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Abstract

The research work presented in this thesis regarded the structural study of different
materials employed as battery electrodes (for both Li and Na ion cells) by means of
X-ray Absorption Spectroscopy (XAS), X-ray Photoelectron Spectroscopy (XPS) and
Raman Spectroscopy. The main purpose of the thesis was to provide better insight, at a
microscopic and atomic level, of all the mechanisms related to the insertion/de-insertion
of lithium or sodium ions in the electrode structure at the electrolyte interface and
the bulk. In particular we have tackled three main open problems concerning: i) the
evolution of the local structure in zinc-ferrite conversion-alloying materials used in
lithium-ion batteries, ii) the study of formation and evolution of the solid electrolyte
interphase (SEI) in carbon-based anodes again used for lithium-ion cells, iii) the rela-
tionship between local structure distortion and electrochemical performances in a class

of cathode materials for sodium-ion batteries.

By using X-ray absorption spectroscopy, we have shown that in the very early stages
of Li* insertion (until 0.3 Li* per formula unit) carbon-coated zinc-ferrite nanoparticles
anode retain the spinel structure while at higher level of Li uptake (> 0.3 Li* per
formula unit), Zn atoms migrate to vacant crystallographic sites. In this initial stage,
Fe is found to be gradually reduced from Fe*" to Fe?' upon lithium insertion and
remains in the original octahedral sites. Our EXAFS study indicates an increase in
structural disorder upon lithiation. Lithiation proceeds with a continuous reduction of
the Zn and Fe until those species are fully metallized in the form of nano-sized particles.
Finally, we could provide direct proof of the reversible lithium-zinc alloying mechanism

occurring in the very final stage of the lithiation.

The evolution and stability of the SEI were studied using an arsenic-containing
compound as electrolyte. Arsenic acts as local probe for SEI formation for XAS and
XPS, giving an insight into the oxidation state and structure of the SEI. Both XAS
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and XPS revealed the presence of arsenic with oxidation state 3+ and 5+, possibly
in the form of arsenic oxides (As,O5, As,O4) and arsenic-fluorine compounds (AsFj,
AsFg , Li, AsF; ). Moreover, XPS revealed the presence of As” (not detected by XAS)
that could be present, in a small quantity, only on the outer layer of the SEI. The
organic fraction of the SEI has been also studied with XPS, showing the presence of
different lithium alkyls species and carbonates as a result of the degradation of the
electrolyte organic solvents. Those species may contain lithium atoms contributing
to the total capacity of the cell, in agreement with recent results. In-situ micro-
Raman experiments, specifically developed during this thesis, were attempted showing

the modifications of the graphitic host structure during lithium insertion in the material.

Finally, the structure of Mn-based layered oxides for sodium-ion cathodes, doped
with Ti and Fe, was studied by X-ray Absorption Spectroscopy. We have verified that
the oxidation states of Mn and Ti in P2-Na, ;Mn, sFe, ,  Ti,O, are in agreement with
the expected theoretical values. Our structural XAS refinement, compared with the
results of DFT calculations and XRD data, confirmed experimentally the Jahn-Teller
induced distortion of the structure for all the materials under consideration. A slight
decrease of the local structural disorder is observed in the material where both Fe and

Ti are present with equal proportions.

Most of the results presented in this thesis have been published in international

journals, and the reader is referred to the published papers for further details.
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Chapter 1

Introduction

1.1 The Climate Change Challenge

Climate change can be defined as the greatest health challenge of the 21samazfitt
century [1]. The severity of the direct impact of climate change over human society
and health is day by day more evident and clear. In fact, in the recent years, the
public health community has rapidly agreed on the causal connection between climate
change and health risks, with a better understanding of the factors that link these two
issues, increasing the awareness on the significant health threats and offering possible

solutions to avoid the worst impact [1].

Climate change impacts human health both directly and indirectly. The direct
impact includes physiological effects from exposure to higher temperatures such as
respiratory and cardiovascular diseases, and also injuries and death caused by the
exposition of the population to extreme weather events such as heat-waves, severe
flooding, wildfires and tropical storms; with a high impact on the global risk of
populations. The indirect impact is related to the long-term modification of the local
environment, with the possible degradation of air, water and soil quality that may

cause climate-related displacement, immigration phenomena and conflicts [1,2].

The drivers of climate change are for the big part derived from the combustion of
fossil fuels and the subsequent emission of air-pollutant and greenhouse gases, which

are emitted from several sectors: housing, transport, energy and agriculture [3].
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1.1.1 Paris Agreement

In December 2015, the Paris Agreement [4] was adopted under the United Nations
Framework Convention on Climate Change (UNFCCC) to combat the climate change [5].
It is the first climate agreement to obtain strong global support, and being now ratified
by 183 countries [6]. Within this agreement, countries submitted national plans to
address the climate change challenge after the year 2020; the main goal of Paris
Agreement is to hold "the increase in the global average temperature to well below
2°C above pre-industrial levels and to pursue efforts to limit the temperature increase
to 1.5°C above pre-industrial levels" [4]. This temperature goal represents the level
of climate change that governments agree would prevent dangerous and irreversible
interference with the climate system, while ensuring sustainable economic development
and food production [5,7,8].

The Agreement allows each country to set their national targets and also supports
low- and middle-income countries by a founding mechanism with a US$ 100 billion
annual funding system [6]. This will allow all countries to find the most appropriate
ways to overcome the issue of climate change while ensuring that all parties contribute
to meet global goals [1].

Thus, Paris Agreement can be defined as the most important health agreement of
this century [1], since it addresses not only the direct health risks, but also has the
potential to bring strong positive changes and benefits in the industry, transport and
energy sectors, since the proposed policies will widely and strongly influence social,

cultural, economical, climate and environmental human activities [3].

1.2 Energy Policies against Climate Change and

Renewable Energies

Currently, the big part of used energy source derives from fossil fuels. To fulfil the
goals of Paris Agreement is necessary to perform a transition to affordable, reliable, sus-
tainable and modern energy sources with zero greenhouse gases emission [1]. Nowadays
the share of renewable energy sources is only 25% of the global electricity production [9],
despite the fact that the cost of renewable energy production is falling quickly, and
investments are growing fast. In order to successfully meet the goal of maintaining the
global temperature 2°C above pre-industrial levels, the cut of renewable energy must
be at least 65% [10].
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Therefore, the policies on energy are based on scaling up renewable energy sources.
In particular cutting down the share of energy derived from coal which represents more
than 40% of CO,, emission. Policy should, thus, ensure to phase out coal use as quickly
as possible while ensuring a smooth transition to more eco-friendly sources.

The transport sector gives also another significant contribution to both greenhouse
gas emissions and local air pollution. It is accountable for about 23% of the total
energy-related greenhouse gas emissions globally [11]. More sustainable means of
transport will include the employment of electric vehicles and encouraging the use of
public transportation.

Nowadays private vehicles represent the main and more common means of transport
worldwide and the most part of those employs heat engines running on petrol or diesel
fuel; both emit greenhouse gases and also particulate which contribute to poor air
quality. Even if there is a big increment in the number of electric vehicles (+50%
between 2016 and 2017) they still represent a small number in the total of the global
vehicle fleet. [11].

1.2.1 Role of Energy Storage Systems

The main issue with renewable energies is that the production is not constant nor
always available. Most of renewable energy sources are, in fact, influenced or depend
on external and natural phenomena, and cannot provide an immediate response to the
demand since they are not easily adjustable to consumption needs. The unpredictable
character of these sources requires that network provisioning and usage regulations be
established for optimal system operation [12].

Delocalized electricity production and the use of time-fluctuating sources (wind
turbines, solar, etc.) increase the difficulty of stabilizing the power network, due to
an imbalance in supply /demand. Therefore may be convenient to produce the energy,
transmit it, convert it and store it in case of surplus production in order to use the
stored energy in times of higher demands [12].

Alongside to flexibility, Electrical Energy Storage (EES) will play a crucial role
in the transition to low-carbon energy system. The International Energy Agency
estimates that to fulfil the Paris Agreement it will be necessary to increase the energy
storage capacity from the 140 GW of 2014 to 450 GW in 2050 [14]. This increase is
furthermore necessary, as the European Commission underlined, to ensure the internal
energy security and energy internal market. By using more EESs, the European Union

can decrease its energy imports, improve the efficiency of the energy system and keep
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Figure 1.1: Globally installed energy storage capacity, 1978-2016, excluding pumped hydro
storage [13]

the prices low [13].

At the present day, EES contribute to 10% of the installed generation capacity in
Europe, where hydroelectric pumped storage is by far the most used storage technology.
Many others EESs such as compressed air storage, flywheels, electrochemical (batteries)
and thermal are available and can be competitive depending on the requirements of
the application [15].

The largest representative of EESs for stationary applications (but also increasing
in the automotive sector) is electrochemical storage or batteries that can store energy in
a chemical form and convert it into electricity when needed. A more precise description
of this class of EESs will be given in Chapter 2.

1.3 Purpose of this Thesis

As seen in the previous sections, electrochemical storage system is a crucial sector
with a growing importance for a wide range of applications: from mobile electronic
device energy storage, powering the future automotive fleet, and finally for micro-grid
storage applications.

Modern battery technology (for example lithium/sodium ion cells) is relatively
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recent (first commercial prototype were presented in the '90s) and presents a large
margin of development. In particular, present research efforts, are focussed on increasing
the capacity, energy density and durability; while at the same time improving safety,

reliability, eco-friendliness and recyclability of the materials.

To pursue that, is fundamental to have a deeper and precise understanding of all the
mechanisms that occur during the various chemical reactions and also at the structural
level of the different active materials adopted. A description of electrochemical storage

systems and relevant materials is presented in Chapter 2.

Within this scenario, I present my original doctoral thesis work. It collects the
research activities carried out during the three years of my Ph.D. at the University of
Camerino (Italy) under the supervision of Professor Andrea Di Cicco and during my six
month visit period at the energy research center CIC EnergiGUNE in Vitoria (Basque
Country - Spain) under the supervision of Doctor Miguel Angel Muiioz-Marquez.
Moreover, part of the experimental work has been also carried out in Synchrotron
Radiation facilities such as ESRF (Grenoble), Elettra (Trieste) and Soleil (Paris).

The thesis investigates structural properties and modifications occurring both on
the surface of the electrodes and in the bulk of the electrochemical active materials,
with a particular focus on the development of in-situ and in-operando experimental
techniques, which allows to get a deeper understanding of the several and complex
evolution processes occurring during the electrochemical-induced redox reactions. To
achieve that, we employed several X-ray and optical spectroscopic techniques. In
particular, X-ray Absorption Spectroscopy, X-ray Photo-emission Spectroscopy and
Raman Spectroscopy; those techniques, when combined, result complementary one to
each other, and are an optimal way to obtain both information regarding the surface
of the material and the bulk. In particular X-ray Absorption Spectroscopy and X-ray
Photo-emission spectroscopy are used in a large variety of research fields since they
are element specific techniques and provide information about the local structure and
the electronic structure around the single atomic sites also in complex systems. The
description of the various experimental techniques adopted in this thesis is summarized
in Chapter 3.

The first part of the original thesis work, presented in Chapter 4, concerns the study
of the structural evolution in anodes for lithium-ion batteries composed of carbon-coated

zinc-ferrite (ZnFe,O,) nanoparticles as active material. This is one member of a new
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developing class of battery material with very promising performance, cost-effectiveness,
ecological and safety characteristics: conversion/alloying materials. These materials
employ a completely different reaction process if compared with standard and currently
commercially available Li-ion cells; this mechanism involves major modification and
re-organization of the material internal structure, leading to a full reduction and
oxidation processes (of iron and zinc for ZnFe,O, anodes) in order to store and de-
insert lithium ions from the host electrode. These changes are not trivially investigable
with commonly available laboratory techniques (X-ray Diffraction for example) due to
the formation of amorphous phases and nano-crystallites. To overcome this issue, we
performed different synchrotron-based X-ray Absorption Spectroscopy experiments,
both on ex-situ samples (cycled electrodes, extracted from the Li-ion cell, sealed and
measure) and in-situ/in-operando cells (experiments were performed in parallel with the
operational cycles of the half-cell). For this material, it was important to have a better
insight and a confirmation of the expected electrochemical reactions, in particular,
to verify the final reversible alloying reactions between lithium and zinc which could

provide an extra capacity storage for the material.

Chapter 5 is focused on the analysis of the interface which forms onto the electrode
(referred as Solid Electrolyte Interphase - c¢fr. Chapter 2), mostly during the first
lithiation /de-lithiation cycle. This interface is a crucial component of modern Li-ion
and Na-ion battery cells since it acts as a protective layer, avoids further decomposition
of the electrolyte and has a fundamental role on stability and cyclability of the battery.
This aspect gained, in recent years, the attention of the scientific community. In
particular, this research activity is a prosecution of the European project "Stable
Interfaces for Rechargeable Batteries" (SIRBATT) in which my research group was
involved. In this work we carried out X-ray Absorption Spectroscopy analysis of
electrodes, obtaining information regarding the thickness, the oxidation state and
structure of the interface. Moreover, my research activity included also the interfacial
analysis of graphite anodes and the study of the formation processes and evolution
of the SEI layer when using non-conventional electrolytes (LiAsFy). Here I present
a detailed X-ray Photo-spectroscopy analysis, performed on ex-situ samples, of such

interface; providing supplementary and complementary details to the previous analysis.

The final part of the thesis, reported in Chapter 6, is devoted to sodium-ion battery
materials. This work was done in close collaboration with CIC EnergiGUNE, and my
original contribution was mainly the structural analysis of manganese-based P2-phase

layered cathodes Na, 3Mn,gFeq,0,, Nay ;MnggFe, Tiy;O,, and Nay sMng ¢Ti; 50,
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used in Na-ion cells. The analysis was focussed on understanding the role of non-
electrochemical active species used as dopants (Fe and Ti) which can provide a huge
improvement in the cell performances. The X-ray Absorption Spectroscopy was used to
identify subtle structural modifications induced by the presence of such dopants which
result in a deformation of the initial structure in the form of Jahn-Teller elongation.

The final chapter is devoted to the conclusion and outcomes of this thesis work.






Chapter 2

Electrochemical Storage Systems

2.1 Basic Concepts of Batteries

A battery is an electrochemical power source which converts chemical energy into
electrical energy. At least two reaction partners undergo a chemical oxidation-reduction
(redox) process during this operation. The energy of this reaction is available as electric
current at a defined voltage and time [16]. The redox reaction involves the transfer of
electrons from one material to another through an electric circuit and the restoring of
charge neutrality through electrolyte migration [17]. The basic element of a battery
is called cell. These can be connected in series, in parallel or both depending on the

desired output voltage and capacity. The main constituents of a cell are:

o The anode or negative electrode: this is the reducing electrode which gives up
electrons to the external circuit and is oxidized during the electrochemical reaction.
It must have high efficiency as reducing agent, and high coulombic output (Ah/g),
and be chemically stable.

o The cathode or positive electrode: this is the oxidizing electrode, it accepts
electrons from the external circuit and is reduced during the electrochemical
reaction. It must be an efficient oxidizing agent, stable when in contact with the

electrolyte, and have a useful working voltage.

o The electrolyte: this is the ionic conductor, which provides the medium for transfer
of charge, as ions, inside the cell between the anode and the cathode. Usually,
the electrolyte is in a liquid form, made of solvents with dissolved salts, acids, or

alkalies to impart ionic conductivity. There exist also solid electrolytes [16], that
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are ionic conductors at the operating temperature of the cell. The electrolyte
must have good ionic conductivity but not be electronically conductive, as this
would cause internal short-circuiting; it must also be inert to the electrodes

materials.

Physically the anode and cathode electrodes are electronically isolated in the cell to

prevent internal short-circuiting but are surrounded by the electrolyte. In battery

cells, a separator material is employed to divide the anode and cathode electrodes

mechanically. The separator, however, is permeable to the electrolyte in order to

maintain the desired ionic conductivity. In some cases, the electrolyte is immobilized

for a non-spill design. Electrically conducting grid structures or materials may also be

added to the electrodes to reduce internal resistance [17]. The electrochemical features

of a battery are described by the following parameters:

o Capacity (Q): The theoretical capacity of a cell is determined by the quantity

of active materials in the cell. It is expressed as the total quantity of electricity
involved in the electrochemical reaction and is defined in terms of coulombs (C)

or ampere-hours (Ah).
Q=I1-t=x-n-F (2.1)

where [ is the current drawn from the battery, ¢ is the amount of time (in hours)
that a battery can sustain; x is the number of moles of active material, n is
the number of electrons involved in the reaction and F' is the Faraday constant.

Usually the capacity is normalized to the electrode weight (Ahg™') or volume.

Energy (E): The capacity of a cell can also considered on an energy (watt hour)

basis by taking both the voltage and the quantity of electricity into consideration,
E=Q-V (2.2)

This is the theoretical maximum energy that can be delivered by the electrochem-

ical system.

o Power (P): is simply the energy per unit time, or the voltage times the current.

P=I1-V=Q V/t (2.3)
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Electrochemical cells are identified as primary (non-rechargeable) or secondary (recharge-
able). A schematics of volumetric vs. gravimetric energy density is shown in Fig.(2.1)

for various secondary battery technologies [18].
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Figure 2.1: Volumetric and gravimetric energy density of different secondary battery tech-
nologies [18].

Primary batteries

These batteries are not capable of being easily and effectively recharged; hence, once
discharged they are disposed. The reaction in these cells is irreversible. Primary
batteries are usually inexpensive, have a good shelf life, high energy density and require

no maintenance.

Secondary batteries

These batteries can be recharged several times. Only reversible electrochemical reactions
offer such a possibility. After the cell is discharged, an externally applied electrical
energy forces a reversal of the electrochemical process; as a consequence the reactants

are restored to their original form, and the stored electrochemical energy can be used
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Table 2.1: Voltage, capacity and specific energy of major primary battery systems [17].

’ Battery type ‘ Anode, cathode ‘ \Y ‘ Ah/kg ‘ Wh/kg ‘

Alkaline Zn, MnO, 1.5 224 358
Mercury Zn, HgO 1.34 190 255
Silver oxide Zn, Ag,0O 1.6 180 288
Zinc / O, Zn, O, 1.65 | 658 1085
Li—SO, Li, SO, 3.1 379 1175
Li—MnO, Li, MnO, 3.5 286 1001

once again by a consumer. The process can be reversed hundreds or even thousands
of times, so that the lifetime of the cell can be extended. This is a fundamental
advantage, especially as the cost of a secondary cell is normally much higher than
that of a primary cell. Furthermore, the resulting environmental friendliness should be

taken into account [16].

Table 2.2: Voltage, capacity, specific energy and cycle life of major secondary battery

systems [17].

’ Battery type ‘ Anode, cathode ‘ \Y ‘ Ah/kg ‘ Wh/kg ‘ Cycle life ‘
Lead-acid Pb, PbO, 2.1 120 252 > 1000
Nikel-cadmium Cd, Ni oxide 1.35 181 244 > 200
Nikel-metal hydrite | MH, Ni oxide | 1.35 178 240 > 300
Lithium-ion Li, Cg, Li; ,CoO, | 4.1 100 410 > 1200

2.2 Lithium-ion Batteries

Lithium is the lightest of all metals, has the greatest electrochemical potential
(—3.04 V vs standard hydrogen electrode) and provides the highest specific energy per
weight. For these reasons, starting from the 1970s, the first primary Li cells (based
on metal lithium anodes) began to be developed and commercialized. First attempts
to develop rechargeable lithium batteries followed when several inorganic compounds
(later defined intercalation compounds) demonstrated to reversibly react with alkali
metals [18,19]. In 1972, Exxon [20,21] started to prototype the first rechargeable Li
using layered TiS, as positive electrode, Li metal as negative electrode and lithium
perchlorate in dioxalane as electrolyte. Nevertheless, the commercialization of such
prototype was not successful due to the shortcoming of Li-metal and liquid electrolyte

combination causing the growth of Li dendrites [22] as metal was plated during the
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discharge-recharge cycles. This phenomenon could lead to short-circuit between the
electrodes and subsequently posing thermal runaway and explosion hazards.

In order to solve safety issues, it has been proposed to substitute Li-metal with a
second insertion material in which Li-ions are stored in the layers of a suitable host [23];
the presence of Li in its ionic rather than its metallic state solved the problem of
dendrites formation. The new cell concept was first demonstrated by Murphy et al. [24]
and later by Scrosati et al. [25] between the end of the 1980s and the beginning of
1990s, and led to the so-called Li-ion or rocking-chair battery technology.

()
U/
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

Figure 2.2: Schematic representation of rechargeable Li-ion battery [18].

Almost two decades to develop the concept of Li-ion cell and to obtain a reliable
and safe commercializable prototype were due to the difficulties in finding suitable
materials for negative electrode (insertion compounds or Li alloys) and in finding
electrolytes which met, besides safety concerns, the cost and performance requirements
for a successful battery technology. A schematic representation of a rechargeable Li-ion
cell is shown in Figure 2.2.

In 1981, Goodenough first proposed layered LiCoQO, as high energy and high voltage
cathode material [26]. However, this did not attract much attention due to the lack
of a safe anode material which limited the application of layered oxide cathodes of
LiMO, (M = Ni, Co). In the same period Besenhard [27], Yazami [28] and Basu [29]
discovered that graphite could be a good candidate to reversibly store Li ions by
intercalation/deintercalation. Only at the end of the decade, in 1987, Yoshino et al. [30]
filed a patent and build a prototype cell using carbonaceous anode and LiCoQO,, cathode;

both materials are stable in air which simplifies the engineering and manufacturing
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processes [31]. The large-scale manufacturing of similar Li-ion batteries (LIBs) started
in 1991 by Sony Corporation [32]. Batteries with similar design are still present
nowadays, almost after 30 years, becoming the standard for high-performance and
portable electronic devices [18].

The major advantages and disadvantages of LIBs compared to other battery tech-
nologies are listed in Table 2.3. The high specific energy (~ 150 Wh/kg) and energy
density (~ 400 Wh/L) of commercial LIBs make them perfectly suitable for applica-
tions where volume and weight must be minimized [17]. LIBs offer a low self-discharge
(2 — 8% per month) long cyclability (more than 1000 cycles) and a broad temperature
range of operation (charge —20°/60°C, discharge —40°/65°C) extending the usage in a
variety of applications [17]. Single cells operate in the range of 2.5 to 4.2 V, almost
three times that of NiCd or NiMH cells, allowing fewer cells for a given voltage. Also,
the high rate capability has been demonstrated (discharge at 5C continuous or 25C
pulse). These combined qualities, with the relative cost-effectiveness, are the key of
LIBs success.

Main disadvantages of Li-ion batteries consist in over-charge and over-discharge
effects which may degrade the cells, this can be avoided by the use of an electronic
management circuitry that protects the system from extreme charge and temperature

conditions; also LIBs permanently lose capacity at elevated temperatures (< 65°C).

Table 2.3: Advantages and disadvantages of LIBs [17].

’ Advantages ‘ Disadvantages
High specific energy and energy density | Moderate initial cost
Long cycle and shelf life Degradation at high temperatures
Low self-discharge Capacity loss or thermal runway if overcharged
High rate and power capabilities Ageing effect
High coulombic and energy efficiency Need for protective circuitry
No memory effect Venting and thermal runway when crushed

A commercial Li-ion battery is composed by graphite as anode and LiCoO, as
cathode. The ionic conduction is achieved by the electrolyte, usually consisting of a
lithium salt (for example LiPF dissolved in a mixture of organic solvents (ethylene
carbonate/dimethyl carbonate: EC/DMC). The two electrodes are physically separated
by a micro-porous separator which allows the ionic flow and prevents internal short
circuits. Other materials such as binders and fillers can be added to the cell in order

to improve the conductivity, the stability or the cell chemistry.
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The electrodes are usually wet-coated onto the current collectors: a foil of metal
which has to be electrochemically stable in the potential operation window of the
electrodes [33]. Usually, a copper foil is adopted as anode current collector, since it does
not react with lithium ions at low potentials, aluminium foil can be used as cathode
current collector because it is chemically stable at cathodic potentials, while it would

form lithium alloys at the lower anodic potentials.

Figure 2.3: Schematic illustration of a typical Li-ion battery: a) aluminium current collector;
b) oxide positive electrode material; c¢) porous separator soaked with liquid
electrolyte; d) inhomogeneous SEI layer; e) graphite electrode material; f)
copper current collector. Image by Verma et al. [34].

The working mechanism of a lithium-ion cell is schematized in Figure 2.3: during the
discharge process, lithium atoms intercalated into graphite layers undergo an oxidation
reaction. The positively charged lithium ions are dissolved in the electrolyte and flow
into the the lattice of LiCoO, cathode. At the same time also electrons flow towards
the positive electrode though an external circuit to power various systems. At the
positive electrode, Li-ions recombine with the electrons and fill up the available sites
into the cathode host matrix via a reduction reaction process. If the current is forced
to flow in the opposite direction, by applying an external electromotive force, the redox
reaction is reversed, and the battery is in a charging state. Following are listed the

main reactions occurring on the positive electrode and negative electrode [17]:

charge

Positive: LiMO, Li; MO, + xLi* 4 xe"

discharge
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charge

Negative: 6C +xLi" + xe Li Cq
discharge
Overall: LiMO, + C ==+ i C + Li, . MO,
discharge

2.2.1 Anode Materials

The negative electrode in LIBs must accept Li* ions during charge, and release
them into the ionic flow during the discharge. The three basic requirements for anode
materials are: low electrochemical potential versus Li /Li+, high amount of lithium
accommodable, long structural stability after several cycles of charge/discharge. It is
possible to classify the various materials in three main categories, depending on the

different lithiation mechanism (Fig. 2.4).
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Figure 2.4: Different reaction mechanisms in anode materials for LIBs [35].
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Carbon-based materials, with various morphologies, are largely used for commercial
LIBs due their features: large availability; thermal. chemical and electrochemical
stability, low cost and good reversibility for lithium intercalation and de-intercalation
[36,37]. The main distinction within carbonaceous materials can be made between
graphitic carbons and non-graphitic carbons [38]. A schematic of the structures and

discharge profiles is shown in Figure 2.5.
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Figure 2.5: Scheme of: (a) soft carbons, (b) hard carbons, (c) graphitic carbons; and their
typical potential profiles [39].

Graphite and graphitic carbons are composed by graphene layers (extended sheets of
sp”-hybridized carbon atoms arranged in hexagonal rings) stacked in AB or ABC layers
held together by Van der Waals force [39]. During charge and discharge, lithium ions
intercalate in between the layers by a so-called staging mechanism, ending with an AA
stacking configuration once the material is fully litiathed [39-42]. The sp*-hybridization,
p-orbitals forming a delocalised electron network, also bring a big advantage in terms
of electric conductivity of the material [38]. Intercalation of Li-ions into graphite layers
consists in the insertion of one lithium-ion every six carbon atoms, thus graphite has
a theoretical capacity of 372 mAhg . This process occurs through the formation of
different stages depending on the increasing ratio Li/C and corresponding to three
well-defined potential plateaus in the potential window 0.05 — 0.25 V shown in Figure

2.5 (c¢). The co-intercalation of solvents present in the electrolyte can, within several
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cycles, cause the exfoliation of the layers in graphite and drive to battery failure [43]
Non-graphitic carbons consist of carbon atoms, arranged in the usual hexagonal
network, but without a crystallographic order along the vertical axis, and they can be
divided in soft and hard carbons, depending on their behaviour during heat treatment.
Insertion of lithium into non-graphitic carbons cause negligible expansion of interlayer
spacing, thus the volumetric deformation of the electrode is minimal. Both soft and
hard carbons show a sloping potential-capacity curve with no significant plateaus.
These carbons show a higher specific capacity with respect to graphite because the
different structure and morphology allow alternative ways for lithium to be adsorbed
by the material. For example, it can be stored on both sides of each layer of non-
stacking graphene layers [40], in the micro-pores [38] and in other micro-structures
of the material. Nevertheless, a certain fraction of lithium that has reacted with
carbon during lithiation, cannot be recuperated in the charging process. Some of the
Li atoms may, in fact, remain trapped in the micro-structures and internal porosity of
non-graphitic carbons [43]. Part of the irreversible capacity is due to the formation of

a surface film around the carbon particles (¢fr. Section 2.4).

