
x=0.005, exhibited a discharge capacity of 250.3 and 219.8 mAhg™ at 0.2 and 1C, respectively.
Capacity retentions were 87.3 and 84.4% after 50 cycles at 0.2 C and 100 cycles at 1C. Nayak et
al.1%® proposed lithium rich material Li1 2Nio.13+xMnos4-xC00.1302 in which Mn ions are substituted
by Ni ions to improve electrochemical performance. Li12Nio27Mno.40C00.1302 showed the best
performance; indeed, it had a specific capacity of 210 mAhg™ and a discharge voltage of 3.5 V
after 150 cycles. Kou et al.'*® prepared a series of Ti doped lithium rich, Li1.167Nio.-
xMno 383C00.05TixO2 (x =0, 0.02, 0.04 and 0.08). Ti doping have an impact on electrochemical
performance and doped material with x=0.04 showed the best performance. It has a discharge
capacity of 187 mAhg™ with a capacity retention of 99.4% after 10 cycles at 0.1 C. Also anionic

doping has been extensively used, Zhang et al.'** used PO.* polyanions doping in
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Li(Lio.17Nio.20C00.0sMng 58)O2 to partly replace oxygen. In particular,
Li(Lio.17Ni0.20C00.0sMno5s8)O1.95 (POs>)0.0s showed improvements in stability and in the discharge
midpoint  potential. Wang et al.'® used coprecipitation method to obtain
Li(Lio.133Ni0.20C00.2Mno.467)O1.95F1.95 Where the initial Coulombic efficiency, cycle performance,
and voltage degradation have been improved. About the composition, Lee et al%? synthetized a
series of materials with different metals blend, demonstrating how the length of the high voltage
plateau in the first charge depends on the composition and how to improve the initial efficiency.
Surface coating is also an important strategy to improve the electrochemical performance
protecting the materials to the direct contact of the electrolyte and modifying the surface chemistry.
Liu et al.'® used a coating with 1wt.% Al,O3+ 1 wt.% RuO2 on Li12Mnos4Ni013C00.130z,
improving the initial coulombic efficiency and the capacity retention after 30 cycles. Recently, Liu
et al.1}’ prepared a perovskite-type LaMnOs modified layer on the surface of Li-rich Mn-based
cathode, obtaining a very promising rate capability (155 mAhg™ at 5C) and a good cycle durability.
Wang et al.!!8 prepared an Al.Os-modified LRLO, via a low temperature melting impregnation
method, with enhanced capacity retention after 300 cycles.

Moreover, different synthetic routes with different morphology can be used to improve the
electrochemical behavior of LRLOs. For example, Ma et al.*'® used a modified coprecipitation
method to synthetize microrods 0.5 Li2MnO3-0.5 LiNiy3C013Mn1302. The 1D shape can provide
a short distance for Li* ion diffusion, facilitating Li* ion movement and improving the
performance. Furthermore, the modifications of the electrolytes have been performed to improve
mainly the oxidation stability under high voltages. In this regard, it is possible to use different
solvents, ionic liquids and additives*?®122, Additives like bis(oxalate)borate (LiBOB)'?*!%* and
tri(hexafluoro-iso-propyl) phosphate ((CsHFs0)3P0)!% were used to improve the cycling stability
of LRLOs. Many authors have successfully demonstrated that also pure ionic liquids or their
mixing with organic solvents can improve the interfacial stability, the capacity retention and
reduce the side reaction between the electrode and the electrolyte®®!26127 The table 1.1 shows a

summary of the example presented in the section.
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Table 1.1: Examples of strategy used to improve the electrochemical performance of LRLOs.

Specific Capacity
Strategy Compound Capacity  retention Ref
(mAhg) (%)
_ o 96
Al Doping Li1.2Nio.16Mno.51Al0.05C00.0802 210 107
(100 cycles)
. o 87
Yb Doping Li1.2Ni0.13C00.125Y Do.00sMno.5402 250 112
(50 cycles)
N : : . 9
Ti Doping Li1.167Ni0.36MnNo.333C00.05 T10.0402 187 113
(10 cycles)
Ni Doping Li1.2Ni0.27Mno 40C00.1302 210 - 108
_ Li(Lio.17Ni020C00.0sMno.58)O1.95
PO+ Doping , 250 - 114
(PO4™)o.05
. o 92
F Doping Li(Lio.133Ni0.20C00.2Mng.467)O1.95F1.95 236 115
(100 cycles)
Al203 + RuO2 ] ] 94
) Li1.2Mno54Ni0.13C00.1302 280 116
Surface Coating (30 cycles)
Perovskite-LaMnOs ) ) 85
) Li12Mno54Ni0.13C00.1302 230 117
Surface coating (200 cycles)
Al203 Surface ) ) 89
] Li1.2Mno.56Ni0.16C00.0802 233 118
coating (100 cycles)
Microrods ) . 95
0.5Li2Mn03:0.5LiNi13C013Mn1302 221 119
morphology (100 cycles)
4 wt.% LiBOB _ _ 08
. Li1.2Mno.56Ni0.16C00.0802 200 124
additive electrolyte (100 cycles)
Pa4441M14 lonic ) ) 84
o Li1.2MnogNio202 240 126
Liquid (100 cycles)
0.2LIiTFSI- 13
0.8EMIFS lonic Liz.2MnosNio.202 200 127
o (100 cycles)
liquid
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1.4 RESEARCH OBJECTIVES AND STRUCTURE OF THE THESIS

As highlighted before, the development of new materials is mandatory to satisfy the increasing
demand for Li-ion battery systems delivering higher capacity, energy density, cycle life stability
and safety. While in the case of anode, the research has led already to the identification of a new
generation of anode materials, such as Silicon (3500 mAhg™), that are much more performing
compared to graphite (=370 mAhg?) and do offer a promising route for substituting graphite, the
real bottleneck remains the cathode side. Therefore, current substantial efforts are devoted to the
design and optimization of positive electrode materials displaying large capacity values (>200
mAhg-1) and/or high average voltages.

In this context, Li-Rich Layered Oxides (LRLOs) have attracted much attention recently due to
their superior high specific capacity and high working voltage. As explained above there are still
some challenges for Li-rich cathode materials to overcome before practical application. First of
all, a fundamental understanding of the pristine structure is still not available, as well as the
electrochemical reaction mechanisms and the crystal structure evolution is still not completely
understood. Moreover, another important element to be considered is the compatibility of these
materials with the large-scale production. Among the major requirements there are the costs and
the environmental impact of raw materials and manufacture. Cobalt represents the main issue due

to its high cost and high toxicity.

This thesis aims to develop new high capacity Li-rich Layered Oxides cathode materials for LIBs
that are able to offer high capacity and stable cycling with a reduced amount of cobalt. The thesis

is structured in the following way:

Chapter 2 is devoted to the doping and the replacement of cobalt within the structure of
Li1.2Mnos4Ni0.13C00.1302. The impact of cobalt substitution by other metals on the structure and
the electrochemical performance is investigated. In particular, the replacement by Li is discussed,

showing improvements in the electrochemical behavior.

Chapter 3 reports the analysis of reaction mechanism of the developed
Li1.28Mno54Nio.13C00.02Al0.0302 upon cycling, in particular at different points of first two cycles
and after ten cycles. Synchrotron X-Ray Diffraction and Raman Spectroscopy are used for this

purpose.
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Chapter 4 focuses on the pristine structure of LRLOs. A combination of synchrotron X-Ray
Diffraction and Neutron Diffraction allowed to prove supercells and investigate defects into the

material, in particular stacking faults and Li-TM mixing in TM layers.

Chapter 5 is dedicated to the improvement of the standard organic electrolyte with the use of ionic
liquids. LRLOs work in a very wide range of voltage, therefore it is important to have an electrolyte
with a wider stability window. Different ionic liquids and lithium salts are investigated.
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2 DOPING AND COBALT REPLACEMENT OF LRLO

The aim of chapter 2 is the study of the effect of doping and the simultaneous reduction of cobalt
content in LRLOs. The replacement was studied step by step and co-doping by Li (over-lithiation)
and Al or Mn was proved to be an excellent strategy to reduce Co and obtain very high

electrochemical performance.

2.1 INTRODUCTION

In the last 20 years research efforts have been made about new layered materials, in order to
overcome the limits of LiCoO,*. Multimetal systems?2, combining the features of Nickel, Cobalt
and Manganese, have been explored, such as LiNixMnixO2, Li[NiysMn13C013]O2 or
Li[NixCoyAlixy]O2*°. However, their specific capacity and electrochemical stability are still not
enough to satisfy the growing energy demand of power application (e.g. vehicles). Recently,
lithium-rich transition metal oxides (LRLOs) have been widely explored as alternative cathode
materials thanks to their high operating voltage and large specific capacity, exceeding 200 mAhg
167 Lithium-rich materials have a complex layered structure. Two different hypothesis have been
proposed to describe this kind of structures: a nanocomposite®, xLizMnOs3-(1-x)LiNiaCo,MncO2,
or single phase solid solution®, Lia+xyMa-xO2 (where M = Ni, Mn and Co). LRLOs work in the
range 2-4.8 V vs Li and the large capacity observed during the first delithiation is attributed only
partly to the oxidation of Co and Ni, but the majority of the exchanged charge is associated with
the activation of the “LiMnQ3” component'®!!, Nevertheless, large irreversible capacity loss in
the first cycle, poor rate capability, mean working potential decay upon cycling and cobalt content
are still major drawbacks that are hindering commercialization®?. Several efforts to reduce these
problems have been made, including the development of different synthetic strategies, doping'3*
and surface modification®. The most, widely explored, chemical strategy to mitigate the voltage
decay and structural degradation in LRLO is the optimization of the transition metal blend. As an
example, incorporation of redox inactive metals, such as Al, Zr, Ti, has been proposed in order to
stabilize the lattice'®8 as well as the partial replacement of lithium ions with other alkali cations,
e.g. K and Na'®; or doping the oxygen anion sublattice?.
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In order to make these materials up scalable to industrial production it is also important to consider
the reduction of costs and the toxicity of raw materials, in particular cobalt?*?2, Cobalt reduction
has been identified as major driver to improve the environmental benignity of batteries and the
sustainability of the overall production-consumption-recycling lifecycle?®24. Furthermore, cobalt
is a strategic commodity traded with rising prices on the international markets and therefore its
minimization in a battery formulation substantially leads to the reduction of energy storage costs,
in terms of $ Wht Kg12122,

This chapter illustrates our approach in the realization of a new class of doped Lithium Rich
layered oxide materials. In particular, here we focus on the reduction of Cobalt content, by
investigating step by step the modifications on the chemical-physical and electrochemical
properties of synthetized samples. In the first section, we study the impact of Al introduction within
the structure. We synthetized and characterized a set of materials with general formula
Li1.2Mno54Ni0.13C00.13xAlxO2, X=0.03, 0.06, 0.09, and, once found the best compromise between
Al amount and electrochemical performance, we further replaced cobalt with other metals, in
particular Mn, Ni and Li. The doping with Li, called over-lihiation in the chapter, and the co-
doping with Al seem to reduce the drawbacks by stabilizing the performance compared to Co-rich
phases. Finally, the last section is devoted to the investigation of the over-lithiation and Mn-doping
to obtain a Co-free material. Here we demonstrate that Mn can be used in the place of Al which is
electrochemically inactive.

The chapter presents an extensive characterization of samples, using X-Ray diffraction, Scanning
electron Microscopy, Transmission Electron Microscopy, X-Ray Absorption Spectroscopy, X-
Ray Photoelectron Spectroscopy and Raman Spectroscopy. Electrochemical properties have been

evaluated by Galvanostatic cycling and Cyclic Voltammetry.

2.2 MATERIALS AND METHODS

Synthesis: Li1.2+xMno54Nio.13C00.13xyAlyO2 was synthesized by sol-gel method. Basically,
stoichiometric amount of Mn(CH3COO)2-4H,O (manganese (I1) acetate tetrahydrate, Sigma-
Aldrich), Ni(CH3COQ)2-4H,O  (Nickel (Il) acetate tetrahydrate, Sigma-Aldrich),
Co(CH3COOQ0)2:4H,0 (Cobalt (I1) acetate tetrahydrate, Sigma-Aldrich), (HO).AI(CH3COO)
(Aluminum acetate dibasic, Sigma-Aldrich) and 5% excess LICH3COO-2H,0O (lithium acetate
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dihydrate, Sigma-Aldrich) were dissolved in ultrapure water. An aqueous solution of C2H204
(oxalic acid, Sigma-Aldrich) around 0.38 M, acting as chelating agent, was added to the metal-
acetate solution in order to have chelating agent/metals molar ratio of 1.5/1 and left under stirring.
The pH in the mixture was kept at 8 by the addition of ammonia solution (NHsOH 32%, Sigma-
Aldrich) dropwise. Then, the solution was heated at 80 °C in an oil bath to form a gel. The as
obtained gel was finally completely dried at 200° C, calcined at 450°C for 2 hours and at 900°C
for 12 hours.

Materials Characterization: The composition of the materials was confirmed by inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis, carried out on an iCAP 7600
DUO Thermo Fisher Scientific. The structure was characterized by XRD using a Malvern
PANalytical Empyrean with Cu Ko radiation source in the range of 20 degree of 10°-90°. Deeper
structural analysis has been performed by synchrotron diffraction, carried out at Elettra MCX
beamline using a wavelength of 1.2 A (~10 KeV) in the range between 10° < 26 < 90°.
Diffractograms were analyzed by Rietveld Refinement program GSAS-112,

Morphology and composition of the materials were investigated by a JEOL JSM-7500FA scanning
electron microscope (SEM), with a cold-field emission gun, equipped with an energy-dispersive
X-ray spectroscopy (EDX) system based on an Oxford X-Max silicon-drift detector (80 mm?
active area).

X-ray absorption spectra at the Mn and Ni K-edges were measured in the transmission mode at the
XAFS beamline of the ELETTRA synchrotron radiation facility. A Si(111) double crystal
monochromator with an energy resolution of 0.8 eV at 7 keV was used. The intensity of the
monochromatic X-ray beam was measured by three consecutive ionization chambers (Oxford)
filled with suitable gas mixtures. Pelletized samples using polyethylene as dispersing agent was
placed in an evacuated sample chamber: the homogeneity of pellets have been checked before
running the experiment. Reference spectra on Mn.O3z (Sigma Aldrich, 99%), MnO. (Sigma
Aldrich, 99%) NiO (Sigma Aldrich, 99%) and LiNiO (synthesized from a stoichiometric mixture
of Li>O and NiO at 700°C for 12 h in air and checked by XRD) have been recorded as well in the
same experimental conditions.

XANES spectra have been analyzed and fitted using the Athena XAS data processing software.
X-Ray absorption spectra at the Mn, Ni and Co L-edges have been measured at the advanced

photoelectric effect high-energy (APE-HE) beamline at the ELETTRA synchrotron radiation
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source. The XANES spectra have been acquired using the Total Electron Yield (TEY) detection
mode, allowing a probing depth of ~ 5 nm. The energy resolution of these spectra is about 0.1 eV.
The samples, in the form of powders, have been glued on the sample holder using conductive silver
paste and then loaded on the manipulator of the APE-HE chamber (in UHV conditions). The
sample was oriented at 45° with respect to the incident beam, probing an area of ~150 um?. X-ray
photoemission spectra of the samples were performed exploiting a conventional non
monochromatized X-Ray source (Mg Ko= 1254 eV) with a hemispherical electron energy
analyzer, in a dedicated chamber of the NFFA UHV MBE-cluster system. Also in this case, the
powders were glued on the sample holder using a conductive silver paste. The samples were
positioned at 45°with respect to the incident beam, probing an area of ~1 mm? and a depth of ~1
nm. The Mn 2p spectra have been acquired using a pass energy of 50 and a dwell time of 2000 ms;
they have been aligned using the Au VB spectra of a reference Au foil positioned just above the
sample. Raman spectroscopy was carried out using a Dilor Labram instrument equipped with a
He-Ne laser source at 632.7 nm and a CCD cooled detector and Si as calibrating standard for the
energy scale. Micrographs of the electrodes before and after cycling were acquired by a Zeiss
Auriga Field Emission High Resolution Scanning Electron Microscope.

Electrochemical Characterization: Electrochemical charge-discharge data were acquired
assembling Al-coated CR2032 coin cells and using a voltage of 2 and 4.8 V. Working electrodes
were prepared by mixing the active material (80 wt.%), Super P Carbon (10 wt.%), and
polyvinylidine fluoride (PVDF) binder (10 wt.%); the powder slurry, obtained by the addition of
N-methyl pyrrolidinone, was casted onto an aluminum current collector and cut into electrodes of
10 mm diameter with a mass loading of 2-2.2 mg/cm. The coin cells were assembled in an argon-
filled glovebox, with metallic lithium disks as counter electrode (Sigma Aldrich). The electrolyte
solution was 1M Lithium hexafluorophosphate in Ethylene Carbonate:Dimethyl Carbonate (1:1
vol.%, Solvionic). A Biologic BCS-805 battery cycler was used for electrochemical tests. Cyclic
voltammograms curves were measured using a Biologic VMP3 multichannel potentiostat in a
potential range of 2.0 V to 5 V at a scan rate of 0.5 mV s*. Complete lithium-ion cells were
assembled using graphite (PI-KEM) as negative electrode and tested using a MACCOR S4300
system in a voltage range from 2.2 to 4.7 V using a current density of 230 mAg~for 300 cycles.
The balance between anode and cathode was done considering the full initial capacity of graphite;

the cathode/anode mass ratio was set at 1.75.

30



2.3 OVER-LITHIATED ALUMINUM DOPED SAMPLES

2.3.1 Effect of Al doping

In order to evaluate the effect of the substitution of cobalt with aluminum into the
Li1.2Mno54Ni0.13C00.130; structure, 3 materials with general formula Li1.2Mno 54Nio.13C00.13-xAlxO2
where x=0, 0.03, 0.06, 0.09 (samples S01-S04) were synthetized and characterized in terms of
structure and electrochemical properties.

Before any characterization, all samples were analyzed by OES-ICP to verify their chemical
composition. As can be seen from table 2.1, the actual compositions are very close to the nominal

compositions.

Table 2.1: The chemical compositions of the obtained samples examined by ICP-OES analysis.

Formula Li Mn Co Ni Al
Theoretical 1.20 0.540 0.130 0.130 /
S01 Li1.2Mno:54Ni0.13C00.1302
Actual 1.21 0.504 0.101 0.131 /
Theoretical 1.20 0.540 0.100 0.130 0.030
S02 Li12Mno.54Nio.13C00.1Al0.0302
Actual 1.20 0.531 0.108 0.131 0.031
] ] Theoretical 1.20 0.540 0.070 0.130 0.060
S03 Li1.2Mno.54Ni0.13C00.07Al0.0602
Actual 1.18 0.566 0.080 0.138 0.051
] ] Theoretical 1.20 0.540 0.040 0.130 0.090
S04 Li1.2Mno.54Ni0.13C00.04Al0.0002
Actual 1.2 0.542 0.044 0.133 0.082

The experimental XRD patterns obtained for the synthesized samples are shown in figure 1.1. The
diffraction patterns show crystalline samples with no particular differences. All the peaks, except
for some extra peaks observed between 20° and 30°, could be indexed with an rhombohedral cell?®,
space group R-3m, according to the reference pattern (PDF: 04-013-4592) also shown in figure
1.1. The appearance of these extra peaks between 20°-30° can be explained considering an
ordering between Li, Mn, Co and Ni in the transition metals planes, similar to the structural
ordering in the monoclinic LizMnQ3?"2 (see reference pattern PDF 01-085-6632).
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Figure 1.1: XRD pattern of Li12Mno54Nio.13C00.13xAlxO2 series.

