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Abstract

With the staggering growth in the recent years of the Lithium lon Batteries market and the

large number of different applications, in which these devices are currently employed, a
change of paradigm in terms of the active materials composing the electrodes in these
batteries is required. To meet the market needs in terms of performance (energy density
and power), safety and respect of the environment, non-toxic light materials with high

capacities are highly sought after.

The main goal of this work was to provide an insight into the mechanisms which limit the
application of the Li-Rich based cathodes and hard carbon and silicon anodes. These
high capacity materials would be ideal candidates to combine into a full cell for next

generation batteries with enhanced energy densities.

The mechanisms underpinning the electrochemical behaviour of a family of cobalt-free
lithium-rich layered oxide cathodes, with general formula Liw3-2/3NixMn23-13x02 (0 < x <
0.3), has been unravelled. Initially, Li12Nio.2MnosO2 was synthesized via a one-pot
synthetic route and studied to understand the origin of the high potential plateau
appearing over the first charge. Thanks to a careful structural and electrochemical
characterization and powerful spectroscopic techniques (XANES, SXAS, RIXS) the
presence of reversible anionic redox activity has been demonstrated. Subsequently the
focus of the work has moved on to unravelling the role of the nickel substitution in
favouring the oxygen redox activity over the oxygen loss phenomenon for this family of

materials.

In parallel, a study on the improvement of the cyclability and efficiency of high capacity
silicon-based anodes has been carried out using new polymeric binders, some of which,
have been shown to guarantee more stable cycling and higher capacities with respect to
the established binder sodium carboxymethylcellulose (Na-CMC). Additionally, in the
attempt to address the issue concerning the First cycle Irreversible Capacity (FIC) of the
silicon anodes, a highly reducing pre-treatment has been performed on the electrodes. As
well, the treatment has been tested on hard carbon anodes that, despite being promising
materials for Lithium and also Sodium lon Batteries, are usually plagued by large FIC. An
important improvement in terms of coulombic efficiency at the beginning of cycling has
been observed in all the tested materials without any sign of detrimental effects on the

electrodes overall performance.
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1 Introduction

1.1 Background

The handling and storage of energy has been of paramount importance to mankind in
order to guarantee its technological development and still constitutes one of the biggest

research areas in science.

Chemical species can be used to store energy. These chemical species can then be
reacted together to release energy. In the example of a car the internal combustion
engine acts as a transducer which transforms the chemical energy stored in gasoline to

the mechanical energy needed to move a car.

Among these transducers one of the most important is the galvanic cell, commonly
denominated “battery” that transduces chemical energy into electrical energy thanks to a
spontaneous electrochemical process in which one chemical species is oxidized in order
to reduce another. One of the main reasons why batteries have become so important
since their invention (A. Volta, 1799, Figure 1.1) is that their working principle
(electrochemical transduction of energy) can operate isothermally and avoid the
thermodynamic limitations imposed by Carnot’s cycle. This implies that batteries can
reach much higher efficiencies of energy conversion with respect to conventional

combustion engines.



Zinc +
Brine soaked cloth +
Caopper =

Ballery Element

Figure 1.1 Scheme of a voltaic pile.
Since the advent of the voltaic pile an endless number of battery designs and materials

have been investigated to get higher energy densities and power.

A first distinction has to be made between “primary” (i.e. non rechargeable) cells and

“secondary” (i.e. rechargeable) cells.

Primary cells are the main type of commercially available batteries and are used to power

a variety of small devices.

The Zinc-air cell, Li-l; cell and the Zn/MnO; alkaline cell are a few examples of the most

important primary cells’.

Secondary cells or rechargeable cells, invented not long after Volta’s pile (G. Plante’
1859, Lead-acid cell), have the advantage that the spontaneous electrochemical process
happening during the discharge can be reversed by passing through the cell a current of

the opposite sign, therefore, allowing for multiple usages.

Lead-acid and nickel-cadmium cells dominated the market for rechargeable cells over the
whole 20" century and, especially lead-acid batteries, are still the technology of choice for
several applications (i.e. cars’ engines). These types of cells started to be challenged in
the late 70’s and 80’s, when other types of cells such as the nickel metal hydride and the

lithium-ion became available.
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Figure 1.2 Ragone plot in which the power density of energy storage devices, expressed
in W/kg is reported vs. the energy density expressed in Wh/kg. This kind of plot, invented
by David V. Ragone, allows for a simple and straightforward comparison of energy
storage systems.

Lithium ion batteries (LIBs) turned out to be a real breakthrough in battery technology due

to their unique characteristics.

In Figure 1.2 a Ragone plot? is shown, in which the gravimetric energy density (also
known as specific energy) expressed in Wh/kg is plotted against the power density also
known as specific power) expressed in W/kg. The value of the specific energy indicates
how much energy can be stored per unit mass of material whilst the specific power how
quickly the energy can be released. This kind of plot allows an easy comparison of the
characteristics of different energy storage devices to be made. It is clear from Figure 1.2
that LIBs present the highest specific energy (~160 Wh/kg) and specific power (~600
W/kg) with respect to other secondary batteries such as Ni-metal hydride, Ni-Cd or Pb-

acid.

Thanks to their superior characteristics the number of Li-ion batteries employed to power
all portable electronics, from smartphones to PCs, is increased with a steep production
rate in the last two decades. In the recent years, LIBs have also been employed to power
several kinds of Hybrid Electric Vehicles (HEVs)® and Electric Vehicles (EVs)* by many

car manufacturers (e.g. Tesla®, Toyota®, Volvo’) and have found use to balance the



supply and demand in the electric grids where often they have been coupled with

intermittent source of energy such as solar panels or wind turbines.

With the market share of LIBs explosion, a great deal of funds have been invested in
scientific research to keep up with the increasing demand of higher specific energy and
power for these devices. The number of scientific works related to Li-ion batteries has
increased exponentially and the performance of a wide variety of materials, some of
which will be detailed in this chapter, have been investigated as components of the

batteries.

Despite the great scientific efforts and the pressing demand of the market there are still
great challenges that need to be overcome to allow LIBs to stay competitive as the main
energy supply devices in portable electronics, EVs and HEVs. The safety and
performance (higher specific capacity and rate capability [these terms will be detailed in
Chapter 2]) must be increased and the weight and volumes of the cells decreased,

leaving yet unanswered questions to challenge both researchers and engineers.



1.2 Li-ion Battery, How It Works

Electrolyte

C'u l Sepérator
Anode Cathode
(Graphite) (LiCoO,)

Figure 1.3 Schematic representation of a Lithium lon Battery with a lithium cobalt oxide
cathode and a graphite anode.

As already mentioned in the previous paragraphs the purpose of a battery is to transduce
chemical energy into electrical energy and in the case of secondary batteries this process

has to be reversible.
The lithium ion battery is an electrochemical cell made up of three main components:

- Cathode or positive electrode: is where the reduction reaction is happening during
the cell discharge (i.e. spontaneous process)

- Anode or negative electrode: is where the oxidation reaction is happening during
the cell discharge (i.e. spontaneous process)

- Electrolyte

Figure 1.3 schematically represents the most common kind of commercial lithium ion
electrochemical cell in which the anode’s active material is graphite and the cathode’s
active materials is the layered transition metal oxide LiCoO- (see following paragraphs).

The electrodes are physically separated by a polymeric (i.e. polyethylene) separator
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soaked in the third fundamental component of the battery, the electrolyte, that usually is a
mixture of organic carbonates in which is dissolved a high concentration (1 M) of a salt of
lithium (usually LiPFs). The salt allows for the ionic conductivity of lithium ions between
the two electrodes during the cycling of the cell whilst it is fundamental that the solvent

does not conduct electrons to avoid short-circuits.

The working principle of a battery is based on the separation of an electrochemical
reaction into two half-cell reactions, happening at the anode and cathode respectively, as

exemplified below:

- LiCoO; + C 2 Li1xCo0O: + LixC Overall redox reaction
- LiCoO; 2 Li1xCo0Os + xLi* + xe Positive electrode / cathode
- C+xLi*+xe 2LixC Negative electrode / anode

Each half cell reaction happens at a reduction potential E that is characteristic of the
reacting active material in the electrode and the potential difference AE (defined as AE =

Ecathode-Eanode) between cathode and anode in a lithium ion battery is typically around 3.5-4

V vs. Li*/Li.

During the discharge, which is a spontaneous thermodynamically driven process, the
oxidation reaction takes place at the anode with lithium ions released in the electrolyte
and electrons collected at the current collector (Figure 1.3). Driven by the potential
difference between the electrodes, the electrons migrate through an external wiring from
the anode to the cathode where the reduction reaction takes place. Simultaneously the
lithium ions diffuse through the bulk of the electrolyte to the cathode/electrolyte interface
where they are inserted in the cathode host structure to balance the negative charge
resulting from the reduction process. The opposite mechanism happens during the
charge of the battery when an external potential difference equal and opposite to AE is
applied to the electrodes forcing the spontaneous electrochemical reaction to go

backwards.



Thanks to the spontaneous current flowing in the external circuit during the cell discharge

it is possible to power electronic devices or electric engines.

1.3 Lithium lon Batteries, History

The first lithium ion battery was launched on the market by Sony®® corporations in 1991.
Until then, there had been a great industrial interest towards LIBs, thanks their high
energy densities and large operating voltage window, and several companies had been
trying to develop a stable lithium metal battery, with a lithium metal anode and a MnO;
cathode''"", facing major safety issues due to the formation of lithium metal dendrites
during cycling that would have induced a short-circuit of the cell and, given the
flammability of the electrolyte components, a risk of explosion. Other attempts had been
made by Exxon, Bell laboratory and Moli Energy with a Li/TiS, and a Li/NbSe; cells'>-'®
that were also plagued by safety issues due to the extreme shock-sensitivity of LiClO4
used as salt'®'” in the electrolyte mixture. Although very unsuccessful, these first
prototypes of LIBs allowed to understand the dynamics of the electrochemical processes

during cycling and the requirements needed to obtain a safe product.

Despite Sony was the first manufacturer to launch a commercial LIB, a great deal of
scientific studies preluded the success of Li-ion secondary cells. Lithium metal had
attracted scientists as a possible anode material thanks to its low redox potential'® (-3.04
V vs. Standard Hydrogen Electrode) and its lightness (6.94 gmol'). The idea of a
secondary battery in which lithium ions could reversibly move between two electrodes
(usually denominated ‘rocking chair’ system) to be intercalated/de-intercalated during the
charge/discharge process had been already explored in 1970’s by Whittingham'®2° and
Armand?' in different works. The idea was subsequently picked up by Lazzari and
Scrosati that employed a lithiated tungsten oxide as cathode and titanium disulphide as
anode??. Although the potential window of Scrosati’'s cell was very narrow the battery
cycled for over 50 cycles proving the concept of the rocking-chair motion of lithium ions in

the battery.



A crucial discovery was for cathode materials came from Goodenough research group in
1980, when they discovered the ability of transition metal oxides?® with the o-NaFeO;
structure to reversibly intercalate lithium ions at high potential values. In particular the
cobalt-based member of the family, LiCoO», turned out to be the material of choice for the

first commercial Sony cell and is still today the active material in many commercial®* LIBs.

On the anode side graphite?>?® had been known to intercalate lithium although heavily
affected by the co-intercalation of solvents molecules from the electrolyte that were
reduced and lead to a progressive delamination?”-? of the electrode. A step forward was
made by Dahn and co-workers?® that reported the good resistance of petroleum coke to
solvent intercalation and the beneficial effect of ethylene carbonate as additive® in the

propylene carbonate electrolyte with both graphite and petroleum coke.

Also Yoshino et al. from the company Asahi Kasei had reported in a previous patent®! the
advantages of using low temperature carbons such as petroleum coke and proposed as
well the use of LiPFs and LiClIO4 as salts for the electrolyte instead of the highly toxic

LiAsFs used by Dahn et al.®

Despite these initial and fundamental improvements, restless research of new candidates
as electrode’s material has continued for almost three decades now in the attempt to
better understand the complex chemistry underpinning the working mechanisms of the
known electrode active materials but also trying to synthesize new materials with higher

energy densities and power.

Among the materials that have raised more attention in the last decade there is the family
of so-called “lithium rich” layered®® transition metal oxides for the cathodes whilst for the
anodes a great deal of interest has been devoted to the study of silicon nanoparticles and

the family of hard carbons.



The investigation of lithium-rich transition metal oxides, silicon nanoparticles and hard
carbon respectively employed the first as cathodes and the last two as anodes active

materials are the focus of this thesis.

1.4 Cathodes

The majority of active materials employed as cathodes® (positive electrodes) in
secondary LIBs are transition metal oxides, able to reversibly intercalate lithium ions, in
which the insertion/extraction of lithium is accompanied by the reduction/oxidation of the

transition metal (TM) centres to maintain charge neutrality.

Whilst the change in the TM oxidation number can account for the charge neutrality, the
large compositional variations due to the insertion/extraction of lithium ions often lead to
phase transitions in the cathode’s lattice during cycling and for this reason it is crucial for
a good cathode material to possess a stable crystal structure over wide compositional
ranges. Another important aspect concerns the ionic and electronic conductivities across
the crystalline host structure that have to match the current rates employed during the

battery electrochemical cycling.

Additionally, an operation potential within the stability window of the electrolyte, together
with a low molar and formula weights are highly desirable characteristics to guarantee

high specific energy (per unit mass) and energy density (per unit volume) of the material.

It follows an overview on the most relevant active materials for LIBs cathodes.

1.4.1 Spinels

Spinels materials are a wide and well known family of materials with generic formula
AB.0;, that present a structure with Fd3m symmetry constituted by a cubic close-packed
(ccp) array of oxygens (ABCABC) where the cations A and B occupy one eighth of the

tetrahedral sites and one half of the octahedral sites respectively3® (Figure 1.4).



LiMn204 — Lit+ e + Mn204

Figure 1.4 Redox reaction associated with the extraction/insertion of lithium ions and
schematic representation of a spinel LiMn,O4 structure characterised by the Fd3m cubic
symmetry (b). The lithium ions are represented by green spheres and the MnOs
octahedra are in purple with the red oxygens spheres sitting on the corners. In a) is
possible to observe the cubic close packed array of oxygen layers stacked with the
characteristic ABC fashion.

In spinels employed as cathode materials lithium occupies the A sites and one or more

transition metals species the B sites.

The best renown member® of the spinel family is LiMn2O4 in which the edge-sharing
MnOs octahedra form a 3-dimensional network percolated by channels made of
tetrahedral sites, one-eighth of which are occupied by lithium ions, that allow for a fast
and reversible motion of the alkali metal ions during the material electrochemical cycling.
Manganese is half in +3 and half in +4 oxidation number in the pristine and the material
intercalates/de-intercalates lithium through the electrochemical reaction indicated in

Figure 1.4 at a potential®” of ~4 V vs. Li*/Li.

The theoretical capacity for the extraction of the whole lithium of LiMn,O4 is 148 mAhg™
although it is possible to increase the amount of intercalated lithium in the lattice by an
insertion process happening at a potential of ~3 V vs. Li*/Li in the empty interstitial

octahedral sites.

The insertion of lithium beyond 1 mole per formula unit, yielding LixMn204 with 1 < x < 2,

reduces Mn** to Mn®*" and up to x = 1.1 the product obtained is a solid solution. Beyond x

10



= 1.1 the concentration of the Jahn-Teller distorted Mn** becomes large enough to distort
the lattice reducing the symmetry of the crystal structure from cubic to tetragonal with
anisotropic expansion of the unit cell. The symmetry mismatch leads to a phase
separation of the two distinct phases LiMn204 and LizMn204 as lithium is inserted with the

second growing at the expense of the first.

Despite the possibility to achieve higher capacities thanks to the 3 V insertion process,
the performance of LiMnO4 quickly fades during cycling. The reasons of such a loss in
performance has been attributed partially to the phase changes illustrated above and
partially to the possibility of a disproportionation reaction of Mn®* at potentials above 4 V

vs. Li*/Li with formation of soluble Mn?*,

2Mn3* — Mn**+Mn?* (1.1)
The loss of manganese would then lead to a progressive decrease in the amount of

lithium that can be extracted/inserted in the material.

In order to stem this phenomenon and stabilise the material, the substitution of
manganese with other TM elements such as Ni, Co, Cr, Al, Fe and others®3° has been
proposed. Among these materials LiNiosMn 504 has been one of the most successful*®4!
with a theoretical capacity around 147 mAhg™' and a working potential close to 5 V vs.

Li*/Li.

Thanks to their low costs and easy synthetic procedures, spinel materials have

successfully employed as cathode active materials in EVs such as the Nissan Leaf.

1.4.2 Olivines

Olivines with generic formula B>AO4 constitute the hexagonal analogue of the spinel
materials in which the B atoms occupy one half of the octahedral sites and atoms A one
eighth of the tetrahedral sites available in a hexagonal close packed (hcp) array of

oxygen atoms (ABABAB).

11



LiFePO, =— Li*+ e+ FePO,

Figure 1.5 Redox reaction associated with the extraction/insertion of lithium ions and
schematic representation of an olivine LiFePO4 structure characterised by the Pnma
orthorhombic symmetry. The lithium ions are represented by green spheres, the PO4
tetrahedra are in light violet and the FeOgs octahedra are in olive-green with the red
oxygens spheres sitting on the corners.

These materials present a crystal structure belonging to the Pnma symmetry group and
were proposed as good candidates for LIBs batteries in 1997 by Padhi et al*>. The most
famous member of this family is LiFePO4 where P occupies A sites and Fe with Li occupy
B sites. In the olivine structure the octahedral sites occupied by lithium run in edge
sharing chains along the c-axis whilst the octahedral sites occupied by iron form zig-zag
shaped chains running parallel to the lithium sites chains. Each of the tetrahedral anions

PO.* shares one edge and one vertex with the FeOg octahedra (Figure 1.5).

LiFePO4 de-intercalates/intercalates lithium at a constant potential of 3.5 V vs. Li*/Li via a
two-phase LiFePO.4/FePO4 process (Figure 1.5) reaching reversible capacities close to
the theoretical value of 175 mAhg™ for several hundredths of cycles. It is worth noticing
that the redox active couple Fe3*/Fe?* would be active at lower potential than 3.5 V vs.
Li*/Li but thanks to the highly polarized P-O bond the iron redox couple is stabilized via

inductive effect hence its redox potential is raised.

Thanks to the very reversible electrochemistry, good capacities, low production cost and
high safety guaranteed by the lattice stability, olivines have been immediately regarded
as good cathode materials for commercial LIBs and have been employed to partially
substitute the more expensive and toxic NiMH cells. Despite the good properties though

olivines suffer of poor rate capabilities and are not suitable materials for high rate cycling.
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This is mostly due to the lithium diffusion rate*® limitation across the LiFePO4/FePO,
interphase and to the poor electronic conductivity of the material (10° Scm™). Several
strategies have been adopted to improve the rate capability such as the synthesis of
nanosized**" particles to reduce the length of the lithium ions solid state diffusion path

and the use of carbon coating to improve the electronic conductivity.

Isostructural materials to LiFePO4 have been synthesized with other TM species*®-5'
replacing Fe like Mn, Co and Ni although due to higher cost of the raw materials and

poorer performance have not raised the same interest as their Fe counterpart.

1.4.3 Silicates

Silicates form another large family of polyanion-based materials that have been
synthesized and investigated for lithium ion battery applications®?-5° in the early 2000’s.
These materials present the general formula Li;MSiO4 where M = Fe, Mn and Co in their
stoichiometric formulation. As for the olivines the silicate lattice® is very stable and
resistant to high temperature degradation thanks to the strong Si-O covalent bond of the
SiOs* anions. The silicates lattice is constituted®®® by a distorted hexagonal close

packed array of oxygens in which the cations occupy half of the tetrahedral sites.

B-Li,FeSio,

A AR
ARAE AL KL

Figure 1.6 Schematic representation of a silicate Li:FeSiO4 structure. In a) and b) is
shown the B-polymorph possessing Pmn2 orthorhombic symmetry, whilst in c) and d) the

13



v-polymorph is reported presenting a Pmna orthorhombic symmetry. The lithium ions are
represented by green spheres, the SiO4 tetrahedra are in blue and the FeO, tetrahedra
are in olive-green with the red oxygens spheres sitting on the corners.

Many are the possible polymorphs®’:%8 for these materials although the two most relevant
ones are denominated B and y (corresponding to the low and high temperature forms

respectively) that differ in the orientation of the MO4 tetrahedra (Figure 1.6 )

In the B polymorph all tetrahedra point in the same direction, perpendicular to the oxygen
close packing planes, sharing only corners with each other, whereas for the y type the
direction of half of the tetrahedra is inverted (Figure 1.6-c and -d). Several kinds of § and
v polymorphs exist with different degrees of distortions of the parent compounds
structures. Interestingly each different polymorph of the same kind of silicate presents
characteristic electrochemistry and cycling performance®. The theoretical capacities of
silicates are attractive with values above 300 mAhg™' for the manganese®®' silicate
Li2MnSiO4 in which is possible to extract all the lithium thanks to the activation of both

redox couples Mn®/Mn?* and Mn**/Mn** as illustrated in Equation (1.2).

Li,Mn**SiO, 2 2Li" + 2e” + Mn?*SiO, (1.2)

Despite the interesting electrochemical properties silicates are affected by very poor
electronic (10-'4-10-'® Scm™") and ionic conductivities®?%2. Similarly, strategies to the ones
adopted for LiFePO,4 have been attempted with reduction of the particles®® dimensions
and the use of graphitic carbon coating with partial improvements in rate performance. As
well, Billaud et al. proposed a new strategy to increase the ion transport rates by
synthesizing Li-rich silicates®® with formula Li,...M;-SiO, (with 0 < x < 0.3) achieving an

increase in the ionic conductivities of more than two orders of magnitude.

1.4.4 Layered transition metal oxides

The so-called layered transition metal oxides® thanks to their attractive structures and
promising theoretical specific capacities constitute the largest and most investigated
family of active materials for lithium ion battery cathodes.
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Figure 1.7 Layered structure of a generic TM oxide, formula LiMO;, with the alternating
layers of lithium ions (green spheres) and edge-sharing MOs (grey) octahedra piled-up to
form the crystal structure.

Although layered compounds of heavy alkali metals with oxides of cobalt, manganese
and chromium had been already widely investigated in the 1970’s by Delmas®, there was
essentially no deep study of the lithium compounds, until in the early 1980s Goodenough
et al. recognised the possibility of electrochemically de-lithiating the layered LiCoO-

effectively opening a new era for the energy storage technologies.

The structure of the layered oxides, general formula AxM,0,, is made of a close packed®®
oxygen array in which the transition metals (M) are bound into either octahedral or
trigonal prismatic sites to six oxygens (Figure 1.7) forming 2D MO: piled slabs. Each slab
interacts with its neighbouring ones via weak Van der Waals interactions so that alkali
metal ions (A) can be hosted between the layers to guarantee the charge balance.
Depending on the alkali metals dimensions, the MO, layers can pack in different ways to
form the right geometry to host the alkali metal ions (e.g. lithium is hosted in octahedral
sites whilst the bigger sodium goes into trigonal prismatic sites), although the most stable

configuration is achieved when the condition Mragius/Aradgius < 0.9 is fulfilled®”.

Two are the main types of nomenclatures adopted for these compounds: the first one is
the classic ABC notation (Figure 1.4-a) whilst the second, proposed by Claude Delmas®,
is made of a letter and a number (e.g. O3) where the letter indicates the geometry of the

interstices in which the alkali metal ions are hosted (O = octahedral, P = trigonal
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prismatic, T = tetrahedral) and the number refers to the number of MO- sheets in the unit

cell (Figure 1.8).

Tetrahedral (T)

Trigonal Prismatic (P) 20 ¥ Y
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Figure 1.8 Coordination geometries for the alkali metal ions (left) in the Delmas notation®®
for layered oxides and schematic representation for the unit cell of an O3 type structure
(e.g. LiCoOy) in which the LiOg octahedra are in green.

Stoichiometric layered oxides

This class of layered oxides is characterised by the presence of alkali metal ions only in
the alkali metal layers. The most famous member of this family is surely LiCoO,,
employed by Sony in 1991 as cathode®®% for the first commercial LIB, is still one of the
material of choice for commercial LIBs. It is made by superimposed layers of lithium ions,
hosted in octahedral interstices, and edge-sharing CoOes octahedra (Figure 1.9)
characterised by a cubic close packed lattice of oxygen atoms with an O3 structure (as
described above) and an R3m cell symmetry. lithium ions can reversibly
extracted/inserted for several hundreds of cycles at an average working potential of 3.7 V
vs. Li*/Li following the electrochemical reaction reported in Figure 1.9. Despite presenting
a theoretical capacity of about 275 mAhg™ only half of it can actually be exploited due to
the structural instability arising when more than 0.5 lithium per formula unit are

extracted®.
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LiCoO, — xLi* + xe”+ Li, ,CoO,

Figure 1.9 Redox reaction associated with the extraction/insertion of lithium ions and
schematic representation of LiCoO; structure possessing R3m trigonal symmetry. The
LiOs octahedra are represented in green, the CoOs octahedra are in blue and the
oxygens (red spheres) sit on the corners.

Beside LiCoO: other two materials such as LiNiO2 and LiMnO. have been intensively
investigated. LiNiO. presents identical structure to the cobalt oxide although the synthesis
of this materials is more challenging due to the presence of a high number of defects

such as stacking faults.

The working potential of the stoichiometric layered nickel oxide™" is slightly lower than
the cobalt one, ~3.6 V vs. Li*/Li, due to the higher energy of the nickel tzg orbitals and, as
seen in LiCoO,, only 140 mAhg™, over 270 mAhg™"' of theoretical capacity, are exploitable
without any structural degradation that in this case is highly exothermic representing a

real safety hazard.

On the other hand, the manganese equivalent of the layered oxides described above,
LiMnO., has been widely investigated thanks to the much cheaper reagents compared to
Ni and Co, the minimal toxicity and high theoretical capacity of 285 mAhg'. Unfortunately,
LiMnO. is difficult to be readily synthesized due to the preferential formation of the more
stable spinel LiMn,O4. It can be prepared via ionic substitution’? at low temperature
starting from the P3 structure of a-NaMnO., although Tabuchi et al. attained the material

via direct hydrothermal reaction”. The process yields the kinetically stable,
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thermodynamically unstable, O3 LiMnO, that presents™ a lower crystal symmetry C2/m
with respect to the cobalt and nickel compounds due to the presence of the Jahn-Teller
active Mn®*". The instability of the compound is manifested during the electrochemical
cycling that is characterized by a quick fade in capacity for this material with simultaneous

structural rearrangement to form the stable spinel lattice.

In the attempt to stabilize LiMnO;, doping strategies with other cations such as Co, Ni, Al
and Cr have been attempted by several groups’7’’. Among these materials the mixed
layered oxide LiNi13Co13Mn1302 (denominated NMC) has been the most successful and
a very promising material for commercial use presenting enhanced stability and improved

performance’®®",
Lithium-rich layered oxides

Lithium rich layered oxides are characterized by the presence of lithium within the
transition metal layer. The first member of this family, Li10sMno 9102 , was synthesized®? by
Thackeray et al. via acid treatment followed by lithiation of LioMnOs. These materials can
be thought as the solid solution®#3 xLi,MnQO3(1-x)LiIMO,, where M= Ni, Co, Al, Cr, Fe, Ti
or a mixture of them®-2 present an O3 structure with a cubic close packed array of
oxygens and the cations hosted in the octahedral sites as analogous to the stoichiometric
LiCoO, although the symmetry for the lithium rich materials is lowered from rhombohedral
R3m to the monoclinic C2/m due to the ordering of the manganese and lithium ions in the

transition metal layer®.

Depending on the synthetic conditions and the redox active transition metals the lithium

rich materials show a wide range of performance®* and working potentials.

Interestingly, most of these compounds present reversible capacities well beyond the
transition metals redox activity that might be explained with the presence of oxygen redox
activity®”-. the end member of the solid solution Li2MnO3 shows to be electrochemically

active, although the formal oxidation number on manganese in this compound is 4+. This
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activity has been attributed to the oxidation of oxygen in the lattice that would lead to the

extraction of lithium and concomitant loss of molecular oxygen upon charge®'%,

Among the most famous and commercially attractive lithium rich layered compounds
there are the Lit2Nigp2MnosO2 and the lithium rich NMC compounds with formula®93.94
XLi2MnOs3(1-x)LiNi13C013Mn+1302with  0<x<1. These compounds show reversible
capacities higher than 200 mAhg" for several tenths of cycles but the progressive voltage
fade during cycling, together with low rate capabilities, partially related to the insulating
nature of Mn**, have so far hindered the launch on the market of these materials. A great
deal of work has been carried out in the recent years by several groups to address these
problems by unravelling the mechanisms underpinning the chemistry of lithium rich
cathodes through the study of the local structure (e.g. the influence of synthetic routes

and conditions on the local ordering of cations in the transition metal layer)®>-%,

Due to the complexity of the systems involved many aspects are still partially unresolved
or matter of intense debate in the academic community making this class of materials one

of the most intriguing to study.

1.5 Anodes

As already mentioned, the first prototypes of secondary LIBs employed a foil of metallic
lithium as anode (negative electrode). This was due to the unique chemical-physical
properties of elemental lithium such as the low reduction potential (-3.04 V vs. SHE) and
the lightness of this element (6.94 gcm™), that still today make it the Holy Grail material

for anodes in terms of energy density®"%,

Despite its great properties though, lithium is a very reactive and air sensitive element

that when repeatedly cycled in a secondary battery presents important safety issues.
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Figure 1.10 Representation of the lithium dendrites growing from the anode surface and
piercing through the separator until reaching the cathode leading to short circuiting (left).
SEM picture of a lithium dendrite (right, reproduced from Kim et al.%).

The biggest danger is related to the formation of metallic dendrites (Figure 1.10) on the
anode surface that upon repeated cycling could grow long enough to pierce through the
separator and reach the cathode short-circuiting® the cell. If that happens, a very high
current density would flow through the nanometric diameter of the dendrite overheating it
and consequently generating a spark that would ignite the electrolyte leading to the cell

explosion.

To avoid the safety risks, metallic lithium has been replaced by other materials able to
intercalate lithium ions at potential values close to that of the Li*/Li redox couple that will

be detailed in the following paragraphs.