Alloying Anodes

Several elements are able to reversibly form alloys with lithium at a low potential,
room temperature and in non-aqueous electrolytes. Sn, Pb, Al, Sb, Zn, Si are between
the most studied due to their abundance, low cost and eco-friendliness, and, most
important, for their appealing theoretical capacity. They can be used in the electrodes
in their metallic state or as oxides. The generic reaction for element A can be written

as:
lithiation

xLi+ A xe” + xLitA

de—lithiation

The most important issue for these materials is the large volume expansion/contraction
upon (de-)lithiation (even more than 200% volume increase), which will cause, after
several cycles, the rupture of the active material and, consequently, a loss of electronic
contact and finally the pulverization of the electrode [39,44]|, causing an irreversible
loss of capacity. To overcome this capacity loss, several strategies have been attempted:
one is to use a host matrix which acts as a buffer to contain this large volume change in
order to maintain the electrode integrity and electronic contact. This can be achieved in
various ways, for example, using hollow carbon nano-spheres, core-shell nano-structure

and micro-sized carbonaceous matrices (cfr. the review by Loeffer et al. [39]). Despite
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the promising approaches and the appealing performances of alloying anodes, only tin-
based materials have been successfully adopted for commercial LIBs, also silicon-based
anodes (carbon-coated silicon nano-structure) have recently appeared into commercial
LIBs [45].

Conversion Anodes

Conversion materials M,O, (M = Co, Fe, Ni, Mn, Cu, etc.) undergo a solid-state
redox reaction during (de-)lithiation, in which there is a change in the crystalline
structure, accompanied by a breaking and recombination of chemical bonds [46].
Initially, these kinds of displacement reactions were considered to be irreversible at room
temperature due to the high energy needed for bond breakage, atomic reorganization
and the formation of new bonds. But since 2000, when Poizot et al. [47] reported the
first reversible lithium storage reaction in transition metal oxides, a growing interest
on these material has started. In particular towards transition metals (TM) sulphides,
nitrides, phosphides, fluorides and other phases, since they show high theoretical
capacities (from two to six times higher than carbonaceous materials, depending on
the molar mass, oxidation state of the TM and the density of the oxide) thanks to the
ability to transfer multiple electron reactions per M. The conversion mechanism can be
described as follows [36]:

lithiation

TM,A, +ze~ + zLi* xTM° + Li, A,

de—lithiation

During lithiation the transition metal is reduced to its metallic state and embedded
in a matrix of a (simultaneously formed) lithium compound Li, Ay (where A can be
O, N, P, F and others) [39]. A characteristic of this reaction is the in-situ formation
of metallic nano-grains of the TM during the first lithiation process, ensuring the
reversibility of the reaction and lithium reduction from Li,A . These nano-particles,
ensure a high electrochemical activity (due to a large amount of interfacial area) when
a reverse polarization is applied [39,47]. Nevertheless, we are still far from a practical
application of these materials in commercial LIBs for the higher capacity fade and
low cyclability when compared to the more common carbons. The capacity-potential
curves show a large hysteresis which increases with the electro-negativity of the anion

and with the increase of ionic conductivity of the lithiated matrix.
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Conversion-Alloying Anodes

A good compromise between alloying and conversion reaction mechanisms can be
achieved by a new developing class of active materials, of which a sketch of the involved
reactions is shown in Figure 2.6. In order to further increase the lithium uptake
per formula unit, it is possible to use mixed metal oxides, where an electrochemically
inactive metal is replaced by an element which can reversibly form an alloy with lithium:
those first undergo a conversion reaction, where they are fully reduced into their metallic
phases, subsequentially one or more of those metals can further alloy with lithium
resulting in an interesting extension of the capacity in the material [39,48,49]. In
these materials, called conversion-alloying materials (CAMs), the Li,O matrix formed
during the initial stage of lithiation, coupled by the electron conductive transition
metal network, add a buffering effect to the alloying reaction, resulting in an optimal
combination of the two lithiation mechanisms [50]. Besides the increase in capacity,
the alloying metals commonly react with lithium at lower potentials [50-53].

Major drawbacks of these materials are the significant volume changes and the
structural rearrangement, the final properties and characteristics of lithiation reactions

highly depend on the particle and electrode architecture.

o= O~

enhanced e supply
confined volume expansion
hindered particle aggregation

increased capacity
decreased voltage hysteresis
lowered Li* reaction voltage

Figure 2.6: Combination of alloying and conversion mechanisms, schematics [50].

Zinc in conversion-alloying materials One of the most investigated CAMs are
spinel-structured transition metal oxides, where one of the transition metal cations is
replaced by divalent zinc, ZnTM,0, (with TM = Fe, Co or Mn), since Zn can alloy

with lithium reversibly and increasing the total number of hosted lithium by one.
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ZnTM,0, +8LiT + 8¢~ — 2TM" + 4 Li,O + Zn° (2.4)
Zn® + Lit + e~ — LiZn (2.5)

Three classic Zn-containing compounds with conversion alloying characteristics are
ZnFe,0, (ZFO), ZnCo,0, (ZCO) and ZnMn,O, (ZMO), all three with the theoretical
capacity of intercalating up to 9 Li-ions per formula unit.

The general reversible (de-)lithiation reaction for spinel-structured ZnTM,0, is:

2TM’ + 4 Li,O + LiZn <— ZnO + TM, O, + 9Li + 9e~ (2.6)

A detailed analysis of one of these conversion-alloying materials (carbon-coated

zinc ferrite) will be provided in Chapter 4.

2.2.2 Cathode Materials

The cathode is the positive electrode, where the electrochemical reduction takes
place during cell discharge. In commercially available cells is utilized a lithiated metal
oxide as active material (for example LiCoO, and LiMn,O,). Requirements for selecting
and developing positive electrode materials are: the capability to incorporate high
quantity of lithium (ensuring the high capacity of the cell); Li* exchange must be
reversible with limited structural change (in order to ensure long cyclability and high
energy efficiency); lithium exchange reaction must occur at high potential relative to
Li, in order to achieve high cell voltage and high energy density; the material must
have high electronic conductivity and high ionic mobility to increase the rate of redox
reactions; also the material must be compatible with the other materials present in the
cell, in particular, it must not be soluble in the electrolyte [17]. Finally, to minimize the
production cost and the hazard for the environment, the material should be low-cost
and non-toxic.

Cathode materials that fit these requirements are typically oxides of transition
metals. At present time, the most common class of cathodes is represented by Li-
insertion compounds, which can be further divided into three sub-classes (cfr. Figure
2.7) depending on ion diffusion pathways within the active material: two-dimensional
layered oxides, three-dimensional spinel oxides, and uni-dimensional olivine compounds.
Along these directions, the host structure is strongly bonded, and thus the intercalation

reaction does not affect the host structure [43].
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Figure 2.7: Crystal structure, electrochemical reactions, and ionic pathways of Li-ion trans-
port mechanism of the principal cathode materials [54,55].

Layered Oxides

Layered oxides have the generic formula LiMO, whit M = Co, Mn, Ni or a com-
bination of those, and have been employed as commercial cathodes for LIBs. They
belong to the space group R3m where lithium and transition metals are located in the
octahedral sites of alternating layers in an ABCABC stacking sequence (O3-type) and
separated by layers of cubic close-packed oxygen atoms Fig.2.7(a) [56,57]. The most
used layered materials in making LIBs cathodes are LiCoO, and LiNiO,.

LiCoO, was first commercialized by Sony Corporation in 1990 for the first commer-
cialised model of LIB used it’s still commonly used for consumer devices nowadays [17].
The theoretical capacity of LiCoO, is 274 mAh g™, corresponding to the de-intercalation
of 1 mol of Li per mol of LiCoO,. Practically the empirical capacity of the material
is reduced to 50% — 55% of the theoretical capacity (130 — 150mAh g') due to the
irreversible structural modification of the material after the extraction of 0.5 mol
of lithium from a hexagonal phase to a monoclinic. The low practical capacity, in
conjunction with the high cost and high toxicity of cobalt, pushed the need to replace
LiCoO, with alternative cathode materials [56,58].

LiNiO,, is isostructural to LiCoO,, first reported by Dahn as cathode material [59],
and is considered to be an alternative to cobalt-based layered electrodes; it is relatively
cheaper and has higher energy density (15% by volume and 20% by weight). This
material, however, presents difficulties during the synthesis in obtaining a stable and
ideal R3m layered structure because nickel tends to the 2+ oxidation state and to
migrate into Li* sites [58].

To overcome these issues of LiCoO, and LiNiO,, and to enhance the electrochemical

performances and the structural stability of the materials, a layered cathode composed
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by a combination of different metal oxides (Co, Ni and Mn oxides) has been proposed.
These ternary oxides (reported by Ohzuku in 2001 [60]) are described by the general
formula LiNiyMn, _ Co,O,, they are low-cost and present a low structural instability
while the energy density is not much improved compared to LiCoO,, [61,62]. Another
family of mixed layered oxides compounds are Li-rich cathode materials, with the
general formula xLi,MnO4(1 —x)LiMO, (0 < z < 1, M = Ni, Mn, Co, etc.). They
show high capacity (over 300 mAh g!) in the optimal potential range 2 — 4.8V, a
low relative cost and no environmental issues; however, they suffer of a large initial

irreversible capacity and a poor rate capability [62].

Spinel Oxides

Spinel oxide cathodes have been introduced in 1980 [63] as manganese spinel, as a
cheaper and less-toxic alternative to cobalt layered materials. This manganese spinel
(LiMn,O,) have a cubic close-packed structure (space group Fd3m), where manganese
occupies the 16¢ sites and lithium the 8a sites, oxygen atoms are located at the 32e
sites. Mn ions occupy 1/4 of the available octahedral sites, leaving the rest of the
sites vacant and ready for a possible lithium insertion, the 8a and 16¢ sites form a 3D
pathway for Li insertion and extraction [57,58] Fig.2.7(b). This material can intercalate
one Li per formula unit at room temperature [43]; the theoretical capacity, in this case,
is 148mAh gt

The main issue of these spinel cathodes is the capacity fade during charge and
discharge cycles due to the dissolution of Mn*' at the electrode surface according to
the formula 2 Mn™® —— Mn24., + Mn2} . with the consequent dissolution of Mn**
into the electrolyte. Another factor affecting the performances of manganese cathodes
in LIBs is the Jahn-Teller induced distortion [64] and decomposition of the electrolyte

at high-voltage regions [43, 64].

Olivine Phosphates

LiFePO, olivine was introduced by Radhi et al. [65] as cathode for rechargeable
LIBs. Olivine structured transition metal phosphates LiMPO, (M = Co, Fe, Mn) have
attracted the attention of research due to the low-cost, nontoxic and environmentally
friendly nature of these materials [43]. LiFePO, operates at a very flat voltage of 3.4V
versus Li' /Li, carrying a theoretical capacity of 170mAh gt. The triphylite LiFePO,
belongs to the olivine structured lithium ortho-phosphates in the space group Pnma;

here the oxide ions form a hexagonal close packing arrangement; the iron ions form
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zigzag chains of octahedra in alternate basal planes linked by the tetrahedral phosphate
groups (PO,) [43]. Each FeO, octahedron share corners with 6 PO, tetrahedra, and
each of these tetrahedron shares, in turn, its corners with four FeO,, forming a 3-D
framework. The lithium atoms occupy octahedral sites in the remaining basal planes
Fig.2.7(c).

Besides LiFePO,, other olivine cathodes have been studied. In particular LiMnPO,
whit a working potential of 4.1V and also mixed compounds as Li(Mnge)PO,, Li(MnFeCo)PO,,
and LizV,(PO,);. The latter one has a working potential of 3 — 4.8V versus Li* /Li
and an high theoretical capacity of 197mAh g, the highest among phosphates [66,67].

The main weaknesses of olivine-based cathodes are the low average potential and
low electronic and ionic conductivity. The strategy to overcome these problems is

focused on carbon coating and the reduction of particles to nano-metric size [46].

2.2.3 Electrolytes for LIBs

Electrolytes are widely used and indispensable in all electrochemical devices since
they serve as the medium for the transfer of charges, in the form of ions, between a
pair of electrodes. For this reason, they are key determinants of battery performance.
The rate capability, stability, coulombic efficiency, temperature range and safety of any
lithium-ion battery are affected by the composition of the electrolyte.

A suitable electrolyte should the following properties [68,69]:

o High ionic conductivity (oz; > 107* S/cm) for minimizing the internal resistance

and at the same time a very low electronic conductivity (.- > 1071% S/cm).

o Large and stable electrochemical window to ensure a wide operational voltage

and avoid electrolyte degradation.

o Chemical compatibility with both the anode and cathode materials and all the

other cell components.
o Low melting and high boiling point to enhance battery safety.
» Low cost, reliable safety characteristics, and environmental benignity:.

Four types of electrolytes are used in Li-ion batteries: liquid electrolytes, gel
electrolytes, polymer electrolytes and ceramic electrolytes. The most common are
liquid electrolytes, solutions of a lithium salt in organic solvents, typically carbonates.

The two main components of liquid electrolytes are the salt and the solvent. The
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salt supplies the charge carriers needed to cycle Li-ions between anode and cathode.
It must dissolve in the solvent and it should have high ion mobility to increase the
conductivity [70]. Most commonly used salts and solvents are listed in Tables 2.4 and

2.5 respectively.

Table 2.4: Salts Used in Electrolytes for Li-ion Cells [17].

’ Common name ‘ Formula ‘ g/mol ‘ Comments ‘

Lithium LiPF, 151.9 Most commonly used
hexafluorophosphate

Lithium LiBF, 93.74 | Less hygroscopic than LiPF
etrafluoroborate

Lithium LiClO, 106.39 Less stable than LiPF
perchlorate

Lithium LiAsFy 195.85 Contains arsenic
hexafluoroarsenate

Lithium LiSO4CF, 156.01 | Al corrosion at low voltage
triflate

Lithium
bisperfluoroethane- | LIN(SO,C,F5), | 387 Stable to water
sulfonimide(BETT)

The solvent needs to dissolve the salt in high amounts (i.e. have a high dielectric
constant) and be fluid over a wide range of temperatures to allow for rapid ion transfer.
At the same time, it should remain inert towards the electrodes and all other cell
components. Other requirements include safety, economy and toxicity [71]. A wide
variety of solvents, including carbonates, ethers and acetates, has been evaluated for
non-aqueous electrolytes. The industry has now focused on the carbonates as they
offer excellent stability, good safety properties and compatibility with electrode materi-
als. Neat carbonate solvents typically have intrinsic solution conductivity less than

1077 S/em, dielectric constant > 3, and solvate lithium salts to high concentration [17].

From the first commercial Li-ion batteries, special attention was paid to ethylene
carbonate (EC) [70], which has a dielectric constant (~ 89). The unique position of EC
as a lithium-ion battery electrolyte was established in 1990 when Dahn and co-workers
reported the fundamental difference between EC and PC (propylene carbonate) in their
effects on the reversibility of lithium-ion intercalation/deintercalation with graphitic
anodes [41]. Despite the little difference in molecular structure between the two, EC

was found to form an effective protective film (SEI) on a graphitic anode that prevented
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Table 2.5: Characteristics of main organic solvents [17].

EC PC DMC DEC DME EMC
Solvent | othvlene- | propylene- | dimethyl- | diethyl- | dimethyl- | ethyl methyl-
carbonate | carbonate | carbonate | carbonate | ether carbonate
BP (°C) 248 242 90 126 84 109
MP (°C) 39 —48 4 —43 —58 —55
Density
(g/ml) 1.41 1.21 1.07 0.97 0.87 1.0
Viscosity
(cP) 1.86 2.5 0.59 0.75 0.455 0.65
Dielectric | - gq 6 64.4 3.12 2.82 7.2 2.9
constant
Mol. wt. 88.1 102.1 90.1 118.1 90.1 104.1

any sustained electrolyte decomposition on the anode, while this protection could not

be realized with PC. Although ethylene carbonate as a single solvent is not suitable,

because it is a solid at room temperature, it is used in mixtures containing linear
alkyl carbonates such as dimethyl, diethyl, and ethyl-methyl carbonates (DMC, DEC,
and EMC, respectively) [72]. Typical ready-to-use electrolytes contain 1 M LiPF
salt dissolved in mixtures of EC, DEC, DMC or EMC. Chemical structures of most

commonly used electrolyte solvents are shown in Figure 2.8.
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Figure 2.8: Structures of main organic solvents used in Lithium-ion batteries [70].

2.3 Sodium-ion Batteries

Sodium is the fourth most abundant element on earth with a uniform distribution

[73,74] with a virtually unlimited source in salt deposit and seawater. The abundance of
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the resources and the much lower cost of sodium-containing precursors with respect to
lithium precursors (135 — 165 $ per ton versus 5000 $ per ton [73]), and similar chemical
proprieties provide a compelling alternative to Li-ion batteries in the development of
Na-ion batteries (NIBs) technology, which in the recent years yield the research and
industrial attention as large-scale energy storage system [17,73,75]. Fig. 2.9 shows the
limited and uneven distribution of lithium supplies around the world, it is estimated
that 89% of total Li income is controlled by four companies: Albemarle Corporation
(USA), American FMC Lithium (USA), Sociedad Quimica y Minera de Chile (SQM,
Chile), and Talison Lithium (Australia), which is owned by Albemarle Corporation
(49%) and Tiangi Lithium Industries (51%) from China [76].

The battery components and the electrical storage mechanisms of NIBs and LIBs are
basically identical except for their ion-carriers. For cathode material, the intercalation
process of sodium is very similar to the one of lithium, making it possible to use similar
compounds for both systems [73]. However there are obvious differences between the two
systems: Na' ions are larger than Li* ions (1.02A, versus 0.76A), this affects the phase
stability, transport and also the interphase formation [73,77]. Sodium is also heavier
than lithium (23g/mol versus 6.9g/mol) and has a higher standard electrode potential
(~ 2.71V vs. SHE-standard hydrogen electrode, compared to ~ 3.02V vs. SHE for
lithium), thus NIBs will not prevail in terms of energy density. However, the weight of
the ionic carriers is only a small fraction of the total mass of the battery components,
furthermore, the capacity is primarily affected by the structural characteristics of the
host structures that are employed as electrodes. Hence, in principle, there should
not be large consequences in terms of energy density in the transition from LINs to
NIBs [73]. Moreover, aluminium current collector can be employed in NIBs (while
this is not possible in LIBs since aluminium undergoes an alloy reaction with lithium
at potentials below 0.1V vs. Li/Li") making it a cost-effective alternative to copper

current collectors.

Also historically, the development of NIBs started parallel to that of LIBs. The first
reversible electrochemical intercalation of sodium in TiS, at room temperature was
reported in 1980 [78], with a cathode that was later proposed as cathode material for
the first rechargeable Li-ion battery. In the same year were reported the electrochemical
proprieties of Na-containing layered oxides, Na ,CoO, by Braconnier [79]. However,
the limitations in resources, research condition and apparatuses including electrolyte
solution, binders, separators, and glove box proved to be insufficient for handling

sodium metal at that time (sodium is more reactive in air than lithium), which resulted
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Figure 2.9: Global distribution of lithium supplies [76].

in difficulty in fairly observing potential of the electrode performance as batteries, led to
a faster interest increasing into LIBs technology while NIBs research remained limited.
Industrially, only a few Japanese and US companies developed, in the ’80s, a commercial
version of NIBs in full cell configurations where sodium-lead alloy composite and P2-
type Na,CoO, were used respectively as a negative and a positive electrode [80,81].
Only in recent years, the interest towards sodium-ion technology has been renewed to
find a more cost-effective replacement for LIBs with a minimum sacrifice on performance
and risk avoidance from export restrictions for lithium resources [73,82].

The main characteristics of Na compared to Li are summarized in Table 2.6

Table 2.6: Li and Na properties [55].

| | Li | Na |
Cationic radius (A) 0.76 1.02
Atomic weight (g mol™) | 6.9 23
Potential vs SHE (V) ~3.04 | ~27
Melting point (°C) 180.5 | 97.7
Price, carbonates ($/ton) | 5000 | 150
Capacity metal (mAh g!) | 3829 1165

A description of the most relevant classes of active materials and electrolytes under
investigation for NIBs is given in the next sections, comparing them with LIBs relative
counterparts, while a simplified schematics of a Na-ion cell with all the commonly used

materials is presented in Figure 2.10.



2.3 Sodium-ion Batteries 29

Cathode Anode

w44 Layered Oxide Carbonaceous ¢

'ﬁ» Na-ion Battery

.+ Polyanion

Additive E Binder ,’g N T

Metal Alloy

® .4 4
° Q! : % Solvent
é

Salt

Electrolyte & Binder

Figure 2.10: Schematics of a Na-ion battery and the principal classes of materials in the
components [73].

2.3.1 Anode Materials

The main challenge in NIBs technology is mainly represented in finding a suitable
replacement for the anode material for Na-ions storage. Similarly to LIBs, metallic
Na cannot be used because of the dendritic growth upon cycling which leads to short
circuits and safety hazards, also the low melting temperature of metallic sodium
increases the safety risks and makes it not suitable in commercial uses [76,83]. Similarly
to LIBs, negative electrode materials for NIBs can be classified based on their reaction
mechanism during the sodiation/de-sodiation process and divided in insertion, alloying

and conversion anodes. An overview of these materials is shown in Figure 2.11 [55,73].
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Figure 2.11: Overview of the materials used as anodes for NIBs [55, 73].
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Insertion Anodes

e Carbonaceous materials

As seen in a previous section (2.2.1), carbon-based materials (graphite in particular)
are the most common choice in LIBs manufacturing since Li rapidly forms intercalated
compounds with it in which lithium ions are located at the graphene inter-layer until
C:Li ratio reaches 6 : 1 (LiCg4). However, in NIBs, Na* insertion into graphite is
significantly impeded since it is electrochemically less performing and furthermore
causes the degradation of electrolyte and /or electrode materials, especially with common
carbonate esters electrolyte solvents [84,85]. Moreover the formation of NaCy and
NaCyg is unfavourable because of the thermodynamic instability of binary Na-Graphitic
Intercalation Compounds (GICs) [73]. Early first-principles calculations indicated that
it is hard for Na to form the intercalated graphite compounds compared to other alkali
metals [86,87]. Na-ion insertion into graphite can be facilitated by the use of solvated
Na-ion co-intercalation reaction, by the use of diglyme (diethylene glycol dimethyl
ether) electrolyte solvent [88].

On the other hand, disordered carbons showed better performances in intercalating
Na™, with a higher reversible specific capacity. First report of sodium-ions intercalating
in soft carbons prepared by pyrolysis of petroleum cokes was in 1993 by Doeff et
al. [84]; while in 2000, Steven and Dahn obtained a specific capacity of 300 mAh g™!

for sodium-ion intercalation in hard carbons prepared by carbonization of glucose [89].
o Titanium-based oxides

Similarly to LIBs, titanium-based active materials have been studied and exten-
sively investigated as negative electrodes for NIBs, because of the relatively low redox
potentials of Ti**/**. Several Ti-based sodium compounds demonstrated to reversibly
intercalate Na ions. For example layered NaTiO, and Na,Ti;O- [86]. Also intercala-
tion into spinel-like structures is possible, reversible intercalation of Na® into spinel
Li, Ti;O,, has been reported [90], with a delivered reversible capacity of 145 mAh g~*
and a potential of 1 V. Ionic insertion mechanisms between LIBs and NIBs differ in
spinel material. While Lit insertion occurs via a 2-phases mechanism, Na™ insertion
happens in a three-phases process; this mainly because of the larger ionic radius of
sodium [73].

Another class of interest for NIBs anodes using an insertion mechanism is represented

by sodium titanates, in particular Na,Ti;O, because it can reversibly uptake 2 Na™*
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ions per formula unit through a two-phase reaction, giving a final theoretical capacity
of 177 mAh g1, with a low operating potential plateau of 0.3 V vs Na/Na™ [91].

Alloying Anodes

Similarly to lithium, also sodium can form binary compounds with pure metals and
semi-metals of elements in group 14 and 15 in the periodic table (M+nNa*+ne =Na, M).
Those alloys are very attractive for the construction of NIBs due to their high theoretical
capacities. For example, there are reports of alloying reactions of Pb to form Na, --Pb
[92]. The most encouraging candidates as alloying metals with sodium are Sn and Sb.
Sn shows an high theoretical capacity of 847 mAh g~! while Sb delivers a theoretical
specific capacity of 660 mAh g, based on full sodiation state of Na,Sh.

The main withdraw of alloying sodium comes from the large ionic radius that
inevitably causes more detrimental volume expansions upon (de)sodiations, causing
irreversible structural modifications and finally the pulverization of the electrode active
material, with the related capacity loss (a comparison of volumetric expansion between
carbons anodes for LIBs and NIBs is provided in Figure 2.12). For this reason, the
current research in this field is mainly focused on controlling the effect of volume
changes with similar strategies used for lithium counterparts [93].

Whereas silicon has been considered the most promising anode in Li-ion batteries
thanks to its electrochemical performances, it is not as promising in Na-ion batteries
because it can only uptake one sodium ion per formula unit and exhibits poor Na
diffusion kinetics [94]. An improvement of silicon electrochemical performances has
been obtained with amorphous Si due to a more favourable binding reaction with
Na [73].

The electrochemical alloying of Sb-Na was also reported [95] in Sb,O, thin films
which alloys sodium after conversion, showing a total theoretical capacity of 1227

mAh g~! since it can store 14 Na ions per formula unit of Sb,O,.

Conversion Anodes

Conversion anodes for NIBs have been intensively tested, the main representatives
of this class of materials are: transition metal oxides, transition metal sulphide and
transition metal phosphide.

Conversion reactions have been studied also in spinel-like materials as NiCo,O, [97]
where a reversible reaction was described between the metal oxide and sodium, where

Co and Ni metallized in a matrix of Na,O after full sodiation. Also other types of
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Figure 2.12: Universal expansion curves for Li and Na alloys [96]. Voltage of positive
electrode was assumed to be 3.75 V to calculate the energy density.

transition metal oxides were proposed as electrodes in NIBs, such as iron oxides (Fe;O,
and Fe,0;), cobalt oxide Co;0, and copper oxide CuO, molybdenum oxide (MoO,),
nickel oxide (NiO) and finally manganese oxide (Mn;0O,).

These conversion materials gathered attention due to their high theoretical specific
capacities but they suffer from poor cycling stability and large hysteresis. Therefore
the main goal for improvement is focused on nanotechnology and carbon coating

strategies [73].

2.3.2 Cathode Materials

Most of cathode materials used for NIBs are based on intercalation reactions, which
involves sodium ion insertion into interstitial spaces of the material. Since intercalation
chemistry of sodium is very similar to lithium, the same compounds used in LIBs have
been tested also for NIBs. Therefore a large class of materials have been proposed as
possible positive electrodes for NIBs, we can divide those into layered oxides, polyanionic
compounds, Prussian blue and organic compounds. All those are characterized by
minimal structural changes during intercalation, but due to the ionic dimension, these
material are always subjected to continuous structural evolution during sodiation of
the host structure [73]. Figure 2.13 gives an overview of the large class of NIBs positive

electrode materials. Here we will focus only on layered oxides.
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Figure 2.13: Overview of recent research on cathodes for Na-ion batteries [55,73].

Layered Oxides

Layered oxides (NaT,;0,, T)\,=Ti,V,Cr,Mn,Fe,Co,Ni and any other mixture of 2 or
3 elements), among the other candidates for NIBs cathodes, offer many advantages due
their simple structure, high specific capacity and simplicity in synthesis [98]. The first
investigation regarding two-dimensional layered oxides was by Delmas, Hagenmuller
and co-workers in 1982 [99], where they classified them into two main groups: O3
types and P2 types, depending on the stacking sequence of oxygen in the structure.
Later on, feasible electrochemical insertion of sodium ions was demonstrated by other
groups during the '80s although the initial approaches resulted in poor specific capacity
and poor cycling performances due to poor conditions of electrolytes, equipment and
so on. Over the years several improvements have been applied to layered oxides:
incorporation of specific electrochemically active elements could activate targeted redox
reactions at selected voltages in order to achieve smoother charge-discharge profiles;
incorporating small fractions of electrochemical inactive elements into the oxide layers
proved to be effective on the structural stabilization of the layers, resulting in better
capacity retention and ciclability although the quantity of active material is reduced
by substitution [98].