Moreover, taking a careful look of the patterns, it can be found that the (006)/(012) and (018)/(110)
peaks are well split, confirming a well-defined layered structure, and that a higher (003) peak can
be observed over the (104) peak in each sample. The intensity ratio between (003) and (104) peaks
can be used as a measure of the degree of cation mixing in the layered: the higher the ratio, the
lower is the cation mixing. Therefore, the aluminum doping does not change the crystal structure
or cause impurity phases and retain the layered structure. Moreover, the (003) peak actually shifts
slightly to a smaller angle when the Al amount increases, indicating the success of doping within
the structure.

Regarding the morphology, scanning electron micrographs are shown in figure 2.2. The
micrographs indicate that all samples consist of particles with a size distribution in the range of
200-400 nm. The particles appear fused together, in particular for doped materials, to form

agglomerates.

32



a) b)

501 —e— Charge —o— Discharge
350 4 502 —e— Charge —<— Discharge 45
503 —s— Charge —-— Discharge
§ 300 S04 —e— Charge —— Discharge

@ b
o =)

Potential (V vs Li)
w
o

Current Density (mA/cm?)

I
o

T T T T T T T T T 2.0+ T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 50 100 150 200 250 300 350 400 2.0 25 3.0 35 4.0 4.5 50
Cycle Number Specific Capacity (mAhg™") Cell Potential (V)

Figure 2.3: Electrochemical characterization of Li1.2Mnos4Nio.13C00.13xAlxO2 Series. a)

Specific capacity vs cycle number. b) First potential profile. ¢) Cyclic voltammetry.

To investigate if the presence of Al has an impact on the electrochemical performance, all samples
have been tested in lithium half cells and the results are shown in figure 2.3.

Looking at the cycling performance in figure 2.3a, it is evident that the replacement of the cobalt
by Al leads to a marked decrease in the specific capacity. Regarding the performance of the sample
without any doping (S01), it reaches a specific capacity of 368 mAhg*during the first charge and,
then, is able to exchange 260 mAhg tduring the first discharge. Finally, its capacity decreases to
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233 mAhg*after 100 cycles. All doped materials exhibit smaller specific capacity (Cap) following
the order Capso2> Capsos> Capsos, Obtaining respectively at the end of first charge 341, 237 and
148 mAhg™. The introduction of a small quantity of Al into the structure slightly decreases the
electrochemical performance. However, when the Al replaces half of the Cobalt in the pristine
material, the performance drops quickly. In fact, the specific capacities at the end of the first cycle
are 243, 148 and 61 mAhg* for S02, S03 and S04. After 100 cycles, the discharge capacities are
191, 139, 49 mAhg™* for S02, S03 and S04. Therefore, SO3 and S04 show a stable performance
during the test but the specific capacities are unsatisfactory.

In figure 2.3b, we show the potential profiles obtained for the 4 samples in the first
charge/discharge cycle. During the initial charge, the voltage gradually increases up to 4.4V with
a sloping profile in which the Co and Ni are oxidized?® and, then, a plateau begins in which the
extra lithium ions are removed from the lattice by the oxidation of 02~ 303 It is interesting to
notice that all samples show a similar profile. Due to the addition of aluminum and the reduced
amount of cobalt all the processes are shorter, thus the overall specific capacities are smaller.
During the first discharge, the voltage decreases down to 2V without any plateau, confirming the
irreversibility of the oxygen redox within these structures.

Cyclic voltammetries have been performed to investigate the electrochemical process. The graph
in figure 2.3c shows the first cycle in which, during the first anodic scan, we can observe two peaks
around 4.2 and 4.7 V. The peak at lower voltage can be associated with the oxidation of Ni%* to
Ni** and Co®* to Co*", whereas the one at higher voltage can be attributed to the anionic redox
reaction of oxygen®. The main difference between the samples is the intensity of the peak around
4.7V, associated to the oxygen redox. The decrease of this high voltage process is induced by the
removal of cobalt: in fact The O%/O" arises from a bonding band originated by the overlap of the
Co tog band and the O% 2p band33*,
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Figure 2.4: a-d) Potential profile of S01, S02, S03 and S04. e-h) Cyclic voltammetries S01, S02,
S03 and S04.

Selected potential profiles are reported in the figure 2.4 for all samples. Figures 2.4a-d report a
plot of the changes in voltage as a function of capacity under constant current and, in general, show
a slope both in charge and in discharge. Changes in the potential profiles could give some
information about changes in the redox mechanism because the curves shape is influenced by the
reactions occurring within the cell. It can be noted the absence of plateau after the first cycles and
a monotonic shift of the potential profiles towards lower voltages upon cycling. The doping with
Al seems to stabilize this phenomenon, despite the drop in the specific capacities. In figure 2.4e-
h, we can see the cyclic voltammetry cycles after the first cycle. In the anodic scan, only one peak
around 3.8V can be observed, in agreement with the galvanostatic cycling. On the contrary, in the
cathodic scan, an additional electroactive process around 3.1V can be observed, associated to the
redox couple Mn**/Mn®*,

The electrochemical characterization suggests that the optimal content of Al is between 0.03-0.05,
in fact the performance drop for larger Al doping.
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2.3.2 Further replacing of Co by Mn, Ni or Li

The analysis reported above reveals that a larger substitution of cobalt with aluminum leads to a

remarkable decrease of performance in lithium cells. Nevertheless, the doping with small amount

of aluminum, i.e. when x=0.03, seems to mitigate the voltage decay responsible of the capacity

drop upon cycling. For this reason, we further modify the S02 sample, decreasing the amount of

cobalt by the addition of Mn, Ni or Li. Table 2.2 reports the 3 obtained samples.

According to elemental analysis by ICP-OES technique, the compositions of the materials are very

close to the targeted compositions. The elemental analysis results are given in table 2.2.

Table 2.2: The chemical compositions of the obtained samples examined by ICP-OES analysis.

Formula Li Mn Co Ni Al
. _ Theoretical 1.20 0570 0.070 0.130 0.030
S05  Li12Mngs7Nio.13C00.07Al0.0302
Actual 1.20 0563 0.076 0.125 0.027
. _ Theoretical 1.20 0540 0.070 0.160 0.030
S06  Li12Mnos4Nio.16C00.07Al0.0302
Actual 1.19 0521 0.078 0.155 0.028
_ _ Theoretical 1.23 0.540 0.070 0.130 0.030
SO07  Li123Mnos54Nio.13C00.07Al0.0302
Actual 1.22 0512 0.056 0.129 0.028
> L e L il
‘0
[
o)
§ A — S06
- — A., h o A M2
o
Q
§ 4 % S05
n I I LiMO, PDF 04-013-4592
l.- I n N s n
I [ Li,MnO, PDF 01-085-6632
10 | 2I0 30 40 50 60 70 | 80 90

20

Figure 2.5: XRD pattern of S05, S06 and S07.
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X-Ray diffraction patterns are shown in figure 2.5. All sample patterns match the R-3m space
group, except for the weak diffraction peaks at 20 values between 21° and 25°. As mentioned
before, these peaks are due to the LioMnOs phase and indicate a super lattice ordering of Li and

TM in the transition metal layers. Only SO5 pattern shows traces of impurities, indicated with

asterisks.
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Figure 2.6 a) Charge-Discharge test and b) first potential profile of S05, S06 and S07.

The samples have been tested by galvanostatic cycling in lithium half-cell between 2 and 4.8V at
a current of ~40 mA/g (C/10). Figure 2.6 displays the specific capacity vs cycle number (a) and
the first potential profile (b) for S05, S06 and SO7. The first charge potential profiles consist of a
slope up to 4.4V and a subsequent plateau. This plateau disappears during the discharge step due
to the irreversibility of the oxygen redox, in line with all S01-S04 samples. Despite the same
amount of Co, the plateau is shorter for S05 and S06 with respect sample S07. In fact, the specific
capacities at the end of the first charge are 152.2, 212.3 and 304.8 mAhg™, respectively for S05,
S06 and SO7. After the first cycle, only the sample SO7 has a high capacity of 194.7 mAhg™, while
samples S05 and S06 suffer poor electrochemical performance. Furthermore, SO7 sample exhibits
a slightly activated specific capacity trend, reaching a capacity value of 199 mAhg™ after 100
cycles, while the capacities for S05 and S06 are 98.1 and 136.9, respectively. As expected, also in
this case we observed the deterioration of the electrochemical performance as consequence of the
reduction of cobalt content. However, the SO07 sample, Li123MnosaNio13C00.07Al00302, still

maintains high capacity values (>200 mAhg™) and good cycle life stability. This suggests that the
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over-lithiation to replace the Co can be a viable way to preserve high performance despite the

smaller content of cobalt.

2.3.3 Strategy of over-lithiation

Once identified the optimal concentration range for aluminum in the section 2.3.1 and proved that
lithium substitution is a valuable way to replace cobalt in the section 2.3.2 preserving performance,
we synthetized a new series of lithium-rich materials in which the cobalt was partially replaced by
growing amount of lithium. All the stoichiometries explored in this thesis are reported in table 2.3
with the elemental composition analyzed by ICP-OES. According to the elemental analysis, the

composition of the materials is very close to the theoretical one.

Table 2.3: The chemical compositions of the obtained samples examined by ICP-OES analysis.
Formula Li Mn Co Ni Al

Theoretical 1.26 0.540 0.040 0.130 0.030
Actual 1.24 0.545 0.036 0.136 0.030
Theoretical 1.26 0.540 0.020 0.130 0.050
Actual 1.28 0523 0.023 0.13  0.047
Theoretical 1.28 0.540 0.020 0.130 0.030
Actual 1.25 0.548 0.024 0.132 0.031

S08  Li126Mnos54Nio.13C00.04Al0.0302

S09  Li126Mnos4Nio.13C00.02Al0.0502

S10  Li128Mnos54Nio.13C00.02Al0.0302

All structures were checked by Synchrotron X-Ray diffraction and results are shown in figure 2.7,

where S01 was added for comparison. All doped materials are crystalline and the diffraction lines
appear sharp and intense. No differences can be highlighted compared to SO01; in fact, the main
phase consists of the rhombohedral phase (space group R-3m) and additional peaks are again
visible between 26 of 16°-25°, corresponding to the monoclinic phase with space group C2/m. The
replacement of cobalt by the increase of Li beyond 1.2 and the introduction of Al doesn’t change
the patterns, indicating that the crystal structures are almost the same without segregation of other
phases. The collected patterns have been analysed by Rietveld refinement to obtain further
information. The analysis has been carried out using a R-3m unit cell. The detailed Rietveld
refinement results are shown in figure 2.8 while the lattice parameter values are compared in figure
2.9.
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Figure: 2.7 XRD patterns of Li1.23Mno54Nio.13C00.07Al0.0302 (Purple line),

Li1.26Mno.54Ni0.13C00.04Al0.0302 (Dark Cyan line), Li1.26Mno.54Nio.13C00.02Al0.0s02 (Olive line) and

Li1.28Mno.54Ni0.13C00.02Al0.0302 (Orange line). SO1 is added for comparison.
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In general, the lattice parameters increase along the series, mainly, due to the substitution of
smaller Co®* (0.54 A) ions for bigger Li* (0.76 A) ions®.
Lithium doping expands the cell mainly along the direction c, in fact the parameter a seems to
have limited changes unlike the parameter c. All changes in the lattice parameters suggest that Li

and Al have been incorporated into the structure and, probably, the expansion of the cell can alter

the diffusion of Li* within the structure during the electrochemical activity.

Turning to morphology, scanning electron microscopies are presented in figure 2.10. All samples,
including S01, consist of particles with a size distribution in the range of 200-400 nm. The particles
appear fused together, in particular for doped materials, to form agglomerates. From EDX maps,
the Al has been detected in S07, S08, S09 and S10 samples and the distribution of elements is
homogenous throughout, EDX maps of SO7 sample are reported in figure 2.11 as an example. The
metals signals are uniformly dotted in the entire particles, suggesting that no metals segregation

occur.
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5100 K

Figure 2.10: SEM images of a-b) S01, c-d) S07, e-f) S08, g-h) S09 and i-f) S10.

- CO(KQ)
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Figure 2.11: EDX maps of S07.
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Figure 2.12: Activation potential profile of SO7 sample.

All materials have been tested in lithium half cells to investigate their electrochemical properties.

All electrodes have been activated following a standard procedure consisting of galvanostatic steps
at C/10-C/5-1C (1C=377 mAg™) between 2-4.8V with potentiostatic steps at 4.8V using a current

cut-off of C/20. The procedure can be used in order to provide a more stable cathode electrolyte

interphase layer (at high potential) and prevent the consumption of electrolyte and lithium ions.
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Figure 2.13: Electrochemical characterization of Li1.2+xMno.s54Nio.13C00.13-x-yAlyO2 series.

The typical activation voltage profile is shown for SO7 material in figure 2.12 as an example. In

figure 2.13 we report the galvanostatic cycling tests carried out for all samples, where the sample

S01 is added as a benchmark. The amount of cobalt has been significantly reduced along the series,

nevertheless, the electrochemical performance are very promising. In fact, during the first

discharge, the samples are able to deliver a specific capacity of 226, 203, 205 and 204 mAhg™,
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respectively for SO7, S08, S09 and S10. At the end of the galvanostatic cycling, after 200 cycles,
the specific capacity is still high, 225 for S07, 193 for S08, 217 for S09 and 223 for S10.

In general, the doped materials exhibit very stable specific capacity values during the galvanostatic
cycling, reaching a capacity value that exceed 200 mAhg1 in all cases. On the contrary, SO01 is
able to achieve higher specific capacity, 270 mAhg™ in the first discharge, but it decreases faster
than the doped material until 255 mAhg™ after 200 cycles. In fact, for example, the capacity
retention of SO1 after 200 cycles is 94% but, for SO7, it is beyond 99%. Figure 2.13b shows the
comparison of the Li12+xMnos4Nio.13C00.13-xyAlyO2 electrode potential profiles during the first
cycle. All samples show the typical voltage profile already reported for this type of materials. In
charge, it is possible to identify two electrochemical processes: a first slope around 3.8V followed
by a long plateau at 4.5 V. The first slope accounts for the oxidation of Co**/Co*" and Ni**/Ni?*;
while the process above 3.8 V is due to the oxidation of oxygen ions to O or to release of molecular
oxygen, thus forming vacancies®®3263"  Compared to the benchmark, over-lithiated samples
exhibit relevant differences. First of all, the first electrochemical oxidation occurs at slightly higher
potentials than SO1. Furthermore, a remarkable shortening to the plateau at 4.5V is observed,
mostly for S08, S09 and S10. While during the discharge process, no relevant differences are
underlined, apart from the specific capacities. The length of plateau in the first charge is found to
be correlated to the amount of cobalt and thus the plateau decreases when the cobalt is replaced by
aluminum and lithium®*®, The irreversibility of this high-voltage process can be clearly seen in
the cyclic voltammetry (figure 2.13c). During the anodic scan, active materials show two oxidation
peaks due to the oxidation of transition metals at around 4.2 V as well as the oxygen redox at
around 4.7 V. Both peaks are shifted to higher potentials with the reduction of cobalt and,
moreover, the latter peak, associated with the oxygen redox, is less intense compared to the pristine
material (see figure 2.13c), in agreement with the first cycle. As for the reduction peaks, we found
only the peak related to the reduction of the metals whereas the oxygen release process

disappeared.
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Figure 2.14: a-e) Potential Profile and e-1) cyclic voltammetries of S01, S07, S08, S09 and S10.

Looking at the charge/discharge profiles after 10, 50 and 100 cycles reported in figure 2.14a-d, we
can observe a marked reduction in voltage decay in all the doped materials compared to the starting
one (SO1). As it is well known, the voltage decay is one of the main issues of Lithium Rich
materials and seems to be correlated to a phase transition from layered to spinel structure during
the cycling!>%. Figures 2.14e-h report the cyclic voltammetry after the first cycle where it possible
to note how the shift of the peak, in the anodic scan, is mitigated compared to the sample S01 and
the presence of a new peak around 3.1V during the anodic scan due to the activation of redox
couple Mn**/Mn**. To confirm this trend, we have calculated the average discharge potentials for
all samples and the results are shown in figure 2.15. The average discharge potential has been
calculate by dividing the energy by the specific capacity. The energy can be calculate from the
area of the discharge curve. The SO1 average discharge voltage drops more quickly than the doped
samples, in fact, the AV, the difference between the average voltage of the 1% cycle and 200" cycle,
are 0.42, 0.34, 0.32, 0.33 and 0.27, respectively for S01, S07, S08, S09 and S10.

In summary, the replacement of cobalt with the contemporary over-lithiation and the co-doping
with aluminum in LRLO materials, is a successful strategy to balance the cost reduction and
satisfactory electrochemical performance in prolonged charge-discharge cycling tests.
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Figure 2.16: Rate Capability test of Over-Lithiated series.

Further electrochemical tests have been performed on these materials to verify their performance
at high currents. Figure 2.16 shows the rate capability test at different C-rates, i.e. 0.1 C,0.2C, 0.5
C, 1C, 2 C (1C=377 mAhg™). The specific capacities of the doped materials are smaller than that
of the pristine material (SO1), but it is worth noting that the difference in these capacities decreases
when the current increases and, at the end of the experiment, the capacities are very close, in

particular for S10. All samples are able to work at high currents, in fact, the discharge capacities
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at 2C are 164, 144, 139, 133 and 143 mAhg?, respectively for S01, S07, S08, S09 and S10.
Performance are very close and the slightly decrease can be explained by the reduction of the
cobalt. However, the balanced metals blend allows to reach a good performance. For example, we
have only a 13% drop in the capacity for S10 at 2C while the cobalt has been reduced by 85%
compared to S01.
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Figure 2.17: Galvanostatic cycling of S01, S07, S08, S09 and S10 at 1C (377 mAg™).

Finally, in figure 2.17 the comparison between over-Lithiated Al-doped samples and the pristine
material at 1C for 500 cycles is shown in order to investigate the behavior during prolonged
experiment. During the first discharge, the specific capacity follows the same trend of previous
experiment and slightly decreases with the reduction of Cobalt. The capacity retention after 500
cycles is about 41, 54, 59, 56 and 63% for SO1, S07, S08, S09 and S10, respectively, indicating
the best cycling stability for the S10 sample.

Apparently, the simultaneous replacement of Co?** mixed centres in the layered structure with
balanced amounts of AI** and Li* can enhance the performance at high current compared to pristine

sample.
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2.4 L1128MNo:54N10.13C00.02AL0.0302 (S10) SAMPLE

2.4.1 Structural investigation of S10 sample

Being the Li and Al co-doping a good strategy to reduce cobalt in the structure of LRLO materials,
while maintaining high electrochemical performance, we further investigated the sample S10,

Li1.28Mno.54Ni0.13C00.02Al0.0302.

Figure 2.18: a-b) HR-TEM images and c-d) reconstructed FFT of SO1 and S10.