Despite the improved safety in terms of lithium dendrites formation, a working potential
close to -3.0 V vs. SHE still represents a risk in terms of performance stability. This is
because at the anode working potential, the electrons in the active material have an
electrochemical potential (ie) that is higher in energy than the LUMO of most of the

electrolytes organic solvents'® (Figure 1.11).
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Figure 1.11 Representation as a function of energy of the anode electrochemical potential
(red line) compared with the position of the electrolyte electrochemical stability window,
delimited by the HOMO and LUMO levels (blue lines). Without the electronic insulation
constituted by the SEIl between anode and electrolyte, electrons would flow to the
electrolyte reducing it.

This implies that a spontaneous reduction of the electrolyte will be triggered at the anode
surface during the cell cycling with consequent detrimental effect on the cell performance.
To avoid this side effect and maintain the low working potential is essential to stabilise the

anode surface with a passivating layer.

Typically 30-50 nm

SEI Interface: Electrolyte
Lithium Intercalation into Graphite

Graphite Particle

Figure 1.12 Schematic of the SEI layer deposited at a graphite anode surface during the
electrochemical cycling. Image reproduced from Aldous et al.’".

This layer is denominated by an Solid Electrolyte Interphase (SEI)'%2-'% and is formed on
the anode surface (Figure 1.12) during the first charge of the cell. Its composition is
based on reduction products of the electrolyte solvents. That is why a great deal of

scientific research has been carried out on testing and investigating the best solvents and
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electrolyte additives to yield the most stable SEI possible. Currently the standard
electrolytes for LIBs are based on a mixture of organic carbonates (e.g. ethylene

carbonate, dimethyl carbonate, propylene carbonate) in different weight ratios.

It is fundamental for the SEI layer to be a good ionic conductor to guarantee the transport
of lithium ions during the insertion/extraction process occurring when the electrode is

cycling.

The dimensional stability of the anode during cycling can affect the SEI conductivity as it
is important to avoid excessive expansion and contraction of the electrode over
lithiation/de-lithiation that could lead to a damage of the SEI exposing fresh electrolyte to
the anode surface that would lead to further reduction and consumption of it with
simultaneous thickening of the SEI (longer path to cover for the conduction of lithium ions
when moving from/to the electrode bulk to/from the electrolyte, resulting in lower ionic
conductivity). Despite its essential role in guaranteeing the stability of the electrode, the
formation of the SEI layer during the first cycle irreversibly consumes'® part of the
charge. This phenomenon is known as First cycle Irreversible Capacity (FIC) and will be

detailed in Chapter 6.

The following section is an overview on the most relevant active materials for LIBs

anodes

1.5.1 Graphite

Graphite is still the most used active material in commercial LIBs, thanks to its relatively
good specific capacity, 372 mAhg™, and its working reduction potential’®”:'% close to 0 V

vs. Li*/Li.

The structure of graphite (Figure 1.13) is made of a perfect stacking of graphene layers
that can reversibly intercalate up to one lithium per six carbons?' (corresponding to a

capacity of 372 mAhg") following the reaction shown in Figure 1.13
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6C +Li*+e == LIC,

Figure 1.13 Schematic representation of the graphite layered structure
Due to the working potential very close to that of the Li*/Li couple the stability of the SEl is
extremely important for graphite anodes to avoid the plating of metallic lithium with

consequent growth of dangerous dendrites.

Graphite is the most crystalline ordered member of a wide family of carbonaceous
materials with graphitic structures in which different degrees of defects are presented that

are capable of reversibly intercalating lithium ions at low voltages'®.

1.5.2 Hard Carbons

From the pyrolysis of epoxy resins and natural hydrocarbons''®"2 such as sugars or
cellulose, under inert atmosphere or vacuum, it is possible to obtain another family of
carbonaceous materials known as hard carbons. These materials present a disordered
structure?""% in which small domains of graphene layers are stacked as in a graphite-
like fashion but with randomly distributed covalent bonds connecting the planes. These
ordered domains are immersed in an amorphous and porous carbon matrix. Depending
on the precursors and synthetic conditions it is possible to tune the particle dimensions

and crystallinity of the final product.'11°

Hard carbons are able to reversibly intercalate lithium''? as well as sodium'"3'"® jons not
only within the layered domains but also in the pores of the amorphous matrix allowing

these materials to have a wide range of performance (up to 600 mAhg" of reversible
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capacity for lithium ions)'? that can vary depending on the porosity and the particle
dimensions. These characteristics make hard carbons a very attractive system to be
employed not only in LIBs but also in the realising sodium ion battery (NIBs) technologies.
The dimensional stability'® for hard carbons is not as good as the graphite one meaning
a larger volume expansion and contraction over lithiation/de-lithiation that makes the SEI
layer less stable. This implies that the irreversible capacities in the first cycles for hard
carbons are much larger'™ (40-50% of the inserted charge) than for graphite. Despite
their attractive high capacity, the ability to intercalate Li but also Na ions and the low
working potentials close to the Li*/Li and Na*/Na® couples, the problem related to the SEI
instability and high irreversibility in the performance have so far hindered hard carbon in
finding commercial application. Further investigation on the origins of the irreversibility
and the investigation of possible ways to address the problem will be detailed in chapter

6.

1.5.3 Lithium Titanate LisTisO12

LisTisO42 (abbreviated LTO) is the best-known member of a family of transition metal
oxides (e.g. WO2, MoO;, Fesz04)'""-'2° able to reversibly intercalate lithium ions at

relatively low potential (1.5-2 V vs. Li*/Li).

Li4Ti5012 +3Li" + 3¢ = Li7TI50‘2

Figure 1.14 Redox reaction associated with the insertion/extraction of lithium ions and
schematic representation of LisTisO12 possessing a defect spinel cubic structure. The
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lithium ions are represented as green spheres whilst the TiOgs octahedra are in dark-grey
with the oxygens (red spheres) sitting on the corners.

LisTisO12 presents a defect spinel structure'"?2 (Figure 1.14) that is able to intercalate 3
lithium ions at a voltage of 1.5 V vs. Li*/Li, corresponding to a specific capacity of 175
mAhg™. Thanks to its working potential, most of the carbonates employed in the
electrolyte mixture do not decompose on the anode surface during cycling to form an SEI
layer. This allows for a much faster insertion and extraction rate of lithium ions in the
structure making of LisTisO12 a suitable anode material for cells in which high power is

required and a safer material compared to carbons with no risks of dendrites formation.

The biggest drawback in employing LisTisO12 for commercial purposes is its low energy

density due to the relatively low capacity and working potential.

1.5.4 Lithium Alloys

The lithium alloy materials comprise a group of elements able to alloy with lithium at
potential values close to that of the Li*/Li redox couple. These materials have recieved
much attention in the last two decades thanks to their high capacities and low working
potential. Table 1.1 reports the most important of these elements and their properties are

compared with those of metallic lithium, graphite and LTO.

Table 1.1 Comparison of the diverse properties of different anodes active materials for Li-
ion batteries'?®. The colour shading indicates the mechanism through which lithium is
stored: orange for plating, green for intercalation and red for alloying.

Materials Li c Li,Ti,0,, Si Sn Sb Al Mg Bi
Density (gcm) 053 225 35 233 729 67 27 1.3 9.78
Lithiated phase Li Lc, Lm0, LS L,Sn LiSb LAl Li,Mg  Li,Bi
Theoretical specific capacity (mAhg-') 3862 372 175 4200 994 660 993 3350 385
Theoretical charge density (mAhcm%) 2047 837 613 9786 7246 4422 2681 4355 3765
Volume change (%) 100 12 1 320 260 200 96 100 215
Potential (V vs. Li*/Li%) 0 005 16 0.4 0.6 09 03 0.1 08
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From Table 1.1 it appears clear that there is a wide range of materials able to store
lithium through different mechanisms at low voltage values, presenting a wide variety of
properties. For example, due to its capacity to alloy with lithium around 0.3 V vs. Li*/Li,
aluminium cannot be the current collector of choice, as it happens for cathodes, in the
case of Li-ion battery anodes. Instead the much heavier and more expensive copper is
necessarily employed. Among the materials reported above, silicon has been regarded as

the best candidate for high energy density anodes in LIBs over the last decade.

1.5.5 Silicon

Silicon has attracted much attention thanks to its high theoretical capacity, ten times
higher than graphite (4200 mAhg™")'?* and its low cost. This anode material has an
intercalation potential of 0.3-0.4 V vs. Li*/Li which makes it safer than graphite (0.05 V vs.
Li*/Li) averting deposition of metallic lithium and avoids important loss in energy (e.g.
lithium titanate anodes: 1.5 V vs. Li*/Li)'?2. Nevertheless, some challenging problems still
have to be overcome to gain a good implementation of silicon alloy anodes in commercial
LIB. This includes the large volume change'®® (up to 300 %) of the alloy material during
the lithium ion insertion/extraction process and the important energy loss due to the First

cycle Irreversible Capacity (FIC).
The alloying mechanism

The alloying mechanism of lithium with silicon has been widely investigated and proven to
be highly sensitive to the experimental conditions such as the average silicon particles

dimensions, cycling cut-off voltage and temperature.

In an early study it was shown by Wen and Huggins'? that at 415 °C the electrochemical
process of lithium alloying with silicon follows the Li-Si phase diagram that produces the
four different products Li;Si7, LizSis, Li13Sis and Li»Sis with the onset potentials of 332,

288, 158, and 44 mV, respectively (Figure 1.15).
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Figure 1.15 Comparison of the coulometric titration of the Li-Si system at 415 °C with the
galvanostatic load curve of a silicon-based electrode at room temperature. The presence
of several steps in the fitration curve indicates the presence of multiple two-phase
processes happening at high temperature. In contrast the room temperature galvanostatic
curve shows the presence of a unique sloped region during the alloying process.
Reproduced from McDowell et al.’?".

At room temperature though the reaction of lithium with micrometric sized silicon deviates
from the equilibrium predictions with the first cycle alloying process presenting a plateau
region centred around 0.1 V vs. Li*/Li hence indicating the presence of a two phase
process (figure solid line). Thanks to detailed XRD studies it has been shown that the two
phases resulting in the flat plateau during the first cycle alloying process were an
amorphous lithiated silicon phase and a crystalline pristine silicon phase. The two-phase
alloying process is related to the large activation energy required to break the crystalline

silicon lattice.

The lithiated micrometric-sized silicon phase stays amorphous above 50 mV vs. Li*/Li
whilst below the 50 mV potential a highly crystalline phase with composition Li1sSis is
formed determining the presence of a plateau in the curve for the de-alloying process

(figure).

Additionally, the silicon particle size plays a crucial role in determining the voltage profiles
shape during the cycling. The size effect becomes evident in the case of nanosized

silicon particles for which the alloying/de-alloying voltage profiles do not appear to be
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affected by the lower voltage cut-off even when discharged to 0 V vs. Li*/Li as reported

for the micrometric silicon (Figure 1.16).
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Figure 1.16 Comparison of the load curves shape for silicon-based electrodes
galvanostatically cycled between 0 and 2V vs. Li*/Li. Micrometric silicon was employed in
the top panel whilst silicon nanoparticles were used in the bottom panel. Reproduced
from Saint et al.’?8, with permission from Wiley-VCH.

Problems affecting silicon and strategies to solve them

For pure crystalline silicon powder deposited on a copper current collector the lithium
insertion/extraction volume effect and the first cycle irreversible capacity are responsible
for a dramatic decrease in performance for this material reducing the cycling efficiency to
35-60% and the overall capacity to less than 1000 mAhg' after only one cycle of
charge/discharge. This is observed in Figure 1.17 in which are shown an initial
irreversible capacity of more than 2600 mAhg'and a coulombic efficiency lower than

30%.
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Figure 1.17 Voltage profiles for the alloying/de-alloying process of lithium with a pure
silicon electrode. Large irreversibility is observed for the first cycle. Reproduced from Kim
et al.’ with permission from J. Power Sources.

The origins of such a large loss in capacity during the electrode cycling can be

summarized in 4 main reasons:

1) Loss of active material: this phenomenon is due to the large volume change of the

silicon particles upon cycling which leads to a detachment of the particles from the
current collector, as a result of pulverisation and cracking of the electrode

material3°.

During the lithiation process both the carbon matrix and the silicon particles
undergo a compressive stress as a result of the volume expansion. In the
subsequent de-lithiation process , the particles are subjected to a strong tensile
stress due to the material contraction leading to the electrode cracking™!. A

schematic representation of this phenomenon is reported in Figure 1.18
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Figure 1.18 Schematic representation of the silicon electrode failure mechanism due to
the large volume expansion and contraction, over lithiation/de-lithiation, leading to the
electrode delamination and loss of active material. Figure edited from Wu et al.'3°

2) Formation of Solid Electrolyte Interphase (SEI) : as for all anode systems also in

silicon there is the formation of a passivating film'03.194132 gn the particles deriving
from the decomposition of the electrolyte at anode's surface potential values
(Figure 1.12).

The SEI layer is usually composed of various lithium alkylcarbonates, Li>O2, LiF
and Li>COs. Differently from graphite, where a stable SEI is developed at 0.5-1 V
vs. Li*/Li during the first cycle'2'%, SEI formation in Si anodes is a dynamic
process due to the constant volume changes of the particles during the
insertion/extraction process of lithium. The volume variation generates cracks in
the SEI formed in previous charge/discharge cycles, exposing fresh Si surface to
the electrolyte and thus leads to continuous SEI growth with related
consumption'® of lithium ions (i.e. loss of charge) continued in the electrolyte.

3) Lithium Trapping: sometimes lithium ions get irreversibly trapped in the silicon

structure3. Trapping is mainly due to slow ion release kinetics or to the formation
of highly stable lithiated compounds with impurities of S, P and O present in the
material. Even the presence of a high density of structural defects', especially at
the surface boundaries of silicon particles is expected to contribute to this

phenomenon.
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4) Aggregation of silicon particles: the particles undergo agglomeration during

cycling due to the welding effect caused by the pressure, as a result of the strong
expansion of silicon particles upon the lithiation process. Bigger agglomerated
particles means longer diffusion lengths for lithium ions, which lead to slower

release kinetics.

Different strategies have been developed attempting to reduce the detrimental effect of
large volume changes and electrolyte side reactions on cycle life, capacity fade and first
cycle irreversible capacity values of silicon anodes such as the use of composite
anodes'™* "3, the control of silicon particles dimensions and morphology'*-'%°, the control
of the voltage window'?® and the investigation of suitable binders to counteract the

volume change. 142

1.6 Electrolytes

Electrolytes'® play the crucial role of guaranteeing the ionic conduction of the alkali metal
ions from one electrode to the other during the battery cycling. Hence it is fundamental
that the electrolyte possess a high ionic conductivity (>10 Scm™). Liquids are usually
preferred to solids mainly because of the superior conductivities and contact with the

electrode at the interface at room temperature.

Additionally, due to the high operational voltage of Li-ion batteries (typically >3 V vs.
Li*/Li) water-based electrolytes have to be discarded in favour of more stable mixtures of

organic carbonates and ethers.

Carbonates solvents are usually preferred to ethers due to their good cycling

performance and the main representatives are shown in the table below.
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Table 1.2 List of the principal solvents employed in Lithium lon Batteries.

Name Structure Melting point Boiling point  Relative
(°C) (°C) permittivity &;
Ethylene Carbonate © 40 248 89.6
(EC) [ ,\FO
Ke)
Propylene Carbonate HeC o -49 240 64.4
(PC) \[ Vo
o]

Dimethyl -0 O~ 4. 1 A
Dlrl\:zt yl Carbonate H,C T CH, 6 9 3
(DMC) i
Di 0. _0O. - .
iethyl Carbonate CHe \|T C,H, 43 126 2.8
(DEC)

(@]

Propylene carbonate has been one of the first solvents employed in LIBs electrolytes
although it was soon demonstrated that it determines the exfoliation of graphite
electrodes being co-intercalated with lithium ions at potentials lower than 1 V vs Li*/Li.
This problem was solved employing a mixture of PC with EC that partially decomposes
on the anode surface around 1.5 V to form a protective SEI layer. High concentrations of
lithium salts'” are dissolved in the organic solvent mixtures to ensure the ionic
conductivity across the electrolyte bulk, with LiPFs and LiClO4 being the most commonly
employed, although the use of the perchlorate has been progressively reduced because
of its high instability and new salts such as the imide LiFSI'* have shown better stability

to hydrolysis and better ionic conductivities than LiPFe.

As well a great deal of research has been devoted to investigate electrolyte additives able
to form a more stable and fast lithium conducting SEI on the anode at low voltage

values*®'*® hence increasing the coulombic efficiency and the cycle life of the cell..

Due to the flammable nature of the solvents other kinds of electrolyte systems for LIBs

have been recently investigated to achieve higher safety. In particular a great deal of
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research has gone into the study of polymer electrolytes and ionic liquids. Both have the
advantage of being more stable than liquid electrolytes over a wide range of temperatures
and potentials although the conductivities achieved are so far too low to compete with

their liquid counterparts.

1.7 Thesis Contents and Target

The achievement of high performance LIBs with improved specific and volumetric energy
densities, requires a painstaking and thorough investigation of new materials that are

capable to match the market demands.

The target of this work is the investigation and improvement of high performance
materials for both anodes and cathodes that could be employed to make up a high
energy density battery. To do so, three classes of high capacity materials where chosen
and investigated: the lithium-rich nickel substituted layered oxides for the cathodes; the
silicon nanoparticles and the hard carbons for the anodes. These materials, despite being
affected by relatively large coulombic inefficiencies at the beginning of cycling, show
larger reversible capacities (particularly Li-rich oxides and silicon) with respect to
materials commonly employed in commercial cells such as graphite and LiCoO,. Once
optimized, these materials would make up an appealing full cell able to deliver superior
performance in terms of specific and volumetric energy density respect to the Li-ion cells
currently available on the market. The higher energy densities could be achieved thanks
to the large capacities displayed by the materials under study during cycling and the high
operational potential of Li-rich oxides with respect to silicon and hard carbon (being
energy density the product of the cell capacity and the potential difference between the

electrodes).

To achieve the main goal a series of secondary targets are addressed in the thesis that is

divided in two main thematic areas, cathodes and anodes:
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For the cathodes part, the work is focused on the comprehension of the working
mechanisms behind the electrochemical performance of the well-known family Lius-
230NixMn2/3.13x02 of layered transition metal oxides with two main chapters presented,

whose aims are:
For the cathodes:

1- To prepare the Lii2Nio2MnoeO2 layered oxide and to fully characterise the
unexplained charge compensation mechanisms using several spectroscopic and
electrochemical techniques.

2- To investigate the curious effect of Ni substitution in Li/z-2/3NixMn2/3.1/3x02 trying
to understand its role on the fine balance between the oxygen loss and the

oxygen redox processes.
For the anodes:

1- To fabricate, characterise and improve the cycling stability and electrochemical
performance of silicon-based anodes employing new conducting binders never
used before for this material.

2- To reduce the impact of First cycle Irreversible Capacity in silicon and hard
carbon anodes employing an innovative, fast and scalable pre-treatment of the

anodes, studying the effect of the treatment on the electrodes’ surface.
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2 Characterisation Techniques

2.1 Powder X-ray Diffraction

Since the discovery of X-rays in 1895 by the German physicist Wilhelm Rontgen, this
portion of the electromagnetic spectrum (wavelength 1 = 10" - 10° m) has been
employed in a large number of scientific fields ranging from medicine to physics. One of
the most common techniques used for the, qualitative and quantitative, structural and
morphological characterisation of crystalline materials is X-ray diffraction’. The technique
is based on the ability of crystalline atomic and molecular structures to act as three-
dimensional diffraction gratings for X-rays. In fact, the incident X-ray beam is scattered by
the electrons of the atoms it interacts with once hitting the sample. Depending on the ratio
between the inter-planar spacing of the analysed crystalline material and the wavelength
of the incident X-ray, the scattered intensity diffracted by each plane can interfere either
constructively or destructively (Figure 2.1). The conditions required for constructive
interference were described first by Max von Laue and subsequently reformulated in a

simpler way by Laurence Bragg in what is commonly known as Bragg’'s Law?:

nA = 2dsinB (2.1)

\X

b)

260

Figure 2.1 Diffracted X-rays interference; a) constructive, b) destructive. Image
reproduced from Wikipedia?.
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Where n is a positive integer, A is the wavelength of the incident beam, d is the inter-
planar spacing and 0 is the incident angle. It is important to underline that A and d must
be of the same order of magnitude (10"° m) to attain the phenomenon of diffraction.
Usually X-ray diffraction experiments are carried out employing diffractometers in which
the X-rays are generated striking a water-cooled metal target (usually Cu, Fe, Mo or Ag)
with a beam of electrons, originating from a tungsten filament heated at high temperature
via Joule effect, that have been accelerated by a high potential difference (30-40 kV).
After being hit, the target emits a continuous spectrum of X-rays called ‘white X-radiation’
or Bremsstrahlung as well as two higher intensity emission lines called K, and Kg (Figure
2.2). These two lines are the result of electrons removal from the innermost shell K (n = 1)
of the metallic target by the high energy electrons impinging on it and subsequent
relaxation of electrons from the higher shells to fill the electron hole. K, emission occurs
when electrons relax from shell L (n = 2) and Kg emission from electrons which relax from
shell M (n = 3). Both K, and Kg have a characteristic wavelength depending on the
element that is employed as the target (Cu K, = 154.18 nm and Kg= 13.923 nm). X-ray
diffraction experiments can be carried out both on single crystals and powders. In the
case of single crystals, the result obtained will be a diffraction pattern composed by a
number of discrete spots, each one relative to the position of the crystal planes with

respect to the incident beam.

— >

Intensity

White X-Radiation

-

/ ~—
/ T

/

-

Energy KeV

Figure 2.2 X-ray emission spectrum.
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From the spots’ relative positions and intensities, it is possible to determine the unit cell
dimensions, the symmetry of the space group and the exact atomic positions in the
crystal. The diffraction patterns obtained from crystalline powders, instead, appear
completely different from that of single crystals. The powders are composed by a very
large number of small crystals (known as ‘crystallites’) with randomly distributed
orientations. Diffraction occurs from the planes in the crystallites which are correctly
oriented to satisfy Bragg’s conditions. Because there are many randomly oriented
crystallites in a powder sample, the many discrete scattered X-ray beams are smeared on
the surface of a cone protruding from the sample at the angle theta from the incident
beam, which satisfies Bragg’s Law (Figure 2.3). When projected onto the inside of a
concentric sphere to the sample position (also known as the Ewald’s sphere), the cross
section of these cones are rings, rather than spots as seen for single crystals. X-ray
detectors sample the Ewald’s sphere, correlating the intensity (as peaks) of the diffracted
beam to the angle with respect to the incident beam (2theta). Analysis of X-ray powder
diffraction patterns has been extensively employed in this work to determine the structure
and phase purity of synthesised materials. All measurements were performed in reflection
mode using a Rigaku Smart-Lab X-ray Diffractometer equipped with a 3 kW rotating

anode Cu, and a Ge 220 monochromator to select K, radiation.

AN
Incident Beam | 2
1 Debye-Scherr%r gones

Figure 2.3 Cone shaped diffracted X-Rays in powder analysis
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2.2 Rietveld Refinement

The diffraction data collected in our laboratory were analysed with the Rietveld
refinement® method to determine the crystal structure of the samples of interest. The
refinement procedure is based on a least squares method to find the best fit between the
experimentally collected data and a powder diffraction model that is built using the
instrumental parameters and the sample structural parameters. This method has the
advantage of overcoming the problem of reflections overlap in a powder diffraction
pattern by considering the intensity of each experimental point as a singularly observed

intensity*.

In a refinement process is either the definition of a model structure to fit the experimental
data or the extraction of the diffraction peaks intensities to find out the symmetry through
the Le Bail method®. Subsequently the first parameters to be refined are background and
scale of the reflections intensities to get a reasonable structural starting point that is then
followed by the refinement of parameters such as the peaks shapes, the unit cell
dimensions and the coordinates of the atoms contained in it. A great deal of information
about the studied crystal structure as well as the quality of the refinement are mostly

determined by three parameters:

- The peaks positions (angle): gives information about the symmetry of the crystal
and the dimensions of the unit cell (e.g. a shift towards a higher diffraction angle
for a peak indicates a contraction in the distances between the planes originating
the peak).

- The peaks intensities: reflect the relative strength of the diffraction and are
proportional to several factors (form factor, displacement factor, multiplicity,
Lorentz factor)! that give information about the atomic number of the species
diffracting the X-rays, the sites occupied in the unit cell and the average atomic

displacement due to the lattice vibrations. The peaks broadening: mostly related
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to the crystallinity of the studied material (e.g. smaller crystal size = broader

peaks) and to the resolution of the diffractometer employed in the analysis.

Another important parameter is also the Debye-Waller factor (Bis;) that describes the
average displacement from the lattice point that an atom is supposed to occupy,

accounting for the thermal vibrations of the lattice.
The quality of a refinement can be evaluated through mainly two factors:

- The residual weighted factor Ry, defined as

2
Rup= {Ziwi(yiwbsfy‘("a'@) } , with w;= (2.2)

2
XiWi¥iiops) Yi(obs)

Where vyicaic) and yiobs) are the calculated intensity and observed intensity respectively.

- The expected R factor, defined as:

1
(N-P+C)

3
Rexo= (2.3)
e {Zi Wiyﬁobs}

Where N is the number of collected points, P the number of refined parameters and C the

number of constraints employed.

Rwp provides information about the quality of the peaks refinement whilst Rex, On the
quality of the collected data. The ratio between these two factors leads to the quality of
the overall fitting defined as 2 that should approach the value of 1

y2= (M)Z (2.4)

Rexp

2.3 Scanning Electron Microscopy and Energy
Dispersive Spectroscopy

Scanning Electron Microscopy (SEM) is an imaging technique commonly used to
investigate the morphology, particle dimension and topography of the analysed samples.

In this technique, an electron beam is generated via a thermo-ionic process in which a
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high current is passed through a filament (cathode) typically made of tungsten (W) or
lanthanum hexaboride (LaBs). The emitted electrons are focused by magnetic condenser
lenses into a beam with a circular section of 1-5 nm diameter. The generated beam is
subsequently moved in a raster-like fashion with the help of a pair of deflector plates in
order to scan the analysed sample. Once the primary beam interacts with the sample the
electrons lose their energy through repeated scattering and absorption processes within a
teardrop-shaped volume denominated ‘interaction volume’ (Figure 2.4). The dimensions
of the interaction volume can range from a few hundred nanometres to micrometres
depending on the nature of the sample and the beam energy. The beam-sample
interaction results in the generation of several detectable signals such as: high energy

electrons by elastic scattering, secondary electrons by inelastic scattering.

Auger electrons and electromagnetic radiation. In the most common detection mode
(secondary electron mode) the secondary electrons, generated by inelastic scattering, are

collected to produce a detailed two-dimensional image of the sample surface.

Also, the more energetic back scattered electrons, generated by elastic scattering and
emerging from a deeper region of the interaction volume, can be collected in order to get

information about the bulk of the sample.

Primary Electron Beam

SecondaryElectrons
0-10 nm Analisys Depth

Auger Electrons
5-75A Analisys Depth

Backscattered Electrons

50-100 nm Analisys Depth Characteristic X-Rays

1-3 um Analisys Depth
Sample Surface

Volume of

1-3 um primary
interaction

Figure 2.4 Interaction volume schematic. The respective depth of origin of the different
detectable signals are indicated with respectively straight arrows for the electrons and
undulated arrows for the electromagnetic radiation.
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The electromagnetic radiation (X-rays) produced during the beam scan of the sample can
provide useful information about the chemical composition of the analysed material. The
X-rays result from the ejection of core level electrons in the sample by the primary
electron beam which then allows higher energy electrons to drop down in the emptied
levels via a radiative process. The energies of the emitted photons are specific to the
constituent elements and the collection and discrimination of these energies is known as
Energy Dispersive Spectroscopy (EDS). Non-conductive materials need to be coated with
an ultrathin layer of gold or graphite before the SEM analysis in order to avoid build-up of
charge during the sample scan. Conductive samples do not require any special

preparation.

2.4 Magic Angle Spinning-Nuclear Magnetic
Resonance (MAS-NMR)

MAS-NMR is a powerful solid-state NMR technique that is employed in order to study the

chemical environments and structure that surround the chemical species of interest.

principal zaxis of

shielding tensor e :
o spinning axis
applied field

shielding tensor

Figure 2.5 The magic-angle spinning experiment. The sample is spun rapidly in a
cylindrical rotor about an axis inclined at 6 = 54.74° with respect to the external
magnetic field (Bo). The anisotropy tensor is represented by an ellipsoid®.
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In the more established liquid NMR technique, anisotropic interactions between the
magnetic moments (spin) of the nuclei are averaged by the Brownian motions of the
molecules in solution giving rise to very sharp peaks in the NMR spectra. In solid-state
NMR, the nuclei are fixed inside a rigid lattice and the anisotropic interactions are not

averaged, producing much broad peaks in the spectra which can be difficult to interpret.

There are many anisotropic interactions happening between the nuclei of interest and
other nuclei in vicinity (dipolar interaction, paramagnetic interaction) or between the nuclei
and the fields exerting on them (chemical shielding, quadrupolar interactions). To achieve
a better resolved spectrum, it is fundamental to suppress anisotropy. Magic angle
spinning (MAS) is by far the most common technique to obtain high resolution spectra by
(partially) removing anisotropy. MAS is implemented by employing a fast spinning of the
sample at an angle (so called magic angle 6g=54.74°) with respect to the external
magnetic field (Figure 2.5). The magic angle is determined based on the fact that the
anisotropic part of any interaction is modulated by the term of 3cos?6-1, where 6 is the
angle between external field (Bo) and the principle z-axis of the anisotropic tensor of every

crystal in the sample. This time-averaged term can be further expanded into
3cos?8-1 = %(3coszeR—1)(3c0328—1) (2.5)

where all the angles are defined in Figure 2.5. It is clear that if the controllable term of
(3cos?Bg-1) is set to zero, i.e. 0g=54.74°, the anisotropy reduces to zero. In theory, with
infinite MAS rate or a rate about 4 times greater than the anisotropy (measured in Hz),
the spectrum should show no line broadening as in the case of liquid-state NMR.
However, for technical difficulties, slower spinning is common, which produces a set of

spinning sidebands®.
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2.5 Gas Pycnometry

Pycnometry’ is a simple but reliable technique that allows for an accurate evaluation of
the density (or more precisely the occupied volume) of a material. It is particularly useful
in order to evaluate the densities of polycrystalline powders for which attaining large
single crystals is challenging. The working principle of pycnometry is based on the
utilisation of a fluid (in gas pycnometry usually helium), which is able to fill even the

smallest pores present in the powder sample contained in a vessel of known volume.