Layered oxides of general formula Na, T);0, are composed by repeating layers of
Ty\;Og with Na ions sandwiched in between the layers of the oxide. Typical phases of Na
layered oxides are O2, O3, P2 and P3 depending on the surrounding Na environment
and the number of unique oxide layer packings. The letters indicate the environment

where sodium is located: O is for octahedral, P is for prismatic; while the number
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Figure 2.14: Classification of sodium - metal oxides layered materials, and phase transition
induced by Na extraction [100,101].

indicates the number of unique inter-layers within each unit cell. The symbol prime ()
can be added to indicate a distorted phase. Sodium extraction from the material, as
showed in Figure 2.14, leads to phase transition O3 — P3 and P2 —— O2; while
structural variation from O3/P3 to P2/02 is not possible without breaking the T);—O
bond [93,100,102]. The O3-phase occurs when 0.7 < x < 1 with a stacking sequence
ABCABC and all Na share one edge and one face. In the P2-phase, occurring when
x =~ 0.7, there is an oxide layer stacking sequence with ABBA pattern, all Na share
either an entire edge or an entire face. The P3-phase, is known to occur when x = 0.5,
the stacking sequence follows the pattern ABBCCA and all Na share one face with
T\ Og octahedron and three edges with three T,;04 octahedra [98].

Electrochemical performances are heavily influenced by the type of phase, not only
because of the quantity of Na in the initial state but also due to the different stability
in the layers and due to the different kinetics in the surroundings of Na. At present
day, better performances are achieved by the P2-phase cathodes, with better cycle
life and higher energy density [103] because of the low diffusion barrier and high ionic
conductivity.

Sodium cobaltate NaCoOQ,, was the first compost to be examined for electrochemical
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sodium intercalation [79]. It was shown that the various Na,CoO, polymorphs could
reversibly intercalate Na™ within the P2-phase structure with a very limited capacity
of 95 mAh g~! [104]. Shacklette also examined a series of Na,CoO, compounds and
found that the P2 polymorph has the best capacity retention, probably due to the lack
of gross structural changes during cycling [103,105].

Layered sodium iron oxides (NaFeO,) and sodium manganese oxides (NaMnO,)
are very attractive because of the cost-effectiveness of the materials and also for the
non-toxicity. The implementation of NaFeO, in NIBs has been limited due to its
limited electrochemical properties. While a—NaFeO, is the structural prototype for
layered materials in the R-3m space group, its performance in a Na cell is affected
by the unstable Fe(IV) oxidation state [105]. Also, sodium manganese bronzes were
studied as NIBs cathodes. The P2-Na, . MnQO, 5. structure showed to have a reversible

1

capacity of 96 mAh g=! after charging up to a potential of 3.5 V [106], later studies

showed an increase in the reversible capacity when charging at higher potential (3.8 V)
at expenses of cyclability.

One of these layered oxide cathode materials will be taken into consideration in
Chapter 6.

2.3.3 Electrolytes for NIBs

Similarly to LIBs, the choice of the electrolyte will affect the whole cell electro-
chemical performances, cycle life, capacity and capacity retention, safety and other
parameters of the battery [107]. A good electrolyte for NIBs should have the following

properties:
« Lack of reactivity and form a stable passivation layer (cfr. Section 2.4).
« Electrochemical stability is a wide voltage range.
o Thermal stability at operational temperatures.
« High ionic conductivity for sodium ions.
o Absence of internal electronic conductivity.

» Low cost, reliable safety characteristics, and low toxicity (these aspects are more
important for NIBs than LIBs).
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As for electrode materials, also in the choice of electrolytes, the knowledge that
was acquired for LIBs has been implemented in NIBs. In fact, most commonly used
electrolytes for NIBs are the analogue of the ones used for LIBs: inorganic salts dissolved
in organic solvents. The main difference is in the chemistry of the ions (Li* or Na™t):
for example in the radius, Lewis acidity and cation-anion interactions that make the
direct passage from LIBs to NIBs not so straight forward [108].

The choice of salt has a direct impact on the chemical and electrochemical stability.
Indeed the anion limits the upper voltage (since it is the first to oxidize), while the
lower voltage limit is limited by the solvent reduction. Furthermore, on the solvent
depend also the thermal stability and ion mobility, which is inversely proportional to
the electrolyte viscosity [107].

In general, sodium-salts present a higher melting point and thermal stability than
the lithium counterparts, this presents an advantage in therm of cell safety. The most
commonly used salts for NIBs are NaClO,, NaPFy, NaTFSI and NaFSI [108,109].

Commonly used solvents are usually composed on a mixture of different compounds
as seen for LIBs, such as EC:PC, EC:DMC, EC:DEC etc. [107] c¢fr. section 2.2.3.

2.4 Solid Electrolyte Interface (SEI)

The anode/electrolyte interphase, also referred to as the Solid-Electrolyte Interphase
(SEI) [110], is a passivation layer-film of different chemical species formed on the negative
electrode of Li-ion or Na-ion batteries, resulting from chemical reactions of the anode
with the electrolyte solution [70]. The SEI layer acts as Li* or Na* conductor, but also
as an insulator to electron flow and it limits itself the further electrolyte decomposition;
on the other hand, consuming Li-ions or Na-ions in the formation of the SEI leads to
an irreversible capacity loss [16,110]. Thus, the SEI passivation layer plays a key role
in battery performance, irreversible charge loss, rate capability, cyclability, exfoliation

of graphite and safety, which are highly dependent on the quality of the SEI layer [111].

2.4.1 Formation and Features of SEI

Generally, the passivating layer of the SEI is almost completely formed during
the first charge of the battery [16,114]. Electrolyte salts, such as LiPFg, LiAsF,
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LiBOB, LiClO, or LiBF, in a mixture of carbonate solvents (for example dimethyl
carbonate, diethyl carbonate, ethylene carbonate, etc...) are widely used as electrolyte
solutions [16,115,116]. This solution is thermodynamically unstable at low and very
high potentials vs. Li/Li*. Hence, during the first charge of the cell, the electrolyte
solution begins to reduce/degrade; then, these products precipitate on the anode surface
via nucleation and growth mechanisms [117] and form the SEI. The onset potential
of SEI formation is not a fixed value since it varies depending on several factors like
nature and composition of electrolyte, type of used electrode, nature of additives in
the electrolyte, etc... [118]. The thickness of the SEI is largely variable depending
on the initial conditions of its formation, it may vary from few A up to hundreds of
A [119,120]. An example of SEI thickness evolution is shown in Figure 2.17. Besides the
composition of electrode and electrolyte, also other factors contribute to the formation
of SEI: temperature and current rate strongly influence the thickness and composition
of the layer [121]. Schematics of SEI formation and evolution in zinc-ferrite LIBs

anodes (studied by our group) are provided in Figures 2.15 and 2.16.

The reduction mechanism, at the electrode-electrolyte interface, builds up a protec-
tive film that will eventually cover the whole surface of the electrode. Moreover, in
graphite-based electrodes, the SEI (called internal-SEI film) can penetrate the surface
and form in the cracks and on the surface of the natural graphite spheres [122]. Ethylene
carbonate (EC), due to its high dielectric constant, is preferentially coordinated to
lithium ions and reduced. A wide range of EC reduction products have been listed by
Aurbach et al. [123] after experimental studies of SEI layers, concluding that lithium
alkyl carbonates dominate the SEI. Apart from EC reduction products, also a range of
other SEI components have been proposed in a review by Verma et al. [111], including
organic and inorganic products formed both by electrolyte salts and electrolyte solvents.

A schematics of the chemical coponents present in the SEI is shown in Figure 2.18.

When considering NIBs, limited reported studies about SEI are available at present-
day compared with the larger mole of SEI studied in LIBs. For commonly used
electrolytes in NIBs, the electrochemical stability window is comprised in the range
1 — 4.5V, although this window is largely influenced by all the variables in the used
electrochemical system as in LIBs [76,126].

Comparative studies on noble metal negative electrodes, in conjunction with LiClO,
and NaClO, in propylene carbonate (PC) based electrolytes, showed incomplete forma-
tion of the passivation layer onto the metal electrode, and partial dissolution of the

surface film in the Na system, suggesting that the sodium-based organic compounds
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Figure 2.17: Schematics of the SEI thickness evolution for graphite and zinc-ferrite anodes,
studied with As Ka X-ray Fluorescence [124].

Figure 2.18: Schematic picture of SEI on a lithiated graphite anode with a list of chemical
compounds at different depth found with XPS by Malmgrem et al. [125].
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formed by electrolyte degradation are more soluble than the correspondents used in Li
systems. This probably due to the lower Lewis acidity of Na™ when compared to Li*
ions, leading to different solubility of the electrolyte decomposition products [127].

SEI formation in NIBs was also studied using hard carbons as negative electrodes
and as electrolyte 1 mol/dm?® NaClO, and LiClO, in PC. The resulting SEI film in
NIBs cells was formed for the big part by inorganic compounds, confirming the higher
solubility of the decomposed products in sodium-ion cells [128] and showing the different
thickness and morphology between lithium and sodium systems [101].

The different type of ionic carrier, even when using the same electrode materials
and electrolyte, lead to different characteristics of the SEI layers. In particular, it
is proven that the formation of a stable interface in sodium-ion based cells is more
difficult than in LIBs.

The formation and evolution of the SEI in graphite electrodes, using an As-based

electrolyte mixture, will be studied in Chapter 5.

2.5 The Solid Permeable Interphase (SPI)

Unlike the anode-electrolyte interface SEI, which forms mainly during the first
cycle, significantly increasing amount of material is deposited at the cathode-electrolyte
interface during the cycling life of the battery. The solid permeable interphase (SPI)
[129] concept was introduced to distinguish the interface at the cathode from the
significantly different SEI at the anode. The term "permeable" was chosen to highlight
that the SPI, unlike the SEI, doesn’t act as passivating layer [130]. Since the cathode
operates at higher potentials than the cathode, there is no need of a passivating layer to
avoid electrolyte reduction. However, other types of reactions at the surface may occur.
For example electrolyte oxidation [131], dissolution of cations [132], transformation of
metal oxides [133] and also deposition of electrolyte material formed elsewhere in the

battery [70]. A schematic picture of SPI components is shown in Figure 2.19.

Binder

LiPFx ~(CH2CH20)-

-(CH2CH20)- LiF -(CH2CH20)- LiPFx
~(CH2CH20)-

Figure 2.19: Schematic picture of SPI on a carbon coated delithiated lithium iron phosphate
cathode with a list of chemical compounds at different depth found with XPS
by Malmgrem et al. [125].
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Only a limited number of studies have been dedicated to the interfacial elec-
trode/electrolyte reactions onto the cathode. The SPI layer has been studied on
Li, ,CoO, [134], LiMn,O,, LiNi,3Co,,0, and LiFePO, [129], showing that similar
organic and inorganic compounds are formed in all these kind of cathodes.

For Na-ion batteries, a study regarding the SPI layer was reported by Doubaji et
al. [135] on layered P2-Na, Co, ;Mn, ¢Ni, 4O, cathodes. Results showed an SPI layer
much thinner than the usual SEI layer found on NIBs anodes, furthermore, it contains

principally organic compounds (Na,COs).






Chapter 3
Experimental Techniques

The physical and chemical characterization of the various materials has been per-
formed using spectroscopic techniques, synchrotron-based or with laboratory equipment.
In particular, the results reported in the following chapters are based on data collected
with X-ray Absorption Spectroscopy, X-ray Photo-emission Spectroscopy and Raman
Spectroscopy. All of these techniques, with different peculiarities, can provide infor-
mation regarding the chemical composition and structure of the samples. They also
provide crucial outcomes on the understanding of the deep processes occurring during
ionic insertion in battery materials.

X-ray Absorption Spectroscopy and X-ray Photo-emission Spectroscopy involve the
excitation of a core electron, thus both methodologies are element-specific, and are
optimal for monitoring the evolution in the structure and electronic state of the various
samples. Moreover, they are complementary one to each other since they can provide
information regarding the surface or the bulk. Thus they are a well-suited technique
for investigating the different features on battery electrodes as the structural evolution
at the bulk, and the formation and modification of the superficial layers.

On the other hand, Raman Spectroscopy is a vibrational technique that can
provide information on the structure at the atomic scale on both inorganic and organic
compounds. When coupling the Raman spectrometer with an optical microscope,
it is possible to use the technique as a microprobe and obtain a spatial resolution
on the order of 1um that can also allow detailed mapping of the electrodes and the
study of particles of the active material with proper size. With this kind of set-up, if
coupled with a specific electrochemical cell with an optical window, is also possible
to perform in-situ studies directly on the electrode surface, when the cell is operating;

thus providing a direct and detail monitoring on all the changes and an insight into
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the mechanisms that govern the electrode performances.

The electrochemical characterization of the various electrodes is a fundamental step
for validating their effectiveness as battery materials and for evaluating their electro-
chemical performances, such as the specific capacity, capacity retention, cyclability
and operational voltage window. Moreover, constant electrochemical monitoring of
cell performances is fundamental during its physical and chemical characterization.
Especially when performing in-situ and in-operando characterization of the electrode, is
crucial to have a direct corroboration on the electrochemical performances, in particular
regarding the voltage, current, and capacity. Monitoring these parameters guarantees
the proper functioning of the cell and provides a link between the physical parameters
and the electrochemical ones.

The sections of this chapter are devoted to the description of the different experi-

mental techniques employed and cited in the thesis.

3.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is one of the most used techniques for the
study of electronic and structural properties of condensed matter [136,137]. In a typical
XAS experiment the attenuation of a X-ray beam passing through a sample is studied
as a function of photon energy E above the threshold of an absorption edge. In a
transmission experiment the measured physical quantity is the absorbance, defined as:

Iy

a=p(E)r=In A (3.1)

where

p(E) is the absorption coefficient (u(E) = po(E) whit p: photo-absorbers density

and o(FE): cross-section).

x is the sample thickness.
o Iy(E) is the intensity of radiation hitting the sample.
o [;(E) is the intensity of the radiation transmitted through the sample.

In the X-ray region (0.1 — 100 Kel') the main contribution to the cross section comes

from the photoelectric effect, which is dominant respect to the other scattering channels
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as Compton effect and pair production (Fig. 3.1!). In correspondence of the binding
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Figure 3.1: Total photon cross section oy, for arsenic, as a function of energy, showing the
contributions of different processes: 7, , atomic photo-effect (electron ejection,
photon absorption); o, , coherent scattering (Rayleigh scattering-atom neither
ionized nor excited); dncon , incoherent scattering (Compton scattering off an
electron); ky, pair production, nuclear field; . , pair production, electron field.

energies of the core electrons (1s, 2s, 2p ...) a sudden increase (jump) in the attenuation
coefficient occurs; these are known as edges (K, Ly, Ls... ). In an energy region beyond
the edge of about 1000 eV, oscillations in the absorption coefficient are present, these
are usually referred to as XAFS (X-ray absorption fine structure). These oscillations are
caused by a quantic interference phenomenon: a photo-electron (the electron excited
by the X-photon) can be consider as a spherical wave associated to a wave-length A,

derived by the de Broglie formula:

h

A= V2me(hw — Eo)

(3.2)

where hw is incoming photon energy, Fj is the edge energy. The waves, back-scattered
from the nearby atomic sites, can interfere constructively or destructively with the
outgoing wave from the photo-absorber, depending on \., the photon energy and inter-
atomic distances (a cartoon of the interference phenomenon leading to XAS is shown in
Figure 3.2). The interference produces a modulation in the cross section and thus in the

absorption spectrum. The photo-electron behaves like a probe strongly interacting with

'Data from http://physics.nist.gov/PhysRefData/Xcom/html/xcoml.html
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the nearby atoms, having a mean free path of the order of 6 — 8 A, as a consequence
we can obtain information only on the local structure near the photo-absorbing site,

but very accurate. The term XAFS is broad and includes several different types

Figure 3.2: Schematic illustration of the interference leading to the EXAFS oscillations.

of analysis: EXAFS (Eztended X-ray Absorption Fine Structure), XANES (X-ray
Absorption Near Edge Structure), NEXAFS (Near Edge XAFS) and SEXAFS (Surface
EXAFS), although those techniques are often referred in many papers as XAS (X-ray
Absorption Spectroscopy) [137]. Let’s now focus on the physics and analysis of the
EXAFS range of the spectrum. The contribution to the absorption cross section from
the interacting photo-electron with the nearby atoms is isolated from the atomic cross

section og(k), defining the dimensionless EXAFS structural signal x(k):

(k) — oo(k)

X(k> - Uo(k)

(3.3)

where k is the magnitude of the wave vector of the emitted photo-electron,

k = /2m(E — Ey)/h. Even though the oscillations of the core level absorption cross-
section are known since about 100 years, only in the '70s, with the spread and
development of synchrotron facilities this technique has become widely used. First
analysis methods where based on simple Fourier transform, only around 1970 Stern,
Sayers, and Lytle [138-141] synthesized the essential aspects of a viable theory of
XAFS, and further demonstrated that XAFS could be a practical tool for structure
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determination; only in recent years, thanks also to computer developments, a more
accurate analysis based on multiple scattering theory was possible for both near-edge
and EXAFS spectra [142,143]. Further details on XAFS data analysis will be discussed
in appendix A.

3.1.1 XANES and EXAFS in the Study of Atomic and Elec-

tronic Structure of Materials

The X-ray Absorption spectrum is usually divided into two energy regions: the
X-ray Absorption Near-Edge Spectroscopy (XANES) typically within 30eV of the
main absorption edge and the Extended X-ray Absorption Fine-structure Spectroscopy
(EXAFS); (Fig. 3.3%). Even though the two have the same physical origin, this
distinction is very useful and convenient in terms of analysis and interpretation of the
experimental data.

XANES is strongly sensitive to the oxidation and coordination state (for example
octahedral, tetrahedral coordination structures) of the absorbing atom, whereas EXAFS
analysis can provide information regarding the distances, coordination number and

chemical species of the neighbouring atoms of the photo-absorber [144].
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Figure 3.3: Example of XAS spectra of FeO, showing the XANES and EXAFS regions as
well as the edge-step App(EO) and the smooth background function po(E).

XANES The oscillations and signal of XANES are much larger than EXAFS, thus

it is possible to acquire XANES more easily: in low concentration samples and with a

*Image from http://www.ati.ac.at/index.php?id=247
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much-reduced acquisition time. However, the interpretation of XANES signal is not so
straightforward since there is not a simple analytical description of the phenomenon.
In fact, EXAFS equation (c¢fr. Eq. A.16) does not work at low-k for the presence of
the term 1/k and for the increase in the mean-free-path at very low k values.

Still, a qualitative analysis of the XANES region can provide information in a
more 'direct’” way if compared to EXAFS. XANES shape and edge position are strictly
connected to the formal valence state, type of ligand, and coordination environment;

and give an insight on:

« Oxidation state

« Coordination Chemistry (regular, distorted, octahedral, tetrahedral, etc.)
« Molecular Orbitals (p-d orbitals hybridization)

« Band Structure (density of available electronic states)

o Multiple-Scattering

One of the common applications of XANES is for the determination of the valence
state evaluating the position of the absorption edge. Comparing the obtained experi-
mental value with the tabulated ones, it is possible to determine the average value of
the absorber atoms valence state, as a fraction of different components. The heights
and positions of pre-edge peaks can also be reliably used to empirically determine
oxidation states and coordination chemistry [144].

For many systems, the XANES spectra can be also interpreted as a linear combina-
tion of known and tabulated spectra of reference compounds and used as a fingerprint
for phases and oxidation state. Thus, trough a linear combination fitting procedure,
it is possible to obtain the fraction of each compound present in the sample. More
sophisticated linear algebra techniques such as Principle Component Analysis and
Factor Analysis can also be applied to XANES spectra [144].

Information regarding the molecular orbitals can also be derived from XANES,
for example for ions with partially filled d-electron bands, the p-d hybridization
changes dramatically depending on the coordination environment, whit a very strong
hybridization for tetrahedral configuration and a lower one for octahedral. This results
in an evident pre-edge peak with a highly localized molecular orbital state and indicating

a transition to a bound electronic state [144].
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EXAFS After collecting and analysing the experimental signal (cfr. Section 3.1.2),
it is possible to retrieve information about the chemical environment of the photo-
absorber atom, in terms of number and type of its neighbours, inter-atomic distances,
and structural disorder parameters [145]. All within a distance which is given by the
mean-free-path of the photoelectron, which is in the range of 6 — 8 A- radius from the
absorber. This makes of EXAFS a powerful and flexible structural probe.

In Appendix A we derive the EXAFS equation which links the experimental
oscillations of the signal to the structural and non-structural parameters of the physical
system. To have access to these parameters is necessary to process the raw experimental
signal and perform data analysis.

EXAFS data analysis is normally done by using code programs which allow cal-
culating the theoretical EXAFS spectrum based on ab-initio calculations, followed
by a fitting refinement procedure which compares the experimental to the theoretical
signal [146], providing the structural parameters.

XAS, and therefore the results obtained from EXAFS data analysis, is a bulk
technique and this all the atoms irradiated by the X-ray beam contribute to the overall
XAS spectrum. Furthermore, EXAFS data analysis of nanoparticles and nanostructures
show a significant link with the size of the material, as a direct effect on the coordination

number and the overall EXAFS signal intensity, due to the increase of the surface/bulk
ratio [146-149].

Application of XAS to battery materials The simplest application of XAS to
battery materials is by an ex-situ study. EXAFS spectra are collected at specific stages
of charge or discharge of the chosen electrode. In this case the battery is stopped
at the preferred state of charge, disassembled, and the electrodes collected, washed
in organic solvents (usually the same used in the electrolyte solution) in order to
remove all electrolyte residues, then the material is sealed and protected in order to
avoid external contaminations from air and humidity, and finally transported to the
synchrotron radiation facility where the XAS experiments take place. The experiments
can be performed both in fluorescence or transmission geometries (c¢fr. Section 3.1.2).

More complex and delicate experiments can be performed in-situ and in-operando,
which means that XAS measurements are taken directly during the charge or discharge
process of the cell. Such methodology allows to avoid the phases of cell disassemble
and transportation, which may cause the contamination of the material due to air,

humidity exposure and inducing modifications on the unstable cell material. To do
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so it is fundamental to design a specific in-situ electrochemical cell which can be
used during the XAS experiment and to synthesize and build specific electrodes with
optimal material load for optimal XAS absorption jump. The in-situ and in-operando
experiments can be performed with transmission geometry, where the X-ray beam
passes through the cell, and in this case, is important to choose separators and current
collectors that have an optimal transmission for X-rays. Otherwise, in fluorescence
geometry, it is possible to use a cell with ad-hoc optical window (beryllium or Kapton)

which is placed directly on top of the electrode subject to the analysis.

3.1.2 Experimental modes

XAFS is typically measured in several modes: transmission, fluorescence and
electron yield. The choice of the most appropriate method is crucial. Transmission
mode is the most straightforward: it simply involves measuring the X-ray flux before
and after the beam is passed through a uniform sample. Under these conditions,
the transmitted flux I is related to the incident flux Iy by I/Iy = exp(—u(E)x), or
p(E)r = In(Iy/I). In fluorescence mode one measures the incident flux 7y and the
fluorescence X-rays I, that are emitted following the X-ray absorption event. Usually,
the fluorescence detector is placed at 90° to the incident beam in the horizontal plane,
with the sample at an angle (usually 45° ) with respect to the beam. Electron yield
detection is similar to fluorescence yield, in that it indirectly measures absorption
events by detecting the decay products when the core-hole is refilled. With this method,
one measures the electrons that are emitted from the surface of the sample. The
relatively short path length (2 — 10 nm for total electron yield, and 70 — 200 nm for
total fluorescence yield) makes the technique surface-sensitive, which can be beneficial
if one is interested in near-surface phenomena. It also can be beneficial for avoiding
"self-absorption" effects that can occur in fluorescence mode. These path lengths are
valid for typical incoming photon energies in the soft X-ray range, thus with photon
energies comprised between 50 and 1000 eV, hence for comparable kinetic energies (cfr.
reference [113]). Other methods for detecting the energy released after the decay of the

core hole are feasible: for example detection of visible light, but are seldom used [150].
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3.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that can
provide information regarding the electronic state, atomic composition and chemical

oxidation state of the sample under investigation.

XPS is based on a particular form of photoemission, i.e., the ejection of an electron
from a core level by an X-ray photon of energy hr. The energy of the emitted
photoelectrons is then analysed by the electron spectrometer and the data presented

as a graph of intensity (counts) versus electron energy [151].

The kinetic energy (Ey) of the electron is the experimental quantity measured by
the spectrometer, but this is dependent on the photon energy of the X-rays employed
and is therefore not an intrinsic material property. The binding energy of the electron
(Ep)is the parameter which identifies the electron specifically, both in terms of its
parent element and atomic energy level. The relationship between the parameters

involved in the XPS experiment is:
EB =hv — Ek - ¢ (34)

where hv is the photon energy, Ei is the kinetic energy of the electron, and ¢ is
the spectrometer work function. All the quantities on the right side of the equation
are experimentally measurable, thus deriving the value of the binding energy for the

electron is a straight-forward process.

The process of photoemission is shown schematically in Fig. 3.4, where an electron
from the K shell is ejected from the atom (a 1s photo-electron). The photoelectron
spectrum will reproduce the electronic structure of an element quite accurately since all

electrons with a binding less than the photon energy will be included in the spectrum.

All the electrons which are excited and ejected without energy loss contribute to
the characteristic peaks in the spectrum; while the electrons which undergo inelastic
scattering and lose energy contribute to the background of the spectrum [151]. After
the emission of a photoelectron, it follows the relaxation of the ionized atom. This
process may occur via the emission of an X-ray photon, known as X-ray fluorescence.

Another possibility is the ejection of an Auger electron.
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Figure 3.4: Schematic diagram of the XPS process, showing photo-ionization of an atom
by the ejection of a 1s electron [151].

3.2.1 Qualitative and Quantitative Interpretation of the XPS

Spectrum

The first step to take for characterizing an XPS spectrum is to identify the chemical
elements present on the sample surface. For this purpose, it is possible to take a survey,
or wide scan, spectrum (with a relatively large energy step size ~ 0.4 €V) over a region
that can provide strong peaks for all the elements in the periodic table [151]; usually a
range of 0 — 1000 eV is sufficient. In this region, the individual peaks can be easily
identified by comparison with the tabulated data. It is also important to know that
the spectrum shows the superimposition of individual photoelectron peaks with the
associated Auger lines resulting from the de-excitation process following photoemission
and also an electron background curve. The shape of this background also provide
useful information regarding the way in which near-surface layers are arranged [151]:
in the case of a clean surface, the electronic background will be almost flat or with a
slightly negative slope; on the other hand, a higher background curve with positive

slope indicates the presence of a layer (oxides for example) covering the sample surface.
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Chemical State Almost all the elements in the periodic table exhibit an XPS
chemical shift of the order of a fraction of electron-volt up to several eV which is
directly linked to the difference in the chemical environment of the emitting atom, ion
or molecule. These shifts have origin either in the initial state or in the final state of
the photo-electron.

Shifts linked to the initial state depend on the charge of the atom prior to the
photoemission. The more the atom that experiences photoemission is bond with
electronegative atoms, greater is the positive XPS electrochemical shift. For example
C—O is shifted by 1.6 eV relative to the unfunctionalized carbon, while C=0 and C=0
are both shifted by 2.9 eV. Considering the structure of the molecule it is possible
to build up a synthesized spectrum where the relative intensities of the individual
components reflect the stoichiometry of the sample [151]. An example of the XPS shift
and peak labelling is provided in Figure 3.5.

