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Introduction

Introduction

Many scientific and technological progress have been realized since the industrial revolution in
the 19'™ century. This progress has globally led to an increase in the energy demand with a massive
growth from the middle of the 20" century. Since this period, the world energy consumption has
never stopped its fast increase and with the continuous growth of the world population, ensuring
everyone’s needs in energy becomes a real challenge®.

For several decades, more than 80% of the world produced energy has come from the
combustion of fossil fuels as coal, oil and gas, the other 20% corresponding to alternative energies as
nuclear power and renewable energies (only 1% attributed to wind and solar energy in 2012)2
Unfortunately, the massive exploitation of fossil fuels tends to be problematic in the near future.

Indeed, the known and accessible reserves of fossil fuels are predicted to be completely
depleted in less than a century assuming that the global energy consumption stays stable in the next
decades. Even if other non-exploited areas exist, their exploitation is generally more difficult and
expensive and they are still limited. Moreover, the over exploitation of fossil fuels does not only have
economic implications. The amount of greenhouse gases (GHG) in the atmosphere, and in particular
CO,, has increased since the 1950’s, primarily because of the combustion of fossil fuels (Figure 1).
According to the Intergovernmental Panel on Climate Change (IPCC), the increase of GHG in the
atmosphere is very probably the main cause of the global warming observed since 1880 (+0.8°C on

average according to NASA scientists)®.
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Figure 1. Evolution of greenhouse gases emissions from 1970 to 20103
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Since the awareness of these issues by the international community, the Kyoto protocol was
adopted in 1997 with the main objective to reduce by 5% the GHG emissions between 2008 and 2012,
compared to the level in 1990% However, several scenarios have been predicted by scientists
concerning the global warming, starting from an increase of the global temperature of 0.9°C for the
most optimistic scenario and of 5.4°C for the most pessimistic one at the end of the 21 century. If the
GHG emissions follow the same trend as today, an increase of the Earth surface temperature around
4°C is expected?. This climate change is already starting to disrupt the ecosystem: melting ice, rising of
seas, vanishing of species, air pollution. Such consequences may have a large impact on populations in

the near future with health problems as well as migrations due to the change of the environment.

In 2015, the Paris agreement was adopted by 195 countries with the main objective to limit
the increase of the average Earth temperature up to 2°C. The United States Environmental Protection
Agency data gives an idea of the contribution of each sector in GHG emissions coming from fossil fuel
combustions for industrial countries (Figure 2). A large part of the fossil fuels consumption goes to
electricity generation and transportation, making the quest of alternative energy sources in these two

domains a major challenge to tackle®.

2500 — Natural Gas
Petroleum
B Coal
2,000 Relative Contribution
by Fuel Type
1,500
g
"~ 1,000
500 —
g E—
5. Commercial Residential Industrial Transporiation Electricity
Territaries Generation

Note: Electnicity generation alsa includes emissions of kass than 0.5 Tg CO; Eq. from geothermal-based
electricity generation,

Figure 2. CO, emissions from fossil fuel combustion by sector and fuel type (2006)>

In this context, the development of new systems for energy production based on the
exploitation of solar or wind energy as well as the democratization of electric vehicles in place of

combustion engines would limit our dependency on fossil fuels. However, solar and wind are
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intermittent energy sources, thus the development of energy storage technologies is necessary®
(Figure 3). As well, efficient energy storage devices are needed for the development of electric

transports.

I Storage Withdrawl _Wind Solar

e HydroBiomass e storage Charging = Demand

-B000

Figure 3. Hourly supply and demand in energy®

One of the most common energy storage technologies used nowadays is the lithium-ion
battery (LIB). This technology is well implemented for portable electronic devices but suffers from low
energy density, safety, cost, cycle life and power density for next-generation large scale applications in
electric vehicles and renewable energy storage applications. Advanced electrodes (anode/cathode)
and electrolyte materials are necessary to address these challenges of LIB for next generation
applications. Research worldwide is focussing on several aspects of improving the energy density of
the cathode materials by moving towards higher voltages or newer modified materials. In this thesis

we focus on the anode part of the LIB.

Presently, graphite is widely used anode for commercial LIB with a moderate specific capacity
(372 mAh.g1). The use of graphite induces safety issues due to its very low working voltage vs. Li/Li*
(0.15-0.25 V) that favours lithium plating at fast charging’. In addition, recent studies on high voltage
cathode based on spinel LiNipsMn1504 and graphite have shown that the electrochemical behaviour of
graphite when coupled with high voltage cathodes are not optimal®. Hence there is a need for
alternative anode material that can in future replace graphite to address these challenges not only in
terms of higher specific capacity (note: presently in terms of the specific capacity the cathode is the

limiting factor in the cell) but also in terms of safety and moving towards newer high voltage cathodes.
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Among various candidates, conversion-based materials, especially binary oxides (A304 and
A,0s, A = transition metal), like Fe,03 or Cos04 have been the object of intense research for several
years owing to their high theoretical capacity (between 800 and 1100 mAh.g?). This high capacity is
counterbalanced by a high working voltage vs. Li/Li*, interesting from a safety point of view to avoid
lithium plating but that limits the energy density’ and requires the development of dedicated
electrolytes and cathode materials to replace the ones used with graphite. This high capacity is also
combined to a volumetric expansion of the material during lithiation leading to the pulverization of
the electrode during long-term cycling’®. Nevertheless, recent works about two ternary oxides like
ZnFe;04 or ZnCo,04 show advantages compared to binary oxides. Indeed, these mixed-transition
metal oxides offer the possibility to tune their working voltage!* by choosing their chemical

composition while keeping high specific capacities.

Particularly, ZnFe,O4 delivers a high theoretical capacity of 1001 mAh.g? at a relatively low
working voltage compared to other oxides (1.5 V vs. Li/Li*). Moreover, as a cheap, abundant, non-toxic
and environment-friendly material, it is more interesting than other metal oxides Co-based ones for
instance. To enhance the performances of the material and hinder the drawbacks of volumetric
expansion in terms of electrode durability, it is interesting to address nanostructured electrodes using
ZnFe,04 nanoparticles. Indeed, a higher surface area and a smaller grain size provide more contact
between the electrode material and the electrolyte and could also enable faster kinetics for lithium,
while ensuring a better mechanical stability, as it will be detailed later. On the contrary, such increase
of specific surface could also show deleterious effects by enhancing electrolyte degradation at the
electrode surface. Thus the behaviour of nanostructured ZnFe,0, electrodes appears worth studying
in order to appreciate which of the beneficial or deleterious effects are predominant. Moreover, as
ZnFe,04 is known to be decomposed into ZnO and Fe,0s after the first cycle!?, a comparison between
ZnFe;04 and a mixture of ZnO and Fe;0s remains to be achieved in order to highlight a potential
advantage of the ternary phase.

To lead such a study, ZnFe,0, nanoparticles, as well as ZnO and Fe;0s3 ones, have to be
synthesized. Laser pyrolysis is a versatile and up-scalable gas phase process that allows the one step,
continuous production of crystalline nanoparticles with controlled chemical composition, size and
morphologies. This process was used for the first time for the development of the materials reported
in this document, and the synthesis part invests a large amount of the experimental work.

As a conclusion, this thesis is divided into two main parts. The first one deals with the
development of the different required oxides nanomaterials by laser pyrolysis, while the second one is

dedicated to the study of their performances for Li storage and to the related mechanisms. Beyond

18



Introduction

the investigation of ZnFe,0, by itself, the aim is to provide information about the interest of
nanomaterials for battery application. As a consequence, the manuscript is presented with the

following 4 chapters.

The first chapter is dedicated to the literature study and reviews first the state-of-art for
lithium-ion batteries. It details the different categories of anode materials and more particularly the
storage mechanisms and the performances of transition metal oxides (conventional or
nanostructured) as well as their limitations. Different nanoparticles synthesis methods with their

advantages and drawbacks are then presented in order to highlight the interest of laser pyrolysis.

The experimental details and protocols are presented in chapter 2. More specifically, the laser
pyrolysis process is explained in details. The different techniques, samples preparation and analysis
protocols for the structural characterizations of the produced nanopowders as well as for the

evaluation of their electrochemical properties and performances are then described.

The different ternary and binary oxide nanopowders samples obtained by laser pyrolysis are
presented in chapter 3. The influence of the experimental parameters (nature of the carrier gas,
solvent, precursors) on the produced powders in terms of crystallinity and morphology are discussed
in this part. The main structural characteristics are given for each sample in order to enable the

selection of the most interesting ones for the electrochemical study to be reported in chapter 4.

The fourth and last chapter is dedicated to the electrochemical performances of the chapter 3
selected samples in half cells vs. metallic lithium and to the investigation of the lithium storage
mechanisms. In particular, the influence of the morphology on the electrochemical performances of
ZnFe;04 is studied. These performances are also compared to a mixture of ZnO and Fe,03
nanopowders and the reactions involved during the lithiation and delithiation processes are

investigated thanks to operando measurements as X-ray diffraction and >’Fe Mdssbauer spectroscopy.
The obtained results are then summarized in the conclusion in order to highlight the main
information gained in this work on nanostructured ternary oxides, and to give the perspectives for

further studies on these compounds.
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Chapter 1. Literature review

The first chapter is dedicated to the introduction of the study context and provides
information to understand the interest of this work. Presentation of the lithium-ion battery technology
is addressed in the first part underlining its advantages and challenges that need to be addressed; the
next part details the characteristics of transition metal oxides and explains why these materials were
chosen as the subject of interest in this work. Various synthesis methods for transition metal oxides
elaboration are then presented in the third part with eventual focus on CO; laser pyrolysis technique

that was used in this work in the last part.



Presentation of the lithium-ion technology

. Presentation of the lithium-ion technology

1. History and basic principles of the lithium-ion battery

While primary batteries (or non-rechargeable batteries) are based on an irreversible redox
reaction that allows a one and only use of the device, rechargeable (or secondary) batteries work
thanks to a reversible redox reaction that allows several charge/discharge cycles. The first
rechargeable battery (the lead-acid technology) was invented in 1859 by the French physicist Gaston
Planté. Different types of rechargeable batteries were then developed during the 20" century. The
most significant ones are the nickel-cadmium batteries (Ni-Cd)?, the nickel-metal hydride (NiMH)?
batteries, and most particularly the lithium-ion technologies (LIB) that will be addressed in this work
and will be presented in the following part.

A battery consists of two electrochemically active couples. The positive electrode corresponds
to the redox couple with the higher potential and the negative electrode to the one with the lower
potential. A separator impregnated with electrolyte is placed between the two electrodes; the
electrolyte is electronically insulating but allows ions circulation during the redox reactions. Generally,
for lithium-ion batteries, the electrolyte consists in an organic liquid solvent (most of the time,
carbonates) in which a lithium salt (often LiPFe) is dissolved to ensure the ionic conductivity. Discharge
occurs with ions transferred from the negative electrode to the positive one through the electrolyte.
Electroneutrality is kept with electrons transported in the same direction through the external circuit.
To ensure a fast transportation of the electrons into the electrode material, this latter has to be
electronically conductive. For rechargeable batteries, the reverse reaction occurs by applying an
external current thus leading to the charge of the battery, with ions and electrons being transferred

from the positive to the negative electrode (Figure 1.1).
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Figure 1.1. Schematic diagram of (a) a redox reaction, (b) a primary (non-rechargeable) battery upon discharging and (c) a
secondary (rechargeable) battery upon charging?

The voltage of a battery corresponds to the difference between the positive and negative
electrode potentials. The battery voltage is maximized by having a low working voltage vs. Li/Li* for the
negative electrode and a high working voltage vs. Li/Li* for the positive electrode. Each electrode
material has its own specific capacity (in mAh.g?) corresponding to the number of charge the material
can store. For a specific application, the energy density and the power are the two main criteria to be
taken into account when choosing the proper battery. The energy density (in Wh.kg™) that can be
delivered by a battery directly depends on the battery voltage and on the specific capacities of both
electrodes (Energy density = Specific capacity * voltage): the higher they are, the higher the energy
density is. The power density (in W.kg™) corresponds to how fast this energy can be extracted from
the battery. This power depends on the diffusion of the conductive species (ions and electrons) into
the anode and cathode materials as well as in the electrolyte. The faster the diffusion of these species
is, the higher the battery power is. Lithium-ion batteries are generally considered as a good
compromise in terms of energy and power densities compared to fuel cells (higher energy density but
lower power density) and supercapacitors (lower energy density but higher power density) (Figure

1.2).
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Figure 1.2. Comparison of the energy and power densities for different energy storage technologies*

Each new generation of batteries is associated to an improvement in terms of energy density
to obtain a lighter and smaller battery delivering the same energy (Figure 1.3). Although lead-acid
batteries are the oldest type of rechargeable devices, they are still commonly used in combustion
vehicles whereas Ni-Cd and NiMH batteries remain the most suitable technologies for high-power

applications”.
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Figure 1.3. Different technologies of batteries with their gravimetric and volumetric energy density®

Lithium started to generate interest in the 1970’s when its reversible intercalation in materials
like TiS;” and MoS,® was discovered by Whittingham. Lithium metal batteries were then used in the

1980’s for mobile devices due to a higher energy density when compared to lead-acid and Ni-Cd
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batteries. However, the development of this technology was abruptly stopped when safety issues
occurred. Indeed for first lithium batteries, the anode was made of metallic lithium and the cathode
works as a lithium host. During the discharge, lithium ions are inserted into the positive electrode and
upon charge, the reverse reaction occurs. Unfortunately, the uneven deposition of the lithium onto

the anode surface results in the formation of dendrites®(Figure 1.4).

(V)
/
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Lithium)

After 100 cycles

Figure 1.4. Rechargeable Li-metal battery (the picture of the dendrite growth at the Li surface was obtained directly from in-

situ scanning electron microscopy measurements)?

These dendrites grow continuously during cyclings, eventually penetrating the separator and
creating a short circuit between the anode and cathode together®. This uncontrolled phenomena can
lead to overheating, leakage of electrolyte and Li exposure to air: fires or explosions of the battery
were then experienced by users.

To avoid this safety issue, research works were conducted to find alternatives to the use of
lithium metal. The substitution of metallic lithium by a second lithium host was proposed and
developed by D.W Murphy!® and B. Scrosati'* in 1980 and led to the lithium-ion technology or the so-
called rocking-chair battery. In this case, during charge, lithium ions are extracted from the cathode
and inserted into the anode and during discharge the reverse reaction takes place reversibly. The
presence of lithium only in its ionic state rather than its metallic state limits the dendrites growth.
Nevertheless, safety of Li-ion batteries remains a challenge to be addressed today.

The first generation of lithium-ion batteries (LIB) were commercialized by Sony in 19902 that
stored more than twice the energy as compared to nickel and lead-acid batteries of same weight and
size. The cathode material in LIB consists of LiCoO, coupled with a graphite anode with the battery
working through reversible Li-intercalation/deintercalation reactions®*. During the lithiation of the
anode (charge), lithium ions are inserted from the positive to the negative electrode across the
electrolyte and intercalated between the graphite layers. During the discharge process (delithiation of
the negative electrode), the opposite reaction occurs with lithium ions transferring back to the

positive electrode as follows (Figure 1.5).
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On the negative electrode: Cs + xe™ + xLi* = LixCs
On the positive electrode: LiCoO; = xLi* + xe™ + Li1-«Co03

To evaluate the reversibility of the storage reaction, the coulombic efficiency is generally
calculated. This value corresponds to the ratio between the delithiated capacity and the lithiated
capacity. The coulombic efficiency is expected to be as close as possible to 100% meaning that the

reaction is totally reversible.

,f Li conducting
Ll‘c‘ organic Li L!COI
Copper current electrolyte Aluminum

collector current collector

Figure 1.5. Charge/discharge process for a commercial lithium-ion battery*

The energy density of a modern LIB is between 150 and 190 Wh.kg™. The LiCoO, cathode
material has a theoretical capacity of 240 mAh.g* while the graphite anode shows a higher theoretical
capacity of 372 mAh.g. However, in practice, the obtained capacities are lower: 140 mAh.g? for
LiCoO; (due to the formation of unstable cobalt dioxide during charging) and 320 mAh.g™* for graphite.
A commercial LIB possesses a voltage from 3.0 V to 4.0 V owing to the high working voltage of lithium
cobaltite (3.7 V to 4.0 Vvs. Li/Li*) and the low working voltage of graphite (0.15-0.25 V vs. Li/Li*)®.
Nevertheless, due to this low working voltage, graphite experiences lithium plating during fast
charging that can cause severe safety problems due to lithium dendrites formation. Moreover, this

lithium deposition on graphite causes capacity fading due to the loss of active lithium?®,

Even if these LIB allowed the democratization of portable electronics, this technology is still
the object of intense research to enhance performances for next-generation applications such as
electric vehicles and renewable energy storage. It is necessary to get batteries with a higher energy
density and a longer cycle life while keeping high safety requirements, as well as prices and

environmental impact as low as possible. To obtain high performance Li batteries in the future,
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intense research and development work has thus to be done on both cathode and anode material to
study new charge storage mechanisms and to increase energy/power density and safety. LiCoO,, but
also Li(Ni,Mn,Co)O, and Li(Ni,Co,Al)O,, the most common cathode materials used in commercial
batteries, are today the most limiting issues in terms of capacity (140 to 180 mAh.g?) compared to
graphite anode. Moreover, these materials are partially constituted by cobalt, an expensive and toxic
metal. On the other side, the graphite anode shows higher capacity with a good cycling stability.
Nevertheless, this capacity is still relatively low when compared to other potential anode materials
that will be described later with capacities over 1000 mAh.g. Moreover, as mentioned before,
working potential of graphite vs Li/Li* tends to favor Li plating and thus enhances safety concerns for
commercial Li batteries. In this context, this work focusses on the search of an alternative anode

material demonstrating higher capacity and higher working voltage vs Li/Li* than graphite.

Many research works today are devoted to new anode materials which can be classified in
three main categories based on the interaction of lithium: (i) intercalation materials, (ii) alloying
materials and (iii) conversion materials. These categories will be described now.

2. Categories of anode materials depending on the lithium storage mechanism

Three categories of anode materials have been defined depending on the lithium storage
mechanism during charge and discharge processes. Each category of materials has its own advantages

and drawbacks.

Intercalation (or insertion) materials

For intercalation materials, lithium is inserted into the host without any modification of its
crystalline structure. The most common intercalation material is graphite, that can store one lithium
ion for six carbon atoms leading to a theoretical capacity of 372 mAh.g? owing to its lamellar structure
(Figure 1.6). Moreover, graphite has the combined properties of low cost, abundant availability and
high electrical conductivity (10° S/m)¥*8. Although graphite presents a very low working voltage
versus Li/Li*, and higher specific capacity than cathode material (~140-170 mAh.g?), safety issues at
fast charging due to Li plating, and the thrust towards future LIB large scale applications like electric

vehicles requires higher specific capacity material both on the cathode and anode side.
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Figure 1.6. Insertion of lithium ions between graphite layers'®

. Research works on new materials with higher theoretical capacity like graphene® (780 to
1100 mAh.g?) or carbon nanotubes?! (1100 mAh.g) have been conducted; however, these materials
suffer from high production cost as well as high irreversible consumption of Li upon cycling (i.e. low
coulombic efficiency) leading to poor cycle life.

In addition to layered sulfides such as TiS; and MoS; previously mentioned (page 24) , another
example of intercalation material is the spinel-structured Li;TisO1; whose storage mechanism is
described below.

3Li* + LisTisO12 + 3" < Li7Tis012

This material suffers from a low theoretical specific capacity (175 mAh.g?) and a high working
voltage (1.55V vs Li/Li*) leading to an energy density much lower than graphite but also has a very
good cyclability especially at high currents, making this material useful for power applications®.

Due to the non-destruction of the material structure upon Li insertion, intercalation materials
are known as very stable anode materials. However, they still show a limited theoretical capacity for

next-generation batteries.

Alloying materials

Another lithium storage mechanism was discovered by Dey et al. who demonstrated that
some metallic and semi-metallic elements (like Si, Sn, Ge, Mg) are able to reversibly form an alloy with
lithium at low potential during the lithiation of the anode??. During the delithiation process, the de-
alloying reaction occurs leading to the reformation of the metal or semi-metal. A typical alloying/de-
alloying reaction is shown below:

XLi* + yM + xe” <> LixM, (M=metal or semi-metal)

Alloying materials generally offer a higher theoretical capacity than intercalation materials as

more lithium can be inserted into the material. Several materials have been studied in the literature
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(Figure 1.7) like tin, antimony and germanium but the most promising one seems to be silicon thanks
to an outstanding theoretical specific capacity allowed by the potential formation of the Li rich Lig4Si
phase (4200 mAh.g!, more than ten times higher than graphite), and to a relatively low working
voltage of 0.4 V vs. Li/Li* compared to other alloying materials?. Nevertheless, this theoretical capacity
has been reported only at high temperature (> 100°C) in experimental works. At ambient
temperature, silicon is known to have a capacity around 3580 mAh.g?! due to the formation of the

Li1sSis phase?*.
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Figure 1.7. Examples of alloying materials and their theoretical capacity?

In spite of very high specific capacities, alloying materials are reported to have a very poor
capacity retention due to a dramatically high volume expansion during the alloying reaction. For
example, Lis4Si phase leads to a 400% lattice expansion during the alloy formation®. This creates
mechanical stresses and cracks in the host material leading to the progressive destruction of the
negative electrode after few charge-discharge cycles. In addition, silicon is subject to the formation of
an unstable solid electrolyte interphase (SEl) on the surface of the electrode. This SEl that is also
formed with other anode materials categories comes from degradation reactions of the electrolyte at
the electrode/electrolyte interface, at low potential and consumes irreversibly part of the lithium ions
during the lithiation process. For a graphite electrode, a stable SEl is formed at the first cycle which
acts as a passivation layer, avoiding further reactions on the electrode surface?®. For silicon, due to the

volumetric expansion/reduction of the material during charge/discharge process, the SEl is broken

29



Presentation of the lithium-ion technology

and reformed continuously, trapping more and more lithium during cycling, explaining the relatively

low coulombic efficiency reported for this material (Figure 1.8)%.

Li* Li* Li*
Charge Discharge Charge Many cycles
— e —_— ———p

Figure 1.8. SEI formation on silicon surface during lithiation and delithiation process?’

These drawbacks still hinder alloy/dealloy-based anodes from commercialization, but intensive
research work is still going on improving Si-based electrodes stability. In particular, the
nanostructuration of silicon is studied by many researchers to limit the volumetric modifications,
together with the coating of the Si surface by carbon in order to increase the electrode stability upon

28,29

cycling

Conversion materials

In the past decade, a new lithium storage mechanism has been identified for some transition
metal oxides (TMO), named conversion reaction®’. Even if this reaction mechanism has also been
observed for metal nitrides, sulphides, fluorides and phosphides, we will focus on transition metal
oxides as they generally show a better reversibility and stability and very good capacities (generally
situated between 750 mAh.g* and 1200 mAh.g?)®L. As this latter category is directly addressed in the
experimental part of this document, the mechanisms governing Li insertion in such materials will be
more specifically detailed in what follows.

For conversion materials, the storage mechanism is based on a reversible redox reaction
between lithium and transition metal cations:

MOn +2nLi*+2ne ¢ xM +n Li;O (with M=Co, Fe, Cu, Ni...).

The first lithiation of the TMO starts with the insertion of lithium into the crystalline structure
of MO, followed by an irreversible amorphization process and the reduction of the metal oxide to
form an M/Li,0 nanocomposite. This nanocomposite consists in metallic nanoparticles of few
nanometers in diameter embedded in an amorphous Li,O matrix®33. The high surface area of the
metallic nanograins fosters the intimate contact with the Li,O matrix that enhances the

electrochemical reactivity during the following cycles®®.
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Figure 1.9 is an example of a typical lithiation process for Co304 with the different steps of the
first discharge3. Several intermediate products are identified prior to the formation of Li,O with Co

nanoparticles, as a lithium-inserted Cos04 phase and nanosized Co-Li-O clusters.

Li-insertion °

Figure 1.9. In-situ HREM of lithiation of Co304 showing the insertion, amorphization and reduction processes3>

Moreover, for transition metal oxides, a thin polymeric gel-type layer is formed around the
metallic nanoparticles due to the electrolyte decomposition after a deep discharge, serving as an
envelope to maintain contact between the metallic nanoparticles®®. This polymeric layer stores part of
the lithium during the lithiation, but on the contrary of SEI, this storage was found to be reversible.
Moreover, the formation of this layer seems to be catalyzed by the presence of the nanoparticles®’.
During the following charge, oxidation of the metallic nanoparticles occurs and Li,O is decomposed,
leading to the re-formation of the metal oxide. It should be noted that the initial crystallinity of the
transition metal oxide cannot be resumed, this latter being replaced by an amorphous structure.

The capacity of TMO can be calculated thanks to the Faraday’s law as follows:

Q = 2nFN
Q: capacity (Ah)
2n: number of lithium ions transferred
n: number of oxygen in MO,
F: Faraday’s constant (96500 C.mol™* or 26800 mAh.mol?)
N: number of mole of reacting species.
Based on this formula, the theoretical specific capacity (noted C), can be calculated using the

following equation®®:
Q 26800 xn
m(oxide)  M(oxide)

C (mAh.g™1) =

with M: molecular weight of the TMO and m: weight of the oxide.
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However, several issues keep these compounds far from industrial applications. In particular,
TMO are widely reported to have a very low coulombic efficiency at the first cycle (generally lower
than 75%). This phenomena can be attributed to the irreversible formation of a SEl at
electrochemically active sites during the first discharge®>#°. TMO work at high potential compared to
graphite which is interesting from a safety point of view to avoid Li plating but it is also actually known
that these materials often work outside the stability voltage window of the electrolyte, leading to its
degradation and the formation of this organic-type layer*’. To overcome this issue, several research
works are focused on the development of new electrolytes that would be more stable at high
voltages*2. Moreover, the strong structural re-organization taking place during lithiation/delithiation to
accommodate the chemical modifications, induces large volume changes (around 100% volume
expansion for iron and cobalt oxides®!) that can eventually lead to the destruction of the electrode and
the loss of capacity during cycling. Another drawback comes from the large voltage hysteresis (voltage
gap) observed between the charge and discharge processes causing a huge round-trip energy density
inefficiency3!. When the lithiation and delithiation potentials are different, it means that the lithium
cannot be inserted in or extracted from the active material easily. However, the origins of this
hysteresis are far from being understood for conversion materials yet®3.

These advantages (higher capacity, higher safety) and drawbacks (cycling stability, SEl issues)
motivate research works on these promising TMO materials before introducing them as next-
generation anode for lithium-ion batteries'®. The most common TMO encountered in literature will

now be presented, in order to narrow the list to the one chosen for this thesis work.
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Il.  Transition metal oxides as anode materials for Li-ion batteries

1. Examples of MO, oxides

There is a large variety of compounds among TMO that can reversibly react with lithium and
theoretically lead to specific capacities two to five times higher than graphite!?. This specific capacity
as well as the working voltage depend on each oxide. Several studies have been conducted on copper
oxides®, manganese oxides** or nickel oxides* but cobalt oxides and iron oxides are those which
received the most attention, thanks to high theoretical capacities and good electrochemical
performances.

In the following part, performances of Co and Fe-based oxides will thus be reported. Before
that, it must be noted that these performances must be compared with caution. Indeed, experimental
parameters such as electrode loading or cycling rate play a key role on the obtained performances,
which makes hazardous the direct comparison between reported results by different groups.

For instance the current is related to the speed, or rate, of the battery cycling: the higher it is,
and the faster the battery will cycle. Generally, the current is expressed by a “C-rate”: C/5 means a full
lithiation is realized in five hours, C/10 in ten hours, C/20 in twenty hours and so on. This current rate
has an impact on the battery performances as seen in Table 1.2. Most of the time, by increasing the
current rate, the performances are lower.

The electrode loading (amount of active material in mg/cm?) also has an impact on the
performances®.. Generally, a low loading will favor better performances for the electrode during
cycling whereas a high loading may show poorer performances but the latter is more representative
for commercial batteries. More details about the choice of a current rate and its calculation as well as

the choice of a loading will be given in chapter 2.

Co-based oxides

For instance, cobalt oxides (CoO and Cos0.) present excellent electrochemical performances
and relatively high theoretical capacities (715 mAh.g* and 890 mAh.g™, respectively)®.

CoO was first explored by Poizot et al. who successfully demonstrated the reduction of
nanosized CoO to Co/Li,O during lithiation through the following reaction®°.

CoO + 2Li* + 2e” <> Co + Liz0

Several studies were then conducted on this material and very good electrochemical performances
were obtained for various particles shapes and different cycling conditions (Table 1.1). The current
rate (in mA.g?) and electrode loading (when provided) are also indicated in the table. The table also

indicates the number of the cycle after which the measurements were stopped.
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Table 1.1. Electrochemical performances of some CoO anode for lithium-ion batteries

Oxide Theoretical capacity: 715 mAh.g*
Morphology Reversible capacity/n® | Current density | Electrode loading
cycle (mA.g?)
nanoparticles®* | 600 mAh.g%/50" cycle | 143 mA.g*(C/5) | 2-6 mg.cm™
€00 nanocages*® 807 mAh.g}/50" cycle | 143 mA.g* Not reported
nanoparticles*’” | 1050 mAh.g™/20%" 71.5mAg? 5-7 mg per
cycle (C/10) electrode

CoO shows good performances as the reversible capacity obtained after several cycles is very
close to the theory or even slightly higher. Getting a reversible capacity higher than the theoretical
value is quite common for transition metal oxides3!. Several assumptions to explain this phenomena
will be detailed later.