A deeper structural analysis was performed by high resolution transmission electron (HR-TEM),
XANES and XPS. In figure 2.18, the HRTEM micrographs are shown with reconstructed electron
diffraction patterns by FFT using ImageJ. Synchrotron XRD patterns shown in figure 2.7 indicate
the formation of a layered phase with the typical coexisting R-3m and C2/m structures. The HR-
TEM analysis identify a monoclinic local crystal structures of the sample S10: in fact, the electron
diffraction patters reconstructed by FFTs are indexed by the C/2m structure. Similar results were
obtained for the SO1 sample. Thus, cobalt substitution, aluminum doping and over-lithiation do
not alter the complexity of the structural identity of this material, where disordered C2/m unit cells
almost randomly packed along the c-axis distort the long-range symmetry to a R-3m lattice.

The atomic occupancy disorder (anti-site defects concentration) has been investigated by Rietveld
refinement as well as the occurrence of oxygen vacancies (figure 2.19). The disorder has been

refined to around 1%, while the oxygen occupancy below unity suggests vacancies in the anionic
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sublattice (table 2.4). This last change matches the charge unbalance originated by the replacement
of Co** with Li* and AI** (pseudo n-doping), thus confirming the expected oxygen vacancies (i.e.,
estimated S10 stoichiometry from XRD: Li1.28Mo.7202-z, z=0.06, where M is the metal blend in the
transition metal layer).
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Figure 2.19: Rietveld refinement of S10 sample with anti-site defects and oxygen vacancies.

Table 2.4: Refined parameters of S10 sample with anti-site defects and oxygen vacancies.

Stoichiometry WR(%0)
Li1.28Mno.54Ni0.13C00.02Al0.0302 6.8
Structural Cell Atoms Wyckoff Atomic Occupancies
Model Parameters Position Coordinates
R-3m a = 2.855 Li/Ni 3b 0,0,0.5 0.99/0.01
b = 14.248 Mn/Co/Ni/Li/Al 3a 0,0,0 0.54/0.02/0.12/0.29/0.03
O 6¢ 0,0,0.739 0.97

The occurrence of oxygen vacancies induced by the pseudo n-doping impacts on the electronic
structure of the S10 as outlined by X-ray absorption near edge spectroscopy (XANES) at the K
and L»3-edges for Mn, Ni and Co, and X-ray photoemission spectroscopy in the Mn 2p region.
The measurements were performed at XAFS and APE-HE beamlines of the ELETTRA
synchrotron radiation for XANES and XPS analysis, respectively, in collaboration with Istituto
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Officina dei Materiali (IOM)-CNR. The samples S01 is reported as a comparison. The XANES
spectra at the Ni and Mn K-edges are shown for the S10 and SO1 samples in the figure 2.20.
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Figure 2.20: Experimental XANES spectra at the K-edges of a)Mn and b)Ni measured for the
S10 and SO1 samples. Experimental reference spectra for Mn203, MnO2, NiO and LiNiO- are

also shown.

The two samples show mainly the same electronic structure at both Mn and Ni edges. Pre-edge
peak P (1s — 3d inner atomic transition, dipole forbidden- quadrupole allowed) at Mn edge
suggests the occurrence of a reduced inversion symmetry of Jahn-Teller distorted MnOg octahedra
in the structure, being the observed doublet due to the crystal-field splitting of Mn 3d states into
togand eg orbitals. The other spectral features (e.g. S peak associated with 1s transitions into p-like
states of t;, symmetry, and the white-line M)* are remarkably similar in the two samples.
Quantitative fittings of the pre-edge and edge regions allow to estimate the mean Ni and Mn
oxidations states in the two samples (i.e., Ni +2.12+0.02 and +2.23+0.02, Mn+3.894+0.02 and
+3.86%0.02, for SO1 and S10, respectively). These values confirm the occurrence of a minor Jahn-
Teller electronic distortion originated by the simultaneous charge transfer from the Ni?* centers to
Mn**, thus leading to the formation of small amounts of Ni** and Mn*".

A careful analysis of the oxides stoichiometry, assuming the electro-neutrality constraints and the
Co®* AP' Li* oxidation states, indirectly confirms the possible occurrence of vacancies on the
oxygen anion sublattices in the Co-poor sample (i.e., z=~0 and 0.1, Li1+xM1.yO2.;, for SO1 and S10,

respectively) in line with the XRD Rietveld results.
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Figure 2.21: Upper panels: experimental L3 edges XANES of a) Mn, b) Ni, c) Co measured for
the SO1 (blue line) and S10 (red line) samples. Lower panels: experimental reference spectra for
a) Mn203 and MnO3, b) NiO and LiNiO., c) LiCoO2 and CoO.

The XANES spectra at the Co, Ni and Mn L 3-edges are shown in the figure 2.21. The electronic
transitions giving rise to the most intense structures of these spectra are related to dipole allowed
2p - 3d transitions. The spin—orbit interaction of the 2p core holes splits the spectra into two
multiplets, the L3 (2ps2 ) edges at = 643, 853 and 780 eV for respectively Mn, Ni and Co, while
the Lo (2p12) edges fall at = 653, 871 and 795 eV. In turn, all the three L3 are split in two structures
(labeled as A and B). Since the Lo,z edges probe the unoccupied 3d states of the absorbing atoms,
the resulting spectral shapes change accordingly to the different filling of the 3d orbitals in the
ground state (and thus to different oxidation numbers) but also to the different crystal field
effects*!. The comparison with the reference spectra (lower panels) allows to assign the oxidation
numbers of 4+, 2+ and 3+ respectively to Mn, Ni and Co for both samples*?“3, Focusing on the
Mn L3 edges spectra, peaks A and B are related to p = d dipole allowed transitions towards the
unoccupied 3d molecular orbitals originating from the crystal-field splitting of Mn 3d states in a
distorted octahedral geometry*2. Comparing the experimental spectra with the reference spectrum
of the MnO: (blue dotted spectrum), it can be observed that A and B structures in the experimental
spectra are sharper. This can be related to transitions towards more energetically localized 3d
orbitals, confirming thus that in both S10 and SO1 samples the orbital splitting caused by the Jahn
Teller effect is less pronounced with respect to the conventional distorted octahedral coordination
of Mn in MnQe. It is important to underline that this last consideration is only qualitative, indeed
the energy separation between peaks A and B, albeit depending on the crystal field effects, cannot
be related directly to the difference between the tog and egq states, because the 3d-3d as well as the

2p-3d two-particle interactions strongly contribute to the spectral shape**. For what concern Ni?*
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and Co®", also theoretical calculations confirm that structures A and B in the L3 edges spectra are
related to an On symmetry of the absorbing atoms. Data of L edges show that the surface
composition of the samples is similar to bulk one observed in the XAS K edges spectra of figure
2.20: indeed, the soft X-Rays spectroscopy (operated in total electron yield) is much more surface

sensitive than the hard X-Rays one (related to the photon energies of the transition metals K edges).
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Figure 2.22: Experimental XPS Mn 2p core level spectra of S01 and S10 samples. 2p sz ~ 642.5
eV; 2pw =654 ¢eV.

The XPS spectra of the Mn 2p region has been also acquired and analyzed for both S10 and SO1
to match the results of the XANES investigation. The Mn 2p core levels (see figure 2.22) confirms
the +4 oxidation state of Mn (looking at the spectral shape and energetic positions*). The two
peaks slightly shift (=0.2 eV) to lower binding energies in S10 possibly attributed to a minor
oxidation of the Mn centers in agreement with the quantitative fitting of the K edge XANES spectra
of Mn reported above.

Starting from the ICP compositions and the XAS experimental charges on Ni and Mn in both S10
and SO1 it is possible to estimate oxygen vacancies, assuming the electro-neutrality constraints
and the Co®* AI®* Li* oxidation states. Our estimates confirm the presence of vacancies on the
oxygen anion sub-lattices only in the Over-Lithiated sample (i.e. z=0.1 assuming the general
stoichiometry Li128TMo.7202-; ). This defect concentration is in quantitative agreement with the
XRD Rietveld results.
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Once established the impact of the alteration of the metal blend induced by over-lithiation, i.e.
formation of extended oxygen vacancies and increase of Jahn-Teller distortions by minor oxidation
of the Ni?"to Ni®* it is possible to reconsider the apparent negligible structural changes of the lattice
passing from S01 to S10. By assuming the Shannon atomic radii*® for 0% (1.40 A), Mn%* (0.58 A),
Mn** (0.53 A), Ni?* (0.69 A), Ni* (0.56 A), Co®* (0.55 A), Li* (0.76 A) and AI** (0.54 A) and
considering the volume of the unit cell derived by Rietveld refinement, it is possible to estimate
the corresponding fraction filled by atoms in the transition metal layer (2.8 and 3.0% for the SO1
and S10 materials, respectively) as well as lithium ions in the Li layer (5.5% for both materials),
oxygen anions in the O-layers (68.7 and 66.5% for the SO1 and S10 materials, respectively) or
unoccupied (structural voids, 23.1 and 25.0% for the SO1 and S10 materials, respectively). Overall,
the minor structural change (+0.1% in the cell volume passing from S01 to S10) balances opposite
structural alterations: (i) the larger steric hinderance of the transition metal layer and the formation
of oxygen vacancies that (ii) shrinks the volume occupied by the anion sublattice and (iii) enlarge

the empty voids in the lattice.

2.4.2  Post-mortem analysis of cycled S10 electrodes

Regarding the electrochemical behavior, galvanostatic cycling, cyclic voltammetries and rate
capability tests are extensively analyzed in the section 2.3.3, in particular in figures 2.13, 2.14,
2.15,2.16 and 2.17. The S10 keeps an almost constant specific capacity value of about 220 mAhg
! from cycle 50 to cycle 200 while the SO1 fades from 270 mAhg™ to 250 mAhg*. However, S10
outperforms S1 in respect to: (a) capacity retention; (b) mean discharge potential (see figure 2.17);
(c) potential hysteresis between charge and discharge (it is 0.7 V at cycle 200 to be compared to
0.93 V for S01);, and (d) the cumulative irreversible capacity suffered upon cycling that is reduced
by -38% at cycle 200 compared to S01, as reported in figure 2.23.
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Figure 2.23: Cumulative irreversible capacity vs cycle number.

Overall, S10, despite the slight reduction in the specific capacity compared to the S01, shows
superior capacity retention, smaller irreversible capacity, and improved energetic efficiency (i.e.,
82% vs. 76% at cycle 200 for S10 and SO1, respectively). Among all beneficial effect in the cell
performance provided by the substitution of Co with an optimized blend of Li/Al, the most relevant
one is the strong mitigation of the voltage decay upon cycling. LRLOs suffer a remarkable voltage
decay upon cycling likely due to the irreversible release of molecular oxygen, the accumulation of
oxygen vacancies and the resulting structural transformation from a layered to a spinel-like
structure®*" . The oxygen loss suffered during the first charge plateau at 4.5 V plays a crucial role
in voltage fade* as it impacts the redox active couple at high voltage O%/O and the lattice
stability?®. Therefore, the remarkable limitation of the voltage plateau in the S10 compared to the
S01 is an electrochemical fingerprint of an improved balance between native vacancies and lattice

stability likely leading to the reduction of the voltage decay.
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Figure 2.24. Synchrotron Diffraction patterns and Raman spectra of SO1 and S10 after 100

cycles in comparison with pristine one.

To prove this point, the structural stability was evaluated by post-mortem XRD and Raman
spectroscopy of S10 after 100 galvanostatic cycles at C/10 as shown in figure 2.24. The
diffractogram, in comparison with the pristine one, highlights only a slight loss of crystallinity and
cell volume expansion of the original R-3m lattice without any trace of extra peaks due to the
spinel formation. Regarding the Raman analysis, the spectra of pristine LRLOs consist of two
active modes connected to the R-3m lattice (600 and 485cm™) and six modes to the C2/m structure
(605, 552, 432, 411, 364, 328 cm™)***0, From the Post mortem Raman spectra (figure 2.24b), the
most intense peaks around 600 and 485 cm™ are still visible and intense for S10 samples. On the
other hand, in SO1 sample, it is possible to identify only a broader peak around 620 cm™. It is
possible that we have a spinel structure component in the spectra due to the broaden peak but,
surely, it is not the most important component at least for S10 sample. Furthermore, for both
materials, the peaks associated with the C2/m structure disappear. The spectrum of S10 confirms
that the layered structure is still maintained. The results are in agreement with the post mortem
XRD, the superstructure peaks are not even visible in the patterns and the layered structure is more
defined in S10.
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2.4.3 Evaluation of S10 performance in Li-ion cell

Once established the performance of the over-lithiated LRLO, we investigated its use as positive

electrode in a full Li-ion formulation vs. graphite to prove the performance of a full battery

prototype.
a) b) c)
300 100 350 100
45+
=250 4 . ~—2300
o leo £ o 80
3 40 \ % 200 > L0 g
£ % —Cycle 1 = 5 = \ 60 g‘
=P —Cycle 10 | & 180 5 200 5
s 77 Cycle 100| g 150 5 2 r g
5 Cycle 300 3 470 2 5 150 la0 u}{
S 30 o 100 Charge E 2 )
a £ Discharge % g 100 8
[ o w
o - 60 = {20
50 o o
25 @ 50
' 0 ' r ' 50 0 r ' ' - 0
0 50 100 150 200 250 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Specific Capacity (mAhg™") Cycle Number Cycle Number

Figure 2.25: Cells have been assembled accordingly to the following galvanic chain: (-)
Graphite / EC:DMC 1:1 Vol LiPFe 1mol/L / LRLO (+) and tested in galvanostatic regimes at 1C
(230 mAg™) in the 4.7-2.2 V vs Li range. (a) Voltage profile; (b) Specific capacity vs cycle, (c)

Corresponding specific energy vs cycle.

Battery performance are shown in figure 2.25 whereas the electrochemical characterization of
graphite lithium half cells is reported in figure 2.26. The full lithium-ion battery shows promising
and stable performance upon cycling, reaching a specific discharge capacity of 150 mAhg, based
on the mass of positive material, with a capacity retention of 80.4% after 300 cycles (figure 2.25b).
The voltage profile shows a featureless slope in charge and discharge with irreversibly capacities
losses limited to the first cycle being the coulombic efficiency >99.5% from cycle 2 to 300. A
remarkable constant specific energy is obtained reaching about 200 WhKg™, calculated in respect

to the sum of both electrode masses, with a stable energy efficiency approaching 80%.
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Figure 2.26: First cycle (a) and specific capacity vs cycle number (b) of graphite in half-cell.

The current is 37.2 mAg™ in a voltage range between 0.01-2V.

2.5 EXPLORING THE OVER-LITHIATION AND MN-DOPING

In consideration of the excellent electrochemical properties of Over-Lithiated Al-Doped samples,
we further investigated the Co removal by simultaneously over-lithiation and manganese doping.
In fact, the Al is electrochemically inactive, while the Manganese is active in cells. Therefore,
starting from S01, two new samples were synthetized and the stoichiometries are reported in the
table 2.5.

Table 2.5: Stoichiometries of S11 and S12 samples.

Formula %Li %Mn %Co %Ni
S11 Li1.25sMno.s63Ni0.125C00.0602 62.5 28.2 3 6.25
S12 Li1.25Mno.625Nio.12502 62.5 31.2 0 6.25

Figure 2.27 shows the XRD patterns of the two samples and, as can be noted, we find again the
typical peaks associated with these materials. The reference patterns in the figure allow to index
most of the peaks to LiTMO: and the peaks between 20° and 25° to the LioMnOs phase. There is
no presence of other phases, confirming that the over-lithiation and Mn-doping do not change the

structure.
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The S11 sample is made up of polyhedral shaped particles with a homogeneous size between 150-
200 nm (figure 2.28). Unlike the previous sample, S12 consists of agglomerates of particles, as
can be seen from the 2.28d image at high magnification. The particle shape turns out to be much

more irregular compared to that of S11.

Figure 2.28: Micrographs obtained by Scanning Electron Microscopy of a-c) S11 e b-d) S12.
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The samples were tested in lithium cells by galvanostatic cycling using a potential window of 2-

4.8V.
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Figure 2.29: Specific capacity and potential profiles of S11 and S12.

300

Figure 2.29 shows the specific charge/discharge capacities as a function of the number of cycles

and the potential profiles of the samples. During galvanostatic cycling, the electrochemical

performance of the S11 sample shows high stability, in fact it is able to exchange a capacity of 245

mAhg? during the first cycle and 239 mAhg™ after 100 cycles. When the cobalt is completely

removed from the structure by increasing the manganese content, the electrochemical behavior

change. In fact, S12 shows a trend activated during cycling, starting from a specific capacity of

about 185 mAhg™ in the first cycle reaching a capacity of 231 mAhg* after 100 cycles. At the end

of the experiment, the two samples have comparable performance. The preliminary
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electrochemical characterization shows a very promising performance for sample S12, considering
the low content of Nickel and the removal of cobalt from the metals blend. Therefore, a careful
investigation was carried out to analyze the properties of this material. The electronic structure of
S12 has been investigated by X-ray absorption near edge spectroscopy (XANES) at Ni and Mn K-
edges and X-ray photoemission spectroscopy (XPS), to probe the oxidation state of elements in
the bulk and on the particles surface, respectively. XANES spectra recorded in the S12 material
are shown in figure 2.30. Mn203, MnO- and NiO and LiNiO2 have been used as references and

recorded in the same experimental conditions.
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Figure 2.30: XANES spectra at K-edges of a) Mn and b) Ni obtained for S12 sample.

The S12 sample shows mainly the same electronic structure at both Mn and Ni edges. Pre-edge
peak P (1s — 3d inner atomic transition, dipole forbidden- quadrupole allowed) at the Mn edge
suggests the occurrence of a reduced inversion symmetry of Jahn-Teller distorted MnOg octahedra
in the structure, being the observed doublet due to the crystal-field splitting of Mn 3d states into
tog and eq orbitals. The other spectral features are expected (i.e. S peak associated with 1s
transitions into p-like states of t1, symmetry, and the white-line M) and in line with the literature?.
Quantitative fittings of the pre-edge and edge regions allow to estimate the mean Ni and Mn
oxidations states: Ni +2.09+£0.02 and Mn +3.91+0.02. These values confirm the occurrence of a
minor Jahn-Teller electronic disorder distortion originated by the simultaneous charge transfer
from the Ni?* centers to Mn**, leading to limited concentrations of Ni** and Mn**. The Figure 2.31

shows the XPS core-level spectrum of Ni 2ps/2, Mn 3s and O1s.
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Figure 2.31: XPS a) Ni2pzs, b) Mn3s and c) O1s core-level spectra of S12 sample.

Binding energies are referred to the C1s C-C(C-H) peak set at 284.7eV (internal calibration). The
Ni spectral features display a major asymmetric peak at 855.6eV with a satellite structure at
862eV°1°2, The binding energies and the shape of the Ni 2pas signal are characteristic for Ni**,
NiOOH or Ni(OH)2*®, and accordingly the peak can be fitted at least with two components at
856eV and 854.6eV (blue-dashed curves) which can be ascribed to Ni(IV) and Ni(ll),
respectively®*. Due to the broad shape of the peak and the absence of visible structures, the
presence of Ni(lll) cannot be excluded. Indeed, XPS measurements show slight differences with
XANES, revealing higher Ni oxidation state in the particles surface compared to the bulk.