Final state effects which occur after the emission of the photoelectron are: core-hole
screening, relaxation of electron orbitals and the polarization of the surrounding ions.
Those effects usually influence the magnitude of chemical shift. In metals, there is a
positive shift between the elemental forms and the mono-, di- or trivalent ions [151].

There are available charts and tables of typical binding energies that can provide

standard data to assign the individual components of the spectrum.

Auger Parameter In electron spectroscopy is crucial to determine the peak position
with sufficient accuracy (at least +0.1 V). The possible sources of error in peak position
derive from the spectrometer calibration and electrostatic charging of the sample. The
first one may be overcome by an accurate calibration of the spectrometer using standard
elements and tabulated values. The second one may be solved in several ways, one of
which is using the chemical shift on both the Auger and the photoelectron peaks in the
XPS spectrum and to record the separation distance between the two lines; this value

is known as the Auger parameter («) and it is defined as:
a = EB + EK (35)

where Ep is the binding energy of the most intense photoelectron peak and Ej is
the kinetic energy of the Auger transition [151]. The measured value will, thus, be
independent of any electrostatic charging of the sample.

Furthermore, the Auger parameter can provide information regarding the crystal

structure and relaxation energy [151].
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Figure 3.5: Example of quantitative analysis for XPS spectra. The image shows the C 1s
XPS peaks for zinc-ferrite anodes. XPS spectra are compared with the results
of a peak-fitting analysis including different carbon components [112].
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Measuring the peak intensities or peak areas can provide quantitative information
from XPS spectra. The intensity of the peaks can be affected by several factors that
must be considered in the quantification of electron spectra, they can be sample.related

or also spectrometer related factors [151]. Sample related factors include:

« The cross-section for emission (the probability of the emission of an electron due
to the incoming radiation) that depends itself on the type of element investigated,
the orbital from which the electron is ejected and the energy of the exciting

radiation.

o The escape depth of the electron emitted, that depends on its kinetic energy and

the nature of the sample.
Spectrometer related factors include:

o The transmission function of the spectrometer (usually is already taken into

account before the data processing).
o The efficiency of the detector.

» Stray magnetic fields which affect the transmission of electrons.

3.2.2 Auger Electron Spectroscopy

Auger electrons, produced as a consequence of the XPS process often referred to as
X-AES (X-ray induced Auger electron spectroscopy) or simply AES can give further
(and complementary to XPS) information related to the chemical composition of the
sample.

In the example reported in Fig.3.6 we can see a core hole (a K shell vacancy) in a
ionized atom being filled by an electron of a higher level (Ly 3 in Fig.3.6). In order to
respect the principle of conservation of energy, another electron must be ejected from
the atom, for example (as reported in the schematic figure 3.6) another Ly 3 electron.
This ejected electron, in this example, will be named the KL 3Ly 3 Auger electron. It
is also common to omit the subscripts and just refer to it as KLL Auger electron [151].

The kinetic energy of a KLg3Los Auger electron is approximately equal to the
difference between the energy of the core hole and the energy levels of the two outer

electrons: Er,,.
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Figure 3.6: Schematics of the relaxation of a ionized atom by the emission of a KLy 3L 3
Auger electron [151].

EKL2,3L2’3 ~ EK - EL2’3 - EL213 (36)

This simplified equation does not take into account the interaction energies between
the core holes (Lgs and Lg3) in the final atomic state neither the inter- and extra-
relaxation energies which come about as a result of the additional core screening
needed [151].

AES collects and measures the kinetic energies of the emitted Auger electrons, which
are characteristic of elements present at the surface and "near-surface" of a sample, and
do not depend on the type of energy of the X-ray source or electron gun. This makes
possible elemental composition analysis. The typical sampling depth of AES is 2 to 5
nm (cfr. Figure 3.7), making it a surface-sensitive analytical technique.

AES spectroscopy is a technique that can be performed also with laboratory sources,

often with the use of an electron gun or be induced after a photoelectron emission in
XPS.

Depth of Analysis

The probability of electron-electron interaction is much larger when compared to
the photon-electron interaction. That’s why the detected electrons from XPS and
AES derive from the surface or near-surface portion of the sample, making those
surface-specific sensitive techniques [154].

The inelastic mean free path of electrons is reported in Figure 3.7 for different
materials. However in the energy region of interest for XPS and AES (100 — 2000
eV) interaction probabilities follow an exponential function [154]. The path length of
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Figure 3.7: Electron mean-free-path universal curve in solids as a function of their kinetic
energy (black dots) [152,153].

electrons relative to the initial direction of travel can thus be approximated using the
Beer-Lambert law. Hence we can define a quantity A known as attenuation length
which is directly related to the mean free path but also depends on the effects of elastic
scattering. It can be shown that ~ 65% of the signal in electron spectroscopy derives
from electrons emanated from a depth less than \, ~ 85% from a depth < 2\ and
~ 95% from a depth < 3\, this latter value is defined as the sampling depth. The
values of the inelastic mean free paths for elemental systems in XPS energy region are

of the order of one nanometre.

Instrumentation for Electron Spectroscopy

An XPS instrument is composed of three principal components: the X-ray source,
the energy analyser, and the detector [154].

The source produces the X-rays are and directed them onto the sample of interest.
Usually, it is an X-ray tube with standard and/or monochromatic sources. The latter,
with Al-Ka emissions used, are increasingly popular due to the energy and narrow
energy spread produced. X-rays of narrower energy spread than this can only be

produced in synchrotron radiation facilities. The energy resolution in XPS is primarily
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dependent on the source [154].
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Figure 3.8: Schematic diagram of a modern HSA and transfer lens [151].

There are two types of electron energy analyser in general use for XPS and AES: the
cylindrical mirror analyser (CMA) and the hemispherical sector analyser (HSA) [151].

The latter provides higher resolution improved more than a factor ten.

Finally, the electron detector is the necessary part to count the individual electrons
arriving at the detector. These detectors are electron multipliers (channel electron

multipliers and channel plates).

The most common detector, also the one used for the XPS experiments in this
thesis is the hemispherical sector analyser (a schematic is provided in Figure 3.8). It
consists of a pair of concentric hemispherical electrodes, in between which there is a
gap for the electrons to pass. Between the sample and the analyser there is a series of
lenses that can be used to slow down the ejected electrons since their kinetic energies
may be too high for the analyser to handle properly [151].

The schematics in Figure 3.8 shows a typical HSA configuration for XPS. A potential
difference is applied across the two hemispheres, with a higher potential applied to the

inner one. Electrons that are injected at the input of the analyser with a tangential
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velocity, will reach the detector only if their energy is:

R Ry
E=eAV | ——= 3.7
= 0

where F is the kinetic energy of the electron, e is the charge of the electron, AV is the
potential difference between the hemispheres and R;-R, are the curvature radii of the

hemispheres. Since the radii are constant the equation can be written as:
E = keAV (3.8)

where k is called the spectrometer constant and depends on the specific analyser [151].

Thus regulating the voltage difference across the two hemispheres it is possible to
select one specific kinetic energy for the photoelectron that will be then counted by a
detector at the end of the analyser.

This kind of instrument can provide a maximum energy resolution of ~ 1 eV.

3.3 Raman Spectroscopy

Raman scattering is a fundamental form of molecular spectroscopy [155,156]. It is
used to obtain information about the structure and properties of molecules derived
from their vibrational transitions [155,157-159].

Raman spectroscopy is both a similar and complementary technique of Infra-Red
(IR) spectroscopy. For the latter one, IR absorption depends on direct resonance
between the frequencies of the incident IR radiation and the vibrational frequency of a
particular normal mode of vibration in the molecule. IR absorption is a one-photon
event [155]. On the other hand, Raman spectroscopy is a two-photon event. In this
case, the scattering event causes a change in the polarizability of the molecule with
respect to its vibrational motion [155]. The interaction between the polarizability
and the incoming radiation causes an induced dipole moment in the molecule, and
the emitted radiation by this induce dipole moment contains the observed Raman
scattering [155]. The scattered radiation by the induced dipole of the molecule is
composed by Rayleigh scattering and Raman scattering. The first one is an elastic
scattering event, the frequency of the Rayleigh radiation corresponds to the frequency
of the incident radiation. On the other hand, Raman radiation is shifted in frequency

(with respect to the incident radiation frequency) by a quantity depending on the
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gained or lost vibrational energy of the molecule.

Raman Spectroscopy is a weak process that involves one in every 10° — 108 photon.
Figures 3.9 and 3.10 show the basic process that may occur for one vibration. At room
temperature, most molecules, but not all, are present in the lowest energy vibrational
level. Since the virtual states are not real states of the molecule but are created when
the laser interacts with the electrons and causes polarization, the energy of these states
is determined by the frequency of the light source used. The Rayleigh process will be
the most intense since most photons scatter this way. It does not involve any energy

change and consequently, the light returns to the same energy state [160].

Virtual
states

n Vibrational
states

m
Stokes Rayleigh anti-Stokes

Figure 3.9: Diagram of the Rayleigh and Raman scattering processes. The lowest energy
vibrational state m is shown on bottom with states of higher energies above.
Both the low energy (upwards arrows) and the scattered energy (downwards
arrows) have much larger energies than the energy of a vibration [160].

1/ a.u.

|
Jf\

Anti — Stokes shift Rayleigh scattering Stokes shift

Figure 3.10: Rayleigh, Stokes and anti-Stokes peaks for a single state transition.

The Raman scattering process from the ground vibrational state m leads to the
absorption of energy by the molecule and its promotion to a higher energy excited
vibrational state (n), this is called Stokes scattering. On the other hand, if a molecule
is at an excited state, due thermal energy, such (n), the scattering from these states
to the ground state m is called anti-Stokes and involves the transfer of energy to

the scattering photon [160]. Since at room temperature the number of molecules in
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an excited state is low, anti-Stokes scattering will be weaker if compared to Stokes
scattering. Usually, Raman spectroscopy measures only the low energy side, providing
Stokes scattering.

The use of angular frequency w = 2rv = 27Cy/\ is convenient for theoretical
treatment, but uncommon in the presentation of Raman spectra. Those are usually
displayed with a wave-number scale (v, with unit cm™') which is related to wy; by
the relation vy, = wy/27Cy; expressing it as shift in energy from that of the exciting

radiation.

3.3.1 Raman Set-up

Raman set-ups consist of several components: a source of monochromatic radiation
(for example a laser), a sample device (for example a microscope for micro-Raman
applications, or a series of lenses for focussing the incident radiation and collecting the
scattered one), a dispersing system spectrometer and finally a detector. In Figure 3.11

is shown a schematic of a typical Raman apparatus.
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Figure 3.11: Diagram of a common Raman set-up.

Light Source In modern Raman set-ups, lasers are the ideal light sources for spec-
troscopy. They present the advantages to be intense, monochromatic, present a small
divergence, they are polarised, and they are a coherent light source. Typical dispersive

Raman instruments employ laser with a wavelength shorter than 750 nm [161].

Dispersive Spectrometer Dispersive spectrometers are used to analyse the fre-
quency content of the scattered radiation. In modern systems diffraction gratings are

used. Those can be described as a linear array of reflective (or transmitting) elements
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(lines of the grating). Due to the periodic variation in the diffraction grating, the
scattered light undergoes constructive or destructive interference, depending on the
wavelength of the light and the angle under which the light is scattered; thus it is
obtained a spatial resolution of the light as a function of the wavelength. The distance
between these elements is similar to the wavelength of the dispersed radiation and also

influences the spectral resolution and the spectral range.

Filters Different kind of filters are used in Raman Spectroscopy for signal attenuation
or for filtering out unwanted radiation wavelengths. Filters can be classified in short
as: gray filters (to absorb the light with constant value along the wavelength interval),
long-pass filters (light with a wavelength shorter than the characteristic value of the
filter is reflected, above this value the filter transmits the radiation), low-pass filters
(the opposite of the long pass filters), band-pass filters (transmit radiation comprised
in a certain interval, filtering the rest), band-block filters (also known as notch filters,
filter out the light comprised in a certain interval of wavelengths, transmitting the
radiation outside of such interval). The latter ones are commonly used before the

spectrometer to filter out the Rayleigh scattered radiation.

Detector Most Raman spectrometers use Charge Coupled Device detectors (CCD)
because they bring several advantages: they have a large dynamic range, low noise,
high quantum efficiency and the ability to measure in two dimensions. Usually, the
spectrum is projected along one of the dimensions of the CCD, and the pixels of
the other direction are combined [161]. Generally, CCD detectors used in Raman

Spectroscopy need to be cooled (with liquid nitrogen or with a Peltier plate)

Raman Microscopy

Raman spectrometer can be coupled to confocal microscopes to obtain a high spatial
resolution for the sample analysis. In a confocal Raman microscope, the laser beam
passes through a pinhole/aperture and is focused by the microscope objective lens
in a small focal volume within the sample. The scattered light from the illuminated
is then recollected by the same objective lens in a backscattering geometry. After
passing in a second pinhole, and a notch filter to remove the laser radiation wavelength,
the scattered radiation is finally analysed with the equipment described above. This
provides a spatial resolution less than 1um? since the laser only hits a small portion of

the sample, and the detector pinhole blocks the radiation that does not come from the
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focal point.

3.3.2 Raman Spectroscopy for the Study of Electrode Mate-
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Figure 3.12: Raman spectrum of graphite electrode, used as anode for lithium-ion cell. In
the inset a close-up to the 2D band components. This spectrum has been
obtained with a laboratory set-up at UNICAM with an in-situ cell.

Raman Spectroscopy has optimal characteristics to be employed in the study of
battery electrode materials. First of all, the analysis is non-destructive, thus it is
possible to continue the experiment on the same sample and the same spot; it does
not need a special preparation for the sample, no coating or controlled atmosphere are
necessary to perform the measurement; the visible excitation can penetrate transparent
containers, this Raman can be acquired even in samples sealed or covered with glass,
plastic envelopes and other materials. This latter characteristic is optima for developing
in-situ Raman investigations of electrodes under operation. Furthermore, Raman micro-
spectroscopy, with its typical spatial resolution, allows to perform a detailed mapping
of the sample surface permitting the investigation on heterogeneous mixtures; therefore,
information about the structure and chemical composition can be provided for every
single component in the sample [162]. An example of Raman spectrum and peak

labelling for a graphite electrode is shown in Figure 3.12.
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Raman is the technique of choice for the characterization of carbonaceous mate-
rials, transition metal oxides, used in Li and Na-ion batteries because it can provide
information regarding the structure (for example differentiate the various carbon forms:
graphitic, amorphous, etc.) and oxidation state.

The main drawbacks in Raman Spectrometry are the difficulties to make the
technique quantitative, in measuring conductive samples (i.e. full lithiated or sodi-
ated samples), possible background fluorescence coming from organic species in the

electrolyte, and sample degradation due to laser-light sample heating.

3.4 Electrochemical Techniques

Galvanostatic Cycling with Potential Limitation

Galvanostatic cycling with potential limitation (also called chronopotentiometry
[163]) is a technique where an instrument (potentiostat) has control of the voltage across
the working electrode-counter electrode pair, and adjusts this voltage to maintain the
potential difference between the working and reference electrodes (which it is measured
through a high-impedance feedback loop) in accord with the program defined by a

function generator [163].
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Figure 3.13: a) Schematics of an electrochemical cell connected to a potentiostat [163];
b)constant current excitation; c) corresponding voltage response [55].

The current, controlled by the potentiostat, will cause the reduction (oxidation) of
the electroactive species at the working electrode, consequentially the potential will
change to the characteristic working potential of the involved electroactive species
involved in the redox process. The potential will change with time following the changes
in the concentration of the reduced and oxidized species, as shown in Fig.(3.13).

As the voltage changes with the electrode redox state, the galvanostatic profile
reflects the state of the phase diagram related to the system. Generally, a continuous
variation (in time) of the electrode potential can be related to a single-phase reaction,

while a presence of a potential plateau (vs. time) is ascribed to a two-phase system.
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Therefore the information obtained from galvanostatic cycling is also strictly related to

the thermodynamic of the electrochemical system.

Furthermore, integrating the measured current by the potentiostat with respect to
time, it is possible to quantify the charge @) associated with the redox process. The
ratio between the quantity of charge in the reduction reaction and the charge involved
in the oxidation reaction is called coulombic efficiency and indicates the degree of
reversibility of the redox process [55]. The amount of charge normalized by the mass
of the active material in the electrode gives the specific capacity [mAh g~']. Measuring
the evolution in the specific capacity during several cycles of charge and discharge it is

possible to evaluate the cyclability (or cycle life) of the electrode.

The rate at which the cell is charged/discharged is often called C-rate. 1C rate
correspond to a complete charge/discharge of the cell in one hour considering the
theoretical specific capacity of the material: meaning that (theoretically) a cell should
charge(/discharge) in one hour at 1C, in 30 minutes at 2C, in two hours at C/2 (or
0.5C), in five hours at C/5 (or 0.2C), and so on.

Constant Current/Constant Voltage Protocol (CC/CV)

Within this protocol a constant current is applied to the cell until a certain threshold
voltage is reached; at this point, a constant voltage is applied to the cell until the
current drops to a minimum set value. This charging method is safer and preferred
over only constant voltage protocol: in fact, by applying a constant voltage the cell
is vulnerable to sudden high current charge which could reduce the operational life
of the battery and compromise safety. Whit the CC/CV protocol the current is kept
constant and controlled, while a constant potential is applied only at the end of the
charge/discharge phase as a top-off to ensure the maximum state of charge for the
battery [163,164].

A standard CC/CV charging plot for a cylindrical Li-ion battery is shown in Fig.3.14,
is it possible to see the voltage rising (curve (a)) during the constant current interval
(I = 1C) until the threshold voltage is reached (V§*¥). Subsequently the CV interval
begins: the current is reduced and a constant potential (V) is applied. Charged is
completed when the current reaches the lowest value I (current cut-off, an arbitrary
value, typically 0.1C or 0.05C).



66 Experimental Techniques

S 43
o i
&
= 41
£
] 39 (a)
a7 _
15 <
35 S
(b) E
i 1 T
los
I
. : 0
0 30 60 90 120

—+ Time [min]

Figure 3.14: (a) Voltage and (b) current characteristics charge of a cylindrical Li-ion call
when CC/CV protocol is applied [55].

Galvanostatic Intermittent Titration Technique (GITT)

In the galvanostatic intermittent titration technique [165], a constant current is
applied for a given time to obtain a specific charge increment and then it is interrupted to
achieve open circuit condition until the potential change is virtually zero. This process
is repeated until the electrode potential reaches the cut-off voltage. The equilibrium
electrode potential is obtained as a function of lithium content. In particular, during
a negative current pulse, the cell potential quickly decreases to a value proportional
to the iR drop. After this, due to the galvanostatic charge pulse, the potential slowly
decreases in order to maintain a constant concentration gradient [165]. When the
current pulse is interrupted (relaxation time interval) the potential first increases to
a value proportional to the iR drop, and then slowly increases until the electrode
is again in equilibrium and the open circuit potential for the cell is reached. Then
the galvanostatic pulse is applied again, followed again by relaxation time. During a

positive current pulse, the mechanism is the inverse.

Voltammetry

Voltammetry is a category of electroanalytical methods where the current flow is
measured while controlling the potential of the working electrode.

Cyclic voltammetry is a series of linear potential scan over time, where anodic and
cathodic scans are repeated alternately, the results are shown as a graphic potential vs.

current. The voltammogram gives us information on the possible redox reactions of
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the system, including the Faradaic insertion and extraction reaction [165].
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Figure 3.15: Cyclic voltammogram of LiCoO, electrode [165].

In Fig.3.15 it is presented the cyclic voltammogram of an LiCoO, film electrode as
a cathode in rechargeable lithium battery. Three sets of anodic/cathodic current peaks
can be observed. The first set of anodic/cathodic current peaks showing the largest value
is caused by the insertion/extraction-induced phase transformation from/to Li-diluted
hexagonal phase to/from Li-concentrated hexagonal phase. The second and third
sets are due to the insertion (extraction)-induced order-disorder phase transition [165].
Furthermore, the presence of a surface reaction and its reversibility during the atom

insertion-extraction process can be successfully examined using voltammetry.






Chapter 4

Lithiation Mechanisms in zinc-iron

oxide Electrodes

The following Chapter will cover part of a research work started within the European
project "Stable Interfaces for Rechargeable Batteries" (SIRBATT) and then followed,
after its ending, by a collaboration with previous SIRBATT partners as Karlsruhe
Institute of Technology (KIT) and Helmholtz Institute Ulm (HIU). Electrochemical
characterization and preliminary morphological analysis have been carried out in
collaboration with the research group of Dr. Nobili of the Chemistry Division of the
School of Science and Technology at the University of Camerino. A more detailed
discussion about the electro-chemistry analysis, performed by the research group, can

be found in Dr. Pasqualini doctoral thesis [55].

4.1 Introduction

Transition metal-based oxides as anode materials are showing promising perfor-
mances and characteristics compared to the currently largely used intercalation com-
pounds as deeply discussed also in Chapter 2.

The charging mechanism of transition material is based on the conversion of the
initial metal oxide into Li,O and transitional metal particles embedded in the oxide.
For example Fe;O, has a theoretical capacity of 926 mAh per gram given by the
possibility to store four lithium ions in form of Li,O per formula unit. Furthermore
this transition oxide is environmentally friendly, relatively abundant and cost-effective,
resulting as an interesting candidate in recent research papers [47,50,166-170).

However the metallic iron nano-particles are not electrochemically active, the
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theoretical capacity of the anode can be further improved by replacing iron with an
element which can reversibly alloy with lithium, for instance zinc. In the case of
ZnFe,O, [171-173] the theoretical capacity increases up to 1000.5 mAh per gram,
corresponding to nine lithium ions per formula unit (eight Li,O and one LiZn); as

shown in the following reaction:

ZnFe,O, + 9Li" 4+ 9¢~ == LiZn + 2 Fe" + 4Li,0

The first report of the chemical reaction between lithium and zinc-ferrite spinel was
reported by Chen et al. in 1986 [174]. In this first attempt, however, the maximum
lithium uptake was limited to 0.5 Li™ per formula unit and did not appear reversible.
The first reversible reaction was reported in 2004 by NuLi et al. [175] in nano-crystalline
thin films of ZnFe,O,, where they reported, due to limited reversible capacity (5 lithium
ions per formula unit), the formation of FeO, LiZn and Li,O as final reaction products.
Guo et al. in 2010 [176] synthesized hollow ZnFe,O, spheres, reaching almost the full
theoretical capacity (900 mAhg!) when applying low currents.

Despite the high capacity reached in the years, the material suffers from poor
cycling stability and rate capability due to the large volume expansion/contraction
during cycling, particle aggregation and poor intrinsic electronic conductivity [177].
In order to solve these problems, new synthesis approaches have been tried. Deng et
al. [178] obtained ZnFe,O,—C spheres, and showed good capacity only at low charge

rates. Teh et al. [179] presented electro-spun ZnFe,O, nanofibers as anode material

Bresser et al. in 2013 presented a new anode material consisting of carbon-coated
ZnFe,O, nanoparticles (ZFO-C) that partially overcame the problems regarding capac-
ity fade due to loss of mechanical integrity caused by volume changes during cycling.
An amorphous carbon coating on the surface of ZnFe,O, nanoparticles (with an aver-
age diameter of 50 nm), and the utilization of fluorine-free, low-cost, and non-toxic
carboxymethylcellulose (CMC) as aqueous binder material for the anode preparation,
resulted in a an improvement of the electrochemical performances in terms of specific

capacity, cycling stability, and power density [49].

In this Chapter, we will study the phase transition, electronic structure and struc-
tural modifications during lithiation and de-lithiation by means of several spectroscopic

techniques.
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Figure 4.1: Schematic drawing of the carbon coating process of ZnFe,O, nanoparticles,
resulting in an amorphous carbon shell (ZnFe,O,—C) [49].

4.2 Experimental Characterizations and Synthesis
Procedure for ZFO-C

ZFO-C Preparation

Carbon-Coated ZnFe,O, Nano-particles synthesis procedure is reported in detail in
Ref. [49].
ZFO-C has been prepared by dissolving 0.75g of sucrose (Sigma-Aldrich) in 3.5ml of
deionized water (Millipore) and then adding 1.0g of ZnFe,O, nanoparticles (< 100nm,
purity > 99%, Sigma-Aldrich) under continuous stirring. The mixture obtained was
homogenized in a planetary ball-mill set at 800rpm for 1.5 hours and later dried at
80°C overnight. The dried powder was then heated at 3°C/min up to 500°C for 4 hours
in a tubular furnace (R50/250/12, Nabertherm) under argon atmosphere. Finally, the

obtained composite was manually ground in an agave mortar.

Material Characterization

The prepared carbon-coated ZnFe,O, powder was characterized by XRD and SEM
analysis [55]. X-ray diffraction pattern was collected on a Philips diffractometer
equipped with a Cu-Ka source (A = 1.54059 A) and Bragg-Brentano geometry in the
5° —70° 26 range while the morphological analysis was performed by using a Cambridge

Stereoscan 360 electron microscope.
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Electrode Preparation and Electrochemical Measurements

The electrodes were prepared by mixing and grinding in an agave mortar the
active material with SuperC65 (Timcal) as conductive carbon, and then mixing it with
Na-CMC (Sigma-Aldrich, MW ~ 250000, D.S. 0.9) and deionized water (5 : 95 w/w),
forming a slurry with a composition of 75 : 20 : 5 % of active material:SuperC65:Na-
CMC. The slurry was then spread onto etched copper foil current collector via Doctor-
Blade technique, with a wet-thickness of 200pum. The coated foil was then dried
overnight at room temperature in order to remove the residual water and later roll-
pressed. Circular electrodes with a diameter of 9mm were cut and finally dried at
120°C under vacuum for 12 hours. The final mass loading of the cut electrodes was
comprised between 1 — 1.5 mg/cm? (cfr. Ref. [55]).

Electrochemical measurements were carried out by using a T-shape polypropylene
Swagelok-type 3-electrodes cells with stainless steel current collectors. Lithium metal
was used as counter and reference electrode in the half-cell configuration. The cell
separator consists in of glass fiber (Whatman GF/A); as electrolyte was employed a
solution of 1 M LiPFy in EC.DMC 1 : 1 v/v (Solvionic). The tested cells were assembled
in an argon-filled glove-box. Electrochemical characterization were performed on a
multichannel galvanostat/potentiostat VMP2/Z (Bio-Logic).

4.3 Preliminary Morphological and Structural Char-

acterization

The carbon coating procedure is schematized in Figure 4.1 and is obtained by a
thermal treatment under argon atmosphere. In order to preserve the original zinc-ferrite
spinel structure, is crucial to operate in a correct temperature range, in order to avoid
precocious phase transitions, 7.e. the conversion of ZnFe,O, nano-particles into FeO
and ZnO as reported by Ayyppan et al. [180].

The procedure developed by Bresser et al. [49] employs a carbonization temperature
of 500 °C which preserves the morphology and structure of the pristine nano-powder,
also confirmed by XRD and SEM analysis.

X-ray diffraction analysis (see Figure 4.2 (a)) has been performed also at university
of Camerino with a Philips diffractometer equipped with a Cu-Ka source (A = 1.54059
A) and Bragg-Brentano geometry. The diffraction peaks of carbon-coated zinc ferrite

correspond to a well-defined cubic structure with Fd3m space group matching very
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well the standard reference (JCPDS card 00-022-1012), revealing the high crystallinity
of the synthesized material and confirming the cubic spinel structure of the zinc ferrite
before carbon coating. No additional reflections indicate the absence of crystalline
impurities and confirm the amorphous nature of the carbon coating.

In Figure 4.2 (b) SEM image from reference [49] shows the carbon-coated nano-
particles having a uniform dimension of &~ 50 nm, with no significant morphological

changes from the non-coated material.

—_
(a) = — C-ZnFe.0,
()
o
=
L] —
z 3
£ =y = =
@ - - o
E — o S
= = g2 &
= = o g
b = <
T T T T T T
10 a0 2o <l € & T A
i nLens
20/ dg. — WD=17mm  Pixel Size=2292nm Date :11 Apr 2011

Figure 4.2: a) XRD pattern of ZFO-C [55] and (b) SEM image of carbon-coated zinc ferrite
nano-particles [49].