Despite the initial interest in CoO, Cos04 has become more attractive because of its higher
theoretical capacity coming from the insertion of 8 Li* ions in the oxide during lithiation, as follows®2.

Co304 + 8Li* +8e™ <> 3Co + 4Li,0
The electrochemical performance of Cosz04 has been evaluated through various research works (Table

1.2).

Table 1.2. Electrochemical performances of some Co304 anode for lithium-ion batteries

Oxide Theoretical capacity: 890 mAh.g™
Morphology Reversible capacity/n® | Current density | Electrode loading
cycle (mA.g?) (mg.cm™)
nanotubes*® 856 mAh.g /60" cycle | 223 mA.g*(C/4) | 2.5 mg.cm™
677 mAh.g /60" cycle | 890 mA.g* (1C)
Co304 nanowires*® 805 mAh.g'1/60" cycle | 223 mA.g* 2.5 mg.cm™
588 mAh.g/60™ cycle | 890 mA.g*
flower-like* 700 mAh.g /100t 890 mA.g* X
cycle
nanoflakes>° 824 mAh.g'*/50™ cycle | 100 mA.g* X

Outstanding stable capacities higher than 800 mAh.g™ can be obtained for some cobalt oxides
anodes. However, they are not the ideal choice for anode materials due to their high cost, high toxicity

and high working voltage (2.1 vs. Li/Li*)>%. In this context, Fe-based oxides appear more promising.

34



Fe-based oxides

Transition metal oxides as anode materials for Li-ion batteries

First observations of conversion reaction for Fe,0; date from the 1980’s'’2. Most of the

investigations were performed on a-Fe;Os; but it was found that y-Fe;0s; behaves similarly®?. The

conversion reaction of Fe,0s3 involves 6 Li* inserted during discharge, as follows, corresponding to

1007 mAh.g*of theoretical capacity.

Fe,03 + 6Li* + 66~ <> 2Fe + 3Li,0

Besides, low cost and low toxicity make iron oxides very attractive candidates as anode

materials. As a consequence, many papers deal with Fe,Os for lithium-ion batteries and evaluate its

electrochemical activity. The most representative results are shown in the table below (Table 1.3).

Table 1.3. Electrochemical performances of some Fe;03 anode for lithium-ion batteries

Oxide Theoretical capacity: 1007 mAh.g?
Morphology Reversible capacity/n | Current density | Electrode loading
cycle (mA.g?) (mg.cm™)
nanoflakes®? 680 mAh.g/80t™ 65 mA.gt(C/15) | 0.2 mg.cm
cycle
Fe,0s nanoellipses 1164 mAh.g /60" 100 mA.g* 1 mg per
cycle electrode
nanowires> 456 mAh.g/100t™ 100 mA.g*t X
cycle
nanospheres®® | 414 mA.g/60" cycle | 101 mA.g* X

Fes04 can theoretically store 8 Li* ions per formula unit:

FesO4 + 8Li* + 8e™ ¢ 3Fe + 4Li,0

However, it received less attention than Fe,0s; because of its lower theoretical capacity of

926 mAh.g 1. Besides, the reversibility of FesO4 is very poor and capacity fades very rapidly during

cycling as it can be seen in the table below (Table 1.4). According to the different studies about cobalt

oxides and iron oxides summarized here, they show similar performances as anode material for

lithium-ion batteries depending on the cycling conditions though. In this case, it is interesting to work

with iron oxides to avoid the use of toxic and expensive elements as cobalt.
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Table 1.4. Electrochemical performances of some Fe304 anodes for lithium-ion batteries

Oxide Theoretical capacity: 926 mAh.g*
Morphology Reversible capacity/n" | Current density | Electrode loading
cycle (mA.g?) (mg.cm?)
hollow 700 mAh.g1/50" | 100 mA.g™ 6 mg.cm
Fe304 spheres®’ cycle

nanospheres® | 269 mAh.g1/80" | 93 mA.g*(C/10) | X

cycle

mesoporous 450 mAh.g/110" | 185 mA.g* X

microspheres® | cycle

Even if iron oxides can be very interesting as anode materials, they still suffer a high working
voltage around 2.1V vs. Li/Li*, like for cobalt oxides, which limits the energy density of the full
battery®®. A direct replacement of graphite by these materials is thus not possible (Figure 1.10) and a
specific cathode material with matching potential has thus to be used to preserve the energy density.
In particular, many research works focus on the development of LiNigsMn1504 and LiCoPO, as high-

voltage cathodes L.
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Figure 1.10. Different categories of positive and negative electrode materials with their theoretical working voltage vs. Li/Li*

and their specific capacities®?

To enhance the energy density of the final battery, the working voltage of TMO can also be

reduced while keeping a high specific capacity. On this point, mixed-transition metal oxides can be

interesting.
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2. Interest of mixed-transition metal oxides (MTMO)

Limitation of transition metal oxides

As evocated before, MTMO offer the possibility to tune the working voltage depending on the
nature of the chosen transition metals®. The substitution of one metal cation in Co304, FesO4 or
Mns04 by another transition metal gives the possibility to form MTMO like ZnCo,04, FeC0,04, ZnFe;04
or ZnMn,0; that show lower working potentials (1.5 V for ZnFe;0.%, 1.2 V for ZnMn,04%°) while

keeping similar theoretical capacities (Table 1.5).

Table 1.5. Theoretical capacity of several TMO and MTMO

T™MO Theoretical capacity MTMO Theoretical capacity
Fe 03 926 mAh.g! ZnFe,04 1001 mAh.g*!
Fes04 1007 mAh.g*! CoFey04 916 mAh.g!
CoO 890 mAh.g*! NiC0,04 896 mAh.g!
C030, 715 mAh.g?! ZnC0,04 900 mAh.g!

The working voltage (E) can theoretically be calculated for transition metal oxides using the
Nernst equation®*:
AG=nAGo(Li20) — AGo(MxOn)= — 2nEF
n: number of oxygen in MO
2n: number of electrons involved in the redox reaction
F: Faraday’s constant

AGo: Gibbs free energy of the species involved in the conversion reaction

However, the above formula is valid for bulk and highly crystalline materials. During
conversion reaction, amorphization of the active material occurs as well as the formation of
nanoparticles. As a consequence, differences between the theoretical voltage value and the
experimental one are often observed. It is thus very difficult to estimate the operating working voltage
vs. Li/Li* for a MTMO.

Several researchers have observed though the influence of the two metals nature on the
working voltage for charge and discharge for MTMO. Some values are given in the Table 1.6 where the

working voltages during lithiation and delithiation vary depending on the oxide.
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Table 1.6. Experimental working voltages vs. Li/Li+ depending on the MTMO

Experimental working voltages vs. Li/Li*
MTMO
during lithiation and delithiation
ZnCoy04 0.85V—1.6 V%
ZnFe;04 0.75V-1.5V%
ZnMn;04 0.4V—-12V®%

Performances of several mixed-transition metal oxides

Several spinel-structured MTMO containing two transition metals

(AB,O4 — A, B transition

metals) have been studied for lithium-ion batteries but are also of great interest in solid state

chemistry for various applications like catalysis, sensors® and biomedicine’®. Spinel metal oxides

possess a cubic structure in which A% cations are situated in the tetrahedral sites and B** cations in

the octahedral ones (Figure 1.11)".

Figure 1.11. Spinel structure AB;04"?

The lithium storage mechanism for MTMO depends on the chosen metal cations, although it is

often assumed to be very similar to TMO. Indeed, the cycling of MTMO with lithium gives place to the

different steps of lithium insertion into the crystalline structure followed by the amorphization of the

material and the conversion reaction.

A non-exhaustive list of electrochemical performances for some MTMO is summarized in the

table below (Table 1.7).
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Table 1.7. Electrochemical performances of various mixed-transition metal oxides

Theoretical 1* cycle Reversible
Oxide Morphology — — — Current rate
capacity Lithiation Delithiation Efficiency | capacity/n™ cycle
Faceted 670 mAh.g*
ZnMn204"3 1008 mAh.g? | 1192 mAh.g? 632 mAh.g? 65% 1000 mA.g!
nanoparticles 160" cycle
1000 mAh.g?
NiC0204"* Nanorods 896 mAh.g? 1095 mAh.g? 799 mAh.g? 73% 448 mA.gt
400" cycle
702 mAh.g
CoFe;04’> | Macroporous 916 mAh.g* 1782 mAh.g? | 1141 mAh.g?! 64% 0.2 mA.cm?
30" cycle
900 mAh.g*
ZnCo204%¢ | Nanoparticles 900 mAh.g* 1179 mAh.g? 913 mAh.g? 77% 60 mA.g?
60" cycle
Octahedral 450 mAh.g?
ZnFe;047¢ 1001 mAh.g? | 1006 mAh.g* 661 mAh.g' 66% 60 mA.g?
nanoparticles 50t cycle
Spicate 1398 mAh.g?
ZnFez04”’ 1001 mAh.g? | 1647 mAh.g? | 1221 mAh.g? 74% 100 mA.g*
architecture 100" cycle
Hollow 586 mAh.g*
ZnC020478 900 mAh.g* 1108 mAh.g? 819 mAh.g? 74% 3000 mA.g*
spheres 200% cycle

As it can be observed above, all the different MTMO are able to provide a reversible capacity

superior to graphite (theoretical capacity of graphite: 372 mAh.g?), sometimes for more than 100
cycles. Transition metal oxides are widely reported to show a very low coulombic efficiency for the
first cycle what is confirmed by the various examples in Table 1.7, with a first efficiency between 60
and 75% regardless of the current rate. The most commonly accepted explanation is that this large
irreversible capacity during the first cycle is coming from the formation of the SEI (like for TMO) due to
the electrolyte degradation on the electrode surface.

For some of the materials presented above, the reversible capacity after several cycles is
higher than the delithiation capacity of the first cycle. These materials generally show a decrease of
capacity at the beginning of the cycling for ten to twenty cycles before starting to gradually increase.
This behavior is quite common for MTMO and TMO, especially for cobalt oxides®! and can sometimes
lead to a reversible capacity higher than the theoretical value after several cycles (Table 1.7, example
6). Some explanations are proposed to justify the origin of this phenomenon:

- The gradual increase of capacity can be an effect of the material morphology. For instance, for

NiCo,04 nanorods, it is assumed that the increase of capacity is coming from the material

porosity whereas for ZnFe,O, spicate architecture, the phenomenon can be due to a

morphological re-configuration, both of them leading to the activation of more additional
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particles to react with lithium that were not initially electroactive®>3. This assumption only
explains the gradual increase of capacity but not the value higher than the theory.

- Another explanation for this particular behavior is that the increase capacity is coming from
the formation of a reversible polymeric gel-type layer on the active material. This polymeric
layer may reversibly store part of the lithium®7>7¢. Such films are electrochemically formed by
the polymerization of the electrolyte, which depends on the metal species. That is why it is
more often observed for cobalt which has a high catalytic activity compared to other metals’.

- The SEI can also work as an extra-charge reservoir allowing the reversible reaction of more
lithium during cycling. Rezvani et al. worked on the study of this electrolyte interface and
showed that the SEI formation can be accompanied by the formation of a reversible layer of
few nm as the uppermost SEI. They demonstrated by calculation that the reversible storage of
lithium into this reversible SEI can be one source of extra-capacity observed for TMO and

MTMO*.
Even if several assumptions have been proposed to explain the origin of this specific behavior,
further studies are still needed to understand the storage mechanism and the enhancement of

electrochemical performances.

Choice of ZnFe,04

Among the various MTMO (in particular ACo,04, AFe;0, and AMn,0.), ZnFe;04 was chosen to
be studied in this thesis. Indeed, even if cobaltites (AC0,0,) seem to be the MTMO with the greatest
storage properties according to literature results, they are however toxic and expensive materials.
Manganese-based oxides can also be very attractive as they possessed high theoretical capacities. But
practically, it is very difficult to fully use manganese oxides for cycling because of their low electrical
conductivity (around 1077-1078 S.cm™) that can cause poor capacity retention and low rate capability®™.
Iron-based oxides materials show high theoretical capacities and are abundant, cheap, non-toxic and
environment-friendly.

ZnFe,;04 was thus chosen for this work instead of CoFe,04 as zinc can contribute to additional
capacity owing to the ability of Zn to form an alloy with lithium which is not the case of cobalt. Zinc
ferrite has a theoretical capacity of 1001 mAh.g* coming from the insertion of 9 Li* ions during the
lithiation process. Various research works try to explain the lithiation and delithiation storage

mechanism in ZnFe;04. The most commonly accepted mechanism is presented below:

1%t lithiation: ZnFe,04 + 9 Li* + 9e” > ZnLi + 2Fe + 4Li,0

Following cycles: Znli<> Zn+Lit+e
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Zn + 2Fe + 4Li,0 ¢ Zn0O + Fe,05 + 8Li* + 8¢

This mechanism has been partially confirmed and detailed by several research works”. It
has been supposed that during lithiation, the process is divided into three main steps: first, there is
the insertion of lithium into the crystalline structure to form a LixZnFe,04 phase; the second part of the
mechanism involves the conversion reaction and the destruction of the crystalline structure
(amorphization) leading to the formation of a Zn-Fe-Li,O nanocomposite. This nanocomposite consists
in metallic Zn and Fe nanoparticles embedded in a Li;O matrix. A third and last step occurs then,
corresponding to the alloying reaction between Zn nanoparticles and Li giving the alloy ZnLi. This first
lithiation process is not completely reversible because during the first delithiation, the initial
crystalline structure with ZnFe;O4 cannot be recovered. ZnO and Fe;Os amorphous phases are
assumed to be formed instead. It is assumed that lithium further cycling is then realized with the two
phases ZnO and Fe;0s.

To validate the storage mechanism proposed above, cyclic voltammetry (CV) has been
conducted by Xing et al with a scan rate of 0.1 mV.s' on a ZnFe,04 electrode (with a nano-
octahedrons morphology) vs. metallic lithium, in the voltage range of 0.01 V-3.0 V (Figure 1.12)%,

This electrochemical technique measures the current when the potential of the working
electrode (ZnFe,04) is varied. This technique allows the observation of the cathodic/reduction
(lithiation of ZnFe,04) and anodic/oxidation (delithiation of ZnFe,0,) peaks. More details about this

characterization technique will be given in chapter 2.
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Figure 1.12. Cyclic voltamograms of the ZnFe,0, electrode at a scan rate of 0.1 mV/s in the voltage range of 0.01V-3.0V vs.
Li/Li*8

During the first lithiation, a main cathodic peak is observed at 0.55V that can be assigned to
the reduction reaction of ZnFe,0,4 with lithium to form Zn and Fe metals and eventually the further
lithiation of Zn by the alloying ZnLi reaction. The first delithiation shows two main oxidation peaks at

1.57V and another one at 1.78V which may correspond to the oxidation of Zn to ZnO and Fe to Fe,0s.
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The shift of both reduction and oxidation peaks after the first cycles can indicate a structural

rearrangement of the anode material.

The proposed storage mechanism can also be supported by the charge and discharge curves
shown below (Figure 1.13). For the first discharge, areas A, B and C are characterized by three small
voltage slopes that can be attributed to the progressive insertion of lithium into the crystalline
structure of ZnFe;04. The long voltage plateau at 0.8V is attributed to the conversion reaction with the
formation of Zn and Fe nanoparticles. The last slope until the cut-off voltage may represent the
alloying reaction between Zn and Li but also the formation of a polymeric gel-type layer at a deep

discharge”.
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Figure 1.13. First charge and discharge profiles for ZnFe,0, in the voltage range of 0.01-3.0V7°

Some further characterization can help in identifying the different species involved in the
lithium storage mechanism. In particular, XRD can show the intermediate steps of the lithiation
process for the first cycle. X-ray diffraction (XRD) measurements were done by Teh et al. at different
potentials during the first discharge (1.3V, 0.9V and 0.005V vs. Li/Li*) (Figure 1.14). It can be observed
that intermediate LixZnFe,04 phases are formed before 0.9V showing the lithium insertion before the
conversion reaction. However, after this lithium insertion, the material seems to become amorphous
and no more peak is observable. This loss of crystalline structure is definitive and XRD characterization

is no longer efficient to characterize the electrode material after the first lithiation.
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Figure 1.14. Ex-situ XRD at different steps of the first discharge for ZnFe,0,°

Ex-situ high-resolution transmission electron microscopy (HRTEM) images and selected area
electron diffraction (SAED) after a discharge (fully discharged at 0.01V) and a charge (fully charged at
3.0V) demonstrate the presence of the different species involved in the lithiation and delithiation
reactions (Figure 1.15). In particular, HRTEM images of the discharged electrode highlight small
nanoparticles (3- 6 nm) dispersed into an amorphous matrix corresponding to Fe, Zn and LiZn
according to the lattice fringes and the diffraction rings of SAED. When the electrode is fully charged,
Zn0O and Fe, 05 are observed instead of ZnFe,0,, showing that the initial mixed-transition metal oxide

is not resumed after the first cycle but a mixture of ZnO and Fe,03%™.
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Figure 1.15. Ex-situ HRTEM after a full discharge and its corresponding SAED8!

Various studies have been conducted by the research community to evaluate ZnFe;04

electrochemical performances and some of these results are displayed in Table 1.8.
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Table 1.8. Examples of ZnFe,0,4 electrochemical performances as anode for lithium-ion batteries

1%t cycle Current rate and
Reversible Voltage
Morphology loading (when
Lithiation Delithiation Efficiency | capacity/n™ cycle range
provided)
500 mAh.g* 50 mA.g?
Nanospheres® 1215 mAh.g* 851 mAh.g? 70% 0.005-3.0V
50t cycle X
Cubic 367 mAh.g* 60 mA.g?
1151 mAh.g*! 801 mAh.g 70% 0.01-3.0V
nanoparticles’® 50" cycle X
Agglomerated 615 mAh.g*! 60 mA.g?
1180 mAh.g* 810 mAh.g 69% 0.005-3.0V
nanoparticles®’ 50" cycle 3 mg/electrode
Hollow 900 mAh.g* 65 mA.g?
1200 mAh.g*? 900 mAh.g* 75% 0.005-3.0V
spheres® 50t cycle X
625 mAh.g*! 150 mA.g'
Nanorods® 1339 mAh.g?! | 1112 mAh.g? 83% 0.01-3.0V
300" cycle X

The results of the Table 1.8 show very different performances for ZnFe;04, some of them
giving very low reversible capacity after few cycles at low current rate. Even if electrochemical
performances are dependent on the cycling conditions, the electrode formulation as well as the
chosen electrolyte, the active material itself also have a large influence on the experimental
performance. These considerations make difficult the straightforward comparison between the
different materials morphologies reported in Table 1.8. Nevertheless, it is obviously necessary to work

on the material optimization to improve the electrochemical activity of ZnFe;0a.

3. Optimization of the material performances

Conversion materials as MTMO suffer volume expansion/contraction during lithiation and
delithiation, limiting their performance for long-time cyclings but several ways are under consideration

to overcome this issue (Figure 1.16).
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Figure 1.16. Strategies to enhance electrode performances'®

Nanostructuration

It is initially important to know that the nanoscaling of MTMO is crucial to realize the
conversion reaction. Indeed it has been proven that a reversible conversion reaction can only become
effective in nanoscale particles as they are able to manifest superior electrochemical activity®. The
redox reaction between metal oxides and lithium ions is thermodynamically favorable but the reverse
reaction seems to be unachievable for bulk materials®. It is assumed that the metal nanoparticles
formed during the lithiation can facilitate the reversible decomposition of the Li,O matrix meaning
that working with nanostructured materials with a large surface area and a high surface energy can
facilitate the delithiation reaction®.

Electrochemical performances can be improved at nanoscale thanks to a better diffusion of
lithium into the material. To improve the lithium kinetics, the diffusion time of lithium into the
material has to be shorten. For solid-state diffusion of lithium, the diffusion time is dependent on the
diffusion coefficient and the diffusion length. By decreasing the diffusion length (i.e. by
nanostructuring the electrode materials), lithium kinetics can be substantially improved®?. In
nanoparticles systems, lithium ions can diffuse faster thanks to shortened distances and the material
can quickly absorb and store a high number of lithium without causing large degradation of the
electrode, resulting in enhanced reversible capacity and capacity retention.

Except the thermodynamic restriction for the conversion reaction, another problem with the
lithiation/delithiation of mixed-transition metal oxides is the important volumetric variation upon

cycling which has been identified as the main cause of capacity fading. Proper nanostructures can
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sustain this structural disintegration and promote lithium storage reactions®. For instance, nanowires
or nanosheets, with their low-dimensional structure can sustain large lithium insertion as well as
hollow or mesoporous particles that can accommodate the volume variation (Figure 1.17). However,
by limiting the volume variation, the volumetric capacity becomes lower due to the decrease content

of the active material®.

a b

I: lithiation |I: Delithiation

Figure 1.17. Nanostructuration of the active material to sustain the volumetric expansion during cycling®

Even if nanoparticles present several advantages (enhanced electrochemical reactions,
shorten diffusion lengths for faster ionic and electronic transport, better accommodation of the strain
during lithiation and delithiation for longer cycle life, higher electrode and electrolyte contact for
higher charge/discharge rates) the use of nanoparticles can sometimes be problematic3®. Because of
the increased surface area of the active material, more undesirable reaction between electrolyte and
electrode can occur with the formation of more SEl, which causes high irreversibility, leading to poor
cycling and calendar life>2. Moreover, for MTMO, it is known that the nanoparticles are easy to
aggregate during cycling, making the insertion and extraction of lithium ions more and more difficult®’.
Another major drawback with nanoparticles is their synthesis, which can be much more complex to

obtain the desired morphology.

Morphology control

As explained above, nanostructuration may help in improving the electrochemical activity of
ZnFe;04. However, beyond the size, the morphology of these nanoparticles can have a non-negligible
influence on the obtained performances.

Won et al. have worked on yolk-shell nanostructures for ZnFe,;04. This morphology consists in

a core-void-shell configuration as shown on the TEM image below. The performances of this specific
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morphology are compared with those of spherical ZnFe,O4 nanoparticles with similar size (Figure
1.18).

At the first cycle, the yolk-shell particles have a higher discharge capacity and a higher
coulombic efficiency. They show that the yolk-shell structure is able to maintain a large reversible
capacity around 900 mAh.g* for 200 cycles whereas the filled structure sees its capacity fading very
rapidly to be stabilized around 350 mAh.g* only after 200 cycles. The authors explain this better
performance by a more stable structure for yolk-shell particles, able to accommodate the volumes
changes which is not the case for the filled particles®. However, as the void between the shell and the
core does not seem to be very large, this better performance for the yolk-shell particles may also be

explained by the formation of a more stable SEI.
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Figure 1.18. Morphology of the yolk-shell structure observed by TEM (a,b) and electrochemical performances of yolk-shell
and spherical ZnFe;04 nanoparticles at 500 mA.g~(c)

Another study compares the performances of ZnFe,;04 nanorods and nanofibers prepared by
electrospinning (Figure 1.19)%. They were both cycled vs. metallic lithium at 60 mA.g™. Zinc ferrite
nanofibers are able to maintain a capacity above 600 mAh.g* for 30 cycles with a slow decrease of the
capacity. In comparison, nanorods performances are really low with a rapid decrease of the capacity
after the first cycle and a stabilization of the reversible capacity below 300 mAh.g* (less than graphite

capacity) after 30 cycles. The difference in the electrochemical behavior of these two materials are
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related to their morphology. According to the authors, the nanofibers are longer and thinner than the
nanorods and form a continuous framework with opened pores which are beneficial for the cycling vs.

lithium.

Figure 1.19. Morphology of the nanorods (a) and nanofibers (b) observed by SEM and comparison of performances during
cyclings at 60 mA.g*(c)

The optimization of the material morphology seems to be very important to keep the benefits
of nanostructuration and enhance the electrochemical performances vs. lithium. Another solution to
improve the electrochemical activity of the material is to work on carbon addition or carbon coating as

discussed below.

Carbon addition

The storage performance of ZnFe,04 can be enhanced by carbon addition or carbon coating of
the nanoparticles. The synthesis of ZnFe,04/carbon composite can help in improving the conductivity
of the material and so lead to better ions and electrons kinetics during charge/discharge process.
Besides, the coating around the nanoparticles can be beneficial to the material by limiting the volume

expansion/contraction during lithiation and delithiation and allow a better stability during cycling.

Tankachan et al. have investigated the effect of carbon addition on ZnFe;0, nanopowder
(Figure 1.20)%. They synthesized a ZnFe,04/C nanocomposite and a pure ZnFe,04 nanopowder. Pure

ZnFe;04 nanopowder was prepared by a sol-gel method to obtain agglomerated nanoparticles. The

48

o
1000
r~1500< ""*"'..’t...ﬁgttﬁﬁtttitlc!005-
g 1200‘ = ;90 g
LS Eslelelelulelelalalalalelel o 10 &
Sl ~--Hb000000000000000g, o
i 300 B Discharge (ZFO-NF) f60 2
S O _Charge (ZFO-NF) 3
Q 0 ™ T L ¥ ] 50 '2
0 5 10 15 20 25 30 3
1500 Cycle Number =
s A A Discharge (ZFO-NR)
o 4
ﬁ 1200 . Charge (ZFO-NR)
g 9004 LA
2 6004 oA,
S A
E 3004 AAAAAAN AAAAAAAAAAAAAAAAAA
S o ' . , r . .
0 5 10 15 20 25 30
Cycle Number



Transition metal oxides as anode materials for Li-ion batteries

composite has been prepared using Super P Li carbon black ball-milled with the previous sol-gel
prepared ZnFe,0s4. This process leads to a ZnFe,04/C nanocomposite with small particles and a higher
surface area with higher pore volume. The obtained nanocomposite shows a morphology consisted in
small clusters and nanoparticles homogeneously dispersed in a carbon host.

The two materials were then cycled at C/10 current rate (corresponding to 100 mA.g* for
ZnFe,04 and 71 mA.g™! for the composite, calculated with the amount of carbon). The same electrolyte
was used for the two samples but the formulation of the electrode was slightly different: pure ZnFe,04
electrode was prepared using 70% of active material, 20% of carbon black and 10% of CMC whereas
the proportions were 80:10:10 for ZnFe;04/C nanocomposite. Comparison of both materials during a
galvanostatic cycling shows the better electrochemical performance of the nanocomposite. Except for
the first cycle where there is a large capacity loss (certainly due to SEI formation) for both electrodes,
the capacity of the ZnFe,04/C nanocomposite is stabilized after the second cycle until hundred cycles
with a capacity of 681 mAh.g?, which is very close to the theoretical capacity of the composite (710
mAh.g?). On the contrary, pure ZnFe,04 sees its reversible capacity continuously decrease with less
than 400 mAh.g? left after 100 cycles. The carbon black serves as a conductive scaffold between the
current collector and ZnFe,04 particles. Besides, the large specific surface area and the porosity offer a
better and larger electrolyte/electrode contact and promote the infiltration of electrolyte and the fast
diffusion of lithium ions during cycling in the electrode. These advantages cannot be found with pure

ZnFe,04 and can explain the important difference in terms of performances.
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Figure 1.20. TEM image of ZnFe,0./C nanocomposite (a) and comparison of the electrochemical performance with pure
ZnFe,04 at C/10 current rate (b)

Other researchers have worked on a ZnFe,04/graphite nanocomposite with nanoparticles of
zinc ferrite (20-30nm) onto the surface of flake graphite (10-20 um) prepared by a hydrothermal

synthesis followed by a sintering process (Figure 1.21). Pure zinc iron oxide has been cycled as well as
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ZnFe,04/graphite for comparison at 100 mA.gt. As in the previous examples, the nanocomposite
shows better electrochemical performances with a more stable capacity during cycling directly after
few cycles whereas the pure ZnFe;Os sees its capacity decreasing gradually during the
charge/discharge process. Once again, according to the authors, this improvement of performance for
the nanocomposite can be due to the presence of graphite which is able to work as a buffer and

increase the whole material conductivity, enhancing the lithiation/delithiation kinetics®’.
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Figure 1.21. SEM images of ZnFe,04 particles (a) and ZnFe,04/graphite (b). Comparison of electrochemical performances of
ZnFe,0,4 and ZnFe;0.4/graphite at 100 mA.g(c)

Among the different carbon compounds which are studied, graphene is interesting to improve
ZnFe,04 for lithium-ion batteries. ZnFe,04 particles were prepared by urea-assisted auto-combustion
synthesis using zinc and iron nitrates solution. The ZnFe,0s/graphene composite was prepared by
mixing this precursors solution with graphene nanosheets before the combustion process. The
comparison of electrochemical performances between ZnFe,0./graphene and pure ZnFe,;04 reveals
once again the improvement coming from the graphene addition (cycling at 100 mA.g) (Figure 1.22).
Pure ZnFe,04 delithiation capacity fades directly after the first cycle during 30 cycles before being
stabilized around 200 mAh.g which is lower than graphite. The nanocomposite however shows
greatly enhanced electrochemical activity with 700 mAh.g* of reversible capacity after 75 cycles. The
significantly improved performance of the nanocomposite electrode can be attributed to the fact that
the ZnFe;04 nanoparticles were bonded to the graphene nanosheets, which could greatly improve the

intrinsic conductivity of ZnFe,04 and effectively buffer the strain induced by lithiation®°.
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Figure 1.22. TEM images of pure ZnFe204 nanoparticles (a) and ZnFe204/graphene (b). Comparison of performances
between pure ZnFe;04 and ZnFe,0,/graphene composite at 100 mA.g™.