The Mn2ps2 core-level maximum is observed at 643.0eV, in the energy range characteristic of
Mn** 5% Figure 2.31b shows the Mn3s XPS data superimposed to the best fit. Galakhov et al.%®
demonstrated that the splitting between the main Mn3s peak and its satellite, due to exchange
coupling between the 3s hole and 3d electrons, is highly sensitive to the average Mn oxidation
state (AOS). The larger the splitting the lower is the oxidation state, approximately according to
the equation, AOS = 8.956-1.126 AE, where AE is the splitting energy®’. Our splitting results
4.25eV therefore indicating an oxidation state of 4.

The oxygen O1s shows a broad, intense, and multicomponent intensity in the region around 531eV
(figure 2.31c). The fitting of the O1s line-shape reveals the presence of three components at
529.0eV, 531eV and 533.2eV. The O1s in layered oxides is typically reported at 529.5eV°*. The
observed lower binding energy value could be due to the compresence of an unresolved component
at 528.6 attributable to Li,0°"° suggesting the presence of lithium rich regions, not surprising in

an over-lithiated compound. Peroxide species, occurring at higher BE, are excluded.
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Figure 2.32: a) Cyclic Voltammetry and b) rate capability test of S12.

Further electrochemical tests were performed to complete the characterization, in particular a
cyclic voltammetry, to shed light the electrochemical process, and a rate capabilities test, to check
material behaviour at high current. The results are shown in figure 2.32. CV recorded after
activation (figure 2.32a) clearly shows the simultaneous redox activity of Ni and Mn. In the anodic
scan, the voltammogram exhibits a composite peak around 4.2V vs Li, likely due to the oxidation
of Ni?*/Ni**, Ni**/Ni** and O*/O". Moreover, an electroactive process around 3.2V can be
observed, possibly associated to the redox couple Mn**/Mn®*. Upon cycling, we can observe a
very light increase of all the redox processes, in accordance with the activated trend obtained
during galvanostatic cycling. A rate capability test has been also performed from C/10 to 2C as
shown in figure 2.32b. S12 electrode displays high capacity and excellent rate performance. It
delivers discharge capacities of 205, 188, 160, 140 and 118 mAhg™ at C/10, C/5, C/2, 1C, 2C,
respectively. Moreover, when the current goes back to C/10, S12 can recover all the initial
discharge capacity.

Post-mortem analysis after cycling of S12 has been carried out, including Synchrotron XRD
pattern, Raman spectrum and SEM images. Figure 2.33 shows the XRD and Raman results, in
comparison with the pristine ones. Regarding the XRD, all the peaks shift to smaller 260 angles due
to structural rearrangements occurring upon cycling. Peaks are smaller in intensity and larger in
shape compared to the pristine material pattern: this is a clue of a reduction of the crystallite sizes

induced by the repeated extraction/insertion of lithium ions from/into the host material. The 20
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region between 10°-20° shows that peaks indexed to the monoclinic LizMnOs distortion almost
disappear after cycling. This indicates the loss of the limited Li-Mn cation ordering in the transition

metal layers®® upon cycling.
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Figure 2.33: Post-mortem analysis of S12. a) Synchrotron X-ray Diffraction and b) Raman
Spectroscopy.

Raman spectra were recorded on the cycled electrode, to highlight vibrational fingerprint of local
distortion on the crystallite surface: results are shown in figure 2.33b. The Raman spectra before
cycling presents the typical vibrational modes of LRLOs. The E4 band around 476 cm™ in the
pristine electrode is shifted to 489 cm™, while the Aiq band appears as a shoulder of the intense
peak at around 630 cm™. This last intense feature can originate from vibrations also of a spinel-
like structure. The coexistence of the Aig and E4 bands and the strong band at around 630 cm™ is
a clue of the presence of two different local M-O arrangements in the electrodes after cycling.

Overall, even though some structural rearrangements occur, the material maintains the layered
structure upon cycling being limited the crystallographic alterations. In particular XRD highlights
a loss of monoclinic distortion® and the persistence of the trigonal lattice whereas Raman
spectroscopy suggests the possible formation of local motifs of the spinel structure on the
crystallite surface. This structural resilience matches the excellent electrochemical activity and the
remarkable capacity retention whereas the limited voltage decay suffered upon cycling can be
related to the abovementioned partial structural rearrangements. Finally, postmortem electrode has
been analyzed by FE-SEM and the acquired images reported in figure 2.34, in comparison to the
pristine electrode. As evident from figure, even after almost 200 cycles, the electrode maintains its
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initial morphology and remain undamaged. The polyhedral particles retain their shape, while their

dimensions seem increased.

}

Figure 2.34: FE-SEM images of S12 electrode a-d) before and e-h) after cycling.

2.6 CONCLUSIONS

In this chapter, the synthesis and physical-chemical characterization of doped Lithium-Rich
layered oxides have been discussed. The final goal was to reduce or eliminate cobalt from the
structure, without damaging the electrochemical performance. A Sol-Gel process has been used to
synthetize all the samples, maintaining the same synthetic condition. The introduction of Al as a
dopant into the structure of Liz2Mnos4Nio.13C00.1302, with different amounts, was analyzed in
terms of structure, morphology and electrochemical performance. From a chemical-physical point
of view, the Al-doped samples have the same features, i.e. layered structure and polyhedrical
particles in a range of 200-400 nm. Instead, the electrochemical behavior changes completely
while the Al content grows in the material: in particular the specific capacity drops in parallel with
the Al increase. On the contrary, over-lithiation has proven to be a good strategy. Therefore, a new
set of over-lithiated materials has been prepared and for all we obtained specific capacities beyond
200 mAhg? for 200 cycles. The layered structure was kept for all samples and a complete
electrochemical characterization was performed. The rate capability tests and cyclic voltammetries
show very stable electrode materials at high current and a modification of the main redox process,
respectively. The sample S10 (Li1.2sMno.s4Ni0.13C00.02Al0.0302) has been characterized deeper to
understand better the features of the over-lithiated samples. Rietveld refinement, XAS and XPS
allowed to catch sight of the formation of extended oxygen vacancies and the increase of Jahn-
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Teller distortions. These changes in the composition lead to remarkably improved performance in
lithium half cells, in particular the reduction of the irreversible capacity accumulation,
improvement of the capacity retention, increase of the mean discharge potential and limitation of
the potential hysteresis between charge and discharge. A remarkable improvement in the voltage
decay was observed, originated by the excellent structural stability of S10 upon cycling, as
demonstrated with XRD and Raman post mortem. To investigate the practical use of the electrode
in full battery, we selected graphite as a negative counterpart and tested the Lithium-lon
performance. The resulting high specific capacity and high energy density suggests our over-
lithiated formulation very promising. As a final point, the over-lithiation and Mn-doping have been
used to obtain a cobalt-free electrode material, showed in section 2.5. S12 sample
(Liz.25sMnos25Ni0.12502) can supply excellent electrochemical performance either at low and high
currents and long cycling life stability. The reasons can be found in a good balancing of Ni/Mn/Li
blend in the transition metal sublattice, which stabilizes the lithium extraction/insertion and the
oxygen vacancy formation during the first cycles disclosing excellent performance in prolonged

cycling.
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3 STUDY OF STRUCTURAL EVOLUTION UPON CYCLING

This chapter focuses on the investigation of LRLOs structure upon cycling. The study is mainly
devoted on the changes occurring during the first two cycles by the analysis of XRD patterns and
Raman spectra acquired at different points of the charge and discharge steps. We show the
modification of the lattice parameters and the existence of a second rhombohedral phase after the

first charge. Moreover, we show also the modification on the surface during the charge/discharge.

3.1 INTRODUCTION

The lithium rich materials owe their high capacity to the activation of anodic redox 8, as discussed
in the previous chapters. This process is uncommon in classical layered oxides and suggest that
the large capacity observed arises from the 03~ /0%~ electrochemical reaction®®. In the last
chapter, | discussed the electrochemical behavior of the synthesized samples, finding a smooth
slope below 4.5V, in which the extracted Li* are compensated by the oxidation of transition metals
ions, and then a voltage plateau*®. During the plateau, the lattice oxygen redox is activated to
compensate the extra capacity®°.

The existence of lattice oxygen redox reactions has been confirmed by many authors®1%11 but the
products of that redox are still debated. 07~ species have been identified in many Lithium Rich
materials, but the nature of these species is difficult to reveal due to the complexity of the pristine
materials'>!3, In fact, the nature of the oxidized species depends on the covalence of metal-oxygen
bond, the presence of cationic vacancies near the oxygen, the activation of migrations, the
existence of electron holes on some oxygen, the metal compositions and so on®416, Anyway, the
observation of 0, release during the plateau can be found in many works'®Y-1° and the 0,
evolution is closely connected with the formation of oxygen vacancies in the structure. In this
respect, the accumulation of oxygen vacancies promotes cation mixing, stacking faults,
segregation of new phases and irreversible change in the oxidation state of metals?®-23. Moreover,
it is not understood if vacancies are a bulk or surface phenomenon and if they can migrate from

the surface to the bulk or vice-versa. Therefore, the question is very intricate and, surely,
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interplayed with the deterioration of cycling performance?*2® and the voltage decay upon
cycling®”?8, both hindering LRLO market commercialization?®.

From the structural point of view, the degradation mechanisms is not clarified: one of most popular
mechanism is a structural shift from the layered to the spinel structure®*31. However, other authors
describe the degradation with a formation of densified layers?*3232,

In the previous chapters, we showed that S10 exhibits a mitigated voltage decay upon prolonged
cycling compared to archetypical S01. Through the post mortem X-Ray diffraction analysis,
showed in the section 2.4.2, for SO1 and S10, we highlight that the diffraction patterns still show
the features of a layered materials, but with a lower crystallinity. While the analysis of the local
structure of the same post-mortem samples with Raman Spectroscopy (see section 2.4.2), showed
formation of spinel-like structure, on the surface overall, less extended in the sample S10 compared
to SO1.

Here, in order to evaluate the structural evolution of S10, ex situ Synchrotron Powder Diffraction
experiments have been performed collecting the diffraction patterns of S10 electrodes at different
state of charge/discharge. Specifically, in addition to the uncycled pristine materials, three series
of electrodes were analyzed:

1. Charged at 4.2V and 4.8V (collected during 1st and 2nd cycles).
2. Discharged at 3.5V and 2V (collected during 1st and 2nd cycles).
3. After 10 cycles in the discharged state.

The same experiments have been carried out on the undoped material Li1.2Nio.13C00.13Mno 5402
(S01), as a benchmark.

3.2 MATERIALS AND METHODS

Both materials, with/without doping, have been prepared following the synthetic route already
discussed in section 2.2. Electrodes have been prepared as composite pellets, assembled into coin-
cells and, by galvanostatic cycling, charged and discharged vs. lithium foils using standard
electrolytes (LP30). The details of all preparations (electrode discs, coin cell and so on) have been

reported in the chapter 2.
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At the end of galvanostatic cycling, all coin cells have been de-assembled into Ar-filled glove box
and the electrodes recovered, washed in anhydrous dimethyl carbonate (DMC) and tetrahydrofuran
(THF) several times. The electrode discs were dried overnight in vacuum, the powder was
scratched from the aluminum support and sealed in borosilicate capillary tubes, see figure 3.1. The
sealed capillaries are necessary to prevent any contact with ambient atmosphere and to avoid the
material degradation. Twenty (20) capillaries have been analyzed and, in particular, 2 pristine
samples, 8 for first series, 8 for second series and 2 for third series. Synchrotron diffraction patterns
have been collected at Elettra MCX beamline3* using an energy of 10 KeV (corresponding
wavelength of 1.2 A) and a 20 resolution of 0.02°.

The time/step ratio has been 5.4 s for pristine materials and 1.8 s for the other samples, therefore
the duration of experiments was 8.3 hours for pristine materials and 2.3 hours for the others.

All diffractograms were analyzed by GSAS-11*® in order to identify the evolution of materials

structure upon charge/discharge by Rietveld profile fittings.

- ﬂ\ —

Figure 3.1: Example of sealed capillary used for ex situ Analysis.

Ex situ Raman experiments on the same samples series have been recorded using a Dilor

microRaman spectrophotometer equipped with HeNe laser and a CCD detector.

3.3 EXSITURAMAN EXPERIMENT

Figure 3.2 shows the ex situ Raman spectra for both pristine samples and for the powders in the

discharge points, i.e. at the end of first and second cycles and after ten cycles.
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The pristine materials spectra (black lines in figure 3.2) are consistent with previously reported
spectra for LR-NMC and both characteristics vibrational modes of LiMO. and Li2MnQO3
components have been identified. As reported in literature®*-*°, LiMO2 component with R-3m
symmetry has two Raman-active modes, Aig and Eg4 that can be assigned to the M-O stretching
and the O-M-O bending modes. Differently, Li.MnOs component with C2/m symmetry has six
Raman-active modes, 4Ag and 2Bg. The most intense peaks around 600 and 480 cm™ belong to
R-3m symmetry, (see the blue dash lines in figure 3.2). Whereas all, the other peaks belong to the
Li-MnO3 component (see the red dash lines). The accurate position of all peaks is reported in the
table 3.1.

a) Liy 25Mng 54Nig 43Al5 03C0 6,0,

b) Li; ;Mng 54Nij 13C04 130,
T T
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| 11 | | —1ucyc|e | I | 1°Cycle
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R —10° cycle — 10° cycle
|
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Intensity / a.u.

200 300 400 500 600 700 800 900
Raman shift / cm™’

200 300 400 500 600 700 800 900
Raman shift / cm™

Figure 3.2: ex situ Raman spectra of a) S10 and b) S01

The ex situ Raman spectra of S10 are shown in the figure 3.2a. Peak positions are unaltered up to
the end of the second cycle whereas they enlarge. After ten galvanostatic cycling, the peaks
associated with the monoclinic phase tend to disappear (red dotted lines), and the most intense
peak at 603 cm™ is split. The peak broadening indicates a more disordered structure, while the
peak splitting indicates the emergence of a new phase with a different local structure. Figure 3.2b
shows the ex situ Raman spectra of SO1. After two charge-discharge cycles, the main peaks shifted
toward higher Raman shift and it is not possible to distinguish the Li-MnOz component peaks. The
green spectrum, after ten galvanostatic cycles, shows a very disordered local structure, in fact the

peak around 600 cm™ is very broad with weak intensity.
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Table 3.1: Raman peaks position.

S10 So1 Phase
Peak position (cm™)  Peak position (cm™)
603 592 R-3m
485 471 R-3m
432 421 C2/m
411 406 C2/m
364 362 C2/m
328 316 C2/m

In both samples, the Raman analysis suggests a change in the local structure during the charge-

discharge cycling. The disorder increases as confirmed by the peaks broadening, with different

extent in the two samples, and a new phase is forming upon cycling at least on the surface of the

materials.
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3.4 EXSITUDIFFRACTION EXPERIMENT OF SAMPLE
L12.2MNo:54N10.13C00.1302 (S01)

Figure 3.3 shows the galvanostatic cycling for the first two cycles, in particular the first cycle is
the “olive line”, the second cycle is the “orange line” and , finally, the green circles indicate the
points where the cells have been stopped and the material has been recovered for the analysis. Ex
situ patterns for the first and second cycle are shown in figure 3.4 and 3.5, respectively. The
diffractograms have been collected at two points during the charge step, 4.2 and 4.8V (point A, B,
E and F), and at two point during the subsequent discharge, in particular at 3.5 and 2V (point C,
D, G and H).
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Figure 3.3: First and second charge/discharge curve of SO1 and the associated state of charge

points studied.

Generally speaking in both cycles, peaks shift to lower angles upon oxidation and to higher angles
during the discharge step. Focusing on the fully discharged state (2V), the diffraction peaks do not
move back to the original positions, suggesting permanent changes in the crystal structure.
Moreover, diffractograms reveal a fast broadening of the peaks upon lithium de-intercalation (see
the peak around 14.5° and the peak around 34.4, respectively (003) and (104) indexed with R-3m
space group). At the end of the plateau (fully charged state), new peaks can be observed. Structural
changes in the second cycle are similar but less intense compared to the first. It is worth noting
that the peaks between 15.5° and 21° disappear after the first full charge and they are no longer

visible in the subsequent steps.
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Rietveld refinement of the pristine material, using a R-3m symmetry, indicates that it is a typical

well layered phase and the cell parameter are 2.854 and 14.239 A, respectively for a and c.
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Figure 3.6: Evolution of lattice parameter of S01 during charge-discharge cycling.

Figure 3.6 shows the modification of cell parameter during the first two cycles with the

corresponding points in the voltage profiles. The lattice parameters are reported as a function of

lithium equivalents, so the blue circle to the left of figure 3.6, corresponding to x=1.2, represents

the pristine material. It is possible to follow the modifications during the charge and discharge

steps when lithium ions are de-intercalated and re-intercalated into the structure. All lattice refined

parameters are reported in table 3.2.

Table 3.2: Refined Lattice Parameters of SO1.

Phase 1 Phase 2
Point aParameter cParameter aParameter c Parameter
Pristine 2.854 14.239
Charged at 4.2V A 2.838 14.327 - -
3 Charged at 4.8V B 2.835 14.367 2.837 14.119
? Discharged at 3.5V C 2.858 14.362 2.857 14.321
h Discharged at 2V D 2.873 14.341 2.873 14.304
Charged at 4.2V E 2.856 14.397 2.852 14.337
Charged at 4.8V F 2.857 14.434 2.856 14.342
Discharged at 3.5V G 2.861 14.336 2.858 14.289
Discharged at 2V H 2.881 14.357 2.873 14.346
After 10 cycles 2.875 14.416 2.869 14.387
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At the point A (4.2V) in figure 3.3, the a lattice parameter decreases and the c lattice parameter
increases, this trend can be explained with the oxidation of Ni?* and Co*" to Ni** and Co** and Li*
removal from the structure. Indeed, the a parameter is highly correlated to the average oxidation
state of the metals, while, the ¢ parameter reflects the increasing electrostatic repulsions between
the oxygen layers due to the Li ions removal.

At full charged state (point B), the assumption of a single R-3m phase leads to poor convergence:
the experimental pattern appears broaden and new diffraction lines are clearly visible.
Improvements in the Rietveld refinement convergence can be obtained by assuming the co-
presence of two R-3m coexisting in the charged state. The cell parameters of the new R-3m phase
is reported as red dots in figure 3.6. As evident from the figure, the a parameter is pretty much the
same for both layered phases, indicating a similar mean oxidation states of the transition metal
ions in the two phases. On the other hand, the ¢ parameters of the two phases are strongly different:
the phase 1 in the figure has a ¢ parameter very close to the parameter in the point B, but the phase
2 has a smaller c parameter.

The formation of a new phase with reduced ¢ parameters opens tricky questions. Koga et al®2
justify its formation with a densification process via transition metals migration from the surface
to the bulk of the particles. The same authors also suggest that the oxygen vacancies created during
the plateau induce stacking faults causing layer gliding and the ordering of a second layered phase.
After charge, we analyzed two other samples in the discharge step, respectively at 3.5V (Point C)
and 2V (Point D; fully discharged state). The a parameters seem to increase monotonically during
the discharge: the average oxidation state of metals varies over the entire discharge step due to the
reduction of Ni** and Co*, to give Ni?* and Co®*. At the end of discharge, a parameters are higher
compared to the initial values, indicating irreversible oxidations in the TM blend. Instead, the ¢
parameter of phase 1 is unchanged at point C, while it increases for the phase 2 in the fully lithiated
state (point D). However, the ¢ parameters of the two phases are very close in value. Anyway, both
a and c parameters are greater than the pristine values due to the irreversible changes occurred in
the first cycle.