4.3.1 Spinel Ferrite Structure

As shown by XRD, ZnFe,O, is part of the family of spinel ferrites as well as its
carbon-coated nanoparticles version. The cubic spinel A[B,]O, belongs to the space
group F'd3m, is characterized by a cubic unit cell containing 8 formula units forming
a cubic close packing of 32 anions which occupy the 32e position. The 8 A bivalent
cations occupy one-eighth of tetrahedral sites (8a) while the 16 B trivalent cations half
of the octahedral sites (16d). In the structure are also present empty interstitial spaces
with octahedral symmetry (16¢ sites) and tetrahedral (80 and 48f sites).

Thus in normal zinc-ferrite spinel, we have zinc atoms in tetrahedral sites and iron
atoms in octahedral sites [Zn]*™[Fe,|°*O,.

There is also the possibility of a partial rearrangement of the cations within the
structure. Depending on the cations distribution the spinel can be normal, inverted or
partially inverted. In the normal spinel structure, the 8 bivalent A cations all occupy

tetrahedral sites, and all of the 16 B cations are placed in octahedral sites. On the other
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hand in a completely inverted spinel structure, the A atoms all occupy vacant octahedral
sites and B atoms are distributed half in octahedral and half in tetrahedral sites. For
a partially inverted spinel the structure can be written as [A, _B,]*'[A, B, _,]°*O,

Fe,|**[Zn, Fe, ,]°*O, [181,

182] where the x index (with 0 < z < 1) is called inversion parameter, which is 0 for a

which for the zinc-ferrite structure corresponds to: [Zn, _,

normal spinel and 1 for an inverse spinel.

4.4 Electrochemical Characterization

Electrochemical characterizations of electrodes based on ZFO-C active materials
are reported in refs. [49,183,184]. Characterization of the same electrode materials
was performed also at the University of Camerino within the SIRBATT project and

detailed results can be found in ref [55].

4.4.1 Galvanostatic Tests and Cycling Performances

Preliminary cycling tests on ZFO-C were taken at T= 25°C alternating current
rates of C/5 and 1C every 10*® cycle. On the first cycle the initial lithiation capacity
was 1471 mAhg! and the initial delithiation capacity of 1049 mAhg!, showing an
high irreversible capacity loss of 422 mAhg™'. This capacity loss on the first cycle
can be attributed to the irreversible lithium storage into the SEI interfacial layer and
partly to the formation of a polymeric "gel-type" layer on the surface of the active
material nano-particles, which can be reversibly formed and dissolved upon cycling, as
consequence of side reactions with cyclic electrolyte solvents [179,185,186].

First reversible capacities values are found to be 1085 mAhg™! and 998 mAhg' at
C/5 and 1C respectively. The coulombic efficiency tends to increase to values close to
100% as cyclation proceeds, while capacity values decrease with a capacity retention
after 40 cycles of 78% and 73% at C/5 and 1C.

4.4.2 Cyclic Voltammetry

As seen from Figure 4.3, the first cycle shows a very different voltammetric curve if
compared with the following ones. During the initial lithiation we can identify several
reduction peaks: two small peaks at about 1.5 V (A) and 1.2 V (B), followed by a
more pronounced one at about 0.9 V (C) and finally the main reduction feature (D) at

a potential of 0.7 V. The latter main reduction peak (D) is associated with the main
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conversion reaction of the material Zn, Fe O+ 6 Lit +6e” — Zn° +2Fe’ + 3 Li,O and
also with irreversible lithiation processes related with the electrolyte decomposition.
Initial reduction peaks (A), (B) and (C) can be attributed to an initial insertion
mechanism, where lithium is first stored into the vacant sites of the pristine spinel
crystalline structure with the following proposed reactions: Li,,ZnFe,O, [187] or
Li, sZnFe,0, and Li,ZnFe,O, [176]; however the voltammetry of the first cycle suggests
that the reduction reaction occurring before the main conversion phase are much more
complicated, thus is necessary to investigate this phase with more appropriate tools.
The last feature (E), at the end of the first lithium uptake, can be related with the

final alloying reaction of Zn and Li forming ZnLi.

Subsequential cycles only show one main reduction (cathodic) peak at a potential
around 1 V which shows a slight shift towards lower potential as the cycle number
increases. During the anodic process, two oxidation peaks are present at around 1.7
V and 2.1 V related to the oxidation processes occurring to zinc and iron. From the
second cycle and on we find comparable voltammetry curves, confirming the high
reversibility of lithium uptake and release processes once the structural changes of the

material are completed and stable.
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Figure 4.3: Cycling behaviour at C/5 and 1C rates [55]; b) Voltammogram of ZnFe,O,—C
electrode; scan rate 0.05 mV sec’'; Cycle 1 — 10 [49].
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4.4.3 Voltage Profile of the First Galvanostatic Discharge and

Expected Reactions and Structural Modifications

From the observed cathodic peaks in the voltammetry (Figure 4.3), we can divide
the voltage profile of the first lithium uptake and release (Figure 4.4) into five different
regions. In region (A) the potential decreases rapidly from 3 V to 1.6 V followed by a
smoother decrease to 1.3 V. This first slope correspond to the first reduction peak (A)
seen in the voltammetry (Figure 4.3 b) and occurs at a specific capacity of 0.4 Li* per
formula unit of ZnFe,O, resulting in Li, ,ZnFe,O,. This amount of inserted lithium
corresponds well with the value reported by Chen [174,188] where it was hypothesized a
lithium insertion into the vacant octahedral 16¢ sites of the zinc-ferrite spinel structure.
It was also suggested that Zn atoms are not displaced and remain in the original 8a
sites due to its strong preference for tetrahedral configuration [189).
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Figure 4.4: Voltage discharge and charge profile of the first galvanostatic cycle [49].

For lithium insertion above 0.4 atoms per formula unit, thus before the main
lithiation phase corresponding to peak B in the voltammogram, Chen et al. predict
that the coulombic repulsive force interaction between Li™ and Zn?" is strong enough
to displace zinc atoms into the 16¢ sites. This behaviour has been reported also in
other spinel structures up to a maximum of one lithium per formula unit [190].

When the lithium uptake overcomes the value of 1 Li* per formula unit the
discharge profile shows a short plateau which corresponds to the reduction peak C in
the voltammetry 4.3. In this phase Chen et al. [174,188] suggest a further modification
of the initial spinel structure into a rock-salt type phase where lithium atoms are possibly
occupying the vacant tetrahedral sites 8a or 48 f and, at the same time, decomposing

into Li,O while iron reduces. The reduction reaction involves the formation of small
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clusters of ZnO and FeO that could not be detected by XRD [49]

In the main plateau of the discharge profile (related to the main reduction peak D)
the achieved capacity agrees with a full decomposition of both iron and zinc into their
metallic forms: ZnFe,0, — Zn° + Fe? 4 Li,O.

Finally, in section E of the discharge curve, a last contribution to the reversible
capacity of the material can be given by the alloying process between lithium and
zinc forming LiZn which is known to occur within this potential region [171,173,191].
Once again, these new phases were not directly detected by XRD because of the
amorphization of the material and the possible formation of nano-crystalline structures
for which XRD is not sensitive.

The lithiation reaction proposed by Bresser et al. is the following:

(A) ZnFe,0, + 0.4Li" + 0.4 — [Lig 4]1601Z0]5a[Fes)1640,

(B) [Lip.4)16c(Znlsa[Fes] 16404 + 0.5Li" + 0.5e” — [Lig o Zn]y6e[Fey 16404

(C) [LipgZn]yge[Fegli6q04 +0.55Li" +0.55¢" — [Lig 5550 as6[Lig g Z0] 16 [Feo) 16404 —
ZHXFeyO + Li, O (xy)=1:2

(D) Zn,Fe O + 6Li* + 66 — Zn° 4 2Fe’ + 3Li,O

(E) Zn® + Li* + e — LiZn

Overall reaction:
ZnFe,O, + 9Li" 4+ 9¢~ — LiZn + 2Fe’ 4 4Li,O

4.5 Experimental Set-up for in-situ and in-operando
XAS

Previous XRD studies [49,175,176] also performed in-situ, did not provide a complete
insight of the structural modifications occurring during the various stages of lithium
insertion/de-insertion; this because of the gradual loss of all diffraction reflections after
the lithium content in the material is higher than a certain amount, and thus, probably
due to a gradual amorphization of the material, or due to the formation of very small
crystalline grains that are too small to give detectable diffraction peaks.

To overcome this problem, we performed a series of X-ray absorption spectroscopy
experiments coupled with galvanostatic lithiation of the active material, in order to
achieve XAS spectra directly from the cell during its operational state: thus an in-situ
and in-operando experiment.

In-operando XAS experiments on electrochemical cells bear multiple advantages
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instead of performing the same kind of experiments ex-situ: it is possible to collect a
large number of spectra during the charge or discharge state of the cell, providing a
very detailed monitoring of the electrochemical reactions and the related structural
evolution; furthermore it makes possible to inspect the very same electrode in the same
spot at different stages of the reaction, avoiding the possibility of having differences in
composition and uniformity between the different samples; moreover a good electro-
chemical performance of the in-situ cell guarantees the absence of contamination from
the ambient, in particular from oxygen and humidity, that could interfere and modify
the oxidation state of the sample.

The main disadvantage related with this procedure regards the fact that it is not
being used a standard cell during electrochemical characterization, this can be linked
to slightly different electrochemical reaction (different voltage profile or difference in

the specific capacity).

4.5.1 Pouch Cell for in-situ XAS in Transmission Mode

separator
Anode | with electrolyte =~ Cathode

Operating voltage 0.01-3.0V

with electrolyte
EC:DMC 1M LiPF,

Figure 4.5: Experimental set-up for in-situ XAS in transmission mode: the pouch cell is
connected to a potentiostat that controls the lithiation rate. On the right a
schematics of the pouch cell.

A picture of the experimental set-up (in-situ XAS in transmission mode) is shown
in Figure 4.5. The pouch cell (shown in 4.5, right side) is composed by several
stacked layers, compressed and sealed in an aluminium laminated film as a pouch with
protruding current contacts for the cell electrical connection. The two cell electrodes
are divided by the separator soaked with the electrolyte inside the case.

ZFO-C electrodes were prepared by dissolving PVAF (polyvinylidene fluoride -
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Kynar 761) in NMP (N-methyl-2-pyrrolidone). Conductive carbon (Super C65; Imerys)
and ZFO-C active material were added to the binder solution in 20 : 70 : 10 wt%
proportion (percentages are referred respectively to conductive carbon, ZFO-C active
material and binder solution). The resulting slurry was cast on a carbon foil current
collector (wet thickness of 300 pum) ensuring low X-ray absorbance, in fact, the usual
procedure for assembling pouch cell would require to use a metallic current collector
(aluminium or copper). The active material loading was ~ 6 mg/cm? calculated to
obtain a suitable absorption jump for XAS measurements in transmission mode. Finally,
12 mm diameter disk electrodes were punched. For the in-situ XAS measurements,
pouch cells were assembled with metallic lithium as counter electrode, a ceramic
separator (Separion, Evonic) and a solution of LiPFy (0.5 M) in EC:DMC 1:1 v/v as
electrolyte (UBE).

4.5.2 X-ray Absorption Spectroscopy Experiment

XAS measurements were carried at beamline BM23 of the European Synchrotron
Radiation Facility (ESRF) [192]. Fe and Zn K-edge spectra were collected in trans-
mission mode using two ionization chambers filled with mixtures of Ar and He gases.
The x-ray radiation was monochromatized by a double-crystal Si(111) monochromator
and harmonics were rejected using a silicon mirror. Furthermore, XAS spectra of iron
and zinc reference metal foils were measured simultaneously with each sample scan to
monitor the energy scale and align successive scans.

The pouch cell was mounted on an aluminium frame and connected to a potentio-
stat (CH Instruments 660B) working with a two electrodes configuration to perform
galvanostatic cycling of the electrode in parallel with the XAS measurements. The
instrument during discharge applied a constant current of 0.9 mA.

Data collection in transmission mode allowed to get each extended spectrum (up to
k=15 A~1) in a relatively short time (~ 20 min). Since the acquisition time is much
smaller compared to the whole discharge time (~ 10 hours), we can assume the cell
potential, the chemical state and the material structure to be unchanged during the
whole time of one single scan.

In Figure 4.5 (left) a picture of the experimental set-up mounted on BM23 is shown.
The frame holding the pouch cell is mounted on a motorized table in order to align the
electrode to the X-ray beam. For each absorption edge energy was utilised a different
pouch cell built with same procedures and similar material loadings. The cells (listed
in Table 4.1) were discharged with a rate of C/10 (where 1C represent the rate to
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discharge the theoretical capacity in one hour) down to a limit potential of 0.01 V.

Table 4.1: List and description of the in-situ cells.

Sample | El. mass [g] | Active mass [g] | Description
Cell A 0.0159 0.0079 Fe K-edge
Cell B 0.0159 0.0079 Zn K-edge

The discharge curves of the two pouch cells are shown in Figure 4.6. Both pouch
cells present a final capacity higher than the theoretical expected one for the ZFO
electrode (the pouch cell used during the XAS measurement at Fe K-edge has a final
specific capacity of 1640 mAh g~!, while the one used for Zn K-edge has a final specific
capacity of 1220 mAhg™!), this behaviour is normal since we were considering the
very first galvanostatic discharge cycle for each cell, and in this phase there is an
extra-capacity caused by lithium ions that are irreversibly stored and employed in
the formation of the SEI passivation layer and involved in the degradation of the
electrolyte products. Moreover, as recently shown in the paper by Rezvani et al. [112]
an increase of the specific capacity can be also assigned to an extra-capacity related
to the particular components of the SEI itself and by the carbon material used in the
preparation of the electrodes.

The two cells show similar behaviours in the discharge potential curves: the initial
OCV pot initial 8a sites and occupy all the vacant 16cential is ~ 3 V and suddenly
drops as the potentiostat circuit closes. The two initial plateau present in Figure 4.4 in
sections (B) and (C) (which represent the related reduction peaks in the voltammogram
Fig. 4.3) are present at similar potentials, but they present a significantly reduced
extent (in standard conditions ~ 2 Li* per formula unit while in this case ~ 0.5 Li*
per formula unit). Nevertheless, no significant differences are found in the spectra when
compared to an ex-situ set. The main reduction plateau (region D in Figure 4.4) starts
at 0.6 Li™ per formula unit at a potential of ~ 0.75 V (consistently to the reference
potential curve of Fig. 4.4).

Furthermore, a second set of electrodes (Table 4.2), at several lithiation rates, have
been analysed for ex-situ comparison with the in-situ samples. The ex-situ electrodes
have been prepared with the same procedures of the in-situ ones, then cycled in
standard coin cells. After this, the electrodes have been disassembled from the cell in
Ar atmosphere and washed in EC:DMC solvents to remove residues of electrolyte salts.
The washed and dried electrodes have then been stored and sealed in plastic PE foils

to prevent water and oxygen contamination of the samples.
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Figure 4.6: Voltage profile curves of the two pouch cells used in the in-situ XAS experiment.
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Table 4.2: List of the ex-situ samples.

Sample | Electrode mass [g] | Active mass [g] Procedure
CP1 0.0111 0.0046 3.0 V charge
CP2 0.0110 0.0045 1.7 V charge
CP3 0.0141 0.0066 0.7 V charge
CP4 0.0110 0.0061 0.01 V discharge (12 Li™)
CP5 0.0133 0.0058 0.5 V discharge (7.8 Li*)
CP6 0.0125 0.0056 5 cycle (3.0V)
CP7 0.0129 0.0058 10" cycle (3.0V)
CP8 0.0118 0.0051 20" cycle (3.0V)
CP9 0.0144 0.0069 0.75 V discharge (5.5 Li")
CP10 0.0110 0.0045 1.5 V discharge (0.1 Li™)
CP12 0.0144 0.0069 0.9 V discharge (0.7 Li™)
CP-OCV 0.0125 0.0055 oCcv

4.6 XAS Analysis and Results

4.6.1 XANES

The normalized near-edge spectra (XANES) of the in-situ pouch-cell with ZFO-C
active material at various stages of lithiation are shown in Figures 4.7 and 4.8 for both
Fe and Zn K-edges. In the latter one, they are spaced for better comparison (from
initial state at open circuit voltage with no lithium inserted, on bottom, to the fully
lithiated state, on top).

For both edges it is noticeable a shift of the white line towards lower energies as
the lithiation proceeds; this is directly linked to the reduction processes of iron and
zinc occurring during Li* insertion.

Specifically, Zn edge (calculated as the maximum of the derivative) for the pristine
material is located at 9663 eV while for the full lithiated cell is located at 9658 eV. This
latter value is slightly smaller if compared to the energy edge of metallic Zn standard
foil (black dotted line) which is 9659 eV, this suggests that the various zinc oxides in
the material completely convert to metallic Zn with a fraction of Zn™ in the form of a
LiZn complex.

For Fe K-edge there is a more significant energy red-shift: starting from the pristine
material at 7126 eV to the full lithiated electrode which has a white line at 7112 eV.
This value perfectly matches the metallic Fe standard foil (black dotted line), suggesting
that all the iron present in the electrode is converted into its metallic state in the

form of nano-crystallites since the previous XRD studies did not detect the related
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Figure 4.7: All the XAS spectra collected during the experiment (XANES section). On
the left Fe K-edge, on the right Zn K-edge. The color gradient indicates the
amount of lithium inserted into the material (green = no lithium inserted, blue
= full lithiated state).
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Figure 4.8: Normalized near edge XAS spectra for Fe (left) and Zn (right) K-edges during
the first discharge (lithiation). The amount of lithium inserted increases from
the bottom (no LiT inserted) to top (full lithiation, cell potential at 0.01 V).
For comparison are inserted also the XANES of zinc and iron metal reference
foils (top black dashed line).
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reflections at this stage.

4.6.2 EXAFS
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Figure 4.9: Fourier transform of EXAFS signal for Fe and Zn K-edges during the first
discharge. Lithium uptake increases from bottom (OCV) to top (full lithiation).

In Figure 4.9 it is shown the Fourier transform of the experimental EXAFS signals
collected during the cell discharge for both Fe and Zn K-edges. Starting from the
bottom of the image we have the cell in OCV status. In the undischarged status,
the Fourier transform of Fe K-edge clearly shows the presence of Oy, Fe sy and Zng,
neighbouring atoms at distances 1.5 2.6 and 3.2 A respectively, which are consistent
with the expected structure for a spine zinc-ferrite (noticeably the distances of the
Fourier transform are about 0.3 A shorter than the actual inter-atomic distances due
to phase shift). Also the pristine material Fourier transform of Zn-edge confirms
the expected crystalline structure showing O,,, and Fe g, first neighbours of zinc at
distances 1.5 and 3.2 A.

At the beginning of lithiation, when lithium reaches a concentration of 0.6 ions per
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formula units, the shapes of the Fourier transform start to change, indicating atomic
displacement of the initial structure due to the repulsion force of Li ions. In fact the
shell of Zng, in Fe K-edge disappears as it is merged with the shell of Fe, 4, (at 2.6 A).
This is even more evident in Zn K-edge where the shell of Zn is shifted toward lower
distances (again around 2.6 A). This atomic displacement affecting only zinc atoms is
compatible with a migration of Zng, into Zn,4. octahedral sites [174].

Within the main reduction plateau in the discharge curve, corresponding to a
potential of 0.75 V, a new component in the R-space appears, linked to the formation
of metallic phases of both iron and zinc. Metallization of iron occurs first, already
at 5 LiT per formula unit, appearing as a new shell in the Fourier transform of Fe
K-edge at a distance of 2 A typical of a metallic Fe-Fe bond. This reduction process
is gradual and metallic iron is initial present alongside other iron oxides; finally, it
is completed at about 9 Li* per formula unit when only the single shell of Fe-Fe is
present. Metallization of zinc occurs consequentially to the beginning of iron reduction
as expected from electrochemical tests [49]. Presence of metal zinc-zinc shell starts
to appear after 6 Li™ per formula unit, positioned at 2.2 A. Also, the process of zinc
metallization is finalized at the end of the lithiation, as the Fourier transform only

shows one single main peak of the relative Zn-Zn metallic phase distance.

4.6.3 Initial Lithiation Phase
XANES of Initial Lithiation

The normalized near edge spectra (XANES) of ZFO-C at various stages of the
initial lithiation (from 0 to 2 Li* per formula unit) are shown in Figure 4.10 for both
the Fe and Zn K-edges. The red curves correspond to the XANES spectra of ZFO-C
when the cell is at open circuit voltage (OCV), i.e. zero lithium inserted in the material
structure. In the successive curves, the quantity of Lit in the material increases while
the voltage of the cell decreases. The brown curves in the graph correspond to 2 Lit
per formula unit: at this stage, the specific capacity is 222 mAh /g while the discharge
potential is at 0.75 V. As lithium inserts in the structure, the Fe K-edge shows a
red-shift. Also the white line is broadened and shifted towards lower energies (up to
AE = —2 ¢V). This behaviour indicates a gradual reduction of Fe** to Fe?* as charge
(from Li'") is inserted into the active material.

A small pre-edge edge peak is present at ~ 7114 eV. The small peak in the pre-edge

region of Fe oxides is related with both 1s to 3d electric quadrupole transitions and
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dipole transitions to 4p orbitals hybridized with the 3d band [193] and it is weak for
metal sites having regular octahedral symmetry for which the p-d hybridization is
forbidden [193,194]. The intensity of this feature in ZFO-C is weak as expected for
Fe in octahedral sites and remains almost constant upon lithiation up to 2 Li™ per
formula unit, revealing that Fe coordination symmetry does not change during the

initial lithiation process, in agreement with previous reports [195,196].
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Figure 4.10: Normalized near edge XAS spectra for Fe (left) and Zn (right) K-edges during
the first lithiation. The inset shows the edge shift Eyp — Eggv as a function of
the Li* inserted (the edge position has been chosen as the energy at half-height
of the normalized edge step).

Zn K-edge spectra from 0 to 2 Li" per formula unit maintain the same energy edge
(calculated as the maximum of the derivative) at 9663 eV, suggesting that at this stage
zinc is not reduced. Nevertheless, a dramatic change in the XANES shape occurs. It is
possible to identify three main peak features (labelled as A, B, and C) in the near edge
spectra. feature A at 9665 eV, B at 9669 eV and feature C at 9673 eV, plus additional
structure at higher energies.

As the lithium uptake increases feature A weakens, B becomes predominant over
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all the others, and C slightly shifts to lower energies (AE ~ —1 eV). Also the shoulder
D at 9677 eV decreases as Li' increases. These changes in Zn K-edge XANES shape
have been reported to be linked to a displacement of zinc towards sites with octahedral
symmetry [181,197]. According to the evolution of the XANES along the discharge
(shown in Figure 4.10) such migration occurs already between 0.3 and 0.6 Lit in

agreement with previous reports.

EXAFS Analysis of the Initial Lithiation Phase

The extended X-ray absorption fine structure (EXAFS) region of the spectra was
analysed using the GNXAS [142,143] package.

XAS two-body signals v associated with peaks of the two-body distribution
function go(r) describing the structure in the neighbourhood of the photoabsorbing
atoms (Zn or Fe) were calculated ab-initio for a reference crystal structure of spinel zinc
ferrite as suggested by XRD measurements [181] (Figure 4.11). The model included
signals related with the photoabsorber first neighbours in the range 1.90 — 3.7 A: for
the Zn K-edge, each Zn has 4 neighbouring oxygen at 1.996 A, 12 iron at 3.5 A, 12
oxygen neighbours at 3.534 A, and 4 zinc atoms at 3.656 A; while for the Fe K-edge,
Fe has 6 oxygen neighbours at 2.018 A, 6 iron at 2.985 A, and 6 zinc neighbours at 3.5
A(Table 4.3).

Table 4.3: The two model structures considered for ZFO-C.

Normal ZnFe,O,

Fe neighbours Zn neighbours
Atom | R (A) | N (Atoms) | Atom | R (A) | N (Atoms)
Fe-O | 2.018 6 Zn-O | 1.996 4
Fe-Fe | 2.985 6 Zn-Fe | 3.5 12
Fe-Zn | 3.5 6 Zn-O | 3.533 12
Zn-7Zn | 3.656 4
ZnFe,O, with all Zn migrated in 16¢ sites
Fe neighbours Zn neighbours
Atom | R (A) | N (Atoms) | Atom | R (A) [ N (Atoms)
Fe-O | 2.018 6 Zn-O | 2.021 6
Fe-Fe | 2.985 6 Zn-Fe | 2.985 6
Fe-Zn | 2.95 6 Zn-7Zn | 2.985 6

The structural refinement has been performed without prior EXAFS signal extrac-

tion by minimizing the difference between the raw experimental spectra and a model
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curve including both the structural oscillations and a suitable background function.
Variations of the structural parameters with respect to the initial model structure
and disorder (both thermal and structural) have been accounted for by evaluating the
configurational average of each structural signal over distance distribution functions
(Gaussian), whose parameters (average distance and variance) were refined during the

fitting procedure. The coordination numbers were kept fixed.
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Figure 4.11: The two modelled structures. Red = oxygen atoms, gold = iron atoms, gray
= zinc atoms. Model a) represents the normal spinel structure, with Fe in
16d octahedral sites, Zn in 8a tetrahedral sites. Model b) represents the same
structure where all zinc atoms left the initial 8a sites and occupy all the vacant
16¢ octahedral sites. Both modelled structures share the same cell parameters
and symmetry group. Drawings produced with Vesta [198].

The amplitude reduction factor S3 was found to be 0.70 and 0.75 for the OCV
at Fe and Zn edges respectively. The same values were used for fitting all spectra.
The difference EO-EE between the zero of the energy scale of the theoretical model
spectrum and the edge inflection point of the experimental spectrum was also found
for the OCV and kept fixed for fitting all the other spectra. In Fig. 4.12 we show the
Fourier transform of the k?x(k) EXAFS signals (open circles) and the best fit (solid
curves) obtained.

The refined distances found for the material when the cell is at OCV (Table 4.4)
are in good agreement with those reported in previous studies on spinel ferrite: Zn—0O
at 1.96(2) A and 3.58(3) A, Zn—Fe at 3.54(3) A and Zn—Zn at 3.68(3) A result from
7n K-edge signal best fit; and Fe—O at 2.00(2) A Fe—Fe at 3.01(3) A, and Fe—Zn at
3.53(3) A from Fe K-edge signal.

It has been reported in the literature that nanosized spinel zinc ferrite exhibits some

degree of inversion (e.g. Ref [181] and refs therein). A broader main Zn K-edge peak
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Figure 4.12:

Fourier Transform of experimental EXAFS signal (open circles) and corre-

sponding best-fit (solid line) for both the Fe and Zn K-edge (left and right
respectively) at different lithiation stages from OCV (bottom) to 2 Li* per
formula unit (top - 222 mAh/g and 0.75 V).

Table 4.4: EXAFS best fit result for the cell at its OCV state (normal spinel model).

ZFO-C OCV
Fe K-edge Zn K-edge
Atom | R (A) [ N (Atoms) | 02 (A%) | Atom | R (A) | N (Atoms) | o? (A?)
Fe-O | 1.99(2) 6 0.006 | Zn-O | 1.96(2) 4 0.003
Fe-Fe | 3.01(3) 6 0.005 | Zn-Fe | 3.54(4) 12 0.01
Fe-Zn | 3.53(4) 6 0.011 | Zn-O | 3.58(4) 12 0.03
Zn-Zn | 3.68(4) 4 0.008
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has been reported [195] probably resulting from a high degree of cationic exchange in
pristine spinel ZnFe;O4 due to different sample morphology. The present XANES and
EXAFS results show that the experimental signal can be satisfactorily reproduced with
a normal spinel structure. Nonetheless a minor spinel inversion (below 20%) cannot be
completely ruled out by the EXAFS analysis and a more detailed investigation of the
XANES features is being performed (submitted paper by Rezvani et al.) in order to
estimate quantitatively the cation distribution within the tetrahedral and octahedral
sites of the oxygen lattice.