Instead of only carbon addition, it is possible to go further with a carbon coating. A
comparison was made between ZnFe,04/C nanodiscs and ZnFe,Os nanodiscs®® (Figure 1.23).
ZnFe,0,4/C nanodiscs are coated with a uniform carbon shell realized by a molten salt route followed
by a carbonization process. The galvanostatic cycling of this sample compared to pure ZnFe;04
highlights a difference in terms of reversible capacity, stability and capacity retention. As it can be
seen below, the carbon coated zinc iron oxide shows a stable capacity from the first few cycles until
the 100" cycle, around 965 mAh.g* at 100 mA.g™. In comparison, the pure phase ZnFe,0, reveals a
gradual capacity fading during the 100 cycles. It seems the carbon coating can accommodate the
volume change in the material and avoid the agglomeration of the small nanoparticles during the

repeated charge/discharge process, resulting in the good Li-ion storage performance.
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Figure 1.23. Morphology of ZnFe,0,/C nanodiscs observed by TEM (a) and HRTEM (b) and comparison of performances with
ZnFe;04 (c)

The importance of nanoscaling for electrode materials has been demonstrated in this part, as
well as the influence of the morphology and the benefits of carbon addition to enhance ZnFe,04
performances. In particular, nanostructuration and morphology influence should be studied in this
thesis. In this context, a proper synthesis technique has to be chosen to be able to obtain the required

ZnFe,;04 nanoparticles with controlled composition and morphology.

52



Experimental methods for the synthesis of nanostructured mixed-transition metal oxides

. Experimental methods for the synthesis of nanostructured mixed-transition
metal oxides

Several processes can be used to synthesize mixed-transition metal oxides nanoparticles. The
different methods can be classified in three categories: solid-state syntheses, liquid-phase syntheses
and vapor-phase syntheses. This latter category, which includes laser pyrolysis, will be presented in

details here.

1. Solid-state syntheses

Mechanical routes

MTMO nanomaterials can be prepared by different mechanical routes. These techniques use
mechanical energy by ball-milling the reactants to achieve chemical reactions. These processes
constitute easy and cheap solid state approaches to prepare nanostructured powders. Different

mechanical routes for the syntheses of ferrites nanopowders are presented in the Figure 1.24.

Polycrystalline fermite Stoichiometric Low temperature
produced by solid mixture of oxides Me + Fe chemical
state reaction or of oxides and mixture coprecipitation
{ceramic method) hidroxicarbonate j (nanosized ferrite)
Mechanical Mechano- Mechanical Mechanical
milling chemistry milling milling
(dry or wet milling) {dry or wet milling) (wet milling, H,0)  (dry or wet milling)
) u i 2
m L]
|} MeFe, 0, l ¥
Me = Mn, Cu, Zn, Mi. Mg Calcination of
I * Me(OH), +Fe /
. mixture —
MeFe,O, =80-05 % Annealing MEEEZO‘ MeFe, O,

Me = Mg, Cu, Ni, Cd produces

spinel onl - -
y spinel Mechanical
phase  phase milling
[ [}
ZnFe,0, ZnFe,0,

Soft magnetic nanocrystalline (nanosized) ferrites

Me = Cu, Zn

Figure 1.24 Different mechanical routes for the syntheses of nanocrystalline ferrites®?

During the synthesis, micrometric powders are mechanically crushed. Sometimes, heat energy
is applied during annealing to promote the atomic diffusion and form a new nanostructured material.
Moreover, high-energy ball-milling presents a drawback that can be turned into an advantage for
battery application: it is difficult to obtain isolated nanoparticles by this process and grains generally
suffer from severe agglomeration (nanocrystalline large grains) and wide particle size distribution. As a

result, the specific surface area is lower, which could help in limiting SEl-related issues in the
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electrode. However, the purity of the obtained nanoparticles is limited by the contact between the

reactants and the jars and balls that favours the presence of impurities in the final product.

2. Liquid phase syntheses

Solvothermal and hydrothermal methods

Solvothermal and hydrothermal methods are among the most common processes used for
the synthesis of MTMO nanopowders. These techniques refer to the synthesis by chemical reactions
in a sealed autoclave above ambient temperature and pressure making easier the interaction of
precursors during synthesis®®. ZnFe;048!, MnCo0,04°* or ZnMn,04*° nanoparticles have already been
obtained by these methods. In this process, precursors like nitrates, chlorides, sulfates, acetates are
dissolved in water for hydrothermal synthesis or in non-aqueous solvent for solvothermal synthesis.
The solution is then transferred into a stainless steel sealed autoclave and heated for several hours. A
precipitate is synthesized during the process and after several washings and drying into vacuum,
nanopowders are obtained.

Solvothermal and hydrothermal syntheses offer the possibility to control the shape and
morphology of the obtained particles by controlling the experimental conditions as shown below
(Figure 1.25). On the counterpart, they suffer multiple process steps and long duration, and also show

issues of repeatability of batch production.

\!.;;-

E Qi =5 W

Figure 1.25. (a) ZnFe,04 nano-octahedrons obtained by hydrotherma/ synthesis (T: 180° for 14h)2%, (b) MnCo,0,4 spherical
nanoparticles obtained by hydrothermal synthesis (T: 180°C, 8h)°*

Sol-gel synthesis

The sol-gel synthesis is a flexible way to produce nanomaterials, and in particular metal oxides,
of high purity. Depending on how the synthesis is realized, nanopowders as well as coatings or fibers

can be obtained (Figure 1.26).
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Figure 1.26. Synthesis of nanomaterials by the sol-gel method®>

To obtain metal oxides powders, the technique consists in the hydrolysis and polymerization
of a precursor solution, followed by a condensation. A colloidal suspension is so formed (sol). Further
polymerization leads to the formation of a gel. After a thermal treatment, the desired oxide powders
can be obtained.

ZnFe,;04 nanopowders were obtained by using nitrate precursors and citrate to form the sol
which was then annealed at 600°C*®. As well, CoFe,O, nanoparticles were synthesized by mixing

nitrate precursors in isopropylalcohol. The mixture was then annealed at 350°C® (Figure 1.27).

Figure 1.27. SEM images of ZnFe,04 and NiFe,04 nanoparticles obtained by the sol-gel method

The sol-gel method presents several advantages as the possibility to synthesize various types

of nanomaterials (nanopowders, nanofibers, coatings) and the fact that it is a low temperature
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process. Some residual organic compounds are sometimes still present in the produced powder and

one more step of thermal post-treatment is necessary to obtain the pure nanopowder.

3. Vapor phase syntheses

Spray pyrolysis
Many mixed-transition metal oxides are produced by spray pyrolysis that allows the synthesis

977100 This process can be easily used for large-scale production as

of nanopowders as well as thin films
a continuous and cost effective technique.

Basically, a solution of precursors is sprayed with an atomizer into a furnace operating at high
temperature under continuous flow. The solution can be a pure liquid precursor, or constituted by a
solute dissolved in an aqueous or organic solvent. A typical set up is reported in Figure 1.28 from Zhao

et al'o,

-
exhaust

product h‘& I 12

Lxpenmental apparatus of spray pyrulysts process: (1) precursor solution. (2) control valve, (3) metening pump, (4) fow meler, (5) thermal
controller, (6} two-fluid atomizer, (7) quartz reaction tube, (8) resistance fumace, {9) pressure controller, {10) air compressor, (11) bag filter,
(12) gas punfication column.

1

Figure 1.28. Schema of the spray pyrolysis processt0!

Upon heating, the precursors molecules contained in the aerosol droplets are decomposed,
leading to the formation of the powders. In the specific case of metal oxides synthesis, the most

100 or nitrates dissolved in water’.

commonly used precursors are acetates

Depending on solution characteristics (nature of the pure liquid or of the solvent, nature of
dissolved salt, concentration) and operating parameters (precursor flow rate, temperature...),
different growth mechanisms can be followed. These different mechanisms, mostly related to solvent
evaporation, diffusion of species and precipitation in the drying droplets lead to objects that can share
the same chemical composition but exhibit very different morphologies (hollow particles, porous or

dense, large or small...). These general mechanisms were well described by Messing et a/*®?, and lead

generally to the formation of one particle per droplet after drying of the solution droplet and thermal
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reaction of the precursors inside the dried particle (Figure 1.29). While the obtained grains can be
nanostructured with crystallites about several nm, their outer dimensions are generally of few

hundreds of nm.

......

Solvent Vapor
Diffusion

Precipitate Solution

hulvtnl:\'\ M g
- Vapor ~™ \

Heat transfer

Figure 1.29. Different steps of grains formation in spray pyrolysis: solvent vaporization, precipitation, solid state precursors
reaction, sintering'0?

More recently, spray pyrolysis process was detailed in the specific case of ZnCo,0,
nanoparticles synthesis by Choi et al’®. Thanks to the versatility of this technique, the authors were
able to tune the morphology of the obtained grains (Figure 1.30). This study is of peculiar interest
because the authors also pointed out the difficulty to produce small free nanoparticles by spray
pyrolysis instead of large nanostructured particles. To overcome this limitation, they used a
combustion flame to increase the reaction temperature and to decrease the residence time in the hot
zone. The authors consider that the precursor is then fully vaporized and that nanoparticles grow from
this gas phase through nucleation and growth phenomena as depicted in Figure 1.30. Such process is
called aerosol flame synthesis, it enables the efficient production of small nanoparticles. This process

is presented in the next part.
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Figure 1.30. Formation mechanism of ZnCo,04 nanostructures’s

Aerosol flame synthesis

Aerosol flame synthesis (AFS) is widely used for the synthesis of oxide nanopowders. In this
technique, precursors are thermally decomposed thanks to a combustion reaction between an
oxidizer and a fuel, leading to the formation of the nanopowders upon nucleation and growth in the
gas phase. This high temperature process is cost effective, able to produce very large amount of
powders, and operates in continuous flow with very few steps of process. For these reasons it is
already widely employed at the industrial scale for the production of silica, alumina or zirconia
nanopowders. This process was actually chosen by DeGussa for the production of its ultrafine grade of
TiO, (P25).

As reported in a review by Pratsinis et a/*°®, AFS processes can be classified in three main
categories, depending on the state of the precursor being fed to the flame (Figure 1.31). When the
precursor is vaporized, the process is called vapor-fed AFS (VFAFS). When it is fed as droplets aerosol,
two cases appear: if the precursor is not flammable (aqueous solution for example) it is called flame

assisted spray pyrolysis (FASP); if it is flammable then it is called flame spray pyrolysis (FSP). In this
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latter case, the precursor is combusted and the reaction takes place at the highest temperature for

this kind of process (3000 K).
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Figure 1.31. Different types of aerosol flame synthesis processes'03

When compared to spray pyrolysis, all AFS based processes present two main advantages:
they show short residence time and operate at high temperature, which make them able to synthesize
efficiently small, dense, and crystalline nanoparticles. Instead of obtaining large nanostructured grains,
VFAFS, FSP and potentially FASP lead to the synthesis of small nanoparticles agglomerated in chain-like
type structures. FASP appear to be more versatile, as depending on synthesis conditions nanoparticles
can be obtained (when the droplet is vaporized and reaction takes place in the gas phase), as well as

hollow or large particles in a similar way to spray pyrolysis when reaction occurs in the droplet. On the
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contrary FSP appears more efficient for nanoparticles production because of the high operating
temperature and combustion of the precursors that lead generally to gas phase reactions.

More particularly, for the production of ternary metal oxides, solutions containing metal salts
like nitrates, acetates or acetylacetonates dissolved in ethanol or toluene are commonly used®+1%.
The metal salts act as the oxidizer while the organic solvent act as the fuel.

This solution combustion synthesis is based on the principle that the reaction is initiated under
heating and that it becomes then self-sustaining, allowing the formation of the nanopowder as final
product. However, the product of the combustion reaction sometimes needs a subsequent heat
treatment to obtain the desired powder'®, this can be the case for the synthesis of carbon-coated

metal oxides for instance®’.

Laser pyrolysis

Laser pyrolysis is part of the spray pyrolysis processes, with the peculiarity of using a laser
beam as the precursor decomposition energy source. It can be easily compared to flame based
processes (FASP or FSP) in terms of residence time or particles growth mechanisms, sharing the same
advantages of these processes versus conventional spray pyrolysis. The obtained nanopowders
characteristics in terms of size, shape, crystallinity or agglomeration are quite similar to flame
synthesized ones. The main difference comes from the absence of combustion reaction required to
heat up the system, as the energy is supplied by the infrared laser.

No oxygen addition is thus necessary in the system, what makes easier the synthesis of non-
oxide materials. Moreover, lower reaction temperatures can be addressed in order to obtain
amorphous structures®®109,

Laser pyrolysis was chosen for the synthesis of ZnFe;0, nanoparticles in this work. A more

detailed description of this vapor-phase process is presented in the following part.
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V. Laser pyrolysis for the synthesis of nanopowders

Laser pyrolysis is a vapor-phase process based on the decomposition of precursors thanks to a

CO; laser, it enables the reproducible synthesis in large scale of various nanopowders.

History

The first synthesis by CO, laser pyrolysis was introduced by Cannon et al. at the beginning of
the 1980’s for the synthesis of SiC, SICN and SisN4 ceramics®®. In France, this process was developed
by Cauchetier et al. in 1987 for the synthesis of Si and SiC!!. Even if this method is particularly
efficient for the synthesis of Si-based!!? or carbon-based nanopowders'®3, a large variety of oxide and
non-oxide nanopowders were synthesized, as for example (non-exhaustive list) ZrO;*4, MoS;!,
FeC!®, TiO,', or more recently core-shell silicon/carbonstructures*® and SnO, nanoparticles'® for

battery applications.

Principle
The laser pyrolysis process is a thermal synthesis method, based on the interaction between a
liquid or gaseous precursor and an infrared CO; laser beam emitting at 10.6 um. A scheme of the

experimental setup is shown below (Figure 1.32)

Collection of nanoparticles

I >

Nanopowder
Pyrolysis Argon and
flame carrier gas

Gaseous or
liquid

CO, laser precursors
10.6 pm

Figure 1.32. Laser pyrolysis experimental setup

The high power CO, laser allows the absorption of several photons by the precursor molecules

while they cross the beam. In the case where precursor molecules do not absorb at the laser
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wavelength, a sensitizer gas is added. The energy is transferred into the whole reaction zone by
collisions leading to a rapid increase of the average temperature, allowing the decomposition of the

7120 when excited radicals are

precursor, sometimes accompanied by the appearance of a “flame
formed. This flame should not be compared to a combustion flame, as no oxygen or fuel is involved in
the reaction (excepted when necessary for the targeted material). When gaseous precursors are used,
nucleation and growth happen in the vapor phase and enable the formation of nanoparticles whose

temperature contributes to the “flame” brightness through thermal radiation (Figure 1.33).

Figure 1.33. Pyrolysis flame of silicon nanoparticles using silane precursor

As these nanoparticles rapidly leave the interaction zone, they generally show a very small size
of few nanometers to tens of nanometers because of limited growth duration®?* (Figure 1.34). As they
are produced in gaseous stream, the primary nanoparticles undergo many collisions with each other,
leading to the collection of large chain-like agglomerates of several micrometers with very low density.
With vaporized liquid precursors, same mechanisms occur as with gaseous ones, but when liquids are
used as aerosol droplets the process can be directly compared with thermal spray pyrolysis with faster

heating rate, possibly higher temperature, and shorter reaction times.

Figure 1.34. a) TEM image of TiO, nanoparticles'?2, b) SEM image of SiC nanoparticles'?!
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Growth mechanisms are similar to FASP process, where the heat source of combustion flame
is replaced by laser absorption. Depending on synthesis parameters, aerosol droplets can be
completely vaporized, and lead to a gas phase nucleation and growth mechanism. In other conditions,
the reaction can take place inside the droplet before or during the solvent vaporization (precipitation
of solute) and lead to large or hollow nanostructured particles. On the contrary of flame based
processes where the combustible nature of solvent is important (FASP or FSP reactions), this latter
solvent property is generally not a key in laser pyrolysis. Only vaporization characteristics of the
solvent influence the cooling of the reaction, and its nature can nevertheless play a role in terms of
reaction chemistry.

When a higher reaction temperature or a more oxidizing atmosphere is required for the
targeted phase synthesis, oxygen or air can be added in the process. If a combustible precursor or
solvent is also used, a combustion reaction can take place. In this latter case, the process shows
similarities with FSP, even if the overall temperature remains smaller because of neutral gas dilution.

More details about the experimental setup and the different parameters influencing the size

of the nanoparticles will be given in the next chapter.

Advantages and drawbacks

Compared to other nanoparticles synthesis methods, laser pyrolysis presents several
advantages. It is an up-scalable and flexible flow process enabling the production of large amounts of
nanoparticles of high purity (no contact with reactor walls). Gaseous as well as liquid precursors can
be used, opening a wide range of achievable materials. Moreover, laser pyrolysis allows a very
localized and fast heating and cooling of the reaction zone. As a consequence, the obtained
nanoparticles can be as small as few nm. The synthesis of many types of nanoparticles in terms of
crystallinity, chemical composition and morphology is possible by this gas-phase method, depending
on the choice of different experimental parameters (precursors, gas flow rates, laser power, etc).

However, this technique presents one main drawback; as pyrolysis lies on the absorption of
the infrared wavelength by the precursor, this latter needs to be able to absorb the 10.6 um
wavelength. Alternatively, an absorbing gas (named sensitizer) can be added to the precursor mixture:
ethylene, ammonia and sulphur hexafluoride are the most employed sensitizers due to their relatively
high dissociation energy (7.2 eV for CoHg, 3.95 eV for SFs and 3.91 eV for NH3)*2%. As the use of SFe can
lead to the formation of hazardous compounds with hydrogen during the synthesis, C;Hs and NHs are
often favored but can sometimes be the cause of a carbon or nitrogen pollution into the nanopowder.
Moreover, ammonia can generate deleterious reactions with the precursors prior to the interaction

with the laser beam (for example formation of NH4Cl with chlorides), and lead to lack of oxygen in
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some oxides phases. Depending on the targeted material, some of these drawbacks can also be turned

119

as advantages (nitrogen doping**® or suboxides phases*?® synthesis for example).

V. Intermediate conclusion

For next-generation applications, LIB performance must be improved particularly in terms of
energy density and safety. The use of a graphite anode in commercial LIB can be hazardous because of
the formation of lithium dendrites at fast charging. This phenomena can be avoided by using anode
materials with a higher working voltage vs. Li/Li*. However, the use of a high voltage anode will reduce
the energy density of the full battery that is why high voltage cathodes must also be the object of
intense works. As well, new electrolytes stable at high potential have to be found.

The main target of this thesis is to develop and study ZnFe,04 nanopowders as high capacity
and high voltage anode for future LIB. This work is divided in two parts. The first part concerns the
synthesis by laser pyrolysis of zinc iron oxides nanopowders and their characterization. The second
part focuses on the electrochemical properties of the obtained powders: evaluation of the
electrochemical performances of zinc iron oxides as anode for LIB on one hand and understanding of
the lithiation process thanks to operando studies on the other hand.

The following chapter will detailed the experimental protocols used for the synthesis of the
nanopowders, for their structural and morphological characterizations and for the evaluation of their

electrochemical performances as well as for the operando measurements.
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Chapter 2. Experimental protocols

The second chapter summarizes the different experimental protocols used in this work. The
laser pyrolysis setup is first detailed and the influence of the different tunable parameters is explained.
The typical conduct of the nanopowders synthesis by this technique is also presented. A second part is
dedicated to the structural and morphological characterization technigues for the nanopowders and a
last part gives more details on the techniques used for the evaluation of the electrochemical

performances of the produced materials.



Description of a synthesis by laser pyrolysis

I Description of a synthesis by laser pyrolysis

1. Experimental set-up

A scheme of the experimental assembly for the laser pyrolysis synthesis is shown below
(Figure 2.1). The presentation of the set-up will be divided in three parts: the first one concerns the
optical path of the laser beam, the second one is focused on the injection of precursors and gases into
the reaction chamber and the last part details what happens in the interaction zone and how the

produced nanopowders are collected.

Nanoparticles filter

—)

Pumping
Reaction zone
10,6 um
CO, laser [ — \
7 \7 - )
Inlet Outlet

Sensitizer = « Secondary gas

Aerosol

Solution of precursors « Carrier gas

Figure 2.1 Scheme of the laser pyrolysis experimental set-up

Optical path of the CO, laser beam

A CO; laser (model PRC 2200) providing a 10.6 um beam up to 2200 W is used for the
synthesis of nanoparticles. The choice of a CO, laser offers several advantages when compared to
other lasers: it is possible to use it in a continuous mode or in a pulsed mode, and it can deliver the
high mean power required for large scale nanopowders synthesis. In our case, the continuous mode is
necessary as the aerosol of precursors is carried into the reaction chamber with a continuous flow: too
long off period between the pulses could allow the aerosol droplet to cross the reaction zone with
only weak interaction with the beam. Moreover, high power is generally needed to allow the
decomposition of liquid precursors when these latter are fed into the reactor as an aerosol. Part of the
laser power is indeed consumed in the vaporization of the liquid droplets.

The alignment of the laser with the precursor inlet nozzle is first roughly achieved by using a
visible He-Ne laser. When the power density increase of the incident beam is required, the laser is

focused in a plan perpendicular to the nozzle axis using a cylindrical lens located at 50 cm (focal
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length) from the interaction zone (i.e. centre of the nozzle). Such lens was preferred to a spherical one
because it provides a wide spot able to efficiently cover the whole precursor flow out of the nozzle.
The focusing allows to obtain a flat laser spot of few hundreds of micrometres in thickness instead of
the initial 20 mm in diameter spherical spot (Figure 2.2). The width of the beam is roughly unchanged.
Such focusing is also a good mean for shortening the residence time of the precursors in the beam.
After visible beam alignment, more accurate alignment is achieved with the CO, beam
impacted on a target. This impact, which is larger than the spot size (especially in thickness) because
of target burning, enables the setting of the laser-to-nozzle distance (7 mm in this work). This distance
should not be too large (loss of precursor flow confinement and excessive mixing with the neutral gas
of the reactor) nor too small (heat transfer from the flame to the nozzle and deposition of products on

the top).
T

Cylindrical lens ‘ ‘ Interaction

(f=50cm) ‘, ”‘\‘7 ‘ zone

_— i

CO, laser beam
Precursors

flow

Figure 2.2. Focusing of the laser beam with a cylindrical lens (f = 50 cm)

Inlet and outlet laser windows are flushed by a continuous argon flow to avoid particles
deposition. In order to estimate the power absorption in the interaction zone during the synthesis, the
laser power has to be measured before feeding the precursors and reactants into the reactor, and
then afterwards. To do this, a power meter is positioned at the exit of the reactor. It is also used as a
beam stopper. The absorbed power corresponds to the difference between the incident power

measured under neutral gas and the one measured during the reaction.

Injection of precursors and gases

Historically, laser pyrolysis was invented for the synthesis of nanopowders from gaseous
precursors. However, the precursors can also be liquid or solid as soon as an aerosol can be formed to
be injected into the reaction chamber and interact with the laser beam.

For the synthesis of zinc iron oxide, zinc and iron precursors have to be chosen. As there is no
affordable or available gaseous and liquid precursors, solid ones were used. These solid precursors can
be dissolved into a solvent and then nebulized to obtain an aerosol that can be fed into the reaction

chamber, in a similar way to what is done in spray pyrolysis or flame synthesis. To do this, two
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different aerosol generators were tested for the synthesis of ZnFe,;04: the pyrosol system from RBI

instrumentation and the atomizer AGK 2000 from PALAS (Figure 2.3).

Secondary gas — +—— Sensitizer Secondary gas —=— —=— Sensitizer
I Nozzle |L— Aerosol
° Compressed gas | . Cyclone
Aerosol o e . (carrier gas)
o +—— Carrier gas
Solution  __| . ;
of precursors C - Liquid reservoir
Piezoelectric /Lm
Preze | Generator |
PYROSOL PALAS AGK 2000

Figure 2.3. Schemes of the two aerosol generators used for the synthesis of zinc iron oxide

The pyrosol is an ultrasonic atomizer. It consists in a glass vessel containing the solution of
precursors, and in a piezoelectric pellet located at the base of the container and generating
ultrasounds. These latter lead to the formation of a dense aerosol at the surface of the liquid,
composed of fine droplets of less than 10 um in diameter. To limit the solvent evaporation during the
generation of the aerosol and to keep the nebulization as stable as possible in time, a water cooling
system is provided to keep a constant solution temperature. For the different experiments reported
here this temperature was set to 20°C, leading to an effective solution temperature of 35°C during
nebulization. A carrier gas is injected into the mist to transport the produced aerosol to the interaction
zone. The operating frequency and power of the generator enable the control of the aerosol density,
and the carrier gas flow rate can be set accurately to control the feeding rate. However, the pyrosol
suffers from a main drawback: the efficiency of the aerosol generation by the piezoelectric pellet is
closely depending on the physical properties of the liquid (viscosity, surface tension, vapour pressure).
As these parameters strongly vary with the concentration of a salt in its solvent, the use of the pyrosol
limits this concentration and as a consequence lowers the powder production rate.

For the AGK 2000 atomizer, a glass bottle is filled with the solution of precursors and is
connected to a two-ways nozzle. While the first way is fed with the liquid, the second way of the
nozzle is connected to the compressed gas supply (which serves also as the carrier gas). The gas flow
generates a depression in the tube connected to the solution tank, pumping the liquid up to the

nozzle where it is nebulized by the gas flow. The produced mist of droplets flows tangentially into a
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cyclone where the large droplets are separated by centrifugal force and drip back to the bottle
whereas the remaining smaller droplets (< 20 um) are carried to the reaction zone. This nebulization
system shows several advantages: the pneumatic generation of aerosol is reliable, poorly dependent
on liquid properties (at least less than the pyrosol) and highly concentrated solutions can be used.
Moreover the use of suspensions is also possible. The pressure of the atomizing gas is controlled by a
manometer, however to produce an aerosol, the minimum pressure results in a relatively high carrier
gas flow rate (more than 3 I/min). In comparison the pyrosol system, where the aerosol generation
and the carrier gas flow rate are independent, can run with flow rates as low as 0.5 L/min. Moreover,
as the atomizing pressure is set by means of a simple manometer, the carrier gas flow rate control is
less accurate than with the pyrosol where it is controlled by a flowmeter.

In both cases, the produced aerosol has to be flown to the interaction zone thanks to a carrier
gas. The carrier gas can be an inert gas like argon as well as a reactive gas like air or oxygen (if an
oxygen source is needed in the system for the formation of the desired product for instance). The
aerosol is introduced into the reaction chamber using a nozzle of 6 mm in diameter, centred in a
concentric confinement chimney under argon flow. The distance between the top of the chimney and
the top of the nozzle is set to 1 cm. The chimney purpose is to keep the precursors flowing in a
laminar way, avoiding their dissemination in the whole reactor.

To be decomposed, the aerosol of precursors has to absorb the laser wavelength at 10.6 um.
When none of the precursors can absorb the laser beam, a sensitizer gas has to be added. Three main
gases are generally employed: ethylene (CoH4), ammonia (NHs) and sulphur hexafluoride (SFe). SFs was
not chosen due to the toxicity of the products potentially coming from its decomposition in presence
of hydrogen (HF, H,S). NH3 was not used in this work as this gas reacts with some precursors to form
side products which can clog the inlet nozzle (NH4Cl for instance with chloride precursors). While the
use of ethylene is a potential source of carbon pollution in the obtained nanopowders, this latter gas is
still the best choice for this work as it does not lead to side reactions with the precursors or to
hazardous decomposition products. Moreover, this source of carbon can be turned into an advantage

if the synthesis of carbon coated particles is needed.

Nanoparticles production in the interaction zone and their collection

After being evacuated down to few mbar, the reactor is maintained at a constant pressure of
740 torr during the synthesis thanks to a continuous argon flow and regulating valve. The pressure is
set just below 1 atm in order to avoid any release of chemical products or nanopowders in case of
leaks in the reactor appearing during the synthesis (for example breaking of a laser window). The area
where the laser beam and the aerosol flow interact together is defined as the reaction zone. Here, the

sensitizer gas absorbs part of the laser beam leading to the appearance of a visible or non-visible
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(infrared) flame. The phenomenon is also observed on the power meter with a sudden decrease of the
measured power upon absorption. In this flame, the decomposition of the precursors occurs leading
to the formation of nanoparticles, generally by a nucleation and growth process. The hot particles take
also part to the brightness of the flame through thermal emission process. The produced

nanoparticles are pumped in direction of the porous filters to be collected (Figure 2.4).