During the measurement, helium is first pressurized at a known pressure (P1) in a pre-
chamber of known volume (V1), and then allowed to expand into the sample chamber (the
‘empty’ volume of which is also known) until the equilibrium pressure between the

chambers is reached.

Knowing the initial volumes of the chambers and the initial and equilibrium pressures, it is
then possible to calculate the actual volume occupied by the powder, using Boyle’s law,

Equation (2.6).
P1V1= P2V2 (26)

Dividing the weight of the sample by the extracted volume yields the sample true density.

2.6 BET Surface Area

The accurate evaluation of the accessible surface area within a solid sample is of
fundamental importance to understand the chemical and physical properties of a given
material. In the field of batteries, large differences in surface area can yield dramatically
different electrochemical performance (e.g. the larger the surface area of a graphitic
carbon used as anode, the bigger the contact with the electrolyte that results in a larger
first irreversible capacity due to the formation of the SEI upon discharge). The best way to
measure the specific surface of finely divided and porous solids is through the Brunauer
Emmett Teller or BET method. The BET model is based on the Langmuir model” of a
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monolayer gas physisorption on a homogeneous surface and it expands the model to
multiple adsorbed layers. The gas of choice is usually nitrogen thanks to its small size
and the relatively low price, but other gaseous species such as O,, CO, and Kr can also
be employed. The BET theory is based on the following equation that defines a curve

known as ‘isotherm’:

1 _ 1 C-1 i
V[TD_O_»]] - VmC * VmC (Po) (27)

V(P /P-1)
A

B

Y

P/P

Figure 2.6 Example of a typical BET plot
where P is the equilibrium pressure of nitrogen, Pg is the saturation pressure of nitrogen
at the adsorption temperature, V is the volume of adsorbed nitrogen on the solid, C is the

BET constant and Vn, is the quantity of adsorbed nitrogen via a monolayer mechanism.

The measurement is operated through repeated cycles in which nitrogen is dosed inside
a tube that is plunged into liquid nitrogen, where a known quantity of sample has been

placed. Thanks to extremely sensitive pressure sensors V can be measured and the

adsorption isotherm can be plotted as a straight line (BET plot, Figure 2.6) in which V[P1° .
2.

is on the y-axis and P/Po on the x-axis. The intercept (I) and slope (S) of the BET plot can
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be used to evaluate the BET constant C and the adsorbed monolayer volume Vr, with the

following expressions:

Vp, = (2.8)

1
S+l
(2.9)

Once Vn, is known, it is possible to evaluate the surface covered by the monolayer thanks

to the following expression,

SBeT = VC:/:(P (2.10)

Where Na is the Avogadro number, ¢ is the adsorption cross section of the adsorbate (the

gas), V is the molar volume of the gas and ms is mass in grams of the sample.

The instrument employed in this work to get BET surface area measurements was a

Micromeritics 3Flex, and the adsorbed gas was nitrogen.

2.7 Resorcinol-Formaldehyde Gel Synthesis

The polycondensation of resorcinol and formaldehyde?, used in this work to synthesise all
of the studied cathode materials, is an easy synthetic route to obtain various metal oxides
at relatively low temperatures compared to the more traditional solid-state syntheses with
the additional advantage of obtaining a more intimate mixture of the precursor species. In
this procedure, the gel formed by resorcinol and formaldehyde acts as a “scaffold” to host
the metal ions composing the final transition metal oxide. Under alkaline conditions
formaldehyde reacts with resorcinol to give polycondensation compounds that can further
react to form a crosslinked network (Figure 2.7). If an aqueous solution containing
stoichiometric ratios of the TM-ions composing the final product is added to the
resorcinol-formaldehyde mixture, the metal ions end up homogenously dispersed in the

three-dimensional network once the RF gel is formed.
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Figure 2.7 Polycondensation process leading to the formation of the resorcinol-
formaldehyde gel.

The organic RF “scaffold” is subsequently removed through several heating steps in air or
controlled atmosphere of oxygen allowing the formation of the desired transition metal

oxide.

2.8 Electrochemical Characterisation

2.8.1 Basic Concepts

An electrochemical cell is a device able to convert the chemical energy involved in a
chemical reaction into electricity (Galvanic cell) or vice versa to facilitate a chemical
reaction through the use of external electrical energy (electrolytic cell)®. In an
electrochemical cell, the energy-providing process is a redox reaction occurring at the
electrode/electrolyte interfaces. During this process, the chemical energy of the reaction
(Gibb’s free energy), is converted into electrical energy (a voltage difference) and vice

versa.

Faraday’s first law (2.11) quantifies the amount of electrical charge that is transferred

during the generic redox reaction Ox** +ze” = Red :
_ m
Q= zFM (2.11)
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Where Q is the transferred charge, z is the number of electrons’ equivalents, m is the
equivalent mass, M is the molar weight of the reacting material and F is the Faraday’s

constant 96485 Cmol™, i.e. the electrical charge per mole of electrons.

The equation above can be rearranged as:

_am

= (2.12)

To minimize the equivalent weight m required to transfer the amount of charge Q during
the reaction, a low molar weight and a high equivalent number z are desirable features for

a good electrode material.

Each electrode material performance can be characterised through the quantification of

important properties such as its specific capacity, energy density and specific energy.

The specific capacity (Qsp) is defined as the amount of current (I) passed per unit mass

(m) during the total time (t) of charge or discharge of the electrode,

Q= 1= (2.13)

Qs is conventionally expressed in mAhg™ (gravimetric specific capacity) or in mAhcm
(volumetric specific capacity). It is of paramount importance to maximise both the
gravimetric and volumetric specific capacities of the electrode materials in order to

achieve higher specific energy and energy density.

The energy density (Wgens) and the specific energy (We) have very similar formulations

and are defined respectively as:

AG

Waens = SV (2.14)
and
AG

Where AG is the Gibbs free energy associated to the electrochemical reaction, n;is the

number of moles of reactant i, M; and V; are its molar weight and molar volume. The
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dimensions of the specific energy and energy density are respectively Whkg' and Whdm-

3. Moreover, We and Wens are related to each other through the molar density pi,

Wdens = We Zi P; (2-16)

The Specific Energy can also be expressed as,

We = QqpAE (2.17)
where AE is the average difference of potential occurring between the anode and cathode
during the cell discharge (i.e. spontaneous electrochemical reaction). From (2.17), it is
clear that an electrode material should possess a high specific capacity and the
electrochemical reaction of charge/discharge should take place at high potential to attain

a high specific energy.

2.8.2 Rate of Charge/Discharge and Kinetics

The rate at which a battery can be charged or discharged is a very important parameter in
order to decide whether a certain type of battery is suitable for certain applications. For
example, the battery employed in a portable electronic device such as a laptop should
ideally be charged in the shortest time possible to allow the owner of the device not to

wait for long before being able to use it.

In a lithium ion system, the rate at which a battery can be charged/discharged is
governed by the law of electroneutrality. Hence the rate at which the lithium ions diffuse in
the material and are intercalated/de-intercalated from it must be the same to the rate at
which the electrons move through the external circuit connecting the cell electrodes. The
rate limiting step in the majority of the intercalation/de-intercalation processes is the
diffusion of lithium ions in the electrodes, which means that a high ionic conductivity is an
essential feature to seek in high rate batteries. Several factors such as the operating
temperature of the battery, the concentration of the ionic conducting salt in the electrolyte

and the impedance due to the different components of the cell, can greatly impact the
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kinetics of the electrons and ions transport hence influencing the electrochemical

performance under different current regimes®.

Often the observed voltage profiles and capacities of an electrode deviate from what
would be expected under thermodynamic equilibrium conditions due to kinetic limitations.
For example, there might not be sufficient time to reach the expected compositional
changes during the cell cycling because of the too high current rates employed to cycle

the material under study.

The charge/discharge rate can be measured either as the charge quantity transferred per
unit mass (mAg™") or can be expressed in terms of the rate to which the battery is
charged/discharged relative to its maximum capacity (C-rate). The C-rate is inversely
proportional to the number of hours necessary to fully charge/discharge the considered
battery (rate of 2C = the cell is cycled with a current density able to charge or discharge

the cell in 2 hours).

2.8.3 Cyclability

For an electrode material to find practical application it is of paramount importance to be
able to cycle with a capacity retention higher than 80% of the first cycle specific capacity
for many hundreds of cycles'. In practice, the capacity tends to fade during the battery
cycling due to several factors such as the electrolyte decomposition on the electrode
surface and loss of contact between the electrodes particles. These phenomena limit the
ionic mobility as well as the material participating in the chemical reaction, respectively,
leading to progressive capacity fade. Cyclability is the measure of capacity retention
against cycle numbers, which involves many major factors including the electrochemical
reversibility of the redox reactions and the mechanical sustainability under strain cycle
within the electrode materials, where intercalation/de-intercalation of lithium ions happens
during repeated charging and discharging. It can be easily visualised in graphs where the

specific capacity is plotted as function of the cycle number. In these plots both the total
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charge and discharge specific capacity per each cycle are usually reported and they give
a simple and effective tool to compare the performance of different electrode materials
cycled in similar conditions. It is important to remember that the cycling rate can greatly
affect the material performance, hence the rate at which the electrode is cycled must be

always indicated.

2.8.4 Coin-cell Assembly

1. Cap
2! 2. Gasket

3. \//C :\j 3. Belleville spring

_ _’> 4. Metal spacer
5. 5. Anode
6. 6. Glass fibre separator impregnated with electrolyte

7.- 7. Cathode

8. \ 8. Outer case

Figure 2.8 Exploded view of a coin-cell

Both the anode and cathode materials presented in this work have been thoroughly
investigated through galvanostatic cycling. In order to do so, the electrodes were
assembled into coin-cells with a manufacturer size of CR2325 (Figure 2.8), purchased
from the National Research Council of Canada, under an inert argon atmosphere inside a
glove box (MBraun LABmaster sp, O, and H,O < 0.1 ppm). A lithium metal disc (& = 18
mm, 0.1 mm thick) was used as counter electrode with two glass fibre discs (@ = 22 mm,

Whatman GF-D) as separator, soaked with 0.2 mL of electrolyte.

2.8.5 Galvanostatic Cycling

The galvanostatic cycling (also known as chronopotentiometry) is a fundamental
electrochemical technique employed to investigate the properties and electrochemical

performance of a studied electrode material. The technique requires the use of an
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electrochemical cell in which the working electrode (cathode) is composed of the material
under study. During the measurement, a constant current is passed through the cell and
the behaviour of the potential is registered. While the working electrode is de-lithiated (i.e.
oxidised) the current sign is defined positive by convention whereas it is defined negative
while the working electrode is lithiated (i.e. reduced). The sign of the current is inverted
when a prefixed potential value is hit at high and low potential values (higher and lower
cut-off values, respectively). The potential window in which the studied material is cycled
needs to be large enough to include the potential at which the redox process of lithium
insertion and removal takes place but not the potential at which detrimental side reactions

of the electrolyte oxidation or reaction take place.

Ideally the measured curves of charge and discharge should be perfectly identical but this
is never the case in practice. This happens due to different factors including: 1) the
irreversibility of the redox reaction in both electrodes to a certain degree, 2)
electrochemical polarisation due to the intrinsic impedance within different cell

components and at their interfaces/interphases.

The galvanostatic measurement can be a very powerful tool to better understand the
nature of the electrochemical reaction of insertion and extraction of lithium ions in/from
the electrode material. In this regard, the Gibb’s phase rule is helpful to explain why

different type of electrode reactions give different curves.

f=C-P+2 (2.18)

Where f is the number of degrees of freedom, C is number the independent components
and P the number of different phases in the considered system. In many cases the
studied electrodes will be cycled at constant temperature and pressure (hence (2.18) is
simplified to f = C — P). Considering a binary system with a lithiated and de-lithiated phase
(C =2 and P = 2), follows that f = 0. In other words, for a binary system where the two
phases are well defined and separated by an interphase, there are no degrees of

freedom, hence all the intensive variables, potential included, will be fixed (the
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galvanostatic curve will show a plateau). Otherwise, when there is no clear interphase
between the electrode lithiated and de-lithiated phase, it results that P =1, C=2andf=1
(the galvanostatic curve will appear sloping). From the above considerations, it is
reasonable to conclude that a plateau region in a galvanostatic curve may originate from
a two-phase lithium insertion/extraction process, whereas a sloping trend stems from a

single-phase reaction.

2.8.6 Differential Capacity Plots

These kinds of plots can provide a useful tool to monitor and identify the redox reactions
taking place in an active material during cycling. The change in capacity
extracted/inserted from/into the studied material (known as differential capacity) is plotted
versus the voltage at which this change occurs (dQ/dV vs. V, Figure 2.9). Several peaks
usually appear in a plot. The position of each peak is characteristic of a specific process
(e.g. change in oxidation state of a transition metal in the material), hence, by knowing
the material composition, it is possible to speculate which redox reaction is at the origin of
each peak in the plot. The peaks with positive value of differential capacity correspond to
processes taking place during the de-lithiation, whereas the ones with negative value

correspond to the processes during the lithiation.
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Figure 2.9 Differential capacity plot over the first cycle for Li1 2Nig2MngO-.
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Ideally the positive and negative peaks should be identical and appear at the same
voltage. Differences in the peaks shape and positions between lithiation and de-lithiation
might be related to differences between the electrochemical processes of oxidation and
reduction or be due to irreversibility problems affecting the material during the

galvanostatic cycling.

2.8.7 Operando Electrochemical Mass Spectrometry (OEMS)

OEMS is a very useful technique that allows the detection of gaseous species evolved by
the cell components during the electrochemical cycling. The technique is based on the
use of a mass spectrometer coupled with an electrochemical cell. During galvanostatic
cycling of the cell, a continuous flow of carrier gas, usually argon, is passed inside the cell
and over the electrodes surface stripping the gaseous species evolved during the
charge/discharge of the studied materials. Through an air-tight stainless-steel pipeline,
the gas flow is injected into the ionisation chamber of the mass spectrometer, where it
gets ionised by high energy electrons (70 eV). At this point the ionised gas mixture is
separated in its different chemical components according to the mass/charge ratio (m/z)

of each chemical species.

In this work, OEMS was carried out on the studied cathode materials employing a
dedicated cell in operando setup, specifically built to carry out this kind of experiment
(Figure 1.10). A PTFE based pellet (15-20 mg) of the materials of interest containing
(weight percentages) 80% active material, 10% carbon Super P and 10% PTFE, was
prepared and mounted on a stainless-steel mesh as working electrode. A circular lithium
metal chip was employed as counter electrode and two glass fibre separators, soaked in
200 pL of electrolyte (1M LiPFs in propylene carbonate) were positioned in between the
electrodes. A flow rate of 0.7 mL-min” of Ar was flowed through the cell during the

galvanostatic cycling at a current rate of 15 mA-g™'.
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It is important to underline that while OEMS has the great advantage of allowing an
accurate and continuous monitoring of the gaseous species released by the cell during
cycling, a compromise between sensitivity and response time had to be found in order to
get good data. A high flow rate of carrier gas resulted in quick response while diluting the
concentration of the gas developed by the cell hence pushing the sensitivity and detection
limit of the mass spectrometer. A low flow rate of carrier gas delayed the instrument
response excessively and exposed the cell to leakage risks. Moreover, a relatively volatile
electrolyte such as LP30 (1M LiPFes in 1:1 mixture of ethylene carbonate, dimethyl
carbonate) could not be used since the continuous gas flow of carrier gas would dry off

the separator leading to quick cell death.

Figure 2.10 Components of the OEMS cell employed in the OEMS experiments: a) piston
with taps connections, b) nut, ¢c) PTFE o-ring, d) cell bottom part.

2.9 Spectroscopic Techniques

2.9.1 Raman Spectroscopy

Raman spectroscopy is a widely used technique which allows the identification of
unknown compounds and helps in the structural characterisation of the known ones. The

technique is based on the Raman effect in which a monochromatic LASER is usually the
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source of choice, impinges on a sample inducing a transition from the ground vibrational
state v to a virtual state that possesses an extremely short life-time. The excited state
quickly relaxes radiatively to either the original vibrionic state v (Rayleigh line), to a higher
energy vibrational state than the ground state (Stokes line) or to a lower energy
vibrational state in the ground electronic state (anti-Stokes lines). The signal obtained
(Raman spectrum) from the sample is reported as intensity versus energy or frequency
and is composed by a majority of elastically scattered light and many side bands
respectively at higher and lower energy with respect to the Rayleigh line for the anti-
Stokes and Stokes lines that compose the Raman inelastic scattering (Figure 2.11).
Hence the Raman scattering peaks correspond to the excitation of vibrational modes
(phonons in a non-molecular system) within the investigated sample. The information
obtained from the Raman spectroscopy is similar and in many cases complementary to
the one obtained from the Infrared Spectroscopy (IR). The Raman scattering allows for
the excitation of vibrational modes that are not allowed by symmetry in IR spectroscopy
(e.g. centrosymmetric molecules). Raman scattering substantially changes between
single molecules and non-molecular solids with the sharp peaks for molecules that

become broad features in the spectrum of a solid.
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Figure 2.11 Franck-Condon diagrams for a ground and excited molecular electronic state
which represent the Raman transitions corresponding to the excitations to virtual states
located between the two electronic states.
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Raman is mostly employed in materials science to identify unknown phases which in
principle can be done rather easily with the help of a library of reference materials whose
vibrational modes are employed as unique fingerprints for a certain compound. The most
common setup in Raman analysis is the use of a LASER source coupled with an optical
microscope. The microscope’s lenses are used to focalize the laser beam and collect the
Raman spectrum of a micrometric-sized spot in the material under study. In this work
Raman spectroscopy was performed with a Ranishaw InVia Raman spectrometer

equipped with a diode laser (A = 785 nm).

2.9.2 X-ray Photoelectron Spectroscopy

XPS is a fundamental spectroscopic technique employed to obtain qualitative and
quantitative information about the surface of the sample of interest. In a typical XPS
experiment, the sample is placed in an ultra-high vacuum chamber and gets irradiated
with a monochromatic X-ray beam. The beam energy is high enough so that when it
encounters an atom it causes the ejection of a core-level electron, denominated
photoelectron. The ejected photoelectron possesses a kinetic energy that is directly
related to the characteristic binding energy of the core electron through the following
equation:

E =hv-Ep-¢ (2.19)

Where Ex is the electron kinetic energy, hv is the X-ray energy, Es is the electron binding
energy and ¢ is the work function, corresponding to the minimum energy necessary to
remove an electron from a solid. For a given atom and excitation energy hv, a range of
kinetic energies is detectable which is dependent on the shell of origin of the detected
photoelectrons (different binding energies) and each E,; is characteristic for each element.
The possibility to measure Ex, hence E,, means that the elemental composition of a
sample can be characterised. Further than that, due to characteristic change in Ex of

photoelectrons for the different oxidation numbers of the same atom, from XPS analysis it
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is possible to get oxidation states and coordination environments of a chemical species in

a solid matrix.

XPS is also a powerful technique to study the valence band structures of metals and
semiconductors although its largest use and potential is the characterisation of solids
surfaces. XPS surface selectivity is mostly due to the short mean free path of a
photoelectron in a solid which enables only the electrons ejected from atoms very close to

the surface (<100 nm) to escape from the solid.

2.9.3 X-ray Absorption Spectroscopy: XANES, EXAFS and

SXAS

X-ray Absorption Spectroscopy, generally indicated with the acronym XAFS (X-ray
Absorption Fine Structure), is a very powerful tool to get information about the electronic

structure and environment of a specific atomic species.
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Figure 2.12 Nomenclature of the different absorption transitions. The letter is determined
by the principal quantum number of origin n and the number by the energy position of that
state (the number increases with the energy of the state).
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Since the advent of synchrotron-based X-ray sources in the 1970’ (10'° higher photon flux
than lab-scale X-ray sources) and thanks to increasingly powerful computers to carry out
data interpretation, XAFS techniques have been enormously developed opening new
research avenues in all the fields of science. The X-ray absorption process results from
the excitation of a core electron into a higher energy state by an incident photon.
Depending on the energy of the incident beam, electrons belonging to different core
levels can be excited. The energies required to excite core electrons of an atom can
range on a wide energy scale (from <1 eV to >100 keV) due to the relative separations of
atomic energy levels which are characteristic of each element and proportional to the
atomic number Z. The electronic transitions in XAFS are labelled with different letters
depending on the core level involved in the transition, so different labels will correspond
to the different excited shells and n = 1, 2, 3 will give respectively transitions K, L, M
(Figure 2.12). Each transition from the core levels to the Fermi energy and above results
in a sharp discontinuity in the transition probability T and is denominated edge step

(Figure 2.3).

Atomic
Continuum

Energy

Figure 2.13 Schematic representation of an edge step corresponding to the excitation of
the core electrons of an atom to above the Fermi energy.

The transition probability Ti; can be evaluated through the Fermi golden rule

Tir= 2 (Min?3(ei-€r-hv)o(er) (2.20)
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Where M is a transition matrix element, €; and ¢ are the energy levels of the initial and
final states, and (&) is the density of the final state. For the X-ray absorption process the

transition matrix element is given by

M = <f|H, .[i> (2.21)
And the interaction Hamiltonian is taken to be

e

Hint = - PA (2.22)

Where — is the electron charge/mass ratio, p is the electric dipole moment and A4 is the

Me
vector potential. Since E = —Z—':‘ it appears clear how the probability of transition is related
to the electric field of the electromagnetic wave that perturbates the system leading to the
absorption of the X-ray. If we assume that when impinging on a homogeneous material of
thickness dx, the intensity of the X-ray electromagnetic wave I(x) is attenuated by a factor
u when it travels through the material, the attenuation dl(x), is given as,
- dI(x) = I(x)pdx (2.23)
The simple solution of which is,
I(x) = lpe H* (2.24)
Where I(x) is the intensity at the point x, | is the intensity of the beam before the sample
and p is known as linear absorption coefficients. Equation (2.24) is
better renowned as Lambert-Beer law. This law directly relates an experimental
observable as the absorbance A, given as ly/I(x), of the sample with the probability of
absorption T¢(E) since the sample absorption cross section, o2°S(E), for an X-ray of

energy E is directly proportional to T; and the linear absorption coefficient m is given as,

M= an-abs (2.25)

Where g, corresponds to the atomic number density for the arbitrary species a.
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Transition selection rules

For the absorption of the X-ray electromagnetic radiation to occur, certain selection rules
must be respected, that are generally referred to as dipole selection rules. Changes in the
azimuthal and magnetic quantum numbers | and m, are allowed, whilst changes of spin
and spin projection quantum numbers s and ms are not permitted when the

electromagnetic wave in excitation is linearly polarized,

Al=0, 1 (2.26)
Am; =0, 1 (2.27)
As=0 (2.28)
Amg=0 (2.29)

XAFS spectral regions

Much of the physics regarding the absorption of X-ray is already contained in the example
of a simple isolated atom. In this system, transitions can occur from the ground level to
upper levels with well-defined energy. When the energy of the radiation used to excite the
sample matches the energy difference between the ground and excited state X-ray
absorption will take place and a sharp peak, denominated Rydberg resonance, will

appear in the corresponding Tj vs. incident energy plot (Figure 2.14-a).
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Figure 2.14 Schematic representation of the transition mechanism and corresponding
absortion spectrum for: a) a free atom, b) a solid.
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When the energy of the incident radiation becomes high enough to match and exceed
that of the ionising energy of the atom, E,, all electronic transitions become possible as
empty states merge into a continuum. The resulting spectrum will present a series of
sharp resonances and an edge step (Figure 2.4-a). For the XAS spectrum of a solid the
picture is clearly more complex with many atoms and electrons involved although the
concepts used to rationalize the spectrum feature are not that different from the single
atom case. No Rydberg states are present in a solid but a band structure with its relative
density of states (DOS). For a semiconductor (Figure 2.14-a) the states below the Fermi
energy Er are fully occupied and no transitions can occur. Between Er and E,, there are a
number of empty states associated with the material specific density of states that are
possible channels for the X-ray absorption. Transitions from the core levels into these
states above the Fermi energy give a different, although conceptually close, picture with
respect to the single atom case, in which no Rydberg lines are present and near edge
resonances appear that are commonly denominated X-ray Absorption Near Edge
Spectroscopy (XANES). Above E, the states will merge into a continuum of states that will
give an edge step similar to what observed for the single atom denominated Extended X-
ray Absorption Fine Structure Spectroscopy (EXAFS). Each of the two regions give
complementary information about fundamental parameters such as the oxidation state,
geometry and coordination environment of the atomic species to which the studied edge

belongs to.
X-ray absorption near edge spectroscopy (XANES)

As stated in the technigue name XANES analysis investigates the rising-edge region of
an atom absorption spectrum. The final electronic states in the absorption process usually
lie above the Fermi energy (Figure 2.14-b). These levels are also sensitive to the nature
of the chemical bonds and valence state of the atom. Hence through a careful
measurement of the main absorption edge position, the valence state of the species of

interest can be determined.
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Figure 2.15 Comparison of the K-edge absorption spectra for vanadium with different
oxidation numbers, reporduced from Haskel et al.'".

A change in oxidation state results in a shift of the main edge in the XANES spectrum
(Figure 1.15). The edge shifts are different for different edges and are increasingly larger

going from K-edge to M-edge.

Moreover, while the main-edge position gives information about the effective charge on
the absorbing atom, the relative positions and intensities of the edge’s resolvable features

can provide further details about the width and occupancy of the final states.

XANES spectroscopy, as well as EXAFS, can be performed in transmission or in
fluorescence mode (Figure 2.16). The transmission mode provides the best signal to

noise ratio as well as being more bulk sensitive.
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Figure 2.16 Schematic of a beamline end-station possessing both fluorescence and
transmission set-up, reproduced from Brookhaven website'?.
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Extended X-ray absorption fine structure spectroscopy (EXAFS)

EXAFS spectroscopy investigates the change of the absorption cross section as a
function of energy over a wide range extending from the absorption edge up 1 keV after
the edge towards higher energies (Figure 2.14-b). The technique is based on an
interference effect originating from the interaction between a photoelectron ejected from
an atom’s core level by the resonant radiation and the electrons on neighbouring atoms.
The interference creates a phase shift of the photoelectron’s wave which can influence
the absorption probability of the resonant X-ray radiation on the absorbing atom. The
change in the absorption probability due to the interference creates a ripple in the EXAFS
spectrum known as Kroénig fine structure. Through the analysis of this ripple with suitable
data processing procedures is possible to obtain information about the local structure

surrounding the absorbing atom, in particular bonds length and structural geometry.

EXAFS can also be thought as an in situ electron scattering analysis in which the electron
source is the absorbing atom itself. The great advantage of EXAFS over more traditional
scattering techniques is the possibility to analyse local structures surrounding an atomic
species of interest not only in crystalline materials but in amorphous phases as well as in

disordered phases such as fluids.
Soft X-ray absorption spectroscopy (SXAS)

SXAS represent a very powerful technique to investigate light elements such as oxygen
or lithium in which the electronic transitions due to the absorption of an X-ray photon, are
too low in energy to be accessed with the high energy hard X-rays usually employed in

more traditional XAFS techniques such as XANES and EXAFS analysis.

The working principle of SXAS is the same of XAS, with the exception that the
wavelengths of the electromagnetic radiation employed fall in the soft X-ray region, i.e. <

2 keV.
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The use of such low energy radiation, i.e. with low penetration depth, implies that special

precautions need to be taken

- Samples are measured under vacuum

- Transmission set-up requires very thin samples p

As well, information about the bulk of the analysed samples is difficult to attain, unless the

sample average particles dimensions fall in the nanometric range (<100 nm).
The spectroscopic information is usually collected through two main detection modes:

- Total Fluorescence Yield (TFY)

Fluoresce involves the radiative decay of electrons of lower binding energy filling
the core holes created in absorption. The amount of fluorescence arising from a
sample can be considered proportional to the absorption cross-section m(E) to a
limited extent for thin and diluted samples. Hence the detection of the total
fluorescence is an indirect way to evaluate m(E), avoiding energy dependent
optimization of thickness and/or concentration for each sample in SXAS
measurements.

A similar detection mode is PFY (Partial Fluorescence Yield) in which the photons
resulting from a fluorescence process are discriminated with respect to their
energy and selectively collected by a detector. PFY allows to remove the
unwanted background radiation in the cases where this distorts the absorption
spectra under interest. The PFY signal can be collected at a wavelength close to
the excitation energy (resonant PFY) or far from it (non-resonant PFY). The
biggest advantage of employing the latter type, non-resonant PFY, is the complete
elimination of saturation effects since the fluorescence probability is independent
from the incident energy. The non-resonant PFY is also known as inverse PFY or
i-PFY13:14,

Thanks to PFY thick and concentrated samples can be measured without major
spectral distortions and loss of information.
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TFY and PFY modes are usually able to give information about the bulk of the
samples thanks to the larger escape length of photons respect to electrons.

- Total Electron Yield (TEY)

In TEY mode the total number of electrons (photoelectrons, Auger electrons,
secondary electrons) emitted from the samples after irradiation is collected. The
number of electrons emitted is proportional to the total number of core holes
created during absorption. Hence the electrons emitted are proportional the
absorption coefficient m(E). Because of the short mean free path of the electrons,
TEY mode is very surface sensitive and can be badly affected by surface charging

phenomena in low conductive samples.

Resonant inelastic X-ray scattering spectroscopy (RIXS)

RIXS" is a photon in-photon out synchrotron-based technique in which photons with
wavelengths in the X-ray energy range are non-elastically scattered off the analysed
sample. When interacting with the sample, part of the photons energy, momentum or
polarisation can be transferred to the studied material and any change in the properties of

the scattered light used for the analysis can be detected.
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Figure 2.17 a) Elementary excitations and their relative energy ranges for strongly
correlated electron materials such as trssnsition metal oxides b) Scattering phase-space
representation showing the range of energies and momenta that can be transferred in a
scattering process of an elemantry particle (photon, electron, neutron). X-rays (shaded
area) are able to cover all the neutron and most of the electron phase-spaces,
reproduced from Ament et al.'®

The difference between the properties of the light impinging on the target and the light
coming out of it compose the RIXS spectrum. A very wide range of elementary
excitations, ranging from phonons to charge-transfer, can be probed thanks to the vast
scattering phase space of photons with respect to neutrons or electrons (Figure 2.17 a

and b).