Results of the best-fit indicate a slight elongation in the first Fe—O shell distance
from 1.99(2)A (OCV) to 2.03(2)A (1Li") and finally to 2.06(2)A (2Li"), which is
compatible with an initial reduction of Fe*™ to Fe*T. Best fit of Fe—Zn shell at 2 Li*
per formula unit shows a distance of 2.97(3) A, which is in good agreement with the
theoretical distance Fe gy—7Zn,s.= 2.985 A, as expected when all Zn** has migrated
into the 16¢ octahedral sites and the Fe-Zn distances merge into a single shell with the
Fe/Fe ones.

Table 4.5: EXAFS Fe K-edge best fit result for the cell at (1Li") per formula unit inserted
(normal spinel model).

ZFO-C 1Li"

Fe K-edge
Atom | R (A) | N (Atoms) | o2 (A?)
Fe-O | 2.03(2) 6 0.009
Fe-Fe | 3.04(3) 6 0.006
Fe-Zn | 3.53(4) 6 0.019

Table 4.6: EXAFS Fe K-edge best fit result for the cell at (2Li") per formula unit inserted
(migrated zinc model).

ZFO-C 2Li*

Fe K-edge
Atom | R (A) | N (Atoms) | o2 (A?)
Fe-O | 2.06(2) 6 0.011
Fe-Fe | 3.10(3) 6 0.013
Fe-Zn | 2.97(4) 6 0.007

For the Zn K-edge, the Zn local environment is clearly modified upon Li insertion:
the second peak of the Fourier transform related with the Zn-Fe/Zn coordination shell
shows a clear shift from 3.14 A to 2.7 A (phase shift is not considered) already at 1 Li™



92 Lithiation Mechanisms in zinc-iron oxide Electrodes

per formula unit. From the best-fit, we obtained a Zn—Fe and Zn—Zn distance equal to
3.07(3) A, at 1 Li™ (Table 4.7), while at 2 Li* per formula unit the obtained distances are
3.08(3) A and 3.13(3) A for Zn—Fe and Zn—Zn respectively (Table 4.8). These values
are in satisfactorily agreement with the expected distance Zn, g, —Fe;5q/Zn,4, = 2.99 A
and indicate the Zn migration into (16¢) sites as previously reported [196].

The EXAFS signal at both edges gradually damps upon lithiation, possibly due to
an increase of the structural disorder (variance of the first metal-oxygen shells increases
from 0.006(1) A% to 0.011(2) A? upon lithiation).

Table 4.7: EXAFS Zn K-edge best fit result for the cell at (1Li") per formula unit inserted
(migrated zinc model).

ZFO-C 1Li"

7Zn K-edge
Atom | R (A) | N (Atoms) | o2 (A?)
Zn-O | 2.01(2) 6 0.015
Zn-Fe | 3.07(3) 6 0.013
Zn-Zn | 3.07(3) 6 0.013

Table 4.8: EXAFS Zn K-edge best fit result for the cell at (2Li") per formula unit inserted
(migrated zinc model).

ZFO-C 2Li"

7Zn K-edge
Atom | R (A) | N (Atoms) | o2 (A?)
Zn-O | 1.99(2) 6 0.012
Zn-Fe | 3.08(3) 6 0.02
Zn-Zn | 3.13(3) 6 0.02

4.6.4 Full Lithiated Phase

The EXAFS signal related to the full lithiated electrodes for both edges has been
extracted and analysed. At this stage, both samples present the characteristic single
peak of the metallic phase of both zinc and iron, even if the intensity of the EXAFS
signal is strongly damped if compared to the EXAFS signal of the respective metallic
standard references. This is compatible with the small size of the metallic particles
formed in the active material, and of the possible crystalline defects present in the

structure.
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The two EXAFS signals and the related Fourier transform are shown in Figure 4.14.
The best fit refinements on these two spectra have been performed starting from the
known metallic structure model of the two, leaving the coordination number as a free
parameter.

In order to perform the EXAFS structural refinement of the Fe K-edge, since from
the XANES spectrum we expect to have a fully metallized iron, we started building a
model with the typical BCC crystalline structure and the related inter-atomic distances.
In fact, a qualitative analysis of the EXAFS signal shows similar inter-atomic distances
to such structure (Figure 4.13). It also shows a dramatic lowering in the intensity
of the EXAFS oscillations: this behaviour is directly correlated with the decrease of
the particle size and to the presence of microstructural defects and vacancies in the
formed iron nano-crystallites [199]. The best-fit of Fe K-edge of the fully lithiated
spectrum involved the first two atomic shells (in the model: Fe-Fegenp at 2.485A, with
CN = 8 and Fe-Fegy,2 at 2.87OA, with CN = 6), setting the two coordination numbers
as independent fit parameter. Fit result show compatible distances with the model:
Fe-Fegen at 2.43(2)A, with CN = 3.09 and Fe-Feg,anp at 2.87(3)A, with CN = 0.64
(Table 4.9).

For the EXAFS fit of the fully lithiated cell at Zn K-edge, the initial reference
structural model used was for metallic zinc structure, where we considered a theoretical
first shell of Zn—7n_ 4.
2.60 A. To this was successively added also a second 2-body signal related with the

, with coordination number N = 6 and inter-atomic distance

pair Li—7Zn. We imposed Ryz,_z, and Ry,_1; to be the same inter-atomic distance,
while the relative coordination numbers were kept free. The amplitude reduction factor
SZ was kept fixed at the value found after fitting the Zn metal standard. Results of
the fit are listed in Table 4.10 and showed in Figure 4.14. They show slightly shorter
inter-atomic distances with respect to the metallic zinc phase. Furthermore, it is
evident the contribution of the EXAFS signal of the Li-Zn pair which is not negligible
and confirms the reversible alloying process between lithium and zinc at the end of the

reduction reaction of the ZFO-C anode.

Table 4.9: EXAFS Fe K-edge best fit result for the full lithiated cell.

ZFO-C Full lithiated cell

Fe K-edge
Atom R (A) | N (Atoms) | 02 (A?)
Fe-Fe (I shell) | 243(2) | 3.09 | 0.0054
Fe-Fe (2" shell) | 2.87(3) | 0.64 0.0054
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Figure 4.13: Comparison of the Fourier transforms of the fully lithiated cell Fe K-edge
spectrum (red dots) and the spectrum of a reference BCC iron standard foil.
The two samples present similar shell distances, while the intensity of the
EXAFS signal is remarkably damped in the ZFO-C cell spectrum if compared

with the standard iron foil.

Table 4.10: EXAFS Zn K-edge best fit result for the full lithiated cell.

ZFO-C Full lithiated cell

7Zn K-edge
Atom | R (A) | N (Atoms) | 0 (A?)
Zu-Zn | 2.53(3) | 6.07 0.016
Zn-Li | 253(3) | 2.78 0.009
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Figure 4.14: EXAFS fit for the full lithiated cell at Fe and Zn K-edges. In red dots are
reported the experimental EXAFS signals and the relative Fourier transforms
(top and bottom respectively). The corresponding best-fit of the EXAFS
signals are reported with the black solid line. Blue dashed line represents the
contribution of Zn-Li signal in the fit.






Chapter 5

Formation and Evolution of the

Interface in Graphite Anodes

In this Chapter, we present a series of experiments aimed to investigate the superficial
composition and evolution of graphite-based anodes used for lithium-ion batteries while
employing a "non-conventional electrolyte" (LiAsFy). This electrolyte was very popular
at the early stages of LIBs diffusion, but nowadays is no more employed due to
its intrinsic toxicity and safety hazardousness. Part of this research work has been
performed in collaboration with CIC energigune in the Basque Country (Spain), in
particular, there have been conducted all the XPS measurements.

We also present an attempt of investigating the evolution of the SEI using the in-situ
Raman scattering technique, for which specific advances of the experimental set-up
have been carried out at the University of Camerino. The experiment presented show
the potential of this technique for understanding the evolution of graphite electrodes

for different lithium content.

5.1 Aim of this Research

In previous works of our research group [70,124], we tried to investigate the formation
and the evolution of the solid electrolyte interface (SEI) layer forming onto the surface
by means of X-ray absorption spectroscopy. The strategy was to use arsenic atoms as
a local probe of the SEI. In fact, by using a particular electrolyte containing arsenic,
then washing the electrodes with proper solvents, and finally grinding them, it was
possible to follow the evolution of the oxidation state of As during the various phases

of the first galvanostatic cycle of lithiation and de-lithiation.
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In this thesis, we present a follow-up of these experiments, where the same set
of samples have been reproduced, aimed to probe the same kind of electrodes with
surface-sensitive techniques, in particular, X-ray photoelectron spectroscopy and Raman

spectroscopy.

5.2 Experimental

5.2.1 Samples Preparation
Electrolyte

A mixture of two types of electrolytes has been chosen: LiPF; 0.5 M + LiAsF|
0.5 M in EC:DMC 1:1 V/V, such that it is possible to investigate the physical and
chemical characteristics of arsenic close neighbours measuring XAS at the As K-edge.

It is possible to assume that the two chemical species (phosphorus and arsenic)
have similar electrochemical properties, such that the behaviour of batteries utilizing
this mixture is very similar to commercial batteries where only LiPFy salts are used;

this is also demonstrated by electrochemical tests performed on both types of cells [70].

Graphite Electrode vs. Li Half-Cells

Graphite electrodes were prepared using Sodium-Carboxymethylcellulose (Na-CMC,
Walocel CRT 2000) dissolved in deionized water and left under magnetic stirring
overnight. Graphite, Super C65 and the Na-CMC solution were mixed in an Electric
Helical Blade Mixer at 2000 rpm for 3 hours under vacuum in a proportion of 92 : 3 : 5
(mass ratio). The resulting slurry was then cast using a battery-line on 10 pm thick
copper foil applying the "Doctor Blade" technique, with a wet film thickness of 165 pm.
The slurry was immediately dried blowing a 80°C air stream inside the battery line.

Circular electrodes with a diameter of 9 mm and a surface area of 0.636 cm? have
been cut and dried overnight at 120°C under vacuum. The capacity of the electrodes
has been calculated considering a specific theoretical capacity of 372 mAh/g.

Electrochemical measurements have been carried out using three-electrodes T cells
(Swagelok), setting the graphite electrode as working electrode and metallic lithium
as counter and reference electrodes. A glass fiber ( Whatman GF/A) has been used
as separator and a solution of LiPFg 0.5M / LiAsFy 0.5M in EC:DMC 1:1 V/V has
been used as electrolyte. All cells have been assembled in a glove-box filled with Ar.

The different electrochemical cells have been set to reach and maintain specific values
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of charge and potential (cfr. Figure 5.1) in order to prepare ex-situ samples at different

stages of lithiation.
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Figure 5.1: Potential curve for the first cycle and list of the graphite anode samples.

5.3 Results from Previous XAS Analysis

For XAS measurements of refs. [70,124], graphite electrodes were cycled with a
galvanostatic intermittent titration technique (GITT) ad different number of discharge
steps (different final voltages) corresponding to significant phases of the SEI formation
(showed in Figure 5.1). The cycled cells have been, then, disassembled in an Ar-filled
glovebox, and the electrodes extracted and then soaked and washed in a solvent mixture
(EC:DMC) and finally dried. The electrode material has been then scraped from the
copper current collector, and the obtained powder pressed into pellets by adding CMC
cellulose as filler. XAS measurements were taken at ESRF on beam-line LISA [200] in

fluorescence mode.

5.3.1 XANES Analysis

XANES spectra of graphite electrodes (Figure 5.2 right) showed a significant
evolution and modification of the shape and peak distribution across the different

charge states of the electrodes. These changes have been associated with the mixed



100 Formation and Evolution of the Interface in Graphite Anodes

presence of several valence states of As, in addition to the state As®" which is dominant
into the electrolyte salt. The other peaks can be identified to be As*" and As*", as
reported in Fig. 5.2, with a comparison with known XANES references of arsenic in
different oxidation states [201-203].

This evolution of the XANES peaks can be explained considering the chemical
reactions suggested for the reduction reaction of the electrolyte salt (LiAsF) in LIB

as follow:

LiAsFg 4+ 2Li* +2e~ — ,LiF| + AsF, (5.1)

AsF; + 2xLi™ + 2xe” — xLiF| + Li AsF,__ (5.2)

Equations above acknowledge the chemical reaction leading to two building blocks
(LiF and LiAsF,_ ) of the inorganic SEI components, previously observed in Li-ion
batteries [69,204].

The XANES spectra show an evolution of the electrolyte salt (LiAsF;) compatible
with the reactions described in Eqs. 5.1 and 5.2 within the initial charging steps. This
observation confirms the rapid onset in the formation of the SEI. By increasing the
charging steps the reactions proceed to further reductions of As-F and formation of LiF
and LiAsF_ in the SEI structure. This is thus compatible with the formation of LiAs, .
phase (eq. 5.2) in which the higher the value of =, the higher the LiF concentration.

In the graphite electrodes, up to the lithiation state of sample 3 the conversion
of electrolyte to form LiF (following eq. 5.2) is clearly visible by the appearance of
a strong As®" (LiAsF,_ ) peak. The reaction proceeds to reach a relative maximum
of LiAsF,__ phase observed in sample 4 (E =0.32 V, Q =20 mAhg™! ) in graphite
electrode (see Fig. 5.2b) that corresponds to a high amount of reduced electrolyte,
hence a relatively saturated SEI formation [70].

XRF measurements of the same samples show an increase in the intensity of As-
related fluorescence signal as the electrode charge proceeds (Figure 5.2 left). This shows
a clear trend linking the charge state to the As quantity present on the electrode surface
(thus the increase in the number of compounds related to the SEI). Furthermore, the
intensity of the As fluorescence signal can be used to estimate the amount of As atoms
embedded in the SEI of the electrodes, considering that the total counting rate is
proportional to the number of excited As atoms for a given photon flux, acquisition

time and amount of active material for unit surface.
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Figure 5.2: X-ray fluorescence spectra of graphite (left). XANES spectra of the graphite
electrodes for different charging levels (right). The signal-intensity increase is
associated with a corresponding increase of the SEI thickness. Three components
in the XANES spectra, assigned to As®*, As>* and As?T, are clearly observable
[70].

Linear Combination Fit of As Species from XAS Results

A linear combination fitting (LCF) has been performed on the XANES spectra in
order to evaluate the weight of each component. The LCF analysis was carried out
using three reference spectra for As”" (LiAsFy), As®™ (As,0,) and As®* (AsS), with
typical peak energies of 11874.8 eV, 11871.6 eV and 11867.5 eV respectively [202,205].

Results of LCF are reported in Tab.5.1, the trend of each component is in agreement
with the type of redox reactions of equation 5.1, 5.2. In particular, the changes in As

valence states indicate a possible re-oxidation process as an effect of electrode cycling.

Table 5.1: Distribution of As valence states following the SEI evolution, determined by LCF
of the XANES.

| Sample | Capacity (mAhg™") | A"t | AT | AT |
C Sample 2 16 0.70 £ 0.03 | 0.03+£0.04 | 0.27 £0.07
C Sample 3 31 0.01 £0.02 | 0.11 £0.05 | 0.88 4+ 0.04
C Sample 4 46 0.17+0.02 | 0.13+£0.05 | 0.70 £ 0.05
C 20cycles — 0.10£0.01 | 0.34 £0.02 | 0.56 = 0.02
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5.3.2 EXAFS Analysis

EXAFS analysis [124] has been performed on the electrodes to study the evolution
of the local structure around As atoms of the SEI. The structural refinement was
applied to EXAFS spectra of both graphite and ZFO-C electrodes at different charge
states along with the LiAsFy electrolyte reference.

Results show that the main contribution to the EXAFS spectra is always given by
the closest first neighbour distribution. The simulation was first carried on the LiAsF
electrolyte solution measured in transmission mode. For that case, excellent EXAFS
data fitting has been obtained using a single first-shell As-F contribution within a
simple Gaussian approximation. Fit results for the solutions are: distance of the first
shell R= 1.727 A and relative displacement o2 = 0.002 A2. The first neighbor As-F
distance R is in excellent agreement with the molecular bond length range (1.6 + 1.7
A) reported in literature for AsF; [206].

The following analysis on the SEI local structure was carried out fixing S2 to the

2

one of the references (electrolyte) and finding the best fit refinement for R, ¢* and

Nas_r which is forced into the range 0 < Nag_ g < 6.

Table 5.2: Structural parameters obtained by EXAFS data analysis. Average coordination
number N, distance R and mean-square relative displacement o2 of the As-F
first neighbor shell are listed in the table.

| Sample | Capacity (mAhg™))| N | R(A) [o*A? ]
C Sample 2 16 40+04 | 1.73£0.03 | 0.002
C Sample 3 31 22+£02|1.74£0.03 | 0.002
C Sample 4 46 2.7+£0.2 | 1.74£0.03 | 0.002

For graphite electrodes, it has been observed a well-defined trend for the average
coordination number N4, p measured by EXAFS, as reported on Tab.5.2. The results
can be assigned to a mixture of LiAsFy with other As-F phases produced by the reaction
described in Eqs. 5.1, 5.2. Considering also the XANES result it is evident the presence
of AsF; / LiAsF, . In samples with higher capacities, the coordination number Naq_p
reaches a minimum that corresponds to a maximum level of reduction (a majority
of AsF; . phase). The small increase of bond length R is also in agreement with the
change of oxidation state, which is also observed on As-O molecular bonds [205]. The
bond length reported is associated with fragments AsFy with different coordination N,
embedded in the SEI, and represents an average As-F distance. Since several AsFy

complexes are present in each sample, it is reasonable that the average R is substantially
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unchanged in all samples within the estimated uncertainty [70,124].

After 20 cycles of charge/discharge, on the EXAF'S spectra it shows a new structural
signal corresponding to a second coordination shell. This second shell of neighbours
can be reproduced in the simulation introducing a signal from As atoms. Excellent
structural refinement has been obtained by adding As atoms at a distance R ~ 2.48
A, resulting in a best-fit coordination numbers of Nag_g ~ 2 and Njg_as ~ 0.8. The
presence of As atoms as second neighbours is compatible with a re-oxidation process
of the species forming the SEI. However, due to the similar backscattering properties
and average bonding distances for F' and O atoms, it is not possible to quantify the

presence of oxygen [70,124].

5.4 XPS Analysis

The SEI layer formation and evolution have been investigated by Cls, F1s, Lils and
As3d XPS and by As LMM Auger for different charging state of the graphite electrodes,
during lithium insertion and de-insertion. A conventional XPS compositional analysis
and an analysis of the Auger parameters has been carried out for all the samples
that have been reproduced in the most identical way at CIC energigune laboratories.
The graphite electrodes, prepared as described above (c¢fr. Section 5.2.1), were cycled
at C/10 rate and stopped at the required potential (c¢fr. Figure 5.1). The cycled
cells were, then, disassembled in an Ar-filled glovebox. The cycled electrodes were
washed and rinsed in a solvent solution (EC:DMC) in order to remove residues from the
electrolyte. The washed electrodes finally were inserted into the XPS vacuum chamber
using an air-tight transfer system, never exposing them to the external atmosphere.
Such electrodes were analysed by means of XPS with Mg Ka (1253.6 V) and Al Ka
(1487 €V) non-monochromatic sources.

Nevertheless it is important to keep in mind that the surface composition of the
samples is not uniform: in fact there may be present inhomogeneities coming from non-
conducting micro-domains and residual of the electrolyte salt, furthermore increasing
the amount of lithium inserted in the graphite layers will result in a lower conductivity
of the material: therefore charging effects will take place. Thus there may be a slight
difference from literature data in the absolute binding energies. However a calibration
procedure has been performed aligning selected peaks to known values, furthermore,
the position of the As3d peaks has been identified after calculation the corresponding

Auger parameter [207] which involves both photoelectron and Auger line energies. In
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fact, the use of Auger parameter provides abundant information of the chemical state

without the need of evaluating charge correction and work function measurements.

5.4.1 Calibration of XPS Spectra and Determination of the

Auger Parameter

As mentioned above, conventional XPS analysis on charged electrodes may be
affected by charge effects and peak overlap, thus it may be not sufficient to give a
complete overlook onto the SEI layer formation. For this reason, the study of the Auger
parameter and a precise energy calibration are crucial.

The energy calibration for all the samples has been made by taking into account the
position of F1s XPS peak. In fact, the formation of the compound LiF onto the surface
of the electrode is observed in all the samples as soon as the electrolyte is brought in
contact with the graphite. This phenomenon is present even in the OCV sample, in
this case, there is the passive formation of LiF compounds even without applying an
external potential to the cell, resulting in a minimal, but not negligible, electrolyte
degradation. On the other hand, the formation of this compound is well known in
literature [208,209], and is one of the main components of the SEI, forming a very
resistive layer [210,211]. All the XPS spectra presented have been calibrated considering
the position of the F1s peak attributed to LiF formation (confirmed also with the
Auger parameter), setting the binding energy to 684.9 eV reported in literature [212].
Thus, including also the study of the Auger parameter (o + hr) is fundamental to gain
precise information related to the SEI composition and facilitating the identification of
XPS components.

In this study, the Auger parameter (Eq. 5.3) will be determined for the As
photoemission line. It will take into account the energy shift between the arsenic 3d

photoemission line components and the As LMM Auger line.

o = a+ hv = Ex(AsLMM) + Eg(As 3d) (5.3)

In equation 5.3 o/ = a + hv is called the modified Auger parameter and depends
on the X-ray source photon energy (hv), Ex(As LMM) is the kinetic energy of the As
LMM Auger electrons, and Eg(As3d) is the binding energy of the As 3d photoelectrons.

Thus to determine the value of the Auger parameter, one must first determine
exactly the positions of the As 3d and As LMM peaks. To do so the experimental data
were fitted using the CasaXPS software suite [213].
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5.4.2 Analysis of Carbon 1s Lines

The XPS C 1s emission line (presented in Figure 5.3) provides information regarding
the electrode material (since its active material is graphitic carbon), the electrolyte
decomposition residuals (that were not washed away from electrode), and also about
the stability and homogeneity of the composition of the SEI layer onto the surface.
Furthermore, it is possible to determine a possible fracture/rupture of the SEI layer
or inhomogeneities of its surface. The determination of C-based compounds in the
different electrodes have been done considering the results found in previous XPS
studies of carbon-based materials [214-217]. Results of C 1s XPS data analysis peak
fit are reported in Table 5.3.

One of the components reported in Figure refFig: XPSC1s, which is dominant in
samples 1, 2 and 3, and positioned at 284.4 €V is assigned to graphite compounds
which is the main component of the electrode material. Graphite XPS peak, which is
expected to be present only on the anode active material, is related to the fact that
the surface of the electrode is yet not completely covered by the SEI layer. This peak
completely disappears in sample 5, at fully lithiated state, meaning that this sample
shows a uniform and compact layer of SEI thicker than the probing depth of XPS, in
agreement with the expected SEI thickness reported in refs. [70,113,124] for the same
electrolyte mixture. However, upon lithium de-insertion, the graphite XPS component
is visible again in sample 6 (at one complete discharge and charge cycle). This may be
explained by the fact that the completed SEI layer, in this sample, loses the outermost
layer composed principally of organic components (as will be explained in Subsection
5.4.3). Another possible reason is that the SEI layer, in sample 6, might be less uniform
or thinned (with respect to the previous fully lithiated state), indicating a possible
rupture or cracking in the SEI layer and the consequent exposure of the anode surface.

A detectable asymmetry towards low binding energies (at ~ 282 eV) is also detectable
in sample 6. This can be assigned to the presence of molecules with Li-C bonds [218-221],
probably deriving from the degradation of the organic solvents present in the electrolyte
and that are embedded in the SEI.

Components at higher binding energies than the C—C graphitic peak are observed
in all the samples. Those have been assigned to C—H, C—-0, C-0, and C—0, bonds,
respectively at binding energies 285.6, 286.7, 287.7, 289.6 eV. Small differences with
the tabulated values may derive from the various surface charging effects. These
carbon-containing species are not present in the electrode active material and have

an organic origin coming from the degradation of the solvents (EC:DMC) in the
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Figure 5.3: C 1s XPS photoelectron spectra of graphite electrodes at different stages of
charge and voltage as in indicated in Figure 5.1.

electrolyte [214-217]. Those organic species become solid and precipitate onto the

electrode surface forming the organic fraction of the SEI.

Those organic components belong to the family of lithium alkyl carbonates ROCO,Li
and result from the reductive decomposition of dialkyl carbonates which are the organic
solvents used in the electrolyte. They play a crucial role in the formation of the surface
layers at the electrode/electrolyte interface. The most common reduction mechanisms
of EC and DMC lead to the formation of Li methyl carbonate (MeOCO,Li), Li ethyl
carbonate (EtOCO,—Li), Li propyl carbonate (PrOCO,Li), Li ethylene dicarbonate
(—=CH,0CO,Li),, Li propylene dicarbonate (LiO,CO—CH—(CH;)CH,—OCO,Li), and
(Li,CO,) as shown in Figure 5.4 [112,222].
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Figure 5.4: Proposed mechanisms of organic solvents reduction leading to the formation of
Li alkyl carbonates [222].
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Table 5.3: Best fit result of the areas, positions and atomic concentrations of the various
component XPS peaks in C 1s and for the various samples 1-6.

| Sample | Component | BE (eV) | Area/(RSF*T*MFP) | % Concentration |
OCYV (Sample 1) Graphite C-C 284.4 2502.37 49.38
C-O0 286.67 560.822 11.07
C-03 290.82 725.108 14.31
C-H 285.62 206.26 4.07
C-02 287.68 1073.31 21.18
0.88V (Sample 2) Graphite C-C | 283.78 3875.17 56.57
C-O0 286.23 1453.42 21.22
C-03 289.22 355.13 5.18
C-H 285.38 348.747 5.09
C-02 287.52 818.322 11.94
0.51V (Sample 3) Graphite C-C | 283.86 3521.78 59.72
C-O 286.35 905.842 15.36
C-03 289.68 511.413 8.67
C-H 285.52 189.802 3.22
C-02 287.56 767.832 13.02
0.32V (Sample 4) Graphite C-C 284.2 2624.48 51.71
C-O0 286.7 573.254 11.29
C-03 290.16 268.475 5.29
C-H 285.71 596.981 11.76
C-02 289.11 1012.28 19.94
0.0V (Sample 5) C-C (organic) | 284.53 2521.74 47.33
C-O0 286.12 960.08 18.02
C-03 289.53 500.281 9.39
C-H 285.4 330.549 6.2
C-02 288.64 329.362 6.18
Li-C 282.5 686.382 12.88
1st-cycle (Sample 6) | C-C 283.65 2266.04 44.12
C-0O 285.84 1050.85 20.46
C-03 289.37 468.008 9.11
C-H 284.98 187.372 3.65
C-02 287.56 819.038 15.95
Li-C 282.5 345.226 6.72

5.4.3 Analysis of Lithium 1s Lines

Li 1s core spectra of all the samples show a similar (almost) symmetric peak centred
at 55.5 eV with the exception of the fully lithiated Sample 5 (see Figure 5.5). These

peaks can be reproduced using 3 components. The dominant one (~ 55.5 eV) for all
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the samples, except Sample 5, is attributed to LiF inorganic phase, accordingly to
tabulated values in literature [214,215,217,223,224]. The component at ~ 54.4 eV is
related to the formation of organic precipitates from electrolytic solvents composed of
various species of lithium carbonates as previously discussed. The other component
at higher binding energies (56.5 €V) is assigned to electrolyte residuals of LiPFy and
LiAsFg that have not been washed completely. The fully lithiated sample (Sample 5),
on the other hand, shows a predominance of organic SEI species, in particular, Li alkyl

carbonates, that covers the outer layer of the electrode/electrolyte interphase.