Figure 2.4. Porous filter for the collection of nanopowders in a glass collector

Laser pyrolysis is a very flexible method for the production of nanopowders where various
experimental parameters are controllable. Each of them may have an influence on the synthesis

process.

2. Influence of the experimental parameters

Laser

Several parameters can be set on the laser in order to optimize the pyrolysis reaction.

The power of the incident laser beam first can be tuned up to 2000 W approximately. The
higher is the chosen power, the higher may be the absorbed power by the sensitizer gas fostering the
formation of a warmer pyrolysis flame. With a warmer interaction zone, the precursors can be
decomposed more efficiently and the particles show well organized crystalline structures.

The laser beam can also be focused or not. The focusing of the beam enables the increase of
the power density but also the decrease of the residence time of the precursors in the interaction
zone, which has an influence on the produced nanoparticles. The lower the residence time is, the
smaller the nanoparticles. High energy density allows the particles to show crystallized structure

despite the short interaction time.

Precursors

The use of solutions involves the choice of the precursors, the choice of the solvent and also
the choice of the solution concentration.

Several criteria must be taken into consideration for the choice of these precursors and of the

solvent: cost, toxicity, environmental benignity, easy handling and solubility of the precursors into the
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solvent, in order to facilitate their dissolution and allow high concentrations. That is why precursors
like nitrates, chlorides, acetates and acetylacetonates are prioritized to prepare solutions with
deionized water or absolute ethanol. These precursors are similar to the ones used in other gas phase
synthesis processes (see chapter 1).

The use of solutions presents several limitations though. Compared to the use of pure gaseous
or liquid precursors, solution based syntheses show a lower production vyield (ratio between the
amount of produced nanopowder and the amount of consumed aerosol) as only one part of the
solution is used for the production of the targeted material. Moreover, the solvent tends to cool the
reaction zone through its vaporization. As the laser pyrolysis is a thermal process, the use of a solvent
may have an influence on the flame temperature compared to pure precursors. Moreover, the
reaction can take place inside the liquid droplets through precipitation of the solute and lead to large
nanostructured particles as discussed in chapterl.

To maximize the production rate, the concentration should theoretically be the highest

possible.
If the solution concentration is relatively low, during the synthesis a huge amount of solvent will be
evaporated fostering the cooling of the flame and leading to a lower temperature for the
decomposition of the precursors. On the contrary, when the concentration is too high, the reaction
hardly decomposes the totality of the precursors what can lead to the clogging of the filters and
production of impurities. Besides, the concentration is sometimes limited by the aerosol generator
itself (the pyrosol in particular cannot create any aerosol if the solution is too concentrated).

The influence of the nature of the precursors and of the solvent is studied in this work and the

results are reported in the next chapter dedicated to the syntheses of ZnFe,04 by laser pyrolysis.

Gases

The different gases used during laser pyrolysis as well as the chosen flow rates also have an
influence on the flame temperature and on the residence time, and thus on the decomposition of the
precursors and on the produced nanopowders (crystalline phase and particles size in particular).

The precursors chosen for this work, described in chapter 3, do not absorb the laser
wavelength: a sensitizer was thus used for synthesis. As previously mentioned, some precursors show
deleterious reactions with NHs, the sensitizer used for zinc iron oxide synthesis was thus C;Hs. When
C,H4 absorbs the laser energy, it can be decomposed partially or completely depending on synthesis
parameters which leads to the formation of different by-products (hydrocarbons, hydrogenated
polyaromatics, soots...) found as impurities in powders.

. Depending on the metal affinity for oxygen, additional oxygen source is sometimes needed for the

formation of oxide phases. This oxygen may come from the precursors, the solvent or more likely
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directly from the addition of oxygen or air. In this latter case, the carrier gas which is generally a
neutral one can be directly replaced by air. When there is a combination of an oxygen source with a
solvent like ethanol or a flammable sensitizer like C;Hy, it can lead to a combustion reaction in the
flame that sometimes takes precedence over the pyrolysis reaction itself. If enough oxygen is available
in the reactional medium, the combustion of C,Hs occurs and leads to an increased reaction
temperature. Such combustion reaction, especially when obtained in oxygen rich ratio, produces H,0

and CO; and avoids carbon pollution in the powders.

The flow rate (controllable thanks to mass flow meters) for both carrier gas and sensitizer gas
are important parameters. More precisely, the higher is the carrier gas flow rate, the higher will be the
amount of precursors solution carried inside the reaction chamber in a given time. This should provide
higher production rates. On the other hand, high flow rates decrease the residence time of the
precursors in the flame which could limit the decomposition and reaction completeness. As previously
indicated, increasing the carrier flow means more aerosol and thus more solvent being fed for a given
time. In this way, the flame should be cooler through solvent vaporization. In addition, more carrier
gas also means more dilution of the sensitizer gas in the flame again fostering the cooling of the flame.
These latter phenomena lead to lower production rates, excepted in the case where the solvent is
itself decomposed and takes part to solid phase formation, boosting production rate as particles of
interest or as impurities. Moreover, when the residence time is reduced, the time for the nucleation
and growth of nanoparticles is shorten and smaller nanoparticles are expected in the produced
powder. As a consequence, the increase of carrier gas can be seen as an advantage or as a drawback.

In addition to these residence time issues, the chosen flow rate for the sensitizer gas is
important as it is directly linked to the flame temperature. The higher the sensitizer flow rate is, the
higher the laser absorption is and thus the interaction zone temperature.

Pressure is an important parameter too, as it directly influences the frequency of collisions
between precursors molecules, growing particles and aggregates. The lower the pressure is, the lower
the particles size is. This parameter was set to 740 Torr for this work, because the overall gas flowrate
makes difficult the regulation to lower values of pressure.

In conclusion, for a given chemistry, the temperature of the flame and the residence time

appear as the most important parameters to control the production of the desired nanoparticles.

3. Typical conduct of a synthesis

The typical conduct for a synthesis is presented below.
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Experimental setup preparation

Laser alignment: before each series of syntheses, the alignment of the laser is checked to have
a beam passing 7 mm above the center of the inlet nozzle.

Calibration of the mass flow controllers: gas flow outlet of the flowmeters is checked under
argon flow. The measured effective flow rate is converted for other gases using their

conversion factor.

Gas Conversion factor
Gas fl . fl . factor(gas)
as ow rate = argon owrate X
g Factor(argon) Argon | 1.395
CoHa 0.619
Air 0.998

The reaction chamber is then closed and connected to three filters for the collection of
nanopowders. The aerosol generator is connected below the reaction chamber. Gas lines are
connected below the reaction chamber too for the injection of the carrier gas, the sensitizer
gas and any other secondary gas if needed.

A vacuum test is done before starting the experiment to prevent any leak and then the whole

experiment is filled with argon and set to a pressure of 740 torr under continuous argon flow.

Synthesis

After laser heating for one hour, the experiment can starts. Only one filter is opened to collect
the products during the parameters setting (garbage collector).

The whole experiment is under argon flow. The CO; laser is set to 10% of its maximum power
first and the shutter is opened to send the laser beam into the reactor. The power is then
increased 10% by 10% to the desired value.

When the laser power has been stabilized for few minutes at the chosen working value, the
different gases are sent into the reactor. Once conditions are stable, the aerosol is sent using
the aerosol generator.

The aspect of the flame changes as soon as the precursors arrive into the reaction zone
(Figure 2.5). When the experiment is stable for few minutes (pressure and aerosol
production), a clean filter is opened to collect the produced powder and the garbage one is

closed.

79



Description of a synthesis by laser pyrolysis

Argon + C,H, flame Argon + C,H, + precursor flame

Figure 2.5. Examples of pyrolysis flames; a: before sending the aerosol, the flame is not very intense; b: with the
aerosol, a long and brilliant flame can be observed

Stop of the experiment

- To stop the production of powder and the whole experiment, the garbage filter is opened
(and the previous filter is closed to avoid any pollution). The generation of aerosol and then
the different gas flows are stopped to be replaced by argon flows. Then the laser is stopped.
After evacuating the reactor and flushing with argon back to 1 atm, the filters are
disassembled to collect the produced nanopowders.

- The different gas lines are purged to replace all the gases by argon. The weight of consumed

solution of precursors is measured to determine its consumption during the synthesis.
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II.  Characterization of laser-pyrolysed samples: structural properties

1. X-Ray Powder Diffraction (XRD)

The first characterization for the produced powders is the X-ray diffraction to obtain structural
information. The analysis of the diffraction patterns is generally used to determine the crystalline
phase(s) of the sample but can also help to obtain the crystallite sizes and study the defects in the
crystal structure. If the sample shows several crystalline phases, their amount can sometimes be
determined by quantitative analysis. A Siemens D5000 diffractometer with the Bragg-Brentano
geometry is used, it is equipped with a copper anticathode (A(K.) = 1.5418 A). For the measurements,
the powders are put in a flat sample holder. The XRD patterns are acquired during approximately 3
hours at ambient temperature with an angular range from 20° to 80°, with a step size of 0.04° and 7

seconds of measuring time. The different phases are determined using ICDD database.

2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectrometry
(EDS)

The shape and size of the nanoparticles are observed by scanning electron microscopy using
an Ultra 55 microscope from Carl Zeiss. The working distance is varied from 4 mm to 8 mm depending
on the samples with an accelerating voltage from 3 kV to 20 kV.

Elemental composition of the powders are also analyzed by energy dispersive X-ray

spectrometry. The accelerating voltage is set to 20 kV for that purpose.

3. Transmission Electron Microscopy (TEM) and High-Resolution Transmission

Electron Microscopy (HRTEM)

For small nanoparticles, transmission electron microscopy and high-resolution transmission
electron microscopy are used to exploit the morphological and crystallographic information of the
produced nanopowders. TEM images are taken with a Phillips CM12 microscope and with the JEOL
2010 F microscope to observe particles of few nanometers. HRTEM with a resolution almost 100 times
higher than TEM is used to measure the thickness of coatings around particles and to determine the
interplanar distances of the crystalline phases present in a powder.

The accelerating voltage is set to 80 kV for TEM observations with the Phillips CM12 and to
200 kV for TEM and HRTEM observations with the JEOL 2010 F. The samples are prepared using lacey
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carbon grids. A small amount of nanopowders is dispersed in absolute ethanol by sonication, then the

TEM grid is dipped into the dispersion and dried before observation.

4. Thermo-Gravimetric Analysis (TGA)

In order to estimate the amount of carbon (pollution or desired coating) in the nanopowders,
TGA measurements are conducted. This latter analysis enables the determination of by-products
content (water, organics), and allows to determine the kinetics of carbon combustion under air flow in
order to set the annealing parameters that will be used for carbon removal. The use of TGA is not as
accurate as the use of a chemical analyzer but it enables the comparison of the carbon content with
other similar samples. Still additional characterizations were made with a chemical analyzer to
measure the carbon content with accuracy and the values given by TGA and by the analyzer are very
close to each other. As the chemical analyzer consumes a relatively high amount of powder, TGA is
preferentially used in this work.

The analyses are performed using a TA Instrument Q500 or a SETARAM 92-16-18. The samples
(10-15 mg in a crucible) are heated from room temperature to target temperature (400°C or 500°C)
under air, with an isotherm at the target temperature for at least 30 minutes. The ramp rate is chosen

at 10°C or 20°C.min! depending on the equipment.

5. Brunauer-Emmett-Teller (BET)

Nanopowders generally show relatively high specific surface area (in m2.g?). The BET surface
area is recorded for several samples using a Micromeritics Flowsorb 2300 model under a mixture of

nitrogen/helium gases (1:3).

6. Mossbauer >’Fe

In this work, >’Fe Mdssbauer analyses are used in addition of XRD measurements, especially
when there is a doubt between two different iron phases.

Indeed, in XRD, iron oxides and zinc iron oxides phases show diffraction peaks which are very
close to each other making sometimes difficult to differentiate them. >’Fe Mdssbauer spectroscopy is
a very sensitive technique used to probe the nature and the relative amounts of iron containing

phases; moreover, it is also used to characterize amorphous phases not addressed by XRD.
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This technique uses the absorption and re-emission of y rays to study the nuclear structure.
Mossbauer spectroscopy probes the hyperfine transitions between the excited and the ground states
of a nucleus and allows the study of three types of nuclear interactions: the isomeric shift, the
guadrupole splitting and the magnetic splittings.

Transmission °’Fe Mdssbauer spectra are recorded at room temperature with a °’Co(Rh) y-ray
source in the constant acceleration mode. The velocity scale is calibrated using the magnetic six line
spectrum of a high-purity iron absorber.

Pellets of 2 cm? containing 20 to 30 mg of the material are used for the Md&ssbauer
measurements. These latter are performed and analyzed by M. Sougrati and L. Stievano in AIME

laboratory (ICGM, Montpellier).

IIl.  Characterization of laser-pyrolysed samples: electrochemical properties

1. Coin cells preparation

The electrochemical performances of the different materials obtained by laser pyrolysis are
evaluated in 2016 coin cells. They mainly consist in an electrode containing the metal oxide, a
separator impregnated with electrolyte and a lithium metal electrode. As metallic lithium is used
instead of a real cathode material, the coin cells are considered as half cells. In this case, metallic
lithium corresponds to the negative electrode whereas the metal oxide is the positive electrode
(Figure 2.6).

The negative electrode consists in a metallic lithium disk of 10 mm diameter with a thickness
of 0.8 mm (Aldrich, 99.9%). Whatman® glass microfiber filters are used as separator. This latter is
soaked with the electrolyte EC PC 3DMC (ethylene carbonate, polycarbonate and dimethylcarbonate)
+ 1M LiPFe

The positive electrode corresponds to the metal oxide electrode. The metal oxide
nanopowder cannot be used directly as an electrode therefore an ink is prepared in order to
intimately mix the three main components: the active material, the carbon additives and the binder.

The active material is the metal oxide nanopowder which gives its specific capacity to the
electrode. For the electrochemical measurements in half cell, the ink is always composed of 70% wt.
of active material.

Carbon additives have to be used in the ink preparation to ensure the electronic percolation of
the electrode. If the conductivity in the electrode is too low, charges cannot be easily transferred from
one electrode to another what reduces the electrochemical performances. Two types of carbon

additives are embedded in the mixture: vapor grown carbon fibers (VGCF) from Showa Denko (150 nm

83



Characterization of laser-pyrolysed samples: electrochemical properties

diameter, 10-20 um length) ensure a good conductivity through large parts of the electrode thanks to
their length. Carbon particles from Timcal (Super P, carbon black) of approximately 50 nm diameter
also contributes to increase the conductivity between the active material particles. In the ink
preparation, 9% wt. of VGCF and 9% wt. of carbon black are used.

The last component of the ink is the binder, necessary to ensure the mechanical strength of
the electrode. The binder is generally a polymer which is in contact with the conductive additives of
the electrode as well as with the active material. For conversion materials, carboxymethylcellulose
(CMQ) is often identified as an appropriate binder. 12% wt. of CMC is incorporated into the ink.

The different components are first manually mixed together with a spatula into a jar.
Deionized water is added and the mixture is then ball-milled for thirty minutes with a Planetary Micro
Mill Pulverisette 7. After this process, the homogeneous ink is coated onto a copper foil thanks to a
blade. The thickness of the coating is fixed to 150 um, it is dried overnight under air. The thickness of
the coating after drying is around 20 um. Electrodes of 12 mm diameter are then cut and dried in a
Buchi oven for 12h at 120°C under vacuum.

This preparation enables the production of electrodes with a smooth surface without any
peels or cracks at the surface. The tested electrodes have loadings of active material in the range of
1-2 mg.cm?, making possible the comparison of the electrochemical performances between the
different electrodes.

The coin cells are assembled in a glovebox under argon atmosphere. The electrodes are
weighted in the glovebox before assembling. It is then placed on the bottom cap of the cell. The
separator is deposited on it with around 15 droplets of electrolyte. The lithium metal electrode is
fitted on a stainless steel collector. The second cap is placed and the whole cell is closed using a
crimper to be tightened.

Topcap &5 =

Spring
Stainless steel collector € >
Lithium metal (-) <>

Separator soaked

with electrolyte ——

Metal oxide electrode (+) S
Bottom cap S

Figure 2.6. Half-cell assembly vs. metallic lithium

2. Galvanostatic cycling
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Galvanostatic cyclings are used to evaluate the battery performance in terms of cycle life and
effective capacity. For galvanostatic cycles, the current is set and the battery potential vs. Li/Li* is
measured into a potential window (charge and discharge cut-off potentials). For a discharge
(delithiation of the negative electrode, so lithiation of the metal oxide), the current is negative and for
a charge (lithiation of the negative electrode so delithiation of the metal oxide), the current is positive.
For galvanostatic cyclings in half-cell, the first current is set negatively to lithiate the metal oxide

(Figure 2.7).

Current

Charge Charge

Delithiation Delithiation
of ZnFe,0, of ZnFe,0, .
0 : : Time
Discharge Discharge Discharge

Lithiation of Lithiation of Lithiation of
ZnFe,0, ZnFe, 0, ZnFe, 0,

1st cycle 2nd cycle 3 cycle

Figure 2.7. Current vs. time curves for galvanostatic cyclings measurements

When the current is negative, the voltage vs. Li/Li* is decreasing from the open circuit voltage
(OCV) to the discharge cut-off potential. When the current is positive, the potential vs. Li/Li* is
increasing from the lowest cut-off potential to the charge cut-off potential (Figure 2.8). In this work,
the potential window is set from 0.01V to 3.0V as in many measurements in literature to have

elements of comparison.
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Figure 2.8. Charge and discharge profiles. V1: discharge cut-off potential, V,: charge cut-off potential.

The current is related to the speed of the battery cycling and is expressed by a “C-rate” value.
For instance, when a C/10 current rate is chosen, it means that theoretically, the discharge should
take 10 hours as well as the charge, so a full cycle takes 20 hours. C/5 means one cycle in 10 hours and
1C, 2C and 4C correspond to one discharge in 1 hour, 30 minutes and 15 minutes respectively. The set
current is calculated thanks to the theoretical capacity of the active material.

For example, for ZnFe,0,, the theoretical capacity is 1000 mAh.g* what means one discharge
can be realized in one hour with a current of 1000 mA.g*. For a C/10 current rate, the discharge has to
be ten times slower so the current has to be ten times lower so 100 mA.g™.

The current to set (in mA) is calculated using the weight of the active material only (so 70% of
the electrode mass):

Current (mA) = active material weight (g) X theoretical capacity (mAh.g™1)

The C-rate has to be carefully chosen as it has an impact on the battery performance during
cycling. Indeed, the higher the C-rate is, the higher the polarization during cycling will be, which means
that the cut-off voltages will be reached quickly in detriment of the stored capacity. A high C-rate is
generally leading to a poor cycle life due to kinetic effects as the lithium may not be able to diffuse
properly in the entire active material. However, if the chosen C-rate is low, the cycling will take more
time and the working of the battery will be less representative of a real applications. But as it is a long
experiment, there is less polarization and degradation, generally leading to higher capacity and better
cycle life. In this work, galvanostatic cyclings are conducted with different current rates from C/50 to
4C depending on the studied sample.

What is evaluated during galvanostatic cyclings are the specific capacities during charge and
discharge which are compared to the theoretical value, but also the coulombic efficiency. This value
corresponds to the ratio between the discharge capacity and the charge capacity and is expected to
be the closest to 100%. When the coulombic efficiency is not at 100%, it means that part of the
lithium is not reversibly stored during the discharge. Generally, this phenomena is due to parasitic
reactions between the lithium ions and the electrolyte leading to the formation of a SEl layer that
traps part of the lithium.

The electrochemical data are acquired thanks to several multichannel battery testers: VMP,
MPG, MPG-2 and Macpile from Biologic and MTI from Neware. EC-lab software is used to analyze the
data coming from Biologic instruments and data from MTI are studied with the Neware BTS Data

Analysis software.
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3. Cyclic voltammetry

Cyclic voltammetry is an additional characterization to analyze the oxidation and reduction
reactions occurring during the charge and discharge processes in a chosen potential window. For this
characterization, the potential of the half cell is varied cyclically and the intensity is measured.
Generally, cyclic voltammetry is conducted between 0.01 and 3.0 V (as for the galvanostatic cyclings)

and with a scan rate of 0.1 mV.s (Figure 2.9).

Voltage

1st cycle 2nd cycle 3 cycle

Vot
Discharge Charge /\

Lithiation
of elithiation
ZnFe, Oy of ZnFe;,0, ZnFe,O4
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Discharge Charge
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} } } } } Time

Figure 2.9. Voltage vs. time curves for cyclic voltammetry measurements

During the discharge, the intensity is negative and the reduction/cathodic peaks appear
whereas during charge, the intensity is positive and the oxidization/anodic peaks are shown (Figure

2.10).

Current
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Figure 2.10. Cyclic voltammetry curves to identify the oxidation and reduction peaks: intensity vs. voltage

This electrochemical technique helps to understand the lithium storage mechanism for an
active material, coupled with the charge/discharge curves of the galvanostatic cyclings. However,

these two techniques do not give enough information to have a deep understanding of the processes
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involved for the lithium storage in mixed-transition metal oxides. That is why some techniques like

operando measurements are also used to obtain more information.

4. Operando measurements

Operando characterization techniques are useful to observe in real time what is happening
during the charge and the discharge processes. This can be interesting to understand the lithiation and
delithiation mechanism, in particular for the first cycle. Indeed, as explained in the first chapter, the
first cycle of lithiation/delithiation for ZnFe,;04 leads to the formation of ZnO and Fe,0; instead of
recovering the initial ZnFe,0,4 oxide.

XRD only allows the analysis of the first lithiation as the material becomes amorphous after
this step. >’Fe Mdssbauer is performed to confirm what is found in XRD patterns and to give more
information on the iron containing phases during both lithiation and delithiation.

To highlight the interest of ZnFe,04 compared with a mixture of ZnO and Fe,0s, operando XRD
are conducted on ZnFe,;04 and ZnO/Fe;0s3 and supplementary information is given with operando >’Fe
Maossbauer on ZnFe,0a.

For these two characterization techniques, a specific electrode must be prepared with the

proper amount of active material as shown below (Figure 2.11).

XRD S7Fe Mdssbauer
Electrode composition (%) 50/20/20/10 50/20/20/10
(oxide/CMC/VGCF/CB)
Oxide weight 15 mg/cm? 20-30 mg/cm?

Figure 2.11. Composition of the electrode for each characterization technique

For operando acquisitions, the electrode is not used with a coin cell but with a specific in-situ
cell. A metallic lithium disk is used as negative electrode, a separator is placed between the lithium
and the metal oxide electrode. The separator is soaked with EC DMC + 1M LiPFs electrolyte. This
electrolyte is used instead of EC PC 3DMC + 1M LiPFe (used in coin cells) as preliminary tests with the
in-situ cell showed more stable cycling with EC DMC + 1M LiPFs than with EC PC 3DMC + 1M LiPFe.
Two beryllium windows are located on the top and bottom part of the cell (Figure 2.12). The electrode
preparation and the assembly of the cell are realized according to the procedure developed at the

ICGM (Montpellier).
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<— Holder

Beryllium window — «— Metallic lithium (-)

Separator soaked _ |
with electrolyte ’ . ZnFe,04 or ZnO/Fe,0;
electrode (+)

Beryllium window —

Figure 2.12. Diagram of the in-situ cell (left), photography of an assembled in-situ cell (right)

The Philips X'Pert MPD diffractomer is used for the acquisition of diffraction patterns. A
pattern is acquired for thirty minutes every two hours for one lithiation. The current is set to store one
lithium per 10 hours; theoretically the acquisition should last 90 hours.

For Mdssbauer, one spectra is acquired every four hours during one cycle and a half. The
current is set to insert one lithium ion per mole of active material in 13 hours. The complete data

acquisition lasts approximately two weeks.
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Chapter 3. Syntheses by laser pyrolysis of zinc iron oxides

This chapter is focused on the characterization of the nanopowders obtained by laser
pyrolysis. The first part presents a selection of different zinc iron oxide samples synthesized under
different conditions whereas the second and third parts are dedicated to iron oxide nanopowders and
zinc oxide nanopowders respectively. Indeed, as presented in chapter 1, ZnFe,O4 structure is rapidly
lost upon cycling in battery, and the materials after the first cycle is composed of a mixture of the two
binary oxides that are submitted to the redox reactions during the following cycles.

For timetable reasons, the usual systematic approach of synthesis parameters could not be
achieved in this work, priority being given to the fast obtaining of the required crystalline phase. The
influence of some experimental conditions was nevertheless investigated, and more particularly the
effect of the chosen precursors on the nanoparticles morphology is shown.

The last part summarizes the thermal treatment realized for some samples before battery
tests. Beyond this selection of the most representative samples, more than 100 syntheses were

conducted throughout the PhD work to define relevant pyrolysis parameters and precursors solutions.
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. Synthesis of zinc iron oxide nanopowders

Zinc iron oxide nanoparticles were obtained by laser pyrolysis using different solutions of
precursors (Table 3.1). Zinc and iron nitrates and chlorides were identified as cheap and easy to use
precursors. Moreover they are highly soluble in deionized water or in absolute ethanol. They offer the
possibility to prepare highly concentrated solutions (solutions S1 and S2), which could maximize the
production rate. Either PALAS or pyrosol generators were used to form an aerosol. Indeed, chlorides
precursors are not compatible with PALAS generator as they degrade some parts of the apparatus. For
the pyrosol, only ethanol solutions could be employed as no aerosol could be formed with aqueous
solutions (this limitation is no longer true with the newest version of the pyrosol device, which was not
available at the beginning of this work). Moreover, with the pyrosol, the concentration needs to be

much lower to obtain a dense aerosol with the piezoelectric device (solutions S3 to S5).

Table 3.1. List of precursors solutions used for the synthesis of zinc iron oxide nanopowders

Solution Precursors Solvent
S1 Zn(NQ,), - 6H,0 + Fe(NO;), - 9H,0 DI H,O
50% wt. 50% wt.

82 Zn(NQ,), - 6H,0 + Fe(NO,); - 9H,0 Absolute EtOH
40% wt. 60% wt.

S3 Zn(NQ;), - 6H,0 + Fe(NO;), - 9H,0 Absolute EtOH
3% wt. 97% wt.

S4 ZnCl, + FeCl, - 6H,0 Absolute EtOH
3% wt. 97% wt.

S5 ZnCl, + FeCl; - 6H,0 Absolute EtOH
9% wt. 91% wt.

For all syntheses presented in this work, the laser power was set to 90% to deliver
approximately 1600 W in the reaction zone above the nozzle. The difference with the theoretical laser
power output (approx. 2000 W) lies in the losses along optical chain (mirrors, lens, windows). Other
parameters were varied in order to obtain the desired phases, compositions and morphologies.

Two main objectives were pursued: obtaining the pure desired oxide phase, and enabling the
coating of the particles by a continuous shell of carbon that could have beneficial effect on battery
performances as mentioned in chapter 1. As we did not have enough time to complete the
electrochemical study of the carbon coated samples, this latter synthesis of these particles will only be

presented in the perspectives part at the end of the manuscript.
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1. Nitrates precursors

Nitrates solutions S1 (water) and S2 (ethanol) were tested with the PALAS generator for the
synthesis of ZnFe;0s nanopowders and thus observe the influence of the solvent. Two powders
named ZFO-1 and ZFO-2 were obtained by using argon as carrier gas. All the details about the
experimental conditions are summarized in Table 3.2. For these two powders, nitrates are the only
source of oxygen (no air as additional gas). In comparison with ZFO-1, the C;H4 and argon flow rates
had to be modified for the synthesis of ZFO-2 in order to obtain a stable flame and to avoid the

clogging of the filter.

Table 3.2. Experimental conditions for the syntheses of ZFO-1 and ZFO-2 using nitrates solutions and the PALAS generator

Aerosol Solution C,H, Carrier gas Additional Feeding Production
generator gas rate rate
430 Argon
ZFO-1 PALAS S1 scem 4800 scem X 13.2g/h 313 mg/h
680 Argon
ZFO-2 PALAS 52 seem 3740 scem X 28 g/h 885 mg/h

An image of a typical yellow/orange laser pyrolysis flame that appears during syntheses under
argon conditions is shown below (Figure 3.1). The brightness of the flame is significantly increased
when the aerosol of precursors is carried to the reaction zone because of the thermal radiation of the

hot particles and agglomerates.