The first charge-discharge cycle is very different to the second cycle, for example the voltage
plateau around 4.5V disappears during the second cycle. In order to evaluate the modification

occurring after the first cycle in the electrochemical process of this type of materials, we did a full
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Rietveld analysis also for the second cycle (see points E, F, G and H in figure 3.3). The results are
shown in the second part of figure 3.6. Although the trends of the lattice parameters are similar to
those for the initial cycle, the capacity, exchanged at high voltage, is smaller in line with the
absence of the voltage plateau. Nevertheless, the limited differences in the cell parameters between
the two phases suggest a permanent phase segregation. The a parameter of phase 2 is slightly
smaller than a of phase 1, probably because the phase 2 has less Li* ions in the metals layers. This

difference has an impact also on the evolution of ¢ parameters during the lithiation and de-lithiation

steps.
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Figure 3.7: ex situ diffraction patter of SO1 after ten charge/discharge cycles. Pristine material is

added as a comparison.

X-ray diffraction pattern of the material following 10 electrochemical cycles are shown in Figure
3.7. The collected diffractograms have been refined with two R-3m cells and both layered phases
show an expanded lattice in c direction. Surprisingly the a parameters are smaller than the full
discharged material after two cycles. All profile fits for Rietveld refinement of Synchrotron X-Ray

Diffraction are showed in figures 3.8 and 3.9.
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3.5 EXSITUDIFFRACTION EXPERIMENT OF SAMPLE
L11.28MN0.54N10.13C00.02AL0.0302 (S10)

The ex situ diffraction experiment has been repeated for S10 in the same conditions of previous
material, therefore we have two points during the charge, 4.2 and 4.8V, and two points during the
discharge, 3.5 and 2V for the first two cycles and the full discharged samples after ten cycles.
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Figure 3.10: First and second charge/discharge curve of S10 and the associated state of charge
points studied.

Figure 3.10 shows the galvanostatic two cycling, reporting the voltage of the cell vs the time. The
green circles indicate the points in which the cell has been stopped to recover the material. The
points A, B, E and F represent different charge states for the first and second cycles, while the
remaining points, C, D, G and H, indicate the discharge states.

The collected pattern are showed in figures 3.11 and 3.12, respectively for the first and second
cycle. It is interesting to note that the peaks, connected with monoclinic phase in the range between
15.5° and 21°, don’t disappear during the first charge, and they are still clearly visible until the end
of the second cycle. This phenomenon reveals that a partial ordering between Li ions and metals
ions is preserved during the cycling. Generally speaking, the different patterns show modifications
of the peaks position during charge-discharge steps and, at the end of the first charge, the
appearance of a new phase. Looking at the first discharge and the second cycle, the patterns suggest

that these two phases modify in parallel upon lithium extraction and insertion.

83



Point D .
Point D Point D

J\ ——PaintC L\w—u-wﬁ—.f__m“‘i ——PointC
I WMW T ——Point 8
JL — PointA L\‘——\_____‘m —— Point A ——Point A
J\ .
J \ —— Pristine w —A—h/ﬂ

13 14 15 16 16 17 18 19 20 21 22 23 24 25 27 28 29 30 31

Point D Point D

Paint D
NN A )
j\ ———Point C Paint C b S\ n PO C .|

J\ Font® rene M

N — PointA |\ PointA /\_A A A —— Point A
pram | |_n—rpsne AN | _/\'\_LAJ\w
~
33 34 35 36 37 38 39 44 45 46 47 48 49 50 51 52 53 54 56 58 60 62 64 66 68 70
Degree Degree Degree

Figure 3.11: Collected Diffraction Pattern of first galvanostatic cycling at different points.
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As in the previous section, the 260 positions at the end of the first cycle, and also at the end of the
second cycle, are not the same as the pristine material. Therefore, the sample undergoes
irreversible structural changes during the charge-discharge cycling. Looking at the main
reflections, the peak around 14.5° (003 reflection) shifts toward lower 20 values at the point B and
its width begins to broaden. When the charge potential reaches 4.8V (point C), a new phase is
present and then, gradually, the (003) peak goes back to higher 26 values during the discharge
(points D and E in the galvanostatic cycling). For the (104) peak around 34.4°, it can be found that,
with the charging potential increasing, the peak moves to higher degree and to the opposite
direction during the discharge, again with a fast broadening of the width.

Rietveld refinement of the pristine material with R-3m symmetry leads to lattice parameters 2.855
and 14.248 A, respectively for a and c. The cell charged up to 4.2V (point B) shows the presence
of a second layered phase with R-3m already at this point. This second phase could be related to
the oxygen vacancies in the pristine material (see section 2.4.1), which could trigger ions

migrations or other process. Therefore, a second phase is added throughout the analysis.
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Figure 3.13: Evolution of lattice parameter during charge-discharge cycling.

The evolution of lattice parameters during the experiment is shown in figure 3.13, while the

calculated lattice parameters are shown in table 3.3.
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Table 3.3 Refined Lattice Parameters of S10.
Phase 1 Phase 2

a Parameter c Parameter a Parameter c Parameter

Pristine 2.855 14.248

Charged at 4.2V 2.847 14.306 2.842 14.264

=  Charged at 4.8V 2.840 14.343 2.842 14.118
? Discharged at 3.5V 2.859 14.272 2.853 14.245
h Discharged at 2V 2.862 14.268 2.854 14.247
Charged at 4.2V 2.857 14.285 2.850 14.256

<  Charged at 4.8V 2.859 14.318 2.855 14.235
? Discharged at 3.5V 2.859 14.261 2.852 14.240
A Discharged at 2V 2.867 14.298 2.857 14.272
After 10 cycles 2.895 14.431 2.880 14.367

The a parameter for both phases decreases during the charge process, according to the oxidation
of Ni%* and Co®* to Ni* and Co*" and the changes in their ionic radii. The ¢ parameter reduces its
value and, at 4.8 V, in the case of phase 2 it shrinks down to 14.1 A. The sample collected during
the discharge, points C and D, shows a reverse trend, i.e. increase of a and decrease of ¢ parameters,
due to the reduction of the metals and reinsertion of lithium ions. In fact, the metals increases their
ionic radii, expanding the a-b plane, and the intercalation of lithium reduces the repulsion between
oxygen layers, compressing the unit cell in ¢ direction. Regarding the second cycle, the lattice
parameters show the same behavior, despite the smaller exchanged capacity. Refined phase

fractions exhibit that the two phases interconvert into each other during the cycling.
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Figure 3.14: ex situ diffraction patter of S10 after ten charge/discharge cycles. Pristine material

is added as a comparison.

Besides the analysis in the firsts two cycles, the S10 electrodes have been collected also after 10
cycles and recovered for the diffraction analysis. The results are shown in figure 3.14, the pristine
pattern was added as a comparison. Again the material has been analyzed by Rietveld Refinement,
using two R-3m unit cell. Both unit cells are bigger than last ones in both directions.

The figures 3.15 and 3.16 shows a summary of obtained profile fits for S10.
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Figure 3.15: Rietveld Refinement of S10. a)Pristine sample, b)charged to 4.2V 1°cycle, c)

charged to 4.8V 1°cycle, d)discharged to 3.5V 1°cycle, e) discharged to 2V 1°cycle.
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3.6 CONCLUSION

Raman and XRD ex situ analysis allow us to monitor the structural evolution of cathode materials
during galvanostatic  cycling. In  particular, the modifications occurring in
Li1.28Ni0.13C00.02Mno54Al0.0302 (S10) and Li128Nio.13C00.13Mnos402 (S01) samples have been
investigated.

In general, the main modifications occur in the first electrochemical cycle and in particular during
the first charge. The first charge can be divided in two distinct regions, an initial step before the
plateau (<4.5V) and a plateau around 4.5-4.6V. In the charge of the sample S10 up to 4.2V, the
diffractograms show very broad peaks with two possible isostructural phases; thus, the refinement
has been done assuming two R-3m lattices. This behavior is in contrast with the refinement of SO1
in the same state of charge where we observe a single phase. A possible explanation is the presence
of native oxygen vacancies in S10 sample, which could promote ion migration processes leading
to the segregation of a new phase. The sample SO1 exhibits significant changes in the structure
only in the fully charged state (4.8V). These changes possibly involve oxygen ionic sublattice by
direct oxidation or O loss. Generally speaking, up to 4.2V, the lithium ions are extracted from the
structure while Ni and Co are oxidized, thus leading to shifts in the cell parameters in both samples.
As noted above, both SO1 and S10 at 4.8V show two distinct phases. The segregation phase takes
place in the first charge and it is irreversible: the new phase remains in the subsequent cycles for
both samples and, from this point, the two phases interconvert while the lithium ions are extracted
or inserted into the structure.

It is worth to note a difference between two samples. The superlattice peaks disappear and never
reappear for SO1. However, they are still visible at the end of the second cycle for S10, suggesting
that the ordering in transition metals layers is disrupted by the de-lithiation for S01 but not for S10.
During the discharge process, the materials incorporate lithium ions and the lattice parameters
move back close to the original values. The values of lattice parameters reported in table 3.2 and
3.3 indicate that the recovering of the original structure is better in S10 compared to SO1. This
trend is even more evident at the end of the second cycle. These results are consistent with the ex
situ Raman spectroscopy analysis. At the end of second cycle, the S10 spectrum broadens but the
position of main peaks is the same. In contrast, the SO1 spectrum appears very broaden and with
shifts in main peaks. Therefore, the local structure of SO1 is much more altered upon cycling
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compared to S10. As in the ex situ XRD patterns, the Raman spectra confirm also that the peaks
associated with the monoclinic structure are still visible for the S10 but not for S01.

After ten cycles, the local structure of both materials appears more disordered with shifted peaks
possibly in the range of spinel structure.
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4 STRUCTURAL INVESTIGATION OF OVER-LITHIATED LI-RICH
LAYERED OXIDES

The chapter is devoted to the understanding of the pristine structure of over-lithiated Li-Rich
materials, mainly with the use of supercells and with the introduction of stacking faults. We
demonstrate the successfully use of the R_C_3b supercell to fit XRD and ND patters. The lattice
parameter b of R_C_3b is three times larger compared to the monoclinic unit cell. Moreover, we
describe and quantify the stacking defect within the material.

4.1 INTRODUCTION

The crystal structure of LRLO is an open playground of debate!?. There are two main hypotheses:
a) a two phase nano-domain®* and b) a single phase solid solution®®.

Under the “nano-domain” hypotheses, LRLOs are composed by two coexisting phases, namely, a
trigonal LiTMO: phase (space group R-3m), and a monoclinic Li-MnO3z phase (space group
C2/m). A visualization of both structure is shown in figure 4.1.
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Figure 4.1: Representation of a) R-3m and b) C2/m unit cell. c) Superlattice ordering in the TM
layer of LiMnO:s.

LiTMO: belongs to the trigonal crystal class with R-3m (166) space group symmetry, in which the
structure can be visualized as alternating O-Li-O and O-TM-O layers®’. This kind of structure is
well-known because the stoichiometric layered materials, such as LiCoO2, crystalize in these
prototypal lattices 8. A NMC materials can be derived by substituting Co with Mn and/or Ni,

resulting in TM layers with randomly distributed metals®*. Instead, LiMnQjs structure belongs to
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the monoclinic crystal class with C2/m (12) space group symmetry*?-*5. Actually, the C2/m unit
cell is similar to that of rhombohedral because both are made up of alternating O-Li-O and O-TM-
O layers, stacked along the ¢ direction. However, the excess of Li resides in the TM-layer and
occupies one-third of the TM sites. Indeed the formula of LiMnOs refers to a crystal structure that
can be represented as Li[Li1sMn23]Oz, this partial occupancy form LiMnes honeycomb motifs, in
which each Li is surrounded by six Mn*®". The honeycomb ordering reduces the symmetry from
R-3m to C2/m: a pictorial representation is shown in figure 4.1c. To take into account the two
different phases, the general formula of Lithium-Rich materials can be expressed as xLi2MnOz+(1-
x)LiNixCoyMn,0,*. Under the solid solution hypothesis, the crystal structure is a randomic solid
solution with formula Lii+x[NiCoMn]1xO2, with C2/m local symmetries broken to the R-3m
trigonal ones after few unit cells within the same crystallite. In fact, the monoclinic and
rhombohedral unit cells are very similar and a unique structure is not established'®2°. Furthermore,
other parameters, such as synthesis methods, annealing temperature, stoichiometry, lithium excess,
have an impact on the final structure of the material?*?*, The complexity of these structures is
increased by the large number of defects?®2, in particular stacking faults easily occurs when the
oxygen periodicity is broken along the c direction (i.e. the stacking direction).

Therefore, Rietveld refinements of X-Ray diffractograms are very challenging. In fact, the use of
a R-3m unit cell allows to fit all the pattern peaks, except for the superlattice peaks located between
20-30° (with Cu Ko wavelength), while the use of C2/m cell is able to fit all the pattern but the
results are not completely satisfactory due to the differences in intensity between the calculated
and experimental patterns, especially in the superstructure peaks. A different approach is to use a
monoclinic structure incorporating stacking faults, to mimic the anisotropic broadening of some
specific Bragg reflections in the XRD patterns, in particular, superstructure reflections?>2,

In this section the structure of over-lithiated Li-Rich layered oxides has been investigated,
exploring the possibility that the unit cell has a certain periodicity along one or more lattice
directions. For this purpose, the material formulation presented in chapter 2,
Li1.28Mno54Ni0.13C00.02Al0.0302 (S10), has been analyzed by synchrotron X-Ray diffraction and
Neutron diffraction. The collected patterns have been refined by the classical unit cell,
rhombohedral and monoclinic to further investigate the degree of stacking faults. After that,

several supercells have been used to refine the synchrotron and neutron pattern. Finally, the best
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supercell has been employed for Li12Mnos4Nio.13C00.1302 (S01) and Li1.25Mnoe25Nio.12502 (S12)

to check the extent of traceability of this structural hypothesis.

4.2 MATERIALS AND METHODS

S01, S10 and S12 have been prepared as reported in chapter 2. X-Ray Diffraction patterns have
been acquired at the MCX beamline?” in the ELETTRA synchrotron radiation source, using a
wavelength of 1.2 A (10 KeV) in the 20 range = 5°- 90° with a step size of 0.01°.

Neutron powder diffraction data have been collected on the time-of-flight instrument Polaris at the
ISIS neutron and muon source?® and the samples have been loaded into open, cylindrical 6mm
vanadium can. Refinements of Synchrotron X-Ray and Neutron patterns have been performed with
GSAS-11?° and FAULTS®C. Synchrotron diffractogram of S10 has been analyzed with several unit
cells created with PowderCell Software®. Starting from a classical Rhombohedral unit cell, we
have been downgraded the symmetry to the primitive monoclinic unit cell. After that, the possible
larger unit cell built as supercells along one or more lattice directions have been explored, without
symmetry degradation. An overview of all unit cells explored are reported in table 4.1 and in figure
4.2. It worth to note that the last column of table 4.1 illustrates the applied transformation to make

the supercells.
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Table 4.1: Summary of unit cells created with PowderCell Software.

Name Structural Lattice Parameter Transformation
Model a b c p
R Rhombohedral 2.8524 2.8524 14.24 90
2 1 2
a=gzag +§bR ~3CR
R_C Monoclinic 9.6352 2.8524 5.0243 151.02 b = by
1
€ =30k +§bR +§cR

a=3agc

R_C_3a Monoclinic 28.9055 2.8524 5.0243 151.02 b =bg ¢
C=Cpe

a=agc

R _C 3b Monoclinic 9.6352 8.5572 5.0243 151.02 b =3bg ¢
C=Cpe

a=agc

R_C 3c Monoclinic 9.6352 2.8524 15.073 151.02 b =bg ¢
c=3cg¢

a=3agc

R_C 3a 3b Monoclinic 28.9055 8.5572 5.0243 151.02 b =3bg ¢
C=Cp¢

a=3ag¢

R_C_3a_b_atc Monoclinic 28.9055 2.8524 57775 24.916 b= bg ¢

Cc = aR_C + CR_C
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Figure 4.2: The initial rhombohedral unit cell is reported on the left, while, on the right, you can

see the monoclinic one (black line) and some supercell and how it is related to the supercells.

The stacking fault simulations of Li.TMO3z monoclinic prototype and the refinement of X-ray data
have been performed with DIFFaX32 and FAULTS softwares. XRD patterns were simulated over
10 — 80° (20) with a step size of 0.02° and a wavelength of 1.2 A. For the use of DIFFaX and
FAULTS, the conventional monoclinic unit cell was transformed into the triclinic system with P1
space group. The crystals can be seen in terms of atomic sheets (layers), which can be
interconnected via stacking operations occurring with a certain probability. Therefore, stacking
defects can be described as different layer types and/or transition vectors. Abraham et al.*® found
that the stacking faults in LRLOs can be properly describe with the help of 3 different stacking

vectors.
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Table 4.2 Details of the structure model used for DIFFaX and FAULTS.

Unit cell parameters

a,b(A) c(A) v (®)
4.9265 4.7416 60.036
Layer compositions
Layer Atom x/a y/b zlc Occupancy

Li 0 0 0 1

L1 Li 1/3 1/3 0 1

Li 2/3 2/3 0 1

Li 0 0 0 0.84
™ 0 0 0 0.16

™ 1/3 1/3 0 1

™ 2/3 2/3 0 1

O 0.34 0 0.225 1

L2=L3=L4

O 0.65 0 -0.225 1

O 0 0.34 -0.225 1

O 0.34 0.35 -0.225 1

o 0.65 0.34 0.225 1

O 0 0.65 0.225 1

Stacking Vectors

Transition x/a x/b x/c
L1—-L2 1/3 -1/3 1/2
L1—-L3 2/3 0 1/2
L1—-L4 0 -2/13 1/2
L2—L1 1/3 -1/3 1/2
L3—L1 1/3 -1/3 1/2
L4—1L1 1/3 -1/3 1/2
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According to the stacking description reported by Serrano et al**, 2 different layers were built: 1)
Li layer (L1) and 2) Li-TM-O layer (L2). With the use of the 3 different stacking vectors, 2 extra
Li-Mn-O layers (L3 and L4) were obtained. Table 4.2 summarizes all the operations applied to the
structure model. While, in table 4.3, the probability of layers occurrence and the corresponding

stacking degree are given.

Table 4.3: Translation vectors with their probabilities and the corresponding stacking fault

probabilities.
Translation Vectors Stacking Fault
probability (%)
(1/3 -1/3 1/2) (23 0 1/2) 0 -2/31/2)

1 0 0 0
0.9333 0.033 0.033 10
2 0.866 0.067 0.067 20
5 0.8 0.1 0.1 30
3 0.733 0.133 0.133 40
g 0.667 0.167 0.167 50
k 06 02 02 60
é 0.533 0.233 0.233 70
0.467 0.267 0.267 80
0.4 0.3 0.3 90
0.333 0.333 0.333 100

4.3 FAILURE OF CONVENTIONAL STRUCTURAL MODEL

The diffractogram of S10 is shown in figure 4.3 with the reference patterns PDF 01-085-6632
(Li2MnOs) and PDF 04-013-4592 (LiMO.). Most of the peaks can be indexed based on the R-3m
structure except for the peaks between 15° and 26°, which can only be indexed based on the
monoclinic C2/m structure>3>3, Therefore, the X-ray diffraction pattern exhibits the features of
two different structural models. The HR-TEM analysis confirms the monoclinic local crystal
structures of the sample (see figures 4.4): indeed, the electron diffraction patterns reconstructed by
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FFTs are indexed by the C2/m structure. Therefore, both the analysis, XRD and TEM, shows a

very complex structural identity of this material.
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Figure 4.3: Synchrotron Collected Pattern of S10. PDF cards 01-013-4592 (LiTMO2) and 01-
085-6632 (Li2MnO3) are used as references.