The use of a resonant wavelength in excitation, meaning a wavelength that corresponds
to an x-ray transition of the system (e.g. a metal edge), can greatly enhance the RIXS

signal increasing the scattering cross-section.

RIXS is also a bulk-sensitive technique and, although dependent on the frequency of the
radiation used to probe the material and the experimental geometry, the probing depth
can range from 5 um in the hard X-rays to 0.1 um in the soft X-rays. Since the materials
analysed in this work were all nanosized particles RIXS has to be considered a bulk-

sensitive technique for our samples.
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Figure 2.18 Schematic representation of a direct RIXS process in which the incoming X-
ray excites a core electron into the empty valence band leaving a core hole in the system.
The core is then filled by the decay of an electron from a state close to the Fermi energy
with concomitant emission of and X-ray, reproduced from Ament et al.®
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An important constraint on the ability of RIXS to probe elementary excitations is that
these must be charge neutral. This is a consequence of the fact that RIXS does not add
or remove charge to the system under study allowing to probe for example the electron-
hole continuum. The most common type of RIXS is the direct one which can be
qualitatively explained as follows: as the incoming photons is adsorbed by the material, a
core electron is excited into an empty state of the valence band (Figure 2.18) creating a
core electron hole. The resulting system is highly unstable and decays after 1-2 fs with an
electron from a different state in the valence band to fill the core electron hole. The result
is an electron-hole exciton located in the conduction band that possess energy and
momentum equal to the difference between the energy and momentum of the incident
photons and the scattered photons respectively. The core hole can also be filled non-
radiatively via an Auger process in which an electron from the valence band fills the core
hole, expelling at the same time another electron, although non-radiative decay channels

are not relevant to RIXS.
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3 Anion Redox activity in the layered 3d TM
OX|de Li(Lio_zNio_gMnoﬁ)OQ

3.1 Background

Transition metal oxides are the conventional materials employed for cathodes in lithium
ion batteries. In these materials, the charge (electrons) is stored through changes in the
oxidation number of the transition metal** (transition metal redox activity e.g. Mn**/Mn>*
for LiMn2O4). This limits the amount of lithium ions per formula unit that can be extracted
and inserted during cycling (energy density of the material), together with other factors,
more closely related to the structural nature of the studied material, such as the
availability of crystallographic sites for lithium to be stored and open pathways for the
conduction of the alkali metal ions. If the oxide ions could contribute to the overall redox
activity of the material in addition to the transition metal, then, in principle, cathode
materials with much higher capacity could be realized allowing for the extraction of lithium
ions beyond the TM redox activity in materials such as the Li-rich layered oxides (i.e. in
Li12Nio2MnosO, only 0.4 Li* are extracted due to the Ni*/Ni>* couple). Anionic
contributions to the redox activity in cathodes during cycling were first reported for
chalcogenides (S* s S@" + ne’)>”. In the last decade oxygen redox chemistry has also
been recognized to occur in LiCoO2%° and more recently in other 3d and 4d transition

metal'®*3 oxides such as Li(Lio2Nio.2Mno6)O2 and Li,Ru1xSnxOs, respectively .

In fact, the presence of oxygen redox activity was hypothesized due to the observation of
excess, anomalous capacity in these materials, which could not be explained by transition

metal redox activities shown in the following equations:

Lis ,Ni§ 5Mng O, — Lig gNig 5Mng 6O, + 0.4Li" + 0.4 (3.1)
Expected Capacity from Tm redox (126 mAhg™), experimentally observed capacity (>300
mAhg™).
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Li2RUé_+75sn0_2503 - Li1_25Ru8_+75Sn0_2503 + 075L|+ +0.75¢ (32)
Expected Capacity from Tm redox (120 mAhg™), experimentally observed capacity (>250

mAhg™).

In the equations reported above, Ru and Ni are expected to be the only redox active
centres with Ni going from an oxidation number of 2+ to 4+ and Ru from 4+ to 5+. No
further oxidation of the metals is expected since the ty4 electrons are too low in energy to
be accessed within the relevant voltage window (2-4.8V vs Li*/Li). Also, Mn and Sn both
possess a formal oxidation number of 4+ and are expected to be inactive meaning that
their d electrons are too low in energy to be accessed. Nonetheless, as already
mentioned, excess capacity has been observed for both these materials and attributed to
oxygen redox activity. In this chapter the oxygen redox activity in Li(Lio.2Nio.2Mng)O> is

examined in detail.
Aim of the chapter:

To investigate, quantify and understand the nature of the charge compensation

processes occurring in Li(Lio.2Nio.2Mng 6)O2.
Obijectives of the chapter:

e Synthesis of the material through a sol-gel route and characterise its structure and
electrochemical performance.

e Study the gas loss processes of the material on cycling.

Monitor the electronic structure changes in the material during cycling, via spectroscopic
techniques such as Soft X-ray Absorption (XAS) and Resonant Inelastic X-ray

Spectroscopy (RIXS).
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3.2 Experimental Methods

The experimental conditions for sample characterisation and analysis are summarised in

the following section. For more details on the techniques employed see Chapter 2.

3.2.1 Synthesis of Li(Lio.2Nio.2Mno.6)O2

A formaldehyde-resorcinol sol gel synthetic route' was employed to synthesise the
layered lithium nickel manganese oxide, Li(Lio2Nio.2Mnoe)O2, all the reagent ratios were
calculated in order to obtain 0.01 mol of the final product. Stoichiometric amounts of
Li,CH3CO22H20 (99.0 %, Sigma Aldrich), Mn(CH3CO3)2-4H20 (>99.0 %, Sigma Aldrich)
and Ni(CH3CO2)2:4H20 (99.0 % Sigma Aldrich) were dissolved in 50 mL of water with
0.25 mmol of Li2CO3 (99.0 %, Sigma Aldrich) corresponding to 5% moles of lithium with
respect to the 0.01 moles of synthesized material. At the same time 0.1 mol of resorcinol
(99.0 %, Sigma Aldrich) was dissolved in 0.15 mol of formaldehyde (36.5 % w/w solution
in water, Fluka). Once all the reagents were completely dissolved in their respective
solvents, the two solutions were mixed, and the mixture was vigorously stirred for one
hour until the colour changed from light green to light brown. The resulting solution,
containing 5 % molar excess of lithium, was subsequently heated in an oil bath at 80 °C

until the formation of a homogeneous white gel.

The gel was finally dried at 90 °C overnight and then heat treated at 500 °C for 15 hours
and 800 °C for 20 hours. The gel was finally dried following a three-step process: 90 °C
overnight, 500 °C for 15 hours and 800 °C for 20 hours. The obtained powder a dark-

brown in colour.

3.2.2 Electrodes Preparation

The cathode electrodes were prepared in the form of pellets composed of a mixture of
active material, carbon super-P (Timcal) and polyethylene tetrafluoride (PTFE) in an 8:1:1

mass ratio respectively.
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Once weighed in the correct ratio the powder mixture was homogenised with a mortar
and pestle. Subsequently, 0.5 mL of isopropyl alcohol (Sigma Aldrich) was added drop by
drop to allow for a better homogeneity of the components distribution within the pellet.
The wet powders were continuously kneaded in the mortar until all the alcohol was
evaporated and a uniform and compact pellet was attained. The pellet was then roll
pressed down to a thickness of 125 um and cut into small pieces that were dried

overnight under dynamic vacuum at 80 °C before being assembled into coin cells.

3.2.3 Coin Cell Preparation

After being completely dried the electrodes were assembled into coin-cells from CR2325
coin-cells parts, provided by the National Research Council of Canada, under an inert
Argon atmosphere inside a glove box (MBraun LABmaster sp, O2 and H>.O < 0.1 ppm). A
lithium metal disc (& = 18 mm, 0.1 mm thick) was used as counter electrode with two
glass fibre discs (@ = 22 mm, Whatman GF-D) as separator, soaked with 0.2 mL of LP30
Selectilyte electrolyte (1M LiPFes. in 1:1 w/w ethylene carbonate: dimethyl carbonate,

provided by BASF)

3.2.4 Analysis and Characterisation

Structural and morphological characterisation

The morphology of the prepared layered oxide was studied via Scanning Electron
Microscopy with a Zeiss Merlin microscope and its structure was investigated with several
techniques: Powder X-ray Diffraction (PXRD) was carried out utilising a Rigaku SmartLab
equipped with a 3 kW Cu rotating anode and BET surface area was evaluated employing
a Micromeritics 3Flex. Raman spectra of the synthesised material were collected at
different points of charge with a Renishaw InVia Raman spectrometer equipped with a
laser diode (A = 785 nm). Synchrotron based techniques such as X-ray Absorption Near
Edge Spectroscopy (XANES), Soft X-ray Absorption Spectroscopy (SXAS) and Resonant

Inelastic X-ray Spectroscopy (RIXS) were also employed to characterise the structural
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evolution of the sample and to monitor changes in the oxidation states of its components
at different states of charge. XANES measurements on Mn and Ni k-edge were
performed at beamline B-18 at the Diamond Light Source (Harwell, UK). SXAS and RIXS

measurements were collected on beamline 8.0.1 at the Advanced Light Source (ALS,

Berkeley USA).
Electrochemical characterisation

Li(Lio.2Nio2Mnoe)O2 was characterised electrochemically through galvanostatic cycling
performed with a BioLogic VMP3 potentiostat. A pellet of the material was assembled into
a Swagelok test cell specifically machined to carry out an Operando Electrochemical
Mass Spectrometry (OEMS) measurement. The mass spectrometry measurement

involved in the OEMS experiment was performed with a Thermo-Fisher quadrupolar

mass spectrometer.

3.3 Structural and Morphological Characterisation

Powder X-ray diffraction
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Figure 3.1 Diffraction pattern of Li(Lio2Nio2Mnee)O2 synthesised via resorcinol-
formaldehyde sol-gel route.
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The layered lithium nickel manganese oxide was synthesised with the RF gel method and
a powder X-ray diffraction pattern was collected on the obtained material (Figure 3.1).
The diffraction pattern is in good agreement with the data reported in the literature'® and
the material appears crystalline without presence of extra-peaks due to impurities. It is
possible to observe the presence of a very strong peak at low diffraction angle (19°

2theta), corresponding to the 003 plane, which is a typical feature of layered structures.

Intensity (a.u.)

2theta (Cu-k )

Figure 3.2 Fitting from Rietveld refinement of Li(Lio.2Nio.2Mnos)O2 diffraction pattern. In the
figure are shown the experimental pattern (red crosses), the calculated pattern (black
line), the difference between the calculated and experimental patterns (fuchsia line) and
the position of the expected reflections according to the model unit cell R3m (black ticks).
Peaks in the range 22°-24° 2theta were excluded from the refinement.

The diffraction pattern was used to refine the structure of the synthesised oxide. The
Rietveld refinement'® was performed with FullProf suite software and the experimental
data were fitted with an R3m model. The pattern fitting is shown in Figure 3.2. In the
experimental data it is possible to observe the presence of all the reflections expected
from the R3m symmetry model except for the peaks positioned in the range 22°-24°
2theta degrees that are not refined in the R3m model. This is due to the symmetry of the
R3m unit cell which does not take into account the in-plane local ordering of the cations at

the origin of the 22°-24° peaks in accord with previous observations'”.
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Table 3.1 Cell parameters obtained via the Rietveld refinement method for the
synthesised Li(Lio.2Nio2Mno)O2. The software employed to perform the refinement was
FullProf Suite.

Atom Site X y Zz Occupancy
Li(1) 3b 0 0 0 1
Li(2)/Ni(2)/Mn(1) 3a 0 0 0.5 0.2/0.2/0.6
o(1) 6c 0 0 0.24166(25) 1
Li[Lio.2Nio.2Mno.6]O2, a=2.8592(1) A, c=14.253(1) A

space group R3m x*=1.91, Ryp = 11.2

The refinement data, (Table 3.1) confirm that the material has the layered-type structure
adopted by the archetypal compound o-NaFeO: (LiCoO2) where three types of layers
(Lio2Nio.2Mnog layer, lithium layer and oxygen layer) are alternating with an ABC fashion

(Figure 3.3), with the transition metals and the lithium ions sitting in octahedral sites.

Figure 3.3 Structure of the Li-rich layered synthesised oxide obtained from refinement of
the PXRD diffraction pattern. The structure was drawn with the software VESTA. It is
possible to observe the superimposed layers of lithium and transition metals layers,
separated by the oxygen layers. The lithium and TM ions seat in octahedral sites

Scanning Electron Microscopy and BET Surface Area

The SEM images collected at different magnification values (Figure 3.4) show a
homogeneous and narrow distribution in the particles dimensions, ranging between 50

and 150 nm diameter with the presence of agglomerates up to 2-3 um in size.
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The particles appear to have a polyhedral shape with the presence of local agglomerates.
The nanometric dimensions of the prepared material particles contributes as well to the

samples relatively large surface area which was evaluated through BET analysis of the

synthesised oxide and estimated to be 13.06 m?g™' (Figure 3.19, Appendix).

Figure 3.4 SEM images of Li(Lio.2Nio.2Mnos)O2 particles collected with an enlargement of
18000x and a voltage of 4 kV. The particles present an homogeneous distribution in size
with local agglomerates.

3.4 Electrochemical Characterisation

Once assembled into coin cells the material was galvanostatically cycled between 2.0

and 4.8 V vs. Li*/Li for 100 cycles with a current of 50 mAg™".
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Figure 3.5 Behaviour of the potential curve during the process of extraction/insertion of
lithium ions; a) during the first cycle, b) in the first three cycles. The difference between
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the first and the subsequent charges appears evident with the presence of a long 4.6 V
plateau in the first one.

In Figure 3.5 the electrode voltage profile is shown for the first cycle as a function of the
equivalents of lithium ions extracted from the material during the charge, up to 4.8 V vs.
Li*/Li and subsequently re-inserted during the discharge to 2 V vs. Li*/Li. During the
charge process the potential rises gradually from the OCV of the pristine material (~3 V
vs. Li*/Li) with a constant slope up to 4.5 V vs. Li*/Li where a long plateau region begins.
The upper voltage cut-off is reached at the end of the plateau where the potential rises

once again and finally hits the 4.8 V cut-off.

The final capacity displayed during the first charge (325 mAhg™), is in large excess to the

expected redox activity of the solely Ni?* to Ni** oxidation (Figure 3.5-a, dashed line)

which would correspond to only 126 mAhg' as shown in Equation (3.3).
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Figure 3.6 Electrochemical performance capacity (left y-axis) of the synthesised material,
cycled in galvanostatic conditions and coulombic efficiency (right y-axis) per each cycle.
The first charge shows poor coulombic efficiency (blue triangles) between the charge
(black squares) and discharge (white squares) process, due to the non-reversibility of the
plateau region during the first charge.
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The following discharge curve does not show the presence of any plateau with the
electrode potential constantly dropping as the lithium ions are intercalated back in the

structure until the lower 2 V cut-off is reached.

The hysteresis between the charge and the discharge potential curves in the first cycle
and their different shapes suggest the presence of two different mechanisms occurring
during the charge/discharge process in the electrode layered structure. In the first charge
the electrode delivers a capacity corresponding to the extraction of almost all the lithium
contained in the lattice although in the following discharge only part of the extracted
capacity can be re-inserted accounting for a coulombic efficiency of ~70% (Figure 3.6,
blue triangles). It is important to notice that the plateau region, centred around 4.6 V, is
characteristic of the first charge only and does not appear in the following cycles as can

be seen in Figure 3.5-b.

In Figure 3.6 the galvanostatic cycling is presented for the synthesised material over 100

cycles, at a rate of 50 mAg™, together with the coulombic efficiency per cycle.

The material shows good and stable performance comparable with the cycling stability
shown by other layered oxides such as LiCoO2. The capacity is well retained over cycling
although a progressive loss in the charge extracted and inserted in the material is
observed corresponding to a capacity loss of 33% from the 2" to the 100" cycle. The first
cycle shows the biggest discrepancy between the charge and discharge values of
capacity. The coulombic efficiency, given as the ratio between the discharge and charge
capacity values for each cycle, appears to increase rapidly in the first ten cycles,
improving from 70% to >98.9% in the 10" cycle, reaching stable values higher than
99.5% during subsequent cycles. The steady improvement in efficiency can be
associated with a stabilization process of the electrode surface occurring during the first
cycles that might be due to irreversible oxidation at high voltage of surface adsorbed

species and the partial decomposition of the electrolyte to form a thin passivating layer
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similar to the solid electrolyte interphase observed at the low voltage regime in the

anodes.

3.5 Gas Evolution During the First Cycle

To investigate the origins of the extra capacity shown during the first charge OEMS
(Operando Electrochemical Mass Spectrometry) analysis was performed on the studied
material. The electrochemical cell employed was specifically designed for the experiment
(see Chapter 2). The gaseous species evolved during the galvanostatic cycling which
were detected together with the Argon, employed as gas carrier, were CO; and O..
Plotting the traces for the rates of the evolved gases in synchrony with the galvanostatic
curve (Figure 3.7) it is possible to notice that the carbon dioxide appears before oxygen at
a potential of 4 V vs. Li*/Li and continues to be evolved until the upper cut-off, spiking up
at the beginning and at the end of the 4.6 V plateau. Also, the oxygen trace appears with

a spike-like shape at 4.63 V and reaches its maximum evolution rate at 4.8 V.
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Figure 3.7 OEMS analysis of Li(Lio2Nio2Mno6)O-. In the figure the galvanostatic cycling of
the studied material over the first cycle (blue line), the oxygen trace (black line), the
carbon dioxide trace (red line) are reported. The right Y-axis represents the electrode
potential while the left Y-axis the gas release rate expressed as moles of gas per minute
per mole of active material, both axis reported as function of lithium equivalents
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extracted/inserted, X-axis. Argon was used as a carrier gas with a flux rate of 0.7 mL min-
' and the electrode was cycled against metallic lithium at a rate of 15 mAg™" between 2
and 4.8 V vs. Li*/Li for all the materials. The electrolyte employed was a 1M solution of
LiPFe in PC.

The traces for the two gases were carefully integrated to find out the amount of gas
released per mole of electrode active material. The amounts of gases obtained from data
analysis were compared with the amounts previously measured in our laboratory for the
spinel™ LiNiosMn1504 which exhibits a plateau at a similar voltage. Whilst no O is
evolved in the spinel compound, the amount of CO; was found to be more than 2 orders
of magnitude higher for Li(Lio2Nio2MnosO2) (see Appendix). The evolution of CO- for the
spinel material is observed at the very end of the lithium extraction process around 5 V
vs. Li*/Li (Figure 3.17) and it is probably related to the partial oxidation of the PC
electrolyte at high potential, whilst in the case of the Li-rich layered oxide (Figure 3.7) CO»
appears to be released during the whole de-lithiation process, indicating a different nature
for the gas origin in the two materials. This result appears to indicate that the majority of
the released gases are associated with oxygen loss from the lattice of Li(Lio.2Nio.2Mno.)O2
and are not due to electrolyte decomposition or oxidation of surface species. From the
gas quantification it was then possible to calculate the amount of charge (electrons)

deriving from the formation of CO, and Oa-.

To do so, the reactions between oxidized oxygens in the lattice and propylene carbonate
(PC), used as a solvent for the electrolyte, were considered. In these reactions, widely
investigated in the field of Li-O. batteries', the oxygen is assumed to be released from
the lattice as superoxide 03 at high voltage values and, according to Freunberger et al,?
attacks the PC electrolyte leading to the formation of carbon dioxide and water  (3.4), as

follows:
CH3;C5H3;0,CO(PC) +40, — 4CO,5 + 3H,0 + 4e” (3.4)

Thanks to Equation (3.4) it is possible to calculate the charge released by the formation

of carbon dioxide. The charge due to the release of molecular oxygen was calculated as
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coming from direct oxygen loss from the lattice at high voltage (>4.6V) via the following

reaction,
20% 5 0, +4e (3.5)

The results for the integration of the CO2 and O- traces in Figure 3.7 are reported in the

table below

Table 3.2 Quantification of the charge due to the release of the gaseous species during
cycling

Gas Species moles of gas evolved / formula unit mAhg'
CO: 0.0294 37.06
0: 0.0241 30.4

In the table it is possible to observe that the charge due to the released gases adds up to
67.4 mAhg'. The summation of this amount of charge to the expected charging capacity
due to the oxidation of nickel contained in the material (126 mAhg™', see Equation

(3.3)) corresponds to 190 mAhg™" and is more than 140 mAhg™' lower if compared

to the 330 mAhg" total exhibited during the first charge to 4.8 V (see Figure 3.5a)

It becomes evident at this point that some other process must be involved in the first
charge of the material. Hence, to better understand the electrochemical behaviour and
investigate the changes in the lattice during the first cycle, a thorough ex-situ
spectroscopic characterization of the material at different points of charge was carried

out.

3.6 Spectroscopic Investigation

X-ray absorption near edge spectroscopy
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XANES analysis was carried out on nickel and manganese K-edge for samples of the
synthesized Li-rich oxide at different states of charge over the first cycle (Figure 3.8). The

XANES spectra were collected and analysed with the help of Dr. David Pickup.
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Figure 3.8 XANES spectra for nickel (panel B) and manganese (panel C) K-edges. The
spectra were collected ex-situ on samples at different points of charge along the first
cycle (panel A). The spectra for the different points (a-g) are reported with the same
colour scheme for both Ni and Mn (solid lines). Standards for both elements with different
oxidation numbers are also reported: LiNiO2 for Ni**, NiO for Ni?* and MnO; for Mn**,
Mn,O3 for Mn**, (dashed lines). The inset graph in panel C shows an enlargement of the
pre-edge peaks for Mn K-Edge. Data reported from ref. 3.

The Ni K-edge (Figure 3.8-a), shows a continuous shift towards higher energies during
charge from the pristine up to the 4.6 V plateau, indicating a progressive increment in the
average oxidation number from Ni?* towards Ni**, in good agreement with the expected

TM redox activity. The edge position remains unchanged over the plateau up to the end
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of charge. On discharge the edge position shifts back, corresponding to a Ni%*

demonstrating the reversibility of the redox process occurring at the nickel centres.

For the manganese it is the pre-edge that gives the most useful information about the
oxidation number of the metal. The pre-edge behaviour is shown in the inset graph of
Figure 3.8-c and it does not change its position over the different states of charge along
the first cycle. This implies that the manganese maintains a +4 formal oxidation number
over the whole cycle and it does not partake in the electrochemistry. The interpretation of
the XANES data appears consistent with previous works'®?!, showing that no further
oxidation of the transition metals can be associated with the extra capacity observed

during the first charge of Li(Lio.2Nig2Mng)Oo.

Another possible mechanism able to account for the extra charge extracted would be the
oxidation of the oxide ions in the cathode lattice, which has already been observed in the

case of LiCoO5 °.

To verify this hypothesis Soft X-ray Absorption Spectroscopy (SXAS) and Resonant

Inelastic X-ray Spectroscopy (RIXS) experiments were performed.

Soft X-ray absorption spectroscopy

Soft X-ray Absorption measurements of the oxygen K-edge were collected on our Li-rich
material ex-situ at different states of charge along the first cycle (Figure 3.9). This
technique was used to probe the density of electron-holes in the valence band above the
Fermi energy. In the absorption spectrum of the pristine material (Figure 3.9-i) it is
possible to observe the presence of two main regions. The first one between 525 and 535
eV (shaded region) corresponds to the transitions between the O 1s core shell and the O
2p valence shell hybridized with the transition metals 3d orbitals. Its area is sensitive to

the presence of hole states density just above the Fermi energy?'-2.
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The second region, above 535 eV corresponds to transitions between the O 1s core shell
and the transition metals’ 4s-p orbitals, well above the Fermi energy. A change in the
spectral weight, i.e. the peaks area, in the 525-535 eV region reflects a change in the
hole states density on the oxygen.
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Figure 3.9 Soft X-ray Absorption spectra for the oxygen K-edge of Lis2Nio2MnosO2 (i-v)
and for the reference material MnO2% (dotted line). The spectra were collected ex-situ at
different points over the first cycle (coloured spots, left panel). The pre-edge area (shaded
region) corresponds to the transitions from the oxygen 1s core level into the energy states
immediately above the Fermi energy.

From Figure 3.9 it is possible to observe a progressive increase in the pre-edge peak
area passing from the pristine (Figure 3.9-i) to the material charged to the end of the
plateau region, whilst no appreciable change can be noticed between the end of the
plateau (Figure 3.9-iv) and the end of charge (Figure 3.9-v). Figure 3.10 shows the trend
for the oxygen pre-edge area at the different points over the first cycle. The peak areas
show an 8.75 % increase between the pristine and the point at the beginning of the

plateau. This value matches well with the expected increment due to the oxidation of Ni%*
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to Ni** which would theoretically be a 8.69% increment (see appendix). As well the hole
states density keeps increasing over the plateau of a further 8.5% (Figure 3.10-iii),

corresponding to the extraction of about 0.43 electrons per formula unit.
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Figure 3.10 Integration values of the oxygen K-edge pre-edge area (coloured squares) at
the different points over the first galvanostatic cycle of Lis2Nio2MnosO2. The values have
been normalized to the area of the pre-edge of the pristine material.

The charge extracted as hole states on the oxygen across the plateau in addition to the
charge due to gas release (see paragraph 3.5) in the same region appears to match with
the overall charge released between the points ii and iii in Figure 3.10. Furthermore, no
change is noticed in the spectral profile between points iii and iv at high potential values,
confirming the results from OEMS and the oxygen release from the lattice to be the

dominant process in charging the material between those potential values.

Finally, it can be noticed how the spectrum for point v goes back to an area value close to
the one of the pristine material, indicating that the hole states generated over the charge

are reversible.
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Raman spectroscopy

Since the oxygen redox activity along the 4.6 V plateau had been proven through the
SXAS measurements, the next step was the investigation of the nature of the electron
holes and the possible species involved. It is known, that for sulphides the redox activity
on sulphur involves the formation® of S,%. Hence the plausible formation of O, during the
charge of our Li-rich oxide was investigated using Raman Spectroscopy. Raman spectra
were collected between 200 and 1200 cm™ on Li(Lio2Nio2Mnog)O2 at different states of
charge (Figure 3.11) and were compared with the spectra of chemical compounds

containing the peroxide species such as Li-O», Na2O» and ZnO..

In none of the Li-rich oxide samples were vibrations detected between 750 and 900 cm™
(Figure 3.11 red-dashed rectangle), corresponding to the O-O stretching frequency in
peroxide species. Whereas peroxide stretching bands are present in all the three spectra

of LizOz, Na,O, and ZnO..
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Figure 3.11 Raman spectra for Li12Nio2MnosO- collected between 200 and 1200 cm™ at
different points over the the first charge (spectra i-iv). The mesured spectra are reported
together with the spectra for ZnO., Na20O2 and Li.O2 repesctively collected in the same
frequency range. It is possible to observe, in the case of the peroxides, the presence of
the O-O stretching peak in the range 700-950 cm™ (red-dashed rectangle).
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This result leads to the conclusion that no true peroxide species (O-O length of 1.45 A) is
formed as a consequence of the electron holes formation on oxygen during the charge.
As well, no conclusion can be drawn about the formation of peroxo-like species in which
the oxygen-oxygen bond is longer than 1.45 A as these would have a lower stretching

frequency although no material references exist to verify this.
Resonant inelastic X-ray spectroscopy

Further investigation into the nature of the hole states created on oxygen was carried out
with RIXS measurements. This technique, which could be regarded as complementary to
SXAS, investigates the emission of photons as electrons as they transition from the
valence band into the core level of a chemical species. In our case the emission between
the oxygen 2p band, and the oxygen 1s core level was measured on Li(Lig2Nio2Mnge)O2
samples at different states of charge (Figure 3.12). The excitation energy employed was
531.5 eV, corresponding to the valley between the main peak and the shoulder in the

absorption pre-edge region of the SXAS spectrum (Figure 3.9).
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Figure 3.12 RIXS spectra for Lis2Nio2MnosO- collected with an excitation energy of 531.5
eV at different points over the the first charge (spectra i-iv). The elastic peak,, completely
absent in the pristine material, slowly appears as the material is charged to 4.8 V
(enlargement).
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As already mentioned, the spectra in Figure 3.12 were collected on the synthesised
material at different states of charge. Very little change is appreciable between spectra i
and ii confirming the result obtained from the XAS. Instead, relevant change in the
spectral weight is present in spectra iii and iv corresponding to the end of the plateau
region and end of charge respectively. The spectral weight redistribution can be ascribed
to a change in the density of states for the O 2p band. As well in spectra iii and iv the
elastic peak at 531.5 eV appears, indicating that new states are consistent with the
presence of localized holes on the oxygen. These new features, present in the oxygen
RIXS spectrum for Li(Lio2Nio2Mnge)O2 charged to the end of the plateau region, seem to
be reversible for spectrum v, corresponding to the end of the discharge, in which the
spectral weight looks similar to that of the pristine material with no presence of the elastic

peak.

This result points towards a model in which the oxygen plays an active role in the
electrochemistry of Li(Lio2Nio.2Mnos)O2, allowing the extraction of charge beyond the TM
redox activity, thanks to the formation of reversible localized electron-hole states on the

oxygen atoms.
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3.7 Role of Chemical Environment on Oxygen Redox
Activity

As already discussed at the beginning, the lithium rich material is characterized by a

layered structure in which the oxygen atoms sit in octahedral sites coordinated by three

lithium ions from the lithium layer and three cations from the transition metal layer (Figure

3.13-a)

Due to the simultaneous presence of lithium, nickel and manganese ions within the TM
layer and their different charge/size ratios, the cations undergo an ordering process
(Figure 3.13-c) during the material synthesis indicated by the superstructure peaks in the
PXRD diffraction pattern around 22°-24° degrees 2theta (Figure 3.1). As a consequence,
different environments for the coordination of the oxygens from the transition metal layer
side are present in the material (Figure 3.13-b, d) and the formation of localized electron-

holes might be induced by a specific kind of environment.