Figure 3.1. Laser pyrolysis flame of ethylene, argon and nitrates precursors without air

A higher production rate is measured for ZFO-2. The higher feeding rate recorded for this
latter sample, partially responsible for higher production here, could be surprising as the carrier gas

flow was lower. The easier vaporization of ethanol vs water upon nebulization is known to artificially
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increase the aerosol production. Nevertheless, this should not increase the production rate of oxide

powders as vaporization of pure solvent would not feed nitrates into the reaction zone. On the

contrary, ethanol can be a source of carbon production, this latter pollution being possibly enhanced

by the increase in ethylene flow in ZFO-2. Such carbon production could increase the overall

production rate. In order to find out, the amount of carbon in the two powders was determined by

TGA. The measurements were conducted under air from 20°C to 500°C, with a ramp of 20°C/min and

an isothermal step at 500°C during 1h (Figure 3.2).
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Figure 3.2. TGA measurements for ZFO-1 and ZFO-2 from 20°C to 500°C, ramp: 20°C/min and isothermal step of 1h at 500°C

For ZFO-1, the graph shows a loss smaller than 3% wt., with a majority being lost under 250 °C.

Such low temperature loss is ascribed to adsorbed water and organic residuals degassing. The amount

of free carbon in ZFO-1 is thus less than 1% wt. what means the C;H, gas was very poorly

decomposed during the synthesis. For ZFO-2, the weight loss is about 15% but only 5% is ascribed to
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the loss of free carbon above 250°C. The higher content in organics residuals and in free C in ZFO-2
can be ascribed to the increased ethylene flow and to the replacement of water by ethanol.

However, this relatively low carbon-based pollution and the increase in feeding rate by a
factor of 2.1 cannot explain by themselves the increase in production rate by a factor of 2.8.

The decomposition yields of Fe and Zn for ZFO-1 and ZFO-2 were estimated by calculating the
ratio between the weight of produced zinc and iron (deduced from the amount of produced oxide
phase) and the weight of consumed zinc and iron (obtained with the amount of carried solution). Even
if this decomposition vyield is to take with caution because of the major approximations on the
measurements of feeding rate (difference in solution weight in the tank before and after the
synthesis), large variations of this parameter between two syntheses remain meaningful. For ZFO-1,
this decomposition yield was estimated to 22%, whereas for ZFO-2, it was estimated to 36%. This
higher decomposition yield is explained by the higher reaction temperature, which is the consequence
of three main facts: i) because of a higher C;H. flow, the laser absorption was 50% higher for ZFO-2
than for ZFO-1, ii) vaporization of water is more efficient to cool the reaction than ethanol one, iii)
decrease in argon flow rate in ZFO-2 leads to a longer residence time and lower dilution of the

reaction by the neutral gas.

The two produced powders were first characterized by XRD to determine the synthesized
crystalline phases (Figure 3.3). ZFO-1 seems to be a pure ZnFe,0, phase (01-079-1499, franklinite)
whereas ZFO-2 presents a ZnFe,;04 phase but also traces of non-stoichiometric zinc iron oxide phase.
As the C,H,4 flow rate was higher for ZFO-2 than for ZFO-1, the reaction takes place in a carbon rich
environment. Part of the available oxygen coming from the nitrates precursors is then likely consumed
in reactions with carbon species leading to a lack of this element to achieve complete oxidization of

the oxide phase in the case of ZFO-2.
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Figure 3.3. XRD patterns for ZFO-1 and ZFO-2. ZFO-1: pure ZnFe,O,4 phase. ZFO-2 presents ZnFe,O4 phase with traces of non-
stoichiometric zinc iron oxides phase

The morphology of ZFO-1 was observed by SEM and TEM (Figure 3.4). Both images show

agglomerated small nanoparticles (< 10 nm) together with large particles (> 50 nm to hundreds of

nm).
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Figure 3.4. SEM (a) and TEM images (b,c) of ZFO-1: presence of both small nanoparticles (< 10 nm) with larger particles (> 50
nm to hundreds of nm)

ZFO-1 is interesting for electrochemical tests as it shows a pure ZnFe;O4 phase in XRD. In order
to prepare operando measurements, °>’Fe Mdssbauer analysis was first achieved on the pristine ZFO-1

material, as shown in Figure 3.5.
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Figure 3.5. 5’Fe Mdssbauer spectrum of the pristine ZFO-1 sample measured at room temperature. Three phases are
observed: ZnFe;0,4 (45% at.), y-Fe;03 (52% at.) and a minor iron phase (3% at.).

The spectrum consists in an intense quadrupole doublet, which is however accompanied by a
major fraction of broadly distributed magnetic hyperfine patterns, which were fitted here using a
histogram distribution of Lorentzian components extending from 5 to 42 T. The magnetic component
has an intensity of 52 % of the total resonance area, is centred at 6 = 0.36 mm/s with no quadrupole
splitting, and likely represents disordered or nanosized iron oxides, most probably maghemite (y-
Fe,03). Since this compound only starts to order magnetically at room temperature, it corresponds to
grain sizes between 3 and 10 nm?=. The quadrupole doublet, on the other hand, has a quadrupole
splitting A = 0.60 mm/s and an isomer shift 3 = 0.33 mm/s, in line with previous spectra of zinc ferrite
ZnFe,;04° and corresponds to 45 % of the total iron in the sample. A minor doublet which corresponds
to only partially reduced iron is also present, even though with very low intensity (less than 4 % of the
total spectral intensity).

The presence of such an amount of y-Fe;03 was not expected as it was not detected by XRD.
Moreover, EDX analyses show that the atomic ratio Fe/Zn is very close to 2 in ZFO-1 powder. This
means that a zinc-based phase should also be present in ZFO-1, what was not observed with XRD as
well. A possibility is that both y-Fe;0s and any zinc-based phase are amorphous and thus do not show
diffraction peaks. However, the diffraction pattern background shape does not reveal the presence of

any amorphous contribution. In addition, laser pyrolysis is conducted under a relatively high
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temperature which does not foster the formation of amorphous materials. Complementary XAS
studies will be conducted in a very near future to conclude about the presence of any other zinc and
iron phases. HRTEM observations should also be performed to confirm whether both parts of the
bimodal size distribution consist in the same crystalline phase or correspond to ternary and binary

oxide phases suggested by Mdssbauer spectroscopy.

The use of a nitrates aqueous solution combined with argon carrier gas seems to be efficient
to produce ZnFe;04 nanopowders. Nevertheless, the obtained morphology always shows bimodal size
distribution. Changing the solvent did not help on that point, as ZFO-2 sample shows the same size
distribution. To observe the influence of the atmosphere, syntheses under air (carrier gas) were then
conducted (Table 3.3). The idea was to increase the reaction temperature by means of combustion
without increasing the carbon content in the reaction in order to avoid free carbon pollution or

uncomplete oxidization of the ternary phase as depicted for ZFO-2 sample.

Table 3.3. Experimental conditions for the syntheses of ZFO-3 and ZFO-4 under air using nitrates solutions

Aerosol Additional Feeding Production

generator Solution C,H, Carrier gas gas rate rate
220 Air
ZF0-3 PALAS S1 seem 5600 scem X 10.3 g/h 327 mg/h
240 Argon Air
ZFO-4 Pyrosol S3 seem 1850 scem 1570 scem 246 g/h 281 mg/h

For the synthesis of ZFO-3, the same solution as ZFO-1 was used and argon was replaced by air
as carrier gas in the PALAS generator. The chosen air flow rate was chosen to obtain a blue and stable
flame during the synthesis.

For the synthesis of ZFO-4, a solution of nitrates in ethanol was used and for safety reasons,
the pyrosol generator was chosen as with the PALAS, the use of air as carrier gas with flammable
solvents is hazardous. The air flow rate cannot be as high as with the PALAS for the pyrosol. In
addition, S2 solution could not be used because of its too high loading in nitrates that inhibits aerosol
formation in pyrosol. A more diluted solution in ethanol had to be prepared (solution S3) and was
used for ZFO-4 synthesis.

C2Ha and air flow rates had to be chosen in order to:

- Avoid soot production
- Avoid flame diffusion towards inlet nozzle

- Keep pressure stable in the regulating loop.
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Images of typical flames for this series of synthesis are shown in Figure 3.6. The use of air
during the synthesis conducts to the appearance of a blue flame before the sending of the aerosol and
a blue and orange flame when the precursors are reacting. This blue part reveals the contribution of a

combustion reaction in addition to the pyrolysis process.

Figure 3.6. (a) Flame of air and ethylene and (b) flame of air, ethylene and precursors

For ZFO-3, the feeding rate was a little lower when compared to ZFO-1, certainly because air
was less efficient than argon for the liquid spraying in PALAS generator. Nevertheless, production rate
was close to the one for ZFO-1, which seems to indicate a decomposition yield of the precursor a little
higher (estimated here at 29%). This can be due to the increase of the flame temperature thanks to
the combustion reaction. However the amount of a potential carbon pollution was evaluated by TGA

(Figure 3.7).
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Figure 3.7. TGA measurements for ZFO-3 from 40°C to 400°C, ramp: 10°C/min and isothermal of 50 min at 400°C
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This graph shows a total weight loss of 6% occurring before 300°C and which could mainly be
attributed to the loss of water and PAH as amorphous free carbon generally disappears around 350°C.
The powder does not seem to be carbon polluted meaning that the synthesis conditions were suitable

for the complete decomposition of ethylene.

The obtained ZFO-3 powder was then characterized by XRD (Figure 3.8).
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Figure 3.8. XRD pattern for ZFO-3: presence of ZnFe,04 and iron oxide phase

The XRD pattern shows two main series of peaks: one can be attributed to the ZnFe;O4
franklinite phase and the second one to y-Fe,05; phase (00-039-1346, maghemite) or FesO4 (00-026-
1136, magnetite). Indeed, XRD peaks for y-Fe,0s3 are very close to Fes0, peaks ones, therefore >’Fe

Mossbauer measurements were conducted to determine the nature of the iron oxide (Figure 3.9).
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Figure 3.9. °’Fe Mdssbauer spectrum for ZFO-3 measured at room temperature. Presence of two phases: 65% at. of ZnFe;0y
and 35% at. of y-Fe,03

This spectrum confirms the presence of two contributions: the main one, accounting for 65%
of the total resonance area, is a quadrupole doublet, while the remainder of the spectrum (35%)
undergoes magnetic splitting into a distribution of Zeeman sextets. The doublet has typical
parameters of superparamagnetic nanosized ZnFe,0, particles®’ while the magnetically ordered
portion can be fitted with at least three magnetic sextets having virtually the same isomer shift and
different hyperfine fields (42, 48 and 50 T). These sextets can be assigned to y-Fe 032 particles with

different particle sizes. Fitted parameters are shown below (Table 3.4).

Table 3.4. Fitted parameters for Méssbauer measurements

6 mm/s | Aeq(mm/s) | F'(mm/s) | Bue(Tesla) RA (%)
Doublet | 0.34 0.46 0.50 - 65
Sextets 0.30* -0.03 0.82* 42,48 and 50.6 | 35

Mossbauer results enable to ascribe the iron oxide phase observed by XRD to maghemite. The
presence of both ZnFe,0, and Fe,O; was not expected as the solution was prepared with a
stoichiometric ratio of precursors. The XRD pattern of ZFO-3 does not clearly reveal the presence of
any zinc oxide phase, while a small contribution of Zn phase cannot be excluded. Nevertheless EDX
analyses show that the atomic ratio Fe/Zn is close to 2 in the powder. As for ZFO-1, the most probable

hypothesis is that an amorphous Zn based phase is formed and not seen in XRD.
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ZFO-3 morphology was then observed by TEM to be compared to ZFO-1 (Figure 3.10).

Figure 3.10. Morphology of ZFO-3 sample observed by TEM (a,b).

As for ZFO-1 and ZFO-2 samples, a bimodal size distribution can be observed in ZFO-3 with
small nanoparticles of 10-20 nm and larger particles from a hundred nm to a micron. The observed
morphology is thus very similar to the one depicted for ZFO-1 with slightly larger particles in both
parts of the size distribution. When compared to this latter sample, the main effect of air introduction
seems to be the appearance of the binary iron oxide phase. The desired effect on the size distribution
was not obtained. HRTEM images were also taken to measure interplanar distances and confirm the

nature of existing phases (Figure 3.11).

d3=0,263 nm

Figure 3.11. HRTEM images of ZFO-3. Interplanar distances corresponding to Fe;0s maghemite phase (left) and to ZnFe;04
phase (right)

HRTEM confirms the composition of the powder with particles showing either the interplanar
distance characteristic of y-Fe,03 (d= 0.263 nm for (310) plane, d= 0.220 nm for (321) plane) and the

interplanar distance corresponding to ZnFe,04 (d=0.210 nm, (400) plane). It is interesting to note that
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both phases can be found in the small and large size parts of the size distribution, which seems to
indicate that the mechanisms that leads to the formation of the two crystalline phases occurs

independently of the one that leads to the bimodal size distribution.

The appearance of secondary phases during the synthesis of MTMO has already been
observed by Choi et af for the synthesis of ZnCo,04 by a combustion process. According to these
authors, the ternary oxide is formed first. As ZnCo,04 is not stable above 800°C*°, the partial loss of
oxygen and the decomposition of the MTMO occurs because of the high temperature encountered in
such flames, leading to the formation of separated ZnO and CoO phases. In our case, synthesis of ZFO-
3 was realized under combustion conditions and the presence of the iron oxide phase may be related
to the temperature of the flame which is assumed to be higher than for conventional laser pyrolysis
reactions. A mechanism of ternary oxide decomposition similar to the one reported by Choi is likely to
happen, even if in our case the second metal oxide phase (Zn in our case) is not detected by XRD on
the contrary of Choi who observed the CoO phase. This could be due to different crystallization
conditions for ZnO and CoO, or to flame temperature differences. The observation of intermediate
iron phases was also reported by Li et al. during the combustion synthesis of ZnFe,04**.

Nevertheless, during the high temperature synthesis of Zn-Fe oxide by flame spray pyrolysis,
Pratsinis et al observed the appearance of an additional Fe,Os phase only for high precursors
concentrations (metal concentrations above 0.8M)*. For ZFO-3, the solution S1 was used with a
concentration of 0.9M of Zn and 1.8M of Fe, which places us in the upper range of concentrations

used by these authors

ZFO-4 sample was synthesized using pyrosol. This latter generator operates in quite different
conditions when compared to PALAS, which makes uneasy any comparison. Indeed, as argon has to be
used as carrier gas for ethanol based solutions, the total flow that can be processed by the pressure
regulation system does not enable the use of similar air flow rate as for ZFO-3. Even though the
feeding rate was much higher because of the better efficiency of the pyrosol device, the production
rate was a little lower than for ZFO-3. The main explanation comes from the very low precursor

concentration in the solution that could be used with pyrosol.

ZF0O-4 sample also synthesized with air addition was characterized by XRD (Figure 3.12).
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Figure 3.12. XRD pattern for ZFO-4: presence of ZnFe;04 and Feg.04Co.0s phases
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Once again the ZnFe;0, phase was produced, however a Feps4Coos phase (01-074-5520,
austenite) and metallic iron were also identified. Zn based phases in small amount cannot be
completely excluded. The presence of the non-oxide iron phases can be explained by the amount of
carbon in the reactional medium compared to the amount of oxygen. For ZFO-3, the air flow rate was
25 times higher than C;Hs whereas for ZFO-4, this flow was only 6.5 times higher than C;H, flow rate.
Moreover ethanol in fuel rich conditions can add more carbon to the system. The incomplete
oxidization of iron for ZFO-4 may be due to a lack of oxygen in the reactional medium compared to the
amount of available carbon (coming from both ethylene and ethanol), leading to the formation of a
secondary phase. Moreover, as ethanol is used as the solvent in the solution, it may act as a fuel and
lead to a hotter flame, in a similar way to FSP vs FASP in flame based processes. In this case, as
mentioned for ZFO-3, the high temperature can conduct to the loss of oxygen and the decomposition
of the ternary oxide to form iron-based phase. The pattern shape before 30° is typical of the presence
of an amorphous phase. In order to determine if this amorphous component could be attributed to
carbon pollution, ZFO-4 was analyzed by TGA (Figure 3.13). The results are very different from the

ones recorded for the previous samples which exhibited low amount of carbon.
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Figure 3.13. TGA measurements for ZFO-4 from 20°C to 500°C, ramp: 10°C/min, isothermal of 1h at 500°C

As it can be seen on the graph above, the amount of free carbon is high. The first weight loss
about 12% before 300°C can be attributed to the evaporation of water and PAH. The second weight
loss of more than 50% between 350 and 450°C can be attributed to the combustion of free carbon in
the powder. This seems to confirm that the amorphous contribution seen on XRD diagrams can be
ascribed to this carbon pollution. When compared to ZFO-3, the presence of large amount of carbon is

originated by the lack of available oxygen to burn efficiently the sources of carbon.

The morphology of ZFO-4 powder was also observed by TEM (Figure 3.14).

Figure 3.14. TEM images of ZFO-4 (a,b).

ZFO-4 sample shows a similar bimodal size distribution, as previously observed in all samples.

Nevertheless, the size of the objects seems lower than the ones observed in the other samples. This
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could be a consequence of the higher dilution of the precursor in the solvent, leading to smaller solid
precursor particles in the aerosol after solvent vaporization in the hot reaction zone. Moreover, the
very small particles population can hardly be distinguished, as it is imbedded in a matrix that can be
identified as amorphous carbon. The large particles population appears coated by this amorphous
structure too. These TEM images are consistent with the TGA measurements which have shown large
carbon content. In comparison, ZFO-3 powder showed small and large particles that could be clearly
observed without the presence of any coating or matrix around the particles. The possibility to control
this carbon based coating offers interesting perspectives for battery applications, this will be discussed
at the end of the manuscript.

For the four investigated samples, the bimodal size populations of particles is characterized by
the presence of small nanoparticles of 10-20 nm and larger particles from a hundred nm to a micron.
Such size distribution is not commonly observed for laser pyrolysis grown nanoparticles and is more
similar to the ones obtained in conventional spray pyrolysis after reaction in droplets. Additional
syntheses were then achieved using other types of precursors with the objective of investigating the

origin of this unusual size distribution.

2. Chlorides precursors

Solutions of chlorides precursors were prepared for the syntheses of zinc iron oxides
(solutions S4 and S5).

For the synthesis of ZnFe,04 using chlorides precursors, the PALAS generator could not be
used (degradation of some parts of the device which are not chemically compatible). As the pyrosol
was the only compatible generator, ethanol had to be used instead of water and the concentration of
precursors in the solution had to be relatively low.

Two powders were produced using two different chlorides solution. The solution S4 was used
to obtain ZFO-5 and the solution S5, more concentrated than S4, was used for the production of ZFO-
6. As chlorides precursors do not supply oxygen to the reaction, on the contrary of nitrates, the
syntheses were conducted under air atmosphere while keeping argon as carrier gas. Synthesis

conditions are detailed in Table 3.5.

Aerosol Solution  C,H, Carrier gas Additional Feeding Production
generator gas rate rate
240 Argon Air
ZFO-5 Pyrosol S4 scem 1830 scem 1630 scem 34.3 g/h 328 mg/h
240 Argon Alr
ZFO-6 Pyrosol S5 scem 920 scem 1570 scem 14 g/h 226 mg/h

Table 3.5. Experimental conditions for the syntheses of ZFO-5 and ZFO-6 under air using chlorides solutions
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Synthesis conditions for ZFO-5 are very similar to the ones used for ZFO-4. Feeding rate and
thus production rates are a little higher, certainly because of the different properties of chloride
solution when compared to nitrates ones in terms of aerosol formation. For ZFO-6, carrier gas flow
rate was decreased in order to lower the feeding rate and increase residence time, aiming at higher
temperature reaction and more available energy for a given mass of precursors. When comparing
ZFO-5 and ZFO-6, it is interesting to quote that even if feeding rate is divided by more than 2,

production rate is only decreased by one third. This could be attributed to higher precursors

decomposition yield and/or production of carbon.

The collected ZFO-5 and ZFO-6 were characterized by XRD (Figure 3.15).
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Figure 3.15. XRD pattern for ZFO-5 and ZFO-6: presence of ZnFe,O,4 in both samples, additional Fe phase for ZFO-6

Both ZFO-5 and ZFO-6 patterns reveal the presence of the ZnFe,0, crystalline phase. However,
ZFO-6 presents a very large peak at 44° which can represent the (400) plane of ZnFe,;04 besides the
(110) plane of crystalline iron. Moreover, ZFO-6 pattern shows a small bump between 20 and 30° what
may reflect the presence of a large amount of an amorphous phase. This latter pattern is similar to the
one recorded for ZFO-4 with different ratios between the phases. The overall peak width for these

samples appears broader than the ones obtained with nitrate solutions, which tends to indicate

smaller crystallite sizes.

TEM images were taken to observe the morphology of ZFO-5 (Figure 3.16).
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Figure 3.16. Images of ZFO-5 observed by TEM: presence of only small nanoparticles (< 10 nm) embedded in an amorphous
matrix

ZFO-5 images highlights a different size distribution of particles from the nanopowders
obtained with nitrates precursors. Only very small nanoparticles of about 10 nm embedded in an
amorphous matrix can be observed. This amorphous part may be attributed to carbon production
coming from the decomposition, at least partial, of ethylene and/or ethanol. Such carbon coating,
similar to the one observed for ZFO-4 but in smaller amount, could show advantages for battery
applications, as discussed in chapter 1. Nevertheless this amorphous carbon does not provide
contribution on XRD diagrams. The main difference with particles obtained from nitrates solutions is

thus the absence of bimodal size distribution: indeed, no large particles could be observed in ZFO-5.

TGA measurement conducted between 20°C and 400°C (Figure 3.17) shows a total weight loss
of 45% separated in two weight losses. One is before 200°C and probably corresponds to the
evaporation of water and PAH. The next weight loss from 300°C to 400°C may correspond to
amorphous carbon. The amount of carbon in ZFO-5 powder is evaluated at 25%. This is noticeably

lower than the one recorded in ZFO-4 powder obtained in similar synthesis conditions.
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Figure 3.17. TGA measurements for ZFO-5 from 20°C to 400°C, ramp at 20°C/min with an isothermal at 400°C for 40 min

A monomodal size distribution of nanoparticles, slightly larger than for ZFO-5, is observed for

ZFO-6 by TEM, with the presence of a matrix around these particles too. However, unlike for ZFO-5,

the coating around the nanoparticles seems to be partially more organized as shown on HRTEM

images (Figure 3.18). In particular in the vicinity of the nanoparticles surface, the first layers of carbon

show graphite-like structure. The interplanar distance measured in this structures can actually be

attributed to the (002) plane of graphite. The presence of graphite in this powder in the vicinity of

particles surface can be related to the presence of iron based phases as these latter can foster the

growth of graphite rather than amorphous carbon®3.

Figure 3.18. Morphology of ZFO-6 observed by TEM (left) and highlighting of graphite around the nanoparticles
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ZF0O-6 sample was also analyzed by TGA (Figure 3.19). The graph below shows a total loss of

64%, what is higher than for ZFO-5. The mass loss before 200°C may be due to water and PAH while

the higher weight loss from 350°C to 500°C can be attributed to carbon loss. The amount of carbon in
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ZFO-6 is evaluated at 36% so 10% higher than for ZFO-5. For ZFO-6, the carrier gas flow rate was two
times lower than for ZFO-5 meaning the residence time of the particles in the flame was higher. With
less neutral gas dilution, the flame temperature was also higher which promotes the carbon
precursors decomposition. Consequently, more carbon may be formed around the nanoparticles for
ZFO-6 than for ZFO-5. Moreover, this carbon spends more time in a hotter zone and can be partially
organized thanks to iron rich surfaces. The higher temperature encountered here is also assumed to

be responsible for the formation of the secondary iron phase seen in XRD.
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Figure 3.19. TGA measurements for ZFO-6 from 20°C to 500°C with an isothermal at 300°C and at 500°C

The synthesis of ZFO-5 and ZFO-6 based on the use of chlorides precursors also gives the
possibility to obtain zinc iron oxide phases. As observed for nitrates based solutions, in presence of air
the use of too high temperature conditions seems to favor the appearance of secondary phases.
Moreover, the choice of the precursors seems to be important to obtain the desired size distribution
of particles: nitrates appear to favor a bimodal size population and chlorides a monomodal one with
only small nanoparticles. Discussion on that point will be pursued after the part dealing with binary

oxides synthesis.

In this part dedicated to ZnFe,0, synthesis, we have seen that the proper choice of the
precursors nature, of the gas atmosphere (air and/or argon) and of their flow rates gives the possibility
to tailor the size distribution of particles in the obtained ternary oxide nanoparticles: bimodal or
monomodal size distribution, with or without carbon coating. This is an advantage to investigate the

most appropriate structure for battery performance.
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To compare the influence of the size distribution on the electrochemical performances, one
sample with the bimodal size distribution and one with the monomodal size distribution were cycled
in batteries. ZFO-1 and ZFO-5 were chosen as they show less secondary phases. The corresponding
results will be presented in the chapter 4. This chapter will also present the investigation about the
interest of the mixed-transition oxide ZnFe;0, compared to a mixture of ZnO and Fe,0s, as upon
cycling these two phases replace the starting ternary compound very soon. In this context, ZnO and
Fe,0s nanoparticles were also produced by laser pyrolysis in order to prepare the required binary

oxides mixtures.
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II.  Synthesis of iron oxide nanopowders

Several solutions of precursors were used for the synthesis of iron oxide nanopowders: iron

nitrate, iron chloride and iron acetylacetonate were chosen (Table 3.6).

Solution Precursors Solvent
S6 Fe(NO,), - 9H,0 DI H,O
50% wt. 50% wt.

S7 FeCl, - 6H,0O Absolute EtOH
3% wt. 97% wi.

S8 Fe(Acac), Absolute EtOH
3% wt. 97% wit.

Table 3.6. Solutions of precursors used for the synthesis of iron oxide nanopowders

Two powders labeled FeOx-1 and FeOx-2 were obtained using the nitrate solution with air or
argon as carrier gas. The details of the experiments are summarized below (Table 3.7). FeOx-2
synthesis parameters are similar to the ones used for ZFO-1, and the obtained absorption and feeding
rate are similar too. On the contrary, the production rate is divided by two. The decomposition yield

for FeOx-1 and FeOx-2 is estimated around 13%.

Aerosol Solution C,H, Carrier gas Additional Feeding Production
generator gas rate rate
FeOx-1 PALAS S6 0.37 sim Air 5.60 slm X 12.4 g/h 160 mg/h
FeOx-2 PALAS S6 0.31slm  Argon 4.80 sim X 12.4 g/h 144 mg/h

Table 3.7. Experimental conditions for the synthesis of FeOx-1 and FeOx-2 using a nitrate precursor solution

XRD patterns for the two samples reveal series of peaks corresponding to iron oxides (Figure

3.20).
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Figure 3.20. XRD patterns for FeOx-1 and FeOx-2

For FeOx-1, the synthesis under air atmosphere leads to the formation of two iron crystalline
phases: both Fe;03 (01-077-9925, hematite) and Fe304 (19-0629, magnetite) seems to be produced by
laser pyrolysis. For FeOx-2, the Fe;0s phase can be mainly observed on the XRD pattern even though
few peaks may show the presence of a minority FesO4 phase. An amorphous contribution is also

observed on the diagram that might come from the sample holder.

The morphology of FeOx-1 and FeOx-2 observed by TEM corresponds to spherical
nanoparticles with a bimodal size distribution with small agglomerated nanoparticles of 10-20 nm and
large particles with sizes ranging from several hundreds of nm to a micron, like for ZFO-1, ZFO-3 and
ZFO-4 (Figure 3.21). This is coherent with the assumption that iron nitrate is the cause of a bimodal
size population. As usually obtained with water based solutions, no amorphous carbon coating can be
observed over the agglomerates. This latter material is thus not responsible for the amorphous

contribution in FeOx-2 XRD diagram.
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Figure 3.21. TEM images of FeOx-1 and FeOx-2 showing a bimodal size population due to iron nitrate precursor

To obtain a pure Fe,03 phase with only one size population, syntheses were also conducted
using iron chloride and iron acetylacetonate precursors. Two powders were obtained, both using the
pyrosol generator (PALAS was not compatible with chlorides) and under air atmosphere (Table 3.8).
Solution with acetylacetonate enables an increase of the feeding rate, which is not followed by an
increase of production rate. The decomposition yields are estimated at 71% for FeOx-3 and 55% for
FeOx-4. It seems that the chloride precursor is decomposed more easily during the synthesis

compared to the acetylacetonate one.

Aerosol Solution C,H, Carrier gas Additional Feeding Production
generator gas rate rate
FeOx-3 Pyrosol S7 0.24 slm  Argon 1.83 sim Air 2 slm 346 g/h 213 mg/h
FeOx-4 Pyrosol 38 0.24sim  Argon 1.83sim  Air2.42 sim 50.2 g/h 189 mg/h

Table 3.8. Synthesis conditions for the production of FeOx-3 (chloride precursor) and FeOx-4 (acetylacetonate precursor)

FeOx-3 and FeOx-4 XRD patterns both show a y-Fe;0; phase (maghemite) but FeOx-3 also

reveals few peaks that belong to a-Fe,0s phase (hematite) (Figure 3.22).
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Figure 3.22. XRD patterns of FeOx-3 and FeOx-4

To confirm the presence of the only maghemite phase for FeOx-4, Mdssbauer measurements

were conducted for this sample (Figure 3.23).
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Figure 3.23. Méssbauer spectroscopy realized at room temperature confirms the presence of the maghemite phase only in
FeOx-4

According to the °’Fe Mdssbauer spectroscopy, only Fe* exists and no Fe?". The sample shows
two contributions: one is a magnetic sextet accounting for 39% of the total resonance area that can be
attributed to the maghemite phase. The second contribution is a non-magnetic doublet (61%) that can

correspond to very small nanoparticles of maghemite. Indeed maghemite is no more magnetic at
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nanoscale. We assume that the FeOx-4 sample corresponds to a maghemite phase with very small

nanoparticles that are non-magnetic and perhaps some larger particles that are magnetic.