SEI evolution, from the study of C 1s and Li 1s XPS peaks show a similar trend
regarding the organic fraction of the passivation layer: decomposition reactions between
the electrode and the electrolyte begin as soon as the two components come in contact,
without the need of applying an external potential. SEI formation proceeds with an
irreversible stacking process of inorganic LiF phase, which is the principal component

of the SEI [223,224], deriving from the electrolyte salt decomposition reactions [224]
LiPF; — LiF+PF, ; LiAsF, — LiF+AsF, (5.4)

but also as result of reactions of the salt with trace of water and byproducts such as
Li,CO, (as proposed by Leroy et al., cfr. [225]):

LiPF;+H,0 — LiF+POF,+2 HF (5.6)
LiCO, + 2HF — 2LiF + CO, + H,0 (5.8)

A reaction mechanism similar to that occurring for phosphorus salts,should occur also
for As-based electrolyte. As also demonstrated by the presence of LiF species in the
OCV Sample 1, these reactions are not driven by lithium insertion processes. The
formation of LiF is probably linked to the increase of acidity of the solution and the

presence of HF or HF,  deriving from water contaminations of the electrodes [224].

At the final stage of the lithiation process, the outer layer of the SEI is finally
covered by a thin film of Li-containing organic fraction, which is dominant in Sample
5; this layer is successively removed after the end of the de-lithiation phase (Sample

6), revealing again the predominance of inorganic LiF. This mechanism agrees well
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with the one proposed by our group (c¢fr. Rezvani et al. [112] and Figure 2.15) where
at the final stage of lithiation, a formation of a thin layer of organic carbonates is
temporally formed acting as a reversible Li™ storage buffer, giving to the material a

modest extra-capacity.
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Figure 5.5: Li 1s XPS photoelectron spectra of graphite electrodes at different stages of
charge and voltage as in indicated in Figure 5.1.

5.4.4 Analysis of Arsenic 3d Lines

XPS peaks related to As 3d have been analysed in order to monitor the evolution
of the oxidation state of arsenic deposited onto the electrode during the SEI formation.
As shown in Figure 5.6 arsenic compounds are also present in the surface films of the
SEI, as confirmed by XAS measurements in Section 5.3.

As 3d electrons peak is composed of three main components which are related to
the different oxidation states of arsenic in the SEI layer depending on the different
As-based compounds formed. These three components are labelled as As-A (48.4
eV), As-B (45 e€V) and As-C (41.3 eV); these As peaks may be an indicator of the
formation of a variety of Li-As-F species, ranging from LiAsF, (As™) via As” to LisAs
(As®") [208]. The only exception is represented by Sample 5 (at the fully lithiated state)
that seems not to show any XPS signal from arsenic, probably due to the presence of a
film (composed by several organic compounds, as showed in previous sections) that

screens the As photoelectrons.
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Sample 1 at OCV state presents almost a single peak component of As-B centred
at 45.5 eV with a slight asymmetry towards lower binding energies. This component is
attributed to As°* probably in the state of arsenic oxide As,Os; while the shoulder
component can be attributed to arsenic with valence 3+ in the form of a different
arsenic oxide As,O4 as reported by tabulated values in literature (eg. [209,217,226]).
The presence of arsenic oxide species is not related with the lithiation process, but only
to oxidation processes due to the presence of oxygen contaminations, thus this agrees
well with the fact that there is no lithium inserted into the sample.

Sample 2 shows all three peaks. The peak of As-A can be attributed to either AsF,
or to AsFy as reported by Aurbach in ref. [227] that are later reduced to LiF as the
lithiation proceeds. Sample still shows the presence of arsenic oxides attributed to peak
As-B. Peak As-C is finally attributed to the presence of As® species that have been
reported in several publications (cfr. [208,217,226]) ; the presence of arsenic with this
valence state has not been detected by the previous XAS analysis probably since it is
present only in a small fraction and only on the upper layer of the SEI. Presence of As’
is also corroborated by calculations of the Auger parameter (Table 5.5). Nevertheless
samples 3 and 4 completely lose the peak of As-A, while sample 6 also loses the peak
of As-B.

Calculation of the Auger parameter, performed as explained in the previous section,
between the components of the As 3d peak and As LMM Auger peak, are reported in
Table 5.5, and show compatible values between the various samples: Auger parameters
for As-A range between 1261-1262 eV, for As-B between 1263-1264 eV and for As C
between 1265 — 1266 eV. Those values, confronted with the tabulated ones from the
NIST X-ray photoelectron spectroscopy database [228], confirm the attribution to the

different valences and species given before.
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Table 5.4: Best fit result of the areas, positions and atomic concentrations of the various
component XPS peaks in As 3d.

As 3d Mg Ka
Sample Component | B.E. (eV) | Area % Concentration
OCV (Sample 1) As A 48.43 | 428.229 2.89
As B 45.08 | 1190.56 80.3
As C 41.69 | 249.255 16.81
0.88V (Sample 2) As A 48.37 272.96 16.98
As B 44.65 | 613.039 38.15
As C 41.21 | 721.121 4487
0.51V (Sample 3) As A 48.31 | 1,37E-17 0
As B 44.61 | 625.324 38.88
As C 41.23 | 983.021 61.12
0.32V (Sample 4) As A 48.2 | 1,37E-17 0
As B 44.53 | 897.054 64.61
As C 41.29 | 491.413 35.39
1st-cycle (Sample 6) | As A 48.23 | 1,37E-16 0
As B 44 | 869.933 7.52
As C 40.91 | 1070.12 92.48
As 3d
As(5)/As205 As(5)/As205
AsF3/AsFE- As(3)/As203  AsO/LISAs AsF3/AsFE- As(3)/As203 AsO/LiSAs
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Figure 5.6: As 3d XPS photoelectron spectra of graphite electrodes at different stages of
charge and voltage as in indicated in Figure 5.1.
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5.5 Raman Spectroscopy Analysis

5.5.1 MicroRaman Set-up for in-situ Analysis

Micro-Raman analysis was performed at the University of Camerino. The set-up
consisted in a modular micro-Raman composed by two different light sources (a 532
nm laser diode and an helium-neon 633 nm laser tube), an Olympus optical microscope
with several objectives with a magnification up to 100x (typical laser spot size of
2-5 microns), an Horiba iHR320 spectrometer with two selectable gratings (1800/600
lines per mm) and an Horiba-Sincerity (model J810050) CCD detector. The optical
transport consists of optical fiber and standard filter techniques have been used for

detecting the Stokes components of the Raman signal (cfr. 3.3)

5.5.2 In-situ Electrochemical Cell

In-situ micro-Raman spectroscopy was performed using a specifically designed
electrochemical cell that has an optical window that exposes one of the electrodes and
allows Raman radiation to be collected and analysed. The cell used for these experiments
is produced by EL-CELL! (type ECC-Opto-Std), and allows the performance of optical
spectroscopy techniques by looking through an optical transparent window (made of
silica-glass or sapphire-glass or calcium-fluoride or other transparent media) directly
to the backside of the working electrode. For this purpose, the working electrode has
to be self-standing (a plastic polymer is added to the slurry and the electrode does
not need to be cast onto the current collector foil) and coupled to a perforated current
collector. The cell is assembled in Ar atmosphere, the electrolyte is injected through
specific ports, and finally, the cell is sealed and ready to be taken out for measurements.
The cell presents electrical contacts to connect it to a potentiostat and control/monitor
the electrochemical reaction.

The cell is assembled stacking a 9 mm diameter Li metal foil, glass fiber separator,
the graphite working electrode and, finally, placing on top a copper current collector
with a 1 mm hole in correspondence with the optical window. The electrolyte solution
is finally injected with a syringe applying negative pressure and allowing the cell to
absorb the largest possible quantity of liquid in order to completely soak the separator

and the electrodes.

'https://el-cell.com/


https://el-cell.com/
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A schematics of the in-situ electrochemical cell is provided in Figure 5.72. The
specific cell holder designed for in-situ micro-Raman is shown in Figure 5.8 (left), while

the position of the in-situ cell in the micro-Raman set-up is shown in Figure 5.8 (right).

Inspection area (1mm, optional up to 10mm)

\ Working electrode material
{WE) placed on the current
collector mesh

Current wllgﬂur — A — )
mesh (aluminum

or copper) 16mm ( S = : ‘

Optical window

— )
™~ Glass fiber separator
-

s,
-
Detend feature = e Reference electrode pin

~
fou. 2

T Counter electrade

Spring loaded piston

Figure 5.7: Schematic view of the ECC-Opto-Std showing a possible assembly mode for a
typical sandwich geometry.

Figure 5.8: Micro-Raman set-up: on the left the in-situ electrochemical cell (EL-CELL
ECC-Opto-Std), on the right a picture of the cell placed under the microscope
during a micro-Raman experiment.

*Image from https://el-cell.com/products/test-cells/optical-test-cells/
ecc-opto-std


https://el-cell.com/products/test-cells/optical-test-cells/ecc-opto-std
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5.5.3 Preparation of the Self-Standing Electrodes

The self-standing electrodes were prepared by dissolving in acetone the graphite
active material, the binder (Na-CMC) and a plasticiser polymer (Dibutyl Phthalate)
in 70:20:10 % weight proportion. Similar procedures have been successfully used in
previous in-situ Raman experiments [177]. The mixture was then spread on a glass
surface (using Doctor Blade technique) with a wet thickness of 200 pym; dried and
washed in diethyl ether in order to remove the residues of Dibutyl Phthalate. The
obtained dried material was then cut into circular electrodes with diameter of 9 mm
and pressed in order to obtain a uniform dry thickness of ~ 60 pm. The resulting

2

electrodes had an average mass of ~ 3.5 mg with a loading of ~ 5.5 mg/cm® and

2. The in-situ electrochemical cell was

an active material loading of ~ 2.76 mg/cm
finally assembled, in a two electrodes configuration, following the procedure described

in Subsection 5.5.2.

5.5.4 Raman Experiment and Results

The assembled cell was finally mounted onto the microscope motorized stage (see
Figure 5.8 right) and connected to a single channel galvanostat/potentiostat (BIO-
Logic) programmed to cycle the cell with a rate of C/10. Raman experiments were
performed using the 633 nm laser light source, since the 532 nm had demonstrated
to cause heating and consequent degradation of the electrolyte. Raman spectra were
obtained by integrating 5 consecutive scans of one minute each, starting the acquisition
at specific points in the potential discharge curve of the electrode. We can assume that
the potential and the chemical state of the cell is unchanged during the interval of one
single scan, being the discharge time much larger than the Raman acquisition time.

The laser spot (dimension ~ 5 pum) was focussed using a long-range focusing
objective with 50x magnification (Olympus) onto a single graphite particle of the
dimension of ~ 26 um, and the selected measurement spot has been maintained during
the entire discharge process. In this way, we avoided changes in the Raman pattern
due to slight inhomogeneities of the electrode surface and variation of the local lithium

content.

Voltage Profile Curve
Figure 5.9 shows the discharge (lithiation) profile of the graphite anode in the in-situ
electrochemical cell during the first cycle. The cell had an open-circuit-voltage (OCV)
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potential of ~ 3 V (all quoted potentials are vs. Li/Li"). The potential interval was
set to be between 3 and 0.1 V with a current rate of C/10. The discharge profile is
compatible with the cycling behaviour of graphite anodes reported in literature [229,230]
and shows the typical plateaus in the voltage range 1 —0.4 V attributed to the SEI layer
formation during the first lithiation. While the main process of lithium intercalation in
graphite is related to the long plateau portion at a potential of 0.1 V. The final specific
capacity of the cell is 360 mAh - g=! in good agreement with the expected theoretical
capacity of graphite.
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Figure 5.9: Voltage profile of the first discharge (lithiation phase) of graphite anode in
the in-situ electrochemical cell (purple). In green are highlighted the points at
which Raman spectra have been acquired.

Raman Spectrum at OCV

Figure 5.10 shows the Raman spectrum for the graphite anode at OCV state. The main
observed peaks are assigned to the electrolyte and to the graphite active material of the
electrode. The main Raman components of the electrolyte, which is mainly composed
of large organic molecules, are located in the low wave-number region (~ 150 — 250

1

cm™!). Three main bands,in the region between 1000 — 3000 cm™!, are associated

with graphite: a strong and sharp G band at 1580 cm ™!, a weak D band at 1330 cm™!
and the 2D band at 2670 cm™!. The 1580 cm ™" peak (Eyq,) is called G band after

crystalline graphite, and is due to the relative motion of sp? carbon atoms in rings



118 Formation and Evolution of the Interface in Graphite Anodes

and in chains indeed (cfr. [231-233] and references therein). The peak at 1330 cm™? is
called D band after disordered graphite, and can be assigned to the breathing motion
of sp? atoms in the ring, being also effected by defects within the layers [232]; the 2D
band (also referred in literature as the G’ band) is placed at about double frequency of
the D band (2670 cm™?!) and is due to a second-order (two phonon) Raman scattering
and seems not to be related to disorder [233]. The 2D band is asymmetric and is
reproduced by a superposition of two components [232]: 2D(1) and 2D(2), at 2649

cm~! and 2686 cm ™! respectively.

IN-SITU CELL OCV - RAMAN

G band

2D band

Intensity (A.U.)

D band

Electrolyte (LiAsF6 + LiPF6)

D+D" band

0 500 1000 1500 2000 2500 3000

Wavenumber (cm'1)

Figure 5.10: Raman spectrum of graphite anode in the in-situ cell with electrolyte at OCV
state.

Raman Evolution During the Discharge

During the discharge process, important changes in the Raman pattern occur. In
particular, we observed a gradual increase in the count-rate in the entire wave-number
interval measured by our micro-Raman equipment. This important increase of the
background represented a severe limitation for a direct measurement of the components
related to the SEI formation and evolution in different electrodes that we have been
using in this thesis work. This effect has been already observed in other works. On the
other hand, we have been able to study the evolution of the Raman components related

to the active materials of the electrodes, namely graphite in the experiment under
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consideration. This allowed us to test our procedure for in-situ Raman experiment.
Raman Evolution During Lithium Intercalation in Graphite

During lithium intercalation into graphite, Raman spectra evolve following the
structural changes of the host material after lithium insertion (see Figure 5.11). The
main events are related to the blue-shifting and weakening of the G band from 1580
cm™! to 1590 cm ™!, accompanied by the gradual weakening of the peak intensity in
the final stage of lithiation (0.6 — 0.01 V) due to the formation of an highly conductive
layer on the surface which limits the penetration depth of the laser. Furthermore the
G band shows a splitting into two components: E,(i) (1573 cm™") and E,o(b) (1595
cm™!) in the potential interval 0.2 — 0.01 V. The 2D(2) component of the 2D band, on
the other hand, undergoes a red-shift process and finally completely disappears at the
end of the discharge cycle at ~ 0.1 V.

The blue-shift of the G band can be explained with an increase of the constraint
forces of the in-plane C—C bonds following the lattice expansion due to lithium
intercalation in the graphene planes: in fact, as shown in Figure 5.12 the peak shift
begins at around 0.6 V, effect compatible with the beginning of the main lithiation
plateau. At lower potential (~ 0.15 V) the G band starts to broaden and finally
splits (process shown in the left part of Figure 5.11 ) into two distinct bands (assigned
to Eyy(i) at 1573 cm™" and Eyyy(b) at 1595 cm™"). This can be related to a phase
transition depending on the change of the lithium distribution from a random to a
more compact one in the graphite-lithium compound and to a further increase of the
C—C bond force constant [232].

The 2D band remains visible until the discharge potential reaches ~ 0.2 V before
being masked by the effects of the highly conductive graphitic carbon, intercalated
with lithium, as previously mentioned. The 2D band remains constant until ~ 0.5 V
during the formation of the solid electrolyte interphase. Between 0.5 and 0.2 V there
is a gradual red shift of the 2D(2) component (Figure 5.11, right side). The trend
of the 2D peak position is shown in Figure 5.12. This shift may be related to the
increased in-plane lattice strain that follows lithium-ion insertion. In this final stage of
the discharge, the graphene layers in graphite are becoming increasingly distorted to

the heavy lithium intercalation between the graphite planes.
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G band blue shifting up to 1590 cm™
and splitting into E, (i) (1575 cm?) and E,_,(b) (1600 cm™)

A
NN T e 10y 167 mv

[ www”ﬂwmxwf\/‘f\ I\W\/’\W\/ NV ALY

A
’/
W o WWWWW
182 mV
: 122 mv ] VA Ay M VAVAN
\ /\/\N\ i v A K/\W\/«wf\ e 186V

2D(2) red shift and intensity weakening

= =
< 5 <
| T |
3 5 2
167 mV = 2
8 /\ " E %WW\W%W 200 mv
S~ e 15V gk
A Mv\w
182 mV m P M A AN % 360 mV
- W/
- /\ 186 V v
200 mv
753 mV
360 mV /M\/\V‘
753 mV v
L L ., lomvV Wx%%g’/m " A 10TV
1450 1500 1550 1600 1650 1700 1750 1800 2300 2400 2500 2600 2700 2800 2900 3000
Wavenumber (cm™) Wavenumber (cm™")

Figure 5.11: Raman spectra of graphite anode in the in-situ cell during the lithiation phase.
On the left side of the figure is shown the shift and splitting of the peak related
to the G band. On the right side of the picture is shown the red-shift of the
2D band peak.
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Figure 5.12: Result of the peak fit of Raman G and 2D(2) bands, showing the blue and
red shift respectively as lithium insertion proceeds.



Chapter 6

Local Structure of Advanced

Cathodes for Na-ion batteries

This Chapter will cover part of a research work done in collaboration with CIC-
energigune in the Basque Country (Spain). The goal was to prove the effects onto
Mn-rich layered oxides structure caused by the presence of electrochemical inactive
species (such as Ti or Fe) as dopant, which is related to an improvement in the
electrochemical performances and the stability of the material.

The possibility of controlling structural and electrochemical properties by transition
metal substitution is the starting point towards the design of electrode materials that
will ultimately lead toward competitive Na-ion batteries.

This work is mainly focussed on XAS experiments of a specific class of Mn-rich
layered oxides aimed to study the local structural distortions around the Mn sites

induced by the presence of dopant materials.

6.1 Background on Material Properties

Sodium layered electrodes are showing interesting electrochemical performances
when used in NIBs and are currently extensively investigated as cathode materials,
since they have a simple structure, high capacity and high rate capability thanks to
the fast structural diffusion of sodium ions in the layers. Among the many kinds of
layered electrodes, a growing interest is building around sodium manganese layered
oxides since they present the advantages to be low-cost, environmentally friendly and
easy to manufacture [98,234,235].

The main drawbacks related to this material and that affect the electrochemical
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performances are the dissolution of Mn in the electrolyte [236] and the Jahn-Teller (JT)
distortion associated with high spin Mn®" which possesses a d* high-spin electronic
configuration with a single electron on the e, orbital [235,237]. A sketch of the electronic

configuration is shown in Figure 6.1.

Since the Jahn-Teller distortion leads to structural degradation during cycling and a
rapid loss of the cell performances, two strategies to overcome this issue are: protecting
the active material surface [238] and the partial substitution of Mn with electrochemical
inactive species [98]. It has been demonstrated that these approaches, and in particular
the latter, improves the cycle stability of the material. In particular, the Na-Fe-Mn
system has been widely studied [239,240] because the combination of Mn and Fe in
the electrode active material leads to higher specific capacities and better capacity
retention, as well as higher stability and an increased operational voltage if compared
to pure NaMnO, [235].

In this chapter we will take into account three Mn-rich P2 phase layered ox-
ides as cathodes for Na-ion batteries: Na, ;Mn gFe,,0,, Na, 3Mng gFe, ; Ti;; O, and
Nay sMng 5T ,0, (from this point they will be referred as MnFe, MnFeTi and MnTi
respectively). P2 structures materials are generally the most chosen cathodes since
they have a lower diffusion barrier, higher ionic conductivity and higher structural
stability with respect to other phases (O3) [100,135,241].

Han et al. [234,242] showed that the introduction of Ti*" into Na Mn, Fe, O,
(r <1; 0 <y <1)improves the electrochemical performances in terms of coulombic

efficiency and capacity retention and also stabilizes the structure [55].

As mentioned above, here we will investigate the presence of induced Jahn-Teller
distortion and the structural properties of these materials by a series of X-ray absorption
spectroscopy experiments. This analysis is part of a wider paper regarding this material
class published in collaboration with the CICenergigune research group [243]. In
particular, the preparation and electrochemical tests were performed by Elena Gonzalo
and Maider Zarrabeitia and co-workers, the synthesis procedures and the electrochemical

performances of such materials are described in details in refs [234,242-245]
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Mn"' (d%): elongated octh. > Jahn-Teller distortion o [

Mn" (d?): symetric octh.

Figure 6.1: Schematics of Mn®>* and Mn** electronic configuration and visualization of
Jahn-Teller distortion [243].

6.2 Preliminary Characterization

6.2.1 X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker Discover
D8 instrument with Cu radiation (Cu Kay o, A 1.540530 A) in the 20 range of 10 — 80°.
Samples were covered with Kapton tape in order to preserve the inert atmosphere. X-
ray diffraction patterns were refined using FullProf Suite software [246] while drawings
of the structures were made with Vesta software [198]. A sketch of the structure and
typical diffraction patterns are showed in Figure 6.2.

Diffraction peaks of both samples containing iron (MnFe, MnFeTi) were indexed
using hexagonal symmetry (Space Group P63/mmc). Also the sample without iron
doping (MnTi) has been fitted using the same space group, even if some of the reflection
peaks could not be indexed (for example 20 = 38.2°,42.40°,47.70° and 61.06° see Figure
6.2 right panel). One must notice that layered oxides can form a range of different
polymorphs which depend on the conditions of the synthesis, Na content and presence
of Ty vacancies [106,247].

Furthermore, in the case of Mn-compounds, Kumakura et al. [248] have reported
that the Jahn-Teller-active high spin Mn** in the MnTi sample can induce a lattice

distortion from hexagonal to orthorhombic symmetry due to cooperative Jahn-Teller
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Figure 6.2: Structure and Rietveld refinement of the P2-Na, /3Mn078TiO.202 (MnTi) powder

by Rietveld method using hexagonal (S.G.: P63/mmc) and orthorhombic (S.G.:
Cmcemce) symmetry, with relative X-ray powder diffraction patterns between
20 = 35 — 65° [243].
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distortion (CJTD). Since in the MnTi sample the amount of Mn** is higher if compared
to the other samples (MnFe and MnFeT1i), it can be said that the observed lattice
distortion of MnTi derives from CJTD effects. In fact, refining PXRD pattern with
this different symmetry structure provides better indexing of the PXRD peaks. Hence,
from PXRD results, we can conclude that doping the structure with higher amounts of
Ti than 0.1, and consequently a higher amount on JT-active Mn*", results in increased
distortion of the structure and a modification of the symmetry.

The cell parameters (reported in details in ref. [243]) for MnFe and MnFeTi samples
are in agreement with the values reported in literature ( [234,242]), while MnTi
sample shows values which are close to orthorhombic P'2-Na, ,Mng sTyj0,0, [248].
The averaged T,;—O distance obtained by PXRD refinement could provide indirect
information regarding the T,;O octahedral distortion relating the amount of Mn®*
CJTD-inducing to the distortion of the relative octahedron. The PXRD refinement
of our samples show an increase of the JT-distortion and the T);—O distance when
increasing the amount of Mn*" in the sample (MnTi>MnFeTi>MnFe) [243].

6.2.2 Electrochemical Performances

The electrochemical properties of the three samples under consideration (MnFe,
MnFeTi, MnTi) are reported in Figure 6.3. MnFe shows higher charge/discharge
capacities (200/190 mAh - g=!) than MnFeTi (146/144 mAh - g=1) at the second cycle
at C/10, since both Fe and Ti are electrochemically inactive species in the considered
potential interval (4.0 — 2.0V vs. Na'/Na). Fe inactivity was also confirmed by
Mossbauer spectroscopy [234]. Nevertheless, after 50 cycles, the charge/discharge
capacities of the two samples (MnFe and MnFeTi) reach compatible values of ~ 140
mAh - g=!. For this reason the capacity retention, after 50 cycles, is better for MnFeTi
than MnFe (95.1% vs. 71.7%). On the other hand, the capacity at the second
galvanostatic charge/discharge cycle for the sample MnTi is considerably inferior
with a value of 55 mAh - g1, resulting with only 0.2 Na*t ions inserted/de-inserted
per formula unit (theoretical specific capacity of 265.89 mAh - g~!). This modest
specific capacity might be related to the higher presence of JT-active Mn*" since the
octahedral distortion in this type of layered oxides is considered to be a drawback for
the electrochemical performances [237,245,249]. Even though the specific capacity is
low, MnTi shows good capacity retention of 92% after 50 cycles, but is lower than the
capacity retention of MnFeTi. This confirms that the structural stabilization effects of

Ti*" doping must be controlled since it can also influence negatively the electrochemical
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Figure 6.3: Voltage profile and cycle retention for MnFe, MnFeTi and MnTi:on top galvano-

static charge/discharge profile of the 2°¢ (line) and 50" (dash) cycles; on the

bottom evolution of the capacity upon 50 cycles in the voltage range 4.0 — 2.0V
vs. Nat/Na at C/10 [243].

6.2.3 Structural Determination from ab-initio Calculations

Density functional theory (DFT) calculations have been performed to analyse the
enhanced structural stability of MnFeTi at the molecular level, and better understand
the role of T); doping on the JT-effect. Results (reported in Table 6.1 and in ref. [243])
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shows that the Mn**—O distance distribution, relative to the undistorted sites, are
characterized by a single main peak with an averaged distance of 1.95 A, independently
of the Ti content. However, Mn*"—O distances distribution split into two distinct
peaks. One below 2.0 A, and one above 2.2 A. This splitting is caused by the Jahn-Teller

distortion typical of ions with electronic configuration ((t2g)*(eg)!), as Mn*" [243].

Table 6.1: Calculated DFT mean values of T,,—O distances (A) in P2-
Na,, /3Mno.sFeo.2_xTix02- The two values in the Mn®*" column correspond to the

short (planar) and long (apical) distances [243].

x | Mn™ =0 | Mn*T—0O Fe3T—0O | Ti*™ =0
0 1.961 | 1.977 / 2.213 2.049 | -

0.1 1.953 | 1.97 / 2.246 2.051 1.999
0.2 1.953 [ 1.964 / 2.27 |- 1.997

The first peak corresponds to the four planar bonds in the equatorial plane, the
second peak is related to the two apical (on the axial line orthogonal to the equatorial
plane) Mn*"—O distances; both distances are compatible with a distorted [Mn**—O]
octahedron and it is significantly affected by the Ti content, showing a shift towards
larger distances as Ti*" doping is increased in the system (as observable in Figure 6.4
and in ref. [243]). From these theoretical calculations it seems that the presence of Ti in
the structure mainly affects the distortion of [Mn*"—Og] octahedra, by increasing the
Mn**—O apical distance. In addition the Distortion Index (D.I.) has been calculated
with the expression proposed by W. H. Baur [250]; in Figure 6.4 are showed the
averaged value and dispersion range of D.I. for each T);—Og4 octahedra. As expected,
the largest distortion is given by [Mn**—Og] octahedra due to the increased JT effect,
furthermore, this distortion increases with Ti content. This can be explained by CJTD,
since the substitution of Fe** by Ti*" necessarily involves an increment of [Mn*" ions
in the structure. Furthermore, it can be noticed that amongst the non-active JT ions,
the distortion index of the Ti*"—O, octahedra is 2-3 times higher than the one of
Fe’*—0g4 and Mn*t —Oy octahedra, revealing that titanium acts as a structural buffer
that can actively help to relieve structural stresses and better accommodate the induced
JT distortions. The other ions present a much lower DI values, indicating that they

are rigid and less able to adapt their geometries to account for distortions [243].
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Figure 6.4: Top: T,;—O distance distribution within the [T);Og4] octahedra in MnFe,
MnFeTi and MnTi (intensities for Fe and Ti distances are doubled for better
visualization). Bottom: distortion index of [T,;Og4] octahedra as function of Ti
content for MnFe, MnFeTi and MnTi; points and bars represent mean values
and standard deviations respectively [243].
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6.3 Experimental - XAS

Mn and Ti K-edge XAS spectra were collected at the XAFS beamline of the Elettra
synchrotron radiation facility (Trieste, Italy) [251]. The X-ray beam delivered by
a bending magnet source was monochromatized by using a Si(111) double-crystal
monochromator.