Figure 4.4 a) HR-TEM image and b) corresponding FFT. The reconstructed FFT is indexed with
C2/m structure.

In order to understand how the Rietveld refinement changes, synchrotron XRD pattern of S10 has
been fitted by the use of both R-3m and C2/m unit cells. The analysis has been performed with
GSAS-II and figure 4.5 shows the results obtained with the rhombohedral and monoclinic

structure. The wR is a parameter that measures the agreement between the crystallographic model
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and the experimental X-Ray diffraction data. The wR values are 6.9% and 9.3%, respectively for
R-3m and C2/m.
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Figure 4.5: Comparison of Rietveld refinement results using a) R-3m and b) C2/m phase.

The first structure exhibits a slight better wR value, although it is not able to fit the superstructure
peaks between 15° and 26° (see figure 4.5a). On the other hand, the C2/m structure fits all peaks
present in the pattern, but the calculated intensities and shapes of the superstructure peaks are
completely wrong (figure 4.5b). Details of refined structural parameters are reported in table 4.4.
This analysis suggests that both these conventional structures are not appropriate but the

diffractogram shows the characteristics of two unit cells.
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Table 4.4: Rietveld refined parameters for R-3m and C2/m unit cell.

Space group C 2/m (WR=9.3%) R-3m (WR=6.9%0)
Lattice parameters a=4.948 b=8.563 c=5.031 a=b=2.855 c=14.248
a=y=90° 3=109.29° a=3=90° y=120°
Atomic position and occupancies (Wycoff position; OF=occupancy fraction)
(2¢) (00%) (3b) (00%)
OF(Li)=1 OF=1
Lithium ion layer
(4h) (00.661 %)
OF(Li)=1
(2b) (0%20) (32) (000)

OF(Li)=0.84 OF(TM)=0.16  OF(Li)=0.28 OF(TM)=0.72

Metal ions blend layer
(49) (00.1670)

OF(TM)=1
(4i) (0.27200.247) (6¢) (000.738)
_ OF(0)=1 OF=1
Oxygen ions layers i
(8j) (0.2300.3440.219)
OF(0)=1

In order to improve the structural models, anti-site defects and Li-TM site mixing in TM layers
were added in the Rhombohedral and monoclinic unit cells, respectively. The introduction of anti-
site defects around 1% allows to improve slightly the wR parameter (see section 2.4.1). Moving
to the Li-TM site mixing in the monoclinic cell, the results are shown in figure 4.6. The calculated
pattern for the intense peaks is almost the same after the introduction of defects, but an evident
improvement is visible in the superstructure region. The wR drops from 9.3% to 4.7%, indicating
a better representation of the structure, and the new refined parameters are reported in table 4.5.
According to the different multiplicity of the sites and using constrains for the total occupancies,
a migration of lithium ions from 2b site to 4g site is obtained with a reverse movement of TM
metals. As a consequence, the superstructure peaks decrease in intensity and the convergence

improves.
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Figure 4.6: Changes in the Rietveld refinement using C2/m phase after the introduction of Li-

TM site mixing in TM layers.

Table 4.5: Rietveld refined parameters for C2/m unit cell with Li-TM site mixing.

Space group

C 2/m (WR=4.7%)

Lattice parameters

a=4.948 b=8.563 ¢=5.031
a=y=90° $=109.29°

Atomic position and occupancies (Wycoff position; OF=occupancy fraction)

Lithium ion layer

(2¢) (00%)
OF(Li)=1

(4h) (0 0.661 %)
OF(Li)=1

Metal ions blend layer

(2b) (0%0)
OF(Li)=0.51 OF(TM)=0.49

(49) (00.1670)
OF(Li)=0.17 OF(TM)=083

Oxygen ions layers

(4i) (0.24200.212)
OF(0)=1

(8j) (0.229 0.335 0.223)
OF(0)=1
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Nevertheless, the representation of superstructure region is still poor. To better describe its
structural features, we tested two different approaches: supercells structural model and stacking

faults. The experimental details are reported in the following sections.

4.4 APPLICATION OF SUPERCELLS STRUCTURAL MODELS

The last section highlights the complexity of LRLO structures. In order to improve the Rietveld
analysis, we tested superlattices with C2/m symmetry to fit the XRD patterns. The highly
symmetric rhombohedral unit cell, used in section 4.3, has been used as a starting point and its
symmetry has been broken to the primitive C2/m cell by using the PowderCell software. The new
unit cell has a monoclinic symmetry and, starting from this primitive cell, we identified 5
supercells with the same symmetry (see table 4.1). The possibility of a larger lattice parameter is
not meaningless, keeping in mind that the transition-metal layer can assume various atomic
arrangements of Mn, Li, Co, Al and Ni and that this possible atomic arrangement could have a

partial ordering.

4.4.1 Synchrotron Diffraction

All the supercells have been used as starting points to refine the synchrotron collected pattern of
S10: fit results are shown in figure 4.7. Some of those supercells show peaks in the region between
15° and 26°, thanks to the reduced symmetry whereas the pristine C2/m and R-3m cells failed.
Certainly, we obtained the best results with the supercells that are able to fit the superstructure
peaks as shown in the summary of refined lattice parameter and wR values in table 4.6. The details
of atomic positions for all cells are reported in table 4.7.

In particular, the R_C_3b structural model exhibits the best wR value, the lattice parameter b is
three times larger compared to the monoclinic unit cell and this allows to mimic better the

superstructure along the TM layers.
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Table 4.6: Refined Lattice parameters and wR values.

Lattice Parameter

Name WR (%)
a b c B
R 2.855 2.855 14.248 90 6.9
R_C 9.645 2.857 5.024 151 5
R_C 3a 28.934 2.857 5.024 151.02 5.05
R C 3b 9.636 8.564 5.032 151.02 4.22
R C 3c 9.645 2.856 15.069 151.01 4.86
R_C_3a_3b 28.935 8.57 5.024 151.01 4.72
R_C 3a b atc  28.936 2.856 5.788  24.876 5.06
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Table 4.7: Refined atomic positions.

R C R _C 3a R C 3b R C 3c R C 3a 3b R C 3a b ac
Atomic position and occupancies (Wycoff position; OF=occupancy fraction)
(2d) (0% %) (2d) (0% %) (2d) (0% %) (2d) (0% %) (2d) (0% %) (2c) (00%)
OF(Li)=1 OF(Li)=1 OF(Li)=1 OF(Li)=1 OF(Li)=1 OF(Li)=1
(4i) (0.8330 0.5) (4h) (00.825 0.5) (4i) (050 0.845) (4h) (00.823 %) (4i) (0.6670 0.5)
OF(Li)=1 OF(Li)=1 OF(Li)=1 OF(Li)=1 OF(Li)=1
Lithium ion layer
(4i) (0.166 0 0.479)
OF(Li)=1
(8j) (0.8330.328 0.49)
OF(Li)=1
(22)(000) (22) (000) (22) (000) (22) (000) (2a) (000) (2a) (000)
OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28
OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72
(4i) (0.666 0 -0.006 ) (49) (00.6690) (4i) (0.004 00.668) (49) (00.660) (4i) (0.67 0-0.003)
OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28 OF(Li)=0.28
OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72 OF(TM)=0.72
Metal ions blend layer (4i) (0.3310-0.014)
OF(Li)=0.28
OF(TM)=0.72
(4i) (0.6650.337 0.007 )
OF(Li)=0.28
OF(TM)=0.72
(4i) (0.24800.719)  (4i) (0.91400.266 ) (4i) (0.70800.217) (4i) (0.752 0 0.747) (4i) (0.08500.739) (4i) (0.826 0 0.266 )
OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1
(4i) (0.58500.256)  (8j) (0.244 0.3190.726) (4i) (0.746 0 0.43) (8j) (0.9190.370.294)  (4i) (0.50400.232)
OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1
(4i) (0.24800.266) (4i) (0.73400.08) (4i) (0.41900.773) (4i) (0.156 00.277)
OF(0)=1 OF(0)=1 OF(0)=1 OF(0)=1
Oxygen ions layers (8j) (0.5830.3390.307)
OF(0)=1
(4i) (0.75400.768)
OF(0)=1
(8j) (0.251 0.345 0.282)
OF(0)=1

110



4.4.2 Neutron Diffraction

In order to evaluate further the R_C 3b structural model and to validate it as a reasonable
alternative to R-3m and C2/m unit cells, a neutron diffraction (ND) patter has been acquired and
the diffractogram has been refined with these three unit cells. The collected pattern is shown in
figure 4.8, the asterisks indicate the Bragg positions due to the vanadium can®’. In general, the
reflections from the Li—TM ordering are diffuse and weak in neutron data®®, allowing us to

compare the different unit cells.

Diffracted Intensity

0j5 | 1i0 | 115 | 210 | 2j5
d-spacing (A)
Figure 4.8: Neutron Diffraction data of S10.

The refinements of experimental ND pattern are shown in figure 4.9. The wR values are 2.58, 2.59
and 2.52%, respectively for R-3m, C2/mand R_C_3b unit cells. It is worth to note that we obtained
almost the same value with all structural models. Only a slightly improvement can be observed in
the case of R_C_3b cell.

Therefore, the neutron analysis confirms that the new structural model, identified from the

synchrotron diffraction analysis, is able to successfully fit the collected pattern.
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Figure 4.9: Rietveld refinements of Neutron Diffraction data of S10 with a) R-3m, b) C2/m
and ¢) R_C_3b unit cell.

4.4.3 Validation of structural model with different LRLOs materials

The structural model R_C_3b is able to describe the XRD and ND patterns of S10. To check the
general validity of the R_C_3b model, two further synchrotron diffractograms of samples
Li1.2Mno54Ni0.13C00.1302 (S01) and Li125Mnoe25Nio.12502 (S12) have been acquired and refined
with the same supercell.

The refinement results are shown in figure 4.10 and the wR values are 3.42 and 5%, respectively
for SO1 and S12. The same diffractograms converge to wR of 4.6% and 6.5% for the R-3m model,
and 6% and 7.6% for the C2/m model, for SO1 and S12, respectively.

The low wR parameters suggest that the structural model is also able to model LRLOs with very

different stoichiometry.
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Figure 4.10 a) SO1 and b) S12 Synchrotron XRD Refinements with R_C_3b unit cell.
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4.5 DESCRIPTION OF STACKING FAULTS: FAULTS APPROACH

It is well known that Lithium-rich materials exhibit a large amount of stacking faults?>2634% g
DIFFaX simulations of several stacking degrees into the sample have been performed to evaluate
their impact on the XRD pattern. DIFFaX software requests the construction of several layers
stacked on each other differently. A methodological description is reported in section 4.2.

As showed in figure 4.11 stacking faults affect both the peak amplitude and shape, especially in
the range of the superstructure peaks. The amplitudes of the (110), (11-1), (021), and (111)
reflections, showed in figure 4.11b, significantly reduce and broaden when the degree of stacking
faults reaches a faulting value of 20%. These peaks completely disappear increasing the stacking
faults. The amplitude of the 020 reflection at around 16.1° remains visible throughout the

simulation but exhibits significant asymmetric broadening.

10 20 30 40 50 60 70 80 15 20
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Figure 4.11: a) DIFFaX simulated XRD patterns with varying stacking fault probabilities. b)

Enlarged view in the superstructure region.

At the same time, the increase in stacking fault probability does not have any effect on the other
Bragg peaks. To quantify the stacking fault probability in the sample, XRD pattern has been fitted
with FAULTS software. Similarly to the approach used with DIFFaX, also in this case we need to
create a stack of atomic layers connected by stacking vectors associated to stacking probabilities.
In fact, the FAULTS software allows to refine the stacking probabilities as well as the lattice

parameters, atomic position and so on.
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The first step was to refine the collected pattern without any defects in the structure, and the
refinement is reported in figure 4.12. From the figure, it can be noted a calculated pattern very
similar to the monoclinic pattern reported in figure 4.5b. The calculated intensities and the shapes
of superstructure peaks are not able to represent the collected one, in according to what we saw in
the simulations of DIFFaX.

X X Obs
—— Calculated Profile
—— Difference Line

Scattered Intensity

Degree

Figure 4.12: a) FAULTS refinement pattern without stacking faults. R-factor=8.4%.

Then, we introduced in the FAULTS refinement of the sample, the presence of stacking faults into
the material, as showed in figure 4.13. The refined parameters are shown in table 4.8.

It is expected that the ordering between Li and TM metals in the TM layers is also perturbed by
the presence of Ni, Co and Al compared to LiMnOs, which in turn can increase the probability of
the stacking disorder along the ¢ axis. Indeed, the refinement reveals a degree of faulting
approximately of 45% and R-Factor value of 6.6%. From figure 4.13b, it is evident how this

approach successfully fit the superstructure region.
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Figure 4.13: a) FAULTS refinement pattern. Magnified view of the refined data in the 15-25°

20 range.

Table 4.8: Values from the FAULTS refinement.

Unit cell parameters

a, b (A) c (A) 7 (°)
4.939 4.743 60.09
Layer compositions
Layer Atom x/a y/b zlc Occupancy
Li 0 0 0 1
L1 Li 1/3 1/3 0 1
Li 2/3 2/3 0 1
Li 0 0 0 0.84
™ 0 0 0 0.16
™ 0.334 0.334 0 1
™ 0.663 0.663 0 1
0] 0.354 -0.0089 0.249 1
L2=L3=L4
0] 0.643 0.0063 -0.246 1
0] -0.0092 0.354 -0.246 1
0] 0.337 0.660 -0.225 1
0] 0.660 0.337 0.242 1
0] 0.0064 0.644 0.248 1

115



In the fitting reported in the table 4.8, we considered stacking defects along the ¢ axis but we
omitted to mimic defects in the plane a-b. From the preliminary analysis reported in section 4.3,
Li-TM site mixing in the TM layers has proved to lead to a better representation of the structure.
Figure 4.14 and table 4.9 show the results also considering Li-TM site mixing. The new
occupancies of Li and TM are showed in table 4.9. As a result of the site mixing, the degree of
stacking faults changes from 45% to 40%. The R-Factor decreases to 6.2%, indicating an
improvement in the refinement and, from figure 4.14b, it is clear that the improvement concerns

the superstructure region.
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Figure 4.14: a) FAULTS refinement pattern with Li-TM site mixing. Magnified view of the
refined data in the 15—25° 20 range.

Nevertheless, the overall refinement is in line with the previous one. In particular, the refinement
fails to model accurately the XRD at high angles, as evident from figure 4.14a. Probably, this can
be the consequence of the presence in the sample of crystallites with different degrees of faulting.
Therefore, the presence of stacking faults is another good piece of the puzzle but is unable to solve

the structure without conserving other parallel phenomena.
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Table 4.9: Values from the FAULTS refinement with Li-TM site mixing. The new occupancies

are reported in red.

Unit cell parameters

a,b(A) c(A) v )
4.939 4.743 60.09
Layer compositions
Layer Atom x/a y/b zlc Occupancy
Li 0 0 0 1
L1 Li 1/3 1/3 0 1
Li 2/3 2/3 0 1
Li 0 0 0 0.73
™ 0 0 0 0.27
™ 0.337 0.337 0 0.94
Li 0.337 0.337 0 0.06
™ 0.662 0.662 0 0.94
Li 0.662 0.662 0 0.06
Lembasla O 0.355 -0.0055 0.252 1
O 0.644 0.0023 -0.251 1
O -0.0021 0.360 -0.252 1
O 0.331 0.667 -0.244 1
o 0.668 0.330 0.245 1
O 0.020 0.636 0.253 1

4.6 CONCLUSIONS

In this chapter, we demonstrated that the conventional unit cells, i.e. R-3m and C2/m, cannot
represent the overall crystal structure of LRLOs.
When used to refine the synchrotron diffraction pattern of Li128Mngs4Nio.13C00.02Al0.0302, R-3m

is not able to fit the superstructure peaks between 16°-25°, while the refinement with C2/m lead
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to a poor convergence, mainly due to the wrong calculated intensities and shapes in the
superstructure.

For this reason, we tried to introduce defects within the above structures to improve the fitting.
Anti-site defects and Li-TM mixing in TM layers have been added in R-3m and C2/m,
respectively. Although we got a good improvement with Li-TM mixing, the calculated pattern is
still not able to describe all features of the acquired one.

Other two approaches have been used to further improve the description of the pristine structure
of over-lithiated Al doped material: 1) supercells and 2) introduction of stacking faults.

The approach of supercells explored the idea that there is some periodicity along one or more
lattice directions. Therefore, we have been downgraded the symmetry to the primitive monoclinic
unit cell and built the supercells. The cell named R_C_3b showed the best results; it is able to
refine both XRD and ND patterns. The comparison between the R_C_3b and the conventional
cells exhibited an improvement in the convergence parameters. Moreover, the applicability of this
supercell has been tested also on the synchrotron diffraction patterns of other Lithium-Rich
material, Li1.2Mno.54Ni0.13C00.1302 and Li1.2sMnoe25Ni0.12502, with very good results.

The second approach of stacking defects has been investigated due to the experimental evidence
of defects in these types of materials. First of all, we simulated the changes of the pattern when the
stacking faults increase, using a monoclinic unit cell, in which the stacking faults have been added
using different stacking vectors. The superstructure peaks change in intensity and shapes, unlike
the other peaks, with the increase of stacking faults.

Then, the pattern has been refined by FAULTS software in order to quantify the staking degree,
obtained a value around 45%. Finally, we introduced the Li-TM mixing in the TM layers. Indeed,
the classical monoclinic cell has already shown a better convergence after the use of this kind of
defects. As a consequence, we obtained a further improvement of the calculated pattern.

In conclusion, we proved that, to describe the complexity of the structure of LRLOs, multiple
structural models must be taken into account. The analysis reported here can be considered a

further step for the comprehension of the crystal structure of LRLOs materials.
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5 IMPROVEMENT OF LIQUID ELECTROLYTES BY ADDITION OF
PYRROLIDINIUM-BASED IONIC LIQUIDS

The focus of the chapter is the study of novel electrolytes based on ionic liquids with extended
stability window. We characterized the physical-chemical properties of electrolytes with different
ionic liquids and correlated their properties to the Li* coordination in liquid phase. Furthermore,

the applicability of the electrolyte in lithium half-cell and full cells was demonstrated.

5.1 INTRODUCTION

Among the different components of LIBs, the electrolyte represents a critical one that affect both
safety and cell performancel. Commercially-available electrolytes consist of a mixture of
carbonate-based dipolar aprotic solvents dissolving a lithium salt. Concentrated solutions of
lithium hexafluorophosphate (LiPFs) dissolved in a mixture of cyclic carbonates like ethylene
carbonate (EC) and linear like dimethyl carbonate (DMC) in 1:1 v/v (LP30), are the most
commonly used one for commercial LIBs, thanks to the good ionic conductivity, chemical
inertness, wide electrochemical stability window and the ability to passivate aluminum current
collectors®®. However, the LiPFs salt is thermally unstable, spontaneously decomposes to form
LiF and PFs species and easily hydrolyze with water traces forming HF*°. Feasible alternatives to
replace LiPFs are lithium imide salts, like LiTFSI (lithium bis-(trifluoromethanesulfonyl)imide)®.
Nevertheless, despite LiTFSI is less prone to hydrolysis and possess higher thermal and
electrochemical stabilities compared to LiPFe>, it is corrosive toward the aluminum current
collector, thus hindering its use in a commercial device.