FeOx-3 and FeOx-4 powders were observed by TEM (Figure 3.24). In both cases, samples seem
to mainly consist in very small and agglomerated nanoparticles (less than ten nm) with monomodal
distribution. Thus the formation of the second and large size population appears to be encountered

only in the case of nitrates precursors. Moreover, no carbon coating can be observed in the samples.

>

‘s N he 7
Ox-4 (b) morphologies by TEM

Figure 3.24. Observation of FeOx-3 (a) and Fe

A pure Fe;03 phase with mainly small nanoparticles was only obtained by using Fe(Acac)s
precursor (FeOx-4). This powder was thus selected for electrochemical tests. The results will be

detailed in the chapter 4.
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Ill.  Synthesis of zinc oxide nanopowders

The syntheses of ZnO were realized using two different solutions of precursors: one was made

with zinc nitrate hexahydrate and the other one with anhydrous zinc chloride (Table 3.9).

Solution Precursors Solvent
S9 Zn(NO,), - 6H,0 DI H,O
50% wt. 50% wt.

$10 ZnCl, Absolute EtOH
3% wt. 97% wt.

Table 3.9. Solutions of precursors used for the synthesis of ZnO nanoparticles

The nitrate solution was used with the PALAS generator and the chloride solution with the
pyrosol generator to obtain two different powders named ZnOx-1 and ZnOx-2. The experimental

conditions are detailed below (Table 3.10).

Aerosol Solution CH, Carrier gas Additional Feeding Production
generator gas rate rate
ZnOx-1 PALAS S9 370 sccm Air 5600 sccm X 14.1 g/h 373 mg/h
ZnOx-2 Pyrosol S10 240 sccm Argon 1830 sccm Air 2420 sccm 31.7gh 98 mg/h

Table 3.10. Experimental conditions for the synthesis of ZnOx-1 and ZnOx-2

To ensure the oxidation of zinc during the synthesis, air was used as the carrier gas with the
PALAS and as additional gas with the pyrosol (carrier gas was argon). Syntheses using only argon gas
were tried in previous studies but always lead to the formation of zinc or other non-completely

oxidized compounds.

Both ZnOx-1 and ZnOx-2 were characterized by XRD first (Figure 3.25).
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Figure 3.25. XRD patterns for ZnOx-1 and ZnOx-2 revealing a ZnO crystalline phase for both samples

XRD patterns of ZnOx-1 and ZnOx-2 both show the ZnO crystalline phase (01-070-8070,
zincite). The XRD peaks for ZnOx-2 are wider than those for ZnOx-1 revealing a difference in the

particles size with theoretically smaller particles for ZnOx-2.

SEM and TEM images were acquired for the two samples to observe their morphology (Figure

3.26).
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Figure 3.26. SEM and TEM images of ZnOx-1 (a,b) and ZnOx-2 (c,d)

The use of zinc nitrate precursor for the synthesis of ZnO leads to the formation of nanorods
(several hundreds of nm length, tens of nm large). This morphology is quite common for ZnO and can
be synthesized by various processes®®. Zinc chloride precursor enables the synthesis of very small
spherical nanoparticles of ZnO (10-20 nm). On some parts of the TEM images, a thin film can be seen
around the nanoparticles which may be attributed to PAH and amorphous carbon. The difference in
size and morphology between ZnOx-1 and ZnOx-2 are consistent with the difference of peaks width on
XRD patterns. For battery tests, comparison of electrochemical performances and operando
measurements, ZnOx-2 will be used as it presents a morphology similar to the other samples

presented before, with only roughly spherical nanoparticles.

TGA measurements were conducted on ZnOx-2 only as this sample shows the desired

morphology (Figure 3.27).
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Figure 3.27. TGA measurements on ZnOx-2 from 50°C to 500°C, ramp of 20°C/min and isotherm at 500°C during 40 min

Considering that carbon corresponds to the weight loss after 300°C, the carbon content can

be evaluated to 15% for ZnOx-2 and the water and PAH content around 6% (weight loss before 300°C).
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IV.  General discussion on nitrate precursors and laser assisted flame synthesis

All along this part dedicated to the synthesis of oxide nanoparticles, it appears that the
synthesis of nanopowders with a bimodal size distribution is correlated with the use of iron nitrate
precursor. Chloride or acetylacetonate precursors actually lead to the commonly obtained in laser
pyrolysis monomodal size distribution with small nanoparticles, whatever the synthesis conditions.
Such peculiar behavior of iron nitrates precursors when compared to other salts was already reported
by a Spanish group® working on iron oxides synthesis by thermal spray pyrolysis, but no clear
explanation was given. Their assumption is that the nitrate precursor keeps the structure of the
droplet during the decomposition of the precursor. In their review on spray pyrolysis, Messing et al.
have also stressed out the peculiar behavior of nitrates precursors because of their low melting point
that is not so higher than the boiling point of solvent!’. In that case, in the same time as the solvent
vaporizes, the dissolved salt could melt and form a large spherical drop instead of forming directly a
solid precipitate as most of other precursors.

In our case, the formation of the bimodal size distribution of particles with nitrate precursors
may involve two simultaneous growth processes (Figure 3.28). When the aerosol droplets enter the
reaction zone, the solvent is vaporized and the dissolved salts precipitate to form smaller dry objects,
as presented in chapter 1 concerning thermal spray processes. Upon heating, a solid phase reaction
can take place within these particles leading to large nanostructured spherical particles. In the specific
case of laser pyrolysis, the heating rate is very fast upon interacting with the laser beam and the
energy density encountered by the dried particles is very high, especially with a focused beam. In that
case, part or totality of the solid salt is vaporized before reacting, leading to a gas phase reaction
(nucleation and growth) which would form small nanoparticles agglomerated in chain-like poorly
dense structures. This latter vaporization phenomenon could take place at the surface of the dried
particles simultaneously to the solid state reaction occurring in the core of the particles, leading to the

final formation of two different size distributions of particles.
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Figure 3.28. Possible growth processes during laser pyrolysis conducting to a bimodal particle size distribution

The specific case of large particles formation that seems to be favored with nitrates precursors
can come from the very low melting points of these precursors (110°C for zinc nitrate and 47°C for
iron nitrate) compared with those of chloride precursors for instance (290°C for zinc chloride and
306°C for iron chloride). As mentioned before, the melting of the precursors could occur at the same
time as the solvent evaporation leading to the formation of large molten nitrates droplets. Surface
vaporization of these droplets leads to the formation of the small size part of the bimodal size
distribution, while core reactions lead to the large size part. The difference in melting point between
Zn nitrate and Fe nitrate could explain why a different behavior is observed for ZnO synthesis from
nitrates which leads to a monomodal size distribution.

It is important to note that with FSP synthesis of zinc ferrite nanoparticles, the temperature
seems high enough to completely vaporize the solution droplets, avoiding the formation of a bimodal
size distribution®®. Interestingly, even for these very high temperature conditions, the ternary oxide

phase is not decomposed to binary ones.

Another general remark can be done concerning synthesis with air in laser pyrolysis, in
comparison with reported works by FASP or FSP. The appearance of a blue flame before the
introduction of the precursor aerosol demonstrates the combustion nature of the reaction.
Nevertheless, even when blue contribution remains visible in the yellow-orange flame produced by
the particles thermal emission after a combustible aerosol introduction, the pyrolysis process remains
specific to the laser driven reaction. Indeed, in these stable conditions, the reaction stops as soon as
the laser beam is turned off. In this particular case, a so-called laser assisted combustion reaction
seems to govern the decomposition of the precursors and the growth of the particles. When

compared to conventional laser pyrolysis, it offers the advantage of a better oxidization of the desired
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oxide phases, a potential higher temperature and the possibility, when required, to obtain a longer

residence time. The underlying mechanisms in such reactions remain to be carefully understood.

124



Thermal treatment of the samples before
electrochemical tests

V.  Thermal treatment of the samples before electrochemical tests

The samples presented above show different carbon contents after the synthesis by laser
pyrolysis. This carbon can play a role in the cycling behavior of the material. Whether this role is
positive or negative, it has to be removed in order to evaluate the intrinsic electrochemical
performances of the different oxide phases. In this context, the samples needed to be thermally
treated under air. Particularly, the samples ZFO-5, ZnOx-2 and FeOx-4 that show the desired pure
oxide phase were annealed at 350°C for three hours before their use for electrode preparation and
battery testing. The annealing temperature was chosen to avoid changes in the morphology of the
particles during the thermal treatment but also to be high enough to remove both PAH and free

carbon or coating in the powder.

The morphology of the annealed powders was observed by TEM (Figure 3.29). The images
reveal that after the thermal treatment, the carbon coating is removed with the nanoparticles keeping

their primary size roughly unchanged.

Figure 3.29. TEM images of ZFO-5, ZnOx-2 and FeOx-4 before (a,b,c respectively) and after annealing under air at 350 °C (d,ef
respectively)
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The next chapter will be dedicated to the electrochemical performances of the different zinc
and iron oxides obtained by laser pyrolysis and to the understanding of the lithium storage
mechanisms. The different samples selected among the samples reported in this chapter and furtherly
used for battery tests are summarized below (Table 3.11). These samples were chosen as the purest in

terms of crystalline phase and for the morphology of their grains (size distribution).

Samples Phases Morphology
ZFO-1 ZnFe, O, Bimodal size population
ZFO-5 ZnFe,0, Small nanoparticles
ZnOx-2 Zn0O Small nanoparticles
FeOx-4 Fe,0O, Small nanoparticles

Table 3.11. Summary of the different samples used for electrochemical tests

126



Intermediate conclusion

VI. Intermediate conclusion

In this chapter dedicated to ZnFe;04, ZnO and Fe,03 syntheses by laser pyrolysis, the influence
of several experimental parameters have been observed: the choice of the precursors gives the
possibility to tailor the size distribution of the particles (bimodal or monomodal size population, with
nitrates or chlorides respectively) and the gas atmosphere (air or argon) and their flow rates play a
role on the formation of a carbon coating.

By choosing the proper synthesis conditions, ZnFe,04 nanopowders with a bimodal and a with
a monomodal size population were synthesized as well as small ZnO and Fe,Os nanoparticles. After a

thermal treatment to remove the carbon if necessary, these nanopowders were cycled in batteries.

Their electrochemical performances vs. metallic lithium are detailed in the next chapter. The
latter will also compare the performances and the lithium storage mechanism between ZnFe,0, and a

mixture of ZnO and Fe;0s.
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Chapter 4. Evaluation of the electrochemical performances of

ZnFe;04, ZNO and y-Fe;03

Selected powders presented in the previous chapter were tested in half cells vs. lithium to
evaluate their electrochemical performances. Battery tests as cyclic voltammetry and galvanostatic
cyclings are presented for ZnFe, 0, in the first part whereas ZnO and Fe,0; mixtures performances are
detailed in a second part. A deeper understanding of the lithium storage mechanism was made

possible by operando X-ray diffraction and >’Fe Mdssbauer measurements.



Choice of the electrode formulation and of the electrolyte

l. Choice of the electrode formulation and of the electrolyte

The electrochemical performances of the different samples were evaluated vs. metallic lithium
by using coin-type half-cells assembled in an argon-filled glove box (see chapter 2).

To choose the proper electrode formulation and electrolyte, several galvanostatic tests
(between 0.01 V and 3.0 V at 100 mA.g) were conducted (in Montpellier and in NTU) by varying the
binder, the carbon additives (CB: carbon black and VGCF: vapor-grown carbon fibers) and the
electrolyte.

These measurements were realized using the sample ZFO-3 as active material. The different

combinations of formulations and electrolytes are summarized in the table below (Table 4.1).

Active material Binder Carbon additives Solvent Electrolyte
Cl |ZFO-3(70% wt.) | CMC (12% wt.) CB (18% wt.) DI H,0 EC PC 3DMC + 1M LiPFs
C2 | ZFO-3(70% wt.) | CMC (12% wt.) | CB+VGCF (9% + 9% wt.) | DI H,O EC PC 3DMC + 1M LiPFs
C3 | ZFO-3(70% wt.) | CMC (12% wt.) | CB+VGCF (9% + 9% wt.) | DI H,0 EC DMC + 1M LiPFe

Table 4.1. Electrode formulations and electrolytes for coin cells preparation
The influence of VGCF in the electrode formulation was studied by comparing the
electrochemical performances of C1 and C2. The charge and discharge capacities, the efficiency, the

reversible capacity retention and the cumulative irreversible capacity are presented in the graphs

below (Figure 4.1).
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Figure 4.1. Galvanostatic cycling at 100 mA.g for ZFO-3 using CB (C1) and CB + VGCF (C2) as carbon additives

For the first cycle, the discharge capacity is above the theoretical value (1000 mAh.g?) for
both samples with a first cycle efficiency around 65%. During the charge/discharge process, the
reversible capacity of C1 decreases progressively leading to only 68% of capacity retention after 100
cycles while the cumulative irreversible capacity increases rapidly (more than 2000 mAh.g* after 100
cycles). The cycling behavior is clearly different for C2 sample with a progressive increase of the
reversible capacity after 20 cycles. Due to this phenomenon, after 100 cycles, C2 is able to retain more
than 1200 mAh.g. The capacity retention is thus better than for C1 and the cumulative irreversible
capacity slightly lower (1900 mAh.g? after 100 cycles). The addition of VGCF in the C2 formulation may
enhance the electronic percolation in the electrode explaining a higher reversible capacity than C1

after 100 cycles.

The comparison between C2 and C3 was then realized to highlight the advantages and

drawbacks of two different electrolytes: EC PC 3DMC + 1M LiPFgand EC DMC + 1M LiPF¢ (Figure 4.2).
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Figure 4.2. Galvanostatic cycling at 100 mA.g* for C2 (with EC PC 3DMC) and C3 (with EC DMC)

For C2 and C3, the cycling behaviors are relatively similar with a decrease of the reversible

capacity during the first 20 cycles and then an increase of the reversible capacity to reach more than
1200 mAh.g* for C2 and around 900 mAh.g* for C3. The efficiency is comprised between 99% and
99.5% for both samples after the first 20 cycles. Like the charge and discharge capacities, the capacity
retention is increasing for C2 and C3 during cycling leading to more than 100% of capacity retention
after 100 cycles. The main difference between C2 and C3 lies in the values of the reversible capacity
and cumulative irreversible capacity. During the first cycle, the irreversible capacity is higher for C2
than for C3 and this trend stays for the following cycles leading to a cumulative irreversible capacity of
1900 mAh.g? for C2 and 1400 mAh.g™ for C3. The use of PC in the electrolyte for C2 might favor
parasitic reactions linked to this irreversible capacity. However, the reversible capacity obtained

during cycling is clearly higher with PC than without PC in the electrolyte.

According to the above results, the use of two carbon additives (carbon black and VGCF) may

enhance the cyclability of the zinc iron oxides by maintaining a good electronic percolation in the
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electrode. Between C2 and C3, the cycling behavior is similar but C2 with EC PC 3DMC + 1M LiPFe
electrolyte was preferentially chosen to study zinc iron oxides electrochemical performances thanks to

a higher reversible capacity during cycling.

Finally, the chosen electrode formulation consists in 70% wt. of active material, 12% wt. of
CMC as binder and 18% wt. of carbon additives (9% of carbon black and 9% of VGCF) dissolved in
deionized water and EC PC 3DMC + 1M LiPFs was used as electrolyte. These electrolyte and electrode
formulation were also chosen in respect with previous works realized by Marino et al. at the AIME
laboratory in Montpellier showing the better performances of some intermetallic-based negative

electrodes with this protocol2.
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Il Electrochemical performances of ZnFe;04 nanopowders

1. Influence of the grain size distribution of ZnFe;04 nanoparticles

The electrochemical performances of ZFO-1 and ZFO-5 samples were evaluated vs. metallic
lithium to observe the influence of the morphology on the battery cycling. The samples correspond to
nanopowders with different size distributions: ZFO-1 shows a bimodal size population of particles
whereas ZFO-5 only consists in small nanoparticles. The theoretical capacity of ZFO-1 is estimated
around 1000 mAh.g? according to the theoretical capacities of ZnFe,04 (1001 mAh.g?) and y-Fe,0s
(1007 mAh.g). For ZFO-5, the theoretical capacity is the one of ZnFe,0..

Galvanostatic cyclings for 100 cycles between 0.01 V and 3.0 V at the current density of
100 mA.g* (corresponding to C/10 current rate or 10 hours/discharge) and 1000 mA.g* (1C current
rate, 1 hour/discharge) were first carried out for ZFO-1 and ZFO-5 electrodes. These current rates
were chosen to ease the comparison with the results in the literature.

The charge and discharge capacities, the coulombic efficiency and the cumulative irreversible

capacity for the cycling of ZFO-1 and ZFO-5 at 100 mA.g™ are plotted in the graphs below (Figure 4.3).
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Figure 4.3. Galvanostatic cycling at 100 mA.g™ for ZFO-1 and ZFO-5: charge/discharge capacity plots (a, c) and cumulative
irreversible capacity plots (b, d)
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For the first cycle at C/10 of ZFO-1, the discharge and charge capacities are 1488 mAh.g* and
1066 mAh.g* respectively, leading to a coulombic efficiency of 71.6%. Similarly, ZFO-5 shows a first
coulombic efficiency of 76.5% at the same current rate, with the first lithiation and delithiation
capacities of 1247 mAh.g? and 948 mAh.g* respectively. In both case the first discharge capacity is
higher than the theoretical value. The additional capacity is generally explained by some parasitic
reactions of the electrolyte at low potential that create a solid electrolyte interphase (SEl) as well as a
polymeric gel-type layer around the nanoparticles that traps part of the lithium3. SEI formation
irreversibly traps part of the lithium whereas the polymeric gel-type layer is assumed to be formed
reversibly*. ZnFe,04 electrodes suffer from a large capacity loss during the first cycle (ZFO-1: 422
mAh.g? of irreversible capacity, ZFO-5: 299 mAh.g* of irreversible capacity) leading to a low coulombic
efficiency which is rather common for transition metal oxides electrodes>™. This irreversible capacity
may be attributed to the SEI formation which is enhanced in the case of nanostructured electrodes
where active material shows high specific surface®.

While the behavior of the two samples is roughly similar during the first cycle, some changes
occur for the subsequent cycles. A slow decrease of the reversible capacity is observed for ZFO-1 for
the first 7™ cycles to reach 1012 mAh.g. This is probably due to the gradual inactivation of a part of
the active material or to the formation of a thick SEI leading to additional lithium trapping.
Nevertheless, after this slight decrease, the capacity progressively increases to deliver about
1160 mAh.g* at the 100" cycle, what is still higher than the theoretical capacity. Despite this increase
of reversible capacity, the cumulative irreversible capacity continues to increase and reaches a high
value of 1971 mAh.g™ at 100 cycles. For ZFO-5, the capacity falls rapidly to 530 mAh.g* during the next
50 cycles before slowly increasing to reach finally 595 mAh.g? after 100 cycles. The cumulative
irreversible capacity value of 1833 mAh.g? is reached what is similar to ZFO-1. The coulombic
efficiency stabilizes after several cycles for both samples with an average value for the last 50 cycles of
98.8% for ZFO-1 and 98.9% for ZFO-5. The increase in capacity during cycling, sometimes leading to a
capacity higher than the theoretical one, is not uncommon for transition metal oxides and has been
reported for Fe,05°, Fes041° and ZnFe,04!. This effect has been attributed in the literature to the
reversible reaction of a polymeric gel-type layer formed by the partial decomposition of the
electrolyte, kinetically activated by the electrode material at the electrode/electrolyte interface. The
formation of this polymeric layer has already been observed for transition metal oxides but also for
other conversion materials like NiSb,2. According to Laruelle et al., it seems that this polymeric layer is
specific to transition metal compounds as its in situ formation is promoted by the presence of highly
reactive metallic nanograins at the end of the discharge®. The existence of such an active layer
accounts for the additional capacity of the electrodes, largely exceeding the theoretical one!**°. This

reversible reaction, leading to a capacity increase, must be distinguished from the conventional
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irreversible consumption of Li during SEIl formation. This additional reversible storage of lithium may

also come from a contribution of carbon additives during the charge/discharge process (taking into

account that there is 18% of carbon additives in the electrode, an additional reversible contribution up

to 60 mAh.g* can be considered)®.

To better understand the lithiation process and the differences of performance between

ZFO-1 and ZFO-5, the voltage profiles for the 1%, 2", 10™", 50" and 100" cycles were plotted for the

two samples with the dQ/dV curves (Figure 4.5).
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Figure 4.4. Charge/discharge profiles (a, c) and dQ/dV curves (b, d) for ZFO-1 and ZFO-5 galvanostatic cyclings at 100 mA.g*

between 0.01 Vand 3.0 V

For ZFO-1 and ZFO-5, according to the charge/discharge profiles, the first lithiation starts from

OCV (around 2.1V) to a deep discharge at 0.01 V. This first discharge can be divided into three distinct

voltage regions. For ZFO-1, at the beginning, a slope can be observed from 2.1 V to 0.8 V that

corresponds to a capacity of 220 mAh.g™ (~2 mol Li) which is attributed to the lithium intercalation

into the ZnFe,04 crystalline structure®®. For ZFO-5, the first voltage region is also located between
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2.1V and 0.8 V and corresponds to 230 mAh.g* what is similar to ZFO-1. The second voltage region is
a long plateau at 0.8 V for the two samples. The corresponding capacities of 700 mAh.g* for ZFO-1 and
600 mAh.g* for ZFO-5 are equivalent to the consumption of 6.3 mol and 5.4 mol of lithium ions per
formula unit of ZnFe,0,, respectively. This plateau at 0.8 V is ascribed by different authors to the
conversion reaction leading to the destruction of the ZnFe,0, crystalline structure and to the
formation of Zn and Fe metallic particles embedded into an amorphous Li,O matrix!”!® . The long
plateau is then followed by a sloping curve to the cut-off potential of 0.01 V: for ZFO-1, a capacity of
570 mAh.g? (~ 5.1 mol Li) is obtained whereas for ZFO-5, only 420 mAh.g* (~3.8 mol Li) is stored in
the anode material. The capacity obtained between 0.8 V and 0.01 V is generally explained as the
formation of the SEI and the polymeric gel-type layer around the metallic particles together with
reactions with the electrolyte. However, alloying reaction with Zn'® and contribution of carbon in the
capacity can also occur at these low potentials. In the next cycles, the plateau at 0.8 V shifts towards
1.0 V and becomes shorter. However, for ZFO-1, the plateau still contributes for around 400 mAh.g*
of the total capacity after 100 cycles whereas for ZFO-5, it almost disappears, and the major part of
the capacity seems to come from reactions below 0.8 V.

Derivative curves were plotted to define more accurately the three distinct regions of the
lithiation process. For the first cycle, a main oxidation peak is observed at 0.82 V for ZFO-1 and at 0.74
V for ZFO-5 what is consistent with the charge/discharge profiles. The region from 0.62 V and 1.02 V
for ZFO-1 and the region from 0.54 V to 0.94 V for ZFO-5 can be defined as the conversion region
(meaning that the major part of the conversion reaction may occur between these voltages). The
voltage window from 3.0 V to 1.02 V and from 3.0 V to 0.94 V is attributed to the intercalation region
for ZFO-1 and ZFO-5 respectively. The voltage region below the conversion peak is qualified here as an
“extra capacity” region: the discharge capacityin this region is generally attributed to parasitic
reactions due to electrolyte degradation (SEI formation, polymeric-gel type layer)?® but also to
reactions with carbon (additional capacity), alloying reaction with zinc (to form ZnLi) and the end of
the conversion reaction. For the subsequent cycles, these three regions are shifted due to the shift of
the conversion peak to lower voltages.

The percentage of discharge capacity with reference to the first discharge capacity is
presented in the graphs below for ZFO-1 and ZFO-5. In respect with the definition of the three voltage
regions, the discharge capacity contribution of each region is also detailed (Figure 4.5, a, c). The
evolution of the polarization during cycling (defined as the potential difference between discharge and

charge to 50% of the full capacity) is added below (Figure 4.5, b, d).
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Figure 4.5. Discharge capacity contribution from each region (a, c) and evolution of the polarization (b, d) for ZFO-1 and
ZFO-5 cycling at 100 mA.g™? between 0.01 V and 3.0 V.

For ZFO-1 and ZFO-5, it is clear that for the first ten cycles, the discharge capacity is
decreasing. The contribution of the intercalation region is minor (between 5% and 15% of the total
discharge capacity) and the one of the extra capacity region is comprised between 20% and 30%. The
capacity drop during the first cycles seems to come from the decrease of the conversion region
contribution, especially between the 1t and the 2™ cycle (from 65% to 33% for ZFO-1 and from 64% to
35% for ZFO-5). An increase of the discharge capacity is then observed for both samples between the
50™ and 100" cycle. This phenomenon seems to be due to an increase of the discharge capacity in the
extra capacity region (from 31% to 42% for ZFO-1 and from 20% to 27% in the case of ZFO-5). The
extra capacity region contributes for the main part of the discharge capacity. This supports the
assumption that the rise of capacity may come from additional reactions that can sometimes
progressively counterbalanced the loss of capacity coming from the conversion region. However, it is
still difficult to ascribe the increase of capacity to only one specific reaction (polymeric gel-type layer,
alloying reaction or carbon contribution). The more drastic capacity drop in the conversion region may
be attributed to the rise of the polarization during cycling (Figure 4.5, b, d). As observed in the graph
above, for ZFO-1 and ZFO-5, the second cycle polarization is lower than the first one (0.62 V vs. 0.68 V
for ZFO-1 and 0.69 V vs. 0.84 V for ZFO-5) but then it is rapidly increasing, reaching 0.85 V and 0.97 V
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at the 100" cycle for ZFO-1 and ZFO-5 respectively. Generally, the increase of polarization is related to

a less reversible reaction. This rise of the polarization is particularly high for the first cycles and lower

between the 50" and the 100" cycle. This is consistent with the decrease of the discharge capacity at

the beginning of the cycling and then the increase of capacity after the 50" cycle.

Although the evolution of the polarization is quite similar for ZFO-1 and ZFO-5 at 100 mA.g?,

the polarization is higher for ZFO-5. Indeed the polarization starts from 0.68 V for ZFO-1 and 0.84 V for

ZFO-5 and after 100 cycles, ZFO-1 shows a polarization of 0.85 V whereas ZFO-5 experiences a higher

value of 0.97 V. This is consistent with the better capacity and cyclability observed for ZFO-1 than for

ZFO-5.

Similarly, the cyclability of ZFO-1 and ZFO-5 was studied at a higher current rate. The

electrodes were cycled at 1000 mA.g* between 0.01 V and 3.0 V (Figure 4.6).
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The trend is similar at 1C current rate as at C/10. ZFO-1 and ZFO-5 both show a first lithiation

capacity above the theoretical value. Like at C/10, the reversible capacity decreases after the first
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cycle. For ZFO-1, the reversible capacity slowly decreases from the first cycle to be maintained around
550 mAh.g* after 100 cycles. For ZFO-5, the reversible capacity drastically decreases to be maintained
at 240 mAh.g* beyond 80 cycles. The coulombic efficiency is relatively stable for ZFO-1 after the first
20 cycles with an average efficiency of 99.8% for the last 50 cycles indicating satisfying efficiency and
reversibility of the lithium insertion/extraction in ZnFe,04. The cumulative irreversible capacity of
ZFO-1 increases during cycling but the rise of the irreversible capacity is particularly important for the
first cycles. For ZFO-5, the efficiency increases slowly during cycling to become stable for the last 30
cycles around 98.6% on average. The cumulative irreversible capacity follows a similar trend to ZFO-1
with a rapid increase for the first cycles and a slower increase after 50 cycles.

Contrary to the cycling at 100 mA.g%, no increase of capacity is observed at 1000 mA.g™.

The charge/discharge profiles and the dQ/dV plots shown below reveal the presence of the

three regions as for the cyclings at 100 mA.g* (Figure 4.7).
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Figure 4.7. Charge/discharge profiles (a, c) and dQ/dV curves (b, d) for ZFO-1 and ZFO-5 galvanostatic cyclings at 100 mA.g
between 0.01 Vand 3.0 V

The evolution of the polarization and the evolution of the discharge capacity in the insertion,

conversion and extra capacity zones are also shown in Figure 4.8.
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Figure 4.8. Discharge capacity contribution from each region (a, c) and evolution of the polarization (b, d) for ZFO-1 and
ZFO-5 cyclings at 1000 mA.g* between 0.01 V and 3.0 V

The percentage of discharge capacity is decreasing progressively for both samples, particularly
in the conversion region as at 100 mA.g. However, in this case, no increase of capacity is observed
during cycling which is consistent with the evolution of the discharge capacity shown in Figure 4.6.
Contrary to the cyclings at 100 mA.g™, the extra capacity region does not experience any rise of the
discharge capacity. The reactions that cause the increase of capacity seem to depend on the current
rate.