Further information concerning the location of these hole states can be obtained from the

analysis of Ni and Mn XANES K-edge behaviour along the plateau region.

a
TM layer

Li layer

Figure 3.13 Schematic representation of: a) the Lis2Nio2MnoeO2 layered structure, b) and
d) the possible environments for the coordination of the oxygen, c) the metal ions
ordering within the transition metal layer.
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Figure 3.14 Peak position for the XANES nickel and manganese K-edge in
Lis.2Nio.2Mno 602 at different points over the first galvanostatic cycle (points a-g, top panel).

The shaded region corresponds to the points collected on the plateau. Data collected and
analyzed with the help of Dr. David Pickup.

In Figure 3.14 are shown the positions of the 1s-4p K-edge peaks for Ni and Mn at
different points over the first cycle. It is possible to observe how over the plateau region
no relevant shift is present for the Ni edge, whereas a continuous shift towards higher

energies is happening at the Mn edge.

The shift on the Mn edge is compatible with a redistribution in the density of states around
the manganese ions during the extraction of lithium. The metals K-edge behaviour seems
to point towards the idea that an environment in which the oxygens are coordinated by

manganese rather than nickel, on the TM layer side, could promote oxygen redox activity.
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To further explain this idea, one has to consider the interactions occurring between the
oxygens and the surrounding metals?®*. On the alkali-metal layer side a relatively ionic
interaction is expected between the O% 2p and Li* 2s orbitals due to large difference in
energy of the orbitals involved with the oxygen orbitals lying at lower energies. On the TM
layer side instead, oxygens can be coordinated by either lithium and manganese or nickel
and manganese (Figure 3.13-b and -d). The interaction between lithium and oxygen will
be the same as for the alkali metal layer case whilst the Ni/Mn-O interaction between the
0% 2p and TM 3d(eq)/4p/4s orbitals form o-type molecular orbitals presenting different
degrees of covalency depending on the transition metal involved and the TM nd(tzg)

orbitals remain non-bonding (Figure 3.15).

In Lis2Nio2Mno 02 the Fermi energy is expected to lie at the non-bonding E;” molecular

orbital originating from the mixing of the oxygen 2p and nickel g4 states.
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Figure 3.15 Diagram reporting the molecular orbitals generated from the orbital mixing of
207% and Ni*/Mn**/Li* in the layered LiMO, where M = (Lio 2Nio.2Mngs).
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Because the nickel orbitals are higher in energy than the oxygen ones, the e, molecular
orbital present a more nd(eg) character of nickel, hence extracting charge at the Fermi

energy means that nickel gets oxidized.

Once Ni?* (ts® e4?) is oxidized to Ni** (ts® eg’), the energy of the bonding E4 molecular
orbitals drops (due to the removal of electrons from the antibonding E4’) and is expected
to be close to the oxygen valence band, strengthening their o bond nature (more covalent
character). Additionally, the energy of the Eg molecular orbitals, deriving from Mn(eg)-
O(2p) mixing, does not change during the charge presenting a more ionic ¢ interaction
with respect to the Ni(eq)-O(2p) ones due to the higher difference in energy between the
interested atomic orbitals. In the resulting band structure picture, the oxygens coordinated
by Li* and Mn**, on the TM side, appear to have a more ionic character than the ones
coordinated by Ni** and Mn** and are expected to present a localized character, meaning
that the Mn/Li-coordinated oxygens states would lie in a narrow band at the top of the

oxygen valence band (Figure 3.16).
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Figure 3.16 Representation of the Density of States (DOS) bands evolution during
Li12Nio2MnosO2 first charge, following the model obtained from the spectroscopic
analyses at different states of charge.
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The oxygen redox activity would originate from this localized band leading to the

formation of electron holes on the oxygens at high potential values (Figure 3.16).

3.8 Conclusions

The layered oxide Li(Lio.2Nio.2Mngg)O2 shows an unusually high capacity which goes far
beyond the transition metal redox activity. During the first charge it is possible to extract
more than one lithium per formula unit and the galvanostatic curve is characterized by the

presence of a high voltage plateau centred around 4.6 V vs. Li*/Li.

In the attempt to explain the mechanism underpinning the electrochemical performance of
the material several techniques were employed. Thanks to the use of OEMS, SXAS,
XANES and RIXS combined, it was possible to determine that the capacity observed,
beyond TM redox (corresponding to the extraction of 0.4 e/formula unit), was due to
anionic redox activity on the oxygen. Along the high voltage plateau about 0.43 e per
formula unit were extracted through the formation of oxygen electron-holes, whilst the
charge extracted across the charge as molecular CO, and O. accounted for 0.21
electrons per formula unit. The summation of the three contributions (i.e. TM redox,
oxygen redox and gas loss) corresponds to the extraction of 1.04 electrons per formula
unit over the whole charge, that well matches with the 325 mAhg™ (= 1.031 electrons per

mole of Li(Lio2Nio.2Mno6)O2) extracted in the first charge.

Oxygen redox activity was found to be promoted by a more ionic environment in which
oxygen is surrounded by Mn and Li and not by Ni. This kind of environment raises the
energy of electrons corresponding to the oxygens involved, thus allowing the formation of

electron-holes within the potential stability window of the electrolyte.

Thanks to the ability to store charge on both the transition metal centre and the oxygen,
the cobalt-free Li-rich Li(Lio2Nio2Mnos)O2 showed that a significant gain in performance
over other well established cathode systems such as the stoichiometric NMC oxides is

possible both in specific and volumetric energy density. Nonetheless, the cycling stability
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of the Li-rich system and the retention of its average cycling potential?® still need to be
greatly optimized. Further challenge will be that of stabilizing the oxygen redox process

over the oxygen loss to minimize the material degradation over cycling.
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3.9 Appendix

OEMS analysis on the spinel LiNio.sMn4.504

OEMS was performed on the high voltage spinel structure LiNiosMn1504 employing
identical setup within a different voltage window (3-5.2 V vs. Li*/Li) with respect to the
ones used for the lithium-rich Li12Nig2MngsO2. In Figure 3.17 is shown the result attained

from the analysis.

It is possible to notice the complete absence of molecular oxygen-loss over the entire
charge, although a small amount of carbon dioxide spikes at the end of charge around
4.8-5.2 V vs. Li*/Li which can be ascribed to the oxidative decomposition of a small

amount of electrolyte at this high potential.
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Figure 3.17 OEMS analysis of the spinel Li(NiosMn15)O4. Here, the galvanostatic cycling
of the studied material over the first cycle, the Oxygen trace (black line), the carbon
dioxide trace (red line). The right Y-axis represents the electrode potential while the left Y-
axis the gas release rate expressed as moles of gas per minute per mole of active
material, both axis reported as function of lithium equivalents, X-axis. Argon was used as
carrier gas with a flux rate of 0.7 mLmin™ and the electrode was cycled against metallic
lithium at a rate of 15 mAg’ between 2 and 5.1 V vs. Li*/Li for all the materials. The
electrolyte employed was a 1M solution of LiPFs in PC.
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Evaluation of SXAS transitions contributions

3.0 : 6 o2
4p ——— p —
4s 4s
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Figure 3.18 Schematics of the possible SXAS absorption transitions at the oxygen K-
edge (O' to O%) for the layered system Li(Lio2Nio2Mnos)O2. In the oxide lattice the
oxygen 2p valence orbitals are hybridized with the partially filled transition metals 3d
orbitals.

The contributions for the different transitons at the oxygen K-edge®® for
Li(Lio.2Nio.2Mnog)O2 can be obtained considering that the oxygen 2p orbital in the material
is hybridized with the transition metals 3d valence orbitals (Figure 3.18): the dominant
transition metal ion is the d® Mn**, 0.6 equivalents per formula unit. The possible SXAS
transitions from the core O 1s level associated with the manganese-hybridized oxygen
valence orbitals are 7, 3 spin down in the tyg, 2 spin up and 2 spin down in the e4, hence
4.2 transitions per formula unit are expected (0.6 x 7 = 4.2). With Ni?* are associated 2
spin down from the O 1s to the Ni?* eg, which accounts for 0.4 transitions (0.2 x 2 = 0.4).
This means that when the nickel is oxidized during the charge from Ni?* to Ni**, 0.4 new
electron holes are generated in the DOS to be added to the 4.6 holes present in the
pristine. Supposing that the nickel oxidation is the only electrochemical process
happening in the ‘sloped’ region the total holes states at the end of the sloped region will

be 5 (= 4.6 + 0.4). Hence an 8.6% increment in the number of holes states in which core
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electrons can be excited due to the absorption of suitable X-ray wavelength is expected in

the DOS of the material at the beginning of the 4.5V plateau.

Since the possible transitions associated with manganese hybridized orbitals represent
91% of the total the shape for the oxygen K-edge absorption spectrum in
Li(Lio.2Nio.2Mno6)Ozis almost identical to that for MnO, (Figure 3.9). The peaks positions
and ratios are almost the same, with the first more intense peak associated to the tog and

spin down eq transitions and the second associated to the spin up eq transitions.
BET analysis

In order to attain reliable data the Y-intercept and the parameters C and Qn must be
positive. A minimum of three 9 after the comma are desirable in the correlation

coefficient.

0.10 - BET surface area:  13.0446 £ 0.0638 m?/g
Slope: 0.331665 + 0.001602 g/cm?
Y-intercept: 0.002004 + 0.000311 g/cm®
0.08 4 C: 166.510084

Qm: 2.9970 cm?/g

1 Correlation coefficient:

0.9999533

o 0.064
N
‘%0.04-
0.024
no¥f—b—osa—-+-—-yr—-—-——-v--r—v—-r—r
000 005 010 015 020 025 0.30

P/P

Figure 3.19 BET surface area plot for Lis 2Nio2Mng 602
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4 From oxygen loss to oxygen redox: nickel
doping effect in lithium-rich materials

4.1 Background

The parent compound from which the layered lithium-rich materials' derive is Li1.33Mno -
0, also known as LizMnO3.2° Typically, low capacities are observed for this material
except when it is prepared as small nanoparticles®’. When Ni is substituted for some of
the Li and Mn ions in Liws-2i3xNixMnes-13002 a significant increase in the observed
capacities for large particle materials are observed®. As shown in the previous chapter the
large capacities seen in Lis2Nio2MnosO2 stem from oxidation of both the Ni?* towards Ni**
and oxidation of the oxide ions through a combination of oxygen redox®'® and oxygen-
loss''. Hence, the substitution of Li and Mn with Ni has been shown to play an important
role in determining the electrochemical mechanisms underpinning the material’s
performance. A thorough characterization of the materials Liz-2/3NixMn /31302 with a
series of x values is needed to help getting a better understanding of how these materials
work. The nickel centres play a fundamental role in these materials as they are expected
to be the only electrochemically actives ones' in Liwz-213xyNixMn2/3.1/3002, with the nickel
being oxidized from +2 towards +4, and when Ni is absent the observed capacity of
materials is extremely low especially when not prepared as nanoparticles. In the case of
the parent compound Li1.33MngesO2 no capacity would be expected since the manganese
in this material is already in a +4 oxidation state. It would then be expected that the
capacity would increase with the amount of nickel substitution x. However, as introduced
in the previous chapter the anionic redox process occurs above 4.4 V vs. Li*/Li . Here,
the contribution of anionic redox processes to charge compensation as a function of the

Ni content will be further investigate.
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Aim of the chapter:

The effects on the nature of the electrochemical activity due to increasingly higher Ni
substitution in the parent compound LixMnOQOs3 is investigated in this chapter. A series of
lithium rich materials, with generic formula Liwas3-2/3xNixMn23-13002, which can also be
considered as a solid solution between Li2MnO3s and LiNio.sMnos02, were synthesized.
Their structures and electrochemical performance are carefully characterized, and
particular attention is devoted to understanding if and to what extent the presence of

nickel effects the oxygen redox activity present in these materials.

4.2 Experimental Methods

The experimental conditions for the samples characterisation and analysis are
summarised in the following section. For more details on the techniques employed in this

chapter see Chapter 2.

4.2.1 Synthesis of the Materials

The formaldehyde-resorcinol sol gel synthetic route was employed to synthesise the
layered materials with general formula unit Lia/3-230NixMn(2/3-113O2 with x = 0, 0.06, 0.12,
0.2, 0.3,, all the reagents ratios were calculated in order to obtain 0.01 mol of the final

product.

Stoichiometric amounts of Li2CH3CO2-2H20 (99.0 %, Sigma Aldrich), Mn(CH3CO.).-4H.0
(>99.0 %, Sigma Aldrich) and Ni(CH3CO_)2"4H.0 (99.0 % Sigma Aldrich) were dissolved
in 50 mL of water with 0.25 mmol of Li2COs3 (99.0 %, Sigma Aldrich) corresponding to 5%
moles of lithium with respect to the 0.01 moles of synthesized material. At the same time
0.1 mol of resorcinol (99.0 %, Sigma Aldrich) was dissolved in 0.15 mol of formaldehyde
(36.5 % w/w solution in water, Fluka). Once all the reagents were completely dissolved in
their respective solvents, the two solutions were mixed and the mixture was vigorously

stirred for one hour until the colour changed from light green to light brown. The resulting
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solution, containing 5 % molar excess of lithium, was subsequently heated in an oil bath

at 80 °C until the formation of a homogeneous white gel.

The gel was finally dried at 90 °C overnight and then heat treated at 500 °C for 15 hours
and 800 °C for 20 hours. Once ready, the samples were mixed with carbon super P and
PTFE to prepare the electrodes pellets following the procedure illustrated in Chapter 2

where is also described the coin-cells assembly.

4.2.2Analyses and Characterisation

Structural and morphological characterisation

The morphology of the prepared layered oxides was analysed by Scanning Electron
Microscopy with a Zeiss Merlin microscope. The surface area and true densities of the
materials were evaluated employing a Micromeritics 3Flex BET-Surface area and a

Micromeritics Accupyc Il 1340 pycnometer, respectively

The structure of the samples was examined with several techniques: Powder X-Ray
Diffraction (PXRD) which was carried out utilising a Rigaku SmartLab equipped with a 9
kW Cu rotating anode. Magic-Angle Spinning (MAS) NMR spectra were collected on the
materials with a Bruker Avance Il 400WD magnet. Synchrotron based techniques such
as Soft X-ray Absorption Spectroscopy (SXAS) and Resonant Inelastic X-Ray
Spectroscopy (RIXS) were also employed to characterise the samples electronic
structure of materials at different states of charge. Spectra were collected for each
sample at the oxygen K-edge, manganese and nickel L-edge. The energy ranges
employed to collect the different edges were respectively: 525-545 eV for oxygen K-edge,
637-658 eV for manganese L-edge and 855-875 eV for nickel L-edge. The data were
obtained through the analysis of the 2-D ccd detector image, acquired at the different
edges, sampling the pixels corresponding to the oxygen fluorescence (inverse partial
fluorescence yield'®'* mode, see Chapter 2). SXAS and RIXS measurements were

collected on three beamlines, respectively beamline 8.0.1 at the Advanced Light Source
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(ALS, Berkeley USA), ADDRESS beamline at the Swiss Light Synchrotron (SLS, Villigen

Switzerland) and beamline BL12XU at Spring8.Sychrotron (Osaka, Japan).
Electrochemical characterisation

The series of layered oxides was characterised electrochemically through galvanostatic
cycling performed with a BioLogic VMP3 and a Maccor 4600 series potentiostats. All the
samples were assembled into stainless steel coincells against metallic lithium and cycled
between 2 and 4.8 V vs. Li*/Li for 100 cycles at a current rate of 50 mAg™. The electrolyte

employed was LP30 (a 1M solution of LiPFg in 1;1 w/w ratio of EC:.DMC).

As well one pellet of each material was assembled into a Swagelok test cell specifically
machined to carry out an Operando Electrochemical Mass Spectrometry (OEMS)
measurement. The mass spectrometry measurement involved in the OEMS experiment

was performed with a Thermo-Fisher quadrupolar mass spectrometer.

4.3 Results and Discussion

In this section, initially the structural and morphological characterisation is presented for
the members of the prepared series of materials. This is followed by a study of the
electrochemical performance through galvanostatic cycling and an investigation of the
gaseous species evolved in each material over the first cycle by means of OEMS
analysis. Finally, a detailed spectroscopic study at different states of charge in the first

galvanostatic cycle is presented.

4.3.1Structural and Morphological Characterisation of Pristine
Materials

The obtained powders for the different compounds were very fine with different colours,
ranging from vivid orange for Li1.33Mno.6602 to a dark brown for the Ni = 0.3 material. Such

a strong variation in colour is indicative of very different electronic structures.
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Powder X-Ray diffraction

The X-ray diffraction patterns of the as synthesized powders are reported as stacked

plots in Figure 4.1.
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Figure 4.1 Right panel: Powder X-ray Diffraction patterns of the synthesised materials
compared with the calculated patterns of the C2/m and R3m symmetry lattice shown at
the bottom and top of the figure respectively. On the left-hand side the structures for the
C2/m and R3m are reported The enlargement shows the details of the reflections
associated with the cation ordering in the TM layer that is lost as the Ni content increases

All of the patterns appear to show the major peaks consistent with a close-packed layered

structure such as LiTmO, with a R3m space group (Figure 4.1).

Additional peaks are observed in the range 20-30 2theta degrees which cannot be
assigned to the R3m space group highlighted in the expanded cut out of the figure. The

order derives from the atomic radii and charge density differences between Li* (0.59 A),
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Ni2* (0.69 A) and Mn* (0.83 A) and appears the strongest in the structures of
Li(Lio.33Mno.es)O2 and the low nickel substituted oxides. In the Li2MnO3z end member the

2:1 ratio of Li : Mn allows for the formation of a perfect honeycomb (Figure 4.2).

Figure 4.2 Honeycomb ordering of Mn*" ions around Li* ions within the transition metal
layer of Li2MnOs.

This ordering fits to a C2/m space group as shown in Figure 1.2. However, as nickel is
substituted into the material the long range in-layer ordering is progressively lost. This is
mainly due to the substitution of 1 Mn*" and 2 Li* for 3 Ni** to maintain the charge
balance. Since Ni?* and Li* have a similar atomic radius in comparison to Mn** the Ni?*
will preferentially occupy Li sites. Since the differential scattering cross section for X-rays
of Ni and Mn are very close the ordering of the ions becomes less easy to resolve with X-
rays and the peaks in the 20-30 2theta degree range are lost. No presence of extra-peaks

due to impurities were observed.

The diffraction patterns were used as a basis to perform structural refinements with the
Rietveld method' using the FullProf suite software. In Table 4.1 the cell parameters
attained from the refinements of the diffraction patterns of the different materials are

reported.
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Table 4.1 Parameters obtained from the Rietveld refinement of the synthesized materials

Composition a(A) c(A) Space group c/a Rwp x2

Li1.33Mng.6602 2.84291(7) 14.2176(7) R3m 5.001073 11.15% 3.71
Lir20sNioosMnocssO2  2.84442(6)  14.2013(6) R3m 4.992637 8.83%  3.52
Li1.253Nio.12Mnoe2602  2.84929(5) 14.2119(6) R3m 4987874 9.43% 2.06
Li1.2Nio.2Mno 602 2.8569(1) 14.244(1) R3m 4.985824 22% 2.20
Lir1sNiosMnossO2  2.8651(1)  14.2564(1) R3m 4975882 12.6%  1.14

All of the structures were refined employing an R3m space group symmetry which means
that the region containing the superstructure peaks between 20 and 30 2theta degrees
was excluded during the refinement procedure. Table 4.1 shows a clear trend in the
lattice constants a and ¢, as well as for the ratio ¢/a in which a smooth variation in the
parameters values is observed as the nickel content is increased. This result confirms
what already observed by Dahn et al.® that Liw/s-2/39NixMns3-13002 with x = 0, 0.06, 0.12,

0.2 and 0.3 can be considered a solid solution series.
Magic angle spinning nuclear magnetic resonance

MAS-NMR spectra were collected for the NMR-active isotope 6Li on the whole series of

materials. The mass normalized spectra, reported in

Figure 4.3, show the presence of two paramagnetic shifts (i.e. peaks), centered at 1900
and 770 ppm, corresponding to the two sites for lithium ions in the structure. Following
what has been already reported 817:'8 the isotropic shiftcentred at 1900 ppm is attributed
to lithium belonging to [LiMns] configuration (including the distorted versions of it), within

the transition metal layer.

Additionally, the isotropic shift at 770 ppm is assigned to lithium sites in the lithium layer.

Note, due to the lower temperature (268K) at which the NMR measurements were carried
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out, the shifts are different from those reported (especially for the transition metal lithium),

as paramagnetic shifts can be very temperature-sensitive.

As well, beside the two isotropic shifts at 1900 and 770 ppm, it is possible to observe the
presence of several so-called “spinning side-bands” in the spectra. The side-bands raise
as nuclei in the sample rotor “feel” the modulation of the magnetic field due to the magic-
angle spinning. Spinning side-bands appear on the both sides of the isotropic shifts at a

distance equal to the spinning frequency or its integer multiples.

The spectra show a clear trend with very sharp peaks in the case of Lii33MnoesO2 that
tend to broaden and decrease in intensity as the nickel amount increases. MAS-NMR
gives information on the local environment surrounding the lithium ions and the peaks
sharpness in the spectra can be associated with the local ordering around lithium. A
progressive loss of sharpness can be observed as the nickel content is increased
although the chemical shift (i.e. the peaks positions) remains the same for all the

materials.

6Li Hahnecho MAS=20k

Li in alkaline metal layer

~ 780 ppm
Li in transition metal layer l
~ 1550 ppm \/\/
/\-JV\/\/\_//\‘/J\/\/\A\‘\ |_i1_13Mn0_56Ni0_302
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Figure 4.3 °Li MAS-NMR spectra collected with rotor-synchronised Hahnecho pulse
sequence on the whole series of synthesised materials. The intensities were normalised
based on the sample mass. The MAS rate was 20 kHz. The spectra are presented in a
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stacked fashion with increasing nickel doping going from bottom up. The data were
collected with the help of Dr. Liyu Jin.

This result could be explained through two main phenomena:

e The generation of distorted lithium sites in both TM and Li layers, as nickel is
progressively substituted to lithium and manganese in the lattice.

¢ A higher concentration of stacking faults in the materials, with high nickel content,
due to local compositional inhomogeneity originated from the different sizes of the
TM.cations'. Especially the progressive substitution of Ni?* for Li* and Mn** leads
to local structural mismatching between the layers resulting in the presence of

stacking faults.

In both cases the long-range order present across the lattice in the parent compound

Li1.333Mno.es602 is broken leading to a progressive broadening of the NMR resonances.

This is in good agreement with the loss of superstructure peaks in the PXRD patterns

(Figure 4.1) due to the Ni substitution.
Scanning electron microscopy, BET surface area and pychometry

Particle size and morphology can significantly influence the electrochemical performance
of a material’®. To mitigate variation resulting from morphology identical preparation
methodologies were used. To validate the success of this SEM images recorded with the
same magnification were recorded and reported in Figure 4.4. This shows that all
compositions contain an approximately similar narrow particle size distribution, within the
same dimensional ranges, with diameters between 50-150 nm and similar polyhedral
shapes. Additionally, for all samples the presence of bigger agglomerates of particles was
observed with dimensions in the range of 0.5 to 1 microns. As it can be noticed, the
quality of the images appears to increase with the nickel content. This could be due to an
increase in the electronic conductivity (i.e. better SEM images) of the oxides as nickel is
substituted. In support of this idea there is the experimental evidence that the materials
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change drastically in colour going from the vivid orange of the parent compound

Lis.33Mno.e602 to a dark brown of the Ni0.3 oxide.

Liy;Ni;,Mn; O,

Figure 4.4 SEM images of the synthesised materials. Images were collected at 18000x
enlargement and 4 kV with a current of 110 pA.

The series of layered oxides was further characterized with BET surface area. In Table
4.2 are reported the values of surface area for each sample. All compositions show
comparable surface areas in the range 9.5 to 14 m? g™, and therefore it is not anticipated
that any of these materials would show significant differences because of surface area
variations. The measurements were repeated to check the reliability of the data and the

standard deviation between the different measurements is reported as well in Table 4.2.
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Table 4.2 BET Surface Area values for the synthesized materials. The full data set is
reported in Appendix.

Sample Surface Standard
(Ni substitution) (m2g™) deviation (m3g™)
0 9.6 0.28
0.06 13.8 0.56
0.12 12.7 0.35
0.2 13.0 0.60
0.3 13.7 0.58

The true density of the samples were also measured via pycnometry analysis and the

obtained densities are reported in Table 4.3 and compared with the crystallographic

density values obtained from the refinements of PXRD patterns. As expected the density

values increase as more nickel is substituted in the structure of Lii3sMnoesO2. An

excellent agreement exists between the experimental and refined densities is observed

with the highest discrepancy being lower than 2.5%.

Table 4.3 Comparison of density values obtained from Rietveld refinement and
pycnometry for all the compounds

Sample Refined Density Measured Density Discrepancy
(Ni substitution) (gcm®) (gcm™) (%)

0 3.89 3.89 0

0.06 3.98 3.94 1.1

0.12 4.09 4.02 1.8

0.2 4.2 4.11 22

0.3 43 4.22 1.9
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Thanks to the density values obtained from the pycnometry and the surface areas
measured in the BET analysis it is possible to evaluate the average particle diameter of
each sample. The calculation was carried out under the approximation that all the
particles had a spherical shape. The use of spheres for the particles shape allows for a
straightforward determination of the average diameter which is done resolving the

following system of two equations and two unknowns:

1Td2N = ABET
md®N _ m
6 ppycnometry

In which d is the average diameter, N is the number of particles in 1 gram of material, m
is the mass of material arbitrarily taken to be 1 g, Aser is the surface area and ppycnometry IS
the measured density. The unknowns are d and N. The diameters values obtained for

each material are reported in Table 4.4.

Table 4.4 average particle diameter calculated for each of synthesized materials

Sample Diameter

(Ni substitution) (nm)

0 159.67
0.06 110.35
0.12 117.06
0.2 111.78
0.3 103.25

Despite the approximation on the particles morphology the values obtained from the
calculation consistent with the approximate average diameter (150-200 nm) of the

particles shown in the SEM images (Figure 4.4).
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4 .4 Electrochemical Characterisation

Figure 4.5 shows the potential curves during the charge and subsequent discharge of the
first cycle for the different materials. All the samples present a high voltage plateau of
different lengths centered around 4.5 V vs. Li*/Li similar to the load curves introduced in
the previous chapter, whereas the presence of a sloped region at the beginning of the

charge progressively increases in length with the amount of nickel doping.
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Figure 4.5 First cycle galvanostatic load curves for Li133MnoesO2 (a), Li1.20Nio.0sMno.64O2
(b), Li1.25Nio.12Mno 6202 (c), Li1.2Nio2MnosO2 (d) and Li1.13Nio.s3Mno 5602 (e). The grey-shaded
regions represent the theoretical capacities expected for each material, based on the
electrochemical activity of the redox couple Ni *2/Ni*4.
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The extension of this ‘sloped’ region, already attributed in the previous chapter to the
oxidation of nickel from Ni?* toward Ni**, appears to be in good agreement with the
amount of lithium (i.e. charge) that would be extracted accounting for solely the nickel
redox activity (shaded regions) discussed earlier. Hence, as expected, Li133MnoesO2 does
not show any pre-plateau region whilst the Ni = 0.3 substituted oxide presents more than
150 mAhg™. The high potential plateau varies in length for the different materials and for
all the samples it does tend to curl up towards the end, before hitting the upper cut-off at

4.8 V vs. Li*/Li.

During the first discharge, none of the materials show the presence of a reversible
plateau, indicating a difference in the thermodynamic pathways followed during the
extraction (charge) and insertion (discharge) of lithium ions from/in the lattice of each

sample, as already observed for the Ni = 0.2 substituted oxide.
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Figure 4.6 Single centred curves for the first three cycles of Li13sMnoesO2 (a),
Li1.20Ni0.06Mno.6402 (b), Li1.25Nio.12Mno6202 (C), Li12Nio2MnosO2 (d) and Li1.13Nio.3Mno.s602
(e), reported versus specific capacity.
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Despite having been discussed in several previous works®>? it is important to stress that
no electrochemical activity is expected for Li1.33Mnos6O2 since manganese has already an
oxidation state of +4. As well no extraction of charge beyond the nickel redox activity
would be foreseen for the other materials. The presence of the high plateau is then due to
different electrochemical processes with respect to the conventional transition metal

center redox activity.

The behavior of the potential during the charge appears to dramatically change for all the
samples from the second cycle, as shown in Figure 4.6, in which the plateau region
completely disappears, although the extracted charge still goes far beyond the nickel

activity, while the discharge profiles do not seem to undergo the same reshaping process.

In the case of the low nickel substituted materials an important drop in capacity and
average potential for both charge and discharge is already visible in the second and third
cycles. The high nickel content materials instead (i.e. the Ni = 0.2 and Ni = 0.3 Figure 4.7
d and e) show a very stable cycling with minimal losses in capacity and average working
potential. The good capacity retention over multiple cycles for the Ni = 0.2 and Ni = 0.3
substituted materials is proved as well in Figure 4.7 in which the cyclability for all mate-
rials over 100 cycles at a rate of 50 mAg™’ is reported, together with the coulombic
efficiencies, given as the ratio between the capacity values displayed over discharge and
charge per each cycle. For all the materials the first cycle presents the lowest coulombic
efficiency value probably due to the presence of irreversible processes such as the gas
loss during the first charge. The coulombic efficiencies appear to quickly improve from the
first cycle values, around 60-70%, to values higher than 98% within the first five cycles.
However, with this regard Li133sMno.esO2 and Li1.20Nio.0sMno.64O2 (Figure 4.7 a and b) are an
exception, showing an initial loss in efficiency to then increase again from around the 10™

cycle onwards.
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Figure 4.7 Galvanostatic cycling performance over the first 100 cycles in charge (white
squares) and discharge (black squares) for Li1.33MnoesO2 (@), Li1.20Nio.0sMnoesO2 (b),
Li1.25Nio.12Mng 6202 (C), Li1 2Nio.2Mng 602 (d) and Li1.13Nio.3Mng 5602 (e) The coulombic
efficiency as the ratio Quischarge / Qcharge iS also reported (blue triangles).