The cathode active materials were finely grounded into powders, then mixed with
carboxymethyl cellulose (CMC) in an optimal amount in order to collect measurements
in transmission mode, the mixture has been pressed into pellets and sealed into Kapton
tape to avoid air contamination. Spectra were collected at room temperature using
two ionization chambers to measure the incident and transmitted flux.

Metal reference foils of Mn and Ti were used for energy calibration: the first
inflection point of the absorption spectrum of Mn and Ti metal was set to 6539 eV and
4966 eV respectively.

Spectra of reference metal foils were measured simultaneously with any sample
spectrum by a third ion chamber to monitor the energy scale between different scans.
The EXAFS analysis was done by using the GNXAS package [142,143] using standard

procedures.

6.4 XANES

X-ray absorption spectroscopy (XANES and EXAFS) measurements have been
taken in order to evaluate and confirm the oxidation state of manganese and titanium
present in each sample and also to gain further information relative to the internal
structure of the MnFe, MnFeTi and MnTi samples.

Figure 6.5 shows the Mn K-edge XANES spectra of the three samples. The
absorption edge position, taken as the first maximum of the derivative spectrum (shown
in the inset) shifts to lower energies with increasing Ti concentration. In Figure 6.5
(right) is shown a comparison of the Mn absorption edge energy vs the oxidation state
of reference Mn oxides [252], the position of the measured energy edges indicates that
all the samples contain Mn ions in oxidation state intermediate between 3+ and 4+.

Exploiting the linear relationship between the edge energy and the Mn oxidation
state of the reference compounds, a mean oxidation state of 3.48, 3.34 and 3.26
was found for MnFe, MnFeTi and MnTi, respectively. These values agree well with

the expected oxidation states (assuming oxidation state 3+ and 4+ for Fe and Ti
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Figure 6.5: (Left) Mn K-edge XANES spectra for MnFe (blue), MnFeTi (red) and MnTi
(black). The inset shows the first derivatives of the spectra. (Right) XAS Mn
K-edge energy vs calculated Mn oxidation state for the studied samples (blue
circles) and reference compounds (red squares). The dashed line is a linear fit
for the reference compounds.

respectively) calculated from electronic balance, shown in Figure 6.5 (right) with blue
circles.

The Ti K-edge position, shown in Figure 6.6 (derivative spectra in the inset), does
not change with the Fe concentration. Comparison with reference Ti oxides [253]
indicates that the mean oxidation state is 4+ in both the MnFeTi and MnTi samples.

6.5 Modelling the Structure

Pair Distribution Function (PDF) theoretical calculations were performed at CI-
Cenergigune (see Subsection 6.2.3) and proposed a model that considered two different
manganese-oxygen shells with (4 4+ 2) coordination number at different distances: 4
planar and 2 elongated apical.

In order to compare the model PDFs with present experiments, we have calculated
the EXAFS signals of the first shell Mn-O distribution (related to the structural
parameters listed in Table 6.2) and compared it with the experimental first shell back
Fourier Transform.

Data reported in Figure 6.7 show that the distribution of apical oxygen atoms

affects the total EXAFS signal. It is shown, also, that there is a qualitative agreement
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Figure 6.6: Ti K-edge XANES spectra for the MnFeTi (red) and MnTi (black) and deriva-
tives in the inset.

Table 6.2: Structural parameters for the planar and apical Mn-O distributions derived from
PDF theoretical calculations.

Model MnFe | MnFeTi | MnTi
Rym—o (A) planar 1.961(2) | 1.960(1) | 1.958(2)
RMn o (A) apical 2.215(2) | 2.243(3) | 2.273(2)
aMn o (1073A?) planar | 0.88(2) | 0.89(2) | 0.76(2)
03 o (1073A2) apical | 1.30(2) | 1.44(2) | 1.33(2)

between calculations and experimental data. Moreover, the effect of thermal vibrations
and of possible extra-contributions of structural disorder are present as a reduction of
the amplitude of the EXAFS signal for increasing wave-vector values. The amplitude
decrease observed in the experimental data reduces the EXAFS sensitivity to the details

of the oxygen distribution.

6.6 EXAFS Analysis

To obtain more information about the local Mn-O coordination of the MnFe,
MnFeTi and MnTi samples, Mn K-edge spectra were collected in the extended energy
range (EXAFS) and analysed. The k% weighted EXAFS signals and the corresponding
Fourier transforms in the 3.7 — 11.9 A~! window are shown in Figure 6.8 for all the
three samples. The first peak of the FT at around 1.6A is assigned to the first Mn-O
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Figure 6.7: EXAFS signals calculated from the PDF model and the first shell (1 —2 A)
backward Fourier transform of the experimental data.
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coordination shell while the second peak at around 2.5 A represents the Mn-Mn(Fe,

Ti) second coordination shell with some contribution from Mn-Na distances.
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Figure 6.8: Mn K-edge k2-weigthed EXAFS signals (left) for the three samples (MnFe,
MnFeTi and MnTi) and the corresponding Fourier transforms in the 3.7 — 11.9
A~! window (right). The gray dots are the best fit with the distorted (4 + 2)
coordination model.

The similarity of the EXAFS features shows that the presence of Ti does not affect
sensibly the local environment of Mn, nevertheless a small reduction of the signal
amplitude between the three is observed and it is possibly related to an increase in
the structural disorder in both the first and second shell. The EXAFS signals were
analysed using different models for the Mn-O oxygen coordination shell.

As expected from the theoretical calculations, the first peak of the Fourier Transform
could not be modelled considering an undistorted octahedral structure with a single
shell of Mn-O with coordination number 6. However, a distorted structure (4 + 2)
coordination model, having 4 oxygen atoms around 1.95 A and 2 oxygen around 2.30
A reproduces the first peak of the FT in substantial agreement with the results of the

previous simulations.
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The best-fits curves are reported in Figure 6.8 (gray dots)and the resulting structural
parameters are listed in Table 6.3. Results of inter-atomic distances appear to be
compatible with those of the theoretical calculations (Tab.6.2), however, the effects of
thermal vibration and structural disorder contributions cause a reduction of EXAFS
signal at high wave-vector values. By present data is not possible to confirm the

increasing Jahn-Teller distortion with increasing Ti content.

Table 6.3: Average inter-atomic distances and corresponding variances for the three samples
as obtained from EXAFS analysis. The two values correspond to the short
(planar) and long (axial) coordination shells having coordination numbers 4 and
2 respectively.

Best-Fit MnFe | MnFeTi | MnTi
Ram—o (A) planar 1.940(2) | 1.944(2) | 1.947(2)
Ram—o (A) apical 2.298(5) | 2.303(5) | 2.297(5)
03 o (1073A2) planar | 8.3(8) | 7.0(7) | 8.5(9)
02, o (1073A2) apical | 6.8(7) | 7.0(7) | 7.6(8)
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Figure 6.9: Radial distribution functions. On the left the g(r) derived from PDFs cal-
culations. On the right the g(r) derived from the experimental XAS best
fits.



Chapter 7
General Conclusions

The research work presented in this thesis regarded the structural study of different
materials employed as battery electrodes (for both Li and Na ion cells) by means of
X-ray Absorption Spectroscopy, X-ray Photoelectron Spectroscopy and Raman Spec-
troscopy. The main purpose of the thesis was to provide better insight, at a microscopic
and atomic level, of all the mechanisms related to the insertion/de-insertion of lithium

or sodium ions in the electrode structure at the electrolyte interface and in the bulk.

The process of Li* insertion into carbon-coated zinc-ferrite nanoparticles was studied
by X-ray Absorption Spectroscopy performing an in-situ and in-operando experiment
which provided a detailed description of the modifications occurring in the electro-
chemical cell employed in function of the quantity of lithium inserted into the active
material. We have shown that in the very early stages of Li" insertion (until 0.3 Li*
per formula unit) ZFO-C retains the spinel structure while at higher level of Li uptake
(> 0.3 Li" per formula unit), Zn atoms migrate to vacant 16¢ sites due to electrostatic
repulsion from Li" inserted into octahedral (16¢) sites. In this initial stage, Fe is found
to be gradually reduced from Fe** to Fe?' upon lithium insertion and remains in the
octahedral sites; furthermore, gradual damping of the EXAFS signals indicates an
increasing structural disorder within the active material accompanying these structural
changes. The lithiation phase proceeds with a gradual and continuous reduction of the
Zn and Fe until those species are fully metallized in the form of nano-sized particles.
During this phase, lithium ions are stored in the cell material as lithium oxide (Li,0),
until lithium concentration reaches 8 Li* per formula unit. Finally, we could provide
direct proof of the alloying mechanism occurring in the very final stage of the lithiation

which allows the material to achieve one more lithium per formula unit stored by a
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reversible alloying mechanism of lithium with zinc.

The evolution and stability of the SEI layer were also studied in graphite electrodes
with X-ray Absorption Spectroscopy and X-ray Photoelectron Spectroscopy during the
first charge/discharge cycle. An arsenic-containing compound was used as electrolyte
and employed as local probe for XAS As K-edge analysis, giving an insight into the oxi-
dation state and structure of the various As-species formed in the inorganic components.
XPS provided complementary information, with a study of the outermost layer of the
SEIL on both the organic and inorganic fraction of the SEI. Both XAS and XPS revealed
the presence of arsenic with oxidation state 34+ and 5+, possibly in the form of arsenic
oxides (As,O5, As,O4) and arsenic-fluorine compounds (AsF,, AsFg, Li AsF, ) both
deriving from the degradation and precipitation of the electrolyte salts. Moreover,
XPS revealed the presence of As” (not detected by XAS) that could be present, in
a small quantity, only on the outer layer of the SEI. The organic fraction of the SEI
has been studied with XPS, showing the presence of different lithium alkyls species
and carbonates as result of the degradation of the electrolyte organic solvents. At full
lithiation stage, the outer part of the SEI is covered by a film of lithium-carbonates
species, this film gets thinner after de-lithiation. Therefore, the SEI may also act as
a lithium-ions buffer providing an extra reversible capacity to the anode as recently
suggested by our group. We also developed a new set-up for in-situ micro-Raman
experiments of battery materials, attempting to measure the evolution and structure
of the SEI upon lithiation. While the SEI signal was shown to be very difficult to
detect and analyse, we have been able to study the modifications of the graphitic
host structure in-operando, in substantial agreement with previous results. Several ex-

periments are still in the data analysis and preparation stage and will be completed soon.

Finally, the structure of Mn-based layered oxides for sodium-ion cathodes cells
has been studied with X-ray Absorption Spectroscopy, with the aim of measuring
the local structural distortion induced by doping. In fact, doping the material (P2-
Nay s Mn, sFeg 5 Ti,0,) with electrochemical inactive species (Ti**, Fe*") induce a
Jahn-Teller distortion of the Mn-O octahedra, and may provide improvements on the
electrochemical performances. DFT calculations and XRD experiments substantially
confirm this scenario. In our XANES experiments at Mn and Ti K-edges, we proved
that the oxidation states of manganese and titanium are in good agreement with the

expected ones. Our structural Mn K-edge EXAFS refinement, compared with the
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results of DFT calculations and XRD data, confirmed experimentally the Jahn-Teller
induced distortion of the structure, with no substantial changes for all the materials
under consideration. A slight decrease of the local structural disorder is observed in

the material where both Fe and Ti are present with equal proportions.

All of the results listed above have an impact on obtaining better batteries. The
study of electrode materials based on conversion-alloying reactions will result in batter-
ies with enhanced capacity (conversion-alloying reactions can deliver 2-3 times more
specific capacity than intercalation reactions). Identifying the SEI components and
understanding its evolution is key to obtain more stable batteries. Finally, understand-
ing the role of environmentally friendly dopants (such as Ti) in the layered oxides has
resulted in electrodes with increased stability: one step more towards commercialization

of Na-ion batteries.

Most of the results presented in this thesis have been published in international

journals, or are under preparation, and the list of publications follows in the next pages.
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Appendix A

XAS Data-Analysis

A.1 Absorption cross section

In this section, we will give a brief theoretical derivation of the X-ray absorption
cross section o, to better interpret the physical meaning of the EXAFS structural
signal x(k). The mechanism of absorbing an electromagnetic wave by matter can be
interpreted by an elementary process involving a photon and an atom (also called
photoelectric effect). At certain energies, a photon can be absorbed by the atom
which becomes excited, this corresponds to the promotion of an electron to a higher
energy level. The Hamiltonian of an atomic system in an electromagnetic field can be

approximated as:
H = Ho + Hn(t) (A1)

where Hj is the time independent - non interactive atomic Hamiltonian, and Hy,, () is
the Hamiltonian which gives the interaction with the electromagnetic field depending

on the vector potential A; in particular we have:

Hot) = —A-p (A.2)

Fermi’s golden rule gives the transition rate (probability of transition per unit time)

from the initial quantum state |i) to the final |f), in presence of a perturbation V(¢):

Wy = TNV OIS(ES ~ E) (43)
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Which in our case becomes:

Wi = 22 S Hoel(0)]0) 5By — By — 1) (A4)

h f
where we sum over all the final accessible states permitted by energy conservation, Ey
is the total energy of the final configuration, F; is the unperturbed system energy and
hw is the energy of the absorbed photon. Let’s introduce few useful approximations to

derive an eflicacious form for the cross-section o.

1. One electron approximation for the states | f) and |7). Many electrons states can

be described as N contributions of single electron states:

iy = VNS ¢, A{D ()0 (r1, ..., Tn)} (A.5)

1f) = VNIAY (&7 (x)o) My, .. )} (A.6)

where @, and @, are the single electron wave functions for the initial state (single
core electron) and final, the "' are the Slater determinants of the remaining

N — 1 electrons, A is the anti-symmetrizing operator [254].

2. Sudden approximation. This further simplification comes from the assumption
that the interaction involves only the bound core electron, such that Eq. A.4

becomes:

2me _ _
Wy = T > |<@f|Hmt(t)|¢c><¢§fv Ho HIP6(By — B — hw) (A.7)
f
The overlap between the initial and final states for all the passive electrons that are
not directly excited by the incident photon is indicated by: [So|? = [(®F @) )|
|So|? represents the cross-section reduction due to the atomic relaxation and it is
typically introduced as an empiric parameter, with values in the range 0.7 — 1,

when calculating the cross-section.

3. Dipole approximation. In our system the photon wavelength is larger than the
dimensions of the core (1 A is the typical wave length of an X-photon, while the
core state @, extends for less than 0.1 A), so the electromagnetic field (thus A)
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can be considered constant.

dipole dipole

Xt ik T 4., Rl = A=¢A=Cee TR Ce (A.8)
Considering these approximation we can write Eq. A.7 as:
2meC .
Wi = ——= > [(®y]¢ - pIe)|* 56 6(Ey — E; — hw) (A.9)
f

In few steps and remembering that o = W/¥, where ¥ is the flux of incoming photons,

we have:

og = dm’ahw Y [(lé - r|D.)|* S5 8(Ey — E; — hw) (A.10)
f

where a = 1/137 is the fine-structure constant and oy is the cross section for a single

atom system.

A.2 Analytical expression for EXAFS signal

In this section we will briefly present the fundamentals of the scattering theory of
a wave packet by a perturbative potential [255,256], then extend these results to the

calculations of the cross section. The Hamiltonian of the system is:
H=Hy+V (A.11)

where V' is a potential that we can consider different from zero in a spherical region of

radius a. Asymptotically the function ¥" (solution of H¥" = E¥") can be written as

a superposition of a plane wave and a spherical wave':

1

eikr
)2 (akw fulF) = ) (A.12)

The factor fi(7) is the scattering amplitude, from which can be derived the differential
cross section (do/d2 = |fx(7)|°). Easier calculations can be obtained with the use

of the Muffin-Tin approximation (MT) for the atomic potential. This is represented

'This result can be showed using the Green’s function formalism, which will be discussed in the
following section.
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as a collection of spherically symmetric potentials centered on each atomic site (with
radii chosen according to Norman criterion [257]) embedded in a constant potential
interstitial region; this approximation has been shown to be sufficiently accurate in the
EXAFS region, because photoelectrons with kinetic energies greater than Ej ~ 30eV
are only weakly sensitive to the details of the effective potential. Let’s write the

solutions of Eq. A.11 as separated functions for the radial and angular part.

Lp+(7‘, 97 gb) = Rl,k(r)yi,m(e, gb) (Al?))

The radial part, outside the MT sphere (r > a) can be simplified as:

sin(kr — 51+ 0;)
kr

Rix(K) = (A.14)
where ¢; is the phase-shift of the outgoing wave coming from one MT sphere. Once
all the phase-shifts are well known it’s possible to derive the scattering amplitude as

following;:
1 oo
=2 S (sl + 1)e™®) sin 6 (k) Py(cos 0) (A.15)
1=0

where P, are Legendre polynomials. In the MT approximation the partial wave
expansion of Eq. A.15 will converge quickly. The phase-shift coefficients can be derived
applying the boundary conditions for the MT spheres to the solutions of Eq. A.11;
from this it’s possible to derive the scattered wave function ¥ with equations A.12
and A.15. Now we can express Eq. 3.3 in an analytical form. The cross section o is
measured in the experiment; it’s different from o since we consider a final state ®; as
a composition of interfering scattered and back-scattered waves, while oy only takes in
account the analytical final state @ derived by the scattering theory. The final state
is critical for solving scattering problems, and can be derived using equations A.12 and
A.15. Using the plane wave and single scattering approximations, the signal y (k) can

be considered as a sum of sinusoidal contributions:

ZA ri, k) sin(2kr; + @;(k))e —207k? o= 2r;/A; (k) (A.16)

where =27 ** express the thermal disorder and e~%73/%®*) describes the EXAFS signal

reduction due to the mean free path A\ of the electron in the condensed matter. The
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amplitude factor A(r;,k) is proportional to the number of atoms (NN;); inversely
proportional to /{;R? (where R; is the distance between the photo absorber and the
others atoms in the shell); The frequency of the signal is dominated by the term 2kR;
and it’s slightly shifted by the phase factor @;(k), this means that EXAFS signals from
further shells have higher frequencies and go to zero more rapidly than closer shells. At
the beginning of EXAFS analysis, Fourier transform of x (k) was the preferred method
to interpret the signal [138]. These results rely on very strong approximations (for
example the single scattering approximation) which leads to only qualitative results. In
the last two decades have been developed more powerful and refined analysis methods
of the EXAFS signal based on multiple scattering theory [142,143].

A.3 Multiple-scattering expansion

In this section will be shown the fundamentals steps for calculation of the cross-
section and it will be given a basic description of the multiple scattering theory, focusing
more on the physical meaning of the newly introduced hypothesis than on the complex
formalism of the theory. For the evaluation of the cross section from Eq. A.10 we
will introduce the Green’s function formalism [258,259]. The sum over the final states
can be expressed in terms of the Green’s function representing the propagation of an
electronic wave of energy E between the two sites r and r’ in the potential generated

by all atoms. Using the relation:

1 1
E)= ] | +i E - B;) (Al
B = o T E B~ P[hw+Ei—Ef]+Z7T5(hw+ i = Ey) (A7)

we get the following relation for the cross section,
1
o = 4rahw S(i|(¢° - ') =G(r, v, E; + hw)(é - 1)]i) (A.18)
v

Since the initial core state (i is a well localized function, the integral in A.18 is different
from zero only when r and r’ fall into the MT sphere centered on the photo-absorber.

In this particular case, the equation A.18 has an exact solution:

1 ! /
—G(rn, 1y, E) = Ri(rn, E)Thl RE (Y0, E) + > R} (rn, E)SE(x'n, E)  (A.19)
T L

Lr
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where R}, S} are the solutions, respectively regular and irregular in the origin r,, = 0,
of the Schroedinger equation in the MT sphere. These functions are normalized to be

continuous and derivable with the spherical waves solutions for » > Ry;r. The term
LLL

nn7

scattering of the photoelectron:

generally called scattering path operator, is a matrix which represents the multiple

=T e =1 -TG) T E (A.20)
where [ is the unitary operator, 7" and G are the atomic scattering and spherical wave
propagator matrices respectively. An element of one of these matrices is indicated by
the indices 7, j running over the different atomic centers in the structure, and by a
further set of angular momenta L, L' . Each couple of atomic indices identifies an
atomic block of the matrices. T is a block diagonal matrix (7;; = ¢;0;;) and, in the
MT approximation for the potential, the scattering matrix for the atomic center ¢ is
diagonal in the L indices (t**" = .6, 1/), since the angular momentum is conserved in
the scattering from a single site. In terms of the I-th potential phase shift 6! at site i,
we have: t! = ¢ sin 6. The elements of the wave propagator matrix G are expressed
in terms of Gaunt coefficients C’f:L,, and Hankel spherical functions i (kr;;). The
propagators G{}L/ describe the partial wave expansion of the spherical wave centered in
the site ¢ with respect to a second site j. Thus diagonal elements of G matrix are all
null. To derive the absorption cross section from a core level, we can determine the
Green function in the sphere centered on the photo-absorber atom (n = 0); we can,
then, use Eq. A.19 considering only the case n = 0. If the MT potential is real, the

cross section can be written as:
= (lp + D)ol ylott 4 [yglo=tylo—t (A.21)
where we have the single atom cross section:

8
lol _ © 2 2 ~ (100
O~ = 577 ahw (Mg 1y+1)" S <T|l0:|:1,ml0:|:1,m)

N (A.22)
= 571'20(7%.1 (Mlo,lo:tl)z sin2 62):|:1
and a structural signal:
YorE =9 ! ! (I -TG) TP (A.23)
2l £ 1) +1 sin®0) ., \%5 oL mloELm
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Information on the local structure around the photo-absorbing site is stored in the
structural term y(k). From equation A.23 it is clear that the relationship between
geometry and signal is strongly non-linear (the G matrix appears in an inverse expression
(I + GT)™') and for this reason the effects of different structural arrangements on
the cross section can hardly be decoupled. The non-linearity is the mathematical
consequence of the strong coupling of the photo-electron with the surrounding atoms
and it is the major reason responsible for the difficulty in analyzing XAS data. The
traditional method for treating the inverse expression (I + GT)™! is the multiple-
scattering expansion [260]. We assume that the norm of the TG matrix, defined as
the maximum modulus of its eigenvalues, is less than one, ||[T'G|| < 1; in this case
the formal matrix expansion (I —TG)™' = (I + TG+ TGTG + TGTGTG + ---) is
convergent and gives rise to the multiple scattering series. The condition above is
verified in the EXAFS region (around 50 eV above the edge). We can write equation
A.23 in the following form:

1 1
=9 : T+ TGT +TGTGT +---) [
X > 2(lg £ 1)+ 1 sin2 51%11 (; (T + + + ) ‘loil,mloil,m
(A.24)
then the structural signal can be expanded in a multiple scattering series:
X =3 (A.25)
Thus, in generic terms we obtain:
XoE =g ! e (e (A.26)
2<l0 + 1) + 1 sin2 52)11 — lo+1,mlo+l,m .

Indicate in a more compact form

m m

[Z<TG>"T|%%,LO] - [Z 5,20*'"’:1‘0}|%%,L0] (A.27)

and specifically: 50 = Gy .t;Gioto for x3°, 5%9° = Gy ;t;G; ;G oto for x57*, and
Z0ik0 — GoitiGr t;GjitiGioto for X‘}'j’“o. In the above expression, each term Y, of
the multiple scattering series can be related to a scattering path starting and ending
at the origin with the constraint that successive sites must be distinct. Therefore the

sums in the above expressions extend to all of the distinct sequences of sites of the
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type 0ujk - - - pgr0, with the constraint that ¢+ and r cannot be 0 and in general that
any two successive indexes must be different. Note that the internal sites 7, k, -+ ,p, q

can be the origin again. The y,, signals are oscillating functions of the type:
Ya(k) = A(k, R sin [kR, + ¢(k, R)] (A.28)

where A and ¢ are smooth functions of k and of the geometrical parameters R. The
relevant frequency of the signal is determined by the path length R,. The x, terms
probe the relative position of atoms 0 and 2, whereas y3 terms probe the positions of
the atoms 0, ¢ and j and therefore they are sensitive to the two-particle and three-
particle distribution respectively. Starting with the y4 term the situation becomes
more complicated, in fact, while the general 0ijk0 probes four-particle correlations,
special paths like 0:0k0 or 075:0 and 0:0¢0 probe lower-order correlations. In general at
order n, in Y, there are paths involving all particle distributions from 2 to n if n is

even or from 3 to n if n is odd.
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l (1 18)
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Figure A.1l: Graphical representation of the different contributions coming from the multiple-
scattering expansion.

A.4 n-body decomposition

A different approach to the solution of the XAS structural problem is based on a
n-body decomposition of the cross-section, which partially avoids the drawbacks related
to the multiple scattering expansion. Let’s indicate, as usual, the photo-absorber with

0 and the surrounding atoms with 4, j, k, - - -. Define now the n-atom cross section:
« 0(0) = 09 , atomic cross section;
e 0(0,1), cross section of the structure including atoms 0 and 7 only;

e 0(0,1,7), cross section of the structure including atoms 0, ¢ and j;
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e 0(0,14,7, k), cross section of the structure including atoms 0, 4, j and k;

and so on. In the MT approximation these cross sections can be easily calculated
using the appropriate number of blocks in the G' and T matrices. The irreducible
n-body cross sections ™ (0,41, ,i,_;) can be defined inductively starting from these
quantities. For n = 2 it is the contribution due to the presence of a second atom i that
is given by:

c@(0,1) = (0,) — o9 (A.29)

For n = 3 the cross section for atoms 0, ¢ and 7 can be decomposed into the photo-
absorber contribution, the two 0 —¢ and 0—j two-body contributions, and an irreducible

three-body contribution, that is given, by this definition as:
o™(0,4,5) = 0(0,4,5) — a?(0,i) — (0, ) — 79 (A.30)
By induction, we can define the irreducible n-body contributions as:

c™(0,4,7,- 1) =0a(0,4, 5, ,7) = > ™ V[0,S(n - 2)]—

S o0, 8(n - 3)] — - — 3 0@ (0,4) - o (A-31)
where S(m) indicates a choice of m elements among i,7,--- ,r and the sums are
extended to all possible choices. Solving equation A.31 for the total cross section
0(0,4,7,---,r) a useful expansion for this quantity in the n-body cross sections is
obtained:

o(0,4,7, -+ ,7 —00+ZU(2)OZ —i—Za (0,4,7)+

(A.32)
+ZO 07Z>ja ++U( )(0727j7"'77a)

’.7’

By introducing the dimensionless quantities 7™ = o™ /gy , representing the irreducible
n-body contributions to the EXAFS, we arrive to an equivalent expansion for the
dimensionless experimental structural signal y that differs substantially from the

multiple scattering series:

x(0,4,5,-+,7) Zv (0,4) + > (0,4, )+

N (A.33)
+ny(4) 07i7j7 k) T +’y(n)<077'7]7 : 7T>
1,7,k



A.4 n-body decomposition 153

In this equation a linear relationship between structure and signal is obtained. The
equation contains a finite number of terms if the system is finite (cluster) and becomes
a series only in the case of a system with an infinite number of atoms. In this case it is
expected anyway, due to mean free path effects, that the higher order n-body terms
are smaller than the lower order ones and that the series has very good convergence
properties. The v signals are associated with well precise n-body arrangements of
the atoms and two different methods for their calculation are available: the first makes
use of total cross section calculations and continued fraction expansions, the second
consists in expanding the (™ signals in an appropriate multiple scattering series (see
Fig. A.2 for example). Generally speaking the v signals are, like the ,, , oscillating
functions of the photo-electron wave-vector modulus k. The dominant frequency is
that associated with the shortest path (lower order contribution) of the corresponding
multiple scattering series. The oscillation shape has not necessarily a regular sinusoidal

behavior because of the presence of higher harmonics.

i
¢ O -0 + 0 + 0 g B -
. i i i i
Yl‘!}
x4 x(a xﬁ

i ‘x
2

e i i i )
@ - +2 N + s
. i 0 i G i o i o i
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% 1, 2y %

Figure A.2: Graphical representation of the MS expansion for the 42 and v®) signals.
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