Turning to solvents, alkyl carbonates used as solvents are highly flammable, volatile and toxic®°.
Their substitution with low flammable ionic liquids (ILs) have been proved to reduce the risk of
thermal runaway and overall hazard of LIBs!® 3. ILs are low-temperature molten salts, usually
formed by a large ammonium quaternary cation and a charge delocalized anion. They have been
intensively studied as potential electrolyte solvents in batteries, thanks to their advantageous
properties such as the low vapor pressure, thermal stability in a wide temperature range and high

ionic conductivity*+*6. However, after the addition of lithium salt, IL-based electrolytes show high
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viscosity resulting in unsatisfactory ionic conductivity and Li* transport number!’2!, To overcome
these issues, a common strategy is the addition of an IL to an organic solvents-based electrolytes?-
26, Several works demonstrated the synergistic effect of the two components leading to lower
viscosity, higher conductivity at room temperature as well as improved safety in terms of thermal
stability and flammability'>!326-28 The IL organic solvent-based electrolytes result in a good
compromise between safety and conductivity and it represent an advantage in terms of costs,
compared to the use of pure ILs.

Here, we investigate the physico-chemical properties of six (6) IL-added electrolytes, obtained
adding to the 1M LiPFe in EC:DMC=1:1 v/v and to the 1M LiTFSI in EC:DMC=1:1 v/v, N- alkyl-
N-methyl pyrrolidinium based-IL with different length of alkyl chain. Our goal is to study the

influence of the cation size on their physical-chemical and electrochemical properties.

5.2 MATERIALS AND METHODS

ILs are low temperature molten salts, usually formed by a large ammonium quaternary cation and
a charge delocalized anion. We have been taken into account three different ionic liquids belonging
to the N-alkyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl) imides (Pyri,nTFSI with
n=4,5,8) and used them as co-solvent to two commonly used electrolytes for Li-ion cells: (a) 1M
lithium hexafluorophosphate (LiPFs) in a mixture of ethylene carbonate (EC) and linear like
dimethyl carbonate (DMC) in 1:1 v/v and (b) 1M lithium bis-(trifluoromethanesulfonyl)imide
(LiTFSI) in EC:DMC 1:1 v/v. The chemical formula and structural representations of solvent
molecules as well as ILs constituents’ anions and cations are shown in Figure 5.1.

Six electrolyte solutions have been prepared by the addition of Pyr{,nTFSI with n=4,5,8 in a 1:1
weight ratio to two carbonates-based electrolytes, i.e. 1M LITFSI in EC:DMC=1:1 v/v and 1M
LiPF6 in EC:DMC=1:1 v/v. All the electrolyte solutions are summarized in the table 5.1 with the

corresponding coding adopted thereafter.
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Figure 5.1: Chemical formula and structural representations of solvent molecules and ILs

constituents’ anions and cations.

Table 5.1: Compositions of the electrolyte solutions.

Label Lithium Solvent salt lonic Liquid -
salt molality wt.%

T LiTFSI EC:DMC=1:1vlv 0.98 / /
TA LiTFSI EC:DMC=1:l1viv  0.43 [Pyri4] TFSI 50
TB LiTFSI EC:DMC=1:1v/v 0.43 [Pyris] TFSI 50
TC LITFSI EC:DMC=1:1viv 043 [Pyrig] TFSI 50

P LiPFe  EC:DMC=1:1v/v 0.87 / /
PA LiPFe  EC:DMC=1:1v/v 0.41 [Pyr14] TFSI 50
PB LiPFe EC:DMC=1:1viv 041 [Pyris] TFSI 50
PC LiPFs EC:DMC=1:1viv 041 [Pyrig] TFSI 50

The as obtained six (6) IL-added electrolytes have been studied in terms of ionic conductivities,

viscosities, electrochemical stability as well as vibrational properties. Furthermore, the application
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of these kind of electrolytes in lithium cell have been performed with a standard cathode material
(i.e. LiFePOs).

The Flash points of the electrolytes solutions were determined by using a Grabner instrument and
according to the measurement protocol D6450. 1ml of sample heated in a closed cup from T(initial)
to T(final). To follow the protocol exactly, T(initial) was equal to T(flash) minus 18°C, while the
T(final) was kept enough to detect the T(flash) of the solution. The heating rate was 5.5°C/min
and the ignition interval of 1 test per °C. The viscosity of the mixed electrolytes was determined
by a Lovis 2000 M/ME (Anton Paar) viscosity meter in the temperature range 10°C and 80°C. The
temperature was increased in steps of 10°C. The ionic conductivity of the electrolytes solution was
determined by dielectric measurements, performed with a Novocontrol GmBH broadband
dielectric spectrometer equipped with a Quatro Cryosystem temperature control unit. The
measurements were performed in the frequency range of 10-10” Hz and temperature range
between -10-60°C, respectively. The temperature was increased in steps of 10°C and at each
temperature an equilibration time of 30 min was used. The fitting procedure of the temperature
dependence of the ionic conductivity has been carried out by assuming either the VTF and the
Arrhenius models. The fitting has been performed using a non-linear randomized fitting algorithm
programmed on spreadsheet (e.g. Excel): the goal function was the minimum chi-square parameter
calculated between experimental and fitted conductivity data.

Room temperature Raman scattering measurements were carried out using a Renishaw inVia
micro-Raman spectrometer in backscattering geometry equipped with 785 nm diode laser (power
82 mW) as the excitation light source. The electrolyte was inside a quartz Cuvette and the incident
laser was focused by a 5X optical microscope objective with a numerical aperture of 0.14 and then
the scattered light was detected in a back-scattering geometry dispersed by 1200 grooves mm
grating on CCD detector. Acquisition time for a single measurement was 5 sec. Raman spectra
were fitted using the Voigt function implemented in the Origin lab. The spectral region between
850-750 cm™ has been deconvoluted into 4 bands, corresponding to the free and coordinated EC
and DMC with lithium ions, respectively. In the region between 705-765 cm™, the spectra have
been fitted with 5 Voigt functions that include the free and coordinated EC with Li*, the two
conformers (cisoid and transoid) and the coordinated TFSI with Li*. Furthermore, the population

ratio of the two conformers has been calculated in the spectral range 250-350 cm™. According to
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Martinelli et al.”, the integrated intensities of the deconvoluted bands can be used to estimate the
[C1}/[C2] ratio, according to the equation (1):

[C1] _ I306t+I326+1333 1

r =
[C2]  Ip9g+I314+I339

In the case of P-series electrolytes, we also considered that PFg band at 741 cm™ that overlaps
with the TFSI signal. In line with Oldiges et al.® we assumed constant the PFs contribution in the
composite electrolytes, including in the fitting the pristine peak from LP30 (P electrolyte).

Once obtained the deconvoluted spectra for all the electrolytes, the average coordination number,
n, has been calculated by multiplying the ratio of the ligand and Li* concentration (indicated as

Ciigand @nd Cri+, respectively) with the ratio of integrated peaks area, in according to the equation
(2):

_ Cligand Acoordinated (2)
n= A ; +A
Crit coordinated tAfree

The electrochemical stability window of all the electrolytes were evaluated by LSV for anodic
scan and CV for cathodic scan, using SuperP carbon casted on aluminum (cathodic) or copper
(anodic) foil as working electrode and a lithium foil as counter electrode. The voltage range used
was 0-6 V for LSV and 0.005-2.5 V for CV, while the scan rate was 1 mV/s.

The lithium transference number was determined by potentiostatic-polarization measurements.
Following the method proposed by Vincent, Bruce and Evans® a small potential of 50 mV has
been applied between symmetric lithium/lithium cell for 1 hour or at least potential stabilization.
Electrochemical impedance spectroscopy (EIS) has been used to monitor the resistance values
before and after polarization. EIS measurements were performed applying a potential of 10 mV in
the frequency range 100 kHz-100 mHz. Galvanostatic deposition-stripping tests have been carried
out in a symmetric Li/electrolyte/Li cell using a current density of 0.1 mAcm? with a step duration
of 30 minutes.

A Biologic VMP3 multichannel potentiostat was used for all the measurements. All the tests have
been carried out in Teflon coated Swagelok cells. A Biologic BCS-805 battery cycler has been
used for galvanostatic cycling. Coin cells 2032 were assembled using LiFePO4 (LFP) or
Si/graphene as working and lithium foil as counter electrode. A Whatman glass fiber disk soaked
with 100 pl of electrolyte was used as separator. For LFP, galvanostatic tests were carried out in a

potential range of 2.5-3.8V using a rate of C/10 (1C=170 mAg?); while for Si-graphene,
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galvanostatic tests were performed between 0.01-2V as formation cycle and between 0.1-1V for
the other cycles. LiFePO4 electrode sheets with a nominal capacity of 2.3 mAhcm2 were
purchased from NEI Corporation. Si-graphene electrodes were prepared following the procedure
described in Ref®!,

Finally, for Li-ion, tests were carried out between 2.4-3.6V with a current density of 100 mAg™.
The full cells were balanced considering the nominal capacity of the cathode and the reversible

capacity of the anode, obtained from the galvanostatic tests in lithium cells.

5.3 ELECTROLYTES CHARACTERIZATION

5.3.1 Flammability and Electrochemical Stability

The flammability of the electrolytes is a key point for the safety of Lithium-lon Battery. Here the
flammability was studied by the determination of the flash point, showed in figure 5.2. The
electrolytes without IL (P and T) are reported for comparison. The experiment has been performed

in collaboration with the group of Prof. Alexander Matic at Chalmers University of Technology.
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Figure 5.2: Flash points tests for the P and T based electrolytes solutions.

According to “European CLP regulation”?? the flash point is considered as a determinant parameter
to classify the flammable liquids. The pristine P and T electrolytes show a lower flash point,

confirming that the addition of ILs mitigated the flammability. All the blended electrolytes show
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Table 5.2: Irreversible reaction potentials measured for anodic and cathodic scan.

Cathodic irreversible

Anodic scan .
) decomposition
Label onset potential ]
potentials (V)
V)
Onset Peak edge
P 5.1 0.77 0.37
PA 5.45 0.7 0.35
PB 54 0.73 0.49
PC 5.3 0.7 0.45
T 4.9 0.82 0.37
TA 5.4 0.82 0.42
B 5.2 0.75 0.4
TC 4.6 0.74 0.44
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Figure 5.3: Linear Sweep Voltammetry of a) P-series electrolytes and d) T-series electrolytes
measured in the voltage range between 3-6V at scan rate of 1 mV s™. Cyclic Voltammetry of b-
c) P-series electrolytes, e-f) T-series electrolytes acquired in the voltage range 0-2.5V at scan rate
of ImV/s.
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flash points above 40°C, while the pristine electrolytes are below 30°C. Moreover, the flash point
increases with the elongation of alkyl chains.

Electrochemical stability windows of the benchmark and IL-added electrolytes have been
evaluated by Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)1112222633
Electrochemical stability window represents the voltage range in which the electrolyte should be
electrochemically stable. In order to perform these voltammetries, a SuperP Carbon electrode was
used, casted on aluminum (anodic scan) or copper (cathodic scan) foil. LSV and CV are shown in
figure 5.3 and the calculated anodic/cathodic potentials for the irreversible reactions are
summarized in table 5.2. In all the electrolytes, we can observe a small pre decomposition peak
above 4.5 V, followed by a current drift above 5 V. All the P-electrolytes exhibit a current drift
above 5.2V due to the irreversible degradation of the solvent molecules: however, the addition of
IL in the alkyl-carbonates solvent slightly alters anodic stability. In particular, a shift to higher
voltages in the onset potential is observed for PA and PB electrolytes, while in the case of PC the
onset potential is slightly decrease compared to the P one. As expected, the T electrolyte exhibits
a lower anodic stability compared to P electrolyte®* being the onset potential shifted to lower
voltages, but it has the same trend of P series. Turning to the cathodic branch (figure 5.3b), as
expected, the P electrolyte shows multiple electro-active processes®: (a) a small current drift
starting at around 1.3V, followed by other signals with onset potentials at (b) 0.77, (c) 0.54 and (d)
~0.2 V in the first voltammetric cycle. Generally speaking, the addition of ILs shifts the reduction
onset potentials downward to lower voltages, thus enlarging the cathodic stability windows. In all
P-electrolytes, in the second voltammetry cycle, the peak centered at ~0.5V disappears (figure
5.3c), being originated by the decomposition of the electrolyte components on electrode surface
and the formation of an electrochemically stable solid-electrolyte interface (SEI). A very similar
behaviour is observed also with T- electrolytes (figure 5.3e-f). In summary the addition of ILs to
both P and T electrolytes extends the electrochemical stability window achieving a remarkable
0.75-5.2 V vs. Li and 0.75-5.4 V vs. Li stability ranges for TB and PB, respectively.
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5.3.2 Transport Properties

The ionic conductivity and dynamic viscosities were also investigated and the results are shown
in figure 5.4. As reported in literature!?1325262835 the jonic conductivity decreases with the
addition of ILs, for both two series, as showed in figures 5.4a and 5.4c, with a decreasing trend
that follows the size of the alkyl chain being TC<TB<TA<T and PC<PB<PA<P.
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Figure 5.4: Arrhenius plots of the P-series electrolytes (a) and T-series electrolytes (b) and
Dynamic viscosity as function of the temperature for the P-series electrolytes (c) and T-series
electrolytes (d).

This trend is connected to the viscosity of ILs, because the ionic conductivity, in the mixture of
ionic liquids/organic solvent, is affected mostly by the increasing of viscosity. ILs with long alkyl
chain are intrinsically more viscous than ILs with short alkyl chain and the dynamic viscosity

showed a reverse trend in respect to conductivity as shown in figures 5.4b and 5.4d. Furthermore,
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the alteration in both viscosity and conductivity roots in the alteration of the lithium coordination

in the solution induced by the addition of ILs (see the following section). The evolution in

temperature of the ionic conductivity (c) of the two series of novel electrolytes is well fitted with

the Vogel-Tammann-Fulcher (VTF) equation [Eq.(1)]%%%, commonly used for IL-based liquids:

Eq.(1) 0 =0y exp{=Ey/[R - (T —To)l}

Where the pre-exponential term g, corresponds to the ionic conductivity at infinite temperature,

Ea is a pseudo-activation energy for the ion hopping and To is defined as the ideal glass transition

temperature below which the ion mobility is zero. Besides the VTF model, also the Arrhenius

equation can be used to fit the temperature dependence of the ionic conductivity in liquids®. The

comparison among the fitting convergence parameters (R? and chi-square sums) obtained for the

two models for all the eight electrolytes are summarized in the table 5.3.

Table 5.3: Convergence parameters (correlation coefficient R?and chi-square sums x?) of the

three adopted fitting models for the temperature dependence of the conductivities of the six

electrolytes.
Vogel-Tammann-Fulcher
Arrhenius model
. (VTF) model
Electrolyte c=A-e EGp £(__@
c=A-e (R(T—TO))
R2 XZ RZ XZ

P 0.98901 0.01284 0.99965 0.00041
PA 0.99214 0.00941 0.99995 0.00006
PB 0.99153 0.01059 0.99996 0.00005
PC 0.99183 0.01120 0.99994 0.00008
T 0.99540 0.00322 0.99975 0.00017
TA 0.99273 0.00840 0.99998 0.00003
B 0.99336 0.00884 0.99968 0.00043
TC 0.99360 0.00887 0.99998 0.00003

Overall, the VTF model outperform the fitting by the Arrhenius equation of more than one order

of magnitude in convergences for all cases. Therefore, we discarded the fittings by the Arrhenius

132



model and assumed the VTF one in line with the standard literature. The parameters obtained by

the VTF linear fits for the conductivity trends with temperature are shown in table 5.4.

Table 5.4: Conductivity fitting coefficients calculated for the electrolyte solutions under

investigation adopting a VTF model equation.

L abel Activation energy Ideal glass transition
[kJ/mol] temperature [Ke]

P 35 186
PA 44 176
PB 43 179
PC 47 177

T 47 157
TA 45 174
B 54 168
TC 54 167

The pseudo-activation energies increase while adding the ILs to both P and T electrolytes, apart
for the TA case. On the other hand, the ideal glass transition temperatures decrease for the IL-
added P-electrolytes while increase for the IL-added T-ones. One may speculate that the addition
of ionic liquids may lead to a stronger binding energy between solvated ionic couples thus slightly
hinders their individual mobility. Less clear is the missing matching between the evolution of the
ideal glass transition temperatures and the trend of standard entropies of mixing for the various
electrolytes (T: 9.3 JK*mol?; T: 9.4 JK mol; PA, PB, PC: ~14 JK'mol}; TA, TB, TC: ~12 JK-
!mol™). The increase in the disorder of the liquid solution induced by the increase of the constituent
species apparently extend the liquid range only in the case of the PA, PB and PC whereas the VTF
fits suggest that TA, TB and TC electrolytes glassify at higher temperatures, from 10 to 15 degrees,
compared to the benchmark T-one.

The ionicity of the IL-added electrolytes has been qualitatively checked by Walden rule in line
with the majority of the literature approaches (see Eq.(2))**:

Eq.(2) An=k
Where A is the molar conductivity, # the viscosity and k is a constant dependent from temperature.
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Figure 5.5: Walden plot for the IL-electrolyte mixtures.

The lithium transference numbers calculated in according to the method developed by Vincent,
Bruce and Evans® are listed in table 5.5. The Nyquist plot before and after polarization obtained
for all the electrolytes under investigation and the corresponding polarization curves are shown in
figure 5.6 for all the 8 electrolytes. Despite the use of this method is not verified in literature for
ternary/quaternary electrolytes, it was used to have a semiquantitative determination of the
transport number being all currents originated by the motion of all charged species in the
electrolyte: thus, the larger the complexity of the solution the larger the occurrence of unexpected
transport phenomena. Values of 0.32 and 0.36 have been obtained for carbonate-based electrolytes

P and T, respectively, in line with the literature values.
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Table 5.5: Li transference number calculated

for the electrolyte solution.

Label Li transference number

P 0.32
PA 0.18

PB 0.23

PC 0.23

T 0.36
TA 0.08
B 0.13
TC 0.06

Overall in both the ILs-added P-and T-electrolytes the transport numbers are smaller due to smaller
concentration of the salt (see table 5.1). However, values for the P-series systematically overcome
those of the corresponding T-electrolytes although the Li* concentration are comparable. In fact,
in parallel with the reduction of the Li* content of 50% in both cases due to dilution, the lithium
transport number decreases of about 33% in the P-series whereas it drops of approximately 76%
for the T-electrolytes. Such asymmetric variations may be the clue of a more structured

coordination environment in the T-electrolytes around the Li* cations.
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Figure 5.6: Potentiostatic-polarization measurements of a) P, b) PA, ¢) PB, d) PC,e) T, f) TA, g) TB,and h) TC
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5.3.3 Raman Spectroscopy

Raman spectroscopy has been used to investigate the interaction of lithium with TFSI anion of
ionic liquid. Preliminary analysis has been made on pure ionic liquids, in order to identify any
changes due to the different alkyl chains. Figure 5.7 shows the Raman spectra acquired in 3
different spectral regions: 2700-3200 cm™, 725-755 cm™* and 200-450 cm™. In the region between
2700-3200 cm™ (Figure 5.7a) it is possible to detect the C-H vibrational modes derived from

cation.
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Figure 5.7: Raman spectra of the pure ionic liquids in the range a) 2700-3200 cm™, b) 725-755
cmt and c¢) 200-450 cm™.