It seems that when the nickel substitution increases to x = 0.12 a significant improvement
in terms of the electrochemical performance is seen suggesting that there has been a

change in the nature of the charge storage mechanism.

The capacity retention shows a general trend whereby the amount of nickel present in the
material gives rise to higher capacities and more stable cycling with exceptionally stable
performance seen for the materials where x > 0.2 material. Particularly interesting is the
cycling stability of the Ni = 0.3 material (Figure 4.7 e) which is even more stable than the
Ni = 0.2 (Figure 4.7 d) with cycling, whereas for all the other materials (Figure 4.7 a, b
and c) it is possible to observe a dramatic and progressive loss in the values of specific

capacity displayed as they get closer to 100 cycles.
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4.5 Gas Evolution During the First Cycle

Gas evolution for the Ni = 0.2 composition was presented in the previous chapter. Here
Operando Electrochemical Mass Spectrometry was performed on the whole set of
samples to get an insight on the origin of the extra-capacity that is observed during the

first cycle (shaded regions Figure 4.8).

The experimental set up employed was identical to the one used in the previous chapter.
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Figure 4.8 OEMS analysis of the nickel substituted materials Liwa/3-2/3xNixMn23-1/3x02, for
x= 0, 0.06, 0.12, 0.2 and 0.3 reported in panels (a to (e respectively. In each panel are
shown the galvanostatic curve during the first cycle (blue line), the oxygen trace (black
line), the carbon dioxide trace (red line) of a different material. The left y-axis represents
the electrode potential while the right y-axis the gas release rate expressed as moles of
gas per minute per mole of active material, both axis reported as function of lithium
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equivalents, x-axis. Argon was used as carrier gas with a flux rate of 0.7 mL/min and the
electrode was cycled against metallic lithium at a rate of 15 mAg™"' between 2 and 4.8 V
vs. Li*/Li for all the materials. The electrolyte employed was a 1M solution of LiPFg in PC.

In Figure 4.8, the traces for the gases evolved during cycling synchronized with their

respective galvanostatic curve are shown, for each material.

CO2 and O, were the only gaseous species detected for all the samples and a clear trend
appears from Figure 4.8, with a progressively lower amount of gas released as the

amount of dopant nickel increases.

CO; is detected first in all cases, peaking at the beginning of the high potential plateau
(around 4.5 V vs. Li*/Li) region, especially in the case of the Ni = 0 and 0.06 materials
(Figure 4.8 panels (a and (b red line), and progressively decreasing until the end of the
charge. A second sharp and more pronounced peak is observed in the CO; traces of the
Ni = 0.12, 0.2 and 0.3 materials (Figure 4.8 panels (c to (e red line) towards the end of the
4.5 V plateau region. Overall, the amount of CO; released over the first charge decreases
in line with the increase in nickel substitution but is never eliminated and differently from
the behaviour observed for the spinel LiNiosMn1504 (Appendix, chapter 3) it is present

over the whole first charge in all the studied materials.

O, appears to be released in a spike-like fashion that reaches its maximum towards the
end of charge in all the materials. The spike shape in the oxygen trace becomes
progressively sharper with the nickel content from Ni = 0 to Ni = 0.2 (Figure 4.8 panels (a
to (d black line). Additionally, the release start point shifts towards the end of the plateau
as more nickel is substituted and the overall released quantity decreases from Ni = 0 to Ni
= 0.3. It is important to remark the almost complete suppression of O, and a strong
reduction in the amount of detected CO. in the case of the high Ni substitution
Li1.133Nio.3sMno 56602 (panel (e Figure 4.8) in comparison to the other materials. This result
is suggestive of the important role played by nickel as in stabilizing the oxide structures at

high potentials by reducing the oxygen loss process.
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It is worth remembering that for the layered oxides studied in this chapter the amount of
detected gases during cycling was well above the amount detected in the case of the
spinel LiNigpsMn1504 () cycled in identical conditions. This allows us to rule out a major

contribution in gas loss due to the decomposition of the electrolyte.

To get a clearer idea of the differences between the materials in terms of the amounts of
released gases the traces of CO; and O evolved for each material were carefully
integrated to quantify the moles of evolved gas per mole of material. The amount of
charge (i.e. electrons) extracted in relation to the gas evolution was calculated
considering for CO. the reactions between highly reactive reduced oxygen species in the
materials and the PC electrolyte, Equation (4.1), and for O, considering a process of pure
oxygen loss at high potential, as already shown for the Ni = 0.2 case in Chapter 3,

Equation (4.2)
CH3;C,H50,CO + 40, - 4CO, + 3H,0 + 4e~  (4.1)
2027 - 0, + 4e” (4.2)

The results obtained from the integration of the gas traces for the different materials are

reported in Table 4.5

Table 4.5 Evaluation of total amount of CO; and O, released over the first cycle for the Ni-
substituted layered oxides. The specific capacity accounted for the moles of gas lost is
reported between brackets.

Material 0O (moles of gas evolved CO, (moles of gas evolved
. / formula unit)

per formula unit)
Li1.33Mng.602 0.0323 (44.55 mAhg™) 0.039 (55 mAhg™)
Li1.29Nio.0sMnoesO2 0.0186 (24.91 mAhg™) 0.0342 (45.80 mAhg™)
Li1.25Nio.12Mnoe202  0.0741 (96.65 mAhg™) 0.0459 (60 mAhg™)
Li1.2Nio.2Mno.602 0.0241 (30.38 mAhg™) 0.0294 (35 mAhg™)
Li1.13Nip.sMnoscO2  0.0018 (2.18 mAhg™) 0.0307 (37.1 mAhg™)
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It appears evident from the results of the integration that the two species CO, and O

follow two different behaviours as the nickel content in the structure is increased.

The quantity of CO- evolved tends to remain quite stable from Ni= 0 to Ni = 0.12 with a
slight decrease in the case of the higher substituted materials Ni = 0.2 and 0.3 although it
never gets compleetely eliminated. Conversely, O, appears to peak going from the parent
compound Li133Mng 502 to the Ni = 0.12 subsituted one to then steeply drop until almost

disappearing in the case of Ni = 0.3.

The different behaviour of the two gases might be rationalized looking at the reactions
associated with the formation of CO,, Equation (4.1), and O, Equation (4.2), in which
carbon dioxide is originated from the reaction of highly reactive superoxide species,
generated from the oxidation of oxigen in the lattice during charge, and the electrolyte
(PC), whilst molecular oxygen is associated with a process of direct oxygen loss from the
lattice of the materials. This implies that the nickel doping plays a fundamental role in the
stabilisation of the lattice preventing oxygen release as a result of the oxygen redox

process at high volatage values against Li*/Li.

An even clearer picture of the important effect played by nickel in terms of limiting the gas
release can be obtained from Figure 4.9 in which for each material a bar chart shows the
charge associated with CO;, (orange bar) and O, (grey bar) loss relative to the total
charge due to gas release (yellow bar) and the total amount of charge extracted over the
first charge (blue bar). Looking at the trends of the yellow and blue bars is clear that for
the low and no nickel doping materials the charge extracted and associated with gas
release represents 50% or more of the overall capacity displayed. At the same time as

the nickel content increases the charge related to gas loss firmly drops.
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Figure 4.9 Different contributions to the gas loss compared with the overall charge
extracted from the materials.

As already seen for the Ni = 0.2 substituted material in the previous chapter it can be
noticed that the amount of charge associated with the total gas loss (yellow bars, Figure
4.9) added to the expected capacity from the Ni redox activity (shaded regions Figure 4.5)
does not account for the overall charge extracted during the first charge, indicating the

presence of oxygen redox activity as well for the other compounds in the series.
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Only in the case of the parent compound Li133MnoesO2 it can be observed that actually all
the capacity exhibited over the first charge is accounted for by gas loss, in good
agreement with previous studies®?' in which it was concluded that the electrochemical
activity in this material was prevalently associated with gas loss during the first charge

followed by the activation of Mn 11I/1V redox couple in the subsequent cycles.

By plotting the ratios between the charge related to gas loss and the overall charge
extracted in the first charge against the content of dopant in the structure a striking trend
is attained (figure 1.6). The trend shown in Figure 4.10 is even more explicative than what
observed in Figure 4.9 confirming the idea of the role played by nickel in the suppression

of oxygen loss for these materials.

4.6 Spectroscopic Characterisation
Soft X-ray absorption spectroscopy

X-ray absorption spectra were collected at the oxygen K-edge, manganese L-edge and
nickel L-edge for three members of the series, Li133sMnoesO2, Li12Nio2MnosO2> and
Lis.13Nio.3sMno.ss02. The spectra were collected ex-situ at different points over the first cycle

and are reported in Figure 4.11, Figure 4.12, Figure 4.13.
O-SXAS

In Figure 4.11 the oxygen SXAS spectra are reported which have been collected for the
samples at different points over the first cycle. As discussed previously, the oxygen SXAS
K-edge is characterised by the presence of a pre-edge region, between 528 and 534 eV
(dashed red line, Figure 4.11), that corresponds to the transitions between the oxygen 1s
orbital and the oxygen 2p-transition metal 3d hybridized orbitals sitting right above the
Fermi energy?. The two peaks at 530 and 532.5 eV are due to the transition metals d-
orbital splitting due to the crystal field and spin exchange effects??-?*. The main edge
region, >534 eV, corresponds to transitions from the oxygen 1s and the oxygen 4s-4p

orbitals, well above the Fermi energy. The pre-edge region is of high interest since it is
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sensitive to the generation of new states in the conduction band near the Fermi energy
that would result in higher number of transitions during the absorption measurement,
hence a higher pre-edge area. From the OEMS results it would be expected a
progressively higher oxygen redox activity as more nickel is substituted in the parent

compound lattice of Lis33MngeO2.
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Figure 4.11 Oxygen K-edge spectra collected at different points over the first
galvanostatic cycle for Li1.13Nio3sMnoseO2 (panel a), Lit12Nio2MnoeO2 (panel b) and
Li133MnoesO2 (panel c). all the materials were cycled at 50 mAg™" between 2 and 4.8 V vs.
Li*/Li
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In fact, in the case of Li133MnoesO2 no change should happen at the oxygen K-edge over
the first cycle since all of the extracted charge can be accounted for oxygen-loss (Figure
4.9). At the same time, in the case of Ni = 0.3 material an even higher increase in the
area of the pre-edge oxygen SXAS is expected with respect to the Ni = 0.2 material.
Looking at the SXAS spectra for these three materials it is possible to observe that the
forecasted behaviours of the absorption edges are confirmed in the experimental data.
The pre-edge does not change over the first cycle in the case of Li133sMnoesO2 (Figure
4.11c, spectra i-v) although a shoulder centred at 534.5 eV appears in spectrum v
corresponding to the end of discharge in the first cycle. The shoulder, centred at 534 eV,
can be associated with the presence of oxygen on the surface of the material as Li>CO3
as already reported in previous works?>? and corresponds to the transition to the
n* (C=0) orbital. As it can be observed, the shoulder is not present in the spectra of the

fully discharged nickel substituted materials.

In the case of Li12Nip2MnosO2 (Figure 4.11b, spectra i-vii) the pre-edge gradually changes
in shape going from the pristine to the end of charge with a progressive decrease in the
depth of the well between the pre-edge peaks centred at 530 and 532.5 eV. The trend is
inverted in the discharge (spectra vi-vii) where the pre-edge decreases in area recovering

at the end of the first cycle a similar shape to the pristine one

The overall trend respects and confirms the results presented in the previous chapter for
the same material although in this case a higher number of points across the first cycle

and so a more detailed characterisation of the absorption edge was collected.

As for Lis.13Nio.3sMnossO2 (Figure 4.11a, spectra i-vii) a clear difference in the pre-edge
trend is evident, with respect to the Ni = 0.2 substituted oxide. An important increase in
the pre-edge area occurs passing from the pristine (i) to the end of sloped region (ii),
suggesting the presence of more mixing between the oxygen and nickel valence orbitals
in comparison to the Ni = 0.2 material. The pre-edge area continues to increase until the

end of charge, spectrum v, to then reverse the trend as for the Ni = 0.2 case and recover
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a similar shape and area to the one for the pristine material, at the end of the discharge
(vii). Comparing the Ni = 0.2 and 0.3 materials (Figure 4.11b and a respectively) the latter
one shows a higher increment in the pre-edge area over the charge (spectra i-v). This
observation points towards a picture in which in the higher nickel substituted material is
present a higher degree of covalence in of the bonding orbitals that would favour a
stabilisation of the oxygen redox with respect to the oxygen loss, in good agreement with

what expected from the OEMS results.

It is worth noticing that the results presented in this chapter were attained at Spring 8
synchrotron (Japan) facility whilst the ones presented in Chapter 3had been collected at
the ALS synchrotron facility (USA) demonstrating the substantial reproducibility of the

data.
Mn-SXAS

In Figure 4.12 the manganese L-edges are reported for the same three materials
presented above in the oxygen edge absorption data. In this case the collection of the L
edge spectra was preferred to the more conventional metal K-edge (XANES) due to the
higher sensitivity of the spectral weight and shape with respect to the oxidation state of
the transition metal. The higher sensitivity is due to the longer lifetime of the states
probed in the soft X-ray region which narrows down the line width in emission allowing for
better resolved features in the measured spectrum?:. In a typical L-edge spectrum there
are usually two peaks that can present fine features like shoulders of peak splitting. The
peaks arise from the transitions between the metal 3p and 3d orbitals and their shapes is
the result of multiplets interactions. The peak located at lower energy is due to the 3p®? to
3d transition and is denominated Ly, whilst the peak located at higher energies is due to
the 3p"? to 3d transitions and is denominated L. Because of the high complexity of the
interactions determining the peaks shape, to evaluate the oxidation states of the studied
transition metal it is necessary to employ the spectra of standard materials in which the

metal has known oxidation state.
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Figure 4.12 manganese L-edge spectra collected at different points over the first
galvanostatic cycle for Lis.13Nio3sMnossO2 (panel a), Lii2Nio2MnosO2 (panel b) and
Li133MnoesO2 (panel c). all the materials were cycled at 50 mAg™" between 2 and 4.8 V vs.
Li*/Li

In the case of the manganese edges reported in Figure 4.12, the Ly peak is centred
around 643 eV whilst the Ly peak is centred around 650/655 eV. For the analysed
compounds the oxidation state of manganese is expected to be +4 over the full cycle,
with the exception of Li133MngesO2 in which the comparison of manganese +3 at the end
of the first discharge would confirm the idea of the activation of the redox couple Mn IlI/IV
after the first charge, in which the charge is completely due to oxygen-loss. It is possible

to observe that for Li133MnoesO2 (Figure 4.12a) the manganese edge in the pristine
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material (i) has the typical shape of the metal in the +4 oxidation state. The shape is
maintained over the first cycle with the presence of an overall broadening of the Ly at the
end of discharge (v) which may be indicative of the formation of some Mn®*, although no
dramatic change of the peaks shape is observed and the oxidation state appears to stay

mostly +4 in the bulk of the material.

A similar trend is observed for the nickel substituted materials Li12Nio2MnoeO2 and
Li1.13Nio.sMno 5602 (Figure 4.12b and c) with no appearance of Mn** or Mn?* confirming
that manganese does not partake In the redox processes happening during the first cycle

of these materials.
Ni-SXAS

The nickel L-edge was collected for Lii2Nio2MnoeO2 and Li1.13NiosMnos602 at different
points of charge over the first cycle between 855 and 875 eV. The spectra are reported in
Figure 4.13, panels a and b. differently from manganese, nickel was expected to go from
+2 in the pristine (i) to +4 oxidation state at the end of the sloped region (ii) present before
the high voltage plateau in both materials. In both materials, it is possible to observe a
dramatic change in the shape of the absorption edges going from spectrum i to spectrum
i but while spectrum i possess the typical shape of Ni?* L-edge, spectrum ii does not
match the shape of the reference Ni** edge. At point ii, nickel appears to have an
oxidation state between +2 and +3 which keeps increasing across the whole charge,
although never reaching a full +4 state in both materials. In the discharge, the edge shape

reverses the trend going back to the pristine Ni +2 one (spectra vii).

Comparing the shapes of the spectra at the end of charge for the two materials, nickel
looks to be more oxidized towards a +4 oxidation state in the case of Ni = 0.3 material
(Figure 4.13, spectra v). This observation is in good agreement with what observed for
the oxygen SXAS spectra (Figure 4.11), strengthening the idea of an increased stability of

the lattice at high voltage values as the nickel content increases.
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Figure 4.13 nickel L-edge spectra collected at different points over the first galvanostatic
cycle for Li1.13Nig.3Mno 5602 (panel a) and Li12Nio2MnosO2 (panel b). All the materials were
cycled at 50 mAg™" between 2 and 4.8 V vs. Li*/Li

Resonant inelastic X-ray spectroscopy

RIXS spectra were also collected on the samples measured in the SXAS experiment to
get a better understanding on how Li1.13Nip.3Mnos602 and Li1.33MnoesO2 compared with
respect to the already studied Lis.2Nio2MnoeO2 and whether the nature of the new states
formed on oxygen in the case of the Ni = 0.3 substituted oxide had the same nature of the
ones already observed for the Ni = 0.2 substituted material. As in the previous chapter,
the RIXS experiment were performed with an excitation energy of 531.5 eV,
corresponding to the top of the absorption peak in the pre-edge region for the oxygen K-

edge.
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Figure 4.14 RIXS spectra collected ex-situ on Lis.13Nio.3Mno.s602 (panel a), Li12Nio.2Mng.6O2
(panel b) and Lii33MnossO2 (panel c) at different states of charge with an excitation
energy of 531.5 eV.

From Figure 4.14-b it is possible to observe that the behaviour of Lii2Nio2MnosO: is in
good agreement with what already presented in the previous chapter, confirming the
good reproducibility of the data. The emission spectra do not appear to change in shape
between the pristine and the end of the sloped region (spectra i and ii, panel b) , whilst a
substantial reshaping is observed over the plateau with the simultaneous appearance of
the elastic peak centred at 531.5 eV (spectra iii to v). A very similar and even more
pronounced behaviour is observed in the case of Li113Nip3sMnos6O2 (Figure 4.14a)
confirming that for this material as well the nature of the new states observed over the

plateau in the oxygen K-edge SXAS data is the same of the ones observed for
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Li12Nio2MnoeO2. Hence new localized electron-hole states are formed on oxygen as
Li1.13Nio.sMno 5602 is charged over the plateau supporting the idea that oxygen redox
activity is present in this material as it was for the Ni = 0.2. The RIXS spectra for both
Li1.13Nio.3Mno 5602 and Lis.13Nio.sMno 5602 appear to recover a similar shape to the pristine
ones during the discharge of the electrodes (spectra vi and vii, panels a and b) indicating

the reversible nature of the localized electron-hole states.

The RIXS spectra for Li133MnoesO2 do not appear to change over the whole cycle with no
comparison of elastic peak. This result is of high relevance as it demonstrates that
Li1.33MnoesO2 works through an oxygen-loss mechanism rather than an oxygen-redox
one, without formation of localized holes on oxygens. As well, being RIXS a bulk sensitive
technique for our materials, it confirms that the shoulder observed at the end of the
discharge in the oxygen K-edge absorption spectra for Li133MnoesO2 is probably due to

the formation of a carbonate layer at the surface of the particle during the discharge.

4.7 Discussion

The results attained from OEMS, SXAS and RIXS analyses evidenced the presence of
oxygen redox activity in the nickel substituted samples whilst confirming that Li133Mno.es02

works prevalently through oxygen loss over the first charge.

Trying to unravel the role of nickel in the working mechanisms of the materials
investigated in this chapter STEM and SLi MAS-NMR analysis were performed on the
parent compound Li133MnoesO2 and on the most representative member of the nickel
substituted series Li12Nio.2Mno6O2 to investigate the structural evolution in these samples

during the charge.

STEM images in annular bright field mode and °Li MAS-NMR spectra were collected on

both materials for the pristine and the charged to 4.8 V vs. Li*/Li samples (Figure 4.15).
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Figure 4.15 SLi-MAS NMR and TEM images for Lii2Nio2MnoeO; (red frame) and
Li1.33MnoesO2 (blue frame). In panels (a and (b are reported the NMR spectra for the
pristine (red lines) and charged to 4.8 V vs. Li*/Li (blue lines) materials. Panels (c and (d
show the TEM images for the pristine materials’ particles whilst (e and (f the images for
the charged to 4.8 V vs. Li*/Li materials. TEM images were acquire with the help of Dr.
Juan Lozano whilst MAS-NMR spectra were registered with the help of Dr Liyu Jin.

The NMR spectrum for Li133MnoesO2 (Figure 4.15-b) decreases in intensity between the
pristine and the charged sample, as expected for a de-lithiated material in which less
lithium ions will be present, although do not appear to change in shape with no presence
of new peaks (i.e. new lithium environments). Conversely, the spectra for the nickel

substituted Li12Nig2MnosO> dramatically change passing from the pristine to the charged
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sample with a decrease in intensity and a complete loss of peaks shape. As for the TEM
images both the pristine materials show a uniform layered crystalline structure across the
particles from the surface to the bulk whilst in the case of the charged samples it is
possible to notice the formation of a 10-nanometer-thick disordered shell (Figure 4.15-f)
surrounding the Li1.33Mno 02 sample particle whilst structural order is maintained (Figure

4.15-e) on the surface for the nickel substituted sample.

Since no new lithium environments are observed in the NMR spectrum for Li1.33MngesO2
at the end of the charge it is reasonable to conclude that the amorphous shell formed
around the particle is completely depleted of lithium ions and that the NMR signal is
coming from the crystalline core that has remained intact pointing towards a core-shell
structure model in which the amorphous de-lithiated shell is surrounding a crystalline core

of the pristine material.

For the nickel substituted material a great change is observed in the NMR spectrum as
the lithium is almost completely removed from the material resulting in a significant signal
reduction. The remaining signal appears to contain no peaks from the pristine material
suggesting that the charge product is a new phase and that the cathode material has
homogenously been involved in the reaction. The charged sample suggests that although
at the surface some cation migration has occurred forming a spinel like structure at the

surface a general ordered material is seen throughout.

This model suggest that not only would a much lower amount of charge extracted from
Li1.33MnoesO2 in comparison with the Ni = 0.2 material (Figure 4.7) but also the prevalent
oxygen loss process over the oxygen redox observed in the case of the parent compound

(Figure 4.8, Table 4.5 and Figure 4.9).

The highly lithium depleted shell in Li1.33Mno 602 would probably lead to an environment

of under-coordinated oxygens as was recently reported in a similar material elsewhere?’.
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The oxygen loss mechanism would be mitigated in the case of the nickel substituted
materials compared to the oxygen redox process thanks to the presence of nickel that
would form a percolating network for the conductivity of lithium ions across the bulk of the
materials. This idea is partially backed by the observation made in the nickel L-edge
SXAS spectra for the Ni = 0.2 and Ni = 0.3 materials (Figure 4.13) in which it appears that
the nickel is not fully oxidized to a +4 oxidation state over the sloped region meaning that
lithium ions could still surround the nickel ions over the charge in the plateau region
maintaining at the same time the structural stability and forming a preferential channel for
the conduction of lithium ions. The oxygen loss would then happen at the very end of
charge in the Ni = 0.2 material (Figure 4.8) due to the high depletion of lithium from the
structure resulting in the same under-coordinated oxygen environment postulated for

Li1.33Mn.e602.

4.8 Conclusions

The thorough characterisation of the Liw/3-213xNixMn213.113xO2 series of materials (where x =
0, 0.06, 0.12, 0.2 and 0.3) through advanced techniques such as the OEMS analysis,
SXAS and RIXS spectroscopies, allowed to demonstrate the crucial role of nickel in
favoring the oxygen redox process over the oxygen loss one. The presence of oxygen
redox with almost complete elimination of molecular oxygen loss was demonstrated for
the Ni = 0.3 substituted material which also showed improved electrochemical
performance and cycling stability with respect to the well-known Ni = 0.2 substituted
material. Thanks to the combined use of OEMS, SXAS, RIXS, MAS-NMR and STEM was
also possible to shine light on the differences in the working mechanisms of the nickel
substituted samples with respect to the parent compound Li133sMnoesO2. Thanks to a
series of experimental evidence it is possible to postulate a model summarized in Figure

4.16
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Figure 4.16 Schematics for the proposed working mechanisms of a) Li1.33MngesO2 and b)
Li12Nio.2Mno.6Oz.

As already mentioned in the previous paragraph the working mechanism proposed for

Li1.33MnoesO2 is a core-shell model in which during the charge a two-phase system is
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formed with the complete depletion of lithium from the surface layer and the loss of

oxygen whilst the inner core should stay intact (Figure 4.16-a).

On the contrary, the proposed mechanism for the nickel substituted material is more
articulated with the presence of three sequential processes happening over the charge.
During the first part in the sloped region a one-phase process would happen with uniform
depletion of lithium across the bulk of the material. In this process nickel would not be
completely oxidized to +4 maintaining an environment of lithium ions that would constitute
a preferential network for the conduction of lithium ions in the bulk. In the following
plateau region a two-phase process would lead to the extraction of further lithium with the
concomitant further oxidation of nickel towards +4 oxidation state and the oxidation of
oxygen (oxygen redox) forming localized hole states appearing in the RIXS spectra

(Figure 4.14).

The final process in which approximately 0.1 moles of lithium are extracted (Figure 4.16-b
and Table 4.5) is prevalently due to the loss of molecular oxygen via a core-shell process

similar to what observed in Lij 33Mng.es05.

To conclude, it is noticed that differently from the Ni = 0.12 and 0.2 oxides, for the Ni =
0.3 substituted material it is removed less than one lithium per formula unit during the first
charge. This might reduce the amount of under-bonded oxygens in the structure which
we have recently shown?” to play a central role in the formation of molecular oxygen that

subsequently gets released from the lattice.
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4.9 Appendix

BET surface area

1[Q(P P - 1)]

Figure 4.17 BET plots for the whole series of nickel substituted materials.
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5 lon conducting binders for silicon anodes

5.1 Background

Silicon has been studied over the last four decades'™ as an attractive alternative anode
material for lithium ion batteries instead of the commonly used carbonaceous materials,

such as graphite.

At room temperature silicon can alloy® with lithium up to Lix2Sis composition, with a
theoretical gravimetric capacity above 4200 mAhg™, which together with the average
working potential, 0.1-0.2 V vs. Li*/Li, makes this material the most promising lithium

battery anode system, in terms of energy density, after metallic lithium itself.

Despite its great potential performance though, silicon suffers from major structural
strains and huge volume expansion (~300%)5" during the alloying process with lithium,
leading to a progressive fragmentation of the electrode and definitive loss of electrical

wiring upon electrochemical cycling.

Over the years several different strategies have been attempted trying to stem the
progressive structural degradation of the electrodes during cycling. The different

approaches to the problem can be divided into four main categories:

- Synthesis of composite®® materials with silicon particles embedded in a solid
matrix able to buffer the volume expansion of Si particles over cycling.

- Use of nanosized particles'®'? of silicon as an active material in order to sustain
the strain and limit the fragmentation.

- Growth of silicon thin films™'* on the current collector in the attempt to get a better

adhesion of the active material.

144



- Utilization of selected binders''® able to maintain the integrity of the electrode
and electrical contact with the current collector whilst accommodating the volume

expansion.

Of the four approaches, the second and the last one have been so far the most

successful in limiting a quick fade in performance for silicon-based anodes.
Aim of the chapter

In this chapter, four different kinds of binders, three of which are polymers employed for
the first time as binders for silicon anodes to date, are tested with nanosized silicon. The
electrodes preparation will be detailed together with the structural and morphological
characterization by SEM and PXRD of the active material. The effect on the
electrochemical performance for each binder will be investigated with galvanostatic

cycling.

The final aim is to improve the electrochemical performance and cycling stability of the

silicon-based anodes.

5.1.1Tested Binders

The polymers chosen to be tested as binders were sodium-carboxymethylcellulose (Na-
CMC), poly(3,4-ethylenedioxythiophene) (PEDOT), polystyrene sulfonic acid (PSSA) and

the co-polymer PEDOT-PSS.

Na-CMC is a binder of choice for silicon and has already been employed in numerous
works'=°. In this chapter, the performance of Na-CMC is used as a benchmark to
evaluate the results obtained with the other polymers. Originally PEDOT-PSS had been
chosen because of its high electronic conductivities, with values that can widely range
from 102 to 10° Scm,®® depending on the synthetic conditions and post-synthesis

treatments. In addition, the components of PEDOT-PSS, the p-type conductor PEDOT
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and the n-type conductor PSS, were also tested to better understand how each

component could affect the electrochemical performance.

Carboxymethylcellulose (sodium salt, Na-CMC)

sodium carboxymethylcellulose is a linear polymeric derivative of cellulose constituted by
B-linked glucopyranose units in which the hydroxyl residues are substituted at different
levels with sodium carboxymethyl (-OCH>C(O)O" Na*) residues (Figure 5.11). It is a stiff
and brittle polymer which can be obtained with different molecular weights, although in
this work only the 97 kDa weight was employed. Despite the poor mechanical properties
Na-CMC has drawn much attention in the last decade as a good binder for silicon based
anodes?' showing superior performance with respect to the established industry standard,
polyvinylidene fluoride (PVDF) binder. In this work, Na-CMC has been used as a

reference binder for evaluating a baseline of cycling performance of the silicon anodes.

Figure 5.1 Na-CMC molecular structure.

Poly(3,4-ethylenedioxythiophene) (PEDOT)

PEDOT (Figure 5.22) is a conductive and stable polymer with a moderate band gap and a
low redox potential®?> based on 3,4-ethylenedioxythiophene monomers. PEDOT is a

conjugated p-type conductor with poor solubility in protic solvents.

146



Figure 5.2 PEDOT molecular structure.

Polystyrene sulfonic acid (PSSA)

PSSA is one of the large family of polystyrene sulfonate-based polymers (Figure 5.3).
Similar to PEDOT, PSS-based polymers have a relatively low band gap and can be
conductive even though they are used mainly in water softening applications, thanks to
the great number of sulfonic groups that can easily coordinate metallic ions such as Na*,

K* or Ca™.

SOy

Figure 5.3 PSS molecular structure.