Concerning the polarization, it is still higher for ZFO-5 than for ZFO-1, consistent with the
better performances of ZFO-1. With the higher current rate, the polarization is higher too and instead
of 0.85V and 0.97 V after 100 cycles at 100 mA.g?, the polarization is of 0.94 V for ZFO-1 and 1.19 V
for ZFO-5. The poorer results at higher current rate may be attributed to these higher values of

polarization.

When compared to capacities recorded at C/10, the ones reported here for 1C are
significantly lower, as could be expected. Higher current rates (fast cycling) seems to enhance the
polarization effects in the electrode and impedes core diffusion of Li in the particles, leading to low

capacity.
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The performances of ZFO-5 are far below those of ZFO-1. Although the behavior of the
samples are comparable for the first cycle, ZFO-5 shows a very poor capacity retention with a specific
capacity more than twice lower than for ZFO-1 after 100 cycles at C/10 and 1C current rates. The
prominent contrast in terms of reversible capacity between the two materials may come from the

difference of morphology that influences the formation of the SEI (Figure 4.9).

Lithiation De-lithiation Lithiation

@ Iron oxide @ Fe and Li,O 3 SEl layer

Figure 4.9. Formation of the SEl around iron oxides depending on different particles morphologies?!

As reported by Yu et al in a study concerning iron oxides nanostructures and pictured in Figure
4.9, the formation of SEI in the case of dense agglomerates, which can be compared to the large
nanostructured particles in ZFO-1, produces less deleterious effects on capacity retention than for
high specific surface structures.

If one considers that the ZFO-1 sample keeps the bimodal size population of particles during
cycling, the compact structure may ensure keeping sufficient contact between the particles, while in
the case of more isolated nanoparticles the electronic percolation can rapidly be lost for a part of the
material. This assumption would explain the higher polarization for the small nanoparticles of ZFO-5
sample. The “disconnected” particles for ZFO-5 may increase the polarization and lead to lower
performance. In addition, ZFO-1 may have a lower surface area than ZFO-5 and thus generates
relatively few SEl formation in comparison with the fractal-like and highly porous structures obtained
with small nanoparticles that may suffer from an excessive and thick SEl layer formation.

Finally, the large nanostructured particles encountered in ZFO-1 sample could constitute a
good compromise to benefit from nanostructuration in terms of cycling stability without paying to
strong tribute to SEl issues in relation with specific surface. Moreover, the interconnected nature of
the nanoparticles agglomerates obtained by laser pyrolysis could preserve electronic percolation upon

cycling and lead to improved performances when compared to the literature. Some examples from
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the literature of electrochemical performances obtained for various morphologies of ZnFe,04 are

summarized below (Table 4.2).

1* cycle Reversible Voltage
Morphology Current rate
Lithiation Delithiation Efficiency | capacity/n™ cycle range
500 mAh.g*
Nanospheres?? | 1215 mAh.g*! 851 mAh.g? 70% 0.005-3.0V 50 mA.g?t
50" cycle
Cubic 367 mAh.g?
1151 mAh.g*! 801 mAh.g? 70% 0.01-3.0V 60 mA.g?
nanoparticles® 50" cycle
Agglomerated 615 mAh.g*?
1180 mAh.g* 810 mAh.g* 69% 0.005-3.0V 60 mA.g*
nanoparticles'® 50t cycle
Hollow 900 mAh.g*
1200 mAh.g? | 900 mAh.g! 75% 0.0053.0V | 65mAg?
spheres?* 50t cycle
625 mAh.g*!
Nanorods® 1339 mAh.g? | 1112 mAh.g? 83% 0.01-3.0V | 150mAg?
300" cycle
Inflorescence
1398 mAh.g*!
spicate 1647 mAh.g? | 1221 mAh.g! 74% N 0.01-3.0V | 1000 mA.g*
100" cycle
architecture®!

Table 4.2. Performances of some ZnFe,04 powders in the literature

Specific morphologies like hollow spheres (example 4) or nanorods (example 5) are able to
keep capacities around 900 mAh.g?* at 65 mA.g! and 60 mA.g? respectively but never exceed the
theoretical capacity. On the contrary, a very specific morphology consisted in an inflorescence spicate
architecture (example 6) is able to retain a capacity higher than the theoretical value after cycling at
1000 mA.g. For ZFO-1 more than 1100 mAh.g? is still delivered after 100 cycles at 100 mA.g™ but
such a high value is not observed at 1000 mA.g*. It is however difficult to compare the performances
of the different samples in the literature as the cycling conditions and electrode formulation are not
rigorously identical.

Generally, the presence of large particles is not desired in lithium-ion batteries as lithium
diffusion may be more difficult. However, in our case, the good stability of ZFO-1 compared to most of
the examples of the literature could be explained by the interconnected and poorly dense
agglomerates obtained through laser pyrolysis that could enhance ion diffusion from the electrolyte
homogeneously interpenetrated in the electrode structure, together with insuring efficient electric
percolation. Such advantageous distribution of particles was highlighted by BET study of pores

distribution for SnO, nanoparticles synthesized by laser pyrolysis showing similar agglomeration?.
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To observe if the presence of large particles in ZFO-1 can be disadvantageous at high current

rates, galvanostatic cyclings at different current densities were conducted. The charge and discharge

capacities for 100 cycles at 500 mA.g? (C/2), 2000 mA.g* (2C) and 4000 mA.g* (4C) between 0.01 V

and 3.0 V are illustrated below (Figure 4.10). For the cycling at 500 mA.g2, a first cycle at C/90 (11

mA.g?) was performed before the cycles at C/2.
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Figure 4.10. Galvanostatic cyclings at 500, 2000 and 4000 mA.g! for ZFO-1: charge/discharge capacity plots (a, c, e) and

cumulative irreversible capacity plots (b, d, f)

The first lithiation capacity is higher than the theoretical value for C/90 current rate and 2C

current rate (respectively 1847 mAh.g?! and 1064 mAh.g?) whereas for the cycling at 4C, only 851

mAh.g? is lithiated for the first cycle. The first delithiation capacities of 1187, 637 and 460 mAh.g™* for
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C/90, 2C and 4C respectively are lower than the lithiation value and correspond to a first coulombic
efficiency of 64.3%, 59.8% and 54.1% respectively. The first cycle capacities as well as the first
coulombic efficiencies are higher for lower current densities. This behavior is confirmed for the
subsequent cycles as the reversible capacity obtained after 100 cycles is lower for higher current
rates. The specific capacity decreases after the first cycle and is maintained at 760 mAh.g?, 370 mAh.g"
Land 324 mAh.g! after 100 cycles for cyclings at C/2, 2C and 4C. The coulombic efficiency is relatively
stable for the cyclings at C/2 and 2C (respectively 99.7% and 99.4% on average for the last 50 cycles)
and increases slowly for the cycling at 4C with an average value after 50 cycles around 99.5%. Unlike
the cyclings at C/10, no increase of capacity during cycling is observed here. Anyway, even during fast
cyclings, the bimodal size distribution of particles is able to keep a stable capacity for 100 cycles. As at
C/10 and 1C, the cumulative irreversible capacity increases very fast for the first 50 cycles for the
different current rates and increases slower when the coulombic efficiency becomes relatively stable.
The first cycling at C/90 (for the sample cycled at C/2 then) does not seem to have a particular impact
on the cycling behavior. The first lithiation capacity is very high but the evolution of the coulombic

efficiency is similar to the one for C/10, 1C, 2C and 4C cyclings.
To compare the lithiation process for the cyclings at 500, 2000 and 4000 mA.g? to the

cyclings at 100 and 1000 mA.g?, the charge/discharge profiles and the dQ/dV curves were plotted
(Figure 4.11).
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Figure 4.11. Charge/discharge profiles (a, c, e) and dQ/dV curves (b, d, f) for ZFO-1 galvanostatic cyclings at 500, 2000 and
4000 mA.g* between 0.01 Vand 3.0 V

The charge/discharge profiles and the derivative curves highlight the presence of the three

voltage regions as previously. An intercalation region, a conversion region and an extra capacity region

can be defined thanks to the main conversion peak for the lithiation process. What is noticeable is the

shift of the conversion peak for the first discharge depending on the current rate. The conversion peak

shifts to lower potential for higher current rate. This is particularly observable for the cyclings at 2000

and 4000 mA.g* compared with the cycling at 500 mA.g*. This shift to the lower voltages at higher

current rates also occurs for the next cycles.
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The percentage of discharge capacity and the evolution of the polarization based on the above

curves are shown in the figure below (Figure 4.12).
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Figure 4.12. Discharge capacity contribution from each region (a, c, e) and evolution of the polarization (b, d, f) for ZFO-1
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For the first discharge capacity and for the three current rates, the conversion region

represents the main contribution in capacity with more than 50% of the total lithiated capacity. At the

second cycle, the discharge capacity dramatically decreases especially because of the capacity drop in

the conversion region. The capacity contribution in this region is twice to three times lower than for

the first cycle. This can also be seen on the dQ/dV curves with the decrease of the integrated area in
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the conversion zone. After 50 cycles, it seems that the main part of the capacity is coming from the
extra capacity region. It is interesting to observe the evolution of the polarization depending on the
current rate. As for C/10 and 1C cyclings, the polarization of the first cycle for 2C and 4C is higher than
for the second cycle. For C/2 with the first cycle at C/90, the polarization of the first cycle in lower than
for the second one showing that the voltage hysteresis is dependent on the current rate. For C/2, the
polarization rises rapidly but reach a stable value after 50 cycles of 0.84 V. At 2C current rate, 1.1 V of
polarization is obtained after 100 cycles as for 4C current rate. However, at 4C current rate, the

polarization is relatively stable directly after the second cycle.

To understand if the poorer performances at higher current rates is limited by lithium
diffusion or by charge transfer at fast rates, the resistance at the 100" cycle for C/10, C/2, 1C, 2C and
4C was calculated. The resistance was defined as the ratio of the polarization to the current density.

The evolution of the polarization and of the resistance are shown below (Figure 4.13).
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Figure 4.13. Evolution of the polarization and of the resistance at the 100t cycle depending on the current rate for ZFO-1

The decrease of the electrode resistance is observed whereas the polarization increases for
higher current rates. This suggest that the lithiation process is mainly limited by lithium diffusion into
the material rather than charge transfer at fast rates. If charge transfer was limiting, the resistance
and the polarization would have followed the same trend?®. The decrease of capacity with higher
current rates may be explained by less reactivity due to limited lithium diffusion into the material that
causes the increase of polarization (and the shift of the conversion peak to lower potentials during

discharge on the dQ/dV curves).
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A study of the rate capability was also performed to demonstrate the stability of the material
(Figure 4.14). The current density was increased in several steps after every five cycles from C/5 (200
mA.g?) to 4C (4000 mA.g?) and then decreased to C/5. The capacity values decrease with increasing
current rate, as could be expected. The electrode shows a very good cyclability with a reversible
capacity varying from 876 mAh.g? to 422 mAh.gt. At the second C/5 current rate, the material

recovers a capacity of 756 mAh.g* which is slightly lower than for the first cycles.
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Figure 4.14. Rate capability between 0.01 V and 3.0 V from C/5 to 4C

These results demonstrate that ZnFe,0, sample with a bimodal size distribution has an
enhanced rate capability, stability and capacity at different current densities when compared to the
monomodal distributed sample. This difference is assumed to be the consequence of a more stable

and less extended SEI formation upon cycling at the surface of the large nanostructured particles.

2. Investigation of the lithium storage mechanism

To identify the potential of each electrochemical process during the lithiation and delithiation
of the ZnFe,0, phase, cyclic voltammetry between 0.01 V and 3.0 V was conducted on ZFO-1. CV

curves recorded for the five first cycles are shown below (Figure 4.15).
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Figure 4.15. Cyclic voltammetry of ZFO-1 for the five first cycles, between 0.01 V and 3.0 V at 0.1 mV.s"! scan rate

During the first lithiation, one sharp cathodic peak appears at 0.55 V which is then shifted and
replaced by a smaller peak at 0.94 V for the following cycles. This reduction peak can probably be
attributed to the insertion of lithium inside the crystalline structure leading to its amorphization and to
the conversion reaction with Zn(ll) and Fe(lll) which are reduced to their metallic states?’. The first
delithiation curve shows an anodic peak at 1.6 V which may be associated to the oxidation of Zn(0)
and Fe(0) to Zn(ll) and Fe(ll)?®. The potential shift is characteristic of conversion-type reactions and is
related to the replacement of the conversion potential plateau in first discharge by a mostly sloping
curve corresponding to the cycling of the in situ formed nanomaterial. Another contribution to the
drastic changes in voltage between discharge and charge in the first cycle has an origin in the
amorphous character of the Li,O/M (M=Fe, Zn) nanocomposite (see the proposed mechanism below)
at the end of the discharge which implies differences in free energy, and, therefore, in reaction
equilibrium potential.

The decrease of the integrated area between the first and the second cycle is consistent with
the low coulombic efficiency of 71.6% observed at the first cycle. It can also be noted that the
characteristic peaks position and the value of the integrated area are almost maintained after the first

cycle revealing the excellent capacity retention of ZFO-1.

To obtain more information on the lithiation storage mechanism, operando XRD was
conducted on ZFO-1 sample for the first discharge (Figure 4.16). The slow discharge was realized from
the OCV to 0.01 V with a current density of 5.6 mA.g* (theoretically 180 hours for a full lithiation).
Diffractograms were acquired every two hours in the 10° - 44° angular range. As no peak appeared
during the first lithiation, the peaks shown below are those for which a modification was observed

during the first discharge.
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Figure 4.16. Operando X-ray diffraction for the first lithiation of ZFO-1 between 0.01 V and 3.0 V at 5.6 mA.g!

The XRD patterns acquired between the OCV and 1.0 V clearly reveal a shift of the ZnFe,04
peak from 43.7° to 42.5°. This shift to lower 26 values indicates an increase of the lattice parameter
related to the insertion of lithium into the spinel structure to form a LixZnFe,04 phase (x = 1 mol here).
No shift can be observed for the two other peaks at 30° and 35.3° though but no explanation is given
for this phenomena. With further lithiation, the intensity of the different peaks decreases
progressively. This decrease starts around 1.0 V (consistent with the position of the plateau) for the
peak at 42.5° and slightly earlier for the two peaks at 30° and 35.3°, it might be a consequence of the
progressive destruction of the crystalline structure. After a full discharge, no peak can be observed
anymore and in particular, the XRD pattern cannot reveal the presence of any Fe, Zn or LiZn crystalline
structure. The absence of any feature on the diffraction pattern of the fully lithiated is relevant with
the formation of an amorphous Li,O phase with highly dispersed ZnLi and Fe particles as reported in

the literature>?°. As the active material becomes amorphous after the first lithiation, operando XRD
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was not conducted for the reverse charge process and other operando measurements were privileged

then.

To investigate the structure and species evolution, operando *’Fe Mdssbauer measurements
were then conducted on the first cycle and a half. The data analysis was realized by L. Stievano and M.
Sougrati from the Charles Gerhardt Institute in Montpellier, following a procedure detailed in

appendix.

The whole set of Mdssbauer spectra obtained during the first one and a half cycles are shown,
for the inner part, in Figure 4.17. Since the spectrum of the initial material contains a broad magnetic
component which extends to large velocities, the first part of the operando spectra was measured
using a velocity range extending from -14 to 14 mm/s. However, this broad component definitively
disappears after only a few spectra. For this reason, in order to improve the number of experimental
points in the region of interest, the velocity range was reduced to the range -4 - +4 mm/s starting

from spectrum #14.
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Figure 4.17. Operando >’Fe Mdssbauer spectra measured during the first one and a half cycle (discharge/charge/discharge).
The horizontal dotted lines represent the end of the different processes. The step between spectra 13 and 14 corresponds to
the reduction of the velocity range from -14 - +14 to -4 - +4 mm/s.
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In Figure 4.18 is shown electrochemical curve corresponding to the whole operando
experiment. As clearly shown, the first discharge ends at spectrum #39, and is followed by the first
charge between spectra #40 and #65. Unfortunately, due to technical problems, part of the first
charge was lost, as indicated by the red portion of the potential curve in Figure 4.18. The second
discharge ends at spectrum #95, and is followed by a long relaxation period during which the

Mossbauer spectra remain virtually unchanged (Figure 4.17).
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Figure 4.18. Electrochemical signature of the operando cell and corresponding Méssbauer spectra. The red line corresponds
to a region where no spectra could be measured due to technical issues (between spectra #42 and #43). The velocity range
was reduced starting from spectrum #14.

Due to the two different velocity ranges, the whole series of spectra could not be treated in a
single step, but the spectra at the two velocity ranges had to be treated separately. The results of the
PCA analysis of the first 13 spectra measured in the large velocity range are summarised in Figure

4.19.
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Figure 4.19. Variance plot (top left), principal components (top right) and evolution of the scores (bottom) during the first 13
Méssbauer spectra of the first discharge measured in the velocity range -14 - +14.

The variance plot suggests that at least two principal components are necessary to reproduce
99% of the total variance of the whole series of spectra, the residual part being supposedly due to
experimental noise. However, an inspection of the shape of the principal components and a first
observation of the evolution of the scores suggests that a third component may also be significant.
The MCR-ALS analysis was thus conducted using either 2 or 3 components, and the analysis with 3
components, with a constraint of unimodality for all of them was tried. The best results were obtained

with 3 components, the results are summarised in Figure 4.20.

154



Electrochemical performances of ZnFe204 nanopowders

TN Y [T d ! L nr Yy o |
100 rery v%:\v W i . W),»\,‘,w_@"‘:/’\f" Y
98 |
0.8
X 96 g
.5 94 g
2 T06f 1
@ @
£ o —Comp1
5 92 § ——Comp2
© Comp3
a B0 Lo04r 1
2 &
® 88 °
[7) 14
© g6l —Comp1|] 0.2
——Comp2
847 Comp3|] \
. 3 S U R 0 b N . .
-10 -5 0 5 10 0 2 4 6 8 10 12 14
Velocity (mm/s) Spectrum (#)

Figure 4.20. MCR-ALS components (left) and their evolution (right) during the first 13 Méssbauer spectra of the first
discharge measured in the velocity range -14 - +14 mm/s.

At a first inspection, the first component is practically identical to the spectrum of the pristine
composite, showing the broad magnetic component in addition to the intense quadrupole doublet in
the middle of the spectrum (see chapter 3 page 98). During the very first part of the discharge (first 7
spectra), the magnetically split component completely disappears and is replaced by an intense
asymmetric component pointing at 0.5 mm/s. This second component is then replaced by a third one,
which is rather similar but in addition presents a shoulder at negative velocities.

Starting from spectrum 14, the velocity range was reduced and kept constant during the rest
of operando experiment. Therefore, all spectra collected during the second part of the first discharge,
the first charge and the second discharge could be treated together first using PCA, and the MCR-ALS
analysis. The results of the PCA analysis of the 101 spectra measured in the reduced velocity range are

summarised in Figure 4.21.
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Figure 4.21. Variance plot (top left), principal components (top right) and evolution of the scores (bottom) during the 101
Méssbauer spectra of the operando experiment measured in the velocity range -4 — +4 mm/s.

By looking at the variance plot and at the shapes of the component, there seem to be up to 5
principal components carrying information exceeding the experimental error. However, an inspection
of the scores shows that the components 4 and 5 have a very hectic evolution during the experiment,
suggesting that they may also represent rather noise than chemical information. Indeed, all tests with
MCR using more than 3 components produced only three distinct components, independent of the
imposed constrains, while all additional components resembled very strongly to the component
representing the spectrum at the end of the discharge processes. For this reason, only the MCR-ALS
analysis with 3 components was retained: the best results were obtained with a constraint of

unimodality for one of the three components, and the results are summarised in Figure 4.22.
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Figure 4.22. MCR-ALS components (left) and their evolution (right) during the collection of the 101 Méssbauer spectra of the
operando experiment measured in the velocity range -4 - +4 mm/s.

As clearly visible, the first component is rapidly replaced by component 3, which becomes

dominant and reaches its maximum at spectrum #39, corresponding to the end of the discharge.

During the charge process, component 3 is replaced by component 2, which on its turn becomes

dominant at the end of spectrum 63, i.e., at the end of the charge. The following discharge process

results in the replacement of component 2 by component 3.

Summarising, 6 components are thus globally necessary to follow the whole operando experiment,

and are represented in Figure 4.23 together with their evolution.
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Figure 4.23. MICR-ALS components (left) and their evolution (right) during the whole operando Méssbauer experiment.

At a first inspection, the following observations can be made:

e 5 components, 3 in the high velocity range and 2 in the low velocity range are necessary for

the first discharge

e 2 components are necessary for understanding the first charge and the second discharge.
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e The last component in the high velocity range is quite similar to the first one measured in the
low velocity range. An increase of the shoulder at low velocities is compensated by a decrease
of the signal at high velocities.

These components can then be treated as normal Mdssbauer spectra, in order to help us to

understand the chemical state of the iron through the different electrochemical processes.

The first component, shown in Figure 4.24, is similar to the spectrum of the pristine
ZnFe,0,4/Fe,03 composite material, and is in fact fitted in a similar way, i.e., a broad magnetic field
distribution accounting for 45% of the total resonance area plus two additional doublets, one of them
representing of zinc ferrite ZnFe,04 (41% of the total resonance area). The slight increase of the
shoulder at high velocities compared to the spectrum of the pristine material, correspond to an
increase of the intensity of the second doublet, characterised by a quadrupole splitting A = 1.15 mm/s
and an isomer shift 8 =0.90 mm/s. Such isomer shift is quite small to represent divalent iron
compounds, but also definitely too high to represent trivalent iron species. Intermediate iron
oxidation states are commonly observed in spinels, e.g., in magnetite (Fes04), where adjacent divalent
and trivalent iron sites undergo fast electron hopping processes, resulting in an average oxidation
state of +2.5%°. On the other hand, species with similar isomer shifts are currently observed in non-

31,32 or

stoichiometric iron oxides containing both divalent and trivalent iron centres such as wustite
during its reduction with lithium®. In our case, this component may represent either Fe?* or Fe?>* iron

species.
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re 4.24. Fitting of the first component obtained by the MCR-ALS analysis of the first 13 Mdssbauer spectra of the first
discharge measured in the velocity range -14 - +14 mm/s.

The second and third components found in the analysis of the high velocity range and the first

and third one of the low velocity range spectra, shown in Figure 4.25, are relatively similar and can be

fitted together with the same number of quadrupole doublets. The hyperfine parameters resulting

from

the common fitting of these four spectra is also reported in Table 4.3.
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Figure 4.25. Fitting of the second (left) and the third (right) component obtained by the MCR-ALS analysis of the Méssbauer
spectra measured in the velocity range -14 — +14 mm/s (top), and of the first (left) and third (right) component obtained by

Four

the MICR-ALS analysis of the spectra measured in the velocity range -4 - +4 mm/s (bottom).

guadrupole doublets are necessary to fit these four components:
The first doublet (in green in Figure 4.25) is similar to the doublet with ill-defined isomer shift
described above for the first component in the high velocity range.
This doublet is accompanied by an additional one (in red in Figure 4.25) with almost no
quadrupole splitting and an isomer shift practically identical to that of Fe*>* in magnetite.
However, differently from bulk magnetite, no magnetically splitting is observed, in line with
the superparamagnetic nature of this species, probably related to the small size of the

magnetic domains (< 5 nm)3*%.
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e The two additional doublets (both in blue in Figure 4.25) are the only ones contained in the

spectrum of the second component measured in the low velocity range, and can be attributed

to zerovalent iron metal nanosized particles. In fact, superparamagnetic iron metal usually

shows this typical asymmetric shape usually fitted with two components, both centred at

about & = 0 mm/s3¢41,

On-going from the first to the last component, a gradual decrease of the first two doublets is

observed, with the first doublet at lower isomer shift decreasing more rapidly, together with the

concomitant increase of the two doublets representing iron metal nanoparticles. The latter species is

the dominant one at the end of the discharge.

Parameters Doublet 1 Doublet 2 Doublet 3 Doublet 4
A (mm/s) 1.12-0.70 0.00 0.62(3) 0.19(5)

d (mm/s) 0.88(3) 0.63(3) 0.06(1) 0.00(1)

I' (mm/s) 0.5(1) 0.96(9) 0.28(3) 0.28(3)
Ocauss (Mm/s) - - 0.12(2) 0.12(2)
Resonance area (%)

Comp2-HV 23(7) 71(9) 4(3) 2(2)
Comp3-HV 21(8) 48(9) 21(8) 10(8)
Comp1l-LV 20(6) 35(8) 30(7) 15(7)
Comp3-LV 0 0 57(4) 43(4)

Table 4.3. Hyperfine parameters obtained by the fitting of the second and third component obtained by the MCR-ALS
analysis of the Mdssbauer spectra measured in the velocity range -14 — +14 mm/s, and of the first and third component
obtained by the MICR-ALS analysis of the spectra measured in the velocity range -4 — +4 mm/s.

Finally, the remaining component is the second one measured in the low velocity range,

shown in Figure 4.26.
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Figure 4.26. Fitting of the second component obtained by the MCR-ALS analysis of the Mdssbauer spectra measured in the
velocity range -4 — +4 mm/s.

This spectrum is dominated by a dominant broad quadrupole doublet characterised by
8=0.28 mm/s and A =0.88 mm/s, typical of nanosized trivalent iron oxides. It is very interesting to
observe that, while during the first discharge several intermediate species with different, sometimes
mixed valence states are observed, during the following charge and discharge only zerovalent and
trivalent iron seem to form.

Using the composition of the different components in terms of different quadrupole doublets,
and following the evolution of their respective concentration during cycling, one can reconstruct the
evolution of the average oxidation state of the iron during cycling. These results over are summarised
in Figure 4.27. In this case, it was assumed that the component centred at 0.88 mm/s represents Fe*?,

whereas the component at 8 =0.63 mm/s corresponds to Fe*?>.
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Figure 4.27. Average oxidation state of the iron during cycling obtained from the weighted relative resonance areas of the
MCR-ALS components.

From these results, it is clear that the oxidation state of the iron varies in a non-linear way
during the first discharge, but a more rapidly decreasing slope is observed during the first part of the
first discharge, corresponding to a more rapid decrease of the oxidation state, followed by a slower
reduction rate during the second part. This different reduction rate might be related to the
simultaneous reduction of the Zn during the second part of the first discharge. A similar trend is
observed also during the following charge and discharge processes, even though that is not easy to
observe during the first charge due to a technical problem that stopped the acquisition of the

Mossbauer spectra at the beginning of the first charge process (between spectra 42 and 43).

Based on the aforementioned characterizations results and on assumptions made by different
authors in the literature®?*3, the lithium storage mechanism for ZnFe,O4 can be proposed as follows.

The first cycle can be decomposed in three distinct reactions:

- intercalation of lithium into the crystalline structure (up to 1 lithium per formula unit),
consistent with the XRD results.

- destruction of this crystalline structure during the first discharge (also confirmed by operando
XRD) and conversion reaction to form Zn(0) and Fe(0) particles embedded in an amorphous

Li,O matrix. The formation of metallic iron is confirmed by the operando Mdssbauer study.
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However, no evidence of Zn particles formation neither Li,O formation is given by the previous
results.
- alloying reaction between Zn and Li to form ZnLi: this is only an assumption based on

literature as no evidence of ZnLi particles was given by XRD.

(1% cycle only) ZnFe,04 + 8Li* + 8&” > 4Li,0 + Zn + 2Fe
n+Lit+e <> Znli
Zn + 2Fe + 4Li,0 <= 8Li* + 8e” + ZnO + Fe,03

Further studies have to be conducted, in particular to confirm or not the reduction of Zn(ll) to
Zn(0) and the alloying reaction with lithium. Operando XAS measurements are planned to investigate

deeper the storage mechanism for ZnFe;0;.

Thus, after the first cycle, the initial ZnFe,0. structure is not recovered but replaced by
separated phases of ZnO and Fe,0s. As already evocated, It becomes then interesting to evaluate the
electrochemical performances of a ZnO/Fe,0; mixture (50% at. for each phase) as starting material

and study its lithium storage mechanism to compare it with the one of ZnFe;0..
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1. Electrochemical performances of ZnO and Fe;Os

1. Electrochemical performances of ZnO, Fe;03 and ZnO/Fe;03 mixture

The electrochemical performances of the transition metal oxides ZnO and Fe;03; (ZnOx-2 and
FeOx-3 samples) were evaluated as well as the performances of a mixture of 50% at. ZnO and 50% at.
Fe,0s (ZnO/Fe,03) using the same starting samples. The ZnO/Fe,0s electrode was directly prepared by
ball-milling the two nanopowders with the binder and the carbon additives. The lithium storage
mechanisms for ZnO/Fe,03 mixture were then investigated and compared to the ones of ZnFe,04 to
highlight any particular interest of this ternary phase. Taking into account the morphology of the two
binary oxides samples used for this study, the presented results have to be compared to ZFO-5 sample

for the ternary phase (monomodal size distribution).