As consequence of the increasing of alkyl chain, the peak at 2970 cm™ exhibits modifications in
the intensity of the vibrational modes, being this band associated to the modes of the alkyl chain®?.
Further differences can be observed at 2852 cm™ where PyrigTFSI exhibit a strong peak. The
modes at 2876 and 2941 cm™ in Pyr14TFSI are shifted to lower wave numbers in PyrigTFSI,

respectively to 2870 and 2933 cm™. These bands are associated to the vibrational mode of CH; in
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ring. The shifts observed is indirectly correlated to the length of alkyl chain; but they depend more
from the different position of TFSI anion respect to the pyrrolidinic ring when the alkyl chain of
cation increase. Furthermore, other bands with weak relative intensity can be detected at 3000 and
3031 cm™ and related to the anti-symmetric stretching mode of C-H in C-CHz and N*-CHs,

respectively.
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Figure 5.8: Raman spectra of the P-series electrolytes (a,b) and T-series electrolytes (c,d).
Dotted lines correspond to the spectra acquired for the pure ionic liquids.

The other two regions showed in figures 5.7b and 5.7c, are related to the vibrational mode of TFSI
anion**#4, The 3 ionic liquids exhibit a strong peak at 740 cm™* corresponding to the expansion-
contraction modes of the whole anion. As expected, negligible differences are detected in the three
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samples. Finally, the bands in the region 250-350 cm™ showed in figure 5.7¢ can be assigned to
the twisting and rocking modes of SO and CFs groups in the TFSI anion and are sensitive to the
two stable conformers (cisoid and transoid).

In figure 5.8 magnifications of the Raman spectra for all the electrolytes are shown in the ranges
850-950 cm™ and 705-765 cm™. These spectral regions are typically used to investigate the

coordination of Li* with TFSI anion and with the organic solvents*+6

, respectively. The region
between 850-950 cm™, showed in Figures 5.8b and 5.8d, exhibits a series of bands assigned to the
vibrational modes of carbonate molecules.

According to literature, the peaks at 893 and 916 cm™ correspond to the EC breathing and C-O
stretching of DMC for the free solvents, respectively. These bands are shifted respectively at 904
and 933 cm™ when solvent molecules coordinate lithium ions. In the case of electrolytes without
ionic liquids, the three bands at 893, 904 and 916 cm™ are sharp. On the contrary in all 1L-added
electrolytes the intensity of the bands in the 850-950 cm™ region is reduced and all peaks are
broader, especially in the band at 893 cm™. Furthermore, the peak broadening is more extended in
all P-series electrolytes compared to the T-series, possibly suggesting a more disordered Li*
coordination environment. In Figures 5.8a and 5.8c, two major vibrational modes are found at 715
cm* and 740 cm?, corresponding to the C=0 bending of EC and the expansion-contraction mode
of the whole PF¢” or TFSI anions, respectively. After the addition of ionic liquids for all the
electrolyte solutions the band at 715 cm™ decreases in relative intensity, broadens and slightly
shifts to higher wave numbers. Regarding the vibrational mode at 740 cm™, in the P-electrolytes
the small peak corresponding to PFe anion in the EC/DMC LiPFe is completely overlapped with
the strong band of the TFSI anion. On the contrary, in the T-electrolyte this peak increases in
intensity and remains centered without relevant shifts. The strong band at 740 cm™, fingerprint of
TFSI anion bending, is not affected by the presence of lithium salts, either LiTFSI or LiPFs, nor
by the length of the alkyl chain of the pyrrolydinium cation. These vibrational features suggest that
Li* is preferentially coordinated by the C=0 groups of the carbonate molecules, whereas TFSI is
present as free anion. These spectral regions have been also used to perform a quantitative analysis
about the coordination of Li* by a fitting procedure. The details of fitting procedure can be found
in Materials and Methods section. Specifically, the range 850—950 cm™ was deconvoluted in 4

bands, accounting the free and coordinated EC and DMC. Considering that in this region few
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vibrational features due to pyrrolidinium cation are also present and according to the previous

works??, these contributions have been subtracted.
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Figure 5.9: TA fitted Raman spectra of: a) between 850-950 cm™ and b) between 705-765 cm™,
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In the range 705-765 cm™ five bands have been included in the fitting, considering the free and

coordinated EC and TFSI and the two conformers (cisoid and transoid) of TFSI?®#. In order to

evaluate the population ratio of the two conformers of TFSI, i.e. cisoid and transoid, the spectral

range 250-350 cm™ was used. An example of these fitting is reported in figure 5.9.
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Figure 5.10: Lithium average coordination number for a)P and b)T electrolytes.

Figure 5.10 reports the quantitative analysis as average coordination number of EC, DMC and
TFSI with Li*. In the IL free P electrolyte, lithium ions are coordinated by 2.8 EC and 1.5 DMC

molecules. Similar is the behavior for T, where EC and DMC coordinates 2.4 and 1.7 Li-ions,
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respectively. Furthermore, TFSI anion in T electrolyte is mostly found as free anion, demonstrating

a weak interaction with lithium ions. When IL is added, the interaction between TFSI anion and

Li* is around 0.75 either for PA and TA and it is only slightly modified changing the IL. Overall

T-electrolytes show a weaker lithium coordination trend with the lengthening of alkyl chain,

whereas in P-electrolytes the coordination numbers appear scattered.

5.4 ELECTROCHEMICAL CHARACTERIZATION

5.4.1 Lithium half-cell analysis
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Figure 5.11: Room temperature galvanostatic charge-discharge measurements of Li/LFP cells at

C/5 (1C= 170 mA g): a) cycling performance with P-series electrolytes and b) 1% cycle voltage
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The applicability in lithium cell of all these new electrolytes have been proved using a well-known
cathode material such as LiFePO4 (LFP) as shown in figure 5.11. When P is used as electrolyte,
LFP shows a stable cycling along the first 60 cycles, developing a specific capacity of about 175
mAhg. Nevertheless, prolonging cycling leads to failure of the cell with irreversible loss of
capacity.

Despite capacity values are slightly decreased compared to the pure carbonate electrolytes, the IL
solutions show good cycling stability in discharge-recharge tests and, more remarkably, the
reversibility resulted improved, as demonstrated by cumulative irreversible capacity plots (see
figure 5.12). In fact, while for P electrolyte after 40 cycles, a cumulative irreversible capacity of
almost 120 mAhg is achieved, the latter doesn’t exceed 75 mAhg™* when IL is added. This effect
is particularly evident for the PB electrolyte, in which the Coulombic Irreversible Capacity (CIC)
is less than 45 mAhg™ after 40 cycles. Moving to the T-series electrolytes, Figures 5.11¢-d showed
the electrochemical performance obtained in Li/LFP cell. The performance of LFP with T
electrolyte shows a stable capacity of <180 mAhg™. Similarly to P-series electrolytes, the addition
of ionic liquids leads to decrease of capacity values. However, by the analysis of the plot in Figure
5.12, cumulative irreversible capacity present further decrease in comparison to P-based
electrolytes and this is particularly evident in TA and TB electrolytes, with a CIC of only 15 mAhg
L after 40 cycles. From the analysis reported above, PB and TB resulted the best choice to verify

the applicability of these kind of 1L-added electrolytes in a Li-ion cell.
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Figure 5.12: Room temperature cumulative irreversible capacities of Li/LFP cells at C/5 (1C=
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Before tests in full cell, also the electrochemical behavior of Si-graphene composite®! electrodes
with PB and TB electrolytes have been evaluated and the results are reported in figure 5.13.
According to the reference®, galvanostatic discharge-recharge tests were carried out using a
current density of ~C/10 (1C=350 mAg™) in a potential range of 0.1-1 V. A formation cycle
between 0.01-2V was added before any cycling to stabilize electrode-electrolyte interphase.
Potential profiles of the electrodes obtained during the formation cycle are reported in Figure
5.13b-d. The performance with P and T electrolytes has been added as reference. During formation,
the typical voltage profile of silicon-based anodes is visible with all the electrolytes: a long plateau
below 0.1V upon discharge followed by a slope around 0.2V and a small plateau at 0.4V. With
both PB and TB electrolytes, Si-graphene anode achieved more than 2000 mAhg™ at end of first
discharge with a Coulombic efficiency of more than 80%. Upon cycling, capacity drops rapidly
and after 50 cycles it is around 67% of initial capacity. Nevertheless, it should be noted that without
the addition of IL, capacity drops down to 55% after 50 cycles.
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5.4.2 Full Li-lon proof of concept

Based on the electrochemical characterization as well as the performance in lithium cell, the
electrolyte based on Pyr1sTFSI resulted to be the most promising among the three ionic liquids
analyzed. So, both PB and TB have been used to prove the feasibility to use this kind of electrolytes
in a complete Li-ion by facing a commercial LFP cathode to a high-capacity anode such as Si-
graphene composite. Overall satisfactory performance has been obtained thus confirming the

applicability of the novel electrolyte blends here proposed, as you can see from the figure 5.14.

a) b)
36 T — ] T T T T 100
; 240 i R i = T N,
220+ ./ 90
34 ]
~ 200 0 <
2 180 - e
— e H >
= 329 ,"".'-"-': ——Cycle 1 £ 160+ . 2
UEEE B e, -
00T ey
2 301 —-=- Cycle 10 S 120 ) 0‘8*53&5\.\ 50w
a ---=-Cycle 20 8 100 ] *0‘5:5:6:555\& L 40 2
S g6 € 80 s by, 5
® —e— Charge U8 30 3
& 604 —o— Discharge O
26 40 ] —*— Coulombic Efficiency r20
H 20 10
24 T T T T : T ! - T T 0 T T T T T —-0
0 20 40 60 80 100 120 140 160 180 200 0 5 10 15 20 25 30
Specific Capacity (mAhg™) Cycle Number
c) d)
36 240 ] I I I I I - I ‘I I - I l’. I.*./l N 100
220 e greteeteeteathee Tl oo e T 0
344 I ) I
—~ 200 -
Cycle 1 ﬁ‘m - 80 @
. Cycle 2 = 180 B Charge __70 9;'
> 324 Cycle 5 £ 160 Discharge F e
=l Cycle 10 > B —e— Coulombic Efficiency 60 &
= Cycle 20 £ 140 ]
c o ] r =
% 3.0 - Cycle 30 T 120 50 W
@ ] L )
= S 100 a0 &
(8] 4
O = _ F S
2.8 - S 80 + L3 S
o 60 L bS]
? 0] 20
26 N L
20 4 10
0+— —— 1 —— T —— 1 71 710
24 T T T

J T T J T T 0 5 10 15 20 25 30
0 20 40 60 80 100 120 140 160 180 200

Specific Capacity (mAhg™') Cycle Number
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graphene cells at 100 mAg™: a) representative voltage profiles and b) cycling performance with
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5.5 CONCLUSION

Six different electrolytes have been prepared by adding the 50 wt.% of pyrrolidinium-based ionic
liquids with 3 different alkyl chains, i.e. butyl- pentyl- and octyl- to 2 alkylcarbonate-based
electrolytes, i.e. 1M LiPF¢ in DMC:EC (P-series) and 1M LiTFSI in DMC:EC (T-series). The
influence of the length of the alkyl chain on the two series of electrolytes (i.e., P and T) have been
studied. The IL-added solutions proved to have higher flash points than the pristine electrolytes,
that increase with the length of alkyl chain. The latter is mostly evident in the P-series electrolytes,
while in the T-series only moderate difference are noticeable. In the same way, viscosity increase
with the cation size, due to the higher steric hindrance of octyl- group compared to butyl-. This is
in line with the values observed for ionic conductivity, where the elongation of alkyl chain affects
negatively the conductivity. Nevertheless, the value remains comparable to the pure carbonate-
based electrolytes. The increase of the values of viscosity and ionic conductivity with the alkyl
chain do not affect the ionicity, as showed in the Walden plot. The physical-chemical properties
of the six electrolytes have been related to microscopic changes in the local coordination in the
liquid phase by Raman Spectroscopy. Differences in the vibrational modes, due to the
pyrrolidinium cation can be detected only in the spectra of pure ionic liquids; while, in the
electrolyte mixtures such vibrational modes are completely covered by the signals associated to
organic solvents. By quantitative analysis, information about the average coordination number
revealed that for all the electrolytes, Li* is coordinated mostly by EC and DMC anion; while only
a small quantity, which is not influenced by the length of alkyl chain and remain constant, is
coordinated by TFSI. As expected, Li* is coordinated preferentially by EC molecules, even though
the P- and T-series electrolytes show some differences. In fact, it is evident that in the case of IL-
added T-electrolytes we can observe that the Li-EC and Li-DMC coordination number decrease
with the length of alkyl chain. This correlation is not obvious in the case of P-electrolytes.
Probably, the presence of PFe in addition to TFSI anion can influence the degree of coordination
with Li-ions. From the electrochemical point of view, all the electrolytes showed an
electrochemical stability window above 5V. For both series, a slight increase of electrochemical
stability is visible passing from butyl to pentyl- while decrease with octyl- side chain. Also, IL
added P electrolytes with shorter alkyl chain exhibited (PA and PB) enhanced properties compared
to pure P as well as to T-series electrolytes. Once assembled in lithium half-cells vs. LFP, all
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electrolytes supplied reversible and stable cycling: PB and PT electrolytes outperform the other
formulations and have been further investigated in lithium half cells vs. silicon-graphene
composite electrodes. Furthermore, both electrolytes have been tested in full Li-ion configurations
(LFP/Si-Graphene) to demonstrate the applicability of these new electrolyte solutions at lab scale

in complete devices.
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FINAL REMARKS

One of the key challenge for the next generation of LIBs is the development of high energy and
low-cost positive electrode materials. Lithium-Rich Layered Oxides (LRLOs) are currently the
best option to reach this objective. Another hot topic in the field is the formulation of innovative
electrolytes offering improved thermal and voltage stability.

In this work we have tacked both topics with a particular focus to develop and characterized a
variety of novel LRLO.

All materials have been synthesized following a highly reproducible route: preparation parameters
were optimized and controlled to optimize purity, morphology and performance. In particular, we
proposed and demonstrate a new series of over-lithiated and Al-doped LRLOs with general
formula Li1.2+xMnos4Nio.13C00.13xyAlyO2, with improved electrochemical performance and
reduced cobalt content. The well-known prototypal stoichiometry Li1.2Mnos4Nio.13C00.1302 has
been used as a starting point and benchmark. The effect of the doping has been systematically
investigated with several techniques, including XRD, SEM, TEM, XAS, RAMAN, and with
different electrochemical methods.

The structure of the synthetized materials is in line with literature. From a crystallographic point
of view, they show the coexistence of rhombohedral and monoclinic phases, confirming the
structural ambiguity of LRLOs. We demonstrated (see chapter 2) the benefits of over-lithiation
and Al doping as synergistic strategy to mitigate the cobalt content without compromises the
performance. The specific capacities of the Li1.2+xMnos4Nio.13C00.13-x-yAlyO2 series are beyond 200
mAhg, despite the reduction of cobalt. Moreover, the voltage decay is largely mitigated after 200
cycles along the series, suggesting a better stability during prolonged cycling.

One stoichiometry, Lii.2sMnos4Nio13C00.02Al00302, has shown outstanding performance. To
further investigate the sample, additional experiments at a synchrotron radiation beamline facility,
were carried out. Apparently, the co-doping with Li and Al lead to the formation of extended
oxygen vacancies and has a direct impact on the electronic structure and disorder. Moreover, post-
mortem analysis confirmed the enhancement of structural stability upon cycling in lithium half-

cells: both synchrotron X-Ray diffraction and Raman spectroscopy showed a better structural
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retention after 100 cycles. The layered structure is better maintained in the doped material
compared the benchmark Co-rich both in the bulk and in the surface.

Additionally, the over-lithiation has been used in combination with Mn doping to obtain a Co-free
material, Li1.2sMno.e25Nio.12502. The material has a layered structure as confirmed by XRD and
Raman and very promising electrochemical performance. It can supply an excellent
electrochemical performance either at low and high currents (230 mAhg* at C/10 and 118 mAhg"
1 at 2C). Post-mortem analysis showed minor structural rearrangements and remarkable
morphological retention. The novelty of this thesis work lies in the demonstration of a novel
strategy to replace the cobalt into LRLO without hindering the electrochemical performance and
the realization, for the first time to the best of our knowledge, of over-lithiated materials combined
with Al and Mn co-doping. Their remarkable electrochemical performance, described in the
chapter 2, roots in the improved structural resilience upon cycling compared to

Li1.2Mno54Ni0.13C00.1302.

Some additional insights into the structure of LRLOs represents another innovative achievement
of this work. Differently from stoichiometric layered materials, LRLOs can be indexed with both
R-3m and C2/m unit cells with possible superstructures, stacking defects and anti-sites. In this
work, we demonstrated that both the above structures are not able to describe all features of
collected pattern. Different approaches were used to push the description beyond the state of the
art. Supercells approach showed improvements in the convergences of Rietveld refinement, in
particular with a structure named R_C_3b. This unit cell has a monoclinic structure where the b
parameter is 3 times bigger than the conventional structure. It is able to fit better both Neutron and
XRD patterns compared to the classical R-3m, C2/m and C2/m with Li-TM mixing. However, the
region of superstructure XRD peaks is still poorly described. To push further our analysis, the
simulation of stacking faults within the material was considered. The FAULTS software allowed
us to refine the degree of stacking faults leading to an improvement in the XRD refinement of
superstructure region. Furthermore, the explicit modelling of the Li-TM mixing defects in the TM
layers led to additional improvement in the structural refinement. Our work showed that supercells

and defects are important elements in the description of the pristine structures.
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Finally, the last part of this thesis tackled the study of novel electrolytes that can be used with high-
voltage cathode materials. LRLOs work in very large potential windows, between 2 and 4.8V. The
standard electrolytes, based on organic solvent, are not completely stable at this high potential.
Therefore, we investigated several electrolytes blends with different ionic liquids and lithium salts.
In particular, pyrrolidinium-based ionic liquids with 3 different alkyl chains, i.e. butyl- pentyl- and
octyl- to 2 alkylcarbonate have been used, as well as two different salts, i.e. LiPFs and LiTFSI.

All electrolytes have been analyzed in terms of physical-chemical properties, such as flash point,
viscosity, ionic conductivity and Raman Spectroscopy. Moreover, the electrochemical stability has
been investigated with the use of linear sweep voltammetry and cyclic voltammetry. The best
electrolyte formulations have been successfully used in full cell device with a Silicon-graphene

composite as the negative counterpart.

Future perspectives will concern the optimization of the electrode technology, i.e. different
synthetic routes, surface coating and the electrolytes. A more scalable process is the crucial
objective in order to obtain an electrode material easily and at low price. Moreover, the choice of
a particular synthesis can lead to an optimized morphology and have an impact on the
electrochemical performance. Instead, the surface coating can help to improve the stability cycling
and the conductivity of the material. Regarding the electrolytes, future works will be devoted to
the study of the applicability of the electrolytes reported in the chapter 5 with the over-lithiated
materials of the chapter 2.
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