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS)

PEDOT-PSS is an ionomeric mixture based on the two ionomers PEDOT and PSS
(Figure 5.4). Despite both components being conductive polymers themselves, in
PEDOT-PSS the PSS polymer is employed mainly due to its high solubility in water,
hence acting as a surfactant for PEDOT in water solutions. As already mentioned
PEDOT-PSS presents a wide range of conductivity values and is characterised by a high

work function of around 5 eV as well as being almost transparent when deposited as a
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film. These unique characteristics have resulted in PEDOT-PSS being widely employed in
the fields of energy conversion (e.g. solar) and storage (e.g. Li-ion/air battery
cathodes)®?*. To the best of our knowledge, PEDOT-PSS has never been previously
employed as a binder for silicon-based anodes and this work probably represents one of

the first attempts.

A\

(®] “. 0O 0 \

SO,H S04 SO3H SO;;‘

Q0O QC

Figure 5.4 PEDOT-PSS ionomeric structure.

5.2 Experimental Methods
Here follows a summary of the procedures and conditions used for these experiments.

For further details, see: Chapter 2.

5.2.1 Electrodes Preparation

The silicon employed as active material for the preparation of the electrodes is
commercially available silicon nanopowder which was purchased from Nanostructure and
Amorphous Material Inc. (@ = 20-30 nm particles). Carbon super-P (Timcal) was used as
a conducting additive to guarantee homogeneous electronic conductivity within the
electrodes. Regarding the binder, different types have been used to obtain different

composite materials such as:

- Carboxymethyl cellulose (CMC, Sigma Aldrich, average weight 90 kDa)
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- Poly(styrene sulfonic acid) (PSSA, Sigma Aldrich, average weight 75 kDa, 18 % solution

in water)

- Poly(3,4-ethylenedioxythiophene) (PEDOT, Sigma Aldrich, nanoparticles dispersion in

water)

- Poly(3,4-ethylenedioxythiophene) Poly(styrene sulfonate) (PEDOT-PSS, Sigma Aldrich,

re-dispersible pellets)

A 500 mg mixture of the composite’s forming powders (silicon powder, carbon super-P
and binder) were placed in a 1:1:1 weight ratio in a stainless steel ball mill (20 cm?) with
3.5 mL of distilled water and 2 stainless steel spheres (J = 0.5 cm) and milled in a
planetary mill (Retsch, mod. PM100) for 60 minutes at 450 rpm to attain a slurry (Figure

5.55).

- Active material Deposition on a Cu foil

H,0
- Binder — Slurry — by a coating machine

- Super-P carbon 60" milling, 450 rpm thickness of 100 pm wet film

r:-’" J
Drying overnight

at room temperature

Punching with a
19 mm diameter
puncher

Final drying at 80°C
under vacuum 2h

Figure 5.5 Electrodes Preparation Schematic

Once obtained, the slurry was cast using a casting bar on a copper current collector
(Advent Research Material, 17 um thickness) with an average wet film thickness of 100
Mm as determined by the depth of the thread on the casting bar. The cast material was
left to dry overnight in air and then 20 mm diameter electrodes were punched and further

dried in a vacuum oven at 80 °C for 2 h.
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5.2.2 Cell Preparation

Once dry, the electrodes were assembled into coin-cells from CR2325 coin-cells parts,
provided by the National Research Council of Canada, under an inert Ar atmosphere
inside a glove box (MBraun LABmaster sp, O2 and H>O < 0.1 ppm). A lithium metal disc
(9@ =18 mm, 0.1 mm thick) was used as counter electrode with two glass fibre discs (J =
22 mm, Whatman GF-D) as separator, soaked with 0.2 mL of a 1M solution of LiPFs in a
mixture of EC/DMC (1:1 weight ratio, 87 % wt/wt), Vinylene Carbonate® (VC; 3 % wt/wt,

Sigma Aldrich) and Fluoroethylene Carbonate (FEC, 10 % wt/wt, Sigma Aldrich).

5.2.3 Analyses and Characterisation

PXRD data was preliminarily collected on the silicon nanopowders on a Rigaku SmartLab
powder diffractometer equipped with a 3 kW Cu rotating anode. Morphological studies
were conducted on the silicon powder using a Zeiss Merlin scanning electron microscope
equipped with an EDX detector. The electrochemical behavior and performance of the
electrodes made with different binders were characterized through galvanostatic cycling
versus lithium, between 0.01 V and 2 V vs. Li*/Li, employing a BioLogic VMP3
potentiostat at a rate of 1800 mAg™ (roughly C/2 for silicon) and the electrolyte employed

was

Results

5.2.4 Silicon Characterisation

Powder X-ray diffraction

The PXRD pattern collected on the nanometric silicon powder (Figure 5.66) is compared
with a theoretical pattern for pure silicon, obtained from the ICSD database. It is possible
to observe that the peaks positions and their relative intensities ratios are the same in
both patterns. This suggests that the powder used as an active material in the electrodes

was pure crystalline silicon assuming that no amorphous impurities are present. Despite
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the nanosized dimensions of the silicon employed, the peak broadening in the
experimental pattern is little if compared with the reference one. This can be attributed to
the high crystallinity of the nanoparticles employed and the presence of large crystallites
within the particles. In fact, in almost ideal experimental conditions (e.g. synchrotron light
source) the peak broadening can be detected at high angles for crystallites smaller than
200 nm, although for a lab-based X-ray diffractometer the broadening starts to be visible
when the crystallites size is reduced to 5-10 nm. Being the samples employed highly
crystalline and the particles dimensions 20-30 nm, it is reasonable to conclude that little

peak broadening is expected for the peaks in the XRD pattern.2®

To get a deeper insight on the structural behaviour of the silicon during cycling an in-situ
XRD analysis was performed on one of the prepared silicon-CMC-carbon electrodes
during the galvanostatic cycling versus metallic lithium, with the help of a specially built
electrochemical cell. The results of the in-situ analysis are reported in the appendix at the

end of the chapter.
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Figure 5.6 Calculated PXRD diffraction pattern for pure silicon (panel a) and
experimentally measured pattern on the silicon nanopowder employed as active material
(panel b). All reflections have been indexed with their relative Miller indices. The
experimental data appears to be in perfect agreement with the calculated pattern on both
position and relative intensities of the peaks, indicating that the material is pure.
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Scanning electron microscopy

Figure 5.7 SEM images of the nanometric silicon powder employed as active materials in
the electrodes tested with different binders. The images were collected with a voltage of 5
kV and an enlargement of 28000x and 60000x for the left and right image respectively.

In Figure 5.7, SEM images at different magnifications are presented of the employed
silicon powder. From the images, it is possible to observe that the average dimension of
the particles is between 20 and 30 nanometers, with the presence of local agglomerates.
The particles’ shape appears sphere-like with a smooth surface and a uniform and narrow

dimensional distribution.

5.2.5 Electrochemistry

The electrochemical performance of the different binders were measured through
galvanostatic cycling of composite electrodes, made from slurries with the same weights
ratios (1;1;1 wt/wt, Si;C super P;binder), one for each binder (see Electrodes
Preparation). In Figure 5.88, the cycling performance is reported of silicon electrodes

made with the different binders together with the coulombic efficiencies of each cycle.

The Na-CMC based electrode (panel i) shows initial capacity values around 2500 mAhg™'
that constantly drop over cycling until the 300™ cycle in which the capacity is reduced to
1000 mAhg, corresponding to a 60% loss in performance. The coulombic efficiency for
the Na-CMC electrode keeps increasing over cycling, although it reaches 99% only

around the 150" cycle and presents a first cycle efficiency of 85.2%.
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Figure 5.8 Galvanostatic cycling of the silicon based anodes prepared with different
binders: i) CMC; ii) PEDOT-PSS; iii) PSS; iv) PEDOT. The arrows indicate respectively
the capacity delivered upon lithiation and de-lithiation per each cycle (left Y-axis, red and
black circles) and the coulombic efficiency of lithiathion/de-lithiation (right Y-axis, blue
triangles). All the electrodes were cycled at 1800 mAg™" (~C/2) between 0.01-2 V vs.

Li*/Li.

In panel ii the PEDOT-PSS electrode starts lower than Na-CMC with a capacity of 2250

mAhg’ and an efficiency of 64.9% in the first cycle. The capacity fades quickly for

PEDOT-PSS in the first 70 cycles after which it appears to plateau losing less than 500

mAhg™' between the 80" and the 300" cycle. Higher values of capacity are displayed by

the PSS based electrode (panel iii) with an initial capacity around 3500 mAhg". The

capacity drops very quickly in the first 20 cycles of the PSS electrode to less than 2500

mAhg™ although between the 120" and 300" very little fade is noticed in capacity with

values around 2000 mAhg™ displayed at the end of cycling.

It is worth noting that the capacity loss for PSS over the 300 cycles is about 40% of the

first cycle capacity meaning that the overall charge loss is 20% lower than for Na-CMC.
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Additionally, the efficiency of the PSS electrode does not show a monotonic growth over
cycling but rather an oscillatory behaviour in the first 120 cycles, to then grow constantly
until almost 100% for the last 100 cycles. Regarding the PEDOT based electrode in panel
iv, it shows comparable values of capacity to the PSS one in the first cycles and similar
values of efficiency although it appears to steeply drop in capacity over the first 50 cycles

to then plateau out around 500 mAhg™.

Hence the electrode with PEDOT seems to display a lower specific capacity with respect
to that fabricated with PEDOT-PSS. However, the electrode with PSS appears to show
even higher performance with respect to the electrode made with Na-CMC. The electrode
with PSS still displays about 2000 mAhg™" after 300 cycles with a good capacity retention
while the one with Na-CMC gradually decreases in performance until it arrives to a
comparable performance to that of PEDOT-PSS at the end of cycling displaying a specific
capacity of 1000 mAhg™. A different behaviour is observed in the efficiencies trends
(Figure 5.88), where the CMC still appears to be the most reliable binder in terms of
efficiency especially at the beginning of cycling with a first irreversible capacity much
lower (15 % of the intercalated lithium ions) respect to the other binder (30-35 % of
intercalated ions). In particular, the electrode with PSS seems to suffer from the worst
efficiency behaviour at the beginning with respect to the one with PEDOT-PSS and Na-
CMC even though it recovers with cycling, ending up to have a comparable coulombic
efficiency to Na-CMC after 150 cycles. In Figure 5.9, the galvanostatic curves for the
silicon anodes cycled with different binders are compared after the 1st, 10th, 50th, 100",
200th and 300" cycle. In the curves, it is possible to observe the presence of the
lithiation/de-lithiation plateaus of Li* ions respectively during the lithiation process around
0.1-0.2 V vs. Li*/Li and during the de-lithiation one around 0.3-0.5 V vs. Li*/Li. The
extension of the plateaus decreases with cycling probably due to the increasing in SEI
layer thickness trapping lithium ions, or from the fragmentation of the electrode due to the

large volume changes of silicon leading to electronic disconnection.
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Figure 5.9 Galvanostatic curves at the 1%t, 10", 50", 100™, 200" and 300" cycle for the
silicon electrodes fabricated with different binders: i) Na-CMC; ii) PEDOT-PSS; iii) PSS;
iv) PEDOT. All the electrodes were cycled at 1800 mAg™" (~C/2) between 0.01-2 V vs.
Li*/Li.

It is interesting to notice how the PEDOT binder (Figure 5.9-iv) shows very good
performance at the beginning of cycling with a displayed capacity comparable to the one
of PSS (Figure 5.9-iii); however, this fails quite rapidly at higher cycles. The electrodes
fabricated with the PSS binder (Figure 5.9-iii) present an interesting shape of the
galvanostatic curves at after 200 cycles with a vertical fall in voltage values at the
beginning of the lithium insertion process from 2 to 0.2 V vs. Li*/Li. This is particularly
interesting as it suggests that there is no other phenomenon than lithium insertion taking
place. As opposed to the commonly used Na-CMC, PSS appears to favour the formation
of a very stable and conductive SEI at high cycle values. This very stable SEI gives the
PSS electrode an exceptional stability over cycling, with a loss of just 8% capacity
between the 150" and 300" cycle (Figure 5.8-iii), which implies a coulombic efficiency

very close to 100%.
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Figure 5.10 Differential capacity plots at the 200" (black line) and 300" cycle (red line) for
(i) the PSS based electrode and (ii) the Na-CMC based electrode. The galvanostatic
curves for the corresponding cycles have been reported together with the differential
capacity plots in the small insert graphs.

The improved long-cycling performance of the silicon anode fabricated with the innovative
PSS binder over the more traditional Na-CMC is also confirmed by the comparison of the
differential capacity plots of the 200" and 300" cycles (Figure 5.10). The differential plot
for Na-CMC (Figure 5.10-a) appears to substantially change between the 200" and 300"
cycle with a shift towards lower potential values for the main peaks on insertion and
extraction of the alkali ions. This is indicative that in the electrode rearrangement
processes are still ongoing, probably due to the continuous evolution of the SEI layer. In
contrast, in the plot for the PSS silicon electrode (Figure 5.10-b), the 200" and 300"

cycles curves are almost superimposable showing no change in shape or appreciable
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shift in the peaks positions. This result is consistent with the observed behaviour in the
galvanostatic cycling and confirms the high stability gained in the silicon electrode with

PSS.

5.3 Conclusions

Three conductive polymers, PEDOT-PSS, PSS and PEDOT, have been tested for the
first time as binders in silicon-based anodes. The electrochemical performance and
cycling stability were carefully investigated through galvanostatic cycling and the study of
the load curves behaviour together with the differential capacity plots. The performance of
the binders was compared to that of Na-CMC that is one of the standard binders of

choice for silicon.

The results obtained showed that PEDOT-PSS and PSS can compete with the well-
renowned Na-CMC showing even higher reversible capacity values after 300 cycles at
C/2 in the case of PSS. Additionally, PSS showed excellent reversibility after 200 cycles
with no appreciable change in the differential capacity plot of the cycles 200 and 300. The
high stability reached by the PSS is also confirmed by the coulombic efficiency behaviour
between the 200" and 300" cycle, with values close to 100%. The explanation of the
superior performance of PSS with respect to Na-CMC, PEDOT and PEDOT-PSS might
be related to two main reasons. The first one is that PSS could be determinant in
controlling the strong volume expansion and contraction of silicon upon lithiation/de-
lithiation which is a major cause of particle disconnection and electrode failure. The
second is that the sulfonate groups along the polymeric chain of PSS could be able to
coordinate and conduct lithium ions, hence providing improved ionic conductivity through

the bulk electrode and to the silicon particles.

These two properties of PSS may act in synergy to guarantee a highly stable electrode

with excellent ionic conductivity.
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An important point that shall need further research and improvement concerns the
coulombic efficiency of PSS in the first 100 cycles that still appears to be lower than that

of Na-CMC and surely too low to consider PSS as a commercially viable binder.
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5.4 Appendix

In-situ XRD of silicon anodes

An in-situ X-ray diffraction measurement was performed on a silicon-based electrode in
order to investigate the evolution of the active material particles during galvanostatic
cycling. The electrode was made up of a 1:1:1 weight ratio of silicon nanoparticles,
carbon super-P and Na-CMC as a binder. The measurement was performed in a
specially fitted cell (Figure 5.11) employing LP30 as electrolyte and lithium foil as counter

electrode.
A rate of 180 mA g between 0.01 and 2 V vs Li*/Li was employed to cycle the material.

Diffraction patterns were collected between 20 and 60 degrees of 26 continually during
the electrode galvanostatic cycling, as shown in Figure 5.12. The evolution of three peaks
centred at 30, 48.5 and 57.5 20 degrees respectively corresponding to the indexed

reflections 111, 022 and 113.

In situ cell

Cu collector

\x-ray

Si electrode

Separator Soaked
In electrolyte

Lithium foil

Figure 5.11 In situ PXRD cell schematic
Figure 5.12 shows all three peaks, monitored during the experiment, progressively
decreasing in intensity while the lithium ions alloy with silicon. This means that the silicon

lattice gradually loses its crystallinity, becoming amorphous in good agreement with that
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reported in literature®?”. Additionally, the reflection 111 appears to slightly shift towards

lower angles, indicating an expansion of the lattice parameters
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Figure 5.12 Evolution of the 111, 022 and 113 reflections (top right panel) in the silicon
PXRD diffraction pattern during galvanostatic cycling. On the right-hand side the evolution

of the potential reported vs. time is shown.

. Over the subsequent process of extraction of the alkali ions from the material the peaks

do not appear to reversibly recover the original shape indicating that the silicon stays

amorphous. This behaviour is in good agreement with that expected for silicon, where a

dramatic volume expansion is observed during lithiation.
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6 Pre-treatment of silicon and hard carbon-
based anodes to reduce the first cycle
irreversible capacity

6.1 Background

As seen in the previous chapter, silicon appears to be one of the most promising active
materials to be employed at the anode electrode in Lithium lon Batteries (LIB)'-3. Thanks
to the alloying mechanism with lithium, very high theoretical specific capacities above
4000 mAhg™ can be anticipated from silicon-based anodes. Additionally, much attention
has been drawn by disordered carbons, commonly denominated hard carbons, obtained
from the pyrolysis* of organic precursors® such as phenolic resins and sugars. The hard
carbons, thanks to their structure, in which large domains of single graphene sheets are
stacked in a ‘house of cards’ fashion, are able to intercalate both lithium and sodium ions.
They display capacities higher than either of the two respective commercially relevant
graphite and sodium titanium oxides® systems. Despite the great scientific and industrial
interest around silicon and hard carbon, these materials are affected by poor cycling
efficiencies that prevent their use in commercial lithium/sodium-ion batteries. Whilst it is
not always the case, the efficiencies on the cathode side will be considered minimal in the
following discussion. If this is the case and the anode has a cycling efficiency of only 99%
then every cycle a fraction of the lithium extracted from the cathode will be lost; over

continued cycling this will result in capacity fading as shown in Figure 6.1.

163



120 Cathode Cycling Efficiency

Efficiency (%)
N Ao @ 5
o o0 oo

o
o

200 400 600 800 1000 1200
Cycle

Anode Cycling Efficiency

Efficiency (%)
N A O @ 8 ;
o O O O o ©o

o

0 200 400 600 800 1000 1200
Cycle

Full cell Cycling Efficiency

0 200 400 600 800 1000 1200
Cycle

Figure 6.1 Simulated trend for the cycling efficiency versus cycle number in which the
efficiency on the cathode (top panel) is assumed constant to 100% whilst the efficiency
on the anode (middle panel) is assumed to present a first cycle efficiency of 80% and a
99% efficiency in all the subsequent ones. The trend for the full cell case (bottom panel)
follows the anode one.

This effect is even more dramatic on the first cycle where much lower cycling efficiencies
are seen on anode materials. To have a better idea of the importance of having high
cycling efficiency it can be considered an ideal silicon electrode performing the same way
of the anode in Figure 6.1 with 80% efficiency in the first cycle and 99% in the following
ones. If the electrode delivers the theoretical capacity of 4200 mAhg™ in the first insertion
process the performance trend can be evaluated and is shown in figure where it can be
seen that a dramatic performance fade occurs in the first cycles with the anode delivering

only 12% of the original capacity after 200 cycles.
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Figure 6.2 Simulated capacity fade of an ideal silicon-based anode delivering the
theoretical capacity over the first alloying process.

The First Cycle Irreversible Capacity>'®'" (FIC), Figure 6.3, is the highest among the
capacity losses experienced in the electrodes during cycling, with values that reach up to
50% and 20% of the charge intercalated during the first lithium insertion process by hard

carbon and silicon respectively. The FIC is mostly due to 4 factors:

- Formation of the Solid Electrolyte Interphase layer (SEI)

- Reduction of functional groups adsorbed on the anode’s surface (e.g. hydroxyl
groups)

- Parasitic reactions

- lrreversible trapping of lithium ions in the anode structure during the first lithiation

The formation of the Solid Electrolyte Interphase (SEI) is the dominant process that
determines the FIC although several parasitic reactions and the reduction of the anode

surface play a relevant role.
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Figure 6.3 Typical load curve for the first cycle of a silicon electrode. In this case it
appears that the first cycle irreversible capacity accounts for about 25% of the first
discharge capacity.

The reduction or even the elimination of the FIC would then be a crucial step to avoid
excessive consumption of alkali ions in a full cell during the first cycles, allowing for

improved performance and longer cycle life.
Aim of the chapter

The main aim of this chapter is to find a way to reduce the first cycle irreversible capacity
of silicon and hard carbon anodes for application in both lithium and sodium ion batteries.
To reach the final aim, a series of smaller objective will be pursued. First, hard carbon
with typical performance, as reported in the literature, will be prepared and characterised.
Subsequently, a highly reducing treatment of the hard carbon and silicon electrodes will
be performed to ascertain its effect on the first cycle efficiencies of the anode cycling. The
hope is to reduce the electrodes FIC either by reducing the surface-adsorbed species or
to partially lithiate/sodiate the active materials'>'3 prior to the electrochemical cycling. The
treated materials will be assembled into coin cells and characterised through
galvanostatic cycling and X-ray Photoelectron Spectroscopy to investigate the differences

between the treated and untreated electrodes.
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6.2 Experimental Methods

The following is a summary of the materials synthesis procedures and conditions used in

the experiments.

For more details on the techniques employed, see: Chapter 2 Experimental techniques.

6.2.1 Synthesis of the Hard Carbon

Hard carbon was synthesised following a previously reported procedure™.

5 grams of sucrose (Ci2H2011, >99.5%, Sigma Aldrich) was dispersed in 20 mL of

concentrated sulfuric acid (H2SO4, >95%, Fisher) and left in the acid bath for overnight.

H,S0O4 Conc.
C12H22011 _— 12C+11H20 (61)

The dehydrated product, obtained from the above reaction in Equation (6.1), was drained out
from the acid excess and repeatedly centrifuged with distilled water until the washings
had a neutral pH. The precursor was then dried overnight at 80 °C under dynamic
vacuum and subsequently treated at 900 °C under vacuum for 1 h.

Finally, the obtained product was thoroughly milled into fine powder using a mortar and

pestle.

6.2.2 Electrodes Preparation

Silicon based anodes

The silicon electrodes were prepared in an analogous way to those employed in the
previous chapter for the investigation of binder effect. The electrodes employed were
1:1:1 wt./wt. ratio of active material, carbon super-P and Na-CMC (Sigma Aldrich,

average weight 90 kDa) as a binder.
Hard carbon-based anodes

The synthesised hard carbon was mixed with carbon super-P (@ = 40 nm particles,
Timcal) and sodium carboxymethyl cellulose (Na-CMC, Sigma Aldrich, average weight 90
kDa) in a weight ratio of 7:2:1 active material, carbon super-P and binder for a total of 600

mg of solids per mixture. A slurry was obtained from the powders through the same
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milling procedure employed in the case of silicon although a smaller amount of water (1.5

mL).

Identical casting conditions to silicon were used to coat the copper current collector foil
(Advent Research Material, 17 um thickness). Once prepared, the slurry was dried in air
overnight. 19 mm diameter electrodes were punched and further dried in a vacuum oven

at 80 °C for 2 h.

6.2.3 Electrodes Treatment With Na- and Li-naphthalenide

The solutions of lithium and sodium naphthalenide employed to treat the silicon and hard

carbon anodes before cycling were prepared following previous works'® .

A 1 M solution of naphthalene in completely anhydrous tetrahydrofuran (THF, <100 ppm
water content, Sigma Aldrich) was prepared inside a glovebox under an inert atmosphere
of Argon. Once the naphthalene was completely dissolved an equimolar quantity of
lithium/sodium metal with respect to the naphthalene was immersed into the solution
which was continuously stirred with a glass coated magnetic spinner. In both cases when
the lithium or sodium was added to the solution it assumed a dark green colour due to the
oxidation of the alkali metals by the naphthalene to form the anion naphthalenide (Figure

6.4).

.
THF
Na/Li = T Na+.l’Li+

Figure 6.4 Schematic for the synthesis of Na/Li-naphthalenide.
The solutions were left under vigorous stirring overnight inside the glovebox to guarantee

a complete reaction of the alkali metals with the naphthalene.

Due to the extreme reactivity of the naphthalenide anions all the treatments were carried
out inside the glovebox. The anodes (silicon or hard carbon based) were treated by

immersion in the naphthalenide solutions overnight. The ratio employed was 1 mL of
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solution per electrode to ensure a large excess of reducing agent with respect to the
loading of the electrodes that was around 3 mg of active material for silicon and 5 mg for
hard carbon. Once treated the electrodes were repeatedly washed with THF to remove

any residue of the naphthalenide solution and subsequently dried under vacuum for 2 h.

6.2.4 Evaluation of the Reduction Potential of Lithium and
Sodium Naphthalenide

The determination of the redox potential of the Li-naphthalenide solution was carried

inside an argon filled glovebox and the setup employed is shown in Figure 6.5

Multimeter

Reference electrode .

Working electrode

Lithium
Stripe
A
Copper
stripe
LiPF,
-1 1M solution

in THF
g Frit

Li-Naphthalenide solution

Figure 6.5 Experimental setup for the determination of the redox potential of Li/Na-
naphthalenide solutions employed to treat the anodes.

The potential was measured with respect to the redox couple Li*/Li. To do so a reference
electrode was built using a glass pipette with an ionically conductive frit stuck at the
bottom that had been soaked in the solvent, THF, for overnight to allow a complete
soaking. Inside the pipette a strip of metallic lithium was immersed in a 1 M solution of

LiPFe in THF. The working electrode was made of a metallic strip of copper.
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The two electrodes were connected to a multimeter and immersed in a freshly prepared
solution of Li-naphthalenide and naphthalene (1:1 molar ratio) in THF with a 1M
concentration of LiPFs dissolved in it. The potential reading was left to stabilize for a few
seconds and the value obtained was 0.48 V which corresponds to the difference of redox
potential AE between the lithium metal and the naphthalenide solution. In the case of Na-
naphthalenide the same procedure was repeated employing a reference electrode made
of metallic sodium immersed in a 1 M solution of NaPFg in THF. The potential obtained for

sodium naphthalenide was 0.25 V vs. Na*/Na.

6.2.5 Cell Preparation

Silicon and hard carbon vs. lithium

The electrodes were assembled into CR2325 coin cells following the same procedure

employed for the silicon electrodes in the previous chapter.
Hard carbon vs. sodium

The electrodes were assembled the same way that was employed for the silicon ones.
The only differences were the use of a metallic sodium foil as counter electrode and the
composition of the electrolyte that in this case was made from a 1 M solution of NaPFeg

(Kishida Chemicals) in propylene carbonate (PC, anhydrous, 99.7%, Sigma Aldrich).

6.3 Results and Discussions

Both the active materials employed, i.e. silicon powder and hard carbon were
characterised by SEM and PXRD prior to the preparation of the electrodes and their
subsequent treatment with lithium/sodium naphthalenide. Once assembled into coin cells
the treated electrodes were tested by galvanostatic cycling and their performance
compared with the non-treated materials. X-ray Photoelectron Spectroscopy analysis of
the treated and non-treated materials was carried out to investigate the changes induced

on the surface of the anodes by the treatment.

170



6.3.1 Analyses and Characterisation of the Active Materials

The SEM and PXRD characterisation performed on the silicon nanopowder resulted in
analogous results to the ones shown in the previous chapter 5 and will not be repeated

here.
Powder X-ray diffraction of hard carbon

The PXRD of hard carbon was collected on the synthesized material between 10 and 70
20 degrees. The pattern obtained is reported in Figure 6.6 where it is possible to observe

the presence of two broad peaks centred around 20 and 43 2theta degrees.

Intensity (a.u.)

10 20 30 40 50 60 70
2theta (Cu-K))

Figure 6.6 Powder X-Ray Diffraction pattern of the synthesized hard carbon.

The peaks have been indexed following previous works and their respective ratios and
positions appeared to be in good agreement with that reported in literature previously for
the material®'4. Moreover, the positions and FWHM values of the (002) and (100) peaks
are closely related respectively to the number of stacked graphic layers and their surface

extension. Both these parameters can be tuned by varying the temperature of pyrolysis.

Scanning electron microscopy of hard carbons
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In Figure 6.7 the SEM images are reported for the prepared hard carbons collected at

different magnifications.

Figure 6.7 SEM images of the synthesized hard carbon. The images were collected with
magnifications of 100x (left) and 500x (right) and an operating voltage of 5 kV.

It is possible to notice that the particles possess an irregular flake-like appearance with a

relatively large distribution in dimensions, ranging between 5 and 100 um in diameter.

The peculiar shape assumed by the particles might be associated with the pyrolysis step
in which the dewatered sucrose is heated up to 900 °C under inert atmosphere. During
the heating process the acid treated sugar melts down and all the residual oxygen and
hydrogen not removed with the acid washing boils off in the form of H.O and CO2. The
vapours extracted leave a highly porous and brittle hard carbon structure that once milled

yields the final particles observed in the SEM images.

6.3.2 Comparison of the Electrochemical Performance on the

Treated and Non-Treated Electrodes

The results below show the effect of the naphthalenide treatment in improving the
coulombic efficiency of the electrodes during the first cycle. It should be noted that all the
electrodes compared possessed an identical diameter and comparable loading (3-5 mg)

of active material.

Silicon
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In Figure 6.8 a comparison of the electrochemical performance during cycling for silicon
electrodes with (treated) and without (pristine) a lithium naphthalenide treatment is
shown. In the first instance, it is important to notice that the treatment does not appear to
have affected the overall performance of the electrodes. The galvanostatic cycling data
are presented in Figure 6.8-a for the two electrodes. The behaviour appears almost
identical with a gradual fade in capacity over 150 cycles from 2500 to 1700 mAhg™,
although the non-treated silicon electrode, pink triangles, delivers a higher specific
capacity between 30 and 10 cycles. In panel (b and (c are reported the coulombic

efficiencies and the load curves for the first cycle of the treated and non-treated

electrodes.
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Figure 6.8 Comparison of the electrochemical performance of the silicon anodes before
(pink) and after (blue) the treatment with Li-naphthalenide. Both the electrodes were
cycled galvanostatically at 1800 mAg™ in a 0 to 2 V vs. Li*/Li voltage range. In the panels
are reported the galvanostatic cycling vs. cycle number (a), the coulombic efficiency vs.
cycle number (b), the load curves for the first cycles vs. capacity (c) and the differential
capacity plots vs. voltage (d).
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In panel (c for the pristine electrode the observed OCV is above 2 V vs. Li*/Li that during
the lithium insertion process fades after 250 mAhg™ to a plateau region centred around
0.1 V vs. Li*/Li resulting from the two-phase alloying of lithium with the silicon particles. A
charge of about 2800 mAhg™ is inserted in the electrode. In the subsequent de-alloying
process an hysteresis of 0.3 V is present and about 2300 mAhg™' are extracted with a FIC
of about 500 mAhg™. In the case of the treated electrode the shape of the first cycle load
curve is very similar to the pristine one although the OCV is 0.8 V vs. Li*/Li and the 0.1 V
plateau is reached after 100 mAhg™" where the insertion of lithium continues up to a value
of 2500 mAhg™. The lithium extraction process in the treated material shows the same
hysteresis as the pristine one although the irreversible capacity drops from 500 to 200
mAhg™'. It appears clear the beneficial effect of the treatment in reducing the first-cycle
irreversible capacity with an efficiency gain higher than 6% during the first cycle, allowing

for a reduction of the FIC to less than 10% of the overall charge inserted in the anode.