Zn0O, Fe,03 and ZnO/Fe,03 were cycled in a galvanostatic mode at 100 mA.g* current rate

between 0.01 V and 3.0V for 100 cycles (Figure 4.28).
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Figure 4.28. Galvanostatic cyclings at 100 mA.g™ for ZnO, Fe;0s and ZnO/Fe,03 mixture: charge/discharge capacity plots (a,

¢, e) and cumulative irreversible capacity plots (b, d, f)

For ZnO, 1206 mAh.g? is stored during the first lithiation. The first delithiation capacity of

666 mAh.g! leads to a first coulombic efficiency of 55.2% for this material. As for ZnFe,;0,, the

difference of capacities between the first lithiation and the first delithiation may come from the SEI

formation. In the case of Fe,0s, the first discharge capacity is around 800 mAh.g? and the first

coulombic efficiency of only 81% can also be attributed to the SEI formation. After the first cycle, both

Zn0O and Fe,03; show decrease in the reversible capacity for 20 to 30 cycles and a fast increase of the

cumulative irreversible capacity. The delithiation capacity is then stabilized for ZnO and a charge
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capacity of 252 mAh.g? is maintained after 100 cycles. The behavior is different for Fe,03 with an
increase in capacity from the 20" to the 90" cycle, similarly to ZnFe,04. The reversible capacity
reaches a value of 730 mAh.g* after 90 cycles. This increase in capacity during cycling is also observed
in the ZnO/Fe,03 mixture. For ZnO/Fe,0s, a first lithiation capacity of 704 mAh.g* is reached whereas
only 530 mAh.g? is obtained after the first delithiation leading to a coulombic efficiency of 75.3% for
the first cycle. As for ZnO and Fe,0s, the capacity drops drastically to reach 280 mAh.g? after 30 cycles
leading to a cumulative irreversible capacity above 1000 mAh.g? before 50 cycles. However, the
reversible capacity increases then to 390 mAh.g? after 100 cycles and the irreversible capacity for
each cycle becomes lower. As for ZnFe,04 and Fe;0s, the reversible capacity increases after several
cycles. As this improvement of the reversible capacity is not observed with Zn0O, it is assumed that this
phenomenon may be favored by the presence of iron in the material. Considering that this increase of
capacity is due to the formation of a reversible polymeric gel-type layer, one possible explanation is
that this polymeric layer is preferentially formed around certain metal species than others. However,

the mechanism for the formation of this polymeric film remains unclear.

The performances of ZnO/Fe,03 can be compared to the performance of ZFO-5 at 100 mA.g™
(Figure 4.3). The behavior during the cycling is very similar for the two materials with the decrease of
capacity for the first cycles and then an increase of capacity. However, the reversible capacity for ZFO-

5 after 100 cycles is higher than the one of ZnO/Fe;03 (595 mAh.g ! vs. 390 mAh.g?, respectively).

To understand the contrast in terms of performances between ZnO/Fe,0s and ZFO-5, the
charge/discharge profiles, the dQ/dV curves and the polarization for ZnO, Fe,0; and the mixture of

these two oxides were studied.
The charge/discharge profiles for ZnO are shown in Figure 4.29 (a). Derivative curves were

calculated and plotted between 0.01 V and 3.0 V (b) and between 0.01 V and 1.1 V (c) to observe the

relative position of the 50" and 100" cycle curves. The evolution of the polarization is also shown (d).
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Figure 4.29. Charge/discharge profiles (a), dQ/dV curves (b, c) and polarization (d) for ZnO cycled at 100 mA.g™*

For ZnO, a very short plateau is observed at 0.73 V and then a short slope to 0.54 V,

corresponding to a stored capacity of 150 mAh.g?. A long plateau is then observed at 0.54 V which

may be related to the conversion reaction between lithium and ZnO leading to the reduction of Zn(ll)

to Zn(0). The plateau contributes for 750 mAh.g? of the total capacity. A very short plateau is then

observed at 0.18 V and corresponds to less than 100 mAh.g?! what may be attributed to the alloying

reaction between Zn metallic particles and lithium to form a ZnLi phase®*. The corresponding

derivative curves are shown in Figure 4.29b. The two main reduction peak may be attributed to the

conversion then alloying reaction as explained for the charge/discharge profiles. These peaks are then

shifted to higher voltages. The integrated area is decreasing along cycling but a very low increase of

the capacity is observed between the 50" and the 100" cycle. By magnifying the scale of the dQ/dV

plots for these two cycles, it is observed that the discharge curve for cycle 100 is below the one for

cycle 50, meaning that the lithiated capacity is increasing in this area. The slight increase of capacity

for ZnO may be related to parasitic reactions occurring at low voltages. The polarization (Figure 4.29d)

shows the same trend as ZFO-1 and ZFO-5 samples with a decrease of the voltage hysteresis between

the first and second cycle, followed by a rapid increase of the polarization until the 50" cycle and

finally a low increase of the polarization between the 50" and the 100" cycle.
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Similar curves were also plotted for Fe,0; electrode (Figure 4.30). However, for this sample,
the dQ/dV curves were very noisy even after smoothing for the first cycles. Only the 50™" and the 70t

cycles are shown below.

3 1000
a Fe,0;100mA.g?! b
2.5 - — 500 —
g z —Cycle 1 ‘_'q: 0 S—————
= le 2 = -
515 1 — Cycle < 5001 44 O
= / —Cycle 10 E / \
o
> 1 = —Cycle 50 % ~1000 increase éf lithiated capacit
- B a incr ithi ity
0.5 - \ Cycle 70 % 1500 —Cycle 50
N Cycle 70
0 . : —r— -2000
0 200 400 600 800 1 2 3
Capacity (mAh.g") Voltage vs. Li/Li* (V)
0.9 -
. C
30.85 ]
c ]
el ]
® 0.8 -
N ]
% ]
=}
Q. 0.75 -
0-7 T T T T T T
0 10 20 30 40 50 60 70
Cycle

Figure 4.30. Charge/discharge profiles (a), dQ/dV curves (b) and polarization (c) for Fe;03 cycled at 100 mA.g™*

For Fe,0s, two short plateaus are observed at 1.57 V and 1.03 V which may correspond to the

progressive insertion of 1.2 mol of lithium into the crystalline structure (~200 mAh.g?). At 0.76 V, the

main plateau of 400 mAh.g ! may be attributed to the reduction of Fe,0s to form metallic iron and Li,O

during the conversion reaction. The remaining capacity of 200 mAh.g* between 0.74 V and 0.01 V is

likely due to the decomposition of the electrolyte forming SEI that traps part of the lithium ions®.

Three regions can also be defined with the derivative curves, similarly to ZFO-1 and ZFO-5 with the

main peak corresponding to the conversion reaction. The increase of lithiated capacity for Fe;0;

seems to mainly come from the extra capacity region. The evolution of the polarization during cycling

for Fe,0s is slightly different from the one for ZFO-1 and ZFO-5; in particular, after the first cycle with

0.88 V of polarization, the voltage hysteresis does not increase rapidly and the obtained value after 70

cycles (0.83 V) is still lower than the one of the first cycle.
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To compare the performances of ZFO-5 with the ZnO/Fe,0s; mixture, the charge/discharge

profiles, derivative curves and polarization are shown below.
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Figure 4.31. Charge/discharge profiles (a), dQ/dV curves (b, c) and polarization (d) for ZnO/Fe,03 cycled at 100 mA.g*

The charge and discharge curves and the derivative curves of the mixture ZnO/Fe,0s show
different steps that can be separately observed in the curves recorded for ZnO and Fe,0s. For
Zn0/Fe,03, the short plateau at 1.0 V and the slope before 0.8 V contributes for 100 mAh.g* of the
total capacity (~ 0.9 mol of Li). On the contrary of the ternary ZnFe,04 where only one plateau at 0.8 V
could be distinguished, two long plateaus can then be observed for the mixture at two different
potentials: a first plateau at 0.8 V and a second one at 0.5 V. According to the charge/discharge curves
for ZnO and Fe,0s, the plateau at 0.8 V can be attributed to the conversion reaction with the iron
oxide to form metallic iron whereas the plateau at 0.5 V may reveal the reduction of Zn(ll) to Zn(0).
The remaining 200 mAh.g? below 0.5 V may come from the alloying reaction between Zn and Li and
from the SEI formation. The integrated area of the dQ/dV curves experiences a fast decrease for the
first cycles (coherent with the decrease of the reversible capacity). The mixture shows a rise of the
capacity after 40 cycles according to Figure 4.28e. On Figure 4.31c, the decrease and increase regions
are determined thanks to the relative positions of the curves. During the lithiation process, a decrease

of the discharge capacity is observed during cycling in the voltage region above the conversion peak
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and in the one including the conversion peak. An increase of the capacity is observed in the low
voltage region below 0.7V between the 10" and the 100" cycle. The increase of the discharge
capacity in the low voltage region during cycling may finally counterbalanced the loss of capacity in the
conversion region and explain the increase of discharge capacity after 40 cycles. However, even with
the rise of capacity, ZnO/Fe,03 shows poorer performance compared to the ZnFe,0, oxide with a
similar morphology (ZFO-5, small nanoparticles). Another important difference between ZnO/Fe,0s
and ZnFe;04 is the polarization values during cycling. The mixture shows a polarization of 1.05 V after
100 cycles whereas for ZFO-5, the polarization value is 0.97 V at the 100" cycle, suggesting a poor

reversibility of the lithium insertion/extraction into the mixture compared to ZFO-5.
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2. Understanding of the lithium storage mechanism

Cyclic voltamograms were then carried out for ZnO, Fe,0; and ZnO/Fe;03 at a scan rate of

0.01 mV.s between 0.01 V and 3.0 V. The five first cycles are illustrated below (Figure 4.32).
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Figure 4.32. Cyclic voltamograms for ZnO, Fe,03, ZnO/Fe,03 and ZnFe;04 (ZFO-1) at a scan rate of 0.01 mV.s1

For ZnO, the first cathodic scan only shows one strong peak at 0.33V. This peak may contain

the reduction of ZnO to Zn as well as the formation of the ZnLi alloy and eventually the growth of the

SEl layer. During the delithiation process, several small peaks can be observed between 0.3V and 0.7V

and are ascribed to the multistep dealloying process of the Znli alloy. The large peak at 1.37 V

corresponds to the oxidation of Zn to form ZnO. The different anodic peaks match well with the
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charge profiles shown in Figure 4.31. For the second cycle, two cathodic peaks can be noticed, located
at 0.45 V and 0.91 V which progressively shift to lower potentials in the subsequent cycles. These two
peaks can be attributed to the reduction of ZnO and to the alloying reaction. The shift may be due to
the polarization during the storage process. During the delithiation, the small peaks keep their location
at low potentials whereas the main peak is shifted towards lower potential, going from 1.37V to 1.25V.
This behavior is in good agreement with the charge/discharge profiles of ZnO observed above, with
the shifting of the plateau to a slightly higher potential during lithiation and lower potential during
delithiation.

For Fe;0s, one main peak is observed at 0.6V which may correspond to the plateau at 0.8V on
the charge/discharge profiles and thus may be attributed to the conversion reaction (Fe(lll) to Fe(0)).
Two small peaks at 0.98V and 1.56V are also observed on the CV curves and may be due to the
progressive insertion of lithium into the Fe,0s crystalline structure, which is consistent with the two
short plateaus at 1.03V and 1.57V on the discharge profile. For the anodic process, several peaks
between 1.5V and 2.0 V can be related to the oxidation of metallic iron to recover Fe;0s.

For ZnO/Fe,0s, the first lithiation presents four distinct cathodic peaks. The two first peaks at
1.6V and 0.95V are consistent with those on the cyclic voltamogram presented for Fe,0s and can
correspond to the insertion of lithium into the crystalline structure of Fe,;0s. The large peak at 0.7V is
similar to the conversion peak for Fe,0s whereas the other large peak at a lower potential of 0.4 V
seems similar to the one reported for ZnO. The location of these peaks are consistent with the
different voltage plateaus on the charge/discharge profiles for ZnO, Fe;0s; and ZnO/Fe;0s. The
mechanism that can be assumed for the mixture is that the first reaction occurs with the iron phase.
The lithiation of the iron phase is realized first with the insertion of lithium into the material followed
by the destruction of the crystalline structure to form Fe and Li,O thanks to the conversion reaction.
After the reaction with the iron oxide, lithium may react with zinc oxide to form Zn metallic particles.
On the charge process, the different small peaks at low potential may be related to the progressive
dealloying of ZnLi followed by the oxidation of Zn to ZnO first and then Fe to Fe,0s. This multi-step
dealloying reaction cannot be seen on the CV curves for ZnFe,O4. Moreover, during the subsequent
charges, two main peaks are observed for the mixture between 1.6 and 1.8 V whereas it is not the
case for ZnFe,04, where only one peak centered at 1.6 V is present. This may indicate that, even if
ZnFe;04 forms ZnO and Fe,0s after the first cycle, the storage mechanism may be different from a
simple mixture of ZnO and Fe;0s.

The different CV curves for ZnO, Fe;0s and ZnO/Fe;0s show a decrease of their integrated

area coinciding with the large irreversibility observed during galvanostatic cyclings.
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To obtain more information on the lithium storage mechanism for ZnO/Fe,0s, operando X-ray
diffraction measurements were conducted for the first lithiation (Figure 4.33). The lithiation was
conducted between the OCV and 0.01 V with a low current rate of 8.3 mA.g? (120 h for a full

discharge). A diffractogram was acquired every two hours.
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Figure 4.33. Operando XRD during the first lithiation of ZnO/Fe,03 between 0.01 V and 3.0 V

The diffractograms for ZnO and for Fe,03; are reminded on the figure 4.33. The signal is only
reported between 31° and 37° as the most visible peaks of ZnO and Fe,0s are located in this angular
range. No apparition of peaks can be related outside this window during the first lithiation indicating

that no new crystalline phase was formed.
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The first peak that seems to disappear during the lithiation process is the iron phase peak
around 35.7° whose intensity decreases progressively until complete vanishing of the peak, from the
OCV to the voltage plateau around 0.8V. Before 0.8V, no modification for the ZnO phase is noticeable.
Once the iron oxide peak totally disappears after the 0.8V plateau, the ZnO peaks start to decrease in
intensity, especially on the small plateau at 0.5V. The ZnO peaks disappear totally at the end of the
discharge and no crystalline structure can be observed anymore. It is assumed that the deep lithiation
conducts to the amorphization of the material. As for the different ZnFe,04 samples, no peak for Zn,
Fe or ZnLi particles can be found on the XRD patterns what can be due to the formation of an
amorphous Li;O phase with highly dispersed ZnLi and Fe particles.

From the CV curves and the operando XRD measurements, it can be assumed that the first
lithiation for ZnO/Fe,0s is divided into several steps. It seems that the lithium reacts with the iron
oxide first by an intercalation process followed by a conversion process leading to the formation of
metallic iron nanoparticles. The reaction between lithium and zinc only occurs in a second step with
the reduction of ZnO to Zn and then the formation of the ZnLi alloy. CV measurements indicate that
during the reverse charge process, oxidation of zinc occurs first prior to the oxidation of iron.
However, as the active material becomes amorphous after the first lithiation, XRD measurements
cannot confirm this assumption. Future studies by operando *’Fe Mdssbauer may give further

information on the lithiation and delithiation mechanisms for the ZnO/Fe,03 mixture.

This study shows that several differences can be noticed between ZnFe,04 based samples and
Zn0/Fe;03 mixtures during the lithium storage process. In particular, for ZnFe,;Q4, a single plateau is
observed during the first lithiation instead of two plateaus for ZnO/Fe,0s. As suggested by Cabana et
al, the occurrence of mixed states at the Fermi level may lead to a simultaneous reduction reaction for
ZnFe,04%. The difference of mechanism for the first lithiation is not very surprising as the two
materials are different. However, the comparison of the CV curves for the next cycles reveals
differences in the storage mechanisms whereas both samples may correspond to ZnO and Fe,0s.
Further operando studies (in particular, °’Fe Mdssbauer and X-ray Absorption Spectroscopy) are
needed to be able to conclude about the lithiation and delithiation processes involved in both ZnFe;04

and ZnO/Fe;03 and highlight interest, if any, of the ternary oxide.
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Intermediate conclusion

V. Intermediate conclusion

The evaluation of ZFO-1 and ZFO-5 performance showed the importance of the size
distribution to optimize the battery cycling. In particular, conversion materials like ZnFe,04 generally
suffer from a large voltage hysteresis. The use of a bimodal size population of particles seems to be
more efficient to limit the polarization and this may be due to a better contact during cycling between
the ZFO-1 particles whereas for ZFO-5, a thick SEI formation may isolate particles. This limits the
lithium diffusion in the active material and makes the lithiation process more difficult. However, even
if ZFO-1 shows higher specific capacity than ZFO-5, it also shows a high irreversible capacity which will
be an issue for a full battery with a cathode for which the lithium amount will be limited.

A better understanding of the lithium storage process was obtained thanks to operando
measurements on ZnFe,04 and ZnO/Fe,03. Operando XRD and Mdssbauer acquisitions strengthen the
hypothesis of an intercalation then conversion process but no evidence of the alloying process can be
pointed out here due to the formation of an amorphous phase after the first discharge. However, the
origin of the increase of capacity during cycling still has to be studied.

This chapter also compared the performances of ZnFe,04 with a mixture of ZnO and Fe;0s.
The zinc iron oxide shows a higher reversible capacity. This may be due to the voltage hysteresis which
is lower for ZnFe,0,4 than for the mixture, suggesting a better reversibility of the reaction. However,

further operando studies need to be conducted to understand the better performances of ZnFe;0..
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Conclusions and recommendations for future works

The study of ZnFe,Os4 nanoparticles synthesized by laser pyrolysis as anode material for
lithium-ion battery was addressed during my 3-years PhD work and presented in this manuscript. The
objective was to determine on one hand how nanostructuration could enhance the behaviour of this
high capacity material in terms of cycling stability. On the other hand, a comparison was required
between the Li storage mechanisms in the ternary oxide and in the mixture of the two binary oxides

reported to be formed after the first cycle, in order to highlight the potential interest of ZnFe;0a.

As detailed in the document, laser pyrolysis allowed the one step synthesis of ZnFe;04, ZnO
and Fe,;03 nanopowders from cheap and convenient precursors dissolved in water or ethanol. In
particular, it was demonstrated that the choice of some experimental parameters has a strong
influence on the structure of the obtained products. Indeed, the use of iron nitrate as Fe precursor
was found to foster the synthesis of an unexpected bimodal size distribution of particles for zinc iron
oxides and iron oxides whereas with chlorides or acetylacetonates precursors, a more conventional
monomodal size distribution of small nanoparticles (around 10 nm) was obtained. Low melting point
of iron nitrates was assumed to modify the aerosol droplet decomposition mechanisms and
subsequently the growth of the particles, leading to this bimodal distribution.

The addition of air in the reaction also plays a key role on the produced phase. Indeed, when
this combustion based process is activated, secondary phases were identified in addition to ZnFe;0..
This effect was assumed to be a consequence of the higher reaction temperature that can be achieved
with a combustion flame, which promotes the decomposition of the ternary oxide which is not stable
at high temperature. As reported in the literature, this leads to a loss of oxygen in the medium and to

the formation of binary and suboxide phases.

The electrochemical performances of zinc iron oxides were studied for the two different
morphologies. It was observed that the bimodal size population shows enhanced performances during
galvanostatic cyclings at C/10 and 1C when compared to the monomodal size population. The cyclings
were reported to be more stable and the specific capacity after 100 cycles reached a value up to
1160 mAh.g? at C/10. Such a capacity is among the best performances in the literature for this
material, in particular when compared to larger grained material. This demonstrates the interest of
using a finer microstructure. Nevertheless, the smallest nanoparticles retain only 595 mAh.g? at the
same current rate. This improvement in cycling performance for bimodal size distribution was

attributed to the specific morphology that may limit the SEI formation during cycling due to an
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assumed smaller surface area. The larger particles size of few hundreds nanometers could be a good
compromise between the benefits of size reduction in terms of structure stability, and its drawback in
terms of available surface for electrolyte degradation. Moreover, the interconnected nature of the
nanoparticles agglomerates obtained by laser pyrolysis could preserve electronic percolation upon
cycling and lead to improved performances when compared to the literature.

As reported in the bibliography, the storage mechanism was found to involve the destruction
of ZnFe,0, starting phase after the first cycle and the formation of ZnO and Fe,0s phases instead. A
mixture of these two binary oxides, previously prepared by laser pyrolysis too, was also cycled at C/10
to be compared to the ternary phase. The performance of the mixture was found to be significantly

lower than the one of the ternary phase, with a capacity of only 330 mAh.g* after 100 cycles.

To investigate the differences, if any, in the lithium storage mechanism for ZnFe,04 and for the
mixture of ZnO and Fe20s, operando measurements were conducted. Particularly, operando XRD was
realized for both samples for the first lithiation. For ZnFe,Q4, the lithiation of the material consists in
several steps: first, the insertion of lithium into the crystalline structure, up to 1 mol of Li* per formula
unit, then, the conversion reaction occurs around 0.8 V leading to the amorphization of the material.
No evidence of the alloying reaction ZnLi was clearly highlighted. As no more information can be
provided by XRD after the first lithiation, >’Fe Mdssbauer measurements were conducted for the first
cycle and a half by ICGM laboratory (Montpellier, France). The results gave information about the iron
oxidation state during the first discharge, the first charge, and the second discharge. It is clear that the
lithiation process conducts to the formation of iron nanoparticles and the delithiation process to the
formation of Fe3*. The first lithiation though shows intermediate oxidation states for iron whereas it is
not the case for the first delithiation and the second lithiation.

For the ZnO/Fe,0; mixture, operando XRD was conducted and highlighted differences with
ZnFe;04 during the first lithiation. In particular, it seems that the reaction with iron and zinc do not
happen simultaneously. The lithiation starts with the reduction of the iron oxide first, which is
followed by the reduction of the zinc oxide. Here again, XRD cannot give evidence of any iron, zinc or
ZnLi phases due to the amorphization of the material.

It has been observed that ZnFe;04 is able to retain a higher specific capacity during cycling
than the mixture of ZnO and Fe,05; and this may be due to a difference of polarization during cycling.
Indeed, during cycling at 100 mA.g-1, the polarization is higher for the mixture than for the ternary
oxide.

The different results detailed in this thesis show the interest of ZnFe,O4 nanoparticles as
anode material thanks to their high specific capacity during cycling, good stability and capacity

retention. However, further studies have to be done before considering the substitution of graphite by
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mixed-transition metal oxides in commercial batteries. Moreover, the use of such a high potential
anode would be possible only with new cathodes materials with a higher working voltage too to
ensure a high energy density. In the same way, new electrolytes have to be found that will be stable at
high potentials.

From the synthesis point of view, it was shown that the control of the phase purity for these
ternary oxide phases was difficult to achieve. Additional work on laser pyrolysis, especially with lower
laser power, should be pursued in order to decrease the reaction temperature and preserve the
ternary structure. A specific study should also be devoted to the aerosol evolution during the reaction
in order to validate the assumed mechanisms that govern the reaction with nitrates or with other
precursors. In a more general aspect, experimental development remains to be done on the laser

assisted combustion reaction aiming at a better control and understanding of the process.

From the electrochemical point of view, the use of operando characterizations helped in the
understanding of the mechanisms involved in the lithium storage. However, to obtain more
information, in particular on the zinc oxidation state during cycling and for the ZnO/Fe,03 mixture,
Mossbauer analyses were conducted for the mixture as they were recently performed for ZnFe;0..
Operando Xray absorption spectroscopy (XAS) measurements were realized in synchrotron SOLEIL
using ROCK beamline on the ternary oxide as well as on the mixture of binary oxides for one cycle and
a half at Fe and Zn edges. The very large amount of data is still under study and could not be

presented in this manuscript.

To conclude with this fundamental research approach, it would also be interesting to work on
other mixed-transition metal oxides to investigate the effect of the counter-ion (Co, Mn) on the

electrochemical performances and working voltage.

SEl related issues were also pointed out in this work, with the expected irreversible Li
consumption during the first cycle but also with a more specific increase of the capacity during cycling
also observed by other groups in the literature and ascribed to the degradation of the electrolyte into
a material able to store Li reversibly. It is then mandatory to understand these phenomena in order to
control them and provide a more stable SEIl. Such stabilization could be expected thanks to carbon
coating on the oxide surface, together with other performance improvements as detailed in chapter 1.
This study, that opens a new pathway for the pursuit of this research work, was already initiated in the
last months. As reported in chapter 3, zinc iron oxide nanopowders with large amount of free carbon
were synthesized by laser pyrolysis, showing a continuous coating of the particles by a carbon based

material. Preliminary studies were conducted to evaluate the performances of ZnFe,0,4 with different
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ratio of carbon (controlled by post annealing), at 100 and 1000 mA.g* (Figure 5.1). The active material
was ZFO-5 (monomodal size distribution) which was annealed at different temperatures between
300°C and 400°C to remove part of the carbon and observe the effect of the carbon ratio on the

material performance.
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Figure 5.1. Cycling of ZnFe,0,/C with different carbon ratios at 100 and 1000 mA.g!

The first results show differences between the different materials. The increase of carbon
amount in the nanopowder normally decreases the theoretical capacity (ZnFe;04: 1001 mAh.g* and
C:372 mAh.g! if graphite, less if any other disordered carbon). Nevertheless, according to the
galvanostatic curves, a low amount of carbon is better than no carbon addition (violet curve vs blue
curve) with a higher capacity and a better stability. These very preliminary results encourage the
pursuit of this research orientation that will go through the direct control by laser pyrolysis of the

thickness of the carbon coating on the ZnFe,Q4 particles.
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The other interesting route concerning SEl is to study more specifically the degradation of the
electrolyte and the formation of the interphase that appears to contribute to the global capacity of
the electrode in these conversion materials.

On a longer time scale, some general issues remain to be addressed if such oxides turned to
be employed for commercial devices. On charge/discharge profiles, a large voltage hysteresis is
observed for the different materials, keeping them far from industrial application as it penalizes the
battery efficiency. This phenomena is not well understood yet and further studies on this topic should
be realized to investigate its origin. Moreover, the reported coulombic efficiencies values would also
impedes the use of this material in battery configuration where the amount of Li is limited. A work on
the stabilization of the SEl is thus once again mandatory.

For such high potential materials at the anode, it must also be reminded that corresponding
high capacity cathode materials, as well as electrolytes able to withstand these working conditions,

remain to be developed and are currently the subject of intense research work.
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Appendix

PCA and MCR-ALS analysis for operando Mdssbauer acquisitions

The >’Fe Mdssbauer spectra corresponding to the first complete cycle plus the second discharge
were globally analysed using a statistical method based on Principal Component Analysis (PCA)Y. PCA is
a factor analysis, i.e., a multivariate technique for reducing matrices of data to their lowest
dimensionality by the use of an orthogonal factor space: in such methods, the analysed matrix
corresponds to the experimental spectra, and each spectrum is considered as an n-dimensions vector
with n corresponding to the number of points within each XAS spectrum. The first principal component
has the largest initial variance, i.e., alone it takes into account as much as possible the whole set of data.
The following principal components are built orthogonal to the first one, and allow the reproduction of
the experimental spectra with the highest possible variance via adapted linear combinations of them.
This supposes that the group of analysed spectra is intrinsically bilinear, which means that all spectra
can be expressed as linear combinations of an orthogonal basis set of uncorrelated spectra. This basis
set, which has a lower dimensionality than the number of original spectra, is thus obtained from the
calculation. In the different linear combinations which are built to reconstruct each experimental
spectrum, the multiplication factors of the principal components are usually called scores. More
precisely, it is used here to determine the number of independent components contributing to the

whole series of collected spectra during electrochemical cycling.

However, principal components are just orthogonal mathematical functions and cannot be used
nor treated as real spectra. Their number, determined by PCA, can nevertheless be used as the basis for
other available methodologies to reconstruct the real spectral components which are necessary for
interpreting the whole multiset of collected spectra, as well to follow as their evolution. In this case, one
of the most known methodologies, Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS)
analysis is used?®. A detailed description of this method from a theoretical point of view is given by
Tauler et al., who also proposed it for the analysis of in situ spectroscopic data®>. The intrinsic limits of
this method and of its application are discussed by Ruckebusch et al.®. The application of MCR-ALS to
the whole set of Mdssbauer spectra was performed with the following constraints: (i) non-negativity of
the concentration and of the transmission values of the components, (ii) unimodality for a certain
number of components and (iii) closure (sum of the components equal or lower than 100 % of the total
intensity). The analysis resulted in the reconstruction of six spectral components, which were then

analysed as normal Mdssbauer spectra.
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