Over the remaining cycles the coulombic efficiencies do not appear to be affected (Figure
6.8-b) by the treatment in good agreement with what is shown in panel (a for the specific
capacity delivered. The differential capacity plots shown in Figure 6.8-d appear almost
identical in shape confirming that no parasitic process is affecting the treated anode with
a shallower peak corresponding to the insertion of lithium at 0.1 V vs. Li*/Li for the treated

material (less charge stored).
Hard carbon vs. lithium

The electrochemical cycling obtained from a naphthalenide treated electrode of the
synthesized hard carbon (HC) anode cycled against metallic lithium are reported in Figure
6.9 together with the performance of a pristine electrode. In Figure 6.9-c the load curves
for the treated and pristine electrodes are shown. In the case of the pristine electrode the
starting OCV is about 3.2 V vs. Li*/Li and as the lithium ions are inserted in the material a
gradual fade in voltage, probably due to a one-phase insertion process in the disordered

carbon matrix, is observed until 600 mAhg™.
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Figure 6.9 Comparison of the electrochemical performance of the hard carbon anodes
before (red) and after (black) the treatment with Li-naphthalenide. Both the electrodes
were cycled galvanostatically at 20 mAg™ in a 0 to 2 V vs. Li*/Li voltage range. In the
panels are reported the galvanostatic cycling vs. cycle number (a), the coulombic
efficiency vs. cycle number (b), the load curves for the first cycles vs. capacity (c) and the
differential capacity plots vs. voltage (d).

A short plateau region then appears centred around 0.05 V vs Li*/Li that could be
assigned to the two-phase insertion process of lithium in the small graphitic domains
dispersed in the highly disordered carbon matrix. An overall capacity of 750 mAhg™" is
stored in the pristine material and upon lithium extraction only about half of that capacity
is recovered, with an FIC of almost 50% (Figure 6.9-b). As for the treated electrode a
much lower starting OCV of 0.7 V vs. Li*/Li and a smooth and uniform curve shape during
lithium insertion are observed. A lower amount of charge is stored in the treated material

of approximately 600 mAhg™', with respect to the pristine, but a comparable amount of
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charge is recovered upon lithium extraction (~350 mAhg™), hence reducing the FIC to

25%.

In Figure 6.9-a are reported the cyclabilities for both the electrodes and where the specific
capacity appears to steeply drop at the beginning of cycling for both the pristine and
treated although subsequently it becomes stable with values well over 300 mAhg™' for 100

cycles.

The change in the electrochemical behaviour of the treated HC with respect to the pristine
one is even more evident in Figure 6.9-d where the differential capacity plots appear to
differ. For the lithium insertion curve, a peak centred at 0.8 V vs. Li*/Li is present for the

pristine material but completely disappears in the curve of the treated one.

The elimination of the 0.8 V step after the treatment indicates that the process happening
at the anode during the lithium insertion at this potential has been suppressed in the

treated electrodes.

The mitigation of the FIC in the treated hard carbon electrodes could be explained
through the idea that a large amount of surface-adsorbed species, which would be
reduced electrochemically at low voltage values, are chemically reduced in the case of

the naphthalenide treatment prior to the electrochemical cycling.

As well the contact between the highly reduced electrode surface after the treatment and
the electrolyte in the coin-cell might lead to spontaneous reduction of the electrolyte on

the electrode surface to form an SEI layer before the electrochemical cycling.
Hard carbon vs. sodium

The same kind of hard carbon-based electrodes washed with lithium naphthalenide were
treated with sodium naphthalenide and cycled against metallic sodium. As already
discussed hard carbon still represents one of the materials of choice for anodes in

sodium-ion batteries.
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As for the previous cases in Figure 6.10-c are shown the load curves for the first cycles of
the treated and pristine electrodes. The first cycle load curve for the pristine material
shows a starting OCV of 2.4 V vs. Na*/Na with the voltage initially dropping to around 1V

Na*/Na and subsequently fading with the insertion of sodium ions.
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Figure 6.10 Comparison of the electrochemical performance of the hard carbon anodes
before (green) and after (orange) the treatment with Na-naphthalenide. Both the
electrodes were cycled galvanostatically at 20 mAg™ in a 0 to 2 V vs. Na*/Na voltage
range. In the panels are reported the galvanostatic cycling vs. cycle number (a), the
coulombic efficiency vs. cycle number (b), the load curves for the first cycles vs. capacity
(c) and the differential capacity plots vs. voltage (d).

The lower voltage cut-off is reached after 410 mAhg™ of charge has been passed. The
process of insertion of sodium ions in the hard carbon appears to be articulated into at
least three different steps as shown in Figure 6.10-d where the differential capacity plot
for the pristine presents three peaks centred at 1, 0.3 and 0.05 V vs. Na*/Na. In the
sodium extraction process, only two peaks appear in Figure 6.10-d at 0.1 and 0.5 V vs.

Na*/Na with about 260 mAhg' extracted from the material, accounting for a FIC of 36%.
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The treated electrode’s load curve shows a much lower starting OCV of 0.75 V vs.
Na*/Na with an immediate and gradual fade of the voltage as the sodium ions are
inserted with a total charge stored of 260 mAhg'. The treated material differential
capacity plot (Figure 6.10-d) in the sodium insertion branch shows a complete elimination
of the 1 V peak and a much smaller 0.5 V one with maintenance of the 0.05 V peak. As
for the extraction process the load curve of the treated material resembles the one of the
pristine with a similar value of charge extracted from the HC (~250 mAhg"). This implies
a dramatic reduction of the FIC to about 1% and a coulombic efficiency in the first cycle of

99% for the treated material.

Once again, the sodium naphthalenide treatment did not affect the overall performance of
the electrode which displays a stable capacity above 250 mAhg™ for over 50 cycles

(Figure 6.10-a).

The striking difference in the coulombic efficiency and FIC reduction observed between
the first cycle for the two electrodes (Figure 6.10-b) could be not only to surface reducing
effect exerted by the naphthalenide but also to a partial insertion of sodium ions in the HC
during the treatment. These results would be consistent with the potential of the Na-
naphthalenide solution measured earlier of 0.25 V vs. Na*/Na, allowing for the partial

intercalation of the alkali metal ions.

6.3.3 Comparison of the Electrode Components by X-ray
Photoelectron Spectroscopy Before and After the
Reducing Treatment

XPS analysis was carried out on the different electrode components before and after the

treatment with Li/Na-naphthalenide to get a better understanding of the mechanisms

happening at the electrode surface during the treatment, which lead to a performance
improvement. The spectra were collected at the departmental in-house XPS facility with

an incident energy of 1486.6 eV and fitted with the help of Dr. Andy Naylor using the
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software suite CasaXPS. The purpose of the XPS in this case it is more qualitative rather
than quantitative. The main goal was to observe whether the naphthalenide treatment
had successfully reduced the species adsorbed on the surface of the electrodes and
whether, especially in the case of hard carbon, alakali metal ions had been inserted in the

active material.

Figure 6.11 to Figure 6.14 summarize the spectra measured on silicon (Figure 6.11), hard
carbon (Figure 6.12), carbon super-P (Figure 6.13) and Na-CMC (Figure 6.14). On the
top left corner of each panel is indicated the orbital probed: Si 2p and O 1s for silicon, C

1s and O 1s for the other components.

The spectra relative to the non-treated materials are labelled with the letter P (Pristine),
while the treated ones with the letter T (Treated). The subscript specifies the alkali-metal
cation dissolved in the naphthalene solution. The data are plotted with decreasing binding
energy from left to right in the graphs in the x-axis. All the spectra were calibrated to the C
1s peak for hydrocarbon occurring at 284.8 eV and were not normalised to be able to see

changes in intensities after the reducing treatments.
Silicon:

The Si 2p spectrum for the pristine silicon powder was fitted with 6 components centred
respectively at 99, 100, 100.8, 102.5, 104 and 106 eV. The first two at 99 and 100 eV
belong to elemental silicon, the double component is due to the spin-orbit coupling effect
for which it possible to discriminate between the states Si 2p"? and Si 2p*2. The 100.8 eV
component is associated with Si-C bond and the presence of carbon contamination on
the pristine silicon surface could be related to the nanoparticles synthetic process. The
other three components were associated with the Si-Ox bond, in which silicon has
different oxidation number respectively 102.5 and 104 eV correspond to x < 2 and 106 eV

corresponds to x > 2.
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Figure 6.11 Fitting for the XPS spectra acquired on the silicon pristine nanopowder. In the
left panel are reported the spectra for the Si 2p excitation energy whilst in the right one
are reported the spectra for the O 1s excitation energy. In both cases the spectra on the
top belong to the pristine powder (indicated with the letter P) and the spectra at the
bottom belong to the Li-naphthalenide treated one (indicated with the letter Ty).

In the treated material the peaks in the Si 2p spectrum appear to get broader with a
significant loss in intensity. The peaks associated with highly oxidized silicon (binding
energy >101 eV) appear to decrease in intensity and the ratio between the peaks centred
at 102.5 and 104 eV is inverted. Moreover, the peak relative to the highest oxidation
number for silicon Si-Ox2 (106 eV) completely disappears after the reducing treatment.
The components at lower binding energies relative to elemental silicon and Si-C are still
present in the treated material although the intensity ratios vary. The evolution of the
components for the highly oxidized silicon with the treatment could be explained
considering that the native thin layer of silicon oxide present on the particles surface
might be reduced during the treatment through reactions with the lithium naphthalenide

such as,

SiO, + xLi*+ xNapht' — Li,SiO, + xNapht (6.2)

Or

SiOy + xLi* + xNapht” — SiO., + gLizo2 + xNapht (6.3)
As for the oxygen 1s spectra (Figure 6.11), the pristine material one has been fitted with

two main components at 535 and 533 eV are associated with the highly oxidized oxygen
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Si-O-SI and Si-O» respectively. After the treatment the peak at 535 eV is strongly

attenuated confirming the reduction of the oxygen whilst the SiO» peak gets broader.

A new peak at 531 eV associated with LioCO3 appears in the treated silicon powder. The
generation of lithium carbonate could be justified through the reaction of the highly
reduced surface of the treated material with the probable presence in the glovebox
atmosphere of small amounts of electrolyte’s solvents vapours such as DMC and PC that
would be adsorbed on the material surface as lithium carbonate by reaction with the

lithium peroxide formed during the treatment Equation (6.4)

LioO, + solvents vapours — Li,CO3 + oxidized solvents (6.4)

Hard carbon

In the hard carbon the C 1s spectra of the pristine powder (Figure 6.12) were fitted with 4
peaks associated with C=C (284 eV), C-C (284.8 eV), C-O (286 eV) and C=0O bond

(288.5 eV) respectively.

The treatments with both Li- and Na-naphthalenide solutions seem to have a similar
effect with the intense peak of C=C at 284 eV completely disappearing and the other
three peaks rising in intensity although their intensity ratios are maintained. This implies
that the graphitic sp? carbon on the surface is apparently oxidized to an sp?® hybridized
carbon which would be in contrast with the highly reductive potential of the naphthalenide
solutions. Another possible explanation could be related to the formation of a surface

layer that would screen the graphic carbon signal.

This hypothesis would be backed from the O 1s spectra of the HC. In the pristine material
three peaks centred at 531, 533 and 535 eV were used to fit the O 1s spectrum that were

associated with C-O, C=0 and Na KLL Auger.
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Figure 6.12 Fitting for the XPS spectra acquired on the hard carbon pristine powder. In
the left panel are reported the spectra for the C 1s excitation energy whilst in the right one
are reported the spectra for the O 1s excitation energy. In both cases the spectra on the
top belong to the pristine powder (indicated with the letter P) and the spectra in the
middle and at the bottom belong respectively to the Li-napththalenide (indicated with Ty)
and to the Na-naphthalenide (indicated with Tna) treated powders.

The presence of sodium in the pristine material might be due to partial contamination of
the sample surface during the synthetic step at high temperatures in the furnace. The C-
O peak (531 eV) after the treatments with either Na or Li naphthalenide is completely
covered by a strong overlapping peak corresponding to the presence of Li:CO3 and
Na>CQOs. The formation of a rather thick layer of alkali metal carbonates on the HC
surfaces after the reducing treatments would have the same origins of the lithium
carbonate observed in the silicon powder being formed through reaction of solvents
vapours present in the glovebox atmosphere with alkali metals peroxides and oxides on

the HC surface.

The C=0 peak at 534 eV seems to behave differently for the two treatments, increasing
after the treatment with Li-naphthalenide and decreasing after the Na one. This difference
in intensity might be related to the presence of rather intense peak for Na-KLL in the Na-
naphthalenide treated HC or to the different redox potential of the two solutions that could
lead to different processes happening at the electrodes surfaces. The overall increase of

the O 1s signal with respect to the pristine hard carbon is indicative of the deposition of
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oxygenated species on the surface due to the treatments. It has to be noticed as well that
the Na KLL signal completely disappears after the Li naphthalenide treatment whilst it
increases after the Na-naphthalenide one. The clear increase in the Na KLL signal for the
Na-naphthalenide treated HC supports the hypothesis that sodium gets partially
intercalated in the HC structure during the reducing treatment thanks to the low redox

potential of the naphthalene/Na-naphthalenide couple.

Carbon super-P
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Figure 6.13 Fitting for the XPS spectra acquired on the carbon super-P pristine powder.
In the left panel are reported the spectra for the C 1s excitation energy whilst in the right
one are reported the spectra for the O 1s excitation energy. In both cases the spectra on
the top belong to the pristine powder (indicated with the letter P) and the spectra at the
bottom belong to the Li-napththalenide treated one (indicated with the letter Ty).

The C 1s and O 1s spectra (Figure 6.13) for the pristine super-P carbon were fitted with
the same components used in the HC. As for the hard carbon the C sp? peak at 284 eV is
no more visible after the treatment with Li-naphthalenide whilst the other peaks do not
maintain the pristine ratios with intensity increase of the C-O peak at 286 eV that could be
due to the C-O bond present in the carbonate anion. The O 1s spectrum of the super P
behaves in a similar way to the HC one with the C-O component at 531 eV completely
covered by a strong signal due to the C-O bond in Li:CO3 (531.5 eV) formed at the

carbon super-P surface.
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Na-CMC binder

The C 1s XPS spectrum of the pristine Na-CMC (Figure 6.14) binder was fitted with 4
components relative to C-C (284.8 eV), C-O (286 eV), C=0 (288.5 eV) and O-C=0 (290

eV) respectively.
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Figure 6.14 Fitting for the XPS spectra acquired on the Na-CMC binder pristine powder.
In the left panel are reported the spectra for the C 1s excitation energy whilst in the right
one are reported the spectra for the O 1s excitation energy. In both cases the spectra on
the top belong to the pristine powder (indicated with the letter P) and the spectra on the
bottom belong to the Li-napththalenide treated one (indicated with the letter Ty).

After the treatment with Li-naphthalenide the O-C=0O groups (peak at 290 eV) are
reduced and the intensity of the peak significantly decreases, at the same time the C sp?
peak intensity at lower binding energies (285 eV) raises, whilst the C-O (286 eV) and
C=0 (288.5 eV) peaks do not appear to change their intensity ratios although their
intensities is decreased with respect to the pristine powder. The Na-CMC C 1s spectrum
after the reducing treatment resembles the treated HC C 1s spectrum (Figure 6.12)

showing the formation of a reduced surface layer.

The O 1s spectrum for the pristine Na-CMC was fitted with the same C-O (530 eV) and
C=0 (533 eV) used for the carbons O 1s spectra although this time a strong Na-KLL
signal is present as well, which is due to the sodium counterion in the Na-CMC salt. The
sodium KLL signal in the O 1s spectrum of the treated binder is strongly decreased due to
either the formation of a lithium carbonate surface layer or to the cationic substitution of
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sodium with lithium in Na-CMC. As observed previously a strong signal due to the
formation of LioCOs3 (531.5 eV) appears in the treated material, covering the 531 eV peak

associated with C-O.
XPS discussion

Overall the XPS analysis suggests the formation of a blocking layer passivating the
surfaces of all the tested powders, after the reducing treatments, that is rich in

oxygenated species such as Li2CO3 and Na>COs.
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Figure 6.15 Schematic of the proposed working mechanisms of the naphthalenide
solutions and their effects on particle interfaces during the first lithiation of the pristine
silicon and hard carbon electrodes.

In Figure 6.15 is schematically represented a plausible way in which the treatment may
work to improve the electrodes coulombic efficiency. As shown in the figure, the pristine
particles of hard carbon and silicon present native surface layers rich in hydroxyl groups
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and unsaturated bonds. Without naphthalenide treatment the surface species would be
reduced over the first electrochemical cycle, during the alkali metal ion intercalation, at
low potential values with the concomitant formation of the SEI layer from the
electrochemical reduction of the native surface species and partial decomposition of the
electrolyte. This mechanism leads to a loss of capacity known as First cycle Irreversible
Capacity (FIC). Treatment with the Li/Na-naphthalenide solutions reduces the surface
species in the pristine materials with presence of highly reactive species such as
Li/Na20O,. Once the treated surfaces are exposed to the electrolyte’s solvents traces in the
glovebox atmosphere immediately react to form a passivating SEl-like layer rich in alkali
metal carbonates species. This layer would prevent the electrolyte decomposition during
cycling to the same extent as in the untreated samples improving the coulombic efficiency
of the first cycle. Additionally, the presence of species like LiCO3 and Na>COs in the
passivating layer formed during the treatment could contribute to increase the coulombic
efficiency acting as an alkali metal ions reservoir. It must also be noted that the O 1s
spectrum for the Na-naphthalenide treated HC (Figure 6.12) showed the presence of
elemental sodium (Na-KLL peak) on the material surface partially confirming the idea
that, due to its low redox potential (0.25 V vs. Na*/Na), the Na-naphthalenide solution
would be able to insert sodium in the HC, although due to the surface sensitivity of XPS

no further speculations can be made in these regards.

6.4 Conclusions

In this chapter, an innovative process for the pre-treatment of anodes for lithium and
sodium ion batteries based on silicon and hard carbon is presented in the attempt to
substantially decrease the first cycle irreversible capacity. The treatment was based on
the overnight washing of the electrodes with 1 M solutions of Li/Na-naphthalenide in THF.
Li-naphthalenide was employed to treat silicon anodes whilst both Li and Na-
naphthalenide were used to treat the hard carbon anodes since hard carbon can be

employed in both Li and Na ion batteries as the anode. The treatments on the electrodes
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appear to work with a sensible reduction of the first irreversible capacity in all cases
although the most dramatic effect was observed for the hard carbon treated with Na-
naphthalenide in which the coulombic efficiency goes from 64% before the treatment to

99% after the treatment during the first cycle.

I\
o

Densities:

Al:27 g-cm?®

Cu: 8.96 g-cm®
LiCoO2: 4.5 g-cm™
Sir2.32g-cm?
PPO: ~1 gcm?®

Cu foil (15 pm) Al foil (15 pm)
Si Anode (5 um) LiCoO, cathode (?)
PPQ separator (20 ym)

Figure 6.16 Schematic of a hypothetical full cell made up by a silicon anode casted on a
copper current collector and a LiCoO; cathode casted on an aluminium current collector.
The separator is a polypropylene oxide film. On the right-hand side the densities values
for the different cell components are reported to calculate the specific energy density
values with and without naphthalenide treatment.

This strong improvement could be also related to the low redox potential (0.25 V vs.
Na*/Na) of the Na-naphthalenide solution that could sodiate the HC beside exerting its
reductive action on the material surface. In all cases no anomalous behaviour was
observed in the electrochemistry of the electrodes after the treatments indicating that the
treatment does not affect the overall performance of the materials. To have a rough idea
of the energy density gain achievable thanks to the treatment, one can estimate the
weight of cathode material needed to balance the charge of the anode with and without

the naphthalenide treatment for the silicon electrode.

In Figure 6.16 is reported the schematic of a full cell with a silicon anode and LiCoO2

cathode. It is possible to calculate the quantity of LiCoO- required to balance the silicon

187



(see Appendix) using the values for the densities and thicknesses reported in the figure

and making the following assumptions:

- The electrodes are assumed to be 100% active material

- The materials particles are assumed to be all equal and spherical forming perfect
packing of sphere (~ 74% of the volume is occupied).

- Is possible to extract only 0.5 moles (i.e. ~137 mAhg™) of lithium from LiCoO: to
avoid material degradation.

- The charge inserted at the silicon anode during the first lithiation process is as
reported in Figure 6.8 (panel (a) 2800 mAhg™' for the pristine electrode and 2500
mAhg™ for the naphthalenide treated one, with 500 mAhg™ of FIC in the first case
and 250 mAhg™' in the second.

- The area of the cell is taken to be 1 cm?

- The working potential of the cell is set to 3.3 V vs. Li*/Li

From the calculation, 175 mg (39 um film thickness) of LiCoO- are required to balance the
silicon and account for the charge loss in the first cycle, corresponding to a full cell

specific energy of 170 Whkg™.

In the case of the treated silicon electrode (i.e. 300 mAhg" of irreversible capacity have
been eliminated), the amount of LCO required is 156 mg (35 um film thickness),
corresponding to a full cell specific energy of 176 Whkg™. Although many approximations
have been made, the calculation yields reasonable numbers and above all it turns out
that a 3.5% increase in specific energy is gained thanks to the naphthalenide treatment
procedure. Since silicon-based electrodes appear to be the ones that benefit the least
from the naphthalenide treatment in terms of FIC reduction and since the hard carbon
density is comparable to the silicon one, it is evident that an even higher increase in

energy density after the treatment is expected in the case of the hard carbon.
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The X-ray photoelectron spectroscopy performed on the electrode components before
and after the treatments showed the formation of a surface layer rich in polycarbonates
and oxygenated species. This passivating layer could be crucial in limiting the formation
of the SEI layer during the first lithiation, which is a major source of coulombic inefficiency

in the electrodes’ first cycle.

Despite the interesting results attained, the scale-up and commercial viability of the
naphthalenide treatment would imply a large economic effort due to the necessity of
keeping the whole process under inert atmosphere of argon given the extreme reactivity
of the naphthalenide solutions and to avoid any side reactions during the treating

process.
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6.5 Appendix
6.5.1 Energy Density Calculation

Full cell without naphthalenide treatment:
Charge required to balance the silicon electrode
2800 mAhg™" x 0.005 cm™ x 2.32 gcm™ x 0.74 = 24.03 mAh =86.4 C
Corresponding to a weight of LiCoO- given by
24.03 mAh =137 mAhg'=0.175g
That assuming a density of 4.5 gcm™ giving a film thickness of 0.039 cm

To evaluate the specific energy it has to be considered that the total cell weight is 0.381 g
(from the density values shown in Figure 6.16) and that of the 2800 mAhg™ of the first

lithiation about 500 mAhg™ are lost due to the FIC:

2300 mAhg""

86.4.Cx (2800 mAhg-!

) =70.97C

70.97 C
0.381¢

=186.2 Cg"’

186.2 Cg'x3.3V=614.4 Jg' =0.170 Whg™' = 170 Whkg""!
Full cell with naphthalenide treatment
Charge required to balance the silicon electrode
2500 mAhg™ x 0.005 cm™ x 2.32 gem™> x 0.74 =21.46 mMAh =77.25C
Corresponding to a weight of LiCoO- given by
21.46 mAh + 137 mAhg™' = 0.156 g

That assuming a density of 4.5 gcm™ gives a film thickness of 0.035 cm
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To evaluate the specific energy it has to be considered that the total cell weight is 0.362 g
(from the density values shown in Figure 6.16) and that of the 2500 mAhg™ of the first
lithiation about 250 mAhg™ are lost due to the FIC:

2250 mAhg""’

7256 (m

) =69.52 C

69.52 C

_ = -1
0362 g 192.04 Cg

192.04 Cg™' x 3.3V =633.7 Jg™' =0.176 Whg™! = 176 Whkg"!
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7 General Conclusions and Future Work

In this work have been investigated promising materials for the cathode (lithium-rich
nickel substituted TM-oxides) and the anode (silicon and hard carbon) of an hypothetical
new generation lithium-ion battery that would feature higher energy densities with respect

to the commercial batteries currently available on the market.

The main reason behind the choice of these materials was the high capacity that they can
display over cycling that would lead to longer lasting batteries. Additionally, the average
working potentials of silicon (0.3 V vs. Li*/Li) and lithium-rich oxides (3.5 V vs. Li*/Li)
would yield a cell that operates at 3.2 V, a value that is comparable to the lower capacity

LiFePO4//Graphite commercial cells, providing high quality energy during its discharge.

Despite their appealing characteristics both the anodes and cathodes materials herein
investigated are affected by major issues that have prevented, so far, a full development
of commercial cells based on these materials. The aim of this work was mainly to deepen
the understanding of the working mechanisms governing the performance of these

materials:
Lithium rich cathodes:

The family of Liw/-23xNixMn2/3.113002 layered oxides was synthesized through a one-pot
synthetic route and thoroughly investigated to understand the origins of the oxygen redox
phenomenon responsible for the excess capacity with respect the transition metal redox

activity.

It was demonstrated, first for the well renown Li12Nio2MnosO2, that the charge associated
with gas loss together with the charge accounted for by the nickel redox activity, over the
first de-lithiation, does not account for the whole charge extracted from the material
indicating the possible presence of anion redox. Employing advanced spectroscopic

techniques such as SXAS, RIXS and XANES was possible to show the formation of
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localised and reversible holes states on the oxygens during the de-lithiation of the
material and a model in which the oxygen redox process is promoted by a more ionic

environment for the coordination of the oxygen was proposed.

Subsequently several other members of the same family of compounds with different
degrees of nickel substitution, including the parent compound Li-MnOs3, were synthesised
and investigated trying to understand the role of nickel in the suppression of the oxygen
loss phenomenon. It was demonstrated that a nickel content of 0.3 moles per formula unit
suppresses almost completely the oxygen loss whilst maintains the reversible oxygen
redox process. A preliminary model has also been proposed in the attempt to rationalize
the different working mechanisms behind the parent compound LizMnOs and the nickel
doped layered oxides although the reason why nickel would suppress the oxygen loss is

not fully understood yet.

Future work:

A deeper investigation of the structural changes occurring during the cycling of the nickel
substituted materials is necessary to understand the origin of the large hysteresis present
in the electrochemistry of these materials. Operando X-ray diffraction together with ex-situ
neutron diffraction analysis at different states of charge would provide a great deal of
information relative to the evolution of the oxides structure during the extraction/insertion
of lithium ions. As well, DFT calculations simulating what observed experimentally would
help to unravel the changes in the electronic structure and clarify the role of nickel in the

suppression of the oxygen loss.

Silicon and hard carbon anodes:

An optimisation of the electrochemical performance for silicon-based anodes has been

proposed, employing new binders. It was shown that the use of PSSA binder provides
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superior and more stable performance with respect to the traditional Na-CMC despite the
poor coulombic efficiencies in the first cycles. To address the latter issue and try to
reduce the important charge loss during the first cycle (First cycle Irreversible Capacity) a
highly reducing pre-treatment was performed on the silicon electrodes employing a
lithium naphthalenide concentrated solution. The Ilow redox potential of the
naphthalene/naphthalenide couple chemically reduced the electrodes surface reducing
the FIC and improving the coulombic efficiencies at the beginning of cycling. The same
kind of treatment was also employed on hard carbon, a material that is able to intercalate
both lithium and sodium ions. Particularly in the case of sodium the hard carbon is
regarded as one of the most promising anode materials although plagued by poor
coulombic efficiencies. For that reason a treatment with sodium naphthalenide was
performed on the hard carbon anodes reproducing the lithium naphthalenide experiment
on silicon and it was shown the important improvement in the reversibility of the first

cycles with no side effects on the electrochemistry.

With the help of XPS analysis the pristine and naphthalenide treated components of the
anodes were investigated to understand the effect of the highly reducing treatments,
leading to the formulation of a model in which the pre-treatment would have a
fundamental role in reducing the surface adsorbed species on the anodes that would

usually be reduced electrochemically.

Future work:

Regarding the binders for silicon anodes, consequently to the interesting results obtained
from the use of PSS, it would be worth investigating how the conductivity across the
electrodes’ bulk evolves with cycling by means of the Impedance Spectroscopy and
compare the results with the ones obtained from the electrodes having Na-CMC as
binder. This may give further clues about the origin of the superior electrochemistry
displayed by the electrodes with PSS binder. As well, a careful characterisation of the SEI
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layer employing XPS and TOF-SIMS analyses would contribute to unravel the reasons
behind the high electrochemical stability observed for PSS. As well, the work on the pre-
treatment of the electrodes with the Li or Na naphthalenide solutions is close to
completion although the optimisation of the treatment time and the concentration of the
solutions are required to achieve a viable scale-up in which the use of a roll to roll set up
would provide a fast and reproducible way to pre-treat large amount of cast material
despite the high costs due to the inert atmosphere of argon required to avoid side

reactions.

To conclude, it is interesting to notice that a non-optimized full cell that would employ a
high nickel substituted (i.e. Li1.133Nio.3Mnos6602) lithium rich layered oxide as cathode and
a silicon anode treated with lithium naphthalenide would provide a specific energy density
in excess of 200 Whkg™ (a value that is competitive with the best cells currently on the
market), assuming the same conditions used in the Appendix of chapter 6 for the silicon
anode and a reversible capacity of 200 mAhg™ for the cathode at an average lithiation

potential of 3.2 V vs. Li*/Li.

196



